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Abstract

The aim of this study was to clarify the developmental mechanism of the temporo-
mandibular joint (TMJ) cavity, using the relationship between Meckel’s cartilage and the
mandible to morphologically observe the process of TMJ formation in mouse fetuses. We
investigated the involvement of apoptosis in the development of the mouse TMJ cavity.
We attempted to 3-dimensionally clarify the developmental process of the mandible and
Meckel’s cartilage by observing the developmental process optically and reconstructing
3-dimensional images to observe 3-dimensional locations of the mandible and Meckel’s
cartilage. Formation of the upper joint cavity began on embryonal day 16, and a complete
joint cavity was formed on embryonal day 18. Formation of the lower joint cavity began
on embryonal day 18, and formation was almost completed on embryonal day 19.
Meckel’s cartilage adjacent to the mandible decreased with development of the mandible
but was vestigial on embryonal day 19. The posterior region of Meckel’s cartilage devel-
oped toward the posterior direction, and it was 3-dimensionally confirmed that the
mandible and Meckel’s cartilage were separated. Histological observation by the TUNEL
method revealed the presence of solitary and diffuse apoptotic cells not only in the joint
cavity, but also around the condyle.
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Introduction

The temporomandibular joint (TMJ) is the
only synovial joint in the maxillofacial region,
and it plays an important role in jaw move-
ment. The TMJ is a bilateral joint with high
flexibility, and is the only joint in the body
whose end points are determined by other

hard structures, including the teeth and den-
tal arch. Therefore, to understand not only
the function and anatomy of the TMJ, but
also TMJ disorders it is important to elucidate
its unique structure.

Although a number of reports have investi-
gated the developmental process of the TMJ
in various animals7,9,11,14), including human2,4,15,16),
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no view of the mouse TMJ has been estab-
lished. In particular, in mouse, although the
developmental period of the lower joint cav-
ity showed variation, development occurred
after birth in many studies5–7). The ossification
point of the mouse mandible is present in
mesenchymal tissue near the lateral side of
Meckel’s cartilage, and mandibular develop-
ment occurs upon intramembranous ossifi-
cation of the point8,10,18). The posterior end
region of Meckel’s cartilage, which bends
into a hooked shape, becomes the auditory
ossicles, while the rest of the cartilage disap-
pears during the fetal period2,10). The region
lost during the fetal period is believed to be
occupied by the mandible. However, to our
knowledge, no studies to date have reported
3-dimensional observation of the develop-
mental processes of the mandible or Meckel’s
cartilage. We attempted to 3-dimensionally
clarify the developmental process of the man-
dible and Meckel’s cartilage by observing the
developmental process optically and recon-
structing 3-dimensional images to observe
3-dimensional locations of the mandible and
Meckel’s cartilage.

There are 2 hypotheses regarding the
mechanism of joint cavity formation in syn-
ovial joints such as the TMJ. One is the fissure
hypothesis, in which mechanical stimulation
dilates a fissure and forms the joint cavity3,6,12),
and the other is apoptosis-associated forma-
tion1,6,13,15). Moreover, to our knowledge, no
studies to date have clarified the developmen-
tal mechanism of the TMJ cavity. Many in vivo
and in vitro studies have investigated TMJ
formation, with some including an analysis
of the involvement of homeobox genes2,9,11).
The relationship between Meckel’s cartilage
and the cells involved in jaw bone formation
remains to be clarified. Therefore, we investi-
gated the involvement of apoptosis in the
development of the mouse TMJ cavity.

Materials and Methods

1. Animals and animal maintenance
Nulliparous female ICR mice and male

mice aged 10–15 weeks were purchased from
Clea Japan Inc. and mated; the fetuses pro-
duced were used for the study. Animals were
fed pellets and given tap water for drinking
ad libitum. Animals were housed at room tem-
perature (23�1°C) with approximately 60%
humidity and under a 12-hr dark/light cycle.
The study was performed in accordance with
the Guidelines for Animal Experiments at
Tokyo Dental College.

After the animals were acclimatized to the
environment and estrus was confirmed by
vaginal smear, 2 females and 1 male were
mated overnight. When a vaginal plug was
noted, the mouse was judged pregnant. For
the purposes of this experiment, 0:00 a.m. on
the day the mouse was judged pregnant was
regarded as 0 hr of embryonal day 0.

