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Hypertrophy is not a prerequisite for type X collagen
expression or mineralization of chondrocytes derived from

cultured chick mandibular ectomesenchyme

SUNETRA EKANAYAKE* and BRIAN K. HALL

Department of Biology, Life Sciences Centre, Dalhousie University, Halifax, Nova Scotia, Canada

ABSTRACT  Meckel's cartilage in the avian mandible is a neural crest-derived permanent cartilage.
To investigate whether chondrocytes that form Meckel's cartilage can be induced to undergo
maturation and mineralization by manipulating the environment, we used in vitro micromass culture
in which young embryonic mandibular ectomesenchymal cells were maintained at a high cell density
(2x107 cells/ml} and treated with ascorbic acid (AA) or with dexamethasone and ascorbic acid
(DEX+AA). Chondrogenesis and chondrocyte maturation were analyzed by histological,
immunohistochemical and SDS/PAGE techniques. Chick mandibular ectomesenchymal cells from
Hamburger and Hamilton (J. Morphol. 88: 49-92, 1951) stage 21 (HH stage 21) chick embryos undergo
chondrogenesis forming cartilage nodules when maintained under micromass culture conditions.
These chondrocytes undergo maturation in response to AA but not DEX. Addition of AA to culture
medium induced type X collagen expression by these chondrocytes. With prolonged culture,
chondrocytes began to mineralize turning cartilage nodules into completely mineralized structures.
There was no correlation between chondrocyte size and type X collagen expression. Small chondrocytes
as well as large (hypertrophic) chondrocytes expressed type X collagen and then underwent
mineralization. Co-treatment of cultures with DEX+AA caused reduction of chondrogenesis and

inhibited chondrocyte maturation and mineralization seen with AA alone.
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Introduction

Chick mandible provides an ideal model for understanding
mechanisms of chondrogenesis and osteogenesis of ecto-
mesenchymal cells. Mandibular ectomesenchymal cells which are
derived from the neural crest (i.e. are ectodermalin origin) give rise
to a rod-like cartilaginous structure known as Meckel's cartilage
and several membrane bones surrounding it. Most cartilages that
appear during embryonic development undergo endochondral
ossification and are replaced by bone. Only a few remain as
permanent cartilages.

The main body of Meckel's cartilage in birds does not undergo
endochondral ossification, but remains as a permanent cartilage
(Romanoff, 1960). The main body of Meckel's cartilage in mam-
mals studied to date also does not undergo endochondral ossifica-
tion, but becomes the sphenomandibular ligament (Bhaskar et al..
1953; Richany et al., 1956). The mechanisms directing chondrocytes
towards a certain fate, whether to remain permanently cartilaginous
or to undergo endochondral ossification, are not fully understood.
Such mechanisms could be intrinsic to particular cartilages or
regulated by the microenvironment (Solursh etal., 1986; Castagnola
etal., 1987).
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Although muchwork has beendone to understand endochondral
ossification in mesodermally-derived cartilages such as growth
plates in long bones and the sternum, endochondral ossification of
ectodermally-derived cartilages has not been well studied. In
growth plate cartilage during endochondral ossification, resting
chondrocytes proliferate and then mature into hypertrophic
chondrocytes which are by definition, much larger in size than
chondrocytes. Maturing and hypertrophic chondrocytes re-organ-
ize the extracellular matrix and facilitate subsequent mineralization
by synthesizing high levels of alkaline phosphatase and by secret-
ing type X collagen while decreasing secretion of type |l collagen
(Capasso et al., 1982; Schmid and Conrad, 1982; Chen et al.,
1992; Valle et al., 1993). During in vivo development, either
mineralized cartilage degenerates and is replaced by osteoblasts
broughtin by the circulation (Poole, 1991), or cells from mineralized

Abbreviations wsed in this paper: AA, ascorbic acid; ECM, extracellular matrix;
DEX, dexamethasone; EDTA, ethvlene diamine tetraacetic acid; BGP, -
glycerophosphate; FITC, Quorescein isothiocvanate; NBF, neutral bullered
formaline; PAGE, polyacrvlamide gel electrophoresis; PBS, phosphate buff-
ered saline: SDS, sodium dodecvle sulfate; T1, treatment 1: cultures treated
with AA+DGE: 12, treatment 2: cultures treated with DEX+AA+BGP.
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Fig. 1. Photomicrographs of live micromass cultures of mandibular
ectomesenchymal cells showing initial stages of chondrogenic differ-
entiation. (A) The central area of a micromass, 1 h after inoculation Cells
were inoculated at a high cell density (2x107 cells/ml), as 10 pl drops on to
the bottom of wells in 24-well tissue culture plates. Note that within 1 h,
cells have adhered to tissue culture plastic and appear fibroblastic in
morphology. (B} Signs of initiation of chondrogenesis in a 2 day-old control
culture. Chondrogenic foci (c) appear as swirls of cells. Atday 2, there were
no recognizable differences between control cultures and either of the
treated (T1 and T2) cultures. Bar, 92 um for both figures.

cartilage are released from lacunae, become osteoblasts and
secrete bone matrix (Richman and Diewert, 1988; Yoshioka and
Yagi, 1988). Since type X collagen is restricted to hypertrophic
cartilage in vivo, secretion of type X collagen has been used for the
past decade as a marker for chondrocyte hypertrophy both in vive
and in vitro (Gibson and Flint, 1985; Schmid and Linsenmayer,
1985a.b; Poole and Pidoux, 1989).

Previous studies have shown that chondrocytes frem normally-
hypertrophic cartilage produce type X collagen when maintained in
vitro, but that chondrocytes from permanent cartilages do not
(Gibson et al, 1984; Reginato et al., 1986; Gerstenfeld et al.,
1989). However, chondrocyte hypertrophy can be manipulated by
changing environmental conditions. A number of environmental
factors that enhance in vitro expression of type X collagen by
chondrocytes from normally-hypertrophic cartilage have been
described by several groups. These include culture of chondrocytes
in suspension (Castagnola et al., 1986; Adams et al., 1989), in a
three dimensional matrix such as hydrated collagen gels (Solursh
et al., 1986) or agarose (lwamoto et al., 1989; Hunter et al., 1993),
exogenous addition of ascorbic acid (Hall, 1981a; Leboy et al.,
1989:; Wu et al., 1989; Gerstenfeld and Landis, 1991), retinoic acid

Fig. 2. The central region of 6-day-old micromass cultures stained
with alcian blue at pH 1.0 to distinguish cartilage nodules. (A,B,C)
Control, T1 and T2 cultures respectively. Note that the cartifage nodules in
the control culture are larger but fewer in number than nodules in T1 and
T2 cultures. The diameter of the central cartilaginous region is largerin T1
than in control and T2 cultures. Bar, 0.4 mm for all the figures.




