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Abstract 

Background:  The pathogenesis of traumatic temporomandibular joint (TMJ) bony ankylosis remains unknown. This 
study aimed to explore the pathogenesis of traumatic TMJ bony ankylosis in a rat model.

Methods:  Twenty-four 3-week-old male Sprague–Dawley rats were used in this study. Excision of the whole disc, the 
fibrocartilage damage of the condyle and glenoid fossa, and narrowed joint space were performed in the left TMJ of 
the operation group to induce TMJ bony ankylosis (experimental side). The right TMJ underwent a sham operation 
(sham side). The control group did not undergo any operations. At 1, 4, and 8 weeks postoperatively, rats of the opera-
tion group were sacrificed and TMJ complexes were evaluated by gross observation, Micro-CT, histological examina-
tions, and immunofluorescence microscopy. Total RNA of TMJ complexes in the operation group were analyzed using 
RNA-seq.

Results:  Gross observations revealed TMJ bony ankylosis on the experimental side. Micro-CT analysis demonstrated 
that compared to the sham side, the experimental side showed a larger volume of growth, and a considerable calci-
fied bone callus formation in the narrowed joint space and on the rougher articular surfaces. Histological examina-
tions indicated that endochondral ossification was observed on the experimental side, but not on the sham side. 
RNA-seq analysis and immunofluorescence revealed that Matrix metallopeptidase 13 (MMP13) and Runt-related 
transcription factor 2 (RUNX2) genes of endochondral ossification were significantly more downregulated on the 
experimental side than on the sham side. The primary pathways related to endochondral ossification were Parathy-
roid hormone synthesis, secretion and action, Relaxin signaling pathway, and IL-17 signaling pathway.

Conclusions:  The present study provided an innovative and reliable rat model of TMJ bony ankylosis by compound 
trauma and narrowed joint space. Furthermore, we demonstrated the downregulation of MMP13 and RUNX2 in the 
process of endochondral ossification in TMJ bony ankylosis.
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Background
Temporomandibular joint (TMJ) ankylosis is character-
ized by fibrous or bony adhesions after disease or trauma 
[1, 2], which affects physical and psychological health [3, 
4]. Trauma is the most common cause of TMJ ankylosis 
[5–9], however the pathogenesis of traumatic TMJ bony 
ankylosis remains unclear. Prevention and treatment 
of traumatic TMJ bony ankylosis in clinical practice is 
therefore challenging, owing to the paucity of available 
information [10–12].

Conducting clinical trials of TMJ bony ankylosis in 
humans is limited by ethical considerations. Several ani-
mal models of TMJ bony ankylosis have been proposed 
over the last few decades [13–15]. Published studies 
describe injuries to the articular surfaces as procedures 
to induce TMJ ankylosis [15]. Large animal models are 
indispensable, as the size and anatomical structure of 
their TMJs are comparable to those of human beings 
[3]. Goats or sheep were the most common large animal 
models used in those studies [16]. Our previous study 
[17–19] revealed that compound trauma was critical for 
the establishment of TMJ bony ankylosis in goat or sheep 
models. However, commercially available biological and 
molecular assays for goats or sheep are currently limited 
owing to the lack of antibodies for these species [20–22], 
thus the pathogenesis and pathophysiology of TMJ bony 
ankylosis in large animal models are not possible to 
determine [22]. Therefore, TMJ bony ankylosis research 
on small animal models including rabbits [23–25], 
rats [15, 26], and mice [14, 27], are more conducive for 
molecular biology research. Traumatic TMJ bony ankylo-
sis was stimulated using rabbits as small animal models, 
but the microstructure change of TMJ in rabbit models 
cannot be continuously and dynamically observed by 
Micro-CT [24]. Mice are too small to simulate traumatic 
TMJ bony ankylosis due to the high mortality rate. How-
ever, rats are cheap, fast, easy to house and implement in 
operations or studies, and antibodies for biological and 
molecular assays are available. Thus, rats are ideal ani-
mals for molecular biology research on traumatic TMJ 
bony ankylosis [28, 29]. Furthermore, TMJ bony anky-
losis in rats has not previously been reported. Therefore, 
a small animal model of TMJ bony ankylosis based on 
Sprague–Dawley rats was proposed.