2. Observation
The pregnant mice were killed by cervical

dislocation under general anesthesia with
diethyl ether between 0hr of embryonal day
15 and 0 hr of embryonal day 19, and fetuses
were excised by cesarean section. The excised
fetuses were judged alive based on cardiac
pulsation. After confirming the absence of
external malformation in the fetuses, they
were killed by the method described above,
the neck was cut, and the head fixed with 4%
paraformaldehyde.
1) Optical observation of temporomandibular

joint development
Fetuses excised between 0 hr of embryonal

day 15 and 0 hr of embryonal day 19 were
embedded in paraffin. Sections for paraffin
embedding were cut parallel to the plane
passing the bilateral external auditory meatus
and posterior margin of the cervical vertebrae.
Serial anterior frontal cross sections (5�m in
thickness) including Meckel’s cartilage were
prepared and stained with hematoxylin-eosin
(H-E stain) and TdT-mediated dUTP nick
end labeling (TUNEL).
2) Morphological observation by 3-dimensional

imaging
H-E-stained serial sections 5�m in thick-

ness were selected every 10�m in consider-
ation of the major axis of the TMJ. At each
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embryonal age, serial samples were prepared
using 40–60 serial sections. The images of
these serial samples were inputted using a
microscope and a color video camera (KY-
M280®, OLYMPUS CO.) attached to a 3-
dimensional jaw/oral cavity reconstruction
system and stereoscopic imaging reconstruc-
tion analysis system (TRI/SRF®, RATOC SYS-
TEM ENGINEERING CO.) and the contour
traced. The contour of the cellular aggrega-
tion area in the condyle was traced. Three sets
of reference points were located on the head
of the mouse for preparation of sections to
improve reproducibility. The 3-dimensional
image was constructed from the trace data
using Windows NT4.0 Workstation and the
3-dimensional reconstruction software TRI/
3D-SRF® (RATOC SYSTEM ENGINEERING
CO.).

Results

1. H-E preparations
Embryonal day 15: In Meckel’s cartilage,

cartilage-like cells with central nuclei and
bright cytoplasm were arranged in a cobble-
stone-like pattern, but no vessels were con-
firmed (Meckel’s cartilage in Fig. 1a). A cell
proliferation site was observed above the
cartilage-like cell layers containing round and
oblong cells in the vicinity of cells with large
nuclei and bright cytoplasms (Condyle in
Figs. 1a, b). Small round cells were observed
between this area and the immature woven
bone above (Temporal bone in Figs. 1a, b),
which was surrounded by connective tissue.

Embryonal day 16: Cells confirmed on
embryonal day 15 showed dense prolifera-
tion. In the area appearing to be the condyle
(Condyle in Fig. 1c), the nuclei had shrunk
and the cytoplasm was basophilic in the upper
area. Proliferation of round and oblong cells
was observed around this area. Above this
area was thin connective tissue with scarce cell
components, and 4–5 layers of squamous cells
(Disk in Fig. 1c); abundant cell components
were covered by connective tissue. Dense cel-
lular aggregation observed between the area

above this structure and immature bone
(Temporal in Fig. 1c) had disappeared, leav-
ing loose connective tissue.

Embryonal day 17: Cell components were
scattered in connective tissue between the
condyle (Condyle in Fig. 1d) and immature
bone, and a space appearing to be the joint
cavity was noted (Upper joint cavity in Fig.
1d). No space was observed in thin connective
tissue on the condyle. Compared to embryo-
nal day 16, no change was noted in the 4–5
layers of squamous cells (Disk in Fig. 1d) in
the connective tissue above the condyle, but
the junction between the cells with bright
cytoplasms and surrounding round and
oblong cells in the condyle became clear.

Embryonal day 18: A space considered to
be the joint cavity was noted in the upper
region of connective tissue between the con-
dyle and immature bone (Upper joint cavity
in Fig. 1e). Intercellular space in thin connec-
tive tissue between the 4–5 layers of squamous
cells and the condyle had increased and sepa-
rated, creating space (Lower joint cavity in
Fig. 1e). Cells inside the space were atrophic.
To investigate localization of apoptosis in the
formation of the joint cavity, TUNEL was per-
formed. TUNEL-positive cells were observed
in the space appearing to be the lower cavity
and around the condyle in a TUNEL prepara-
tion (Fig. 2). Solitary and diffuse TUNEL-
positive cells were noted around the joint
cavity.

