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Summary. Immunohistochemical localization of type I and
type II collagens was examined in the rat mandibular con-
dylar cartilage (as the secondary cartilage) and compared
with that in the tibial growth plate (as the primary cartilage)
using plastic embedded tissues. In the condylar cartilage,
type I collagen was present not only in the extracellular
matrix (ECM) of the fibrous, proliferative, and transitional
cell layers, but also in the ECM of the maturative and
hypertrophic cell layers. Type IT collagen was present in
the ECM of the maturative and hypertrophic cell layers.
In the growth plate, type IT collagen was present in the
ECM of whole cartilaginous layers; type I collagen was not
present in the cartilage but in the perichondrium and the
bone matrices. These results indicate that differences exist
in the components of the ECM between the primary and
secondary cartilages. It is suggested that these two tissues
differ in the developmental processes and/or in the reactions
to their own local functional needs.

Introduction

In mammalian chondrogenic tissues, two ontogenetically
different cartilages are recognized: (i) the primary cartilage
such as the growth plate and the articular cartilage of the
long bone, and (i) the secondary cartilage which is repre-
sented by the condylar cartilage of the mandible (Durkin
1973). The condylar cartilage forms at the edge of the mem-
branous bone and its origin diverges spatially and temporal-
ly from the primary cartilage (Hinton 1988). In addition,
this tissue differs from the primary cartilage in the morpho-
logical organization of the chondrocytes (Petrovic 1972;
Durkin 1973), in response to biomechanical stress and hu-
moral factors (Petrovic 1972; Takano et al. 1987; Hinton
1988), and in the mode of proliferation and differentiation
of the chondrocytes (Petrovic 1972; Silbermann et al. 1987).

Histologically the condylar cartilage is divided into five
cell layers as described by Luder et al. (1988): the fibrous,
the proliferative, the transitional, the maturative, and the
hypertrophic cell layers. The proliferative cell layer contains
unique progenitor cells which can differentiate into either
chondroblasts or osteoblasts (Silbermann et al. 1983). The
differentiation pathways depend upon the biomechanical
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forces exerted on these cells (Petrovic 1972 ; Hall 1979; Kan-
tomaa and Hall 1988).

During chrondogenesis and endochondral osteogenesis
of the primary cartilage, the spatial and temporal distribu-
tion of the extracellular matrix components have been in-
vestigated, such as: type I and type II collagens (von der
Mark et al. 1976; von der Mark 1980; Horton et al. 1983;
Schmid and Linsenmayer 1985; Sandberg and Vuorio
1987), type IX collagen (van der Rest et al. 1985), type X
collagen (Gibson and Flint 1985; Schmid and Linsenmayer
1985), and other glycoproteins and proteoglycans (Dessou
et al. 1978; Hewitt et al. 1982; Poole et al. 1984; Campo
and Romano 1986; Mackie et al. 1987). Recently, it was
reported that fibronectin and tenascin are localized in the
condylar cartilage of the mandible but are absent from the
primary cartilage (Silbermann et al. 1987; Theslefl et al.
1988). Although the localization of type I and type II colla-
gens in the condylar cartilage of the mandible has been
reported (Silbermann et al. 1987; Weiss et al. 1988), these
studies did not show the exact localization of these two
collagen types due to the use of thick frozen sections and
absence of the absorption control. The purpose of the pres-
ent study was to detect using plastic embedded tissues the
exact localization of type I and type II collagens in the con-
dylar cartilage of the mandible, compared to the tibial
growth plate as a marker for the stages of cell differentia-
tion.

