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Abstract

This study analyses some morphological and histological aspects that could have a role in the development of the
condylar cartilage (CC). The specimens used were serial sections from 49 human fetuses aged 10-15 weeks. In addition,
3D reconstructions of the mandibular ramus and the CC were made from four specimens. During weeks 10-11 of
development, the vascular canals (VC) appear in the CC and the intramembranous ossification process begins. At
the same time, in the medial region of the CC, chondroclasts appear adjacent to the vascular invasion and to the
cartilage destruction. During weeks 12-13 of development, the deepest portion of the posterolateral vascular canal
is completely surrounded by the hypertrophic chondrocytes. The latter emerge with an irregular layout. During
week 15 of development, the endochondral ossification of the CC begins. Our results suggest that the situation of
the chondroclasts, the posterolateral vascular canal and the irregular arrangement of the hypertrophic chondrocytes

may play a notable role in the development of the CC.
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Introduction

The primary and secondary cartilages have different
embryonic origins. Primary cartilages are considered to be
part of the primary skeletal cartilage. Secondary cartilages
appear later in embryonic development and are independent
of the primary skeletal cartilage. The two types of cartilages
show differences in histological organization and in the
pattern of cell proliferation (Delatte et al. 2004). In primary
cartilages, interstitial cell proliferation occurs in chondro-
cytes, whereas secondary cartilage shows appositional
proliferation (Durkin, 1972; Copray et al. 1986). During
development, primary cartilage reacts primarily to sys-
temic growth stimuli such as hormones. By contrast, the
secondary cartilage only secondarily follows these overall
stimuli after additional modulation by local growth factors
(Enlow, 1992; Sperber, 2001).

Mandibular condylar cartilage (CC) is often classified as
secondary cartilage because it differs to some extent from
primary skeletal cartilage (Proff et al. 2007). Most studies
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on the CC during development have dealt with the
temporomandibular joint (TMJ) (see Mérida Velasco et al.
1999). The terminology used for the histological description
of CC layers during development differs among authors
(Table 1); in the present study, we will follow the terminology
proposed by Gémez de Ferraris & Campos (1999) because
it best matches our histological observations.

Vascular canals (VC), the structures of vascularized
mesenchyme present in the epiphyseal and diaphyseal
cartilage of bones prior to ossification (Blumer et al. 2004),
are found in mammals, birds, reptiles, and amphibians
(Haines, 1933; Kuettner & Pauli, 1983). Some authors have
pointed out that the function of the VC is the nutrition of
cartilages (Haines, 1933; Lufti, 1970; Wilsman & Van Sickle,
1970). In this regard, some studies have shown that VC
may play a certain role in the process of endochondral bone
formation (Burkus et al. 1993; Ganey et al. 1995; Roach et al.
1998; Blumer et al. 2004, 2006). However, little attention has
been paid to VC in the CC during its development. Black-
wood (1965) reported that VC were constantly present
in the CC from human specimens of 130-mm crown-rump
length (CRL) and in specimens of 2 years 9 months.

According to Blackwood (1965), the true function of VCis to
increase the nutrition of the cartilage during a period of rapid
growth. Thilander et al. (1976) reported a reduction of the VC
in the CC of 5- and 6-year-old specimens, whereas Takenoshita
(1987) reported a continual reduction up to the age of 10.
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Table 1 Overview of terminology of the layers identified in the mandibular condylar cartilage during development

Study Layers identified
Copray et al. (1986) Articular prechondroblastic
Takenoshita (1987) Avrticular proliferative

Livne et al. (1990) Perichoarthral proliferative

(chondroprogenitor cells)

Ben-Ami et al. (1992) Articular chondroprogenitor
Ben-Ami et al. (1993) Articular progenitor

Goémez de Ferraris & Superficial proliferative
Campos Mufioz (1999) (mesenchymal)
Habib et al. (2005) Mesenchymal  prehypertrophia
Shen & Darendeliler Articular resting

(2005)

