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Abstract 
Early developmental studies on the temporomandibular joint 

in mice 
 

The temporomandibular joint (TMJ) produces the unique mammalian articulation 

of the tooth-bearing lower jawbone with the base of the skull. The TMJ is the last to 

develop among the human synovial joints and has a special form. Therefore, the 

developmental process and mechanism of the TMJ might be different from other 

synovial joints. This study examined the development of the TMJ in mice in order to 

understand the precise developmental process of the TMJ. The main focus of this 

studied was on the differences between the prenatal and postnatal period, which was 

accomplished using histological and immunohistochemical methods. The necessary 

mechanisms for the development of the TMJ including cell proliferation, apoptosis, 

chondrogenesis, nerve innervation and myogenesis were examined.  

The formation of bone and cartilage was studied using whole mount staining with 

alizarin red and alcian blue, and H-E staining. In addition, TUNEL staining was also 

tried in order to detect cell apoptosis and immunohistochemistry was used to measure 

cell proliferation, nerve innervation, chondrogenesis and myogenesis by using 

embryonic stage 18 (E18), postnatal 2 (PN2) and postnatal 6 (PN6) mice.  

At E18, the mandibular condyle was not stained by alcian blue. From PN2 alcian 

blue staining was observed. In addition, aggrecan was strongly detected at PN2 and 

PN6. A weak TUNEL positive reaction was observed in the anterior portion of the 
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TMJ at E18 and PN6. A moderate to strong PGP9.5 positive reaction was observed at 

E18, PN2 and PN6 in the anterior and posterior portions of the TMJ. A strong myosin 

positive reaction was observed at E18, PN2 and PN6 in the anterior portion of the 

TMJ.  

These results suggest that the TMJ must accompany jaw movements such as 

sucking, which can be explained by the coordination of myogenesis and nerve 

innervation. In contrast, the maturation of the condylar cartilage of the mandible 

might begin as a result of sucking after birth, and cell differentiation of the synovial 

membrane might be related with nerve innervation.. Apoptosis might be related to the 

development of the lateral pterygoid muscle. In conclusion, nerve innervation with 

masticatory muscle development during chondrogenesis might be the key event, 

which makes the development and function of the TMJ occur correctly and efficiently.  

 

 

 

                                                                             

KEY WORDS 
Temporomandibular joint, mouse, sucking, development, cell proliferation, apoptosis, 
nerve innervation, chondrogenesis, myogenesis, immunohistochemistry 
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Early developmental studies on the 

temporomandibular joint in mice 
 

Se-Jin Kim, D.D.S., M.S.D. 

Department of Dental Science, Graduate School, Yonsei University 

(Directed by Prof. Han-Sung Jung, PhD.) 

 

I. Introduction 

The temporomandibular joint (TMJ) produces the unique mammalian articulation 

of the tooth-bearing lower jawbone with the base of the skull.  Mandibular 

movement is stopped by the upper and lower teeth contacts (DuBrul, 1981). The TMJ 

plays a role determining the pattern of mandibular movement during mastication with 

a dental occlusion (Lundeen, 1982). The TMJ is the last to develop in the human 

synovial joints throughout the development stage (Moffet, 1996) and has a special 

form. Therefore, it is possible that the developmental process and mechanism of the 

TMJ may be different from other synovial joints. It is important to identify the active 

developmental stage and the developmental order of the articular structures in order 

to understand the mechanism of articular formation and the range of mandibular 

malformations. 

In a report on rat TMJ development (Miki, 1972), the mandibular condyle appeared 

after 13 days of gestation (E13.0) in the form of an accumulation of mesenchymal 



 2

cells, and the distinct shape of the condylar head could be recognized at E15.0. The 

upper joint cavity appeared as an opening of mesenchymal cells at E16.0 and the 

lower joint cavity could be distinguished at E19.0. During the process of condyle 

calcification, endochondral ossification was observed at E20.0, and birth on E21.0. 

Some reports suggest that the TMJ is formed either by mechanical forces (Murray and 

Drachman, 1969; Kiliaridis et al., 1999), by apoptosis (Mitrovic, 1978; Matsuda et al., 

1997), or by other mechanisms such as chondrogenesis (Hinton and Carlson, 1986; 

Pertti et al., 1996), and nerve innervation (Shimizu et al., 1996; Kido et al., 2001). On 

the other hand, some studies have reported that mechanical stimulation plays an 

important role in changing the form of the TMJ in mouse (Charlier et al., 1969; Meike, 

1973; Simon, 1977).  

However, these studies did not show how the mandibular movement affects TMJ 

development and how they interact among those mechanisms including apoptosis, 

chondrogenesis, nerve innervation and mechanical stimulation during development. 