TABLE 1

THE EFFECT OF AA AND DEX ON CHONDROGENESIS OF
ECTOMESENCHYMAL CELLS IN MICROMASS CULTURE

Control T T2
(AA+BGP) (DEX+AA+BGF)
Mean # nodules per mass 47+ 32 160+ 38 127+ 80
Mean diameter of the
cartilaginous area (mm) 3.20£0.06 3801009 286x0.09

Five masses from each of the culture groups were analyzed in calculating
the mean number of nodules per micromass and the average diameter of
the cartilaginous area in the micromass (tvalues are standard deviation).
One-way ANOVA (P<0.0001, F= 569.41 with 2, 12 DF) followed by the
Tukey multiple Range test at a= 0.05 indicated that the mean numbers of
nodules per mass for each of the three culture groups were significantly
different. Similarly, one-way ANOVA (P<0.0001, F= 160.74 with 2, 12 DF)
followed by the Tukey multiple Range test at u= 0.05 indicated that the
mean diameter of the cartilaginous area for each of the three culture groups
were also significantly different. Furthermore, semi-guantitative data on
cartilage nodule size (data not shown) indicated that the control cultures
produced larger nodules while T2 cultures produced smaller nodules than
T1 cultures (see also Fig. 2A-C)

(Oettinger and Pacifici, 1990; Pacifici et al., 1991b), thyroxin,
insulin or serum (Bruckner et al., 1989; Bohme et al., 1992; Quarto
et al., 1992).

Interestingly, similar /in vitro environmental conditions induce
type X collagen expression in chondrocytes from permanent
articular cartilage (lwamoto et al., 1989; Pacifici et al.,, 1991a) and
also in chondrocytes from the caudal portion of the sternum which
normally do not undergo hypertrophy until much later in develop-
ment (Solursh et al., 1986; Castagnola et al., 1987; Pacifici et al.,
1991b).

Most studies on mechanisms that determine the fate of
chondrocytes have used mesodermally-derived cartilages. Only a
few have used ectodermally-derived cartilage cells. A study by
Richman and Diewert (1988) indicated that the main body of
Meckel's cartilages of rats maintainedin ocular culture transformed
into fibroblasts mimicking the in vivo situation. However, another
study indicates that mesenchymal cells from maxilla and mandible
of the chick can be induced to produce type X collagen by culturing
in collagen gels (Solursh et al., 1986).

Ascorbic acid (vitamin C), a factor that promotes collagen X
expression in mesodermally-derived chondrocytes has long been
known to be involved with endochondral ossification and with
collagen biosynthesis in other skeletal tissues in vivo (Schiltz et al.,
1977). Corticosteroids also have been shown to induce precocious
accumulation of calcium and matrix vesicles formation in young
condylar cartilage cells (Lewinson and Silbermann, 1984) and to
stimulate expression of the osteoblastic phenotype in periosteal or
bone marrow cells (Tenenbaum and Heersche, 1985; McCulloch
and Tenenbaum, 1986; Bhargava et al., 1988).

In the present study, we further extend current knowledge on
chondrocyte maturation and mineralization to cells derived from
the neural crest. We do this by examining whether the permanently
cartilaginous cells of Meckel's cartilage of the chick can be induced
to mature in vitro by addition of either ascorbic acid (AA) or
dexamethasone and ascorbic acid (DEX+AA) and if so, whether in
a pattern typical of the in vivo hypertrophy and mineralization seen
in other cartilages. Cultures were supplemented with B-
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glycerophosphate (BGP) to facilitate mineralization. Analyses were
done using histological, immunochistochemical and biochemical
methods.

Our results indicate that cartilage nodules formed in micromass
cultures of mandibular ectomesenchymal cells can be induced to
undergo maturation and mineralization following manipulation of
their environment. AA and BGP induced type X collagen expres-
sion, which was followed by mineralization. However, type X
collagen expression and chondrocyte hypertrophy occurred inde-
pendently. Dexamethasone decreased chondrogenesis and inhib-
ited AA-induced chondrocyte maturation and mineralization.

Results

The effect of AA and DEX on chondrogenesis and chondrocyte
maturation in cultures of mandibular ectomesenchymal cells from
HH stage 21 chick embryos were examined under long-term (up to
21 days) micromass culture conditions. Each of the three groups of
cultures; control, T1 (treated with AA+BGP) and T2 (treated with
DEX+AA+BGP) contained 24 micromasses plated as 1 micromass
per well in a 24-well tissue culture plate. Similar results were
obtained in three replicate experiments.

During the first 3 days of culture, there were no distinguishable
differences in organization of micromasses in control and treat-
ment groups. Within one hour of incubation, cells adhered to the
culture plate and appeared fibroblastic (Fig. 1A). Cell density was
much higher in the center of each micromass than at the periphery.
At day 2, swirl-like prechondrogenic cell condensations were
apparent in the center of the micromasses of all three culture
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Fig. 3. The effect of AA and DEX on the production of cartilage matrix
by mandibular ectomesenchymal cells undergoing chondrogenesis.
Six-day-old micromass cultures were stained with alcian blue at pH 1.0.
Alcian blue bound to cartilage matrix in each micromass was extracted in
guanidine hydrochloride and quantified by spectrophotometry. OD value at
650 nm for individual micromass was measured against a guanidine
hydrochloride blank and the mean OD value of each treatment group was
compared with that of control when determining significance (n= 6-8 per
culture group). The amount of alcian blue bound to cartilage matrix was
significantly higher in T1 cultures (treated with AA in the absence of DEX)
and less in T2 cultures (treated with DEX+AA) than control cultures
(P<0.001 and 0.002 respectively). Bar represents standard error.
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Fig. 4. Expression of collagen Il by cells undergoing chondrogenesis. Cryosections of central region of 8-day-old micromass cultures stained with
anti-chicken type Il collagen monoclonal antibody followed by fluorescein isothiocyanate (FITC) conjugated secondary antibody. All culture groups stained
positively for type Il collagen. Positive staining is uniformly distributed in the extracellular matrix. (A,B,C) Controi, T1 and T2 cultures respectively. Bar,

19.5 um for all the figures.

groups (Fig. 1B). By day 3, cells in these chondrogenic foci
appeared round or polygonal and had extracellular matrix around
them that stained positively with alcian blue at pH 1.0. These cell
condensations gradually developed into cartilage nodules. Cells at
the periphery of the micromass appeared fibroblastic.

