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Abstract
Objective: The purpose of  this study was to investigate
the expression pattern of  Notch signaling in mandibu-
lar condylar cartilage, as a type of  secondary cartilage.
Methods: Mandibular condyle of  ddY mice were fixed
from embryonic day 14 (E14) through just after birth
(equivalent to E19). Samples were cut into 4 µm serial
sections through the central area of  the mandibular
condyle at the sagittal plane. Serial sections were ex-
amined using histological, immunohistochemical
(IHC) and in situ hybridization (ISH) techniques. 
Results: At E14, there were no developmental features
of  mandibular condyle. At the distal upper portion of
developmental mandibular bone, mesenchymal cell
proliferation and condensation without metacholo-
matic reaction to toluidine blue (TB) were seen. At
E15, mandibular condylar cartilage was clearly evident,
as TB metacholomasia. In IHC specimens at E14, ex-
pression of  Notch1 intracellular domain (NICD) was
observed in the nuclei of  coagulating mesenchymal
cells. After E15, NICD appeared in the nuclei and the
cytoplasms of  cells. In ISH examination at E14, ex-
pressions of  Notch1 mRNA appeared in cytoplasm of
proliferating chondrocytes. From E15 to E19, Notch1
mRNA was detected throughout almost all cytoplasm
in all layers. 
Conclusion: These IHC and ISH results suggest that
Notch signaling plays an essential role for mandibular
condylar cartilage morphogenesis and development.

Key words: Notch; mandibular condylar cartilage; sec-
ondary cartilage; in situ hybridization; immunohisto-
chemistry

INTRODUCTION

Mandibular condylar cartilage differs from the primary
cartilage in morphological and biochemical organiza-
tion [1, 2]. The formation pattern of  this type of  
cartilage attracts many researchers because it suggests
large possibilities in the field of  orthodontics and em-
bryology. 

Various studies have shown that mandibular condy-
lar cartilage is related to morphogenesis regulation fac-
tors and their signaling [3-5]. Recently we have report-
ed that Runx2 plays an important role for mandibular

condylar cartilage development, in particular that
Runx2 is essential for the onset of  “secondary carti-
lage” differentiation [6]. We considered that morpho-
genesis regulation factors, as well as Runx2, play an
important role in morphogenesis during embryonic
stage. Notch1 is membrane-bound protein, which reg-
ulates the differentiation gene for changing the cell
type [7]. However, there have been no reports on
mandibular condylar cartilage with the exception of
our latest paper [8], although there are some reports
on the distribution on articular cartilage [9, 10].

In general, Notch signalling is necessary for cell fate
determination, cell proliferation and differentiation
[11, 12]. Therefore, we focused on Notch signalling in
the developing mouse mandibular condylar cartilage.

MATERIALS AND METHODS

ANIMAL EXPERIMENTS

A total of  12 pregnant ddY mice were purchased from
Japan SLC Inc. (Hamamatsu, Japan). The mandibular
condylar cartilages were removed from the mice under
anesthesia with ether. They were sampled at each of
the following embryonic days: E14, E15, E16, E17,
E18 and just after birth (equivalent to E19). The Mat-
sumoto Dental University Committee for Animal Ex-
perimentation approved the study. 

HISTOLOGY

The materials were immediately fixed in 4%
paraformaldehyde/0.05M phosphate-buffered solu-
tion and decalcified in 10% ethylenediamine tetraacetic
acid. The materials were then dehydrated by passage
through a series of  ethanols and embedded in paraf-
fin. Samples were cut at 4µm serial sections. Serial sec-
tions were then collected onto silane-coated slides and
examined by histological (toluidine blue [TB] (pH 7.0),
immunohistochemistry (IHC) and in situ hybridization
(ISH) techniques.