In the developmental process, cell proliferation and cell death are very important for 

morphogenesis and it appears that a neuromuscular system is needed for movement of 

joint. The TMJ starts to move for sucking after birth, although the TMJ barely moves 

before birth. This functional change might be involved in the morphogenesis of the 

TMJ. This study examined the development of the TMJ of mice in order to 

understand the precise development procedure of the TMJ. This study focused mainly 

on the difference between the prenatal and postnatal period, using histological and 
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immunohistochemical methods, and investigated the necessary mechanisms for the 

development of the TMJ including cell proliferation, apoptosis, chondrogenesis, 

nerve innervation and myogenesis. 
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II. Materials and methods 

Animals 

Adult ICR mice were housed in a temperature-controlled room (22 °C) under 

artificial illumination (lights on from 05:00 h to 17:00 h) and a 55 % relative humidity 

with access to food and water ad libitum. The mouse embryos were obtained from 

time-mated pregnant mice. The day that the presence of a vaginal plug was confirmed 

was designated as embryonic day 0 (E0). E18, postnatal (PN) 2 and 6 (each group 

contained 6 mice, total 18 mice) mice were used for these experiments.  

 Whole mount staining for bone and cartilage 

The whole mount staining method used for bone and cartilage using alcian blue and 

alizarin red was performed, as described by menegola et al. (2001). After skin 

maceration in a 4% NaCl solution (for at least 2 hr at room temperature or overnight 

at 4°C), the fetuses were skinned and eviscerated, and the cervical and dorsal muscles 

were then gently removed. The skinned specimens were immediately placed in an 

acid staining solution (pH 5 2.8) at room temperature for at least 24 hr, and then 

dehydrated in ethanol 96% for at least 6 hr. Maceration of the soft tissues was 

performed by placing the specimens in a basic staining solution for 30 hr at room 

temperature, and the solution was reviewed at least three times. Clearing and 

hardening was performed by placing the specimens in a cleaning solution for at least 

8 hr. Conservation of the double-stained fetuses was performed in a 1:1 70 % ethanol 



 5

and glycerin mixture. The specimens were examined using a stereoscope. 

Tissue preparation for H-E staining, immunohistochemistry and TUNEL staining 

The specimens were fixed in 4 % paraformaldehyde in PBS overnight at 4 °C. After 

decalcification with 10% EDTA for 1 –2 weeks, the specimens were embedded in 

paraffin using the conventional methods. Five micrometers thick paraffin sections 

were cut, and the sections were stained with Hematoxylin and Eosin. For 

immunohistochemistry, the samples were equilibrated in a 30 % sucrose solution for 

cryo protection and embedded in an OTC compound (Sakura fintek U.S.A., Inc., 

California, U.S.A.). Serial sagittal sections were cut at a thickness of 10 µmin a 

cryostat and then mounted on a silane-coated slide glass (Muto pure chemicals. Co., 

Japan). 

Immunohistochemistry for cell proliferation, nerve innervation, chondrogenesis 

and myogenesis 

The deparaffined specimens were treated with 0.3% hydrogen peroxide in absolute 

methanol to inhibit their endogenous peroxidase activity. In order to investigate the 

extent of proliferation, nerve innervation, chondrogenesis (mandibular condyle 

development) and myogenesis, and the specimens were incubated with monoclonal 

anti proliferating cell nuclear antigen (PCNA) antibodies (1:200, Noemarkers Inc., 

USA), polyclonal anti peptide gene products (PGP) 9.5 antibodies (1:10000, 

Ultraclone Co., UK), polyclonal anti aggrecan antibodies (1:100, Santa Cruz 

Biotechnology, USA) and monoclonal anti myosin antibodies (1:100, Noemarkers 
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Inc., USA), respectively, at 4°C overnight. After washing with PBS, the specimens 

were reacted with two consecutive incubations with the secondary antibodies (Zymed 

Laboratories Inc. USA) and a HRP-conjugated enzyme solution (Zymed Laboratories 

Inc. USA) at room temperature for 1 hour each. Finally, the specimens were 

visualized using a DAB Reagent Kit (Zymed Laboratories Inc. USA). The 

immunostained sections were counter-stained with a hematoxyline solution. 

TUNEL staining 

An in situ Cell Death Detection Kit (Roche Diagnostics GmbH. Germany) was use 

to detect apoptosis. 

During apoptosis, the genomic DNA is cleaved to yield single strand breaks 

("nicks") as well as double-stranded DNA fragments. Terminal deoxynucleotidyl 

transferase(TdT) is used to label the DNA strand breaks with a fluoroscein corporated 

nucleotide. Fluoroscein is detected by the anti-fluorescein antibody Fab fragments 

conjugated with horseradish peroxidase (POD). After the substrate reaction, the 

stained cells can be analyzed by optical microscopy.  

