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Abstract. Endochondral bone formation occurs through amented that cells and matrix of cartilage undergo a series c
series of developmentally regulated cellular stages, fronsignificant morphological and biochemical changes [1]. In
initial formation of cartilage tissue to calcified cartilage, the proliferating zone, bordering the reserve zone, chondrc
resorption, and replacement by bone tissue. Nasal cartilags/tes multiply and then produce a hyaline extracellular ma:
cells isolated by enzymatic digestion from rat fetuses wererix containing types Il, IX, and Xl collagen. In the matu-
seeded at a final density of 1@ell/cn? and cultured in  ration zone, chondrocytes start to enlarge, and the size of tf
Dulbecco’s modified Eagle medium (DMEM) supple- cells is dramatically increased in the hypertrophic zone. Cel
mented with 10% fetal calf serum in the presence of ascorenlargement is accompanied by a reduction of matrix vol-
bic acid and3-glycerophosphate. First, cells lost their phe-yme [2, 3], type X collagen expression, and an increase il
notype but in this condition they rapidly reexpressed thegkaline phosphatase (ALP) activity [4]. Within the lower
chondrocyte phenotype and were able to form calcified carhypertrophic zone, the cartilage matrix calcifies, then par-
tilaginous nodules with the morphological appearance oﬁa”y resorbs and is replaced by bone.

cartilage mineralization that occuie vivo during endo- Chondrogenesis, the first step in the endochondral oss
chondral ossification. In this mineralizing chondrocyte cul-fication process, has been well describeditro. Cultures
ture system, we investigated, between day 3 and day 15, thg cariilage organ which maintained chondrocytes in their

pattern expression of types Il and X collagen, proteoglycar,,n"environment, and chondrocytes from the proliferative
core protein, characteristic markers of chondrocyte differ-,jna of epiphyseal growth plate cartilage have been used :
entiation, as well as alkaline phosphatase and osteocalc

associated with the mineralization process. Analysis of Ia@(perlmental models for studies related to cartilage growtt

beled collagen and immunoblotting revealed type | collage 5, 6]. To avoid heterogeneity of the primary cell culture,

. . h ell lines isolated from fetal rat calvariae have been used fo
synthesis associated with the loss of chondracyte phenotyp[ﬁe study of skeletal development [7, 8]. However, calvariae

at the beginning of the culture. However, our culture con-45” not develop via the endochondral pathway but via the

ditions promoted extracellular matrix mineralization and. . o
cell differentiation towards the hypertrophic phenotype_|r;trarT|1em”b|r'anouds pat2v¥ay of bone forrganon.l In addition,
This differentiation process was characterized by the induc$'©0"&! Cell lin€, derived from mouse embryonal carcinoma,

tion of type X collagen mMRNA, alkaline phosphatase, andS used as a model of chondrogenesis [9], but the cartilag
diminished expression of type Il collagen and core proteirpodule_s formed do not mineralize and cells need dexamett
of large proteoglycan after an increase in their mMRNA levelg?SOne in order to express chondrocyte phenotype.

before the mineralizing process. These results revealed dis- Furthermore, several chondrocyte culture systems hav
tinct switches of the specific molecular markers and indi-P€en described recently that support mineral formaiion
cated a similar temporal expression to that obseimedvo  VItro. These include chick embryo sternal suspension cul

recapitulating all stages of the differentiation program tures in agarose [10], micromass cultures of embryonic
vitro. chick limb buds [11], secondary cultures of eithreynad-

herentchick embryo vertebrae [12] adherentchick em-
Key words: Chondrocytes — Endochondral bone forma- bryo tibiae, followed by suspension culture [13]. In addi-
tion — In vitro mineralization — Collagens — Cartilage. tion, primary cultures of chick embryo cephalic, caudal ster-
nal chondrocytes [14], cultures of chick embryo
mesenchymal limb buds [15], and primary cultures of

. rowth plate chondrocytes from 6 to 8-week-old broiler-
The development and growth of long bones mainly occur b3gtrain chicken [16] have been reported. In some mineraliz

endochondral bone formation. During this process withining culture systems, the mineral formed by additionBef
the fetal growth plate, several studigsvivo have docu-  giycerophosphate or increased Pi levels appeared differel
_— from thein vivo situation [11, 17], resulting in the devel-
Correspondence toN. Kergosien opment of models that formed mineral without these addi-
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tives [16]. Nevertheless, most studies point to the imporCells were then seeded at a final density of ¢éll/cn? in 50 mm
tance of phosphate supplementation, by addition of eithefiameter culture dishes (Falcon, Polycabo, Strasbourg, Froance
B_glycerophOSphate or P| to the Culture medlum’ for propepultures were p|aced ina5% g@um|d|f|ed atmosphere at 37 C,
matrix calcification although the regulation of this processgnOI the culture medium was changed every 48 hours for up to 1
is not well understood. ays.