However, beginning at day 4 or 5, there were distinguishable
differences in the amount of chondrogenesis between the three
groups. The central cartilaginous area was larger in T1 and
smaller in T2 than in control cultures (Fig. 2A-C, Table 1). The
number of cartilage nodules per mass at day & was consistent
within each treatment group but varied significantly between
treatment groups (Table 1). Control cultures contained the lowest,
while T1 cultures contained the highest number of cartilage
nodules. The size of cartilage nodules varied within each mass.
However, on average, control cultures had much larger and more
spread widely nodules than the two treatment groups (Fig. 2A-C).
Therefore, the three dimensionality of cartilage nodules was less
discrete in control cultures than in cultures of the two treatment
groups. In all cultures regardless of treatment, some adjacent
nodules coalesced to form larger nodules. Such coalescence was
greater in control cultures than in the two treatment groups. Due
to variation in the size and degree of coalescence, a number of

cartilage nodules could not be used as a quantitative measure of
chondrogenesis. Therefore, spectrophotometric analysis of ma-
trix-bound alcian blue (Lev and Spicer, 1964) was usedto quantify
the amount of cartilage matrix produced by micromass cultures in
the different treatment groups. There were significant differences
in the amount of cartilage matrix produced by micromasses in
control and different treatment groups. T1 cultures produced
significantly more cartilage matrix while T2 cultures produced
significantly less than control cultures (Fig. 3).

These results indicate that mandibular ectomesenchymal cells
can undergo chondrogenesis and form cartilage nodules even in
the absence of AA, but in the presence of AA, chondrogenesis is
significantly enhanced. When AA treated cultures were co-treated
with DEX, chondrogenesis was reduced to a level significantly
below even control cultures.

Expression of collagens

Immunohistochemical visualization of type Il collagen demon-
strated the presence of this cartilage-specific collagen in the
matrix of chondrocytes in all three groups of cultures (Fig. 4A-C).
Type |l collagen appeared to be uniformly distributed in the
extracellular matrix.

Fig. 5. Expression of type X collagen by cultures at day 10. Wax sections of micromass cultures were stained with monoclonal antibody for chicken
type X collagen followed by a secondary antibody conjugated with FITC. (A} Fluorescent micrograph of a cartilage nodule in controf culture. Note the
absence of positive antibody staining (B) A phase contrastimage of the same specimen. (C) A fluorescent micrograph ofaT1culture. This cartilage nodule
was formed by the coalescence of 3 adjacent nodules. Note the presence of positive antibody staining in the pericellular matrix of chondrocytes (arrow
heads) at the periphery of the coalesced nodules. More centrally located chondrocytes (c) are larger in size but do not express type X collagen at day
10.|D) A phase contrastimage of the specimen shown inC. (E) A fluorescent micrograph of 8 cartilage nodule in a T2 culture. There is no positive antibody

staining in the matrix. (F) A phase contrast image of the specimen shown in E. Bar, 33 um for A, 40 um for B, 39 um for C and D, 38 um for E and 45
um for F.
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Fig. 6. Immunofluorescent localization of type X collagen expression
by T1 cultures at different times in culture. (A) A cartilage nodule in an
8-day-old culture. There is no positive antibody staining in the extracellular
matrix of chondrocytes (c). (B) A high magnification fluorescent micro-
graph of a cartilage nodule in a 10-day-old culture. At this stage type X
collagen is expressed by those chondrocytes at the periphery of cartilage
nodules regardless of cell size. Type X collagen is mainly located in the
pericellular matrix (arrow). More centrally located chondrocytes (c) are
much larger and appear hypertrophic but do not express type X collagen.
(C) A high magnification fluorescent micrograph of a cartilage nodule in a
15-day-old culture. At this stage both peripheral and central chondrocytes
have type X collagen in pericellular matrix. Bar, 31 um for A and 20 um for
Band C.
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Fig. 7. SDS/PAGE of collagens extracted by pepsin digestion of
control (lanes 2,5}, T1 (lanes 3,6) and T2 (lanes 4, 7) cultures. Collagens
were extracted from cultures at two different time intervals; after 8 days
of culture (lanes 2,3,4) and after 13 days of culture (lanes 5,6,7). Samples
were analyzed in a 8% gel and stained with Coomassie blue followed by
silver stain. Note that type X collagen [c,(X)], a 45 kDa protein, is present
onlyinlane B, T1 cultures, cultured for 13 days. Type land Il collagens (110-
120 kDa) are also present in varying amounts in all the samples. Lane 1
contains molecular weight markers.

Type X collagen was absent in control and T2 cultures through-
out the culture period. However, type X collagen was observed in
T1 cultures, beginning at day 10 of culture (Figs. 5A-F, 6A,B, 10).
Type X collagen was located pericellularly, as a brightly fluorescing
layer just outside the cell membrane. Initially, type X collagen was
present mostly around cells at the periphery of each cartilage
nodule regardless of cell size. Although chondrocytes occupying
the center of each nodule appeared much larger, they did not
express type X collagen atday 10 (Figs. 5C, 6B). In older cultures,
collagen X was present throughout the nodule (Fig. 6C). This
pattern of type X collagen expression was seen in three replicate
experiments and indicated a lack of correlation between cell size
and expression of type X collagen, suggesting that type X collagen
expression and chondrocyte hypertrophy may be independent
processes.

Immunohistochemical observations were confirmed by analy-
sis of cell cultures and the respective culture medium by SDS/
PAGE (Fig. 7). Cell cultures at two different ages (culture days 8
and 13) were analyzed. At day 8, collagen type X (Mr=45kDa) was
absent from all the cultures. Collagens with high molecular weights
(Mr=110-120 kDa) were present. These may represent chains of
collagen | (from peripheral fibroblasts) and Il (from chondrocytes).
However, atday 13, type X collagen was presentin T1 cultures, but
not in either control or T2 culture groups. Interestingly, T2 cultures
were given DEX in addition to AA and BGP. As chserved by both
immunohistochemical and SDS/PAGE analysis, co-treatment with
DEX abolished the AA and BGP-induced expression of type X
collagen.

Mineralization of cultures
Mineralization was absentin both control and T2 cultures during
the whole culture pericd of 21 days. However, in T1 culiures,
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Fig. 8. Photomicrographs of live micromass cultures showing the presence or absence of mineralization in cartilage nodules. Only the central

cartilaginous region of each micromass i1s shown. (A} A T1 culture showingnitiation of mineralization (m) at day 12 of culture. Note that only a few cartilage
nodules located at the periphery of the cartilaginous mass have begun mineralization. The rest is unmineralized (c). (B) A 14-day-old T1 culture showing
the progression of mineralization (m) in cartilage nodules. Cartilage nodules (c) located at the center of the micromass are unmineralized. (C) A 20-day-
old T1 culture showing heavy mineralization (m). Only a few cartilage nodules (c) at the center are unmineralized. (D) A high magnification photomicrograph