Materials and methods

Tissue processing. The mandibular condyles and the tibial growth
plates used were taken from 4-weck-old male Wistar strain rats.
Most of the experimental procedures followed were as described
by Horton et al. (1983). The animals were perfused from the as-
cending aorta with periodate-lysine-paraformaldehyde (PLP) in
0.1 M phosphate buffer, pH 7.4, under pentobarbital anesthesia
for 30 min. After removing the mandibular condyles and the tibial
growth plates, specimens were further fixed in the same fixative
for 24 h at 4° C. After thorough rinses with phosphate-buffered
saline (PBS), they were decalcified with 5% EDTA (ethylenedi-
amine tetraacetic acid) in PBS for 1 week at 4° C. After dehydra-
tion in a graded series of ethanol, the specimens were passed
through propylene oxide and embedded in Spurr resin. One-mi-
crometer-thick sections were cut with a glass knife using a Reichert
ultramicrotome. They were picked up on the glass slides, placed
on the slide warmer to stretch the section, and dried overnight.
The slides were placed in a saturated solution of sodium ethox-
ide diluted 1:10 in absolute ethanol for 15 min. After a thorough
rinse in ethanol and rehydration in distilled water, the sections
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were dried. Following removal of the resin, enzyme digestion was
carried out on the sections with (i) testicular hyaluronidase (Sigma,
St. Louis, Mo., USA), 25 mg/ml in PBS, three 30-min incubations
(Horton et al. 1983); and (ii) protease type XXIV (Sigma, St.
Louis, Mo., USA), 0.1 mg/ml in PBS for 20 min. All digestions
were done at room temperature and the slides were subsequently
rinsed in several changes of PBS for 1 h.

Characterization of the antibodies (Western blots). Rabbit anti-
bodies to rat type I and bovine type II collagens were purchased
from Advance Co. (Tokyo, Japan), and the specificities were tested
by Western blotting. Pepsin-extracted type I and type II rat colla-
gens were prepared as previously described (Glanville 1982; Butler
and Reese 1982) and subjected to electrophoresis in 10%—15%
gradient SDS-PAGE gels (Pharmacia, Uppsala, Sweden). Colla-
gens were blotted onto nitrocellulose according to the method of
Towbin et al. (1979) and stained with two types of antibodies.

Immunohistochemical staining. The sections were first incubated
with 1% BSA (bovine serum albumin) in PBS containing 0.025%
Triton-X (solution A) for 10 min and with 5% normal goat serum
in solution A for 30 min to reduce the non-specific reactions. The
sections were then incubated in the moisture chamber overnight
at 4° C with rabbit anti-type I collagen or rabbit anti-type II colla-
gen antibodies, diluted 1:50 to 1:200 with solution A. After a
thorough rinse with solution A, the sections were incubated with
goat anti-rabbit IgG-conjugated fluorescein isothiocyanate (FITC,
TAGO, Burlingame, Calif., USA) diluted 1:50 with solution A,
for 1h at room temperature. After several rinses with solution
A and with PBS, the sections were mounted in polyvinyl alcohol
medium (Lennette 1978) and examined with an Olympus BH2-
RFK fluorescent microscope.

Control experiments. In order to confirm the specificity of the stain-
ing, the following experiments were carried out as control: (i) rabbit
preimmune serum was applied instead of the primary antibody,
and (ii) the primary antibodies were absorbed by their correspond-
ing types of collagen before application to the sections.

Results

Antibody characteristics

SDS-PAGE patterns of pepsin-extracted collagens showed
the characteristic bands of each type of collagen (Fig. 1)
as reported previously (Butler and Reese 1982). The results
of Western blotting showed that both antibodies reacted
intensely only with the corresponding types of collagen
(Fig. 1), indicating the collagen type specificity of the anti-
bodies used in this study.

Mandibular condylar cartilage

In zonation of the condylar cartilage there are no generally
accepted criteria. In this study, on the basis of the cellular
morphological changes in the cartilaginous area, the condy-
lar cartilage of rat mandible could be divided into the fol-
lowing five cell layers: the fibrous, the proliferative, the
transitional, the maturative, and the hypertrophic (Fig. 2).
This zonation is basically coincident with the microscopic
(Morita 1982) and autoradiographic studies (Luder et al.
1988), although the naming of each cell layer is different.

Fibrous layer. The uppermost layer covering the condyle
contains fibroblast-like cells arranged parallel to the articu-
lar surface (Fig. 2). The dense bundles which appear to
interlace among the fibroblast-like cells show intense immu-
nofluorescent staining for type I collagen (Fig. 3a).
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Fig. 1. Characterization of antibodies to type I and type II colla-
gens by Western immunoblotting. Pepsin-extracted type I rat colla-
gen (lanes 1, 3, and 5) and type II rat collagen (lanes 2, 4, and
6) were subjected to electrophoresis. Gels were stained with Coo-
massie blue (protein stain) or subjected to immunoblotting using
the antibodies to type I collagen (Blot Anti-I) or type IT collagen
(Blot Anti-1I)

Proliferative cell layer. This layer immediately below the
fibrous layer is composed of polygonal-shaped cells with
spherical nuclei surrounded by a faint cytoplasm (Fig. 2).
These cells are closely packed and surrounded by relatively
small amounts of extracellular matrix (ECM). A matrix
reaction for type I collagen was faint and demarcation from
the upper layer is easily distinguished by the different stain-
ing intensity of the ECM (Fig. 3a).

