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Abstract

 

Mandibular condylar cartilage is the principal secondary cartilage, differing from primary cartilage in its rapid

differentiation from progenitor cells (preosteoblasts/skeletoblasts) to hypertrophic chondrocytes. The expression

of three transcription factors related to bone and cartilage formation, namely Runx2, Osterix and Sox9, was inves-

tigated at the onset of mouse mandibular condylar cartilage formation by 

 

in situ

 

 hybridization. Messenger RNAs

for these three molecules were expressed in the condylar anlage, consisting of preosteoblasts/skeletoblasts, at

embryonic day (E)14. Hypertrophic chondrocytes appeared at E15 as soon as cartilage tissue appeared. Runx2 mRNA

was expressed in the embryonic zone at the posterior position of the newly formed cartilage, in the bone collar

and in the newly formed cartilage, but expression intensity in the newly formed cartilage was slightly weaker.

Osterix mRNA was also expressed in the embryonic zone and in the bone collar, but was at markedly lower levels

in the newly formed cartilage. Sox9 mRNA was continuously expressed from the embryonic zone to the newly

formed cartilage. At this stage, Sox5 mRNA was expressed only in the newly formed cartilage. These results suggest

that reduced expression of Osterix in combination with Sox9–Sox5 expression is important for the onset of condylar

(secondary) cartilage formation.

 

Key words

 

Indian hedgehog; preosteoblast; secondary cartilage; transcription factor.

 

Introduction

 

Mandibular condylar cartilage is the principal secondary

cartilage and differs somewhat from primary cartilage

skeleton (Beresford, 1981). Silbermann et al. (1987) main-

tained that condylar cartilage develops from already

differentiated progenitor cells called ‘skeletoblasts’, which

are differentiated from undifferentiated mesenchymal

cells, and function as osteochondro progenitor cells that

can differentiate into either chondrocytes of secondary

cartilage or mature osteoblasts. Several histological and

histochemical studies indicate that condylar cartilage is

derived from alkaline phosphatase (ALP)-positive, type

I collagen mRNA-expressing progenitor cells continuous

to the ossifying mandible (Shibata et al. 1996, 1997a;

Miyake et al. 1997; Fukada et al. 1999), indicating that

skeletoblasts have preosteoblast characteristics. Hence,

we fundamentally support Silbermann’s hypothesis. In

addition, newly formed chondrocytes simultaneously

express mRNA for collagen types I, II, X and aggrecan

(Shibata et al. 1997a; Fukada et al. 1999), indicating

that the progenitor cells (preosteoblasts/skeletoblasts)

for this cartilage rapidly differentiate into hypertrophic

chondrocytes. This is also characteristic of avian second-

ary cartilage (Buxton et al. 2003). We further demon-

strated that the hypertrophic cell zone rapidly extends

over the following few days (Shibata et al. 1996, 1997a;

Fukada et al. 1999), and that bone sialoprotein mRNA

expression is more extensively expressed than that in

the tibial cartilage at the corresponding stage (Shibata

et al. 2002). These features of differentiation differ from

those of primary cartilage, including limb bud cartilage,

although many common structural features also exist

(Beresford, 1981).
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Several transcription factors essentially involved in

bone and/or cartilage formation have recently been

established. Sox9 (SRY-box containing gene 9) is an

essential factor for chondrocyte differentiation, and

is expressed in the chondrogenic region (Wright et al.

1995; Ng et al. 1997; Zhao et al. 1997; Bi et al. 1999),

directly regulates cartilage-specific genes (Bell et al.

1997; Lefebvre et al. 1997; Xie et al. 1999; Sekiya et al.

2000) and induces ectopic cartilage formation when

misexpressed (Bell et al. 1997; Healy et al. 1999). In

addition, Sox9 interacts with Sox5 (L-Sox5) and Sox6

(Lefebvre et al. 1998; Smits et al. 2001). Akiyama et al.

(2002) demonstrated that Sox9 plays essential roles in

the successive steps from undifferentiated mesenchymal

cells to proliferating chondrocytes, and is required for

Sox5 and Sox6 expression. Further, Mori-Akiyama et al.