of a specimen similar to A above showing a nodule initiating mineralization (large arrow) and a mineralizing nodule (m) at a more advanced stage (two
small arrows indicate the direction of spreading of mineralization). Mineralization is initiated at a focal point and spread throughout the nodule. (E) A 20-
day-old T2 culture. All the cartilage nodules (c) are unmineralized. Note that the cartilaginous area is much smaller inE (culture treated with DEX+AA+B3GP)
than in A,B and C (cultures treated with AA+BGP only). (F) A 20-day-old control culture. There is no evidence of mineralization. The micromass is
disintegrating and has began to peel off from the culture dish. In all the cultures, the area surrounding the central cartilaginous region and the internodular

space is occupied by fibroblasts (f). Bar, 30 um for D and 0.65 mm for all the other figures

expression of type X collagen was followed by cartilage matrix
mineralization (Fig. 8A-E). By day 12, signs of mineralization were
apparent in live cultures as small black spots in some of the
peripheral cartilage nodules (Fig. 8A,D). With further time in
culture, mineralization gradually spread throughout these nodules
and to other adjacent nodules in the micromass (Fig. 8B). By day
20, the whole cartilaginous area in these cultures was mineralized
to near completion (Fig. 8C). Wax sections of these cultures
stained by Von Kossa's silver deposition method, which blackens
the mineralized matrix by deposition of silver, demonstrated the
presence of mineralized cartilage matrix only in T1 cultures (Fig.
9A-E).

The summary of histological, immunofluorescent and SDS/
PAGE analysis of cultures is diagrammatically shown in Fig. 10 to
illustrate the chronological order of events that occurred during
chondrogenic maturation induced by AA and BGP.

Even though type X collagen expression was followed by
mineralization, it did not follow the pattern of type X collagen
expression. Type X collagen wasiinitially expressed by chondrocytes
located at the periphery of each nodule, but mineralization was

initiated by a group of chondrocytes at a particular focal point within
the nodule (Figs. 8D, 9C; compare these with Figs. 5C, 6B) and
then spread throughout the nodule (Fig. 9D,E).

The pattern of type X collagen expression and mineralization as
revealed by immunohistochemical and histological analysis, as
well as morphological observations of live cultures are collectively
shown diagrammatically in Fig. 11. Not only did type X collagen not
correlate with hypertrophy, its initial expression did not spatially
correlate with initiation of mineralization either. On the other hand,
cartilage matrix mineralization occurred only in those cultures
expressing type X collagen.

Discussion

All the cartilages in the body except those in the craniofacial
region are derived from embryonic mesoderm. Craniofacial carti-
lages are derived from the neural crest, an ectodermal structure.
During develcpment, most cartilages are replaced by bone in a
process of endochondral ossification which involves maturation of
chondrocytes leading to chondrocyte hypertrophy, mineralization
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and replacement of cartilage by bone. In contrast, a few cartilages
that appear during embryonic development maintain their
chondrocytes at a resting stage and remain permanently
cartilaginous throughout adult life.

Mechanisms that determine the fate of chondrocytes either to
remain permanently cartilaginous or to undergo further maturation
followed by endochondral ossification are not well understood.

Fig. 9. Photomicrographs of sections of micromass
cultures stained by Von Kossa's method to confirm
mineralization of cartilage (mineral deposits are
stained in black). (A,B) Cartilage nodules (c) in a 14-
day-old control and T2 cultures respectively. Note the
absence of mineralization in both cultures. (C) A carti-
lage nodule (c) in a 12-day-old T1 culture. Note the
beginning of mineralization of extracellular matrix in
oneregion (arrow). D) Cartilage nodules in a 14-day-old
T1 cufture showing heavy mineralization. (E) A high
magnification micrograph of a partially mineralized car-
tilage nodule in a similar culture. Note the presence of
small chondrocytes f(arrow) as well as large
chondrocytes (asterisk) with mineralized matrix . Bar,
39um for A, B and D, 78 um for C and 16 um for E

These mechanisms could be either intrinsic to particular cartilages
or environmentally regulated (Solursh et al., 1986; Castagnola et
al., 1987; Eavey et al., 1988). In the present study we examined
ectomesenchymal cells that give rise to Meckel's cartilage (perma-
nently cartilaginous) of the chick for their ability to undergo
chondrogenesis and further chondrocyte maturation under the
influence of AA and DEX.
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Fig. 10. The summary of histological, immunofluorescent and SDS/
PAGE analyses of micromass cultures. Cartilage (as determined by the
presence of round cells with alcian blue-staining extracellular matrix and
type Il collagen) is present in all culture groups starting at day 2, but type
X collagen and matrix mineralization are present only in T1, type X collagen
appearing at day 10 and mineralization at day 12.

Chondrogenic differentiation

Mandibular ectomesenchymal cells cultured as micromassesin
control and treated media underwent chondrogenesis as evident
by rounded cells secreting extracellular matrix which stained
positively with alcian blue at low pH and which also contained type
Il collagen. In all three culture groups, cells undergoing
chondrogenesis produced cartilage nodules. However, there were
differences in the amount of chondrogenesis and the ability to
undergo chondrocyte maturation depending on the treatment
used.

The effect of AA

Ascorbic acid significantly enhanced chondregenesis. Cultures
treated with AA in the absence of DEX produced more cartilage
nodules than control or DEX-treated cultures. Spectrophotometric
analysis of sulfated proteoglycans in the cartilage matrix also
indicated that these cultures were producing significantly higher
levels of cartilage matrix than control or DEX-treated cultures.

With further time in culture, these cultures produced type X
collagen as a pericellular matrix layer around chondrocytes. Type
X collagen was not observed in control or DEX-treated cultures.
During in vivo development, type X collagen is produced only by
chondrocytes undergoing maturation leading to hypertrophy (Poole,
1991). Our results show that environmental conditions can induce
maturation of chondrocytes that form Meckel's cartilage of the
chick.

Ascorbic acid has been previously shown to enhance
chondrogenesis and cartilage nodule formation (Levenson, 1969;
Bounelis and Daniel, 1983). It also enhances hypertrophy of
normally-hypertrophic chondrocytes from vertebrae (Gerstenfeld
and Landis, 1991), sternum (Leboy et al., 1989) and growth plate
(Wu et al, 1989) and induces hypertrophy of normally non-
hypertrophic chondrocytes from articular permanent cartilage
(Pacifici et al., 1991a). Exact mechanisms of the action of AA are
not known. However it is known that AA plays a role in collagen
biosynthesis (Berg and Prockop, 1973; Olsen, 1981).
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In our cultures, chondrocytes expressing type X collagen were
initially located at the periphery of cartilage nodules, even though
a large number of these cells were smaller in size than those
chondrocytes located in the center of nodules. This feature was
seenin all the cultures treated with AA in the absence of DEX. With
further time in culture, chondrocytes in the center of cartilage
nodules also expressed collagen X. Ascorbic acid in the culture
medium may be more easily accessible to peripheral chondrocytes
than central chondrocytes in the same nodule, so thatthey respond
to AA earlier than more centrally located chondrocytes.

