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Abstract: Temporomandibular joint (TMJ) inflammation is a potential risk factor of osteoarthritis (OA) but the de-
tailed degenerative changes in the inflamed TMJ remain unclear. In this study, we evaluated the changes of condylar
cartilage and subchondral bone in rat inflamed TMJ induced by Freund’s complete adjuvant (CFA). Articular cavity
was injected with CFA and the TMJ samples were collected 1, 2, 3, and 4-week post-injection. Hematoxylin & Eosin
(H&E) staining, toluidine blue (TB) staining, Safranin O (S.0) staining, Masson trichrome staining and micro-CT
were used to assess TMJ degeneration during inflammation. Osteoclast and osteoblast activities were analyzed by
tartrate-resistant acid phosphatase (TRAP) staining and osteocalcin (OCN) immunohistochemistry staining respec-
tively. The expression of receptor activator of NF-kB ligand (RANKL) and osteoprotegerin (OPG) in condylar cartilage
and subchondral bone was also evaluated through immunohistochemistry and RANKL/OPG ratio was evaluated.
Reduced cartilage thickness, decreased number of chondrocytes, and down-regulated proteoglycan expression
were observed in the condylar cartilage in the inflamed TMJ. Enhanced osteoclast activity, and expanded bone
marrow cavity were reached the peak in the 2-week after CFA-injection. Meanwhile the RANKL/OPG ratio in the car-
tilage and subchondral bone also increased in the 2-week CFA-injection. Immature, unmineralized new bones with
irregular trabecular bone structure, atypical condylar shape, up-regulated OCN expression, and decreased bone
mineral density (BMD) were found in the inflamed TMJ. The time-dependent degeneration manner of TMJ cartilage
and subchondral bone was found in CFA-induced arthritis rat model. The degeneration in the TMJ with inflammation
might be a risk factor and should be concerned.

Keywords: Temporomandibular disorders, cartilage degeneration, subchondral bone remodeling, inflammation,
Freund’s complete adjuvant

Introduction synovitis will progress into OA eventually and
correlative studies merely focused on pheno-
Temporomandibular joint osteoarthritis (TM- typic changes in mandibular condyle [11, 12].

JOA) is a chronic and multi-factorial disorder
characterized as synovitis, progressive carti-
lage degradation, subchondral bone remodel-
ing and chronic pain [1, 2]. Inflammation is
believed to be an important risk factor in joint
OA, because the concomitant pro-inflammatory
factors, including IL-13, TNF-&, and RANKL, et
al.,, were up-regulated in inflammation and

It is difficult to perform in vivo study of inflam-
ed TMJ in human while Freund’'s complete
adjuvant (CFA) injection is a repeatable and
easy method to study the TMJ inflammation.
Hence intra-articular TMJ CFA injection is pre-
dominantly used to induce joint inflammation
[13] and among these CFA-induced TMJ inflam-
mation studies, the detailed degenerative

would lead to degenerative changes [3-6]. changes of TMJ condyle were not fully evaluat-
Futhermore the pro-inflammatory factors were ed [11, 12]. Hence the detailed degenerative
up-regulated in TMJ OA either [7-10]. But as far changes of condylar cartilage and subchondral

as TMJOA is concerned, only in a few cases of bone during TMJ inflammation should be fully
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understood and thereafter the relation between
inflamed TMJ and TMJOA might be clear.

Although synovial cells had limited capacity to
directly damage bone, they could indirectly
induce bone resorption mainly through express-
ing RANKL viewed as an important cytokines
for differentiation and activation of osteoclasts.
In addition, previous study showed that synovi-
tis was able to impact the homeostasis of carti-
lage and subchondral bone [14]. The RANKL
and OPG are crucial in the onset and pro-
gression of OA [15]. RANKL expressed in the
osteoblasts leads to subchondral bone re-
sorption, while OPG expressed in the osteo-
blasts prevents osteoclastogenesis and accel-
erates mature osteoclast apoptosis [3]. Hence,
RANKL/OPG ratio is widely used to evaluate
the degenerative changes of the joint. As to
TMJOA, several studies have shown that RANKL
and OPG are produced by chondrocytes and
different RANKL/OPG ratios can adjust carti-
lage degradation and subchondral bone re-
modeling in OA [16, 17]. Cartilage and sub-
chondral bone are protected under decreased
RANKL/OPG ratio but adversely affected under
increased RANKL/OPG ratio [18, 19].

