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Abstract In serum-containing medium, ascorbic acid induces maturation of prehypertrophic chick embryo
sternal chondrocytes. Recently, cultured chondrocytes have also been reported to undergo maturation in the presence of
bone morphogenetic proteins or in serum-free medium supplemented with thyroxine. In the present study, we have
examined the combined effect of ascorbic acid, BMP-2, and serum-free conditions on the induction of alkaline
phosphatase and type X collagen in chick sternal chondrocytes. Addition of either ascorbate or rhBMP-2 to nonconflu-
ent cephalic sternal chondrocytes produced elevated alkaline phosphatase levels within 24–72 h, and simultaneous
exposure to both ascorbate and BMP yielded enzyme levels at least threefold those of either inducer alone. The effects of
ascorbate and BMP were markedly potentiated by culture in serum-free medium, and alkaline phosphatase levels of
preconfluent serum-free cultures treated for 48 h with BMP 1 ascorbate were equivalent to those reached in
serum-containing medium only after confluence. While ascorbate addition was required for maximal alkaline
phosphatase activity, it did not induce a rapid increase in type X collagen mRNA. In contrast, BMP added to serum-free
medium induced a three- to fourfold increase in type X collagen mRNA within 24 h even in the presence of
cyclohexamide, indicating that new protein synthesis was not required. Addition of thyroid hormone to serum-free
medium was required for maximal ascorbate effects but not for BMP stimulation. Neither ascorbate nor BMP induced
alkaline phosphatase activity in caudal sternal chondrocytes, which do not undergo hypertrophy during embryonic
development. These results indicate that ascorbate 1 BMP in serum-free culture induces rapid chondrocyte maturation
of prehypertrophic chondrocytes. The mechanisms for ascorbate and BMP action appear to be distinct, while BMP and
thyroid hormonemay share a similar mechanism for induction. J. Cell. Biochem. 66:394–403, 1997. r 1997 Wiley-Liss, Inc.
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While some cartilages such as the nasal sep-
tum and articular cartilage persist through life,
others undergo changes leading to cartilage
calcification and replacement by endochondral
bone. Thematurational changes associatedwith
calcifying cartilage include a switch from type
II and type IX collagen to type X collagen syn-
thesis, the induction of a high level of alkaline
phosphatase, and the expression of several ma-
trix proteins such as osteopontin and osteocal-
cin which are commonly associated with miner-
alizing bone matrix. A visible hallmark of these
maturational changes is enlarged chondroated
cytes, and the altered gene expression associ-

with this transition is usually subsumed under
the term chondrocyte hypertrophy.
Several in vitro models have been developed

to study chondrocyte maturation [Cancedda et
al., 1995]. These include culturing prehypertro-
phic chondrocytes in gels or suspension culture
to promote a more rounded cell shape [Gibson
et al., 1984; Solursh et al., 1986; Iwamoto et al.,
1989; Adams et al., 1991] or adding inducers
such as ascorbic acid or retinoic acid [Habuchi
et al., 1985; Tacchetti et al., 1987; Leboy et al.,
1989; Pacifici et al., 1991; Iwamoto et al., 1993a;
Lian et al., 1993]. Recently, several groups have
reported that culture of avian chondrocytes in
serum-free medium supplemented with thyroid
hormone and insulin or insulin-like growth fac-
tor 1 (IGF-1) also induces chondrocyte matura-
tion [Böhme et al., 1992, 1995; Quarto et al.,
1992a].
Bone morphogenetic proteins (BMPs) are

growth/differentiation factors of the transform-
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ing growth factor beta (TGFb) superfamily
which were initially defined by their ability to
induce formation of both cartilage and bone
when implanted at ectopic sites [Urist, 1965;
Reddi, 1981; Celeste et al., 1990]. While most in
vitro studies have focused on the ability of
BMPs to promote osteoblast formation, BMPs
also promote chondrogenic differentiation in
many types of mesenchymal cells [Vukicevic et
al., 1989; Carrington et al., 1991;Asahina et al.,
1993; Rosen et al., 1994]. The sequence of events
following ectopic BMP implantation suggests
that bone is formed via the endochondral path-
way, with cartilage formation followed by chon-
drocyte hypertrophy, cartilage calcification, and
finally osteogenesis [Reddi, 1992; Rosen and
Thies, 1992]. It is therefore reasonable to ex-
pect that, in vitro, BMPs might promote not
only chondrogenesis but also the further matu-
ration of chondrocytes. Several recent studies
have provided evidence that BMP treatment of
chondrogenic cell lines does indeed promote
chondrocyte maturation. Rosen et al. [1994]
reported that a clonal mouse limb bud cell line
in micromass culture developed a hypertrophic
phenotype after 8 days of BMP-2 treatment.
Similarly, a rat skeletal muscle cell line cul-
tured on collagen-coated dishes with BMP-2
and subsequently treated with ascorbic acid
was found to undergo chondrogenesis followed
by chondrocyte maturation within 2–3 weeks
[Aikawa et al., 1996].We have now investigated
the roles of serum-free culture, BMP, and ascor-
bic acid in the induction of chondrocyte matura-
tion, using short-term preconfluent cultures of
prehypertrophic sternal chondrocytes from 14
day chick embryos. Our results indicate that
combining serum-free conditions with BMP-2
and ascorbic acid permits expression of the
hypertrophic phenotype within 24–48 h in low
density monolayer cultures.