The size of chondrocytes did not appear to be a factor affecting
expression of type X collagen. Pacifici et al. (1991b) also have
indicated lack of recognizable size difference between type X
collagen producing and non-producing chondrocytes. However,
during in vivo endochondral ossification, chondrocyte size in-
creases 5-10 fold as they become hypertrophic (Buckwalter et al.,
1986; Hunziker et al., 1987). During this process chondrocytes
begins to express type X collagen (Poole, 1991). Therefore, it is
commonly acceptedthattype X collagenis a product of chondrocytes
undergoing hypertrophy and it has been widely used as a marker
for chondrocyte hypertrophy (Poole, 1991). Our results suggest
that chondrocyte hypertrophy is not required for collagen X expres-
sion and that these can be two separate events.

Expression of collagen X in cultures treated with AA in the
absence of DEX was followed by mineralization as evident by
mineral deposits in live cultures and Von Kossa's staining (Page,
1982). Mineralization was first observed 2 days after the first
appearance of type X collagen. B-Glycerophosphate added to the
culture medium may have facilitated cartilage mineralization. B-
Glycerophosphate has been previously shown to enhance miner-
alization only in chondrocytes undergoing maturation (Coe et al.,
1992).

The pattern of mineralization did not follow the pattern of initial
expression of type X collagen in cartilage nodules. Type X collagen
was initially expressed by peripheral chondrocytes in nodules.

cartilage nodule

initial expression of
type X collagen

9

focus of
mineralization

Fig. 11. A diagrammatic illustration of cartilage nodules in cultures
treated with AA+RGP in the absence of DEX to show that initiation of
mineralization does not follow the pattern of type X collagen expres-
sion. Type X collagen is initially expressed by chondrocytes located at the
periphery of each nodule (dotted area) and then spreads to more centrally
located chondrocytes (arrow heads). Mineralization initiates at a particular
focus, and gradually spreads throughout the nodule as indicated by the
arrows. Mineralization occurs only in cultures that express type X collagen,
appearing 2 days after the initial expression of type X collagen
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However, mineralization was initiated in a focal point and gradually
spread throughout the nodule.

The role of type X collagen in cartilage is not known. It has been
previously suggested that type X collagen may facilitate the re-
moval of cartilage matrix during endochondral ossification (Schmid
and Linsenmayer, 1987), play a role in calcification (Schmid and
Linsenmayer, 1987) or function as a scaffold to prevent collapse of
the cartilage matrix as proteoglycans and type Il collagen are
degraded (Upholt and Olsen, 1991). In our study, because 1) only
those cultures expressing type X collagen undergo mineralization,
and 2) type X collagen expression is followed by mineralization,
type X collagen may be involved in some aspect of mineralization.

The effect of DEX

Unlike AA, DEX did not enhance chondrogenesis. When cul-
tures were co-treated with AA and DEX, chondrogenesis was
significantly reduced to a level below that of control cultures and
cultures treated with AA alone as evident by alcian blue
spectrophotometry. Chondrogenesis-inhibitory (Barreit et al., 1966;
Tessler and Salmon, 1975; Silbermann et al., 1987) as well as
promoting actions (Bellows et al., 1989; Grigoriadis et al., 1989) of
glucocorticoids have been reported before. In addition, our cultures
treated with DEX did not express type X collagen or matrix
mineralization atany time during culture. Lewinson and Silbermann
(1984) have previously reported a mineralization-promoting action
of corticosteroids. Under the culture conditions used in the present
study, DEX inhibited the chondrocyte maturation and mineraliza-
tion induced by AA. Differing actions of glucocorticoids on
chondrogenesis and mineralization no doubt have several expla-
nations such as the complex nature of action of glucocorticoids, the
influence of other molecules in the microenvironment, or the stage
of development of particular cartilages.

Our results indicate that cartilage nodules formed in cultures of
chick mandibular ectomesenchymal cells can be induced to
undergo maturation and mineralization by manipulating their
environment. Ascorbic acid and BGP induced type X collagen
expression followed by mineralization of cartilage matrix. Hyper-
trophy was not required for the expression of type X collagen and
mineralization of chondrocytes. Dexamethasone decreased
chondrogenesis and inhibited chondrocyte maturation and miner-
alization effect of AA.

Materials and Methods

Mandibular mesenchymal cells

Neural crest-derived ectomesenchyme in the chick mandible at HH
stage 21 was used in the present study. At this stage, mandibular
ectomesenchyme contains chondrogenic cells which give rise to future
Meckel's cartilage (Ekanayake and Hall, 1994). Mandibular
ectomesenchyme also gives rise to membrane bones at a later stage in
vivo, but it requires an osteo-inductive epithelial-mesenchymal-type inter-
action with the adjacent mandibular epithelium. This interaction is not
completed in vivo until HH stage 24 (Tyler and Hall, 1977; Hall, 1981b).
Therefore, mandibular ectomesenchyme at HH stage 21 is a suitable model
to study chondrocyte maturaticn and does not contain cells undergoing
intramembranous ossification.

Mandibular processes (first visceral arches) were collected and treated
with a mixture of trypsin and pancreatin (13:2 ratio) at a concentration of
1.5% in Tyrode's solution at 4°C for 1 h and 15 min to facilitate removal of
the epithelia. The epithelium was manually removed from each mandibular
process under a dissecting microscope. The remaining mesenchyme were
pooled and vigorously mixed in a small velume of culture madium (400-600
ul) with a flame-drawn pasture pipette to prepare a single cell suspension.

Cell culture

Cell number in the suspension was counted using a hemacytometer.
Cell density was adjusted to 2x107 cells per ml and plated as 10 ul drops
onto the bottoms of 24-well tissue culture plates (Falcon) for the formation
ot micromasses. Plates were incubated in a tissue culture incubatorat37°C
for 1 h to allow cells to attach to the culture plate and then flooded with
culture medium at 1 ml per well. The medium consisted of a mixture of
Ham's F12 and BGJb (3:1 ratio) and 10% fetal bovine serum (all from
Gibco).

Treatment with AA and DEX

Cultures were divided into three groups each containing 24 micromass
cultures, one per well, in a 24-well tissue culture plate. One group was kept
as the control, the second group (T1) was treated with AA (150 pg/ml) and
the third group (T2) was treated with AA (150 ug/ml) and DEX (107M). The
two treatment groups were also given BGP (10 mM) to facilitate minerali-
zation (Tenenbaum and Heersche, 1982). Treatment with all reagents was
started 24 h after initial plating and continued throughout culture. Media
were changed daily. Cultures were examined regularly and photographed
under an inverted microscope. Cells were kept up to 21 days in culture. The
experiment was repeated twice.