Briefly, mouse TMJ specimens from each stage were cryosectioned, washed twice 

with PBS, and fixed with a 4% paraformaldehyde / PBS solution (pH 7.4) for 1day. 

The fixed specimens were then treated with 0.3% H2O2 in 100% MeOH for 30 

minutes to quench the endogenous peroxidases, which was followed by rinsing with 

PBS. The samples were then incubated with a proteinase K solution (20 ㎍/ml) for 

15 min at room temperature. The samples were incubated with a reaction mixture 
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containing a TdT enzyme and were fluorescein-labeled dNTPs at 37°C in a 

humidified chamber for 1h. The reaction was quenched and the peroxidase 

conjugated anti-fluorescein antibodies were used to detect the fluorescein-labeled 

nucleotides in a humidified chamber for 30 minutes at 37°C. The signal was detected 

using DAB as a color substrate. The sections were counterstained with diluted 

hematoxylin.  
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III. Results 

1. Whole mount staining for bone and cartilage 

At E18, the mandibular condyle was not stained by alcian blue, although the 

calcified mandibular bone was stained with alizarin red (Fig. 1A). However, the 

tracheal cartilage was stained by alcian blue at E18 (Fig. 1B). The calcified 

mandibular bone and mandibular condyle were flatly connected. Therefore, the neck 

of the condyle was not found in the mandible. The mandibular fossa had a flat shape 

(Fig. 1A).  

At PN2, the mandibular condyle stained by alcian blue (Fig. 1C). Moreover, the 

neck of the condyle (Fig. 1C, arrows) could be found in the mandibular bone. The 

posterior portion of the condyle was not covered with temporal bone. Compared to 

E18, the mandibular bone appeared to be solid.  

At PN6, the mandibular condyle that stained with alcian blue grew (Fig. 1D). The 

concavity of the mandibular fossa was more obvious than at PN 2 (Fig. 1D, 

arrowheads). 

2. H-E staining 

At E18, many undifferentiated cells were observed in the mandibular condyle and 

hyaline cartilage could not be observed (Fig. 2A-D). The articular space was divided 

into the upper (double asterisks) and lower (single asterisk) spaces by the articular 

disk (red arrows). However, the lower articular space was not clearly distinguished 

from the anterior and posterior connective tissues (Fig. 2B, D).  
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PZ 

A B 

C D 

M 

PZ 

PZ

M M

*
*

*

E18 

PN2 PN6 

Fig. 1 Whole mount staining for bone and cartilage 

Notice Fig. 1A. Though tracheal cartilage is stained by alcian blue (Fig. 1B), 

mandibular condyle  (dotted line) is not stained by alcian blue at E18.  From PN2,

mandibular condyle  is recognized by alcian blue (*) and the neck of mandibular 

condyle (arrows) was observed .  According as aging, concavity of mandibular 

fossa is more obvious (arrowheads). Moreover, mandibular bone (M) and temporal

bone seem to be solid.  

M: mandibular bone, PZ: zygomatic process    original magnigication; 1A,C,D:x40:

1B:x32 
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Fibroblast-like cells were found in the articular disk (Fig. 2C). The articular disk was 

enlarged into anterior and posterior connective tissue (Fig. 2B, D).  Moreover, the 

anterior side of the articular disk was connected with the muscle (Fig. 2B).  

At PN2, the mandibular condyle consisted of hyaline cartilage and was divided into 

a fibrous layer, a proliferating layer and a hypertrophic layer (Fig. 3A-D). The 

articular space was divided into the upper (double asterisks) and lower (single 

asterisk) spaces by the articular disk (Fig. 3B, C, D). Moreover, synovial cells were 

aligned in a row at the luminal surface of the synovial membrane (Fig. 3E).  

At PN6, the mandibular condyle consisted of hyaline cartilage (Fig. 4A, C) as PN2, 

and the chondrocytes in the mandibular condyle arranged irregularly (Fig. 4C). 

Muscle tissue was observed in the anterior portion of the TMJ (Fig. 4A, B). The upper 

portion of this muscle ran toward the articular disk and was connected to it. Moreover, 

the lower portion of this muscle was connected with mandibular bone (Fig. 4A, B). 

The posterior portion of the articular disk connected with loose connective tissue (Fig. 

4D). In the synovial membrane, a cytoplasmic process (single arrows in Fig. 4E) of 

large cells with round nuclei (double arrows in Fig. 4E) projected toward the articular 

space. 