In the present study, we used CFA-induced
inflamed TMJ rat model to examine degenera-
tive changes of TMJ during inflammation and
discussed the relationship between inflamed
TMJ and TMJOA.

Materials and methods

In this study, all animal experimental proce-
dures were approved by the Ethics Committee
for Animal Research, School and Hospital of
Stomatology, Wuhan University, China.

Animal experiments

Sixty-four male Sprague-Dawley rats (eight-
week-old) obtained from the Experimental
Animal Centre of Hubei Province were used.
The animals were randomly divided into control
and experimental groups. In the experimental
group, 50 pL CFA (Sigma-Aldrich, St. Louis,
USA.) were injected bilaterally into the antero-
superior compartment of the TMJ according to
Kameoka’s method [20]. After anesthetized,
the zygomatic arch and the base of the zygo-
matic arch of the rat were palpated and the
anterosuperior portion of the zygomatic arch
root was identified as the insertion point. The
needle was percutaneously inserted into the
anterosuperior compartment of the TMJ (Figure
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1Ab) and the reagent was injected slowly over
a time span of 2 min. The control group was
received bilateral injections with 50 uL saline.

In the 1, 2, 3 and 4-week post-injection, the
rats from two groups were sacrificed respec-
tively (n = 8). At each time point, eight TMJs
were selected for micro-computed tomography
(Micro-CT) scan and the rest eight TMJs were
used for histopathology and immunohisto-
chemistry analyses. The TMJ condyles were
collected and fixed in the tubes for Micro-CT
scan. For histological staining, the bilateral TMJ
tissues including the mandibular condyle, disc,
retrodiscal area, and fossa were integrallty dis-
sected and fixed in 4% paraformaldehyde for
24 hours. Following fixation, the tissues were
demineralized in 10% ethylene diamine tet-
raacetic acid (EDTA) for 6 weeks. After decalci-
fication, the TMJ samples were gradient-dehy-
drated and embedded in paraffin. Continuous
mid-sagittal sections of 4 ym were cut parallel
to the lateral surface of the condyle and mount-
ed on polylysine-coated slides.

Histological analysis

The TMJ samples were stained with H&E, TB,
S.0, Masson trichrome and TRAP in compliance
with the manufacturer’s protocol. H&E staining
was performed to detect the condylar cartilage
thickness and chondrocytes number. TB and
S.0 staining were used to determine proteogly-
can changes in the cartilage matrix. Condyle
cartilage thickness and proteoglycan area were
measured as reported previously [16]. In each
section, thickness and proteoglycan area were
counted at three regions, that is, the anterior,
middle and posterior of condylar cartilage,
respectively, and then averaged. Masson tri-
chrome staining was used to observe the
trabecula bone morphology change and the
degree of bone mineralization [21]. TRAP stain-
ing was performed to estimate the osteoclasts
activities.

