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Abstract
Osteoarthritis (OA) of the temporomandibular joint (TMJ) is associated with dental biomechanics. A major change during OA
progression is the ossification of the osteochondral interface. This study investigated the formation, radiological detectability, and
mechanical property of the osteochondral interface at an early stage, the pathogenesis significance of which in OA progression is of
clinical interest and remains elusive for the TMJ. Unilateral anterior crossbite (UAC) was performed on 6-wk-old rats as we previously
reported. TMJs were harvested at 4, 12, and 20 wk. The progression of TMJ OA was evaluated using a modified Osteoarthritis
Research Society International (OARSI) score system. Osteochondral interface was investigated by quantifying the thickness via von
Kossa staining of histological slices and in vivo calcium deposition by calcein injection. Tissue ossification was imaged by micro–computed
tomography (CT). Mechanical properties were measured at nanoscale using dynamic indentation. Time-dependent TMJ cartilage lesions
were elicited by UAC treatment. Geometric change of the condyle head and increased value of the OARSI score were evident in UAC
TMJs. At the osteochondral interface, there was not only enhanced deep-zone cartilage calcification but also calcium deposition at the
osseous boundary. The thickness, density, and stiffness of the osteochondral interface were all significantly increased. The enhanced
ossification of the osteochondral interface is a joint outcome of the aberrant deeper cartilage calcification at the superior region and
promoted formation of subchondral cortical bone at the inferior region. The micro-CT detectable ossification from an early stage thus
is of diagnostic significance. Although the environment of the cartilage and subchondral bone could be changed due to the stiffness of
the interface, whether or not the stiffened interface would accelerate OA progress remains to be confirmed. With that evidence, the
osteochondral interface could be a new diagnostic and therapeutic target of the mechanically initiated OA in the TMJ.
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Introduction
Osteoarthritis (OA) of diarthrodial joints, the most common
form of arthritis, could be initiated by biomechanical causes
such as the change of loading pattern (Moyer et al. 2014). The
affected joint is often associated with the degeneration of the
noncalcified articular cartilage, thickening of the calcified cartilage (Bobinac et al. 2003; Burr 2004; Aicher et al. 2014), and
remodeling of the subchondral bone, which involves not only
trabecular bone but also subchondral cortical bone (Bobinac
et al. 2003; Burr et al. 2012; Goldring et al. 2016). The main
histological change of subchondral trabecular bone is bone
volume loss at an early stage but increases later (Burr et al.
2012; Zhen et al. 2013), while the change of subchondral cortical bone is consistent thickening, which is often mixed with the
thickening of the calcified cartilage (Gordon et al. 1984; Burr
2004). In fact, the term osteochondral interface, in which the
histological tidemark is located, is often used to represent the
region that covers the calcified cartilage and subchondral cortical bone (Burr 2004; Yuan et al. 2014). Mineralization of the
osteochondral interface often increases with age and altered
loading conditions, and it likely plays a key role in the development of OA (Oegema et al. 1997; Burr et al. 2012). Most
investigations of OA joints have focused on the articular cartilage or subchondral trabecular bone. Little is known about the
remodeling of the osteochondral interface during OA progression, especially its role at the early stage of OA.
The temporomandibular joint (TMJ), a frequent OA
involvement site, is biomechanically related to dental occlusion (Wang et al. 2009). This makes it easy to interrupt the
TMJ biomechanical environment by altering dental occlusion
via orthodontic and prosthodontic treatments without invasive
operation in TMJs. Based on this, we recently developed a unilateral anterior crossbite (UAC) rodent model via installing a
pair of metal tubes onto the animal’s incisors. OA-like lesions
such as cartilage decay (Zhang et al. 2013; Liu et al. 2014;
Wang et al. 2014; Lu et al. 2015; Liu et al. 2016) and subchondral trabecular bone loss (Liu et al. 2014; Yang et al. 2014; Lu
et al. 2015; Yang et al. 2015; Liu et al. 2016) were observed in
the TMJs after UAC operation. Impressively, we disclosed contribution of the decay of deep-zone cartilage to the thickening
of the calcified cartilage (Zhang et al. 2016). This implies an
increased stiffness of the osteochondral interface that has yet to
be verified. We recently reported that targeting subchondral
bone by strontium, NF-kB essential modulator binding domain
(NBD) peptide, norepinephrine, and so on is helpful to rescue
the UAC-stimulated OA-like lesions, including those at the
osteochondral interface (Jiao et al. 2016; Liu et al. 2016). It
seems that there is an involvement of subchondral cortical bone
formation in addition to the cartilage calcification at the osteochondral interface in the UAC TMJs, which has yet to be demonstrated. Furthermore, it is of clinical interest whether the
changes at the osteochondral interface are radiologically detectable, which could serve as an imaging diagnostic target for OA.