MATERIALS AND METHODS
Chondrocyte Culture

Cells were isolated from the cephalic portion
of sternae from 14 day chick embryos (Truslow
Farms, Chestertown, MD) by digestion for 3.5 h
at 37°C in calcium- andmagnesium-free Hank’s
balanced salt solution (CMF-HBSS) containing
0.6 mg/ml collagenase and 0.04% trypsin. The
cells were resuspended in a complete medium
containing high glucose Dulbecco’s modified
Eagle’s medium (DMEM, Bedford, MA) with
10% NuSerum IV (Collaborative Biomedical

Products/Becton Dickinson, Bedford, MA), 2 mM
L-glutamine, and 100 units/ml penicillin/strepto-
mycin. The chondrocytes were plated at three
sterna per 100 mm plate and were maintained
on Corning (Corning, NY) tissue culture dishes
at 37°C in 5% CO2. After 5 days, the floating
chondrocytes were separated from the attached
fibroblasts and harvested by centrifugation.
Cells were counted and plated at 3.6 3 104 cells
per square centimeter on tissue culture dishes
in complete medium supplemented with 4
units/ml hyaluronidase to promote attachment.
To assess the effects of serum-free culture, the
medium was removed after 24 h and the cell
layer washed three times with CMF-HBSS be-
fore addition of DMEM (with glutamine, Pen/
Strep, and hyaluronidase) supplemented with
10 pM triiodothyronine (T3) (Sigma, St. Louis,
MO), 60 ng/ml insulin, and 1 mM cysteine.
Unless otherwise noted, 30 ng/ml rhBMP-2 (Ge-
netics Institute, Cambridge, MA) or 56 µM
ascorbic acid was added at 24 h. Freshly pre-
pared ascorbic acid was added daily, and the
culture medium was replaced after 48 h.

Alkaline Phosphatase Assays

Cultures were rinsed twice with CMF-HBSS
and extracted with 0.15 M Tris, pH 9, 0.1 mM
ZnCl2, 0.1 mM MgCl2, and 1% Triton X-100 for
30min at 37°C.An aliquot of the solubilized cell
layer extract was reacted with 7.5 mM p-
nitrophenyl phosphate (Sigma 104 reagent) in
1.5 M Tris, pH 9, 1 mM ZnCl2, and 1 mMMgCl2
at room temperature, and absorption was mea-
sured at 410 nm over a 6 min time period.
Enzyme levels are expressed as nanomoles of
p-nitrophenol formed/minute/microgram of
DNAwith 1A410 5 64 nmol of product.

DNA Analyses

The DNA content of the extracts used for
alkaline phosphatase assays was determined
as previously described [Teixeira et al., 1995].
Briefly, DNA from 75 µl aliquots was precipi-
tated by addition of ethanol followed by 1–2 day
storage at 220°C. The DNA was resuspended
in alkaline EDTA, the sample was neutralized,
and an equal volume of Hoechst dye 33258 was
added. Fluorescence was measured in four-
sided plastic cuvettes (Fisher Scientific, Fair
Lawn, NJ) using a Photon Technology Interna-
tional (South Brunswick, NJ) spectrofluorom-
eter, with an excitation wavelength of 365 nm
and an emission wavelength of 460 nm.
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mRNA Analysis

Cultures were rinsed with sterile saline and
placed in 4 M guanidine isothiocyanate solu-
tion containing 0.5% sarkosyl, 5 mM EDTA, 20
mM sodium acetate (pH 5.2), and 0.1 M b-mer-
captoethanol. Cells were homogenized by re-
peated extrusion through a 21 gauge needle;
the homogenate was then extracted with an
equal volume of acid phenol-chloroform (Am-
bion, Austin, TX). The aqueous phase was re-
moved and precipitated twice with 2.5 volumes
of ethanol. RNA samples (2–4 µg) were dena-
tured by glyoxylation, electrophoresed on aga-
rose gels for 2 h at 7 V/cm, and transferred onto
nylon membrane (GeneScreen Plus; Dupont,
Wilmington, DE). Levels of specificmRNAswere
determined by hybridizing Northern blots to
32P-labelled riboprobes. The chick type II and
type X collagen probes have been described
previously [Leboy et al., 1989]. The extent of
hybridization to blots was quantitated with a
Molecular Dynamics (Sunnyvale, CA) FluorIm-
ager.