 

3. PCNA immunohistochemistry (cell proliferation) 

Fig. 5A, E and I show the H-E staining photos at E18, PN2 and PN6. Green, yellow 

and red boxes show the anterior, central and posterior portion in Fig. 5A, E and I.  
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AB D

C

***
*

M

 

Fig. 2 H-E staining at E18 

Green boxes (Fig. 2B), yellow boxes (Fig. 2C) and red boxes (Fig. 2D) are higher

magnification photos of each color boxes in Fig. 2A. 

 

At E18, many undifferentiated cells occupy in mandibular condyle and hyaline

cartilage is not shown (Fig. 2A-D). Upper articular space (Fig. 2C) is observed 

clearly, However lower articular space is not distinguished from connective tissue

(Fig. 2B,D). Fibroblasts of articular disk enlage into anterior and posterior

connective tissue (Fig. 2B,D, pink arrows). Muscle tissue (M) is observed at 

anterior portion of articular disk. 

 M: muscle tissue, single asterisk: lower articular space, double asterisks: upper

articular space, pink arrows: articular disk 

original magnification; 2A x40: 2B-D: x200 
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**

* *

**

*
*

M
D AB 

C E

Fig. 3  H-E staining at PN2 

Green boxes (Fig.  3B), yellow boxes (Fig. 3C) and red boxes (Fig. 3D) are

higher magnification photos of each color boxes in Fig. 3A. 

At PN2, mandibular condyle consists with hyaline cartilage (Fig. 3A, 3D) that is 

divided into fibrous layer (F in Fig. 3D), proliferating layer(P in Fig. 3D) and

hypertrophic layer (H in Fig. 3D). Fig. 3E is higher magnification of blue box of

Fig. 3D. Synovial cells align at superficial layer of the synovial membrane(Fig. 

3E). 

D: differentiating layer, F: fibrous layer, M: muscle tissue, H: hypertrophic

layer, single asterisk: lower articular space, double asterisks: upper articular

space, pink arrows: articular disk 

original magnification; 3A x40: 3B-D x100: 3E x 1000 

F 

P 

H 



 13

**

**
**

*
*

*

M

A

C

B D

E

H

F

P

Fig. 4 H-E staining at PN6 

Green boxes (Fig. 4B), yellow boxes (Fig. 4C) and red boxes (Fig. 4D) are higher

magnification photos of each color boxes in Fig. 4A. 

At PN6, muscle tissue (M) runs toward the articular disk (pink arrows) and connects 

closely with articular disk (Fig. 4B). Chondrocyte arrange irregularly (Fig. 4A,C).

Fig. 4E is higher magnification photo of blue box in Fig. 4D. The cytoplasmic

process (black single arrow) of synovial cells (black double arrows) into the 

articular space (Fig. 4E). 

 D: differentiating layer, F: fibrous layer, M: muscle tissue, H: hypertrophic layer,

single asterisk: lower articular space, double asterisks: upper articular space, pink

arrows: articular disk 

original magnification; 4A: x40: 4A-D: x100: 4E: x 1000 
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At E18, many cells in the connective tissue exhibited a strong immunopositive 

reaction to PCNA at the anterior and posterior portions of the TMJ (Fig. 5B, D). 

However, in the mandibular cartilage, the immunopositive reaction was detected only 

in the cells of the superficial layer and many cells showed a negative reaction (Fig. 

5C). Moreover, moderate immunopositive cells were observed in the articular disk 

(Fig. 5C, D).  

At PN2, the number of immunopositive cell was less than that at E18. However, in 

both the anterior and posterior portions of the TMJ, strong immunopositive cells were 

observed in the articular disk and the connective tissue (Fig. 5F, H). The cells of the 

proliferating layer in the mandibular condyle were stained by the anti-PCNA 

antibodies (Fig. 5G).  

At PN6, the immunopositive reaction pattern was similar to that at PN2. Strong 

immunopositive cells were detected in the anterior and posterior portions (Fig. 5J, L). 

A positive immunoreaction was observed in proliferating layer of the mandibular 

condyle (Fig. 5K).  

 

4. TUNEL staining (apoptosis) 

At E18, only few weak positive cells were observed in the anterior portion of the 

TMJ (Fig. 6B). Positive cells could not be found in other portions of the TMJ.  

At PN2, TUNEL positive cells were not detected in the TMJ area (data not shown).  
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E18 

Fig. 5  PCNA immunohistochemistry (Proliferation) 

Green boxes (Fig. 5-B, F, J), yellow boxes (Fig. 5-C, G, K) and orange boxes (Fig. 

5-D, H, L) are higher magnification photos of each colar boxes in Fig. 5-A, E, I. 

