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Tenascin-C (TNC) is a large hexameric
extracellular matrix glycoprotein that is
expressed in developing organs and tumors. It
has been reported that TNC is expressed in
inflamed synovial membranes and deformed
discs of temporomandibular joint (TMJ) disorder. However, the role of TNC in TMJ is not
fully known. In this study, the role of TNC in
fibrous adhesion formation of TMJ was examined using TNC knockout (TNCKO) mice.
Hypermobility was produced by excessive
mouth opening method on the TMJ of both
wild-type (WT) and TNCKO mice. TMJ wound
healing was compared histologically, and the
expression of TNC, fibronectin (FN), and αsmooth muscle actin (α-SMA) in the wounded
TMJ was examined by immunohistochemical
and immunoblot analyses. Based on histologic
analysis, fibrous adhesions were observed in
the TMJ of both TNCKO and wild-type (WT)
mice after excessive mouth opening. However,
fibrous adhesion formation in TNCKO mice
occurred later than in WT mice. TNC was
expressed in the wounded TMJ disc and
mandibular fossa. Although FN and α-SMA
expression in the TMJ of TNCKO and WT mice
was up-regulated after excessive mouth opening, FN and α-SMA protein levels were higher
in WT mice at the same time points. In the
wounded TMJ, TNC appears to enhance the
expression of FN and α-SMA, and a lack of
TNC may reduce fibrous adhesion formation in
the TMJ. TNC plays an important role in TMJ
wound healing, especially for wounds generated by mechanical stress.