Histology

Micromass cultures were fixed in neutral buftered formalin (NBF) and
stained as whole-mounts with alcian blue at pH 1.0 overnight to distinguish
cartilage nodules. Some formalin-fixed specimens were embedded in
paraplast, sectioned at 6 um and stained following Von Kossa's method
(Page, 1982) to distinguish mineralized tissue.

Immunohistochemistry

Both cryosections and wax sections were used forimmunohistochemical
staining. For cryosectioning, unfixed cultures were quick-frozen in O.C.T.
compound (Tissue-Tek 4583, Miles Scientific Division, Naperville, IL, USA)
and sectioned (6 um)in a crycstat. Sections were fixed in 100% acetone for
10 min, airdried and stored at-20°C until use. Acetone-fixed sections were
mostly used for collagen |l staining. For wax embedding, specimens were
fixed in NBF at 4°C, dehydrated in ethancl at 4°C, embedded in X-tra (low
melting point) paraplast and sectioned. Mineralized cultures were
demineralized prior to wax embedding following Bourque et al. (1993).
Briefly, specimens were fixed overnight at 4°C in a freshly prepared
periodate-lysine-paraformaldehyde fixative (2% para-formaldehyde con-
taining 0.075M lysine and 0.01M sodium periodate), washed in phosphate
buttered saline (PBS), decalcified in a solution of ethylenediamine tetraacetic
acid (EDTA, 0.5M) and glycerol (15%) at pH 7.3 for 4-6 days at 4°C, washed
in PBS, dehydratedin ethancl, embedded in X-tra paraplast and sectioned.
Wax sections were dewaxed in Histoclear and rehydrated in a series of
ethanols prior to antibody staining.

Antibody staining

Cryosections and rehydrated wax sections were rinsed in PBS and
digested tor 30 min at 37°C with bovine testicular hyaluronidase (0.5 mg/
mlin 10 mM potassium and sodium phosphate buffer; Jacenko and Tuan,
1987). They were then incubated with monoclonal antibodies to either
chickentype Il or X collagen raised in mice (donated by Dr. T. Linsenmayer,
Tufts University, Boston, MA. USA) for 2 h at room temperature followed by
fluorescein-conjugaied rabbit antimouse IgG (Sigma) for 30 min at room
temperature and mounted in Vectarsheild (Dimensions Lab.).

SDS/PAGE for collagens

Collagens were extracted from micromass cultures at two different
stages; after 8 days of culture (4 days prior to the appearance of minerali-
zation in cartilage nodules), and after 13 days of culture (one day after the
first sign of mineralization). Cultures that were used for SDS/PAGE were
given B-aminopropicnitrile fumarate (100 ug/ml, Sigma) during the last 24
h of culture to prevent cross-linking of collagen fibers. Medium was
collected and frozen until use. Micromasses were scraped from the bottom
of the plates. cut into small pieces in 100 ul of 0.5 M acetic acid, 0.2 M
sodium chloride, and treated with pepsin (200 pg/ml, Worthington) in a




microcentrifuge vial at 4°C for 18 h. Samples were neutralized by addition
of 5N sodium hydroxide and centrifuged briefly to remove insoluble mate-
rials. Supernatant was frozen until use. Collagens in culture medium were
precipitated with ammonium sulfate (176 mg/ml) tor 18 h at 4°C with gentle
stirring. Precipitate was collected by centrifugation, resuspended in 0.5 N
acetic acid and digested with pepsin (200 ug/ml) for 18 h at 4°C. These
pepsin-digested samples were pooled with pepsin-digested extracts from
respective cell cultures, dialyzed against 0.01% SDS, 2 mM EDTA and
lyophilized.

Lyophilized samples were dissolved in sample buffer containing 10 mM
Tris. hydrochloride (pH 8.0), 1 mM EDTA, 1% SDS, 10% glycerol and
analyzed by SDS/PAGE (Laemmli, 1970; Sambrook et al, 1989). The
concentration of acrylamide was 8%. Protein bands were visualized by
Coomassie brilliant blue R-250 followed by silver staining (Sigma).

Quantitative analysis of cartilage matrix production by alcian blue
extraction

Micromass cultures in 24-well plates (6-day-old, 6-8 micromasses per
freatment group) were fixed in Kahle's fixative for 30 min at 4°C, washed
with 3% acetic acid at pH 1.0 and stained overnight with 1% alcian blue 8GX
in0.1% HCl at pH 1.0 (Lev and Spicer, 1964). Cultures were washed with
0.1 N HClI to remove unbound stain. Matrix bound alcian blue stain was
extracted from each micromass culture with 300 ul of 4 M guanidine
hydrochloride at 4°C for 16 h. 250 ul of extract from each culture was
removed to a 96-well microtiter plate and the absorbance at 650 nm was
read against a guanidine hydrochloride blank using a Dynatech MR5000
microplate reader.

Acknowledgments

The authors thank Dr. T. F. Linsenmayer of Tufts University School of
Medicine for providing anti-chicken type Il and type X collagen monocional
antibodies, Dr. T. MacRae at Dathousie University for his comments on
collagen gel electrophoresis and Dawn Josey for assistance in photogra-
phy. This work was supported by NSERC grant A5056 and the Killam Trust
of Dalhousie University.

References

ADAMS, S.L., PALLANTE, K.M. and PACIFICI, M. (1989). Effects of cell shape on
type X collagen gene expression in hypertrophic chondrocytes. Connect. Tissue
Res. 20: 223-232.

BARRETT, A.J., SLEDGE. C.B. and DINGLE, J.T. (1966). Effects of cortisol on the
synthesis of chondroitin sulphate by embryonic cartilage. Nature 211; 83-84.
BELLOWS, C.G.. HEERSCHE, J.N.M. and AUBIN, J.E. (1989). Effects of
dexamethasone on expression and maintenance of cartilage in serum-containing

cultures of calvaria cells. Cell Tissue Res. 256: 145-151.

BERG, R.A.and PROCKOP, D.J. (1973). The thermaltransition of a non-hydroxylated
form of collagen. Evidence for a role of hydroxyproline in stabilizing the triple helix
of collagen. Biochem. Biophys. Res. Commun. 52:115-120.

BHARGAVA, U.,BAR-LEV,M.,.BELLOWS, C.G.and AUBIN, J.E. (1988). Ultrastructural
analysis of bone nodules formed in vitro by isolated fetal rat calvaria cells. Bone
9:155-163.

BHASKAR, S.N., WEINMANN, J.P. and SCHOUR, I|. (1953). Role of Meckel's
cartilage inthe development and growlh of the rat mandible. J. Dent. Res. 12:398-
410.