Transitional cell layer. This layer is composed of spindle-
shaped or flattened ovoid-shaped cells with their long axis
oriented parallel to the articular surface (Fig. 2). The vol-
ume of intercellular space is increased compared to the pro-
liferative cell layer, and shows weak staining for type I col-
lagen (Fig. 3a).

Maturative cell layer. This layer contains the characteristic
chondrocytes. Proceeding to deeper layers, there is a gradu-
al transition of the cell shape from ovoidal to spherical
(Fig. 2). The area of the ECM in this layer is increased
and reveals a weak reaction for type I collagen, especially
at the periphery of the chondrocytes (Fig. 3b).

Hypertrophic cell layer. Staining intensity for type I collagen
became gradually weaker with depth, but immunostaining
was also observed in the lower portion of the hypertrophic
cell layer (Fig. 3¢). In this layer, the reaction was restricted
to the periphery of the hypertrophied chondrocytes. At the
lower border of the hypertrophic cell layer, the chondro-
cytic lacunae were open to the marrow cavity (Fig. 2) and
the reaction for typel collagen was observed along the
newly deposited bone matrix around the calcified cartilage
(Fig. 3¢).

There was no detectable immunoreaction for type I col-
lagen in the upper three layers comprising the fibrous, pro-
liferative, and transitional cell layers (Fig. 4a). Staining for
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Fig. 2. Phase-contrast photomicrograph of the mandibular condy-
lar cartilage of 4-week-old Wistar rat. The condylar cartilage is
divided into following five cell layers: fibrous layer (F), prolifera-
tive cell layer (P), transitional cell layer (T), maturative cell layer
(M), and hypertrophic cell layer (H). x25

type II collagen was first observed at the periphery of the
ovoid-shaped chondrocytes (immature chondroblasts) in
the upper part of the maturative cell layer (Fig. 4b). Stain-
ing intensity gradually increased with depth and was
especially intense at the periphery of the chondrocytes. In
the hypertrophic cell layer, immunofluorescent staining oc-
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curred but was less intense than in the maturative cell layer.
The calcified cartilage in the trabeculae also reacted posi-
tively for type II collagen (Fig. 4¢).

Controls

Control sections of the condylar cartilage treated with pre-
immune rabbit serum demonstrated little or no immunoflu-
orescent staining, except for non-specific staining within
the lipid droplets of chondrocytes in the maturative cell
layer (data not shown). Sections of the condylar cartilage
which were treated with preabsorbed antibodies showed no
immunofluorescent staining in the intercellular space which
was reactive for type I collagen (Fig. 3d).

Tibial growth plate

Morphologically, the tibial growth plate could be divided
into the following four cell layers from the epiphyseal arca:
the resting, the proliferative, the maturative, and the hyper-
trophic cell layers (Fig. 5Sa). Immunostaining for type I col-
lagen was absent from all cell layers of the growth plate
(Fig. 5b). Intense reaction for type I collagen was seen only
in the bone matrix around the calcified cartilage which
showed no staining. By contrast, matrix reaction for type II
collagen was present throughout the cell layers of the carti-
laginous plate and in the calcified cartilage of the trabeculae
(Fig. 5¢).

Discussion

Immunohistochemical methods to localize the extracellular
matrix components in skeletal tissues have traditionally em-
ployed frozen sections, which partly sacrifice morphological
details of the tissues (Horton et al. 1983). Since the chon-
drogenic tissues comprise a complex of cell layers involving
transient chondrocytic changes, the preservation of mor-
phological details is necessary for the precise localization
of the antigens in these tissues. For this reason, we used
the plastic embedding method originally described by Hor-
ton et al. (1983). We further decalcified the specimen to
remove hydroxyapatite (von der Mark et al. 1976; Schmid
and Linsenmayer 1985), which not only improved morpho-
logical details, but also enhanced the immunoreactivity of
calcified matrix (data not shown).