IHC

For IHC, deparaffinized sections were prepared after
being pretreated with 0.13% pepsin for 30min at
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37 °C. Examination was carried out using a Dako 
EnVision+Kit-K4006 (Dako, Glostrup, Denmark)
and two monoclonal antibodies: anti-human Notch1
intracellular domain (btan20, NICD: 1/10) and 
anti-rat osteopontin (MPIIIB10, OPN: 1/10). The
NICD monoclonal antibody was developed by 
Atranvanis-Tsakonas[13, 14]. The OPN monoclonal
antibody was developed by Solush and Franzen
[15]. Both antibodies were obtained from the Devel-
opmental Studies Hybridoma Bank maintained 
by The University of  Iowa, Department of  Bio-
logical Science, Iowa City, Iowa, under contract NO1-
HD-7-3236 from the National Institute of  Child
Health and Human Development. Samples were 
then counterstained with hematoxylin. OPN was 
used as a positive control. Immunohistochemical
staining using phosphate buffered saline in place of
the primary antibody was included as a negative con-
trol.

ISH

Digoxigenin (DIG)-labeled single strand RNA probes
of  Notch1 and OPN were prepared using a DIG La-
beling Kit (Boehringer Mannheim GmbH Biochemi-
ca, Mannheim, Germany) according to the manufac-
turer’s instructions. Sense and anti-sense DIG-11-
UTP-labeled RNA probes were constructed. For
Notch1, cDNA fragments (Notch1 ca. 0.72 kb 5475-
6201) was obtained by RT-PCR and subcloned into
pCR21 (Invitrogen, Tokyo, Japan). For OPN, OPN
ca. 1.2 kb was kindly provided by Associate Professor
Shintaro Nomura of  Osaka University School of
Medicine. For ISH, the 4µm sections were deparaf-
finized in xylene, rehydrated in ethanol and incubated
with 3mg/ml of  proteinase K (Roche Diagnostic
GmbH, Penzberg, Germany) in 10mM Tris-HCl (pH
8.0) and 1mM EDTA for 15min at 37 °C. Acetylation
of  the sections was performed by incubation with
freshly-prepared 0.25% acidic anhydride in 0.1M tri-
ethanolamine-HCl buffer (pH 8.0) for 10min at room
temperature. The hybridization solution contained
50% deionized formamide, 10% dextran sulfate,
1xDehardt’s solution, 600mM NaCl, 0.25% SDS, 250
mg/ml of  Escherichia coli tRNA (proteinases treated)
10mM dithiothreitol, and 0.1 to 2.0 mg/ml of  DIG-
UTP labeled RNA probe. The probe was placed on
the sections and covered by parafilm and incubated at
50 °C overnight in a moist chamber. After hybridiza-
tion, the slides were washed with a series of  SSC at
50 °C and then incubated with 1.5% blocking reagent
in DIG 1 buffer for 60 min. Anti-DIG-AP Fab frag-
ment (1:800) in DIG 1 buffer was applied to the 
sections and incubated for 1hr at room temperature.
Coloring solution containing 337.5mg/ml of  nitro
blue tetrazolium and 165mg/ml of  5-bromo-4-
chloro-3-indolyl phosphate in DIG 3 buffer (100mM
tris-HCl, pH 9.5, 100mM NaCl, 50 mM MgCl2) was
mounted on the sections and incubated at 37 °C until
the signal-noise ratio was maximum. The slides were
mounted after counterstaining with methyl green. 
The negative controls included hybridization with
sense (mRNA) probe. OPN was used as a positive
control.

RESULTS

HISTOLOGY

At the distal upper portion of  developmental man dib -
u lar bone, mesenchymal cell proliferation and conden-
sation without metacholomatic reaction to TB were
seen at E14 (Fig. 1). At E15, mandibular condylar car-
tilage was clearly evident, as TB metacholomasia (Fig.
2). At E17, perichondral ossification has already start-
ed at the periphery of  the chondrocytes (Fig. 3). At
E18, endochondral ossification progressed and the
mandibular condyle increased in volume (Fig. 4).