At E18, many strong immunopositive cells are observed in the TMJ area (Fig. 5-B, 

D). However, immunoreaction for PCNA is detected only in the cells of superficial 

layer (Fig. 5-C). 

At PN2, storong immunopositive cells are observed in anterior (Fig. 5-F) and 

posterior (Fig. 5-H) portion. Immunoreaction is detected in proliferationg layer at

mandibular condyle(Fig. 5-G). 

At PN6, immunoposivitve pattern is same at PN2 (Fig. 5-J, K, L). 

 F: fibrous layer, P: proliferating layer, H: hypertrophic layer , red arrows:

immunopositive cells. 

original magnification; 5-A, E, I: x40, 5-B-D: x400, 5-F-H, J-L: x200 

PN2 

PN6 

A B C D 

E F G H 

I 

J K 

L

F

P

H

P
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At PN6, few weak immunopositive cells were observed in the anterior portion of the 

mandibular condyle (Fig. 6D). However, the TUNEL positive cell could not be 

detected in the other portion. 

 

5. PGP9.5 immunohistochemistry (nerve innervation) 

At E18, many moderate immunopositive reactions for PGP 9.5 were observed in the 

anterior and posterior portions (Fig. 7B, D). However, an immunopositive reaction 

was not detected in the articular disk and the mandibular condyle at the central 

portion of the TMJ (Fig. 7C).  

At PN2, a strong immunopositive reaction was detected at both the anterior and 

posterior portions (Fig. 7F, H). However, there was no positive reaction at the central 

portion of the TMJ (Fig. 7G). Moreover, a strong immunopositive reaction was 

observed beneath the synovial cells in the synovial folding (Fig. 7I, J).  

At PN6, many strong immunopositive structures were observed beneath the 

synovial cells in both the anterior and posterior portions (Fig. 7L, N). Moreover, a 

weak immunopositive reaction was detected at the central portion of the TMJ (Fig. 

7M). Some cells had an immunopositive product for PGP9.5 in the anterior portion 

(Fig. 7L).  

 

6. Aggrecan immunohistochemistry (chondrogenesis) 

At E18, the immunopositive cells had a negative reaction all over the mandibular  
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Fig. 6 TUNEL (Apoptosis) 

 At E18 (Fig. 6-A, B) and at PN6 (Fig. 6-C, D), weak TUNEL positive reaction 

is detected only at anterior part of the TMJ (Fig. 6-B, D, red arrows). At PN2, 

immunopositive cell is not detected at the TMJ area (data not shown). 

 AD: articular disk, MD: mandibular condyle   original magnification; 6-A, C: 

x40, 6-B, D: x100) 

A B 

C

D

MC

AD

MC

E18 

PN6 
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*
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F G 

H

I J

K

L M 

N

PN2 

PN6 

A 

B C 

D

E18 

Fig. 7 PGP 9.5 immunohistochemistry (Nerve innervation) 
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At E18 (Fig. 7-A-D) and at PN2 (Fig. 7-E-J), moderate immunopositive 

reaction is observed at anterior (Fig. 7-B, F) and posterior (Fig. 7-D, H) 

portion. At central portion of the TMJ, any immunoreaction can not be

detected (Fig. 7-C, G).   

At PN2, synovial folding is observed and strong immunopositive reaction is

detected beneath the synovial cells (Fig. 7-I). Some synovial cells show 

immunopositive reaction for PGP 9.5 (Fig. J, asterisk). 

At PN6 (Fig. 7-K-N), many strong immunopositive products are observed

beneath the synovial membrane in anterior (Fig. 7-L) and posterior (Fig. 7-

N) portion. Moreover, weak immunopositive reaction is detected at central

portion of the TMJ (Fig. 7-M). 

 single arrow: immunopositive products, double arrows: synovial folding 

original magnification; 7-A, E, K: x40, 7-B-D, F-I, L-N: x400, 7-J: x1000) 
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condyle (Fig. 8B).  

At PN2, a strong imumopositive reaction was localized between the proliferating 

and hypertrophic layers. The chondrocytes in the proliferating and hypertrophic layer 

had an immunonegative reaction (Fig. 8D).  

At PN6, the cells between proliferating and hypertrophic layers showed a strong 

immunopositive reaction for aggrecan in a similar way as observed at PN2, although 

the cells in the fibrous, proliferating and hypertrophic layers did not exhibit a positive 

reaction (Fig. 8F). 

 

7. Myosin immunohistochemistry (myogenesis) 

From E18 to PN6, a strong immunopositive reaction for myosin was observed in 

front of the articular disk (Fig. 9B, D, F). Moreover, the immunopositive products 

were connected with the articular disk at PN2 and PN6. 
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Fig.8 Aggrecan immunohistochemistry (Chondrogenesis) 

At E18 (Fig. 8-A, B), immunopositive cells can be found negative reaction in

all over the place. At PN2 (Fig. 8-C, D) and PN6 (Fig. 8-E, F), strong 

immunopositive reaction is observed between proliferating layer and

hypertrophic layer (Fig. 8-D, F).   