Introduction
A broad spectrum of temporomandibular
joint (TMJ) disorders (TMD) is recognized,
ranging from an occasional painless click to
degenerative diseases with condylar and
mandibular fossa resorption. Adhesion formation is a degenerative change that plays a role
in pain, as well as in the progression of disc
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pathology by mechanical limitation of disc
function.1-3 Remodeling is an essential biological response to normal functional demands,
homeostasis of joint structure, and function
and occlusal relationships.4 Arnett et al. proposed an explanation for the pathophysiology
of degenerative changes as one that results
from dysfunctional articular remodeling due to
excessive or sustained physical stress to the
TMJ articular structures that exceeds the normal adaptive capacity.5 Increased loading in
the TMJ may stimulate remodeling, involving
increased synthesis of extracellular matrices.6
Microtrauma produced during mandibular
movement, synovitis, or a masticatory muscle
disorder may occasionally lead to unfavorable
biomechanics of the TMJ complex, leading to
excessive mechanical stress and resulting in
adhesion formation. Adhesion formation is a
process that can occur during wound healing,
and is characterized by microtrauma-induced
elevation of extracellular matrix synthesis.
Tenascin-C (TNC) is a disulfide-bonded
hexameric matrix component composed of
subunits with molecular weights in the range
of 120-300 kDa.7,8 TNC is highly expressed during embryonic development, tissue repair, and
in pathological conditions such as chronic
inflammation. TNC interacts with several
other extracellular matrix molecules and cellsurface receptors, thus affecting tissue architecture, tissue resilience, and cell responses.9
In TMJ tissues, immunolabeled TNC is present
at low levels in normal healthy synovial membranes and discs, while it is up-regulated in
the inflamed synovial membranes and
deformed discs of TMD.10 TNC regulates cell
differentiation, division, migration, binding,
and regulatory processes during the formation
of bone matrices in the mandibular condyle.11
Although these previous studies strongly suggested that TNC is involved in TMD, it has not
yet been determined whether TNC promotes
fibrous adhesion formation in the TMJ.
Fibronectin (FN) is a large, adhesive glycoprotein that is found in the extracellular matrix of
a variety of tissues, including articular tissues
of the TMJ.12 Normal TMJ tissue weakly
expresses FN, with more pronounced expression in TMD tissue.13 FN is composed of heterodimers connected by 2 disulfide bonds near
their carboxyl ends. FN is a polyvalent molecule composed of several domains that contain
binding sites for a large number of extracellular matrix components, such as collagen,
heparin, and fibrin. FN molecules also contain
domains that facilitate cell adhesion via cell
surface receptors, called integrins.14 In an in
vitro study, Dijkgraaf et al. demonstrated that
FN may be involved in adhesion formation via
free radical-mediated crosslinking.15 They
observed that during elevated oxidative stress,
fragments of FN form a high molecular weight
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Inhibition of fibrous adhesion
formation in the temporomandibular joint of tenascin-C
knockout mice
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aggregate. Therefore, the authors argued that
these crosslinked proteins might serve as the
initial scaffolding for the development of adhesions frequently seen in TMD.
The term myofibroblast was proposed for
fibroblastic cells within granulation tissue that
exhibited cytoplasmic microfilamentous apparatus.16-18 It was later discovered that the microfilament structure of myofibriblasts was αsmooth muscle actin (α-SMA), the actin isoform typical of smooth muscle cells in vessel
walls that serves as a contractile smooth muscle
protein; α-SMA is currently accepted the most
reliable marker of myofibroblasts. Myofibroblasts have been seen in non-musculoskeletal
pathologic fibrotic conditions characterized by
contractures such as liver cirrhosis, pulmonary
fibrosis, and corneal fibrosis.19-21
Several experimental animal models involving the use a mandibular displacement appliance,22 alterations to the occlusion,23 or tooth
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Male TNCKO mice of the C57BL/6 strain and
WT littermates (8 weeks of age) were used and
maintained according to guidelines approved
by the DNA Recombination Experiment
Committee and the Animal Care and Use
Committee of Wakayama Medical University.
Excessive mouth opening was induced by
opening the mouth widely (10 mm) under
sodium pentobarbital anesthesia. This procedure was repeated 40 times, once daily for 20
consecutive days. Untreated (control) and
treated mice were sacrificed after 1, 7, 12, or
20 days of the excessive mouth opening procedure. A total of 30 mice (15 TNCKO and 15 WT)
were examined histologically, and additional
20 mice (10 TNCKO and 10 WT) were used for
quantitative analyses.
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extraction24 have implicated the involvement
of mechanical loading to the articular surface
in histological changes of the TMJ, including
the synovial membrane and the articular cartilage. Recently, a forced-jaw-opening protocol
has been shown to be effective in inducing
articular fibrous adhesions in the TMJ.25,26
These two studies are important since they
clearly demonstrate that adverse joint loading
without any surgical manipulation of the joint
tissues can induce fibrous adhesion in vivo.
TNC knockout (TNCKO) mice develop normally,27 but exhibit abnormal behavior, defects in
the structure and repair of neuromuscular
junctions,28 and defective recovery from snake
venom-induced glomerulonephritis29 and
chemically induced dermatitis.30 Moreover, it
was reported that the absence of TNC suppresses the development of fibrosis in mice.31
The definite role of TNC in fibrous adhesions
of the TMJ is not yet known. To elucidate this,
we compared the wound healing process of the
TMJ in TNCKO mice32 and congenic wild-type
(WT) mice after excessive mouth opening.
Furthermore, we investigated the expression
of TNC, FN and α-SMA, which are important
extracellular matrix proteins, in wound healing.

Histochemical analysis
To compare histological changes as a result
of TMJ loading by excessive mouth opening,
histological analysis was performed. All mice
were perfused via the left ventricle with 4%
paraformaldehyde (PFA) under sodium pentobarbital anesthesia. TMJ samples were dissected out and fixed in a solution of 4% PFA for
24 h, and then washed for 24 h in phosphatebuffered saline (PBS, pH 7.4). Samples were
decalcified in a 4% EDTA solution at 4°C for 4
weeks. The samples were dehydrated and
[page 264]