IHC 

At E14, expression of  NICD peptide was observed in
the nuclei of  coagulating mesenchymal cells (Fig. 5).
At E15, the proliferating cells had positive products of
NICD in their cytoplasms, cell membrane and nuclei
of  almost all coagulating cells (Fig. 6). At E16, NICD
positive reactions were detected in cells of  the prolif-
erative, maturative and hypertrophic layers, and weakly
labeled in cells of  fibrous layer. The pattern of  distrib-
ution and intensity of  expression of  NICD were not
uniform. At E17, cytoplasmic and nuclear reactions of
NICD factors appeared strongly in the cells just inside
of  the condylar cartilage sheath. At E18, NICD im-
munohistochemical positive products were observed
in almost all cells of  the layers, and they were mostly
distinct in the sheath of  the condyle. At just after
birth, NICD was observed in a portion of  almost all
layer cells in their cytoplasm, nucleus and membrane.
After E17 and up to birth, the pattern of  distribution
and intensity of  expression of  NICD peptides were
not uniform. 

Proliferating chondrocytes showed positive reac-
tions to OPN-antigen through the examination peri-
ods, particularly in the cytoplasms of  the proliferating
chondrocytes (Fig. 7).

ISH

At E14, expressions of  Notch1 mRNA appeared in
cytoplasms of  proliferating chondrocytes. Their distri-
bution intensity was not uniform. At E15, cytoplasmic
and membranous reactions of  Notch1 gene appeared
in the cells of  chondrocytes (Fig. 8). After E16 and up
to just after birth, cytoplasmic positivities for Notch1
mRNA were detected throughout almost all condylar
cells (Fig. 9). However, positive signals for Notch1
mRNA were reduced at the rim of  condyle. Further-
more, their distribution pattern was not uniform.

OPN mRNA was detected in almost all cells of  all
layers at E15 and E17 (Fig. 10). Signals were localized
in their cytoplasms. At just after birth, OPN signals
were restricted in cytoplasm of  maturative and prolif-
erative layers.

DISCUSSION

Mandibular condylar cartilage is regulated by a number
of  morphogenesis regulation factors and/or their sig-
naling, such as fibroblast growth factor receptor,

EUROPEAN JOURNAL OF MEDICAL RESEARCH516 October 30, 2007



platete-derived growth factor receptor, and Runx2 [3,
4, 6, 16, 17]. 

Generally, Notch1 is an important regulation factor
of  morphogenesis. It has been reported that Notch1 is
a transmembrane protein necessary for cell fate deter-
mination, cell proliferation and differentiation [7]. Dis-
ruption of  Notch ligands and receptors as well as
downstream signaling components of  the Notch path-
way have been implicated in many developmental de-
fects and pathological conditions [18, 19]. Notch func-
tions in all progenitor cells give rise to the limb bone,
cartilage, muscles and progenitor [20]. It has also been

reported that Notch1 is not required to form the limb
skeleton, musculature, or vasculature [21]. Further-
more, the Notch family is a highly-conserved family of
cell surface signaling molecules [22]. In the develop-
mental stage, Notch1 takes part in the representative
three major phenomena, namely lateral inhibition, in-
duction and asymmetric cell division [23, 24]. Notch
signaling has been implicated in bone development
and it is expressed in osteoblasts [22, 25]. With refer-
ence to cartilage, the Delta-Notch signaling pathway
has been reported to be important in regulating the
progression of  prehypertrophic chondrocytes to hy-
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Fig. 1. Cells are coagulating at the upper portion of the mandible body with no metacholomatic reaction (E14, TB magnifica-
tion x50).
Fig. 2. Mandibular condylar cartilage is clearly evident. The middle portion shows metachromasia (E15, TB magnification x50).
Fig. 3. Direct bone formation occurs (E17, TB magnification x50).
Fig. 4. Mandibular condyle increases in volume (E 18, TB magnification x40).
Fig. 5. Expression of NICD is visible in the coagulating cells (E14, IHC magnification x430).
Fig. 6. Proliferating cells have NICD positive products (E15, IHC magnification x430).
Fig. 7. Positive reaction to OPN is detected in almost all chondrocytes (E15, IHC magnification x430).
Fig. 8. Proliferating chondrocytes express Notch1 gene in their cytoplasm (E15, ISH magnification x430).
Fig. 9. Notch1 gene expression is seen throughout all layers (E16, ISH magnification x430).
Fig. 10. Positive reaction to OPN mRNA is detected in the cytoplasm of most cells of all layers (E15, ISH magnification x430).