Moreover, much of our information is derived from the
de novaodifferentiation of cartilage cells from culture mes- )
enchyme dissociated from embryonic limb buds. HoweverCalvaria Cell Cultures

in vitro systems established from the mandibular condyle, a._, . 1 1 from 21-dav-old fetal Sprague Dawley rats

secondary type of cartilage, relate to mechanisms mvo!ve&ere isolated according to the myodified procgdugre outlinedyelse

in endochondral ossification. In this cartilage, progenitoryhere [22] and used as controls. Briefly, central parts of the pa

cells are biopotential with an ability to differentiate into rietal and frontal bone with their endosteum and periosteum wer

either cartilage or bone cells, depending upon local enviincubated for 2 hours at 37°C in PBS containing 0.25% collage-

ronment [18—20]. nase. Cells released from bone fragments were washed sevel
Nasal septal cartilage is a primary cartilage derived frontimes in PBS, counted, and seeded at a final dendity » 10"

a primordial cartilaginous mass called the Chondrocranium(?e”S/CH%- Then they were cultured under the same conditions a:

which is derived from the neural crest. Nasal septum acts a&ondrocyte cultures.

a pacemaker for the growth of the skull and the face. Con-

sequently, nasal cartilage-derived cells provide a model sys- _ ) ]

tem useful for the study of cranofacial development. How-Isolation and Biochemical Analysis of Collagens From

ever, few studies reported the reappearance of specific fun&ell Culture

tions among chondrocytes cultured from cartilage of o

mammal tissue and particularly their ability to synthesize a-ollagen purification was performed from days 3 to 15 of the

Hani : ; . ; e ulture. After washes with PBS, the cell layers were scraped an
ggml?/?\llgous matrix that mineralizes in a similar Sequenc%omogenized in acetic acid 0.5 M containing protease inhibitors (:

. mM phenylmethylsulfonyl fluoride, 2 mM N-ethyl maleimide, 2.5
Chondrocytes isolated from fetal rat nasal septa by enmy ‘EpTA). The cellular extract was digested with pepsin (1
zymatic digestion in the presence of ascorbic acid Bhd  mg/ml) 24 hours at 4°C. The pH of the solution was raised to 8
glycerophosphate formed a matrix which mineralized in lesswith 4 M NaOH to inactivate the pepsin and the solution was
than 2 weeks [21]. The chief prerequisite for envitro extensively dialyzed against 0.5 M acetic acid. Types | and Il
system is that the cultured cells must undergo progressiveollagen were precipitated by 2.5 M NaCl at acid pH for 24 hours
development and differentiation similar to events known toat 4°C. The precipitates were removed by centrifuging, redissolve
occurin vivo. Furthermore, the deposition of mineral in the in acetic acid, dialyzed against 0.5 M acetic acid, and lyophilized.

; or each sample, the purified protein content was then determine
gégﬁi(r;]e\ljili/lgr matrix should closely match the normal patterd;ccording to the bicinchoninic acid method assay (BCA); bovine

. serum albumin (BSA) was used as standard (kit, Pierce, Interchirr
In the present study, we explored the expression of typegyoniucon, France). Samples containing 8@ of purified proteins
I and X collagen, cartilage proteoglycan core protein charwere dissolved in Laemmli sample buffer, boiled for 5 minutes,
acteristic markers of chondrocyte differentiation, as well asand subjected to 6.5% SDS-PAGE under reducing conditions [23]
ALP, osteocalcin associated with the mineralization pro-Gels were stained with Coomassie blue or processed for immunc
cess, and type | collagen during the culture period. Oublotting.
results reveal distinct switches of the specific molecular
markers and indicate a temporal expression similar to that
observedn vivo, recapitulating all stages of the differentia- Immunoblotting
tion programin vitro.
Samples were dissolved in Laemmli sample buffer, boiled for 5
minutes, and subjected to 6.5% SDS-PAGE under reducing cor
Material and Methods ditions. Resolved proteins were then electroblotted onto nitrocel
lulose filters (Schleicher and StBlliBA 85, Seralabo, Ecquevilly,
France) for 4 hours at 60 V in buffer containing 25 mM Tris, pH
8.35, 193 mM glycine, 0.1% SDS, and 20% methanol. Blots were