Figure 1. Hematoxylin-eosin staining of the TMJ of WT and TNCKO mice. Samples were
collected after 1, 7, 12, and 20 days of excessive mouth opening. A), C), E), G), I) from WT
mice. B), D), F), H), J) from TNCKO mice. At day 1, in both TNCKO and WT mice, no
growth in the synovial membrane of the upper and lower cavities is observed (A, B). At day
7, fibrous adhesion could be seen in the upper cavity in WT mice (C), but not in TNCKO
mice (D). At day 12, widespread fibrous adhesion formation is observed in the upper cavity
in WT mice (E) and chondrocyte clustering was observed in the mandibular fossa (insert),
while the disc of TNCKO mice remained slightly connected to the mandibular fossa (F). At
day 20, the upper and anterior portions of the cavity were reduced in WT mice (G), but
were unchanged in TNCKO mice (H). Fibroblasts on the articular disc surface disappeared
in the area of fibrous adhesion (I). In control, continuous fibroblasts were observed on the
articular disc surface (J). Arrows indicate fibroblasts on the disc surface. Arrow heads indicate fibrous adhesion area. M: Mandibular fossa. Asterisk: reduced upper cavity. D, disc; C,
condyle. Scale bars: A-H) 200 μm; I,J) 500 μm.
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After an overdose of sodium pentobarbital,
the right and left TMJ discs were carefully
removed using a surgical microscope and
washed with PBS. The samples were homogenized in Laemmli sample buffer (0.5 M TrisHCl, pH 6.8, 10% SDS, 0.5% glycerol), centrifuged at 2000 g and the supernatants were
collected. The samples (10 μg of protein) were
electrophoresed on sodium dodecyl sulfate
polyacrylamide (10%) slab gels and transferred
onto nitrocellulose membranes (Invitrogen,
Carlsbad, CA, USA). The membranes were
incubated in 0.01% Tween-20-PBS containing
3% skim milk for 1 h at RT. Next, membranes
were incubated with rat monoclonal antibody
(1:400) against TNC (Abcam, Cambrige, MA,
USA), goat polyclonal antibody (1:100) against
FN (Santa Cruz Biotechnology) and rabbit
polyclonal antibody (1:100) against α-SMA
(GeneTex, Inc.) overnight at 4°C. The membranes were washed three times with Tween20-PBS, and incubated with horseradish peroxidase-conjugated anti-rat IgG (1:100) and
anti-goat IgG (1:100) (Dako). The proteins
were visualized with ECL prime western blotting detection reagent (GE Healthcare,
Stockholm, Sweden) following manufacturer’s
protocol.

The mouse TMJ is composed of the
mandibular fossa, condyle and intervening
articular disc, which divide the articular cavity
into the upper and lower cavities. The disc of
the mouse TMJ is a biconcave structure, composed of an intermediate zone and two bands
and attachments. In the intermediate zone, a
few spindle-shaped cells were scattered on the
disc surface. The surface of the mandibular
fossa was covered with a thin fibrous layer, and
chondrocytes of the cartilage layer were
observed under the fibrous layer. Also, the surface of the condyle was covered with cartilage
tissue and a fibrous layer. There were no definite differences in the untreated articular
structure between WT and TNCKO mice.
On day 1 post-treatment, contact between the
disc and the mandibular fossa was observed in
WT mice (Figure 1A), but not in TNCKO mice
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Immunohistochemical staining was performed on paraffin sections. Endogenous peroxidase was blocked by immersing the sections in 0.3% H2O2 in methanol for 30 min at
room temperature (RT). The specimens were
blocked with 3% skim milk in 0.01% Tween-20PBS for 60 min at RT and were then incubated
overnight with a rat monoclonal primary antibody against TNC (1:100, Santa Cruz
Biotechnology, Dallas, TX, USA), a rabbit polyclonal primary antibody against FN (1:200,
Thermo Scientific, West Palm Beach, FL, USA)
and a rabbit polyclonal primary antibody
against α-SMA (1:200, GeneTex, Inc., Irvine,
CA, USA). After washing with Tween-20-PBS,
the specimens were treated with the appropriate secondary antibodies (polyclonal rabbit
anti-rat immunoglobulins/HRP or polyclonal
goat anti-rabbit immunoglobulins/HRP; Dako,
Tokyo, Japan) for 60 min at RT. Color was
developed using the Liquid DAB+Substrate
Chromogen System (Dako) followed by counterstaining with Mayer’s haematoxylin (Muto
Pure Chemicals, Tokyo, Japan).

Histochemical analysis

(Figure 1B). In this contact area, some spindleshaped cells were scattered on the disc surface.
An upper cavity was seen between the mandibular fossa and the disc. No growths were observed
in the synovial membrane of the upper and
lower cavity in either WT or TNCKO mice. Fibrin
deposits were not found on the surface of synovial membranes in either group. On day 7,
fibrous adhesions could be seen in the upper
cavity of WT mice (Figure 1C), but not in TNCKO
mice (Figure 1D). In this adhesion area, some of
the spindle-shaped cells disappeared from the
disc surface (Figure 1I). However, fibroblast continuity was observed on the disc surface of
TNCKO mice (Figure 1J). On day 12, widespread
fibrous adhesion was observed in the upper cavity of WT mice (Figure 1E), and was observed to
be longer than at day 7. The disc of TNCKO mice
was in slight contact with the mandibular fossa
(Figure 1F). At day 20, the upper and anterior
portions of the cavity were reduced in WT mice
(Figure 1G), but those of TNCKO mice remained
unchanged (Figure 1H).
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Immunohistochemical methods