Shibukawa et al. (2007) Fibroblastic polymorphic

transitional
hypertrophic
chondroblasts

hypertrophic chondrocytes
mineralized
hypertrophic chondrocytes

non mineralized
chondrocytes

non mineralized
hypertrophic

chondroblast mineralized hypertrophic

chondroblast
chondroblasts

hypertrophic chondrocytes
chondrocytes hypertrophic chondrocytes
hypertrophic chondrocytes

proliferative hypertrophic erosive

chondrocytes

flattened chondrocytes hypertrophic chondrocytes

In a previous study, we identified three phases in
TMJ development: (1) the blastematic stage (weeks 7-8
of development); (2) the cavitation stage (weeks 9-11 of
development); and (3) the maturation stage (after week
12 of development). The chondrification of the mandibular
condyle was observed to occur in week 9 of development,
at the same time as the inferior articular cavity appears
(Mérida Velasco et al. 1999). In the present study, we
analyse the histological characteristics of the CC as well as
the structure and layout of the VC during weeks 10-15 of
human fetal development.

In this work we examine the development of the CC in
10-15-week-old human fetuses using light microscopy, with
the aim of clarifying some morphological and histological
aspects which may have a bearing on the growth of the CC.
There have been studies on the development of the mandible
and the TMJ using 3D reconstructions (Radlanski et al. 2003).
However, there is no available 3D description of the normal
development of the CCin 10-15-week-old human fetuses.
This study furnishes such 3D images, making it possible to
observe CC morphology during that developmental period.

Material and methods

In this study, 49 human specimens were used, ranging from 10 to
15 weeks of development (postfertilization weeks). All the specimens
studied belong to the collection of the Institute of Embryology of
the Complutense University of Madrid. The specimens were
obtained from the Department of Obstetrics after miscarriages
and ectopic pregnancies. The absence of external and congenital
malformations was verified. Specimens were fixed in 10% formalin
and transferred to the laboratory. The parameters used to determine
the age of gestation were CRL, weight, and cranial perimetry
(O’Rahilly & Miller, 1996). All the specimens, which had previously
been decalcified in trichloroacetic acid, were then dehydrated in
a graded series of ethanol and finally embedded in paraffin wax.
The usual laboratory procedures were used to prepare 10-20-
um-thick transverse, frontal and sagittal serial sections, which
were stained with haematoxylin-eosin and azocarmine (McManus
& Mowry, 1968). All sections were examined under light microscopy.
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The study was carried out using a Nikon Eclipse E400 microscope
and a Nikon DXM 1200 digital camera coupled to a Pentium IV PC.

The study was approved by the Ethics Committee of the Medical
Faculty of the Complutense University of Madrid.

In specimens Be-503, Be-101, JR6 and B29, the mandibular ramus
and the condylar cartilage were reconstructed in 3D. Three-dimension-
al images were constructed using the Stubio Max 7 3D Reconstruction
programme, a software specifically designed for 3D modelling
(Autodesk Inc.). Each of the cross-sections generated by the
microscope can be converted into a set of complex polygonal
lines, automatically sectorizing contours of each section as if they
were the kind of level curves or splines used in topography. The
curves then have to be corrected manually to avoid identification
errors. These two-dimensional curves are converted to three
dimensions by assigning them a width equivalent to the distance
between the cross-sections.

The vertices of the splines are superimposed and joined to
produce a continuous three-dimensional surface. Smoothing
techniques are used to remove any irregularities in the three-
dimensional mesh. Finally, the programme assigns different textures
to the surfaces of the reconstruction to make it more realistic
and to distinguish the different structures. The result is a set of
objects which can be visualized from any point of view and which
allows the use of real light effects, shadows and transparencies.