Immunohistochemistry

Immunohistochemical staining for OCN, OPG
and RANKL were performed. After de-paraf-
finized, rehydrated and washed, the sections
were then antigen-retrieved by pepsin and incu-
bated with 0.3% hydrogen peroxide for 20 min-
utes to block endogenous peroxidase activity,
followed by processing with serum for 30 min-
utes to block unspecific ligations. The sections
were then treated with rabbit anti-OCN (1:100;
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Figure 1. Anterior superior puncture technique and inflammation of TMJ. (A) Anterior superior puncture technique
(a), 3D image show the needle tip in the TMJ cavity and just between the base of the zygoma and condylar process
(b). (B) Compared with the control group (a), obvious chromodacryorrhea around the eyelid (b) (arrow) was appeared
in experiment group. (C) In contrast with control group (a, ¢, e, g), in experiment group, upper articular cavity was
filled with inflammatory secretions (b, m) and synovial cells apparent hyperplasia (d, f) (arrow head), abundant
mononuclear cells (m, n) and lipid droplets (h) (star) were present in the inflammatory synovium. The yellow and red
squares in (b) and (d) are magnified in (m) and (n), respectively. EXP: experiment T: temporal bone; D: articular disc;

C: condyle; S: synovium.

sc30044, Santa Cruz Biotechnology, Santa
Cruz, CA, USA) rabbit anti-OPG (1:100; ab73-
400, Abcam, MA, USA) and goat anti-RANKL
(1:200; sc7628, Santa Cruz Biotechnology,
Santa Cruz, CA, USA) primary antibody over-
night at 4°C. The sections were then wash-
ed and incubated with immunohistoche-
mical kit (Zhongshan Biotechnology Co., Ltd,
China) in compliance with the manufactu-
rer’s instructions and visualized by 3,3-diami-
nobenzidine tetrahydrochloride (DAB). Finally,
the sections were counterstained with he-
matoxylin.

For histometeric measurement, TRAP-positive
cells (osteoclasts), OCN-positive cells (osteo-
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blasts), OPG-positive cells and RANKL-positive
cells were calculated in five randomly selected
maghnified fields under an Olympus DP72 micro-
scope by two inspectors and the means of the
five measurements was used as the value for
this section.

Micro-CT analysis

The samples were scanned by Micro-CT (uCT50,
Scanco Medical, Bassersdorf, Switzerland) to
examine the TMJ bony change. Scanning was
performed at 70 kV and 114 pA with a thick-
ness of 15 ym per slice in medium-resolution
mode. The 3D images were reconstructed for
quantitative evaluation. The parameters such
as bone volume fraction (BV/TV), bone mineral
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Figure 2. Histological observations and OPG, RANKL expression in TMJ condylar cartilage. A. Representative sec-
tions of the condylar cartilage stained with H&E, TB, S.0 and OPG, RANKL immunohistochemical staining. B. Com-
parison between the control and experimental groups in terms of condylar cartilage thickness, number of chondro-
cytes, extent of proteoglycan degraded areas, percentages of OPG- and RANKL-positive chondrocytes, and RANKL/
OPG ratio in condylar cartilage (*p<0.05, **p<0.01, *** p<0.001). Two-way arrow: condylar cartilage thickness.
Black arrow: the degraded cartilage areas.

density (BMD), trabecular number (Th.N), tra- ration (Tb.Sp) were measured to analyze tra-
becular thickness (Tb.Th), and trabecular sepa- becular microstructure.
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Statistical analysis

All data were presented as the mean + SEM.
Data were analyzed and visualized using Graph-
Pad Prism 6.0. Statistical analysis was per-
formed with two-way analysis of variance
(ANOVA). A Student-Newman-Keuls post-test
was performed and statistical significance was
considered at p < 0.05.

Results

Anterior superior puncture technique and rat
TMJ inflammation

3D images showed that the needle was situat-
ed between the temporal fossa and condyle
(Figure 1Ab). Severe swelling and chromoda-
cryorrhea were observed 1 day after CFA in-
jection (Figure 1Bb) but not detected in the
saline injection group (Figure 1Ba). The articu-
lar upper cavity was filled with inflammatory
secretions and mononuclear inflammatory cells
(Figure 1Cb, 1Cm). Synovial cells were appar-
ently hyperplasic (Figure 1Cf), and a large num-
ber of mononuclear cells permeated the syno-
vial membrane (Figure 1Cd, 1Cn). Massive lipid
droplets were also present in the inflammatory
synovium (Figure 1Ch). In the control group, no
obvious inflammation was observed (Figure
1Ca, 1Cc, 1Ce, 1Cg).