Results
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embedded in paraffin. Subsequently, 4-μmthick sections were stained with hematoxylineosin (HE). Histological photomicrographs
were taken using a digital camera on a Nikon
ECLIPSE E600 microscope equipped with a DSL2 controller (Nikon Co. Ltd., Tokyo, Japan).

Figure 2. The expression of TNC in the TMJ of WT and TNCKO mice subjected to excessive mouth opening. TNC immunohistochemical staining of the TMJ (sagittal section) of
TNCKO mice (A, B), and WT mice (C, D). The expression of TNC on the upper surface
of the disc, condyle and mandibular fossa after excessive mouth opening was greater than
in control mice (E, F). Arrows indicate expression of TNC. M, mandibular fossa; D, disc;
C, condyle. Scale bars: 100 μm.

[European Journal of Histochemistry 2014; 58:2337]
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The role of TNC in fibrous adhesion formation in the TMJ is not yet known. Trying to
clarify this, we compared the TMJ wound
healing process of WT and TNCKO mice after
excessive mouth opening. In this study, we
demonstrated that TNC promotes fibrous
adhesion formation in the TMJ disc with
excessive mouth opening. Furthermore, TNC
appears to enhance the expression of FN and
α-SMA, and a lack of TNC may reduce fibrous
adhesion formation in the TMJ.

While the formation and pathogenesis of
intra-articular adhesions in the human TMJ
have not been fully clarified, Ronald et al. proposed the following explanation.1 One of the
theories claims that synovitis causes fibrin
deposition, which decreases joint lubrication.
The resultant suction cup effect and immobilization of the joint causes the fibrin deposition to continue, with the formation of fibrous
adhesions. Another theory ascribes the formation of adhesions to hematomas in the
synovial membrane that attract fibroblasts
and fibrocytes to the area. The healing
process is associated with the subsequent for-
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Weak TNC expression was observed in the
disc and the fibrous layer covering the condylar and mandibular fossa in control specimens
of WT mice (Figure 2 C,D). However, TNC
expression increased 1 day after excessive
mouth opening. The upper part of the disc
showed more intense TNC staining than the
lower part in WT mice. TNC expression also
increased in the mandibular fossa after excessive mouth opening in comparison with the
control specimen of WT mice (Figure 2 E,F).
No definite staining was observed in the TMJ
of TNCKO mice (Figure 2 A,B). FN positive
staining of the TMJ showed differences
between WT and TNCKO mice. In the control
specimen of WT mice, the surface of the disc
and the fibrous layer on the mandibular fossa
showed more intense FN staining than that of
TNCKO mice (Figure 3 A-D). On day 1 after
treatment, the WT sample showed intense FN
staining at the disc and the fibrous layer on the
mandibular fossa (Figure 3 E,F), whereas the
TNCKO sample showed weak FN staining
(Figure 3 G,H). α-SMA positive staining of the
TMJ showed differences between WT and
TNCKO mice. In the control specimen of WT
mice, the disc and the fibrous layer on the
mandibular fossa showed moderate α-SMA
staining than that of TNCKO mice (Figure 4 AD). On day 12 after treatment, the WT sample
showed moderate α-SMA staining at the disc
and the fibrous layer on the mandibular fossa
(Figure 4 E,F), whereas the TNCKO sample
showed weak FN staining (Figure 4 G,H).