Analysis of Cell Size

Cells were harvested by treatmentwith 0.35%
trypsin and 1 mM EDTA in HBSS. They were
then compared, based on their forward and side
light scatter patterns, on a Becton Dickinson
FacStar Plus flow cytometer using a 360 band
pass filter.

RESULTS

Initial studies compared the effects of 56 µM
ascorbic acid and 30 ng/ml rhBMP-2 on the
induction of alkaline phosphatase activity in
chondrocytes cultured in NuSerum vs. serum-
free medium. Guided by previous studies
[Böhme et al., 1992; Quarto et al., 1992a; Bal-
lock and Reddi, 1994], we supplemented the
serum-free medium with 60 ng/ml insulin, 10
pM T3, and 1 mM cysteine. All cultures were
initially plated in NuSerum, with transfer to
serum-free conditions and addition of ascorbate
and/or rhBMP-2 occurring 1 day later. The alka-
line phosphatase activity of chondrocytes at
day 3 is shown in Figure 1. Enzyme levels in
control cultures (containing neither ascorbate
nor BMP) were low in both media but were
higher in serum-free control cultures than in
NuSerum control cultures (2.9 nmol product/
min/µg DNA vs. 0.6 nmol product/ml/µg DNA).
Addition of either 30 ng/ml BMP-2 or 56 µM
ascorbate for 48 h induced a two- to threefold

increase in enzyme levels both in NuSerum and
serum-free cultures. The combination of
BMP 1 ascorbate in serum-free cultures re-
sulted in alkaline phosphatase activity three
times higher than with either inducer alone,
and the levels reached in serum-free culture
with BMP 1 ascorbate were at least fourfold
higher than those seen in NuSerum cultures
with BMP 1 ascorbate. These results indicate
that the combination of BMP and ascorbate
was markedly more effective for inducing alka-
line phosphatase activity than either ascorbate
or BMP alone and that the effects were greater
in serum-free cultures.
BMP dose-response analyses (Fig. 2) indi-

cated that 30–40 ng/ml of rhBMP-2 added to
serum-freemediumwas sufficient to yieldmaxi-
mal stimulation of alkaline phosphatase both
with and without ascorbate. Deleting insulin
from the serum-free formulation had no consis-
tent effect on alkaline phosphatase induction
by either BMP or ascorbate; however, to permit
comparison with previous reports, we included
it in all subsequent experiments. We also tested
the effects of adding dexamethasone (Dex) or
deleting T3. Addition of 1 pM Dex yielded re-
sults similar to those obtained without Dex, but
raising the Dex concentration to 1 nM caused
decreased alkaline phosphatase activity (Fig.
3A). In agreementwith previous reports [Böhme

Fig. 1. Alkaline phosphatase levels in cephalic sternal chondro-
cyte cultures in NuSerum vs. serum-free medium. Chondrocytes
were initially plated as monolayers in 12-well plates with
DMEM containing 10%NuSerum and, where appropriate, trans-
ferred to DMEM supplemented with T3, insulin, and cysteine
(serum-free medium) after 1 day. Ascorbic acid (Asc) and/or
BMP were added at the time of media change and alkaline
phosphatase levels measured 48 h later. Values represent the
average enzyme levels 6 SEM for five independent experiments
with duplicate samples.
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et al., 1992; Quarto et al., 1992a; Ballock and
Reddi, 1994; Alini et al., 1996], removing T3

from serum-free medium containing ascorbic
acid caused amarked decrease in alkaline phos-
phatase expression; levels with ascorbic acid
and T3 were more than twice those seen in the
absence of T3. However, deleting T3 from me-
diumwhich contained BMPhad relatively little
effect on alkaline phosphatase induction (Fig.
3B). When cultures were supplemented with
both BMP and ascorbic acid, addition of T3

caused a 1.23 increase in alkaline phosphatase
levels (data not shown).
The time course for induction of alkaline phos-