. . robed as previously described [24] using specific anti-rat type I
Chondrocytes were isolated from fetal rat nasal septa as previous g P
described [21]. The studies were performed under institutionallyigloIIagen antibodies at a 1/4000 dilution (Hartman, Pasteur, Lyon

approved protocols for the use of animals. Briefly, tissues fro ot 2041), and anti-rat type | collagen antibodies at a 1/3000 dilu-

21-day-old fetal Sprague-Dawley rats were used. The fetuses we%fil%n (Biogenesis, 2150-2304). Horseradish peroxidase-conjugate
~ddy-Ql dl ; oS ti-rabbit 1gG was bound to the immunocomplexes, and visual
removedin utero and immediately placed in cold phosphate- ;atiqn "of immunobands was carried out by addition of chemilu-

buffered solution (PBS). Individual fetuses were decapitated and_: . :
skinned up to the anterior margin of the nasal bone. The fromo‘%lnescence reagent (ECL); Amersham, Lesulis, France).

nasal sutures, central part of internasal sutures, and nasal septum

cartilage were cut out under a dissecting microscope, then cleaned ) o

of periosteum and connective tissue. Tissue fragments were incutssay for Alkaline Phosphatase Activity

bated over a magnetic stirrer for 2 hours at 37°C in an enzymatic

mixture of collagenase (0.25%) and hyaluronidase (0.1%). AfterALP was measured in cell layers after lysis with a solution con-
the incubation period, the cells were then mechanically dissociatethining 0.1% Nonidet P-40, 1 mM MgglpH 10.2. Enzyme ac-
by pipetting them through a 10-ml glass pipette. The cell suspentivity was assayed using P-nitrophenyl phosphate as substrate at
sion was filtered and centrifuged at 1600 rpm for 5 minutes,final concentration of 10 mM in 2 amino-2 methyl-1-propanol 0.75
washed three times in PBS, counted and resuspended in Dulbebt alkaline buffer solution containing Mgg(Sigma) at pH 10.3.
co’'s modified Eagle medium (DMEM) supplemented with 10% After 15 minutes of incubation at 37°C, the reaction was stoppec
fetal calf serum (Biosys, Conpiegne, France), 10 nfM  with 0.5 N NaOH and the amount of P-nitrophenol released was
glycerophosphate (Sigma, St. Louis, MO), 50 mg/ml of ascorbicmeasured spectrophotometrically at 405 nm. Standards prepare
acid and antibiotics (50 Ul/ml penicillin, 50 mg/ml streptomycin). with a P-nitrophenol standard solution (Sigma 104-1) were deter

Cartilage Cell Cultures
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culture, cells form a subconfluent monolayer (x128). Second phase; on day 6, several clusters of tight cellular aggregates are visi
in the confluent monolayer cell culture (x12%%) Third phase: on day 9 nodule formation as determined by the formation of a matr
seen as a refringent material in phase contrast (xX@p}ourth phase: on day 15, nodules’ mineralization (x125).

mined in parallel. ALP activity was expressed as nmol P-deoxy-CTP (3000 Ci/mmol; Amersham) using random priming
nitrophenol-produced/minute/mg protein. The protein content wagKit Rediprime, Amersham). Hybridizations were carried out at
determined according to the BCA; BSA was used as standard (ki42°C for 24—96 hours. Posthybridization washes were performe:
Pierce). at room temperatur@i2 x saline sodium citrate (SSC), 0.5% SDS,
and at 55°C or 65°tni 1 x SSC, 0.5% SDS. The blot was stripped
and hybridized with a¥P]-labeled humag actin to demonstrate
RNA loading of the gel. The bound radioactive material was vi-
sualized by autoradiography on Kodak X-AR5 prmax film
mersham) using intensifying screens. The Northern analyse