Results

Weeks 10 and 11

At week 10 of development the CC presented an inverted-cone
shape pointing in the direction of the future mandibular
foramen (Fig. 1). The CCis linked cranially with the lower
articular cavity of the TMJ. The CC presents a compact
surface layer of flattened cells corresponding to the articular
layer. This layer is continuous with the cell layer surrounding
the mandible. More deeply, there is a mesenchymal layer
composed of small, round cells. The third layer is composed
of polymorphous cells surrounded by a scanty cartilaginous
intercellular matrix (chondroblastic layer). The fourth
layer is composed of chondrocytes surrounded by slightly
basophilic cartilaginous intercellular matrix (Fig. 2).
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Fig. 1 3D reconstruction of the mandibular ramus and condylar
cartilage (CC) of human fetus Be-101 (65 mm CRL; 11 weeks of
development). Posteromedial view. P, coronoid process; L, lingula;
F, mandibular foramen; vertex of condylar cartilage (arrow).

Mesenchymal invaginations forming the VC were
observed in week 10 of development; these were located
in two regions of the CC, posteromedial and posterolateral,
and VC differed considerably. The first difference was in
the location. The canals in the posteromedial region are
located in the area where the mandibular condyle links
with Meckel’s cartilage and the auriculotemporal nerve
and the maxillary vessels run between the two. Moreover,
the posteromedial VC oscillated between one and three in
number (Fig. 3a,b). In contrast, there is only one posterolateral
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Fig. 2 Human fetus Ca-6 (52-mm CRL; 11 weeks of development).
Frontal section. Haematoxylin-eosin staining. A, articular layer; M,
mesenchymal layer; B, chondroblastic layer; C, chondrocyte layer. The
mesenchymal layer is diminished on the left hand side of the figure due
to the obliquity of the section. Bar: 20 um.

Fig. 3 (a) Human fetus Be-503 (48 mm CRL; 10 weeks of development). Frontal section. Haematoxylin-eosin staining. There are two posteromedial
VC (arrows) associated with the auriculotemporal nerve (AT). LP, lateral pterygoid muscle; CM, Meckel’s cartilage; T, temporalis muscle; D, articular
disc; asterisk, lower articular cavity. Bar 200 um. (b) Reconstruction of condylar cartilage of human fetus Be-101 (65 mm CRL; 11 weeks of

development). Arrows indicate posteromedial VC.
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(b)

Fig. 4 (a) 3D reconstruction of the mandibular ramus and condylar
cartilage of human fetus Be-503 (48 mm CRL; 10 weeks of
development). Inferolateral view. Arrow indicates posterolateral canal;
F, mandibular foramen. (b) 3D reconstruction of the mandibular ramus
and condylar cartilage of human fetus Be-101 (65-mm CRL; 11 weeks
of development). Inferolateral view of the posterolateral canal;

F, mandibular foramen.

canal, larger than posteromedial canals and located dorsal
to the future outer pole of the condyle. The 3D reconstruc-
tion of the specimens from this developmental period
shows the depth and length of the posterolateral canal,
which extends nearly as far as the CC vertex (Fig. 4a,b). The
VC are composed of a central mesenchymatous axis con-
taining vessels, with a superficial layer of cuboid cells as a
pocket-like formation, and associated with the adjacent
cartilaginous tissue (Fig. 5a,b).

During week 11 of development a process of intram-
embranous ossification began. This ossification extended
from the area of insertion of the lateral pterygoid muscle
to the posteromedial region of the CC (Fig. 5a) and was
continued by the bony tissue of the posterior edge of the
mandibular ramus.

During this period, hypertrophic chondrocytes were
observed in the deepest part of the CC. This zone is limited
by bony tissue of intramembranous origin. In addition,
large multinucleated cells were observed in the medial
region of the CC, along with instances of vascular invasion
and cartilage destruction (Figs 6 and 7a,b).

© 2009 The Authors

Fig. 5 (a) Human fetus Be-503 (48-mm CRL; 10 weeks of development).
Azocarmine staining. Frontal section. The posterolateral canal (arrow)
deepens into the condylar cartilage (CC). Arrowhead, intramembranous
ossification; LP, lateral pterygoid muscle. Bar 100 um. (b) Human fetus
Be-503 (48-mm CRL; 10 weeks of development) Frontal section.
Azocarmine staining. The periphery of the posterolateral canal shows
cuboid cells in band formation (arrows), associated with the cartilaginous
intercellular matrix. In the lower part of the canal the band arrangement
is not clearly discernible because of the obliqueness of the section. Inside
the canal, mesenchymal cells (arrowhead) and vessels (asterisk) appear.
Bar: 20 um.