 P: proliferating layer, H: hypertrophic layer  original magnification; 8-A, C, 

E: x40, B, D, F: x100 

 

P 

H 

P 

H 

A 

B 

C 

D 

E 

F 

E18 PN2 PN6 
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Fig.9 Myosin immunohistochemistry (Myogenesis) 

From E18 to PN6, strong immunoreaction is detected at anterior portion of articular

disk (Fig. B, D, F). 

 AD: articular disk, MC: mandibular condyle     

original magnification; 9-A, C, E: x40, 9-B, D, F: x200  

  

AD

MC

MC

MC

AD

AD

A B 

C 

D

E F PN6 

PN2 

E18 
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IV. Discussion 

Understanding the developmental process of the TMJ is very important not only for 

developmental aspects, but also for clinical dentistry such as mandibular 

malformations and the TMD. The TMJ has very different functions before and after 

birth. Although the TMJ barely moves before birth, it does move after birth so the 

newborn can suckle. Therefore, these functional differences may be involved in the 

morphogenesis of the TMJ. In order to clarify the relationship between TMJ 

morphogenesis and the TMJ functions in the developmental stage, whole mount 

staining for bone and cartilage, H-E staining, TUNEL staining and 

immunohistochemistry were used to investigate the extent of proliferation, nerve 

innervation, chondrogenesis and myogenesis in E18, PN2 and PN6 mice. 

In this study, the mandibular condyle was not stained by alcian blue at E18. 

Histologically, undifferentiated cells were observed in the mandibular condyle. 

However, from PN2, the mandibular condyle was stained by alcian blue and consisted 

of hyaline cartilage. A positive reaction was observed for aggrecan 

immunohistochemistry in the mandibular condyle from PN2, although the cells of the 

mandibular condyle showed a negative reaction at E18. Moreover, Miki (1972) 

reported the endochondral ossification of the mouse mandibular condyle started at 

birth. These findings suggest that the maturation of the mandibular condyle cartilage, 

and chondrogenesis, may begin in the mandibular condyle due to the sucking.  

The concavity of the mandibular fossa changed accordingly during the 
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developmental process. It is believed that the concavity of the mandibular fossa 

depended on the maturation of the mandibular condyle. In addition, it is generally 

known that the chondrocyte was arranged in a longitudinal orientation parallel to the 

long axis of the bone in the epiphyseal cartilage (Leslie and James, 2001). However, 

in this study, the chondrocyte was arranged irregularly in the mandibular condyle at 

PN2 and PN6. Anatomically, many muscles such as the masseter muscle, the temporal 

muscle and the lateral and medial pterygoid muscles, and ligaments such as the lateral 

ligament, the sphenomadibular ligament and the stylomandibular ligament attached to 

the mandibular bone the and these structures are related to the complicated jaw 

movement (Ide and Nakazawa, 1991). The mandibular condyle shape changes easily 

by a masticatory function including the properties of food, aging and external forces 

(Simon, 1977; De Bont et al., 1985; Hilton and Carlson, 1986; Bouvier, 1988; Ghafari 

and Cowin, 1989; Hinton, 1993; Tuominen et al., 1993; Sim et al., 1995; Celik et al., 

1998). An irregular arrangement of the chondrocyte in the mandibular condyle 

indicate that the mandibular condyle has an ability to change toward all directions as 

a result of many factors. 

Cell proliferation and cell death are very important for morphogenesis in the 

developmental process. Clarke (1990) classified cell death into four types during the 

developmental stage with apoptosis being one of these types. Matsuda et al. (1997) 

studies the rat TMJ from E17.5 to PN10 by optical microscopy, transmission electron 

microscopy and electrophoresis of the DNA fragmentation. They reported that 
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apoptosis could be detected at PN1 in the anterior portion of the TMJ. Moreover, they 

observed the other types of cell death reported by Clarke (1990) at the TMJ area. 

Matsuda et al. (1997) suggested that apoptosis involving the development of the 

condyle might be related to the mandibular movement, because the postnatal rats 

immediately began to suckle. In this study, few apoptotic cells were detected at the 

TMJ. However, the TUNEL positive reaction is located only at the anterior portion of 

the TMJ during early TMJ development. These findings are similar to those reported 

by Matsuda et al. (1997). Moreover, this study suggests that apoptosis in the anterior 

portion of the TMJ might be involved in the development of the lateral pterygoid 

muscle for mouth opening and it is believed that other type of cell death might occur 

at the developing TMJ. 