. A
After three washes, the medium was replaced by a Serum‘fre%nown were representative of experiments performed with thre
medium and cells were incubated for 20 hours. On different daysgitterent cell preparations.

total RNAs from cultures were extracted by the acid guanidinium
thiocyanate, followed by a phenolchloroform (Sigma) extraction,
as previously described [25]. Total RNAs were precipitated with
isopropanol, resuspended, and reprecipitated with ethanol 709X€sults

Total RNAs recovered were estimated by spectrophotometry, and

5 wg of RNA from control and test sample was loaded on aMorphological Characteristic of Cartilage Cell Culture
formaldehyde agarose gel after denaturation. RNA standards

(Gibco, BRL, France) were used to determine transcript sizeynder our culture conditions, chondrocytes synthesized :
RNAs were then transferred to a sheet of Hybond-N+ nylon memsyy iy that mineralized in less than 2 weeks. The differen-

brane (Amersham). Restriction fragment containing a 405-base : f
(bp) ra(t ay (Il collazgen [26]. a 321%p mouse, (1) coﬂagen 271, Pafjation process of chondrocytes observed during cell cultur

a 650 bp mouse,(X) collagen [28], a 400 bp mouse osteocalcin, €0uld be divided into four major steps by phase contras
a generous gift of Dr. St Arnaud (idal Shriners pour enfant, Microscopic observations (Fig. 1). In the course of the first
Montréal, Canada), a 900 bp rat Aggrecan [29], a 2500 bp rat ALPphase (days 1-4), nasal cartilage cells spread to the plast
[30], or a 2000 bp humap actine [31] were labeled withf*2P]  dishes immediately after seeding and adopted a fibroblasti

Analysis of RNA by Northern Blots
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Fig. 2. Expression of type | collageifA) Western blot analysis of  Fig. 3. Expression of type Il collagerfA) Western blot analysis
type | collagen isolated from culture at different days of culture of type Il collagen isolated from culture at different days of culture
after pepsin digestion, precipitation at 2.5 M NaCl, 0.5 M aceticafter pepsin digestion, precipitation at 2.5 M NaCl, 0.5 M acetic
acid, electrophoresis on SDS-PAGE 6%, and transfer onto nitroacid, electrophoresis on SDS-PAGE 6% and transfer onto nitro
cellulose membrane. Sizes of pepsin fragments are indicated icellulose membrane. Sizes of pepsin fragments are indicated i
kilodaltons to the right(B) Northern blot analysis of total RNA kilodaltons to the right(B) Northern blot analysis of total RNA
over 15 days of growth in culture hybridized with cDNA probe for over 15 days of growth in culture hybridized with cDNA probe for
al(l). Hybridization to actin served as internal control of the «1(ll). Hybridization to actin served as internal control of the
amount of RNA bound to the filter. Autoradiographic exposure amount of RNA bound to the filter. Autoradiographic exposure
with an intensifying screen: 48 hours. Sizes of the messages angith an intensifying screen: 48 hours. Sizes of the messages a
indicated in kilobases to the right. indicated in kilobases to the right.

morphology. During their growth phase, cells exhibited ei-pression in rat calvaria-osteoblast cell cultusg(l) colla-
ther spindle or polygonal shapes and formed a subconfluergen synthesis and,(I) mRNA transcription did not seem
monolayer (Fig. 1a) on day 3 of culture. The second phaseorrelative. Thex,(I) mMRNA was mainly detected during
(Fig. 1b) (days 5-7) was characterized by modifications otthe two first phases of chondrocyte culture, but the corre:
the cell shape; under phase contrast microscopy, the celgponding protein was detected only on day 3.

forming some clusters of functional chondroblastic cells ap-  Immunoblotting with specific rat antibody,(ll) has
peared as refractile colonies of round cells compared witlgonfirmed that the 90 Kd pepsin-resistant molecule ex
the background cell layer where the cells were more elonpressed from days 5 to 15 correspondedxi@l) type I
gated. The third phase (days 7-9) was associated with agpllagen marker of the chondrocyte phenotype (Fig. 3A). It
increase of matrix volume which appeared as refringentvas detectable at day 5 and maximal expression occurred
material in phase contrast (nodule formation) (Fig. 1c), fol-days 7-9 of the culture, characterized by an active matri
lowed by the last phase (days 9-15) corresponding to matrigrotein synthesis corresponding to cartilagenous nodule fo
mineralization (Fig. 1d). mation. After day 9, type Il collagen synthesis decreasec
just before the beginning of the mineralization process bu
was present during the entire culture period.