(2003) demonstrated that Sox9 is required for determi-

nation of the chondrogenic lineage in cranial neural

crest cells.

Runx2 (runt-related transcription factor 2) is an

essential transcription factor for bone formation, and

Runx2 gene knockout mice completely lack bone tissue

(Komori et al. 1997; Otto et al. 1997; Hoshi et al. 1999;

Inada et al. 1999). Runx2 also regulates hypertrophic

chondrocyte differentiation (Inada et al. 1999; Kim et al.

1999; Enomoto et al. 2000; Takeda et al. 2001; Ueta et al.

2001). Recently, Yoshida et al. (2004) demonstrated

that Runx2 and Runx3 are essential for chondrocyte

maturation, and that Runx2 regulates limb growth

through the induction of Indian hedgehog (Ihh).

In avian secondary cartilage formation, Buxton et al.

(2003) reported that Runx2-expressing preosteoblasts

exit from the cell cycle and rapidly differentiate into

hypertrophic chondrocytes, which is correlated with

the up-regulation of Sox9. To date, there have been no

studies related to the function of transcription factors

for mouse secondary cartilage formation, although

Runx2-deficient mice lack mandibular condylar cartilage

(Shibata et al. 2004).

Furthermore, Nakashima et al. (2002) reported that

the gene knockout of a novel zinc-finger-containing

transcription factor called Osterix causes a complete

lack of bone formation, demonstrating that Osterix is

another essential factor for osteoblast differentiation.

They further suggested an inhibitory role of Osterix in

the chondrocyte differentiation pathway, as ectopic

cartilage is formed in various regions of Osterix-deficient

mice. However, the function of Osterix in secondary

cartilage formation is unknown.

Based on these studies, we hypothesized that these

three transcription factors, Sox9, Runx2 and Osterix,

are involved in the formation of mouse secondary

cartilage. The present study examined whether these

transcription factors have similar functions to those in

primary cartilage, using 

 

in situ

 

 hybridization in man-

dibular condylar cartilage as a model system.

As described above, chondrocytes of condylar carti-

lage rapidly differentiate into hypertrophic chondro-

cytes and the classification of zones is not established

until embryonic day (E)16, and thus we propose that

‘the onset of condylar cartilage formation’ and ‘the

subsequent differentiation process’ should be examined

separately. Therefore, we focused mainly on onset

during E14–16 in the present study.

 

Materials and methods

 

All animals were housed in facilities approved by the

Tokyo Medical and Dental University. The animal-use

protocol conformed to the NIH guidelines as stated in

the 

 

Principles of Laboratory Animal Care

 

 (NIH publica-

tion no. 86-23, revised 1985), and was reviewed and

approved by the Screening Committee for Animal

Research at the Tokyo Medical and Dental University.

 

Tissue preparation

 

A total of ten pregnant ICR mice, of E14–16 (08:00 am

on the day of the vaginal plug was designated as E0),

were used for this study. At each time point, the pregnant

mice were killed by cervical dislocation under ether

anaesthesia, after which each fetal mouse was killed by

cervical dislocation. The heads were then removed and

immersed in 4% paraformaldehyde (0.1 

 

M

 

 phosphate

buffer, pH 7.4) for 1 day at 4 

 

°

 

C. The specimens were

decalcified with 10% EDTA for 7 days at 4 

 

°

 

C and then

embedded in paraffin using standard procedures.

Sections (5 

 

µ

 

m) were cut in the coronal plane, perpen-

dicular to the sagittal plane, and parallel to the long

axis of the condylar process of the mandible. Sections

were stained with 0.1% toluidine blue (0.1 

 

M

 

 phosphate

buffer, pH 7.4) for histological examination.