Embryonal day 19: Four to five dense layers
of squamous cells were noted between the
condyle and immature bone (Upper and
Lower joint cavity in Fig. 1f). A narrow space
was confirmed above and below the squa-
mous cell layers. The upper space extended
outward and narrowed inward. The same
finding was observed in the lower space, except
the space extended inwards and downwards.
Dense layers of squamous basophil cells were
arranged between the upper space and bone
tissue. No contents were observed in the
upper or lower space.

2. 3-dimensional imaging
Embryonal day 15: A concavity was observed
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Fig. 1 Micrographs showing H-E preparations of right TMJ
C: Condyle, Me: Meckel’s cartilage, D: Disk, U: Upper joint cavity, T: Temporal bone, L: Lower joint cavity.
On embryonal day 15, dense proliferation of round and oblong cells was observed around cells with large nuclei and
bright cytoplasms (a, �100). Small round cells were observed between this area and immature woven bone above,
which was surrounded by loose connective tissue (b, �200). On embryonal day 16, nuclei shrank and cytoplasm was
basophilic in upper area. Above this area was thin connective tissue with scarce cell components and 4–5 layers of
squamous cells with abundant cell components covering connective tissue (c, �200). On embryonal day 17, cell
components were scattered in connective tissue between condyle and immature bone and space appearing to be joint
cavity was noted (d, �200). On embryonal day18, space considered to be joint cavity was noted in upper region of
connective tissue between condyle and immature bone (e, �200). On embryonal 19, 4–5 dense layers of squamous
cells were noted between condyle and immature bone (f, �200). Narrow space was confirmed above and below
squamous cell layers.

Ohshima T et al.
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in the upper half of the mandible, where
Meckel’s cartilage was located. The mandible
grew, surrounding Meckel’s cartilage in the
center (Fig. 3).

The width of Meckel’s cartilage increased
in the posterior region, where it bends into a
hooked shape. The anterior margin of the
mandible was regarded as the anterior end of
the condyle (Fig. 4a).

Embryonal day 16: Compared to embryo-
nal day 15, the concavity in the mandible
moved downward. The head and angle of
 the mandible grew in the postero-upper and

postero-lower direction, respectively, around
the concavity in the mandible (Fig. 4b).

Meckel’s cartilage near the mandible was
located slightly above the concavity in the
mandible, becoming thinner and growing
in the posterior direction. The hook-shaped
posterior region of Meckel’s cartilage in-
creased in width. The disk was observed local-
ized in the head of the condyle on embryonal
day 16. The disk developed slightly outward.

Embryonal day 17: The head and angle of
the mandible grew further postero-upward
and postero-downward, respectively, around
the concavity in the mandible.

Meckel’s cartilage near the mandible was
located in the middle of the concavity of the
mandible. Compared to embryonal day 16,
the width of Meckel’s cartilage near the man-
dible decreased, and the hook-shaped poste-
rior region increased. The disk developed
surrounding the condyle (Fig. 4c).

Embryonal day 18: The head and angle of
the mandible grew further postero-upward
and postero-downward, respectively, around
the concavity in the mandible.

Meckel’s cartilage adjacent to the mandible

Fig. 3 3-dimensional jaw/oral cavity reconstruction sys-
tem, stereoscopic imaging reconstruction analy-
sis system TRI/SRF®

Blue: Meckel’s cartilage, Green: Mandible, Orange: Disk.
Contour of cellular aggregation area in condyle was
traced on embryonal day 15.

Process of TMJ Formation

Fig. 2 Analysis of apoptosis by TUNEL method (right TMJ)
C: Condyle, U: Upper joint cavity, T: Temporal bone, L: Lower joint cavity, D: Disk
TUNEL-positive cells were observed in space appearing to be lower cavity and around
condyle in TUNEL preparation in H-E preparation of embryonal day 18. Space considered
to be joint cavity was noted in upper region of connective tissue.
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moved downward under the concavity in the
mandible, and the mandible and Meckel’s car-
tilage were separated. The width of Meckel’s
cartilage adjacent to the mandible further
decreased, and the hook-shaped posterior
region slightly increased. The disk developed
surrounding the head of the condyle (Fig. 4d).