In parallel experimentsy,(Il) type Il collagen mRNA
levels were also determined by Northern blot at different
times of culture (Fig. 3B). At days 5 and 7, measurement o
MRNA expression revealed a maximal levelogfll) tran-
Expression of types I, I, and X collagen was studied duringscripts when cells were in differentiation process and ap:
cell cultures by Western and Northern blot. Immunoblottingpeared as polygonal cells, but decreased with time in cultur
with specific rate antibody,(I) (Fig. 2A) has shown that and therefore cartilage nodule formation. The maximal ex-
the major 90 Kd pepsin resistant molecule corresponded tpression ofa,(Il) type Il collagen mRNA observed (days
a4(l) at day 3 but not for the other days of culture. In 5-7) preceded the increase of type Il collagen synthesi
parallel, expression of collages,(I) MRNA analyzed by illustrated by immunoblotting with rat antibodies,(I1)
northern blot (Fig. 2B), was most prominent during the two(days 7-9) (Fig. 3A), and the expressiorugll) transcripts
first periods of culture corresponding to the loss of chon-diminished just before the decrease of the synthesis of it
drocyte phenotype and the proliferation period before theassociated protein.
mineralization process. In additiof,(I) MRNA type | col- SDS page of pepsin-resistant collagen at different day
lagen expression in cartilage cell culture was not as great inf cell culture did not allow to follow type X collagen
comparison with controb;(I) MRNA type | collagen ex- synthesis, but Northern blot analysis has revealedaitf(at)

Collagen Expressions During Chondrocyte Differentiation
in Culture
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of aggrecan during cell culture. Total RNA was extracted from

cells and 5ug of RNA was applied to each lane and analyzed by

Northern blotting. Hybridization to actin served as internal control

of the amount of RNA bound to the filter. The mRNA species were

analyzed and days on which mRNA was harvested are noted on tt

figure. Autoradiographic exposure with an intensifying screen var- .

ied from 24 to 96 hours depending on the probe use. Sizes of th  BAct & ... .. . -= 2Kb
messages are indicated in kilobases to the right.

Fig. 5. Alkaline phosphatase enzyme activity and total mRNA
expression at different days of cultu(@) ALP enzyme activity as

. function of time in culture. Triplicate 33-mm culture dishes from
MRNA was synthesized between days 5 and 9 before th%mee separate experiments were determined for every experime

beginning of mineralization (Fig. 4). At day 11 and dunngcﬁﬁl point. Total nanomolar p-nitrophenol determined in a 30-
the mineralization process transcripts were not detectegninute assay was used to determine values depicted in the figur
Parallel experiments have shown that cells isolated from th&rror bar denotes the total range of the experimental variat@n.
proliferative zone of epiphyseal growth plate cartilage thatNorthern blot analysis of total RNA over 15 days of growth in
were allowed to hypertrophy in culture which did not min- culture hybridized with cDNA probe for ALP. Five micrograms of
eralizein vitro and used as control, did not expresgX)  total RNA were applied to each lane.

MRNA collagen (data not shown).

Core Protein mRNA Expression an increase of ALP mRNA level compared with days 3, 5,
or 7 (Fig. 5B).

Expression of proteoglycan core protein mRNA levels ap-
peared to be maximal during the second phase of the culturqg . .
between days 5 and 7 (Fig. 4). From day 9, aggrecan trarf2Steocalcin mRNA Expression
scripts declined just before the beginning of calcification. ) ) o
Maximal expressions of proteoglycan core protein mRNADuring the chondrocyte culture period, differentiating chon-
anda,(ll) type 1l collagen mRNA were in phase during the drocytes never express osteocalcin mRNA (data no
cell culture. shown). In contrast, osteocalcin mMRNA was detected at da
13 in rat calvaria-osteoblast cell culture treated under the
same conditions and used as control. Day 13, in calvaria
ALP Expression osteoblast cell culture, corresponded to the mineralizatiol
of the nodule as well as new nodule formation [32].