In the synovial joint, the synovial membrane both secretes and absorbs synovial flu

id. Therefore, the synovial membrane plays an important role in maintaining the 

normal function of a mobile joint (Linck et al., 1977; Hasselbacher, 1981; Okada et 

al., 1981). Synovial cells line luminal surface of the synovial membrane. Synovial 

cells are generally divided into macrophage-like type A cells and fibroblast-like type 

B cells. According to previous studies, type A cells function as phagocytosis (Key, 

1926; Graabaek, 1985; Senda et al., 1999). However, there is little information on the 

function of type B cells. In addition, there is little information regarding the 

developmental process of synovial cells. Kitamura et al. (1999) reported that type B 

cells in the synovial membrane have specific immunoreactivity for PGP 9.5, and that 
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type B cells may control the metabolism between the neurons and synovial cells. 

Shimizu et al. (1996) suggested that functional stimuli such as sucking and 

mastication might be associated with nerve development in the rat TMJ and these 

nerves might have an effect on the differentiation and maturation of synovial cells. In 

this study, immunopositive cells for PGP 9.5 could be detected in the synovial 

membrane from PN2. Moreover, the immunopositive products for PGP 9.5 were 

observed beneath the synovial cells prior to the appearance of immunoposive cells at 

E18. These findings suggest that type B cell differentiation might be related to nerve 

innervation, and the type B cells may differentiate after birth. Moreover, since Okada 

et al. (1981) and Jilani and Ghadially (1986) reported that type B cells occupy 80% of 

all the synovial cells in mice and the number of type B cells decrease during aging, 

the type B cells may play a role in the early stage of TMJ development. 

The typical masticatory muscle group performs the mandibular functions such as 

the masseter muscle, the temporalis muscle, and the lateral and medial pterygoid 

muscles. The lateral pterygoid muscle assists in mandibular opening movement. The 

lateral pterygoid muscle is divided into an upper belly attached to the articualr disk 

and the articular surface, and the lower belly is attached to the pterygoid forvea of the 

condyle in adults (Ide and Nakazawa, 1991). In this study, the muscle tissue and the 

lateral pterygoid muscle was observed at the anterior portion of the TMJ from E18 

using immunohistochemistry for myosin. However, from PN2, the muscle tissue is 

connected closely the articular disk from PN2, even though the muscle tissue exists 
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only at the anterior portion of the TMJ at E18. This suggests that the TMJ function, 

sucking, might promote the connection between the muscle tissue and the articular 

disk for smooth movement of the TMJ. Moreover, the lateral pterygoid muscle might 

mature according to the functional movement.  

Tanaka et al. (2000) reported that the bone repair reaction is differs between the 

anterior and posterior portions of the rat mandibular condyle following an 

ovariectomy. They suggested that strong mechanical loading would take place on the 

anterior portion. Moreover, osteosclerotic-like changes have been observed only in 

the anterior portion of the condyle in rats (Koike et al., 1995; Tanaka et al., 1998). In 

this study, the mandibular fossa covered only the anterior portion of the mandibular 

condyle, even though the posterior portion of the mandibular condyle was not covered 

with mandibular fossa. This suggests that the mandibular fossa may be involved in 

mechanical loading. Anatomically, only the anterior portion of the mandibular 

condyle connects with the muscle tissue, and the lateral ptergyoid muscle (Ide and 

Nakazawa, 1991). Moreover, the rodent condyle moves far in the anterior direction 

during an incisor occlusion (Hans-Ulrich, 1996). It is believed that these anatomical 

differences and occlusal patterns between the rodents and human may cause the 

specific reaction at the anterior portion of the mandibular condyle. 

On the other hand, Murray and Dracman (1969) reported that there is no articular 

space formatted without the mandibular function using chick embryos and 

demonstrated the necessity of a contraction of skeletal muscle in order to form the 
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articular space. In this study, the lower articular space was not distinguished clearly 

from the posterior connective tissue at E18. Complete lower articular space was 

observed from PN2. This suggests that the functional movement of TMJ might be 

necessary for the formation of the lower articular space during the TMJ development. 

In this study, the mouse TMJ was examined at E18, PN2 and PN6 in an attempt to 

understand the functional analysis in embryonic development. The results indicate 

that nerve innervation with masticatory muscle development during chondrogenesis 

may be key events, which allow the development and function of the TMJ to occur 

correctly and efficiently. Furthermore, the dramatic changes in the TMJ morphology 

together with the proper characterization of the individual cells must be observed in 

concert to form and work as the TMJ.  
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Fig.10 Summary of the TMJ development 

According as our results, we summerize the reaction pattern of the proliferation, 

apoptosis, nerve innervation, chondrogenesis and myogenesis. 
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V. Conclusion 

In this report, the extent of cell proliferation, cell death, nerve innervation, 

chondrogenesis and myogenesis were examined using E18, PN2 and PN 6 mice.  