The results of the present investigation demonstrate that
differences exist in the distribution of type I and type 1l
collagens in two different rat cartilages: the tibial growth
plate, and the condylar cartilage of the mandible. In the
growth plate, type IT collagen was present in the ECM
throughout the cartilaginous layers, but type I collagen was
lacking in the ECM, in accordance with previous biochemi-
cal (Linsenmayer etal. 1973) and immunohistochemical
data (von der Mark et al. 1976; von der Mark 1980; Horton
etal. 1983; Schmid and Linsenmayer 1985). It is known
that the collagen of the growth plate consists mainly of
type II collagen, the rest being minor collagens such as ty-
pe IX and type X collagens (van der Rest et al. 1985; Gib-
son and Flint 1985; Schmid and Linsenmayer 1985). As
for typeI collagen, a recent study of mRNA by in situ
hybridization demonstrated that chondrocytes in the
growth plate of long bone do not synthesize any type I
collagen (Sandberg and Vuorio 1987).

In the condylar cartilage, on the other hand, type I col-
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Fig. 3a—-d. Immunofluorescence photomicrographs of anti-type I
collagen in different cell layers of the mandibular condyle. a The
matrix reaction for type I collagen is strong in the fibrous layer,
faint in the proliferative cell layer, and weak in the transitional
cell layer. b The extraceflular matrix (ECM) of the maturative
cell layer shows weak reaction. ¢ In the hypertrophic cell layer,

lagen was present throughout all cell layers, whereas type 11
collagen was restricted to the maturative and the hyper-
trophic cell layers. Our results also indicate that the condy-
lar cartilage which is composed of five cell layers (as de-
scribed in the Results) shows a layer-characteristic staining
pattern. In these cell layers, the fibrous layer which stained

faint reaction is restricted to the periphery of the hypertrophied
chondrocytes. The bone matrix (B) shows intense staining. d The
section treated with the preabsorbed anti-type I collagen shows
no reaction. The exposure times of these immunofluorescence pho-
tomicrographs were identical. For further details see the legend
to Fig. 2. x 100

strongly for type I collagen functions as a protective cover-
ing for the condyle and is not associated with chondrogene-
sis (Blackwood 1966; Morita 1982; Luder et al. 1988). Cells
in the proliferative cell layer are characterized by their high
proliferative activity and ability to differentiate to either
chondroblasts or osteoblasts (Petrovic 1972; Silbermann



Fig. 4a—c. Immunofluorescence photomicrographs of anti-type II
collagen in the mandibular condyle. a Reaction for type II collagen
is not found in the upper three cell layers. b Higher magnification
shows the first reaction in the maturative cell layer. ¢ The greatest
reaction is observed at the periphery of the chondrocytes in the
maturative cell layer. CC, Calcified cartitage; for further explana-
tion of abbreviations see the legend to Fig. 2. a, ¢ x50; b x 100

et al. 1983; Kantomaa and Hall 1988). In addition, micro-
scopic observations indicated that these cells are elongated
with multiple cell-to-cell cytoplasmic junctions (Morita
1982; Silbermann et al. 1987). Therefore, based on these
observations and taking into account the present immuno-
histochemical findings, it seems reasonable to suggest that
cells in the proliferative cell layer are characteristic of pre-
cartilaginous mesenchymal cells undergoing cellular con-
densation, which is also observed in the chick limb bud
and is regarded as a prerequisite for chondrogenesis (von
der Mark et al. 1976; von der Mark 1980; Kosher et al.
1986). In the maturative cell layer, a reaction for type I
collagen was decreased, presumably as a result of the degra-
dation of collagen and/or loss of the ability to synthesize
type I collagen, whereas a reaction for type II collagen ap-
peared, indicating that acquisition of cartilage phenotype
may occur in this layer. In the hypertrophic cell layer, stain-
ing intensity for both types of collagen was gradually de-
creased, which is in accordance with the autoradiographic
finding that collagen synthesis slows down in this layer
(Luder et al. 1988).