 

RNA probes for 

 

in situ

 

 hybridization

 

Probes for cartilage matrix proteins, including aggrecan,

and collagen types II and X were as used in previous

studies (Fukada et al. 1999; Shibata et al. 2003a). Probes
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for the transcription factors, including Runx2, Osterix

and Sox9, were kindly donated by Dr Kazuhisa

Nakashima (Molecular Pharmacology, Department of

Regulation of Internal Environment and Reproduction,

Graduate School, Tokyo Medical and Dental Univer-

sity). These probes were used in a previous 

 

in situ

 

hybridization study (Nakashima et al. 2002). Total RNA

was extracted from the rib cartilage of newborn mice,

and cDNAs for Ihh and Sox5 were then synthesized by

reverse transcription-polymerase chain reaction (PCR)

using a first-strand cDNA synthesis kit (Amersham

Pharmacia Biotech, Tokyo, Japan). The primers used were

as follows: Ihh, forward, 5

 

′

 

(897)-ACCACCTVAGACCGT-

GACCGAAA-3

 

′

 

 (919), reverse, 5

 

′

 

(1674)-TTCAGCTTC-

CTGCCCCAGACACG-3

 

′

 

 (1651) amplified length, 778 bp

(NCBI No. NM 010544); Sox5, forward, 5

 

′

 

(1769)-

GAGCCCCACATAAAGCGTCCAAT-3

 

′

 

 (1791), reverse,

5

 

′

 

(2425)-ACCACAGTCTGTTGGCCCTTATGA-3

 

′

 

 (2402)

amplified length, 657 bp (NCBI No. NM 01144). The

Sox5 gene has two isoforms including a short form and

a long form (L-Sox5) (Lefebvre et al. 1998). Although

the probe used in this study recognized both types of

Sox5, the short form of Sox5 is exclusively expressed in

testis, and therefore it is reasonable to assume that our

probe recognized L-Sox5 in the cartilage tissue. After

identification of homology by sequencing, the PCR

products were subcloned into pCRII vectors (Stratagene,

La Jolla, CA, USA), and antisense and sense RNA probes

were synthesized. Some probes were labelled with 

 

35

 

S-

UTP using a riboprobe 

 

in vitro

 

 transcription system

(Promega, Madison, WI, USA) while the others were

labelled with digoxigenin using a DIG-labeling kit

(Roche Diagnostics, Mannheim, Germany).

 

In situ

 

 hybridization using the digoxigenin-labelled

probes and nucleic acid detection kit (Roche Diagnostics)

was performed as previously described (Fukada et al.

1999; Shibata et al. 2002). When using 

 

35

 

S-UTP-labelled

probes, sections were dipped with emulsion (NTB2,

Kodak, Rochester, NY, USA) after hybridization and

RNAase treatment, then exposed for 1 week at 4 

 

°

 

C for

autoradiography. Sections were observed after counter-

staining with nuclear fast red or haematoxylin. Sense

probes were used as negative controls.

 

Results

 

At E14, the anlage of the future condylar process

(termed the condylar anlage), consisting of a mesen-

chymal cell condensation, was first observed in the

posterior position of the ossifying mandible, as described

previously (Shibata et al. 1996, 1997a, 2002; Fukada

et al. 1999). Matrix metachromasia, indicative of carti-

lage formation, was not observed in the anlage at this

stage (Fig. 1a). Type II collagen, aggrecan, Ihh and type

Fig. 1 Condylar anlage in coronal plane 
at E14. Toluidine blue staining (a) and 
in situ hybridization using digoxigenin-
labelled probes (c,e) and 35S-UTP-
labelled probes (b,d,f–i) of a bright field 
(b) or dark fields (d,f–i). (a) Although 
bone tissue (arrowhead) has formed, 
metachromasia is never seen in the 
anlage consisting of condensed 
mesenchymal cells corresponding to 
preosteoblasts/skeletoblasts (arrow). 
(b–e) Type II collagen (b), aggrecan 
(c), Ihh (d) and type X collagen (e) mRNA 
are not expressed in the condylar anlage 
(arrows). (f–i) Runx2 (f), Osterix (g) and 
Sox9 (h) mRNA are expressed in the 
condylar anlage, but Sox5 (i) mRNA is 
not (arrows). Width of view = 100 µm.
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X collagen mRNA were not expressed in the condylar

anlage (Fig. 1b–e). Runx2, Osterix and Sox9 mRNA were

expressed in the condylar anlage (Fig. 1f–h), whereas

Sox5 mRNA was not (Fig. 1i).