Embryonal day 19: The condyle developed
upward around the concavity in the man-
dible. The head of the condyle formed a
round shape. Little change was confirmed
in mandibular angle.

No change was confirmed in the location of
Meckel’s cartilage near the mandible, being

Fig. 4 3-dimensional stereoscopic imaging of right TMJ
On embryonal day 15, mandible grew, surrounding Meckel’s cartilage in center. Width of Meckel’s cartilage increased
in posterior region where it bends into hooked shape (a). On embryonal day 16, head and angle of mandible grew
in postero-upper and postero-lower direction, respectively, around concavity in mandible (b). On embryonal day 17,
head and angle of mandible grew further postero-upward and postero-downward, respectively, around concavity in
mandible (c). On embryonal day 18, head and angle of x mandible grew further postero-upward and postero-
downward, respectively, around concavity in mandible. Width of Meckel’s cartilage adjacent to mandible further
decreased (d). On embryonal day 19, condyle developed upward around concavity in mandible. Head of condyle
formed round shape. Width of Meckel’s cartilage near mandible further decreased (e).

Ohshima T et al.



189

located slightly below the center of the con-
cavity in the mandible. No marked change
was noted in the location of the mandible or
Meckel’s cartilage. The width of Meckel’s car-
tilage near the mandible further decreased.
Compared to embryonal day 18, the disk was
thinner and had grown toward the exterior
direction (Fig. 4e).

Discussion

Regarding the development of the upper
joint cavity, Uemura17) and Frommer7) reported
that the joint cavity in mouse appeared on
embryonal day 16 and 19, respectively; in rat,
Nagasawa14) reported its appearance on em-
bryonal day 16, while Cunat et al.5) reported its
appearance on day 19. In this study, a space
appearing to be the upper joint cavity devel-
oped on embryonal day 16, and was com-
pleted on embryonal day 18.

Uemura17) reported that the lower joint cav-
ity developed on embryonal day 19 in mouse
and was completed on postnatal day 2, and
Frommer7) reported that the lower joint cavity
developed on embryonal day 19. Nagasawa
reported that the lower joint cavity developed
on embryonal day 20 and expanded on post-
natal day 0 in rat14). While the developmental
period of the lower joint cavity showed varia-
tion among studies, development occurred
after birth in many studies. However, in our
study, a space appearing to be the lower joint
cavity developed on embryonal day 18 and
was completed on embryonal day 19, the day
before birth, suggesting that the TMJ in
mouse fetuses is mostly formed in the uterus.
This would allow the jaw movement necessary
for breast feeding immediately after birth2).

There are 2 hypotheses regarding joint
cavity formation. According to one hypoth-
esis, the early joint cavity is partially formed in
the region between the 2 primordial bones
of the mandible, and mechanical stimulation
of joint movement expands the cavity. In the
other hypothesis, the joint cavity is formed
by the disappearance of cells in the region
between the 2 primordial bones due to cell

death. Matsuda suggested the involvement of
apoptosis in the formation of the joint cavity
by confirming apoptotic bodies with an elec-
tron microscope during the developmental
process of the TMJ in human16,18). Solitary
and diffuse TUNEL-positive cells were noted
around the joint cavity on embryonal day 18.
This suggests the involvement of apoptosis in
the formation of the mandibular joint cavity.

Meckel’s cartilage is different from other
cartilages of long bone primordium in that
it is a temporary structure appearing during
the development of the mandible. Meckel’s
cartilage is not present after formation of the
mandible. It does not become a primordium
of the mandible, and disappears later, which
is unique. To our knowledge, no studies to
date have reported 3-dimensional observa-
tion of the location and developmental pro-
cess of Meckel’s cartilage and the mandible.

In this study, the mandible surrounded
Meckel’s cartilage on embryonal day 15, but
the width of Meckel’s cartilage near the man-
dible decreased with embryonal age, and it
was confirmed 3-dimensionally that the man-
dible increased in width, occupying the entire
region.

After embryonal day 16, it was revealed that
the width of Meckel’s cartilage near the man-
dible decreased, and the posterior region
increased, showing development in the poste-
rior direction. Meckel’s cartilage was vestigial
on embryonal day 19, suggesting that Meckel’s
cartilage disappears after birth.