The immunostaining obtained for type II collagen of
the condyle is coincident with previous studies (Silbermann
et al. 1983, 1987; Luder et al. 1988), but concerning type I
collagen our results are contrary to the data of Silbermann
et al. (1987). They found that type I collagen in mice was
lacking in the lower part of the condylar cartilage referred

to here as the maturative and the hypertrophic cell layers.
Although it was possible that the anti-type I collagen used
in this study cross-reacted with type II collagen, the specific-
ity of the antibody was confirmed via Western immunoblot-
ting which showed that anti-type I collagen did not cross-
react with type II collagen. Therefore, another possible ex-
planation for the disparity is the difference between their
enzymatic digestion with hyaluronidase and ours with pro-
tease. The enzymatic digestion is essential to detect the im-
munolocalization of collagens by removal of proteoglycans
masking the antigenic determinants of collagen molecules
(von der Mark et al. 1976; von der Mark 1980), and it
is known that protease treatment enhances immunostaining
more effectively than hyaluronidase (Horton et al. 1983).
Thus, it is likely that the different enzymatic digestions
might affect the staining pattern in the lower part of the
condylar cartilage which contains small amounts of colla-
gen molecules.

Except for typel collagen, it has been reported that
some ECM components are characteristically present in the
condylar cartilage. For example, Silbermann et al. (1987)
revealed immunohistochemically that fibronectin was pres-
ent in almost all cell layers of mice condylar cartilage. Fi-
bronectin is a glycoprotein with a high affinity for type I
collagen; its distribution is similar to type I collagen and
is absent from differentiated cartilage matrix (Dessou et al.
1978; Kimata et al. 1982). Furthermore, it was demon-
strated that localization of tenascin in the mandibular con-
dyle is different from that in the growth plate of long bones
(Mackie et al. 1987; Thesleff et al. 1988). Tenascin is local-
ized from the proliferative to the maturative cell layers in
the mandibular condyle, but is absent from any cartilagi-
nous layers of the growth plate of long bones. Since these
glycoproteins might play an important role in chondrogene-
sis by modulating ECM-cell interactions and cell rounding
and condensation (Mackie et al. 1987), it is suggested that
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Fig. 5a—c. Photomicrographs of serial sections of the tibial growth
plate treated with toluidine blue (a), anti-type I (b), and anti-type IT
collagen (c). a The growth plate shows the following four cell
layers; resting cell layer (R), proliferative cell layer (P), maturative
cell layer (3), and hypertrophic cell layer (H). Note the different
zonation of this cartilage from the condylar cartilage. b The whole
cartilaginous area is thoroughly unreactive for type I collagen, ex-
cept for the bone matrix (B). ¢ Reaction for type II collagen is
present throughout the cell layers. x 25

condensation of the mesenchymal cells may occur in the
condylar cartilage, probably in the proliferative cell layer.
Codistribution of type I and type II collagens was also
demonstrated in the avian fibrous cartilage (Eyre et al.
1978), and the pig intervertebral disc (Beard et al. 1980).
The molecular composition and structural arrangement of
ECM components in the skeletal and connective tissues re-
flect the external biomechanical forces functionally exerted
on them. Hyaline cartilage of the growth plate which con-
tains type II collagen is well suited to withstand compressive
forces. Since the condylar cartilage is located in areas that
are subjected to multidirectional stress (Herring and Lakars
1981; Copray et al. 1985), it follows that fibrous elements
composed of type I collagen are necessary to withstand such
forces. It is reasonable to assume that coexistence of both
types of collagen in the condylar cartilage is well suited
to biomechanical demands. Biomechanical forces have been
also indicated as an important factor in regulating growth

and development of the condyles (Petrovic 1972; Copray
et al. 1985). Biomechanical forces regulate the differentia-
tion pathway of the mesenchyme into chondroblasts or os-
teoblasts (Hall 1979), a process that plays a role in determi-
nation of the growth direction of the condyle and provides
for high adaptability (Kantomaa and Hall 1988).

Another important factor regulating differentiation is
the extracellular matrix as micro-environmental factor. Ty-
pe I collagen is required for progenitor cell proliferation,
migration, and differentiation in vitro (Kosher and Church
1975; Maor et al. 1987; Weiss et al. 1988). In addition, ty-
pe I collagen is a prerequisite for the synthesis of type X
collagen which is thought to be involved in the process
of matrix erosion, vascularization, and calcification (Gib-
son and Flint 1985; Schmid and Linsenmayer 1985). If this
is so, it is an interesting problem irrespective of whether
or not type I collagen in the cartilaginous tissues affects
their proliferation, differentiation, and calcification.