Weeks 12 and 13

During weeks 12 and 13, the vascular canal in the poster-
olateral region acquired the shape of a deep canal, clearly
visible in the 3D reconstruction (Fig. 8). Caudally, however,
it is completely surrounded by the hypertrophic chondrocytes
(Fig. 9a,b). The vessels of the posterolateral canal also
participated in the vascular invasion and cartilage destruction
(Fig. 10). The sagittal sections of the specimens from this
period show the hypertrophic chondrocytes forming an
irregular arrangement without columns (Fig. 11).
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Fig. 6 Human fetus Be-101 (65-mm CRL; 11 weeks of development).
Frontal section. Azocarmine staining. The condylar cartilage (CC) is
surrounded by intramembranous ossification (arrowhead). Large
multinucleated cells (arrow) are visible in the medial part of the condylar
cartilage (CC) but not in the lateral part of the cartilage. M, medial; L
lateral. Bar: 100 um.

Weeks 14 and 15

The destruction of the CCin the cranial region reached the
area of insertion of the lateral pterygoid muscle. The 3D
reconstruction shows the morphology of the CC and the
pterygoid fovea in the anteromedial area (Fig. 12).

During week 15 of development, endochondral ossifica-
tion of the CC was observed with the presence of osseous
trabeculae in the area through which the maxillary vessels
and the auriculotemporal nerve pass (Fig. 13).

Discussion

It has been established that in human specimens, chondri-
fication of the mandibular condyle commences in week 9
of development (Mérida Velasco el al. 1999; Suk et al.
2001). Our study of the CC therefore deals with specimens
in at least week 10 week of development. At this time, the
3D reconstructions show that the CC has an inverted cone
shape with the vertex located at the level of the future
mandibular foramen. However, in the 3D reconstructions
of the mandible by Radlanski etal. (2003), the CC
appeared to acquire that shape during week 11 of growth.
During the development period considered, the CC consists
of five cell layers: the articular layer, the mesenchymal
layer, the polymorphous cell layer with scanty cartilaginous
intercellular matrix (chondroblastic layer), the chondrocyte
layer, and the deeper layer of hypertrophic chondrocytes.
Some authors suggest that the polymorphous cell layer
corresponds to the cells known as skeletoblasts (Silbermann
et al. 1987) or osteoprogenitor cells (Geneser, 2000). These
are derived from the mesenchymal cells and possess the
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Fig. 7 (a) Human fetus Be-101 (65-mm CRL; 11 weeks of development).
Frontal section. Azocarmine staining. In the medial part of the condylar
cartilage there are multinucleated cells (arrows), along with vascular
invasion and destruction of the condylar cartilage (arrowhead).

CH, hypertrophic chondrocytes. Bar: 50 um. (b) Magnification of (a).
Multinucleate cell (arrow). Bar 15 um.

ability to form chondrocytes or osteocytes, depending on
the biomechanical context. We therefore believe that the
parallel growth of the CC and the TMIJ is important, as
noted in an earlier article (Mérida Velasco et al. 1999).
Formation of the lower articular cavity commences during
week 9 of development, coinciding with the onset of
chondrogenesis, whereas organization of the upper
articular cavity commences during week 11 of development.
The movement of the TMJ during these growth phases
presumably facilitates the differentiation of these cells
into chondrocytes. It has been reported that joint
movement stimulates condylar chondrification (Strauss
etal. 1990; Ben-Ami et al. 1993; Habib et al. 2005);
however, other studies (Glasstone, 1971; Vinkka-Puhakka
& Thesleff, 1993) have reported CC development in the
absence of mechanical stimulation. Also, the arrangement
of the hypertrophic chondrocytes of the CC, which is
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Fig. 8 3D reconstruction of human fetus JR-6
(80-mm CRL; 12 weeks of development). The
upper-right image indicates the section level
(green plane). The reconstruction shows the
arrangement of the condylar cartilage at the
section level labelled in green (arrow,
posterolateral vascular canal). The lower-left
image shows the histological section that
matches the section level pointed out in the
reconstruction. L, lingula; CP, cartilage of the
coronoid process; LP, lateral pterygoid muscle;
D, articular disc. Bar: 200 um.