Discussion

m
er
ci

Immunohistochemical analysis of
TNC, FN and α-SMA

Western blot analysis of TNC, FN
and α-SMA
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The western blot analysis of disc tissue
revealed a single 230 kDa band for TNC
expressed after treatment. TNC expression
was very low in the control, but increased
markedly after treatment from day 1 to day 20.
Consistent with expectations, TNC was not
detected in the TNCKO samples (Figure 5).
The western blot results showed a single band
of FN corresponding to a molecular weight of
220 kDa in WT and TNCKO samples (Figure 6).
The expression of FN was very low in control,
but increased markedly after treatment. The
relative intensities of the FN bands were
stronger in WT samples than in TNCKO samples. Additionally, the western blot results
showed a single band of α-SMA corresponding
to a molecular weight of 42 kDa in WT and
TNCKO samples (Figure 7). The expression of
α-SMA was moderate in control, but increased
evidently at 12 days after treatment in WT sample. The relative intensities of the α-SMA
bands were stronger in WT samples than in
TNCKO samples at day 12 after treatment.
[page 266]

Figure 3. The expression of FN in the TMJ of WT and TNCKO mice subjected to excessive
mouth opening. FN expression in the control TMJ of WT (A, B) and TNCKO mice (C, D).
The surface of the disc and fibrous membrane of the mandibular fossa showed more intense
FN staining in WT mice than in TNCKO mice. The TMJ sections at day 1 showed intense
FN staining at the disc and the fibrous membrane on the mandibular fossa (E, F), whereas
that of TNCKO mice showed a faint amount of FN staining (G, H). M, mandibular fossa;
D, disc; C, condyle. Scale bars: 100 μm.

[European Journal of Histochemistry 2014; 58:2337]
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and condyle 1 day after the last treatment in
WT mice. TNC was more abundant near the
upper surface of the disc than the lower surface. TNC was abundantly expressed on the
mandibular fossa, indicating that it might
correspond to TNC expression in the disc.
TMJ is a dual diarthrodial joint; the upper
compartment (mandibular fossa and disc)
mainly functions as a sliding joint, while the
lower compartment’s (disc and condyle) rotational movement relates mainly to compressive force. During excessive mouth opening,
the mandibular condyle and the mandibular
fossa exert pressure on the TMJ disc.
Mechanical loading induced up-regulation of
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its up-regulation is related to histological
changes. Therefore, we compared the expression and changes in protein levels of TNC and
FN in mice after induced hypermobility using
immunohistochemical and western blotting
analyses. Western blotting analysis showed
dramatic increases in TNC and FN protein
levels after excessive mouth opening in WT
mice, which were maintained at a fixed level
throughout the experimental period.
Although the intensity of the FN band in
TNCKO mice was extremely low in comparison to WT mice, mild up-regulation of FN protein was observed in TNCKO mice. TNC was
expressed in the TMJ disc, mandibular fossa
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mation of scar tissue on the existing fibrous
capsular wall. In a previous report on the
developmental and histological characteristics of synovitis, adhesions were induced in
the synovium in the anterior portion of the
cavity in the rat TMJ by excessive mouth
opening.25 However, detection of synovitis
was based on increased synovial membrane
and fibrin deposition; the existence of
hematomas was not observed during our
experimental period. In the current mouse
study, the formation and progressive maturation of adhesions was induced between the
mandibular fossa and the disc, instead of in
the synovium, and was directly related to the
duration of excessive mouth opening. These
differences may depend on the extent of damage, length of treatment or anatomy of the
animal species. Fibrous adhesion formation
was initiated 7 days after the last treatment
in the upper cavity and continued for 20 days
in WT mice. The possibility exists that excessive mouth opening causes microtrauma due
to excessive pressure on the disc by the hyper
movement of the mandibular condyle and
mandibular fossa. This microtrauma may
cause the fibrin related adhesion, eventually
developing into a fibrous adhesion.
Fibroblasts, which exist in the fibrous layer of
the mandibular fossa and disc, are thought to
form collagen fibers and facilitate fibrous
adhesion formation. Twelve days after the last
treatment in WT mice, the extent of adhesion
formation was increased with the clustering
of chondrocytes in the cartilage layer of
mandibular fossa (Figure 1E; see insert).
Generally, chondrocyte clustering is a characteristic feature of the early stage repair
process in the cartilage layer in osteoarthritis,33,34 and is a response that produces extracellular matrix components in the presence of
mechanical stress on the chondrocytes.
Throughout the experimental period, fibrous
adhesions were not observed in the lower
joint cavity. As this adhesion pattern resembles that of humans, excessive mouth opening is thought to cause mechanical stress in
the upper part of the articular disc. On the
other hand, initiation of fibrous adhesion formation in the disc of TNCKO mice was
delayed in comparison to WT mice. Also,
adhesion length did not increase throughout
the experimental period, as was observed in
WT mice. A reduction of the upper cavity area
was not observed in TNCKO mice over the
study period. In conclusion, while fibrous
adhesions developed in WT mice, the fibrotic
changes in TNCKO mice were clearly less
extensive. These results indicate that TNC
promotes fibrous adhesion formation in discs
upon excessive mouth opening.
It is well known that FN is a major adhesive
glycoprotein involved in wound healing and