In this study, the following findings were obtained. 

1. At E18, the mandibular condyle was not stained by alcian blue. From PN2 

staining by alcian blue was observed. A strong aggrecan positive 

immunoreaction was also detected at PN2 and PN6. 

2. A weak TUNEL positive reaction was observed in the anterior portion of the 

TMJ at E18 and PN6. 

3. A moderate to strong PGP9.5 immunopositive reaction was observed at E18, 

PN2 and PN6 in the anterior and posterior portion of the TMJ. 

4. A strong myosin immunopositive reaction was observed at E18, PN2 and PN6 

in the anterior portion of TMJ 

These results suggest that the TMJ must accompany jaw movement as sucking, 

which can be explained by the coordination of myogenesis and nerve innervation, 

whereas the maturation of the condylar cartilage of the mandible might begin as a 

result of sucking after birth. In addition, cell differentiation of the synovial membrane 

might be related to nerve innervation. Apoptosis might be related to the development 

of the lateral pterygoid muscle but more research is needed in order to confirm the 

above hypothesis.  
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국문요약 

흰쥐의 측두하악관절 초기 발생에 관한 연구 

 

< 지도 정 한 성 교수 > 

연세대학교 대학원 치의학과 

김 세 진 

 

측두하악관절은 인체의 다른 윤활관절과 달리 치아의 교합관계에 의해 운동

이 조절될 수 있는 양측성의 복합 윤활관절이다. 또한, 측두하악관절은 인체내

의 윤활관절 중 가장 늦게 발생되어지는 관절이다. 그러므로, 측두하악관절의 

발생기전 및 발생과정이 다른 윤활관절과 비교하여 다를 수 있다. 이 연구에

서는 흰쥐를 이용하여 측두하악관절의 정확한 발생과정 및 발생기전을 이해하

기 위하여 주로 태생 전후의 시기에 초점을 맞추어 조직학적, 면역조직화학적 

방법을 이용하여 세포증식, 세포사멸, 연골화, 신경분화 및 근육분화를 관찰하

였다. 18일된 배자(E18), 태생 2일째(PN2) 및 태생 6일째(PN6) 되는 흰쥐를 

이용하여 whole mount 염색과 일반적인 H-E 염색을 시행하였으며, TUNEL 

염색과 세포증식, 연골화, 신경분화 및 근육분화를 살펴보기 위한 면역조직화

학적 방법을 이용하여 다음과 같은 결과를 얻었다. 

 

1. Whole mount 염색 결과, E18시기에서는 과두의 연골부위가 alcian 

blue에 염색되지 않았고, PN2 및 PN6 시기에서 alcian blue에 과두의 
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연골부위가 푸르게 염색되는 것을 볼 수 있었다. Aggrecan 면역조직

화학 염색 결과, E18시기에서는 과두 전부위에서 음성반응이 나타났

고, PN2 및 PN6시기에서는 과두 연골내의 증식층(proliferating 

layer)과 비대층(hypertrophic layer) 사이에서 강한 양성 반응이 관

찰되었다.  

2. TUNEL 염색 결과, E18과 PN6시기에 측두하악관절 전방부위에서 약

한 양성반응이 관찰되었다. 

3. PGP9.5 면역조직화학 염색 결과, E18, PN2 및 PN6시기 모두에서 측

두하악관절 전방과 후방부위에서 강한 양성반응이 관찰되었다. 

4. Myosin 면역조직화학 염색 결과, E18, PN2 및 PN6시기 모두에서 측

두하악관절 전방부위에서 강한 양성반응이 관찰되었다. 

 

이상의 결과를 따르면, 측두하악관절은 빨기(sucking)와 같은 하악골 움직임

을 위해서는 근육 및 신경분화가 태생 전에 이루어져야 하지만, 연골이 성숙

되어지는 과정은 태생 후 빨기(sucking)와 같은 하악골 움직임이 있어야 시작

되어지는 것으로 추측할 수 있다. 활막의 세포 분화는 신경분화와 연관이 있

는 것으로 예상되며, 측두하악관절의 전방부위에서 관찰된 세포사멸은 외측익

돌근의 분화와 관계가 있을 것으로 생각된다.  

                                                                                        

핵심되는 말 : 흰쥐, 측두하악관절, 발생, 빨기, 세포증식, 세포사멸, 연골화, 

신경분화, 근육분화, 면역화학조직염색법 
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