At E15, a metachromatically stained matrix was first

detected in the condylar anlage, indicating the first

formation of condylar cartilage. The bone collar formed

around the newly formed cartilage. The region posterior

to the newly formed cartilage, consisting of mesenchymal

cell condensation, was termed ‘the embryonic zone’,

and appears equivalent to ‘the germinal region’ in avian

secondary cartilage (Buxton et al. 2003) (Fig. 2a). Type

II collagen, aggrecan, Ihh and type X collagen mRNA

were simultaneously expressed in the newly formed

cartilage, but not in the embryonic zone or the bone

collar (Fig. 2b–e). Runx2 mRNA was expressed in the

embryonic zone, in the bone collar and in the newly

formed cartilage, but expression intensity in the newly

formed cartilage was slightly weaker compared with

other positive regions within the same section (Fig. 2f).

Osterix mRNA was expressed in the embryonic zone

and in the bone collar, as seen in the condylar anlage

at E14, but expression was markedly weaker in the

newly formed cartilage compared with other positive

regions within the same section (Fig. 2g). Sox9 mRNA

was expressed in the embryonic zone and in the newly

formed cartilage, as seen in the condylar anlage at E14,

but expression was slightly weaker in the bone collar

compared with other positive regions within the same

section (Fig. 2h). Sox5 mRNA was only expressed in the

newly formed cartilage (Fig. 2i).

At E16, the condylar cartilage had increased in

length, particularly in the hypertrophic cell zone. The

zones usually present in the growing condyle (Luder

et al. 1988) had become distinct: the fibrous cell

(articulation) zone, polymorphic cell zone, flattened cell

zone, upper hypertrophic cell zone and lower hyper-

trophic cell zone were all evident (Fig. 3a). Type II

collagen and aggrecan mRNA had similar expression

patterns and were expressed from the flattened cell

zone to the upper hypertrophic cell zone, but were

reduced in the lower hypertrophic cell zone (Fig. 3b,c).

Ihh mRNA was expressed from the flattened cell zone

to the upper hypertrophic cell zone, and was slightly

reduced in the lower hypertrophic cell zone (Fig. 3d).

Type X collagen mRNA was expressed throughout the

entire hypertrophic cell zone, but was weaker in the

lower hypertrophic cell zone (Fig. 3e). Runx2 mRNA

Fig. 2 Condylar anlage in coronal plane at 
E15. Toluidine blue staining (a) and in situ 
hybridization using digoxigenin-labelled 
probes (c,e) and 35S-UTP-labelled probes 
(b,d,f–i) of a bright field (b) or dark fields 
(d, f–i). (a) A metachromatically stained 
matrix is first recognized in the anlage 
(arrow). The embryonic zone (E) posteriorly 
to the metachromatically stained matrix 
consists of condensed mesenchymal cells. 
(b–e) Type II collagen (b), aggrecan 
(c), Ihh (d) and type X collagen (e) mRNA 
are simultaneously expressed in the newly 
formed condylar cartilage (arrows). 
(f) Runx2 mRNA is expressed in the 
embryonic zone (large arrow), in the bone 
collar (small arrow) and in the newly 
formed cartilage (arrowhead) with slightly 
weaker expression intensity. (g) Osterix 
mRNA is expressed in the embryonic zone 
(large arrow) and in the bone collar (small 
arrow), but remarkably reduced in the 
newly formed cartilage (arrowhead). 
(h) Sox9 mRNA is expressed in the 
embryonic zone (large arrow) and in the 
newly formed cartilage (arrowhead), but 
slightly reduced in the bone collar (small 
arrow). (i) Sox5 mRNA is only expressed 
in the newly formed cartilage (arrowhead). 
Width of view = 100 µm.
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was strongly expressed in the bone collar, from the

fibrous cell zone to the polymorphic cell zone, as seen

in the embryonic zone at E15, was moderately expressed

in the flattened cell zone and was weakly expressed

throughout the entire hypertrophic cell zone (Fig. 3f).

Osterix mRNA was strongly expressed in the bone

collar, from the fibrous cell zone to the polymorphic

cell zone, as seen in the embryonic zone at E15, and

was weakly expressed in the flattened cell zone, while

markedly reduced expression was evident throughout

the entire hypertrophic cell zone (Fig. 3g). Sox9 mRNA

was strongly expressed from the polymorphic cell zone

to the flattened cell zone, as seen in the embryonic

zone and newly formed cartilage at E15; however,

reduced expression was evident throughout the entire

hypertrophic cell zone and in the bone collar (Fig. 3h).