The TMJ cartilage is composed of dense layers of 
extracellular matrix (ECM) containing distributed chon-
drocytes [30]. Chondrocytes actively synthesize a large 
volume of ECM proteins such as hyaluronans, collagen, 

and proteoglycans [31, 32]. Yan et. al [33, 34] suggested 
that a series of Wnt signaling regulated bone formation 
and endochondral ossification during the formation of 
TMJ bony ankylosis, however, a few named genes were 
detected by real-time PCR. Our previous studies [17, 
35] revealed that a large amount of ECM, chondrocytes, 
and endochondral ossification were observed in the joint 
space of TMJ bony ankylosis. Additionally, the gene 
expression pattern of sheep TMJ bony ankylosis was sim-
ilar with the distraction osteogenesis (DO) process using 
gene chip analysis [35], however, only a few limited genes 
were found by gene chip technology. RNA-seq technol-
ogy has led to the identification of more novel genes in 
small animal models than gene chip technology. There-
fore, RNA-seq technology was superior to real-time PCR 
and gene chip technology for detecting genetic changes.

This study aims to 1) to establish a rat model of trau-
matic TMJ bony ankylosis in which articular disc 
removal, and damage to the fibrocartilage on the con-
dyle and glenoid fossa, are combined with the narrowed 
joint space to verify whether the narrowed joint space 
and compound trauma lead to TMJ bony ankylosis; and 
2) to systematically explore any alterations of genes and 
pathways in the expression of whole mRNA using RNA-
seq technology in a rat model of traumatic TMJ bony 
ankylosis.

Methods
Ethics committee approval and animal care
Sprague–Dawley rats were provided by the Laboratory 
Animal Center of the Fourth Military Medical University 
(Xi’an, China) and all experiments were approved by the 
animal welfare ethics committee of the School of Stoma-
tology [36] (Approval ID 2020–0950). The calculated 
sample size was 24 (PASS 11.0, Test for one correlation 
power analysis: Power = 0.9, α = 0.05, R = 0.74). Twenty-
four male Sprague–Dawley rats at 3  weeks old (weight 
60–80  g) were obtained from the Animal Center of the 
Fourth Military Medical University.

Surgical procedures
Each  Sprague–Dawley rat  underwent  general  anesthe-
sia with 2% isoflurane and oxygen. The TMJ region was 
isolated with sterile drapes. The temporal and preauricu-
lar regions were shaved and disinfected. In the operation 
group, the right TMJ underwent a sham operation (sham 
side) whereby a curved preauricular incision was made 
and the TMJ complex was exposed, then the wound was 
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closed in layers. For the left TMJ of the operation group, 
the bony ankylosis-induced side (experimental side), a 
1 cm long curved preauricular incision was made and the 
flap was lifted to expose the TMJ complex (Fig. 1A). The 
capsule was exposed by blunt dissection (Fig.  1B). The 
condyle was isolated with a periosteal elevator, and the 
articular disc was exposed by the separation of the lateral 
attachment of the disc through the joint space (Fig. 1C). 
The anterior and posterior attachments of the disc were 
then cut off and the articular disc was removed (Fig. 1D). 
The joint space was exposed by horizontal blunt dis-
section (Fig.  1E), the fibrocartilage on the condyle was 
removed using a Gracey scaler (Fig. 1F) and grid grooves 
were carved using an apex elevator on the surface of the 
glenoid fossa (Fig.  1G). The joint space was then nar-
rowed (Fig. 1H), the capsule was sutured, and the wound 
was closed in layers (Fig.  1I). After surgery, each rat 
was administered an antibiotic (penicillin, 2  mg/100  g; 
X–Y Biotechnology) and an analgesic (pentazocine, 
0.1 mg/100 g; X–Y Biotechnology) for 5 days. The control 
group did not undergo any operations.