We took a 3-dimensional approach to study
the relationship between the development of
the TMJ space and apoptosis in an experi-
ment using mice. This 3-dimensional visual-
ization enabled us to identify the backward
movement of Meckel’s cartilage and the sepa-
ration of the mandible and Meckel’s cartilage.
TdT-mediated dUTP nick end labeling also
enabled us to observe apoptosis not only in
the joint space, but also around the mandibu-
lar condyle. To our knowledge, no studies to
date have described how Meckel’s cartilage
disappears 3-dimensionally. The appearance
of positive cells on the 18th day of fetal life
demonstrated the formation of joint space as

Process of TMJ Formation
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a result of the disappearance of cells between
two primitive bones due to apoptosis. Whether
apoptosis plays a role in the formation of the
mandibular joint cavity remains to be deter-
mined, and this hypothesis will be explored in
future study.

References

1) Abu-Hijleh G, Reid O, Scothorne RJ (1997)
Cell death in the developing chick knee joint:
I. Spatial and temporal patterns. Clin Anat
10:183–200.

2) Amano O, Doi T, Yamada T, Sasaki A,
Sakiyama K, Kanegae H, Kindaichi K (2010)
Meckel’s cartilage: discovery, embryology
and evolution—overview of the specificity of
Meckel’s cartilage—. J Oral Biosci 52:125–135.

3) Andersen H (1961) Histochemical studies on
the histogenesis of the knee joint and superior
tibia-fibular joint in human foetuses. Acta
Anat 46:279–303.

4) Baume LJ (1962) Embryogenesis of the
human temporomandibular joint. Science
138:904–905.

5) Cunat J J, Bhaskar SN, Weinmann JP (1956)
Development of the squamous-mandibular
articulation in the rat. J Dent Res 35:533–546.

6) Doskocil M (1985) Formation of the femoro-
patellar part of the human knee joint. Folia
Morphol 33:38–47.

7) Frommer J (1964) Prenatal development of
the mandibular joint in mice. Anat Rec 150:
449–461.

8) Granstrom G, Zellin G, Magnusson BC, Mangs
H (1988) Enzyme histochemical analysis of
Meckel’s cartilage. J Anat 160:101–108.

9) Hadib H, Hatta T, Rahman OIF, Yoshimura Y,
Otani H (2007) Fetal jaw movement affects
development of articular disk in the temporo-
mandibular joint. Congenit Anom 47:53–57.

10) Ishizeki K, Saito H, Shinagawa T, Fujiwara N,

Nawa T (1999) Histochemical and immuno-
histochemical analysis of the mechanism of
calcification of Meckel’s cartilage during man-
dible development in rodents. J Anat 194:265–
277.

11) Kanri Y, Taya Y, Shimazu Y, Soeno Y, Sato K,
Yagishita H, Aoba T (2004) Histomorphometric
analysis of development and morphogenesis
of mouse temporomandibular joints. J Oral
Biosic 46:243–250.

12) Lelkes G (1958) Experiments in vitro on the
role of movement in the development of
joints. J Embryol Exp Morphol 6:183–186.

13) Matsuda S, Mishima K, Yoshimura Y, Hatta
T, Otani H (1997) Apoptosis in the develop-
ment of the temporomandibular joint. Anat
Embryol 196:383–391.

14) Nagasawa T, Tsuchikawa K (2002) Histological
studies of the temporomandibular joint in the
rat. J Jpn Soc Oral Maxillofac Surg 48:505–
514. (in Japanese)

15) Soliman AH, Youssef EH (1963) The develop-
ment of the mandible in a 34mm. human
embryo. J Egypt Med Assoc 46:575–581.

16) Symons NB (1952) The development of the
human mandibular joint. J Anat 86:326–332.

17) Uemura-Sumi M (1985) The early develop-
ment of the temporomandibular joint in the
mouse. Hiroshima Daigaku Shigaku Zasshi
17:304–310. (in Japanese)

18) Zschabitz A, Weiser H, Stofft E, Krahn V,
Gabius HJ, Khaw A, Biesalski HK (1995) Char-
acterization of glycoconjugate expression dur-
ing development of Meckel’s cartilage in the
rat. Anat Embryol 191:47–49.

Reprint requests to:
Dr. Takahiko Shibahara
Department of Oral and
Maxillofacial Surgery,
Tokyo Dental College,
1-2-2 Masago, Mihama-ku,
Chiba 261-8502, Japan
E-mail: sibahara@tdc.ac.jp

Ohshima T et al.