The pattern of Sox5 mRNA expression was similar to

that of Sox9 (Fig. 3i).

Fig. 3 Condylar cartilage in coronal plane at E16. Toluidine blue staining (a) and in situ hybridization using digoxigenin-labelled 
probes (c,e) and 35S-UTP-labelled probes (b,d,f–i) of a bright field (b) or dark fields (d, f–i). (a) The condylar cartilage has increased 
in length, especially the hypertrophic cell zone. The classification of zones becomes distinct: the fibrous cell (articulation) zone 
(F), polymorphic cell zone (P), flattened cell zone (Fl), upper hypertrophic cell zone (UH) and lower hypertrophic cell zone (LH) 
are evident. (b,c) Type II collagen (b) and aggrecan (c) mRNA are expressed from the flattened cell zone to the upper hypertrophic 
cell zone (arrows), but reduced in the lower hypertrophic cell zone (arrowheads). (d) Ihh mRNA is expressed from the flattened 
cell zone to upper hypertrophic cell zone (arrows), but slightly reduced in the lower hypertrophic cell zone (arrowhead). (e) Type 
X collagen mRNA is expressed throughout the entire hypertrophic cell zone (arrow), but more waekly expressed in the lower 
hypertrophic cell zone (arrowhead). (f) Runx2 mRNA is strongly expressed in the bone collar (small arrow), from the fibrous cell 
zone to the polymorphic cell zone (large arrow), moderately in the flattened cell zone (arrowhead) and weakly in the entire 
hypertrophic cell zone (*). (g) Osterix mRNA is strongly expressed in the bone collar (small arrow), from the fibrous cell zone to 
the polymorphic cell zone (large arrow), weakly in the flattened cell zone (arrowhead) but remarkably reduced in the entire 
hypertrophic cell zone (*). (h) Sox9 mRNA is expressed from the polymorphic cell zone to the flattened cell zone (large arrows), 
but reduced in the entire hypertrophic cell zone (arrowhead) and in the bone collar (small arrow). (i) Sox5 mRNA shows similar 
expression pattern to that of Sox9. Width of view = 100 µm.
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Discussion

 

In the present study, the mRNA of three transcription

factors, Runx2, Osterix and Sox9, were simultaneously

expressed in the mesenchymal cells of the condylar

anlage at E14, indicating that these three transcription

factors are, more or less, involved in condylar cartilage

formation. As these cells express ALP activity and type

I collagen mRNA (Miyake et al. 1997; Shibata et al. 1997a;

Fukada et al. 1999), they differentiated into preosteob-

lasts, corresponding to ‘skeletoblasts’, which can differ-

entiate into either chondrocytes of secondary cartilage

or mature osteoblasts (Silbermann et al. 1987).

Akiyama et al. (2002) investigated Sox9 expression

during the differentiation of primary cartilage, and

reported that Sox9 plays essential roles in successive

steps from undifferentiated mesenchymal cells to

proliferating chondrocytes. Here, we assumed that ALP

activity is an important marker of the differentiation of

secondary cartilage, because ALP activity is not expressed

until hypertrophic chondrocytes develop during the

differentiation of primary cartilage, whereas secondary

cartilage is derived from ALP-positive progenitor cells

corresponding to preosteoblasts/skeletoblasts (Miyake

et al. 1997; Shibata et al. 1997a). Therefore, preosteob-

lasts/skeletoblasts in the present study are apparently

located downstream of undifferentiated mesenchymal

cells in terms of ALP activity, and express Sox9 mRNA.

Furthermore, condensed mesenchymal cells in Osterix-

deficient mice and Runx2-deficient mice have preoste-

oblast characteristics (Nakashima et al. 2002; Shibata et al.

2004) and still express Sox9 mRNA (Nakashima et al. 2002;

Yoshida et al. 2004), indicating that Sox9 is possibly

involved in the differentiation of the undifferentiated

mesenchymal cells to preosteoblasts/skeletoblasts dur-

ing the differentiation of secondary cartilage (Fig. 4).