The vertical passive maximum mouth opening 
(PMMO) and mandibular lateral movement were meas-
ured and recorded at 1, 4, and 8  weeks postoperatively 
according to our previous study [3]. Vertical PMMO 
was measured under general anesthesia as the distance 
between the maxillary and mandibular incisors upon 
the perpendicular application of 1.0 g of force to the jaw 
by a ruler scale (Fig.  1J, K). The force of 1.0 g was cho-
sen based on pilot experiments which indicated that this 
amount of force was sufficient for the Sprague–Dawley 
rat jaws to reach the end-feel of ‘capsular feel’ or ‘springy-
block’ [3]. Mandibular lateral movement was also meas-
ured and recorded under general anesthesia according to 
our previous study [18] (Fig. 1M, N).

Sample preparation
All rats were euthanized with a lethal dose of pentobar-
bitone sodium by intraperitoneal injection at 1, 4, and 
8 weeks postoperatively. All TMJ complexes were fixed in 
4% paraformaldehyde. Then, TMJ complex samples were 
rinsed for 6  h with water and then decalcified in 17% 
EDTA for 6  weeks before embedding in paraffin. 4-μm 

sections were cut along the mesiodistal direction of the 
dentition.

Micro‑CT
All Sprague–Dawley rats underwent  general  anes-
thesia at 1, 4, and 8  weeks postoperatively. Their skulls 
were scanned by Micro-CT (Siemens AG) at a volt-
age of 80  kV, a current of 500 μA, and a resolution of 
10  μm. Subsequently, three-dimensional (3D) images 
of TMJ complexes were reconstructed with the Inveon 
Research Workplace (Siemens AG). In the operation 
group, the region of interest (ROI) included three cubes 
(each 0.5 × 0.5 × 0.5  mm), which were selected along an 
imaginary line between the concave point of the condy-
lar lateral neck and the upper edge of the zygomatic arch 
base. The morphological parameters of trabecular bone 
microarchitecture, including bone volume fraction (BV/
TV), trabecular thickness (Tb.Th), bone specific surface 
(BS/BV), trabecular separation (Tb.Sp) and trabecular 
number (Tb.N), were measured.

Histological examinations and immunofluorescence
The paraffin sections were stained with Hematoxylin and 
Eosin (H&E) and modified Safranine O-Fast Green FCF 
Cartilage Stain (Solarbio, G1371), according to the manu-
facturer’s instructions. Slides were preincubated with 3% 
H2O2 for 10 min. Goat serum was used to block nonspe-
cific binding, and then sections were incubated overnight 
at 4 °C with Coll II (1:1000, Abcam), MMP13 (1:250, Pro-
teintech), RUNX2 (1:500, SANTA). Subsequently, sec-
tions were incubated with the corresponding secondary 
antibodies at room temperature for 1 h.

RNA‑seq analysis
Total RNA extracted from TMJ complexes was used for 
RNA sequencing by Beijing Genomics Institute (ShenZ-
hen, China). The samples were sequenced at BGI (Cam-
bridge, MA) with paired-end 100 bp in the BGISeq-500 
platform. Each group had three replicates, and all 
sequence data were deposited in the Gene Expression 
Omnibus database. Pathway analysis was performed 
using the DAVID functional annotation bioinformatic 
tool.

Fig. 1  Surgical procedures on experimental side of operation group. A Label of preoperative incisions. B Exposure of the condyle. C Exposure of 
the articular disc (white arrow). D Resection of TMJ disc (white arrow). E Exposure of the joint space. F Damaging of the articular cartilage. G Carving 
grooves (white arrow) on the glenoid fossa. H Narrowing the joint space. I Suturing the articular capsule. J Measuring the distance between the 
maxillary and mandibular incisors as the vertical PMMO in control group (white vertical arrow). K Measuring the vertical PMMO in operation group 
(white vertical arrow). L Comparison of vertical PMMO between the two groups. M Measuring the distance between the middle line of the upper 
central incisors and the mandibular central incisors as mandibular lateral distance in control group (white horizontal arrow). N Measuring the 
mandibular lateral distance in operation group (white horizontal arrow). O Comparison of mandibular lateral distance between the two groups. 
n = 3. Data represents mean ± SD. P values, 2-tailed unpaired t-tests. Za, zygomatic arch; Co, condylar process; Ad, articular disc; Gf, glenoid fossa; 
Post-OP, post-operation; (*P < 0.05. **P < 0.01. ***P < 0.001)