clearly visible in the sagittal sections, is irregular. Never-
theless, the hypertrophic chondrocytes in the epiphyses of
the long bones adopt a columnar arrangement in those
areas associated with the metaphysary region during
bone growth. These observations confirm earlier reports
(Durkin, 1972; Thilander et al. 1976; Gomez de Ferraris &
Campos, 1999). The irregular arrangement of the hyper-
trophic chondrocytes could favour multidirectional growth
of the condyle, depending on external mechanical stimuli.

The VC in the CC were first described by Vinogradoff
(1910), who used the term ‘crampons’ to denote them.
Most authors consider the VC to derive from invaginations
of the perichondral mesenchyme (Haines, 1933; Levene,
1964; Blackwood, 1965; Lufti 1970; Wilsman & van Sickle,
1970; Kugler et al. 1979; Chappard et al. 1986; Ganey et al.
1992, 1995; Burkus et al. 1993; Reidenbach & Schmidt,
1994; Cheng et al. 1997; Shapiro 1998; Blumer et al. 2006).
However, some authors have suggested that the peri-
chondrium is not necessary for development of the VC
(Delgado-Baeza, 1991a,b). Like the studies on the CC
carried out by Blackwood (1965) and Fuentes (1988), our
own study confirms that the VC are derived from mesenchymal
invaginations. The VC in the CC of human specimens
appear during week 10 of development. Nonetheless,
Symons (1952) reported that the VC appeared in the CC
during week 19, whereas Blackwood (1965) and Fuentes
(1988) reported its appearance in week 15 of development.
The VC are located in the posteromedial and posterolateral
areas of the CC. This arrangement was originally reported
by us (Mérida Velasco, 2002) and is now confirmed by 3D
reconstructions. Blackwood (1965) reported that the
number of VC in the CC increased in the posterior and

© 2009 The Authors

lateral region. A pattern of VC appearance has been
reported in other studies in long bones (Brookes, 1958;
Reidenbach & Schmidt, 1994) and in short bones (Cheng
et al. 1997). Our results show that the VCin the CC of both
regions present considerable differences. The VC in the
posteromedial area are one to three times shallower.
However, the 3D reconstructions show only one vascular
canal in the posterolateral area of the CC; this becomes a
genuine conduit inside the CC, reaching as far as the lower
layer where the hypertrophic chondrocytes are located. In
the latter layer, the posterolateral vascular canal presents
chondroblasts aligned in the periphery, surrounded by
cartilaginous intercellular matrix with few chondrocytes.
This may suggest appositional growth towards the cartilage.
In addition, the vessels of this canal participate in the
invasion and destruction of the cartilage.

There have been reports of the presence of certain types
of cells in the canals: chondroclasts (Kugler et al. 1979;
Cole & Wezeman, 1985); multinucleated cells (Chandraraj
& Briggs, 1988; Ganey et al. 1992, Burkus et al. 1993);
multivacuolated cells (Rodriguez et al. 1985); monocytes/
macrophages (Chappard et al. 1986); fibroblast, multinucle-
ated cells and multivacuolated cells and histiocytes (Delgado-
Baeza et al. 1991a). We suggest that cells of these types
could be derived from mesenchymal cells. We found that
the canal contained mesenchymal cells and vessels. During
weeks 10 and 11 of development, cuboid cells were
detected on the periphery of the VC, arranged in band
formation and associated with the cartilaginous intercel-
lular matrix. These banded cells were reported by Fuentes
(1988) in human specimens of 212-mm CRL. We believe
that these cells are chondroblasts that are derived from
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Fig. 9 (a) Human fetus HL30 (74 mm CRL; 12 weeks of development).
Transverse section. Haematoxylin-eosin staining. Caudally, the
posterolateral vascular canal (CE) is a conduit inside the condylar
cartilage. The canal is surrounded by a thick layer of cartilaginous tissue
(arrows). The hypertrophic chondrocytes layer is diminished on the
left-hand side of the figure due to the obliquity of the section. CH,
hypertrophic chondrocyte. Bar: 100 um. (b) Magnification of (a). Cuboid
cells in band formation (arrows) on the periphery of the posterolateral
vascular canal; vessels (V) appear on the inside. Some chondrocytes are
visible in the cartilaginous intercellular matrix surrounding the canal.
Bar: 50 um.