Runx2 and Osterix mRNA were also expressed in pre-

osteoblasts/skeletoblasts in the present study. Although

mesenchymal cells with preosteoblast characteristics did

not form a sufficient amount of condensation in the

calvaria and perichondrial regions of the limbs in the

Runx

 

2

 

-deficient mice (Komori et al. 1997), a sufficient

amount of mesenchymal condensation, which expresses

Runx

 

2

 

, was formed in the membranous skeletal ele-

ments in Osterix-deficient mice, suggesting that Runx2

is required for the differentiation of undifferentiated

mesenchymal cells into preosteoblasts. At the same time,

Osterix acts downstream of Runx2 and is required for the

differentiation of preosteoblasts into functional osteob-

lasts (Nakashima et al. 2002). Furthermore, Runx2 also

plays an important role in the maturation of the mesen-

chymal condensation in membranous skeletal elements

(Shibata et al. 2004). It is possible therefore that Runx2

is also required in the transition from undifferentiated

mesenchymal cells to preosteoblasts/skeletoblasts dur-

ing the differentiation of secondary cartilage, whereas

Osterix might work downstream of this step (see Fig. 4).

Condylar cartilage was first detected at E15, and

chondrocytes in the newly formed cartilage rapidly dif-

ferentiated into hypertrophic chondrocytes expressing

mRNA for collagen types II and X, aggrecan, and Ihh.

Furthermore, these ‘rapidly differentiated’ hypertrophic

chondrocytes differ from those in the primary cartilage

Fig. 4 Involvement of transcription factors at the onset 
of mouse condylar (secondary) cartilage formation. 
Differentiation of osteoblasts is entirely according to 
Nakashima et al. (2002). Differentiation of the secondary 
cartilage is according to Silbermann et al. (1987) and Buxton 
et al. (2003), with modifications. Blue letters indicate 
ALP-positive cells. Inhibitory function of Osterix co-operating 
with stimulating function of Sox9–Sox5 (Sox6) may be 
important for the onset of condylar (secondary) cartilage 
formation. At this stage, ALP-positive preosteoblasts/
skeletoblasts differentiate into functional osteoblasts or 
rapidly differentiate into hypertrophic chondrocytes of the 
secondary cartilage. *Lack of Runx2 does not necessary inhibit 
the formation of preosteoblasts/skeletoblasts, but does 
extensively inhibit their maturation (Komori et al. 1997; 
Shibata et al. 2004). **‘Rapidly differentiated’ hypertrophic 
chondrocytes can simultaneously express collagen types I, II 
and X, aggrecan, Ihh, bone sialoprotein and osteopontin 
(Shibata et al. 1997a, 2002; Fukada et al. 1999).
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in expression of the mRNA for type I collagen (Fukada

et al. 1999), bone sialoprotein and secreted phospho-

protein 1 (osteopontin) (Shibata et al. 2002). In primary

cartilage, Sox9 accelerates chondrocyte differentiation

in proliferating chondrocytes, but regulates inhibition

in the hypertrophy step (Akiyama et al. 2002). Sox9

mRNA was strongly expressed in newly formed chondro-

cytes of the condylar cartilage at E15, suggesting that

Sox9 stimulates chondrocyte differentiation at the onset

of condylar cartilage formation, although chondrocytes

in the newly formed condylar cartilage rapidly differ-

entiate into hypertrophic chondrocytes.

Interactions between Sox9 and Sox5 (L-Sox5) or Sox6

are related to cartilage formation (Lefebvre et al. 1998;

Smits et al. 2001; Akiyama et al. 2002). Sox5 was first

expressed in the newly formed cartilage in the present

study, indicating that the Sox9–Sox5 system can also be

applied to the onset of condylar cartilage formation. In

addition, Runx2, in co-operation with Runx3, accelerates

chondrocyte hypertrophy by inducing Ihh expression

in the primary cartilage (Yoshida et al. 2004). In the

present study, mRNA for Runx2 and Ihh was expressed

in the newly formed condylar cartilage, but the expres-

sion intensity for Runx2 mRNA was slightly weaker

compared with that of preosteoblasts/skeletoblasts in

the embryonic zone and cells in the bone collar within

the same section at E15. Therefore, Runx2 appears to

be involved primarily in bone collar formation at this

stage, and might, unlike primary cartilage, inhibit the

onset of condylar cartilage formation.