(See figure on next page.)
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Fig. 1  (See legend on previous page.)
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Statistical analysis
Data are presented as mean ± SD and were analyzed with 
SPSS 18.0 software (SPSS Inc, Chicago, IL, USA). The val-
ues of the control and experiment were compared at each 
time point. Micro-CT parametric data were compared 
by paired  t-test. The vertical PMMO and the mandibu-
lar lateral movement between the control and operation 
groups were compared by  independent  t-test. P < 0.05 
was considered statistically significant.

Results
Gross observation findings
All Sprague–Dawley rats could tolerate the compound 
trauma in the operation group, and no postopera-
tive wound infection occurred. The vertical PMMO of 
the operation group was significantly lower than that 
of the control group at 4 and 8  weeks postoperatively 
(Fig. 1J, K). There was statistical significance in the ver-
tical PMMO between the control and operation groups 

at 8  weeks postoperatively (Fig.  1L, P < 0.05). At 4 and 
8  weeks postoperatively, the mandibular lateral move-
ment of the operation group was significantly greater 
than that of the control group (Fig. 1M, N), and the differ-
ence was statistically significant between the two groups 
(Fig. 1O; Post-OP 4 W, P < 0.01; Post-OP 8 W, P < 0.001). 
At 8 weeks postoperatively, a clear limitation of vertical 
PMMO was observed in rats of the operation group.

On the experimental side, gross observations were 
made of the TMJ external appearance with a stereoscopic 
microscope at 8 weeks postoperatively (Fig. 2A-C). TMJ 
bony ankylosis and irregular new bone formation on the 
TMJ complex surfaces were observed (Fig.  2C). Moreo-
ver, bony adhesions were observed in the joint space of 
the experimental side (Fig. 2B, C; white dotted line).

On the sham side, bony ankylosis was absent (Fig. 2D-
F). The glenoid fossa and articular cartilage did not 
exhibit fusion.

Fig. 2  Gross observations of the TMJ complexes in experimental and sham side of operation group at 8 weeks postoperatively. A TMJ complexes of 
experimental side (white arrow). B, C Disappeared joint space and fusion line of condyle and temporal bone from different angles (white imaginary 
line). D Zygomatic arch of sham side (white arrow). E, F Joint space of sham side from different angles (white triangle arrow). Co: condylar process, 
Te, temporal bone, Za, zygomatic arch

Fig. 3  Micro-CT analysis of TMJ complexes on experimental side and sham side at 1, 4, and 8 weeks postoperatively. A The images of TMJ 
complexes along the coronal plane. Cartilaginous and bony fusion in the experimental side of the operation group at 8 weeks postoperatively 
(white arrow). B-G BV/TV (%), BS/BV (1/mm), Tb/N (1/mm), Tb.Th (mm), Tb.Sp (mm) and the volume of TMJ complexes were analyzed. Data 
represent mean ± SD. P values, 2-tailed unpaired t-tests; Post-OP, post-operation; (*P < 0.05. **P < 0.01. ***P < 0.001)

(See figure on next page.)
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Fig. 3  (See legend on previous page.)
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Micro‑CT findings
The microarchitectural data revealed that the image of 
TMJ bony ankylosis was observed on the experimental 
side but not on the sham side.