pertrophic chondrocytes in examinations using chicks
[26]. Furthermore, Hayes et al. [9] described that
Notch signalling is closely related to the formation of
articular cartilage and allows for co-oriented ossifica-
tion in the growth plate in mice experiments. 

Concerning our recent paper [8], the Notch1 reac-
tions were localized only in the hypertrophic cells, and
these expression patterns were different from each
other in the articular cartilage. Math1 is also a regula-
tion factor of  morphogenesis [27]. It was distributed
mainly in the hypertrophic layer and partially in the
proliferative layer [8]. These results suggest that regu-
lation factors of  morphogenesis-Notch1 and Math1-
may play an essential role in mandibular condylar carti-
lage development. Moreover Hayes et al. has reported
that NICD expression becomes restricted to deeper
layers of  articular cartilage after birth in the mouse [9].
As a result, the inconstant distribution of  Notch1 fac-
tors suggests that the generation of  the condylar carti-
lage does not correspond with morphogene mecha-
nism in articular cartilage. It is strongly suggested that
mandibular condylar and articular cartilage differ
slightly from physiological articular cartilage. In this
examination, we investigated only mandibular condyle
cartilage for a short period. In the future, we hope to
investigate further for longer periods after birth. 

In this examination, expression of  NICD at the cell
membrane might relate to cell-to-cell intercommunica-
tion from E15 up to just after birth. NICD translo-
cates from the cell membrane to the nucleus, which act
as a transcriptional activator and regulating gene ex-
pression through the examination period. At E14,
Notch1 expression was detected by means of  IHC and
ISH examination, which indicates that Notch1 expres-
sion leads to mesenchymal cells further differentiating
into chondrocytes as a secondary cartilage. We have
previously reported that Runx2 is essential for the on-
set of  mandibular condylar cartilage development, with
examination of  type II collagen by IHC and TB stain
[6]. We expected NICD also to be essential for the on-
set of  mandibular condylar cartilage development. At
E17 and E18, NICD expression appeared in hyper-
trophic cartilage in IHC specimens. This agrees with
our past research which explained that the Runx2 ex-
pression of  IHC and ISH is present in the hyper-
trophic layer and also takes part in the endochondral
ossification mode [6]. Yasui et al. have reported that
three modes of  ossification during distraction osteoge-
nesis in the rats [28, 29], and have been suggested that
some hypertrophic chondrocytes undergo further dif-
ferentiation into osteobalast-like cells and participate in
initial bone formation. The results of  the present study
support that hypertrophic chondrocytes further differ-
entiate into osteoblasts. At E17 and E18, Our exami-
nation results showed the distribution of  NICD ex-
pression for IHC at the cartilage inside of  the sheath
of  mandibular condylar cartilage development, where
direct bone formation occurs. NICD expression might
relate to perichondral ossification in which mesemchy-
mal cells differentiate into osteoblasts. On the other
hand, the Notch1 gene was expressed at weak levels in
the cartilage cytoplasm inside the sheath of  mandibular
condylar cartilage. Finally, Notch1 gene was continu-
ously expressed in the cartilage cytoplasm in ISH spec-

imens throughout the examination period. Notch1 was
detected by means of  IHC and ISH examination,
which indicates that the Notch1 expression leads to
secondary chondrocyte differentiation, especially in
morphogenesis during embryonic stage. Furthermore
Notch1 distribution intensity is not uniform, thus it is
suggested that there is some reason at mandible condy-
lar cartilage development. The examination of  the ex-
pression of  these factors in developing mandibular
condylar cartilage in embryonic mice is now progress-
ing. We will report the results in the near future.