Specific activity of ALP was determined in a crude extract

prepared from cell culture at various days. At day 9, there__ )

was a significant increase of ALP activity which reached aPiscussion

maximum at day 11 and was about 10 times that of day 3

(Fig. 5A). ALP activity increase appeared to be correlatedThe results of this study have shown that dissociated nas:
with the beginning of nodule formation. Day 9 corre- cartilage cells initially lose their phenotype in culture; this
sponded to the end of the third phase culture associated witthase was characterized by type | collagen expression. The
an active secretion of proteins by chondrocytes forming aluring culture, cells reexpresséual vitro the chondrocyte
matrix. As for ALP activity, the study of ALP mRNAs phenotype. This was demonstrated by expressions of type
expression under the same conditions has shown, at day &llagen, core protein of aggrecan, and just before miner
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alization of type X collagen which, as for ALP, seemed toremoval of cartilage during endochondral ossification [39]
be implicated in the mineralization process. or may play a role in calcification [39]. All of these inves-
During cell culture, fluorograph of pepsin-resistant, tigations suggest that this collagen may be involved in the
[*H]proline-labeled collagen present in the matrix layer re-mineralization of cartilage. According to these studies, the
vealed a major 90 kDa band with a maximal expressiortransitory appearance of type X collagen transcripts be-
between days 7 and 9, corresponding to radiolabeled colldere the beginning of the mineralization observed in our
gena, (1) and/or o4(l) comigrating band (data not shown). culture system could suggest a role in the mineralizing pro
Immunoblotting with specific antibody has shown that this cess.
band corresponded t®,(l) type | collagen only at day 3. During nasal septum chondrocyte cell culture, the ex-
Whereasy,(I) mRNA transcripts analyzed by Northern blot pression of the proteoglycan core protein mRNA appeare
were mainly detected during the first phase, they progresat maximal levels during the second phase of the culture an
sively diminished from the second phase to the end of celthen declined at the beginning of mineralization. These re
culture. In the literature it has been documented that thesults are in line with previous studies which show that the
expression of type | collagen by cartilaginous cell cultures isamount of f°S]incorporation in total glycosaminoglycans
associated with the loss of chondrocyte phenotype at thincreases rapidly to a maximal level on day 7, and ther
beginning of the cell cultures [33, 34]. It has also beendecreases in our experimental cell culture [46]. However
shown that type | collagen transcripts, detected by RT-PCRlecreased proteoglycan content and reduced proteoglyc:
analysis, are present in freshly dissected intact human asynthesis in zones of cartilage hypertrophy and calcificatior
ticular cartilage [35] which signifies that expression of type have previously been reported [47—-49]. Our results sugge:
| collagen mRNA does not necessarily indicate synthesis ofhat the loss of large aggregating proteoglycans in growtt
type | collagen, despite expression @f(I) mMRNA, since plate cartilage might occur once mineralization is initiated,
mechanisms of translational control prevent type | collageras described in other studies [50, 51].
synthesis in chick vertebral chondroblasts [36]. Our results ALP activity increase seemed to be correlated with the
were consistent with these data and indicated the instabilitheginning of nodule formation and was maintained at the
of chondrocytes in culture. same level during mineralization. ALP, primarily localized
In this study we have characterized the pattern of type lin the plasma membranes of growth plate chondrocytes an
collagen synthesis and mRNA expression. Since the differmatrix vesicles [52, 53], is thought to be involved in the
entiation phase, type Il collagen was gradually reexpresseahineralization process [54, 55]; however, its exact function
with a maximal synthesis between days 7 and 9 preceded big not clear. Studies using the levamisole drug, an inhibitol
an increase of mMRNA type Il collagen. Then, levels of typeof ALP, [56, 57] have demonstrated the inhibition of carti-
Il collagen reduced during hypertrophy, coinciding with the lage mineralization [58, 59] and therefore, its importance in
onset of calcification. Similar changes of type Il collagenthe mineralization process. Enzyme activity is higher in
MRNA expression have been observed in mineralizing celimatrix vesicles isolated from cells cultured from the growth
cultures [4]. Otherwise, byn situ hybridation [37], it has region than those derived from resting zone cells of ra
been suggested that type Il collagen mRNA is synthesizedostochondral cartilage [60]. Moreover, biochemical analy-