In the present study, we performed a longitudinal biochemical and mechanical evaluation of the osteochondral interface in
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the TMJs of UAC rats. Morphology information was obtained
using both in vivo and ex vivo assays. Dynamic mechanical
analysis (DMA) at the nano level was performed to track the
change in mechanical properties. We found that the osteochondral interface in the TMJ, including deep-zone cartilage and
subchondral cortical bone, was sensitive to a joint mechanical
environment, shown by the significant changes in thickness,
density, and stiffness. Although the environment of the cartilage and subchondral bone could be changed due to the stiffness of the interface, whether or not the stiffened interface
would accelerate OA progress remains to be confirmed. With
that evidence, the osteochondral interface could be a new diagnostic and therapeutic target of mechanically initiated OA in
the TMJ.

Materials and Methods
Animal Model
Ninety female and 36 male Sprague-Dawley rats at 6 wk old
were obtained from the Animal Center of the Fourth Military
Medical University. All procedures and administration for the
animals were approved by the University Ethics Committee
and performed according to the institutional guidelines.
Animals were randomly assigned to control and experimental
groups (Appendix Table 1). In UAC groups, the aberrant prosthesis was applied as described previously (Wang et al. 2014).
For 3 female rats in each subgroup, calcein (5 mg/kg; Sigma)
solution was injected intraperitoneally at 14 d before rats were
killed. All rats received the same standardized diet throughout
the procedure.
Animals were euthanized at 4, 12, or 20 wk after surgery.
Our previous data indicated that no differences in degrading
changes were found between the left- and right-side TMJs in
the UAC rats (unpublished data, Appendix Fig. 3) and mice
(Lu et al. 2015). For both the male and female rats, the left TMJ
tissue blocks of 6 rats in each subgroup were used for histological analysis, including hematoxylin and eosin (H&E) or
Safranin O staining (n = 6). The right TMJ condyles were
immediately immersed into icy saline for visual inspection
(n = 6). The bilateral condyles of 3 female rats with calcein
injection were fixed in 2.5% glutaraldehyde for 48 h, dehydrated in ethanol, and embedded in a mixture of methyl methacrylate and dibutyl phthalate. Samples were sectioned into
100-µm slices using a hard tissue slicer (SP1600; Leica).
Sections of the left condyle were stained by von Kossa reagents
(GMS80045; Baoman Biotech) for osteochondral interface
thickness measurement (n = 3, Appendix Methods), and those
of the right condyle were inspected under a fluorescent microscope to analyze mineralization of the interface. For the other
6 female rats without calcein injection, the left condyles were
fixed in 4% paraformaldehyde for micro–computed tomography (CT) scanning (n = 6, Appendix Methods), and the right
condyles were prepared for the nano–dynamic mechanical
analysis (DMA) test (n = 6, Appendix Methods).
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Results
Condylar Deformation and Cartilage
Degradation of the UAC Rats
In the control group, the TMJ condylar head was plump spindle shaped with a smooth articular surface. Four weeks after
UAC operation, the condyle head still kept the shape of a spindle but became slim, indicating the width of the condyle head
had decreased and looked like a gangly spindle (Fig. 1A). At
12 wk, the condyle of the UAC rat exhibited a slight deformation and further changed into a “gourd” shape at 20 wk (Fig.
1A). Three-way classification analysis indicated that the factors of treatment and time showed a significant effect on the
value of the macroscopic score (both P < 0.001), while the
factor of sex showed no effect (P = 0.779). The interaction of
sex and group showed a nonsignificant effect (P = 0.779),
while the interaction of sex and time, as well as group and
time, showed a significant effect (P < 0.001). The macroscopic
scores of the UAC group were higher than the age-matched
controls at all 3 timepoints (all P < 0.05, Fig. 1B). The scores
of female UAC rats at 20 wk were higher than those at 4 and 12
wk (P < 0.001), while the scores of male UAC rats at 12 and 20
wk were higher than those at 4 wk (P = 0.001). The scores of
male UAC rats were much higher than those of the female
UAC rats at 12 wk (P = 0.004) but were lower than the scores
of female rats at 20 wk (P = 0.017).
Degeneration of condylar cartilage was obvious (Fig. 2A)
in the UAC rats, similar to previous studies on mice (Liu et al.