phatase in cephalic chondrocytes, expressed as
nanomoles of product/minute/microgram of
DNA, is presented in Figure 4A. Elevation of
enzyme activity was seen within 24 h after
addition of either 30 ng/ml BMP or 56 µM
ascorbate. While BMP appeared to be slightly
more effective than ascorbate, the results with
BMP showed greater variation from experi-
ment to experiment. At all time points, the
combination of BMP 1 ascorbate resulted in
alkaline phosphatase levels three- to fourfold
higher than with ascorbate alone and two- to
threefold those seen with BMP alone. Figure
4B presents an experiment in which chondro-
cytes were obtained from the caudal region of
14 day chick embryo sterna. These chondro-
cytes, derived from cartilage which is not prehy-
pertrophic, show no elevation of alkaline phos-

phatase levels in response to BMP and/or
ascorbate. Additional experiments indicated
that exposure to BMP and ascorbate for up to 8
days did not produce elevated enzyme levels
with caudal chondrocytes (data not shown).
Studies to examine the relative contributions

of ascorbate and BMP were carried out by add-
ing each of the inducers sequentially. Table I
presents results of experiments in which in-
ducer was changed after 24 h and alkaline
phosphatase levels assayed after 48 h. Sequen-
tial addition of inducers was not as effective as
the simultaneous presence of both BMP and
ascorbate, but BMP followed by ascorbate (BMP/
ascorbate) or ascorbate followed by BMP (ascor-
bate/BMP) yielded significantly more alkaline
phosphatase than seen with cultures exposed

Fig. 2. Dose response for BMP induction of alkaline phospha-
tase activity in serum-free cultures at 48 h. Results are the result
of three independent experiments with duplicate wells for each
condition.

Fig. 3. Effect of dexamethasone and T3 on alkaline phospha-
tase activity in chondrocyte cultures. A: Time course of alkaline
phosphatase induction in cephalic sternal chondrocytes cul-
tured in serum-free medium 1 56 µM ascorbic acid, with
varying levels of dexamethasone. B: Effect of adding 10211 M
triiodothyronine (T3) to control cultures (dotted lines), ascorbic
acid–treated cultures (dashed lines), and BMP-treated cultures
(solid lines). Filled symbols 5 with T3; open symbols 5 no T3.
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to only one inducer. Furthermore, the results
suggested that early exposure to BMPwasmore
effective than later exposure. This possibility
was examined by 3 or 6 h exposure to inducers,
followed by media change and addition of fresh
inducers. The results of such an experiment are
presented in Figure 5. The pattern of alkaline
phosphatase induction following 3 or 6 h expo-
sure to inducer was similar to that seen when
switching occurred at 24 h, and 3 h treatment
with BMP followed by ascorbate treatment was
almost as effective as simultaneous treatment
with BMP 1 ascorbate. Brief exposure to ascor-
bate followed by BMP was not as effective,
yielding alkaline phosphatase levels similar to
those seen with BMP alone.
Type II and type X collagen synthesis under

serum-free conditions was assessed by North-
ern blot analysis of mRNAs. Figure 6 shows the
hybridization of probes for type II and type X

collagens to RNAprepared from serum-free cul-
ture after 24 h. It is apparent that cells exposed
to BMP or BMP 1 ascorbate are producing
significant amounts of type X collagen mRNA
within 24 h, while ascorbate alone for 24 h is
not sufficient to induce type X mRNA.Amodest
rise in type X mRNA levels was seen after 48 h
with ascorbate (data not shown), suggesting
that the response to ascorbate is slower than
the response to BMP. As expected, an increase
in type X collagen expression was associated
with a decrease in type II collagen by 24 h; thus,
samples cultured with BMP showed a 20–40%
decrease in type II levels, while ascorbate-
treated samples had type II levels similar to

Fig. 4. Time course for alkaline phosphatase induction by 56
µM ascorbic acid and/or 30 ng/ml rhBMP-2. A:Measurement of
alkaline phosphatase/microgram of DNA in cultures of cephalic
sternal chondrocytes. Values represent the average enzyme
levels 6 SEM for at least five independent experiments with
duplicate samples. B: Absence of alkaline phosphatase induc-
tion in caudal sternal chondrocytes. Note the 103 difference in
scale for enzyme activity compared to A.

TABLE I. Alkaline Phosphatase Levels
Following Sequential Exposure toAscorbate

or BMP-2 With Serum-Free Culture†

Additions Relative Alkaline
Phosphatase Activity

(Asc/Asc 5 1.0)0–24 h 24–48 h

None None 0.46 6 0.11*
Ascorbate Ascorbate 1.0
BMP BMP 1.37 6 0.45
Ascorbate BMP 2.18 6 0.49*
BMP Ascorbate 2.83 6 0.62*
BMP 1
ascorbate

BMP 1
ascorbate

4.52 6 0.97**

†Results are the average of three experiments with cephalic
sternal chondrocytes.
*Difference between the mean and that for either BMP/
BMP or ascorbate/ascorbate is significant at P # 0.05.
**Difference between the mean and that for either BMP/
ascorbate or ascorbate/BMP is significant at P , 0.01.