Histological observations

Compared with the control groups, the experi-
mental groups demonstrated gradual decrease
in the number of chondrocytes and thickness
of the condylar cartilage with time (Figure 2A,
2B) (*p < 0.05, ***p < 0.001). In the control
group, proteoglycans were abundant in the car-
tilage hypertrophic layer respectively, while the
experimental groups exhibited reduced amount
of cartilage proteoglycans (Figure 2A, 2B) (*p <
0.05, **p < 0.01, ***p < 0.001). In particular,
cartilage thickness, number of chondrocytes
and amount of proteoglycans considerably
decreased in the 2-week experimental group
compared with control group (Figure 2B) (***p
< 0.001).

RANKL and OPG expression in the condylar
cartilage

In the control group, OPG-positive chondro-
cytes were detected in all layers of the condy-
lar cartilage and RANKL-positive chondrocytes
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were mainly found in the proliferative layer
(Figure 2A). As the expression level of OPG-
positive chondrocytes was higher than that of
RANKL, the ratio of RANKL/OPG was reason-
ably low. In the experimental groups, the num-
bers of OPG-positive chondrocytes slightly de-
creased at 1 week, sharply decreased at 2
weeks, and gradually increased thereafter
(Figure 2B) (***p < 0.001). Moreover, OPG-
positive chondrocytes were merely observed
in the proliferative layer in 2-week experiment-
al group (Figure 2A). By contrast, the num-
bers of RANKL-positive chondrocytes gradual-
ly increased and RANKL expression eventually
occurred in the entire layer of the cartilage
(Figure 2A). Accordingly, the RANKL/OPG ratio
noticeably increased in the experimental
groups particularly at 2 weeks (Figure 2B)
(***p < 0.001).

Subchondral bone remolding in TMJ condyle

No bony changes among the control groups
were observed in sagittal slice and 3D image.
In the experimental groups, bone lesions were
initially observed 1 week after injection, wors-
ened at 2 weeks, and gradually recovered
thereafter. At 3 and 4 weeks, the condyle
became abnormally shaped and deviated from
normal sagittal axis (Figure 3A). Within the
subchondral bone, larger marrow cavities were
observed in the 2-week after injection in the
experimental groups (Figure 3An). Micro-CT
analysis revealed that bone volume fraction
(BV/TV), bone mineral density (BMD), trabe-
cular number (Tb.N), and trabecular thick-
ness (Th.Th) decreased, whereas trabecular
separation (Th.Sp) increased in the experimen-
tal groups. The most evident changes were
observed in the 2-week group (Figure 4A) (*p <
0.05, **p < 0.01, ***p < 0.001).

Mineralized old trabecular bone and unmineral-
ized new bone were stained red and blue,
respectively, by Masson trichrome staining.
Irregular and disordered trabecular bone struc-
tures were observed in the experimental gro-
ups (Figure 4B). Masson trichrome staining
revealed large marrow cavities in the 2-week
experimental group (Figure 3B). The areas of
unmineralized trabecular bone (stained blue)
close to the cartilage remarkably increased
in the 4-week experimental group (Figure 4C)
(***p < 0.001).

Am J Transl Res 2016;8(2):556-567



Degeneration of condyle in inflamed TMJ

Figure 3. Bony changes in TMJ condyle. (A) Images were arranged from left to right according to the time sequence.
In the control group (a-h), the subchondral bone was regularly aligned. Subchondral bone loss (arrows) was ob-
served in the experimental groups (i-p). Generally, regions with lesion were larger (j, n) at 2 weeks than those at
other time points. Compared with the control groups (a-d), the 3- and 4-week experimental groups showed obvious
atypical condyle shape that deviated from the normal sagittal axis (k, 1) based on the 3D reconstruction image. (B)
In the control group, normal trabecular bone were long, parallel to each other, and radially perpendicular to the
articular surface (arrow head); in the experimental groups, irregular and disordered trabecular bone structure was
observed particularly at 3 and 4 weeks (black arrows). The asterisk represents subchondral bone marrow cavity.
EXP: experiment, A: anterior, P: posterior. White horizontal line: sagittal axis used for analysis.
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Figure 4. Histomorphometric analysis of condylar subchondral bone. A. micro-CT analysis. B. Representative sec-
tions of subchondral bone stained with Masson trichrome. C. Comparison in the percentages of unmineralized bone
areas between the experimental and control groups (*p < 0.05, **p < 0.01, *** p < 0.001). EXP: experiment, MB