Acknowledgment: This research was partially supported by a
Grant-in-Aid for Scientific Research (#18791572, #19592374)
from the Ministry of Education, Culture, Sports, Science and
Technology of Japan and by a Matsumoto Dental University
Special Grant in 2005.

REFERENCES

1.   Rabie ABM, Hägg U. Factors regulating mandibular
condylar growth. Am J Orthod Dentofac Orthop 2002;
122: 401-409.

2.   Shibata S, Fukuda K, Suzuki S, Ogawa T, Yamashita Y.
In situ hybridization and immunohistochemistry of bone
sialoprotein and secreted phosphoprotein 1 (osteopontin)
compared with limb bud cartilage. J Anat 2002; 200: 309-
320.

3.   Hamada T, Suda N, Takayuki K. Immunohistochemical
localization of fibroblast growth factor receptors in the
rat mandibular condylar cartilage and tibial cartilage. J
Bone Miner Metab 1999; 17: 274-282.

4.   Visnapuu V, Peltomäki T, Rönning O, Vahlberg T, Hele-
nius H. Distribution of fibrobalast growth factors
(FGFR-1 and -3) and platelet-derived growth factor re-
ceptors (PDGFR) in rat mandibular condyle during
growth. Orthod Craniofac Res 2002; 5: 147-153.

5.   Rabie ABM, Tang GH, Hägg U. Cbfa1 couples chondro-
cytes maturation and endochondral ossification in rat
mandibular condylar cartilage. Arch Oral Biol 2004; 49:
109-118.

6.   Shimizu T. Participation of Runx2 in mandibular condy-
lar cartilage development. Eur J Med Res 2006; 11: ÇS55-
61.

7.   Artavanis-Tsakonas S, Rand MD, Lake RJ. Notch signal-
ing: cell fate control and signal integration in develop-
ment. Science 1999; 284: 770-776.

8.   Shimizu T, Tsujigiwa H, Nagatsuka H, Okafuji N, Kuri-
hara S, Nagai N and Kawakami T. Expression of Notch1
and Math1 in mandibular condyle cartilage in neonatal
mice. Angl Orthodont 2005; 75: 993-995.

9.   Hayes AJ, Dowthwaite GP, Webster SV and Archer CW.
The distribution of Notch receptors and their ligands
during articular cartilage development. J Anat 2003; 202:
495-502.

10. Dowthwaite GP, Bishop JC, Redman SN, Khan IM,
Rooney P, Evans DJ, Haughton L, Bayram Z, Boyer S,
Thomson B, Wolfe MS, Archer CW.  The surface of ar-
ticular cartilage contains a progenitor cell population. J
Cell Sci 2004; 29: 889-97. 

11. Harada H, Mitsuyasu T, Toyono T, Toyoshima K. Ep-
ithelial stem cells in teeth. Odontol 2002; 90: 1-6.

12. Hiraoka K, Grogan S, Olee T, Lotz M. Mesenchymal
progenitor cells in adult human articular cartilage. Biorhe-
ol 2006; 43: 447-54.

13. Blaumueller CM, Qi H, Zagouras P, Artavanis-Tsakonas
S. Intracellular cleavage of Notch leads to a heterodimeric
receptor on the plasma membrane. Cell 1997 25; 90: 281-
91.

EUROPEAN JOURNAL OF MEDICAL RESEARCH518 October 30, 2007



14. Zagouras P, Stifani S, Blaumueller CM, Carcangiu ML,
Artavanis-Tsakonas S. Alterations in Notch signaling in
neoplastic lesions of the human cervix. Proc Natl Acad
Sci 1995 3; 92: 6414-8.