On the experimental side, some new cartilage and bone 
were observed at 1 week postoperatively. There was mod-
erate new cartilage and bone on the experimental side at 
4 weeks postoperatively and joint space was narrower at 
4 weeks than that at 1 week postoperatively. At 8 weeks 
postoperatively, TMJ bony ankylosis was found on the 
experimental side, whereby the joint space had nearly 
disappeared and was filled with abundant new cartilage 
and bone (Fig. 3A; white arrow) and the degree of calci-
fication increased over time. The morphological param-
eters of the trabecular bone microarchitecture were 
calculated (Fig. 3B-F). The volume of TMJ complexes was 
51.54 ± 3.584 mm3 at 8 weeks postoperatively (Fig. 3G).

On the sham side, TMJ regular upper and lower articu-
lar surfaces were observed, however TMJ bony ankylosis 

was absent. There was no new cartilage or bone in the 
joint space of the sham side at 1, 4, and 8 weeks postop-
eratively. The image of the joint space showed that it was 
slightly narrowed. Similarly, the morphological param-
eters of the trabecular bone microarchitecture were cal-
culated. (Fig.  4B-F). The volume of TMJ complexes was 
9.827 ± 0.716 mm3 at 8 weeks postoperatively (Fig. 4G).

BV/TV (P = 0.014) and Tb.Th (P = 0.172) of the experi-
mental side TMJ complexes were significantly increased 
than that on the sham side at 8  weeks postoperatively 
(Fig.  3B, E). BS/BV (P = 0.033) and Tb.Sp (P = 0.258) of 
the experimental side TMJ complexes increased more at 
1  week postoperatively than they did on the sham side 
(Fig. 3C, F). Tb.N (P = 0.811) of the experimental side was 
lower than that on the sham side at 1  week postopera-
tively (Fig. 3D). The volume difference of TMJ complexes 
was statistically significant between the experimental and 
sham sides at 4 and 8  weeks postoperatively (Fig.  3G) 
(Post-OP 4 W, P = 0.004; Post-OP 8 W, P = 0.000), There 

Fig. 4  Histological sections of TMJ complexes on the experimental side and sham side (coronal section analysis). A, B Representative images of H&E 
staining paraffin sections. C Representative images of Safranin O staining. D Col II immunohistochemical staining of cartilage
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was no significant difference between the other param-
eters between the two sides at other times.

Histological examination
All TMJ complexes on the experimental and sham sides 
were verified histologically (Fig. 4A-D).

On the experimental side, H&E staining showed a small 
amount of new cartilaginous matrix and cartilage cells, 
and a large amount of fibrous tissue in the joint space at 1 
and 4 weeks postoperatively (Fig. 4A). Bony ankylosis was 
observed in the joint space, which was abundantly filled 
with new cartilaginous matrix, cartilage cells, endochon-
dral ossification, and a small amount of fibrous tissue at 
8 weeks postoperatively (Fig. 4A, B). Safranin O staining 
was used to evaluate the amount of red glycosaminogly-
can (GAG) in the cartilage of TMJ complexes (Fig. 4C). 
A small amount of GAG was observed in the joint space 
at 1 and 4 weeks postoperatively (Fig. 4 C; black arrow), 
however GAG was abundant and distributed irregularly 
in the joint space at 8 weeks postoperatively, when endo-
chondral ossification and cartilage margin ossification 
proceeded simultaneously (Fig.  4C; white arrow). IHC 
staining for Col II showed that the Col II-positive cells 
contributed 16.5%, 34.2%, and 44.3% of all Col II cells at 
1, 4, and 8 weeks after the operation, respectively.

On the sham side, bony ankylosis and endochondral 
ossification were absent in the joint space, there was no 
statistical significance in GAG and Col II expression at 1, 
4, and 8 weeks postoperatively.

RNA‑seq analysis
RNA-sequencing was performed for dissected TMJ 
complexes on both the experimental side and sham 
side. Whole TMJ-complex RNA-Seq analysis identified 
transcripts corresponding to 37,246 genes. A volcano 
plot identified both upregulated and downregulated 
genes, while the biological coefficient of variation was 
between 0.4 and 0.5, within an acceptable range vari-
ation (Fig.  5A). The x-axis is the log2 scale of the fold 
change of gene expression between the two sides (log2 
(fold change)). Negative/positive values indicate down-
regulation/upregulation. The y-axis is the minus log10 
scale of the adjusted p values (-log10), which indicates 
the significant differences in the level of expression. The 
red dots represent significantly upregulated genes with 

at least a twofold change, while the blue dots represent 
significantly downregulated genes with at least a twofold 
change (Fig. 5A).