Figure 4. The expression of α-SMA in the TMJ of WT and TNCKO mice subjected to excessive mouth opening. α-SMA expression in the control TMJ of WT (A, B) and TNCKO mice
(C, D). The TMJ sections at day 12 showed intense moderate α-SMA staining at the disc
and the fibrous membrane on the mandibular fossa (E, F), whereas that of TNCKO mice
showed a faint amount of α-SMA staining (G, H). M, mandibular fossa; D, disc; C,
condyle. Scale bars: 100 μm.

[European Journal of Histochemistry 2014; 58:2337]
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TNC expression. The expression pattern of
FN in the superficial layer of the mandibular
fossa and the disc was consistent with adhesion formation after treatment in both WT
and TNCKO mice. Other studies have shown
that the increase in tissue TNC levels can be
used as a predictive marker for fibrosis.35
TNCKO mice exhibit thinner stroma during
corneal suture wounds with reduced FN
depositon.36 Similarly, lower levels of FN were
detected in the granulation tissue during
healing of dermal excisional wounds in
TNCKO mice,37 and only small and immature
granulation tissue was observed during
experimental kidney injury.29 One reason for
the delayed and decreased adhesion formation in the TMJ in TNCKO mice may depend
on decreased FN protein levels.
Fibroblastic cells acquire contractile features during the healing of a wound, thus
modulating into myofibroblasts which synthesize extracellular matrix components
such as collagen type I and type III, and during normal wound healing disappear by apotosis when epithelialization occurs. The
transition from fibroblasts to myofibloblasts
is influenced by mechanical stress. 38
Myofibroblasts are considered the main
effector cell in joint fibrosis. One articular
process (adhesive capsulitis of the shoulder)
and two non-articular process (Dupuytren’s
contracture of the hand and hypertrophic
scarring) have been shown to lead to nontraumatic contractures.39-41 In both WT and
TNCKO mice, the expression level of protein
of α-SMA became maximam at 12 days after
excessive mouth opening. The time α-SMA
strongly expressed was in agreement with
the time which the fibrous adhesion range
expands. Therefore, α-SMA may be a factor
related to formation of fibrous adhesion of
mice disc. The intensity of the α-SMA
expression in TNCKO mice was extremely
low in comparison to WT mice. We consider
the delayed and decreased adhesion formation in the TMJ in TNCKO mice may depend
on decreased α-SMA protein levels. The
expression of lumican, which is an extracellular matrix proteoglycan, increased in an
inflammatory model using an articular disc
cell line.42 Therefore, differences may exist
in the expression of lumican in WT and
TNCKO mice. Thus, it is thought that several
genes participate in adhesion formation in
TMJ. Further in vitro studies are needed to
elucidate the mechanism by which TNC
affects the expression of other extracellular
matrix proteins.
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Figure 5. Chronological alterations in TNC expression in WT and TNCKO mice after
excessive mouth opening. Western blot analysis showed a TNC band corresponding to 230
kDa in control, and day 1, 7, 12, and 20 samples from WT mice. However, a band corresponding to TNC was not detected in TNCKO samples. TNC expression increased after
excessive mouth opening in WT samples.

Figure 6. Chronological alterations in FN expression in WT and TNCKO mice after excessive mouth opening. Western blot analysis showed a FN band corresponding to 220 kDa in
control, and day 1, 7, 12 and 20 samples from WT mice and TNCKO mice. Band intensity
was stronger in WT samples than in the TNCKO sample at identical time points.

[page 268]
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Figure 7. Chronological alterations in α-SMA expression in WT and TNCKO mice after
excessive mouth opening. Western blot analysis showed a α-SMA band corresponding to 42
kDa in control, and day 1, 7, 12 and 20 samples from WT mice and TNCKO mice. Band
intensity was stronger in WT samples than in the TNCKO sample at day 12 after treatment.
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