2014; Lu et al. 2015; Liu et al. 2016). As we previously
reported, few inflammatory cells were observed in the cartilage. Three-way classification analysis indicated that both
treatment and time (both P < 0.001) showed significant effects
on the value of modified Osteoarthritis Research Society
International (OARSI) histomorphology score, while sex
showed no effect (P = 0.083). The interaction of sex and group,
sex and time, and group and time showed a nonsignificant
effect (all P > 0.05). The modified OARSI histological score in
the UAC group was higher than the age-matched control at all
3 timepoints (all P < 0.05, Fig. 2B). We then used females only
for the following detections.

Osteochondral Interface Mineralization
The osteochondral interface shown by von Kossa staining,
including the calcified cartilage and subchondral cortical bone,
was thicker in 12- and 20-wk UAC rats than in the age-matched
controls evaluated by the ratio of the osteochondral interface to
the noncalcified cartilage (Fig. 3A, B). The subchondral bone
displayed a strengthened neomineralization, as shown by the in
vivo fluorescence assay (Fig. 3C). In the 4- and 12-wk control
rats, neomineralization occurred far from the osteochondral
interface (green, Fig. 3C). In the control rats at 20 wk, it appeared
close to the osteochondral interface. In UAC rats, however, at 12
and 20 wk after UAC, there was much more significant mineralization than in the control group, shown as green stripes at the
deep boundary of the osteochondral interface (arrowheads,

Figure 1. The gross appearance and morphological score of
temporomandibular joint condyles. The condylar deformation appeared
at 4 wk after UAC operation and deteriorated with time (A). The
macroscopic scores of the UAC group were higher than the agematched controls at all 3 timepoints (B). Bars = 1 mm. CON, control
group; UAC, unilateral crossbite group; 4W, 4 wk; 12W, 12 wk; 20W,
20 wk. *P < 0.001. Note: The value of male CON groups at 20 wk
equals 0.

Fig. 3C). This observation was confirmed by the gray-scale
intensity measured by the Matlab processing program (Appendix
Fig. 2). The fluorescent intensity of the 4-wk UAC group was
low, similar to those in the 4- and 12-wk control groups.
According to the micro-CT images, the size of condyle
head was reduced in the UAC rats. The length in the anteriorposterior direction was shorter at all 3 timepoints than the corresponding control group. Decreased width in the medial-lateral
direction was found significant in UAC rats at 12 wk (all P <
0.05, Fig. 4B). The structure of the osteochondral interface
altered gradually with age in the control group, was porous at
4 wk, but was “cortex-like” as a plate at 12 and 20 wk (Fig.
4A). In the UAC group, however, the cortex-like plate structure appeared at 4 wk, and the density increased over time (Fig.
4A). Bone mineral density (BMD) of the osteochondral interface in UAC rats was higher than the matched controls starting
from 12 wk (P < 0.05, Fig. 4C). In contrast to the enhanced
ossification at the osteochondral interface, UAC rats showed a
significant loss of subchondral trabecular bone at 4 and 12 wk
(Fig. 4D), as characterized by the decreased bone volume fraction (BV/TV) and increased trabecular separation (Tb.Sp) (all
P < 0.05, Fig. 4D). In comparison to the control group, the
trabecular number (Tb.N) and trabecular thickness (Tb.Th) in
UAC rats were lower at 4 and 12 wk, respectively (both P <
0.001, Fig. 4D). This subchondral trabecular bone loss ceased
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Figure 2. Hematoxylin and eosin (H&E) and Safranin O staining and modified Osteoarthritis Research Society International (OARSI) score of
temporomandibular joint condyles. Degeneration of condylar cartilage was obvious in the UAC rats (A). The modified OARSI histological score in the
UAC group was higher than the age-matched control at all 3 timepoints (B). Bars = 300 µm. CON, control group; UAC, unilateral crossbite group;
4W, 4 wk; 12W, 12 wk; 20W, 20 wk. *P < 0.001.

with time. At 20 wk, the UAC and control rats had no detectable difference in all the trabecular bone parameters (all P >
0.05, Fig. 4D).

Stiffness of the Osteochondral Interface
Nano-DMA was performed to measure the mechanical properties of the osteochondral interface region. The complex modulus and tan delta were calculated based on the storage and the

loss modulus. Results showed that the complex modulus, representing the resistance capability to compressive loading,
increased in 12- and 20-wk UAC groups in comparison to the
controls (all P < 0.05, Fig. 5A). Tan delta, which describes the
energy transmission efficiency, was identical between the
UAC and control groups at all timepoints (all P > 0.05, Fig.