At 8  weeks postoperatively, differentially expressed 
genes (DEGs) were enriched in 101 terms, including 
56 biological process (BP) terms, 16 cellular compo-
nent (CC)terms and 29 molecular function (MF) terms. 
DEGs with endochondral ossification primarily included 
MMP13 and RUNX2. MMP13-related terms were as 
followed: in the BP domain, the meaningful enriched 
GO terms focused on extracellular matrix organization 
(GO:0,030,198), ossification (GO:0001503), proteolysis 
(GO:0006508), endochondral ossification (GO:0001958), 
and osteoblast differentiation (GO:0001649) (Fig.  5B). 
The most enriched CC terms were correlated with 
the extracellular space (GO:0,005,615). The MF terms 
were closely related to the extracellular matrix struc-
tural constituent (GO:0005201), and platelet-derived 
growth factor binding (GO:0048407). RUNX2-related 
terms were as followed: in the BP domain, the mean-
ingful enriched GO terms focused on endochondral 
ossification (GO:0001958), ossification (GO:0001503), 
osteoblast differentiation (GO:0001649), protein pro-
cessing (GO:0016485), and skeletal system development 
(GO:0001501) (Fig.  5B). RUNX2 was not enriched in 
the CC or MF terms. Kyoto Encyclopedia of Genes and 
Genomes (KEGG) analysis of the 101 DEGs identified 
20 pathways, which are shown a bubble diagram. The 
KEGG pathways with endochondral ossification that 
were enriched at 8  weeks after the operation primar-
ily included Parathyroid hormone synthesis, secretion 
and action, the Relaxin signaling pathway, and the IL-17 
signaling pathway (Fig. 5C). We used a heatmap to show 
the distribution of DEGs between the experimental and 
sham sides. Red and blue stripes represent genes with 
high or low expressions, respectively (Fig.  5D). MMP13 
and RUNX2 showed a significant difference between the 
experimental and sham sides (Fig. 5D; black arrow).

Immunofluorescence staining
Immunofluorescence staining demonstrated significantly 
lower expression of MMP13 and RUNX2 in the experi-
mental side compared to the sham side at different times 
postoperatively (Fig.  5E). The RUNX2-positive cells 
were 38.9%, 16.2%, and 3.9%, and the MMP13-positive 

Fig. 5  RNA-seq analysis and the immunofluorescence of RUNX2 and MMP13 genes with TMJ complexes between experimental side and sham 
side. A Volcano plot demonstrating genes differentially upregulated and downregulated. The biological coefficient of variation plot indicates 
biological variation within experimental side and sham side to be between 0.4 and 0.5. B Significant enriched GO terms of TMJ complexes between 
experimental side and sham side. C KEGG pathway terms of differentially expressed genes. D Heatmap of the differentially expressed genes 
between experimental side and sham side. E The immunofluorescence of RUNX2 and MMP13 genes between experimental side and sham side

(See figure on next page.)
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Fig. 5  (See legend on previous page.)
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cells were 46.3%, 27.5%, and 5.3% at 1, 4, and 8  weeks 
postoperatively.