15. Gorski JP, Griffin D, Dudley G, Stanford C, Thomas R,
Huang C, Lai E, Karr B, Solush M. Bone acidic glycop-
totein-75 is a major synthetic product of osteoblastic cells
and localized as 75-and/ or 50-kDa forms in mineralized
phases of bone and growth plate and in serum. 1990; J
Biol Chem 265: 14956-63.

16. Shibata S, Suda N, Yoda S, Fukuoka H, Ohyama K, Ya-
mashita Y, Komori T  Runx2-deficient mice lack
mandibular condylar cartilage. Anat Embryol 2004; 208:
273-80.

17. Shibata S, Suda N, Suzuki S, Fukuoka H, Yamasita Y. An
in situ hybridization study of Runx2, Osterix, and Sox9 at
the onset of condylar cartilage formation in fetal mouse
mandible. 2006; J Anat 208: 169-177.

18. Eric C. Lai. Notch signaling: control of cell communica-
tion and cell fate. Development 2004; 131: 965-73.

19. Zine A, Van De Water TR, de Ribaupierre F. Notch sig-
naling regulates the pattern of auditory hair cell differenti-
ation in mammals. Development 2000; 127: 3373-83

20. Akiyama H, Chaboissier MC, Martin JF, Schedl A, de
Crombrugghe B. The transcription factor Sox9 has essen-
tial roles in successive steps of the chondrocyte differenti-
ation pathway and is required for expression of Sox5 and
Sox6. Genes Dev 2002; 16: 2813-28.

21. Francis JC, Radtke F, Logan MP. Notch1 signals through
Jagged2 to regulate apoptosis in the apical ectodermal
ridge of the developing limb bud. Dev Dyn 2005; 234:
1006-15.

22. Watanabe N, Tezuka Y, Matsuno K, Miyatani S, Morimu-
ra N, Yasuda M, Fujimaki R, Kuroda K, Hiraki Y, Hozu-
mi N, Tezuka K. Suppression of differentiation and pro-
liferation of early chondrogenic cells by Notch. J Bone
Miner Metab 2003; 21: 344-52.

23. Chiba S. Notch signaling in stem cell systems. Stem Cells
2006; 24: 2437-47. 

24. Sciaudone M, Gazzerro E, Priest L, Anne MD, Canalis E.
Notch 1 impairs osteoblastic cell differentiation. En-
docrinology 2003; 144: 5631-39.

25. Deregowski V, Gazzerro E, Priest L, Rydziel S, Canalis E.
Notch 1 overexpression inhibits osteoblastogenesis by
suppressing Wnt/beta-catenin but not bone morpho-
genetic protein signaling.  J Biol Chem 2006; 281: 6203-
10.

26. Crowe R, Zikherman J, Niswander L. Delta-1 negatively
regulates the transition from prehypertrophic to hyper-
trophic chondrocytes during cartilage formation. Devel-
opment 1999 ; 126: 987-98.

27. Zine A, de Ribaupierre F. Notch/Notch ligands and
Math1 expression patterns in the organ of Corti of wild-
type and Hes1 and Hes5 mutant mice. Hear Res 2002;
170:  22-31.

28. Yasui N, Sato M, Ochi T, Kimura T, Kawahata H, Kita-
mura Y, Nomura S. Three modes of ossification during
distraction osteogenesis in the rat. J Bone Joint Surg Br
1997; 79: 824-30.

29. Yasui N, Ono K, Konomi H, Nagai Y. Transitions in col-
lagen types during endochondral ossification in human
growth cartilage. Clin Orthop Relat Res 1984; 183: 215-8.

Received: June 1, 2007 / Accepted: August 6, 2007

Address for correspondence:
Takako Shimizu, DDS, PhD 
Hard Tissue Pathology Unit,
Matsumoto Dental University Institute for Oral Science, 
1780 Hirooka-Gobara, Shiojiri, 399-0781 Japan
Phone & Fax:    +81-263-51-2035
E-mail:               tshimizu@po.mdu.ac.jp

EUROPEAN JOURNAL OF MEDICAL RESEARCHOctober 30, 2007 519