the mesenchymal cells in the canal and would produce
chondrocytes.

Our results show that during week 11 of development,
there was intramembranous ossification from the area of
insertion of the lateral pterygoid muscle to the postero-
medial area, coinciding with the appearance of the upper
articular cavity of the TMJ. This ossification was continued
by the bony tissue of the posterior edge of the mandible.
Other authors have reported similar results (Perry et al.
1985; Berraquero et al. 1992; Radlanski et al. 1999).

During weeks 10-11 of development, large multinucleated
cells appeared together with vascular invasion and

Fig. 10 Human fetus HL-30 (74-mm CRL; 12 weeks of development).
Transverse section. Azocarmine staining. In the lower part of the
condylar cartilage there are signs of vascular invasion and cartilage
destruction (arrows). Some chondroclasts are visible in the medial part of
the condylar cartilage (asterisk). D, articular disc. Bar: 100 um.

Fig. 11 Human fetus Be-516 (82-mm CRL; 13 weeks of development).
Sagittal section. Haematoxylin-eosin staining. The different layers of the
condylar cartilage are visible. A, articular layer; M, mesenchymal layer;
B, chondroblastic layer; C, chondrocyte layer, CH, hypertrophic
chondrocyte layer. Bar: 100 pm.

cartilage destruction. These cells may be chondroclasts
and they may locate in the hypertrophic chondrocyte
layer. The chondroclasts have ultrastructural features
similar to osteoclasts (Lewinson & Silbermann, 1992).
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Fig. 12 3D reconstruction of the mandibular ramus and condylar
cartilage of human fetus B-29 (116-mm CRL; 15 weeks of development).
Anteromedial view. The condylar cartilage (CC) and the cartilage of the
coronoid process (CP) are visible. FP, pterygoid fossa.

Fig. 13 Human fetus B-29 (116 mm CRL; 15 weeks of development).
Transverse section. Azocarmine staining. Osseous trabeculae (arrows).
F, facial nerve; MA, maxillary artery; MS, masseter muscle; MP, medial
pterygoid muscle. Bar: 1 mm.

However, the chondroclasts and osteoclasts differ not only
in location but possibly also in mode of action (Nordahl
et al. 1998). The location of the chondroclasts in the medial
area of the CC would explain the description given by
Thilander et al. (1976), who reported that in young specimens
there was a lateral apposition but medial resorption.

The classical theory is that during development, the CC
presents a kind of appositional growth (Durkin, 1972;
Beresford, 1981; Copray et al. 1986). However, other
factors may be involved in the growth of the condyle. For
instance, the posterolateral vascular canal is important in
that it influences the rearward and outward development
of the CC and may also contribute to appositional growth.
Moreover, the posterolateral vascular canal may be a
relevant structure for the growth of the CC during a stage
of development in which TMJ and its muscles are not yet
developed, and the activity of the latter is very reduced. In

© 2009 The Authors

addition, the vascularization by means of the VC has been
suggested to play an important part in cartilage development,
as damage to the VC may provoke severe pathologies
(Visco et al. 1991; Carlson et al. 1995; Bravo et al. 1996). At
the same time, the location of the chondroclasts, vascular
invasion, and cartilage destruction in the medial area, all
presumably favour a process of remodelling of the CC,
causing it to grow outwards.
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