5A). Besides the osteochondral interface region, the subchondral trabecular bone was also tested with nano-DMA. As
expected, there was no change in mechanical properties of
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rapidly (4 to 12 wk) than that of
the female rats and entered the
stable period earlier (12 to 20 wk),
while that of the female UAC rats
drastically deteriorated from 12
wk and became much heavier than
that of the male rats at 20 wk.
Regarding the OA scoring system,
in knee OA, there is symptomatic
OA and radiographic OA (Bedson
et al. 2008). The present UACinduced rat TMJ lesions are at
most radiologic OA. Several score
systems have been introduced in
the literature and are almost exclusively dedicated to the evaluation
of knee joint OA (Mankin et al.
1971; Ostergaard et al. 1997;
Pritzker et al. 2006). However, a
Figure 3. The von Kossa staining and the in vivo fluorescence assay of the osteochondral interface. The
osteochondral interface shown by von Kossa staining included the calcified cartilage and subchondral
direct application of the scoring
cortical bone (A). The thickness ratio of the osteochondral interface to the noncalcified cartilage in
systems of the knee joint to the
the UAC condyle was higher than the control group at 12 and 20 wk (B). The neomineralization of
TMJ is inappropriate. Different
subchondral bone, shown by in vivo calcein labeling (C). In UAC rats, at 12 and 20 wk after UAC, there
from the hyaline cartilage in the
was much more significant mineralization than in the control group, shown as green stripes at the deep
boundary of the osteochondral interface (arrowheads, C). Bars = 300 µm. CON, control group; UAC,
knee joint, the TMJ condyle is
unilateral crossbite group; 4W, 4 wk; 12W, 12 wk; 20W, 20 wk. *P < 0.001.
covered by fibrous cartilage,
which is critical for the tissue to
support the gliding load during chewing (Ruggiero et al. 2015).
bone tissue in the UAC groups at all timepoints (all P > 0.05,
The histological difference of the articular surface may contribFig. 5B).
ute to the different surface changes between knee joint OA and
As the rat masticatory frequency is 4 to 5 Hz (Liu et al.
TMJ OA. Knee joint OA in animal models usually involves an
1998), we specifically analyzed the mechanical properties at
ulcerous surface (Custers et al. 2007). In contrast, the articular
4.53 Hz. The complex modulus of the osteochondral interface
surface of the TMJ condyle with UAC-induced OA-like lesions
increased at 12 and 20 wk in the UAC group (both P < 0.05,
has remained intact without obvious ulcer, abrasion, vertical fisFig. 5A), while trabecular bone did not show any significant
sures, or denudation (Wang et al. 2014). Therefore, it is necesdifference at the 3 timepoints (all P > 0.05, Fig. 5B). The
sary to modify the OARSI scoring system for the evaluation of
Pearson correlation test showed a tendency (r = 0.857; P <
TMJ OA (Appendix Table 3), in which the weight of ulcer sur0.05) for the value of the complex modulus to increase in the
face is reduced.
osteochondral interface region as the value of BMD increased.
Although the articular surface of the UAC rat TMJ condyle
remained intact, the twisted spindle condyle in the 20-wk
Discussion
female UAC group was characteristic. This could be correlated
In this study, we focused on the early stage detectability and
with the alteration of deep-zone cartilage. Our histological
progression of dental-originated TMJ OA-like lesions at the
morphology analysis indicated that the local shrinking region
osteochondral interface using our developed UAC rat model.
had no hypertrophic or prehypertrophic chondrocytes (Fig.
Presently, we found the ossification of osteochondral interface
2A). Locally, the compact bone substituted the cancellous bone
was due to the progressive deep-zone cartilage calcification
and was in direct contact with the fibrous superficial zone car(Zhang et al. 2016) and subchondral bone mineralization,
tilage. The black belt showed by the histological slices with
which were characterized by the BMD enhancement observed
von Kossa staining (Fig. 3A) included the calcified cartilage
on micro-CT images and the thickness increasing via von
as we previously reported (Zhang et al. 2016) and the freshly
Kossa staining analysis. These loading-induced remodeling
formed subchondral cortical bone disclosed by the in vivo calresponses were stabilized by wk 20. We identified for the first
cein labeling. Although double labeling will provide more
time that the density and mechanical stiffness of the thickened
information on the amount of dynamic bone formation by meaosteochondral interface increased over time at the early stage
suring the distance between the 2 labels on, for example, the
of UAC stimulation.
bone trabecula, the present aim of calcein labeling was to
The factor of sex showed a general similar trend on the TMJ
observe the distribution of neomineralization in the condylar
OA lesions, but based on the present score values, the histologisubchondral interface region where the bone branched greatly.
cal deformation of male UAC rats’ condyles progressed more
We indeed found that in UAC rats, the neomineralization was
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under dynamic loading during chewing (Palla et al. 2003), and the frequency of rat chewing is 4 to 5 Hz
(Liu et al. 1998). As a result, we used
3.10 to 9.65 Hz to mimic the chewing frequency of rats, which was
similar to other studies examining
the mechanical properties of porcine
TMJ cartilage and disk (Tanaka et al.