Discussion
The present study showed that a new rat model of trau-
matic TMJ bony ankylosis was successfully established, 
and the genes and pathways related endochondral ossi-
fication were initially identified. Limitation of mouth 
opening and gross observation were found to be critical 
diagnostic indexes of TMJ bony ankylosis [3, 11, 17]. At 
8  weeks postoperatively, the lower vertical PMMO and 
greater mandibular lateral movement of the operation 
group were significantly higher than those of the control 
group. Moreover, bony adhesions and irregular new bone 
formation on the TMJ complex surfaces were observed 
by gross observation. Therefore, the established Sprague–
Dawley rat model for TMJ bony ankylosis was reliable in 
the present study. So far, traumatic TMJ ankylosis has 
been associated with several risk factors, including some 
types of condylar fractures, disc rupture/displacement, 
TMJ damage, and prolonged immobilization of the man-
dible [17]. Our previous study showed that TMJ bony 
ankylosis did not occur with minor compound trauma of 
the TMJ complexes [19]. Yan et al. [37] revealed that TMJ 
bony ankylosis was successfully established using severe 
compound trauma in infant sheep. Further, our recent 
study revealed that traumatic TMJ bony ankylosis was 
also associated with severe compound trauma, including 
disc displacement or rupture, and condylar and glenoid 
fossa damage [3, 17]. All of the above-mentioned studies 
indicate that severe compound trauma is necessary for 
the development of TMJ bony ankylosis.

Based on clinical observations and animal experiments, 
our previous studies [11, 17] and those of Zhang et  al. 
[24, 33] found that TMJ bony ankylosis occurred during 
the growth and development phases of infancy and child-
hood. A previous review reported that narrowing the 
joint space by closing contact of the two injured articular 
surfaces, could induce TMJ bony ankylosis in young peo-
ple [38]. Our recent study revealed that a narrowed joint 
space was reflected by the decreased vertical height of the 
mandibular ramus in a young sheep [17]. Cheung et  al. 
[39] also reported that a narrowed joint space using bone 
grafts in the TMJ between the two injured articular sur-
faces could induce TMJ bony ankylosis in young sheep. 
Further, Li et  al. [40] showed that TMJ bony ankylosis 
could not occur without a narrowed joint space in grow-
ing rats. The above-mentioned studies all support that 
a narrowed joint space and TMJ compound trauma in 
infancy are necessary for TMJ bony ankylosis. Recently, 
our pilot experiments revealed that the adult rat model 
of traumatic TMJ bony ankylosis could not be success-
fully established by severe compound trauma without a 

narrowed joint space. However, in the present study, for 
the first time, we successfully established a rat animal 
model of traumatic TMJ bony ankylosis using severe 
compound trauma and a narrowed joint space in infant 
rats. Therefore, the present study indicated that severe 
TMJ compound trauma (including disc displacement or 
rupture, and condylar and glenoid fossa damage) and a 
narrowed joint space during infancy were necessary for 
TMJ bony ankylosis. More importantly, joint space nar-
rowing will inevitably occur in the process of TMJ bony 
ankylosis.

High spatial resolution of Micro-CT is a critical techni-
cal advancement that has allowed researchers to monitor 
the progression of bone disease in small animal models 
[41]. Micro-CT images revealed that low, moderate, and 
abundant levels of new cartilage and bone were observed 
in the joint space of the experimental side at 1, 4, and 
8  weeks postoperatively. The results demonstrated that 
traumatic TMJ bony ankylosis worsened over time on 
the experimental side, which led to further limitation of 
mouth opening, and these findings were consistent with 
our previous studies [3, 17]. Moreover, according to 3D 
Micro-CT images, there was a larger volume and nar-
rower joint space of TMJ complexes over time on the 
experimental side compared to that on the sham side. 
Micro-CT images also showed that there was more new 
bone on the experimental side than on the sham side 
according to a decrease in BS/BV, and an increase in BV/
TV. These findings showed that new bone gradually grew 
over time on the experimental side, which revealed that 
TMJ bone ankylosis and limited mouth opening became 
more severe. Additionally, Micro-CT findings revealed 
the degree of calcification of the bony fusion area, which 
was visualized as vague radiolucent zones, lower than 
that of cortical bone but higher than that of the residual 
joint space. These results may explain why mouth open-
ing affects the degree of calcification between the two 
injured articular surfaces, which further explains why 
none of the rats exhibited trismus in the present study. 
These findings were also consistent with our previous 
study [3, 17].