In summary, it is clear that the condylar cartilage con-
tains cartilage-characteristic type II collagen, but also type I
collagen which is absent from the growth plate. The biomo-
lecular characteristics of these ECM components in condy-
lar cartilage may contribute to the precartilaginous mesen-
chymal cells located in this tissue and provide for further
characterization of the condylar cartilage as secondary car-
tilage.

Acknowledgements. We are grateful to Dr. Y. Shimizu, Department
of Oral Microbiology, School of Dentistry, Tohoku University,



and Dr. K. Kindaichi and Dr. H. Akita, 2nd Department of Oral
Anatomy for fruitful advice. We thank Mr. T. Onodera, Mr. M.
Eguchi, and Mr. Y. Mikami for their excellent technical assistance
and Ms. G. lannetti for assistance with preparation of the manu-
script.

References

Beard HK, Ryvar R, Brown R, Muir H (1980) Immunochemical
localization of collagen types and proteoglycan in pig interver-
tebral discs. Immunology 41:491-501

Blackwood HIJJ (1966) Growth of the mandibular condyle of the
rat studied with tritiated thymidine. Arch Oral Biol 11:493-500

Butler WT, Reese CA (1982) Preparation of type II collagen. In:
Furthmayer H (ed) Immunochemistry of the extracellular ma-
trix, vol 1. CRC, Boca Raton, pp 55-60

Campo RD, Romano JE (1986) Changes in cartilage proteoglycans
associated with calcification. Calcif Tissue Int 39:175-184

Copray JCVM, Jansen HWB, Duterloo HS (1985) Effects of com-
pressive forces on proliferation and matrix synthesis in mandi-
bular condylar cartilage of the rat in vitro. Arch Oral Biol
30:299-304

Dessou W, Sasse J, Timpl R, Jilek F, von der Mark K (1978)
Synthesis and extracellular deposition of fibronectin in chon-
drocyte cultures. Response to the removal of extracellular carti-
lage matrix. J Cell Biol 79:342-355

Durkin JF, Heeley JD, Irving JT (1973) The cartilage of the mandi-
cular condyle. Oral Sci Rev 2:29-99

Eyre DR, Brickley-Parsons DM, Glimcher MJ (1978) Predomi-
nance of type I collagen at the surface of avian articular carti-
lage. FEBS Lett 85:259-263

Gibson GJ, Flint MH (1985) Type X collagen synthesis by chick
sternal cartilage and its relationship to endochondral develop-
ment. J Cell Biol 101:277-284

Glanville RW (1982) Preparation of type I and type III collagens,
their Py collagens, and aminoterminal extension peptides. In:
Furthmayer H (ed) Immunochemistry of the extracellular ma-
trix, vol 1. CRC, Boca Raton, pp 43-53

Hall BK (1979) Selective proliferation and accumulation of chon-
droprogenitor cells as the mode of action of biomechanical
factors during secondary chondrogenesis. Teratology 20:81-92

Herring SW, Lakars LC (1981) Craniofacial development in the
absence of muscle contraction. J Craniofac Genet Dev Biol
1:341-357

Hewitt AT, Varner HH, Silber MH, Dessou W, Wilkes CM, Mar-
tin GR (1982) The isolation and partial characterization of
chondronectin, an attachment factor for chondrocyte. J Biol
Chem 257:2330-2334

Hinton RJ (1988) Response of the intermaxillary suture cartilage
to alterations in masticatory function. Anat Rec 220:376-387

Horton WA, Dwyer C, Goering R, Dean DC (1983) Immunohisto-
chemistry of types I and type I collagen in undecalcified skele-
tal tissues. J Histochem Cytochem 31:417-425

Kantomaa T, Hall BK (1988) Mechanism of adaptation in the
mandibular condyle of the mouse. An organ culture study. Acta
Anat (Basel) 132:114-119

Kimata K, Foidart JM, Pennypacker JP, Kleinman HK, Martin
GR, Hewitt AT (1982) Immunofluorescence localization of fi-
bronectin in chondrosarcoma cartilage matrix. Cancer Res
42:2384-2391