= mineralized bone, UB = unmineralized bone.

Osteoclast and osteoblast activities and
RANKL/OPG ratio in Inflamed TMJ subchon-
dral bone

Few cells were positively stained with TRAP in
the subchondral bone area in the control
groups. In the experimental groups, the num-
ber of TRAP-positive cells increased at 1 week,
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peaked at 2 weeks, and then returned to the
normal levels thereafter (Figure 5A). OCN-
positive cells primarily located on the trabecu-
lar bone surface considerably proliferated in
the 3- and 4-week experimental groups (Figure
5A). The highest RANKL/OPG ratio among the
experimental groups was observed at 2 weeks
(Figure 5A, 5B) (***p < 0.001).

Am J Transl Res 2016;8(2):556-567
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Figure 5. Analysis of osteoclast and osteoblast activities in TMJ condylar subchondral bone. A. Condylar subchon-
dral bone representative sections stained with TRAP, OCN, OPG and RANKL. B. TRAP-positive cells with more than
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three nuclei were counted as the number of osteoclasts. The number of OCN-positive, OPG-positive, RANKL-positive
cells, and RANKL-positive/OPG-positive ratio was calculated in condylar subchondral bone (***p < 0.001).

Discussion

By using the CFA-induced arthritis rat model,
we found the time-dependent degeneration
manner of TMJ cartilage and subchondral bone,
but no progressive cartilage and subchondral
bone change related to TMJOA was discovered
in this study. The results were correlated with
the signs of TMDs. As mentioned before, syno-
vitis in TMJ is one of signs of the TMDs and
might lead to TMJOA by cartilage and subchon-
dral bone degradation, but only a few cases of
synovitis progressed to OA finally. On the other
hand, the time-dependent aberrant changes in
condylar cartilage and subchondral bone of
inflamed TMJ were found. During inflammation,
TMJ degeneration occurred indeed and the
degeneration of TMJ reached the peak at 2-
week after injection and relived thereafter in
this rat model.

In this study, the synovitis was built and swell-
ing and chromodacryorrhea were found in
TMJ region. In the 2-week after injection, the
RANKL/OPG ratio in the inflamed TMJ condyle
reached the peak. The RANKL/OPG system is
implicated in cartilage degeneration and sub-
chondral bone remodeling in OA. The increased
RANKL/OPG ratio of subchondral bone reveals
up-regulated osteoclastic activity and results
in bone loss. Moreover, large catabolic mole-
cules from the subchondral bone can permeate
into the cartilage region and contribute to carti-
lage degradation. Similarly, superfluous chon-
drocyte-originating RANKL diffuse into the sub-
chondral bone region and improve osteoclastic
activity, thereby contributing to subchondral
bone resorption in OA [19, 22]. Chondrocyte-
secreted OPG is an important cytokine that pro-
tects the cartilage. OPG deficiency decrease
cartilage thickness and enhanced vasculature
invasion and chondrocyte apoptosis, which fur-
ther facilitate molecular crosstalk between the
cartilage and subchondral bone [18, 23]. In
this study, enhanced RANKL and reduced OPG
expression in chondrocytes were accompanied
by cartilage degeneration, including reduced
number of chondrocytes, thinner condylar carti-
lage, and degraded proteoglycan areas. Fur-
thermore, increased RANKL and decreased
OPG expression levels in the subchondral bone
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were associated with high osteoclast activity,
subchondral bone resorption, and enlarged
bone marrow lesions. These findings indicated
that in TMJ inflammation, the degeneration in
cartilage and subchondral bone happened fol-
lowed by increased RANKL/OPG ratio.