BOHME, K., CONSCIENCE-EGLI, M., TSCHAN, T., WINTERHALTER, K.H. and
BRUCKNER, P. (1992). Induction of proliferation or hypertrophy of chandrocytes
in serum-free culture: the role of insulin-like growth factor-1. insulin or thyroxin. J.
Cell Biol. 116:1035-1042.

BOUNELIS, P. and DANIEL, J.C. (1983). The effect of ascorbate on embryonic chick
sternal chondrocytes cultured in agarose. Tissue Cell 15: 683-693.

BOURQUE, W.T., GROSS, M. and HALL, B.K. (1993). A Histological processing
technique that preserves the integrity of calcified tissues (bone, enamel). yolky
amphibian embryos and growth factor antigens in skeletal tissue. J. Histochem.
Cytochem. 41:1429-1434,

BRUCKNER, P., HORLER, |., MENDLER, M., HOUZE, Y., WINTERHALTER, K.H.,
EICH-BENDER, S.G. and SPYCHER, M.A. (1989). Induction and prevention of
chondrocyte hypertrophy in culture. J. Cell Biol. 109: 2537-2545.

Type X collagen expression and mineralization 693

BUCKWALTER, J.A.,, MOWER, D., UNGAR, R., SCHAEFFER, J. and GINSBERG,
B. (1986). Morphometric analysis of chondrocyte hypertrophy. J. Bone Joint Surg.
Am. 68:243-255.

CAPASS0, 0., GIONTI,E.. PONTARELLI, G., AMBESI-IMPIOMBATO, F.S., NITSOH,
L., TAJANA, G. and CANCEDDA, R. (1982). The culture of chick embryo
chondrocytes and the control of their differentiated functions in vitro. Exp. Cell Res.
142:197-206.

CASTAGNOLA. P., MORO, P., DESCALZI-CANCEDDA, F. and CANCEDDA, R.
(1986). Type X collagen synthesis during in vitro development of chick embryo
tibial chondrocytes. J. Cell Biol. 102: 2310-2317.

CASTAGNOLA, P., TORELLA, G. and CANCEDDA, R. (1987). Type X collagen
synthesis by cultured chondrocytes derived from the permanent cartilaginous
region of chick embryo sternum. Dev. Biol. 123: 332-337.

CHEN. Q., LINSENMAYER, C.. GU, H., SCHMID, T.M. and LINSENMAYER, T.F.
(1992). Domains of type X collagen: alteration of cartilage matrix by fibril associa-
tion and proteoglycan accumulation. J. Cell Biol. 117: 687-694.

COE, M.R., SUMMERS, T.A., PARSONS, S.J., BOSKEY, A.L. and BALIAN, G.
(1982). Matrix mineralization in hypertrophic chondrocyte cultures. Bone Miner. 18:
91-106.

EAVEY,R.D.. SCHMID, T.M. and LINSENMAYER, T.F. (1988). Intrinsic and extrinsic
controls of the hypertrophic program of chondrocytes in the avian columella. Dev.,
Biol. 126:57-62.

EKANAYAKE, S. and HALL, B.K. (1994). Formation of cartilaginous nodules and
heterogeneity in clones of HH 17 mandibular ectomesenchyme from the embry-
onic chick. Acta Anat. (In press).

GERSTENFELD, L.C. and LANDIS, W.J. (1891). Gene expression and extracellular
matrix ultrastructure of a mineralizing chondrocyte cell culture system. J. Cell Biol.
112:501-513

GERSTENFELD, L.C., FINER, M.H. and BOEDTKER, H. (1989). Quantitative analy-
sis of collagen expression in embryonic chick chondrocytes having different
developmental fates. J. Biol. Chem. 264:5112-5120.

GIBSON, G.J. and FLINT. M.H. (1985). Type X collagen synthesis by chick sternal
cartilage and its relationship to endochondral bone development. J, Cell Biol, 101:
277-284.

GIBSON, G.J., BEAUMONT, B.W. and FLINT, M.H. (1984). Synthesis of a low
molecular weight collagen by chondrocytes from the presumptive calcification
region of the embryonic chick sterna, The influence of culture with collagen gels.
J. Cell Biol. 99: 208-216.

GRIGORIADIS, A.E., AUBIN, J.E. and HEERSCHE, J.N.M. (1989). Effects of
dexamethasone and vitamin D3 on cartilage differentiationin a clonal chondrogenic
cell population. Endocrinofogy 125:2103-2110.

HALL, B.K. (1981a). Modulation of chondrocyte activity in vitroin respense to ascorbic
acid. Acta Anat. 109: 51-63.

HALL, B.K. (1981b). The induction of neural crest-derived cartilage and bone by
embryonic epithelia:an analysis ot the mode of action of an epithelial-mesenchymal
interaction. J. Embryol. Exp. Morphol. 64: 305-320.

HAMBURGER, V. and HAMILTON, H.L. (1951). A series of normal stages in
development of the chick embryc. J. Morphol. 88: 49-92

HUNTER, G.K.. HOLMYARD. D.P. and PRITZKER, P.H. (1993). Calcification of chick
vertebral chendrocytes grown in agarose gels: a biochemical and ultrastructural
study. J. Cell Sci. 104:1031-1038.

HUNZIKER, E.B., SCHENK, R.K. and CRUZ-ORIVE, L.M. (1887). Quantitation of
chondrocyte performance in growth-plate cartilage during longitudinal bone
growth. J. Bone Joint. Surg. Am. 69: 162-173.

IWAMOTO, M., SATO, K., NAKASHIMA, K., SHIMAZU, A. and KATO, Y. (1989).
Hypertrophy and calcification of rabbit permanent chondrocyles in pelleted
cultures: synthesis of alkaline phosphatase and 1,25-dihydroxycholecalciferol
receptor. Dev. Biol. 136: 500-507.

JACENKO, 0. and TUAN, R.S. (1986). Calcium deficiency induces expression of
cartilage-like phenotype in chick embryonic calvaria. Dev. Biol. 115: 215-232.

LAEMMLI, U.K. (1970). Cleavage of structural proteins during the assembly of the
head of bacteriophage T4. Nature 227: 680-685.

LEBOY, P.S., VAIAS, L., USCHMANN, B., GOLUB, E., ADAMS, S.L. and PACIFICI,
M. (1989). Ascorbic acid induces alkaline phosphatase, type X collagen and
calcium deposition in cultured chick chondrocytes. J. Biol. Chem. 264: 17281-
17286.

LEV, R.and SPICER, S.S. (1964). Specific staining of sulfate groups with alcian blue
at low pH. J. Histochem. Cytochem. 12:3089.

LEVENSON, G.E. (1969). The effect of ascorbic acid on monolayer cultures of three
types of chondrocytes. Exp. Cell Res. 55: 225-228.