Kosher RA, Church RL (1975) Stimulation of in vitro somite chon-
drogenesis by procollagen and collagen. Nature 258:327-330

Kosher RA, Kulyk WM, Gay SW (1986) Collagen gene expression
during limb cartilage differentiation. J Cell Biol 102:1151-1156

Lennette DA (1978) An improved mounting medium for immuno-
fluorescence microscopy. Am J Clin Pathol 69:647-648

599

Linsenmayer TF, Toole BP, Trelstad RL (1973) Temporal and
spatial transitions in collagen types during embryonic chick
limb development. Dev Biol 35:232-239

Luder HU, Leblond CP, von der Mark K (1988) Cellular stages
in cartilage formation as revealed by morphometry, radioauto-
graphy and type II collagen immunostaining of the mandibular
condyle from weanling rats. Am J Anat 182:197-214

Mackie EJ, Thesleff I, Chiquit-Ehrismann R (1987) Tenascin is
associated with chondrogenic and osteogenic differentiation in
vivo and promotes chondrogenesis in vitro. J Cell Biol
105:2569-2579

Maor G, von der Mark K, Reddi H, Heinegard D, Franzen A,
Silbermann M (1987) Acceleration of cartilage and bone differ-
entiation on collagenous substrata. Coll Relat Res 7:351—
370

Morita S (1982) Ultrastructural and cytochemical studies on the
rat mandibular condyle with advancing age. J Jpn Orthod Soc
41:171-201

Petrovic AG (1972) Mechanisms and regulation of mandibular
condylar growth. Acta Morphol Neerl Scand 10:25-34

Poole AR, Pidoux I, Reiner A, Choi H, Rosenberg LC (1984)
Association of an extracellular protein (chondrocalcin) with the
calcification of cartilage in endochondral bone formation. J
Cell Biol 98:54-65

Sandberg M, Vuorio E (1987) Localization of types I, I, and III
collagen mRNAs in developing human skeletal tissues by in
situ hybridization. J Cell Biol 104:1077-1084

Schmid TM, Linsenmayer TF (1985) Immunohistochemical local-
ization of short chain cartilage collagen (type X) in avian tis-
sues. J Cell Biol 100: 598605

Silbermann M, Lewinson D, Gonen H, Lizarbe MA, von der Mark
K (1983) In vitro transformation of chondroprogenitor cells
into osteoblasts and the formation of new membrane bone.
Anat Rec 206:373-383

Silbermann M, Reddi AR, Hand RD, Leapman RD, von der Mark
K, Franzen A (1987) Further characterization of the extracellu-
lar matrix in the mandibular condyle in neonatal mice. J Anat
151:169-188

Takano T, Takigawa M, Shirai E, Nakagawa K, Sakuda M, Suzuki
F (1987) The effect of parathyroid hormone (1-34) on cyclic
AMP level, ornithine decarboxylate activity, and glycosamino-
glycan synthesis of chondrocytes from mandibular condylar
cartilage, nasal septal cartilage, and spheno-occipital synchon-
drosis in culture. J Dent Res 66:84-87

Thesleff I, Kantomaa T, Mackie E, Chiquet-Ehrismann R (1988)
Immunohistochemical localization of the matrix glycoprotein
tenascin in the skull of the growing rat. Arch Oral Biol
33:383-390

Towbin H, Stachelin T, Gordon J (1979) Electrophoretic transfer
of proteins from polyacrylamide gels to nitrocellulose sheets:
procedure and some applications. Proc Natl Acad Sci USA
76:4350-4354

van der Rest M, Mayne R, Ninomiya Y, Seidah NG, Chretien
M, Olsen BR (1985) The structure of type IX collagen. J Biol
Chem 260:220-225

von der Mark K, von der Mark H, Gay S (1976) Study of differen-
tial collagen synthesis during development of the chick embryo
by immunofluorescence. II. Localization of type I and type IT
collagen during long bone development. Dev Biol 53:153-
170

von der Mark K (1980) Immunological studies on collagen type
transition in chondrogenesis. Curr Top Dev Biol 14:199-225

Weiss A, Livine E, von der Mark K, Heinegard D, Silbermann
M (1988) Growth and repair of cartilage: organ culture system
utilizing chondroprogenitor cells of condylar cartilage in new-
born mice. J Bone Mineral Res 3:93-100