Subchondral bone remodeling occurs in two
phases: predominant bone resorption caused
by high osteoclast activity in the early phase
and enhanced bone formation with inferior
quality in the latter phase [24]. The quality of
newly formed bone is highly dependent on sub-
chondral bone turnover. Osteoclast activity,
which significantly affects subchondral bone
absorption, is regulated by the RANKL/OPG
ratio. Furthermore, increased osteoclast acti-
vity and RANKL/OPG ratio could improve TMJ
subchondral bone turnover in the TMJOA genet-
ic model, whereas improved abnormal bone
turnover results in poor quality of the subchon-
dral bone [25-27]. In this study, the maximum
osteoclast activity and RANKL/OPG ratio in
TMJ subchondral bone was observed in the
2-week experimental group. Accordingly, sub-
chondral bone turnover was enhanced, thereby
reducing the quality of subchondral bone.
Meanwhile, micro-CT parameters, such as de-
creased BV/TV, Tb.Th, and Th.N and increased
Tb.Sp, indicated subchondral bone resorption.
However, in the 3- and 4-week experimental
groups, OCN expression suggesting osteoblast
activity sharply increased. At the same time,
BV/TV, Tb.Th, and Th.N subsequently increased
but the newly formed bone exhibited lower
BMD compared with the age-matched control
group. In addition, Masson trichrome staining
revealed that the area of unmineralized new
bone was larger in the 4-week experimental
group than the control group. These results
suggested that although the RANKL/OPG ratio
decreased after 2-week in experimental group,
the effect of inflammation on subchondral bone
still sustained.

In this study, the newly formed bone was unmin-
eralized and exhibited poor quality which was
consistent with previous studies [24, 28]. The
abundant newly formed unmineralized sub-
chondral bone adversely affects tissue proper-
ties. Unmineralized bone tissues are character-
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ized as decreased modulus of elasticity and
more susceptible to deformity under load
stress [29, 30]. Actually unmineralized bone
tissues provide less resistance and greater
compliance than the normal subchondral bone
[27, 31]. To adapt to mechanical stress, joint
shape and subchondral trabecular bone struc-
ture subsequently change according to loads.
Abnormal joint shape is regarded as a critical
predictor of OA and there is an complicated
interactions between them [32]. In this study,
micro-CT 3D reconstruction image showed that
atypical condylar shape deviated from normal
sagittal axis in the 3- and 4-week experimental
groups. Meanwhile, Masson trichrome staining
further revealed that the normal trabecular
bone radial perpendicular to the articular sur-
face was replaced by an irregular and disor-
dered trabecular bone structure.

The experimental groups exhibited decreased
proteoglycan amount during inflammation pro-
cess in a time-dependent manner either in this
study. The deceasing of proteoglycan reached
the peak at 2-week. Decreased amounts of pro-
teoglycans in the collagen network leads to
the low compressive modulus of the condylar
cartilage, reduces matrix resistance to com-
pression load, and improves permeability of
the cartilage extracellular matrix. Furthermore,
cartilage exhibits high deformity under com-
pressive forces [33]. Moreover, previous stud-
ies showed that local cartilage damage was
associated with bone marrow lesions [18, 34].
In the present study, as the subchondral bone
was absorbed by osteoclasts, bone marrow
cavity began to merge and gradually increased.
Especially, in the 2-week experimental group,
prominent condylar cartilage degradation was
accompanied with obvious subchondral bone
marrow lesions.

Taken together, in this study the time-depen-
dent degeneration manner of cartilage and
subchondral bone was found in rat CFA-induced
inflamed TMJ model and the relation between
inflammation and TMJOA should be clarify in
the following studies.
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