Osterix mRNA expression was markedly reduced in

the newly formed cartilage compared with the con-

dylar anlage at E14 and the embryonic zone at E15.

Nakashima et al. (2002) suggested that Osterix has an

inhibitory action in cartilage formation. Thus, the reduced

expression of Osterix expression in combination with

Sox9–Sox5 expression might be important for the onset

of condylar cartilage formation.

To examine the function of transcription factors for

secondary cartilage formation, Buxton et al. (2003)

investigated the expression of Runx2 and Sox9 in

avian secondary cartilage, and described two routes

to chondrocyte hypertrophy. Whereas chondrocytes

regulated by Sox9 differentiate into prehypertrophic/

hypertrophic chondrocytes mediated by the up-

regulation of Runx2 in primary cartilage formation,

preosteoblasts regulated by Runx2 differentiate into

prehypertrophic/hypertrophic chondrocytes mediated

by the up-regulation of Sox9 in secondary cartilage for-

mation. We agree with their proposed concept in prin-

ciple, but note some differences related to the onset of

mouse condylar (secondary) cartilage formation. Sox9

is first expressed in newly formed avian secondary

cartilage, not in preosteoblasts, which are precursors of

secondary chondrocytes (Buxton et al. 2003), whereas

Sox9 is already expressed in preosteoblasts/skeletoblasts

in mice. Thus, we suggest that, instead of Sox9 as in avian

cartilage, up-regulation of Sox 5 (also presumably Sox6)

is involved in the onset of mouse secondary cartilage

formation. Second, we would like to emphasize the

importance of Osterix functioning at this site. Further-

more, we propose that hypertrophic chondrocytes

of the primary cartilage and ‘rapidly differentiated’

hypertrophic chondrocytes of the secondary cartilage

should be discriminated. Our model of the onset of

mouse condylar (secondary) cartilage formation is

summarized in Fig. 4.

In the present study, the hypertrophic cell zone

markedly increased in length from E15 to 16, indicating

that the mode of differentiation (rapid differentiation)

observed at the onset of condylar cartilage formation

is still predominant at this stage. The findings in the

upper part of the condylar cartilage (from the fibrous

cell zone to the upper hypertrophic cell zone) and in

the bone collar at E16 confirm the role of these tran-

scription factors at the onset of condylar cartilage

formation described above.

In this case, hypertrophic chondrocytes are most

likely supplied from the preosteoblasts/skeletoblasts

around the newly formed cartilage, suggesting that

the direction of differentiation is convergent. The clas-

sification of zones observed in growing cartilage was

first established at E16, although areas expressing each

marker gene largely overlapped, indicating that sub-

sequent differentiation progresses gradually (gradual

differentiation) along the posterior–anterior direction.

As described above, we believe that ‘the onset of condylar

cartilage formation’ and ‘the subsequent differentiation

process’ should be discussed separately. Furthermore,

endochondral bone formation starts with resorption

of the bone collar by osteoclasts at E16 (Shibata et al.

1996, 1997b) and is progressing at E18.5 (Shibata et al.

2003b). These previous studies and present results lead

to the model of differentiation mode of the condylar

cartilage from E14 to 18.5, as described in Fig. 5.

E16 may also be regarded as the turning point

between the two types of differentiation, and Sox9 and

Sox5 mRNA were strongly expressed from the polymorphic
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cell zone to the flattened cell zone, but were reduced

throughout the entire hypertrophic cell zone at E16.

Furthermore, in postnatal rat mandibular condylar

cartilage, Runx2 is restrictively expressed in the pre-

hypertrophic and hypertrophic cell zone (Rabie et al. 2004).

These expression patterns are similar to those of the

primary cartilage (Akiyama et al. 2002; Yoshida et al.

2004). Thus, we hypothesize that the regulation of

transcription factors in the ‘subsequent differentiation

process’ might have a similar pattern to that of primary

cartilage. Further analysis of transcription factors during

postnatal periods is required to confirm this hypothesis.
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