H&E staining, Safranin O staining, and IHC staining 
for Col II showed that a new cartilaginous matrix, car-
tilage cells, and endochondral ossification were abun-
dant in the joint space of the experimental side, but not 
in the joint space of sham side, which also indicated 
that the bony ankylosis was formed in the experimen-
tal side. Moreover, new cartilaginous matrix, cartilage 
cells, and endochondral ossification gradually grew over 
time in the joint space of the experimental side, which 
further explained that the joint space became gradu-
ally narrower and the severity of bony ankylosis was 
more obvious over time. The expression of Col II on 
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the experimental side was much higher than that of the 
sham side at 1, 4, and 8  weeks postoperatively. Col II-
labeled new cartilaginous matrix was increased in the 
joint space of the experimental side at 1, 4, and 8 weeks 
postoperatively. The results revealed that the sever-
ity of bony ankylosis and limitation of mouth opening 
became more severe, which was in line with our previ-
ous studies [3, 17]. Our previous study showed that col-
lagen type II was visible in the early healing process of 
the condylar fracture which blocked the functions of 
lateral pterygoid muscles. This was more prone to endo-
chondral ossification because collagen type II is spe-
cifically produced by chondrocytes, which are the main 
organic component of a cartilage matrix [42]. Although 
fibro-osseous ankylosis was developed in a sheep model 
by Yan et. al [37] by Safranin O staining, IHC staining 
with Col II was absent. However, the present results 
proved that endochondral ossification correlated with 
new bone formation in the TMJ bony ankylosis using 
Sprague–Dawley rats.

RNA-seq analysis showed that MMP13 and RUNX2 
were closely related to the pathways of Parathyroid hor-
mone synthesis, and secretion and action, according to 
the GO terms of endochondral ossification. MMP13 and 
RUNX2 are involved in bone remodeling and early stages 
of endochondral bone formation [43]. MMP13 has been 
proven to be a downstream target of RUNX2 [44] which 
directly regulates MMP13 promotor activity and MMP13 
expression in vivo [45]. Takeuchi et. al [46] reported that 
cartilage-specific overexpression of MMP13 induces 
cartilage degeneration in precocious arthritis. How-
ever, immunofluorescence staining demonstrated that 
expression of MMP13 and RUNX2 were lower on the 
experimental side than they were on the sham side. The 
present study found that the decreased MMP13 expres-
sion was accompanied by an increased expression of type 
II collagen, and we deduced that it was this decrease of 
MMP13 that led to the increased expression of type II 
collagen because MMP13 was reported to be involved in 
degrading type II collagen [47, 48]. Therefore, the expres-
sion of MMP13 was negatively correlated with the num-
ber of chondrocytes, cartilage ECM, and endochondral 
bone formation in the process of TMJ bony ankylosis. 
Similarly, the present study found that the expression of 
RUNX2 was negatively correlated with the number of 
chondrocytes, cartilage ECM, and endochondral bone 
formation in the process of TMJ bony ankylosis, which 
was in line with previous studies [49, 50]. Thus, in future 
studies we will further explore the roles of MMP13 and 
RUNX2 in the pathogenesis of endochondral ossifica-
tion of traumatic TMJ bony ankylosis by focusing on the 
Parathyroid hormone synthesis and secretion and action 
pathways.

This study had some limitations, one of which was the 
short time period of postoperative observations, there-
fore our subsequent experiments will extend the observa-
tion time to explore the characteristics of cartilage bone 
in TMJ bony ankylosis. Moreover, the total RNA of the 
operation group 4 weeks after the operation could not be 
extracted for RNA-seq analysis due to some uncontrol-
lable factors.

Conclusions
In conclusion, the present study successfully provided a 
novel and reliable small animal model for future studies 
of traumatic TMJ bony ankylosis. Moreover, the patho-
genesis of traumatic TMJ bony ankylosis was preliminar-
ily explored and it was found that MMP13 and RUNX2 
contribute to endochondral ossification. These findings 
will provide new therapeutic strategies targeting RUNX2 
and MMP13 to alleviate TMJ bony ankylosis in the 
future.
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