694 S. Ekanayake and B.K. Hall

LEWINSON, D. and SILBERMANN (1984). In vitro precocious accumulation of
calcium and matrix vesicles formation in young cartilage cells: specific effects of
corticosteroids. Calcif. Tissue Int. 36:702-710

McCULLOCH, C.A.G. and TENENBAUM, H.C. (1986). Dexamethasone induces
proliferation and terminal differentiation of osteogenic cells in tissue culture. Anat.
Rec. 215:397-402.

OETTINGER, H.F. and PACIFICI, M. (1890). Type X collagen gene expression is
transiently up-regulated by retinoic acid treatment in chick chondrocyte cultures.
Exp. Cell Res. 191:292-298.

OLSEN, B.R. (1981). Collagen biosynthesis. In Cell Biology of Extracellular Matrix
(Ed. E.D. Hay). Plenum Press, New York, pp. 139-177.

PACIFICI, M., GOLDEN, E.B., ADAMS, SL. and SHAPIRO, .M. (1991a). Cell
hypertrophy and type X collagen synthesis in cultured articular chondrocytes. Exp.
Cell Res. 192: 266-270.

PACIFICI, M., GOLDEN, E.B., IWAMOTO, M. and ADAMS, S.L. (1991b). Retinoid
acid treatment induces type X collagen gene expression in cultured chick
chondrocytes. Exp. Celt Res. 195: 38-46.

PAGE, K. (1982). Bone and the preparation of bone sections. In Theory and Practice
of Histological Techniques (Eds. J.D. Bancroftand A. Stevens). Churchill Livingstone
Press, New York, pp. 324-325.

POOLE, A.R. (1991). The growth plate: cellular physiology, cartilage assembly and
mineralization. In Cartilage: Molecular Aspects (Eds. B.K. Hall and §. Newman).
CRC Press, Florida, pp. 179-212.

POOLE, A.R. and PIDOUX, I. (1989). Immunoelectron micrescopic studies of type X
collagen in endochondral ossification. J. Cell Biol. 109: 2547-2554.

QUARTO, R., CAMPANILE, G., CANCEDDA, R. and DOZIN, B. (1992). Thyroid
hormone, insulin and glucocorticoids are sufficient to support chondrocyte differ-
entiation to hypertrophy: a serum-free analysis. J. Cell Biol. 119:989-995.

REGINATO, AM., LASH, JW. and JIMENEZ, S.A. (1986). Biosynthetic expression
of type X collagen in embryonic chick sternum cartilage during development. J.
Biol. Chem. 261:2897-2904.

RICHANY, S.F., BAST, T.H. and ANSON, B.J. (1956). The development of the first
branchial arch in man and the fate of Meckel's cartilage. Q. Bull. Northw. Univ.
Med. Sch.30:331-355.

RICHMAN, J.M. and DIEWERT, V.M. (1988). The fate of Meckel's cartilage
chondrocytes in ocular culture. Dev. Biol. 129: 48-60.

ROMANOFF, A.L. (Ed.) (1960). The Avian Embryo: Structural and Functional Devel-
opment. MacMillan Press, New York.

SAMBROOK, J., FRITSCH, E.F., MANIATIS, T. and IRWIN, N. (1983). Detection and
analysis of protein expressed from cloned genes. In Molecular Cloning: A
Laboratory Manual, Vol. 3 (Eds. C. Nolan, N. Ford and M. Ferguson). Cold Spring
Harbor Laboratory Press, New York, pp. 18.1-18.88.

SCHILTZ, J.R., ROSENBLOOM, J. and LEVENSON. G.E. (1977). The effects of
ascorbic acid deficiency on collagen synthesis by mouse molar tooth germs in
organ culture. J. Embryol. Exp. Morphol. 37.49-57.

SCHMID, T.M. and CONRAD, H.E. (1982). A unique low molecular weight collagen
secreted by cultured chick embryo chondrocytes. J. Biol. Chem. 257: 12444-
12450.

SCHMID, T.M. and LINSENMAYER, T.F. (1985a). Immunchistochemicallocalization
of short chain cartilage collagen (lype X)inavian tissues. J. Cell Biol. 100:598-605.

SCHMID, T.M. and LINSENMAYER, T.F. (1985b). Developmental acquisition of type
X collagen in the embryonic chick tibiotarsus. Dev. Biol. 107: 373-381.

SCHMID, T.M. and LINSENMAYER, T.F. (1987). Type X collagen. In Structure and
Function of Collagen Types (Eds. R. Mayne and R.E. Burgeson). Academic Press,
Orlando, pp. 223-259.

SILBERMANN, M., VON DER MARK, K., MAOR, G. and VAN MENXEL, M. (1987).
Dexamethasone impairs growih and collagen synthesis in condylar cartilage in
vitro. Bone Miner. 2: 87-106.

SOLURSH, M., JENSEN, K.L., REITER, R.S., SCHMID, T.M. and LINSENMAYER.
T.F. (1986). Environmental regulation of type X collagen produclion by cultures of
limb mesenchyme, mesectoderm and sternal chondrocytes. Dev. Biol. 117:90-
101.

TENENBAUM, H.C. and HEERSCHE, J.N.M. (1982}. Differentiation of osteoblasts
and formation of mineralized bone in vitro. Calcif. Tissue Int. 34:76-79.

TENENBAUM, H.C. and HEERSCHE, J.N.M. (1985). Dexamethasone stimulates
osteogenesis in chick periosteum in vitro. Endocrinology 117:2211-2217.

TESSLER, R.H. and SALMON, W.D. (1975). Glucacerticoid inhibition of sulfate
incorporation by cartilage of normal rats. Endocrinology 96: 898-902.

TYLER, M.S. and HALL, B.K. (1977). Epithelial influences on skeletogenesis in the
mandible of the embryonic chick. Anat. Rec. 188 229-240.

UPHOLT, W.B. and OLSEN, B.R. (1991). The active genes of cartilage. In Cartilage:
Molecular Aspects (Eds. B.K. Hall and S. Newman). CRC Press, Florida, pp. 1-58.

VALLE, P.L., IWAMQTO, M., FANNING, P., PACIFICI, M. and OLSEN, B.R. (1993).
Multiple negative elements in a gene that codes for an extracellular matrix protein,
collagen X, restrict expression to hypertrophic chondrocytes. J. Cell Biol. 121:
1173-1179.

WU, L.N.Y., SAUER, G.R., GENGE, B.R. and WUTHIER. R.E. (1988). Induction of
mineral deposition by primary cultures of chicken growth plate chondrocyles In
ascorbate-containing media. J. Biol. Chem. 264:21346-21355.

YOSHIOKA, C. and YAGI, T. (1988). Electron microscopic observations on the fate
of hypertrophic chondrocyles in condylar cartilage of rat mandible. J. Craniofac.
Gen. Dev. Biol. 8: 253-264.

Avcepted for publication: September 1994