primarily by cells of the proliferating zone and by newly sis showed that in the epiphyseal growth plate, ALP activity
formed hypertrophic cells. Moreover, a decreasing proporis greatest in the hypertrophic zone [55, 61]. The pattern o
tion of cells stained for type Il collagen mRNA is observed ALP expression observed in our cell culture system seeme
for mature hypertrophic chondrocytes, particularly thoseto be correlated within vivo studies.
present in calcifying cartilage. Finally, the decrease of type In the present study, differentiating chondrocytes nevel
Il collagen expression observed during the mineralizingexpressed osteocalcin mRNA during cell culture but it was
chondrocyte culture stage was in agreement with other redetected during the mineralization of the nodule in rat cal-
ports in the literature and with thie vivo situation. varia-osteoblast control cell culture. Osteocalcin has bee
The expression af,(X) mMRNA occurred in culture prior well documented as a bone-specific protein that does nc
to mineralization of the culture, according to a morphologi-appear to be necessary for normal mineralization, since ac
cal study showing that mineral deposit begins on day 1Zministration of warfarin (an inhibitor of osteocalcin synthe-
[21]. After day 11, type X collagen transcript was not pres-sis) still results in normal bone formation [63, 64]. Osteo-
ent. Also, cells isolated from the proliferative zone of epiph-calcin mRNA levels are undetectable in various types of
yseal growth plate cartilage that were allowed to hypertro-cartilage [65, 66]. Nevertheless, in some systems producin
phy in culture which did not mineraliz@ vitro and used as a mineralized matrixn vitro, type | collagen reappears with
control, did not express;(X) mRNA collagen (data not mineral deposition; also expression of osteocalcin was ob
shown). served [13, 19]In situ hybridization of osteocalcin cDNA
In vivo, type X collagen is produced only by chondro- to hypertrophic chondrocytes in cultured mouse mandibula
cytes undergoing maturation leading to hypertrophy [38].condyle has shown that only a subset of cells may produc
Biochemical and immunofluorescence studies [39-42] as low level of osteocalcin and these cells may represen
well asin situ hybridization [43] suggest that expression of osteoprogenitor cells or a subset of hypertrophic cells whict
type X collagen is restricted to cartilage undergoing endothen progress toward a stage in their lineage with specifit
chondral ossificationln vitro, type X collagen expression osteoblastic phenotypic characteristics [19]. On the othe
does not always spatially correlate with initiation of miner- hand, studies have suggested that a transdifferentiatic
alization, yet, as in our system, cartilage matrix mineraliza-could occur between the chondrocyte and osteoblastic lin
tion occurred and followed only type X collagen expressioneage [10, 13]. Thus, it is possible that in cell culture, a
in culture [44]. Our results were in agreement with a priorsubset of cells might first dedifferentiate and then be acti-
study which showed that synthesis was rapidly arrested ivated to differentiate osteoblastsvitro. In our system, the
culture once calcification was established [45]. The functionabsence of type | collagen synthesis and osteocalcin trar
of type X collagen in cartilage is not known. However, it scripts in mineralized culture could suggest that nasal cat
has been suggested that type X collagen may facilitate thélage-derived cell cultures represented a much purer poptL
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lation of chondrocytes or phenotypically different chondro-
cytes compared with other systems used to study
chondrocyte mineralization.

In conclusion, our results indicated that type Il collagen
and core protein mRNA levels were more important before, ,
the beginning of mineralization. The time-dependent induc-
tion of type X collagen, ALP, and diminished expression of
type Il collagen and core protein of the large cartilage pro-
teoglycan observed in our system are in agreement with

other reports. During normal development, cells in the up-13.

per level of the growth plate rapidly divide, mature, differ-
entiate, become hypertrophic, and initiate mineral deposi-
tion. With heavy mineral deposition in the extracellular ma-
trix, cells become trapped in their lacunae; however, their
fate remains obscure. In addition, chondrogenesis is thought

to be controlled by interactions between circulating anabolic 5.

hormones and locally produced peptide growth factors, and
involves ordered changes in matrix composition which ul-
timately allow endochondral calcification. Our chondrocyte

cell culture appears to be a model for studying growth fac-16.

tors implicated in the differentiation and mineralization pro-
cess and it could help us to understamaivo chondrocytes
differentiation.
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