2003, 2006). DMA at nanoscale was
adopted in the current study because
of the small size of rats’ TMJ condyle, especially the osteochondral
interface. The theoretical model and
the data-processing methods of nanoDMA are similar to DMA, as previously reported (Tanaka et al. 2006;
Mardas et al. 2012; Espino et al.
2014; Mardas et al. 2015). To diminish the influence of the fixation treatment on the mechanical property, we
air-dried the samples, which was
similar to other studies that explored
the mechanical properties of bovine
bones using the DMA technique
(Mardas et al. 2012, 2015). This
Figure 4. The micro–computed tomography images and bone histomorphology parameters of
made the locations of the detection
temporomandibular joint condyles. The structure of the osteochondral interface altered gradually with
age in the control group, was porous at 4 wk, but was “cortex-like” as a plate at 12 and 20 wk. In the
sites observable. Both the articular
UAC group, the cortex-like plate structure appeared at 4 wk, and the density increased over time (A).
cartilage and bone tissue contain colThe length in the anterior-posterior direction and width in the medial-lateral direction of the condylar
lagens and proteoglycans, the interhead (B). Bone mineral density (BMD) of the osteochondral interface in UAC rats was higher than the
molecular
friction
of
which
matched controls starting from 12 wk (C). UAC rats showed significant loss of subchondral trabecular
bone at 4 and 12 wk (D). Bars = 300 µm. BV/TV, bone volume fraction; CON, control group; Tb.N,
contributes to viscoelastic behavior
trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; UAC, unilateral crossbite
without the fluid phase through a
group; 4W, 4 wk; 12W, 12 wk; 20W, 20 wk. *P < 0.001.
flow-independent mechanism (Stolz
et al. 2004; Lu et al. 2009). However,
located much closer to the boundary of the osteochondral interthe air-drying of the samples made the present in vitro data
face and was more significant in UAC rats than in the controls.
further incomparable with the in vivo conditions. We used the
In a previous study, we noticed upregulated bone formation
age-matched controls with the same sampling and detection
capability in UAC rats (Yang et al. 2015). The region displayed
methods. The complex modulus of the osteochondral interface
subchondral trabecular bone loss, which was mediated by
in UAC condyles was significantly increased from 12 wk compared
osteoclasts, as we disclosed previously (Yang et al. 2015), and
with the age-matched controls, which was consistent with the
was located away from the interface. This means that in this rat
increased BMD. In contrast, the complex modulus of trabecuUAC model, the site where the osteoblasts mediated subchonlar bone in UAC condyles had no significant difference with
dral cortical bone formation was not coupled with the site
the controls indicated that the architecture of subchondral trawhere the osteoclasts mediated bone resorption, while they
becular bone changed rather than the mechanical properties.
were coupled in daily bone remodeling activities (Maeda et al.
The increased densification of the subchondral plate in a
2012). The uncoupling of them could cause cartilage degenerasheep tibia increases stress in the deeper cartilage (Burr 2004).
tion as indicated in mice with Camurati-Engelmann disease
Also, the thickened subchondral cortical bone contributes to
(CED) (Tang et al. 2009; Jiao et al. 2014). It is then rational to
the decreased underlying cancellous bone mass and cartilage
use drug targeting on subchondral bone remodeling as a way to
thinning (Ko et al. 2013). Similarly, in this study, UAC rats
rescue the OA-like lesions in UAC rats as reported previously
showed degradation of cartilage and loss of subchondral tra(Jiao et al. 2016; Liu et al. 2016).
becular bone, accompanied by increased density, thickness,
The DMA technique has been used to study the mechanical
and stiffness of the osteochondral interface in the TMJ. It is
properties of biological tissue such as articular cartilage and
suggested that the increased stiffness of osteochondral interbone (Tanaka et al. 2006; Fulcher et al. 2009; Mardas et al.
face changes contributed to bone remodeling and cartilage
2012; Espino et al. 2014; Mardas et al. 2015). The TMJ is
degeneration. The new balance seemed reestablished in the
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