Fig. 5. Effect of switching inducers after 3 or 6 h on alkaline
phosphatase levels. Cephalic sternal chondrocytes were cul-
tured in serum-free medium with BMP (B) and/or ascorbic acid
(A) for 3 h or 6 h. The medium was then replaced and culture
continued for a total of 48 h.
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those in control cultures. A summary of colla-
genmRNAlevels from blots using four indepen-
dent sets of each RNA is presented in Table II.
Addition of 0.5 µM cyclohexamide during the 24
h period did not block BMP induction of type X
collagen expression, arguing that new protein
synthesis is not required.WhenRNAfrom chon-
drocytes derived from the caudal region of ster-
nae was hybridized to probe for type X collagen,
no type XmRNAwas detected evenwith BMP1
ascorbate, with or without cyclohexamide.
Visual inspection of chondrocyte cultures sug-

gested that neither BMP nor ascorbic acid was
causing significant increases in cell size. How-
ever, since ascorbic acid promotes cell rounding
which might obscure size changes, we assessed
cell size by flow cytometry. Analyses of forward
and side scatter indicated that the cells treated
with BMP, ascorbic acid, or a combination of

both inducers for 48 h were not significantly
larger than control cells (data not shown).

DISCUSSION

The results presented here demonstrate that
rhBMP-2, in combination with serum-free me-
dium and ascorbic acid, can rapidly induce the
maturation of prehypertrophic chondrocytes de-
rived from the cephalic sternae of 14 day chick
embryo. The appearance of elevated alkaline
phosphatase activity and type X collagenmRNA
within 24 h suggests that this culture system
permits chondrocyte maturation in vitro with-
out the long-term culture customarily em-
ployed. However, although this short time pe-
riod is sufficient to produce the changes in gene
expression characteristic of hypertrophic chon-
drocytes, it does not permit significant cell en-
largement.
Previous reports from several groups have

indicated that transfer of chondrocytes to se-
rum-free conditions can by itself promotematu-
ration as long as thyroxine is present [for re-
view see Cancedda et al., 1995]. Our results
confirm these observations; while alkaline phos-
phatase activity and type X collagen mRNA
levels in serum-free cultures were relatively
low in the absence of inducers, they were higher
than those found with NuSerum. Similarly,
ascorbic acid or BMP supplementation under
serum-free conditions was more effective than
similar supplementation of media containing
10% NuSerum. We have previously reported
data demonstrating that ascorbate stimulation
of chondrocytes in NuSerum (which provides
2.5% fetal bovine serum (FBS) 1 several growth
factors and hormones) is comparable to that
seen with chondrocyte cultures containing

Fig. 6. Representative Northern blot of RNA from cephalic
sternal chondrocytes cultured for 24 h in serum-free medium
containing no additions (C), 56 µM ascorbic acid (A), 30 ng/ml
rhBMP-2 (B), or both (BA). Total cellular RNA (2 and 4 µg) from
each sample was denatured with glyoxal and loaded on an
agarose gel as described inMaterials andMethods. After electro-
phoresis, samples were transfered to nylon membrane and
hybridized to 32P-labelled riboprobe for chick type X collagen
(Col X). The blot was then rehybridized to probe for chick type II
collagen (Col II).

TABLE II. Relative Levels of Collagen mRNAAfter 24 h Culture in Serum-Free Medium†

Addition to culture

Level of collagen mRNA (no addition 5 1.0)

Type II
no cyclohexamide

Type X
no cyclohexamide

Type X
10.5 µM cyclohexamide

No addition 1.0 1.0 1.0
(n 5 4) (n 5 4) (n 5 3)

56 nM ascorbate 1.05 6 0.06 0.75 6 0.15 0.93 6 0.15
30 ng/ml BMP-2 0.73 6 0.06* 3.41 6 1.60* 5.07 6 0.92*
BMP-2 1 ascorbate 0.89 6 0.09** 3.72 6 1.81* 4.90 6 0.41*

†Two and four micrograms of each RNAwere separated on glyoxal gels and hybridized to probes as described in Materials and
Methods. Blots were scanned with a Molecular Dynamics FluorImager and the values expressed relative to the levels in
control cultures (no addition). Results are average 6 SD; n 5 number of RNApreparations assayed.
*Difference from ascorbate-treated values significant at P , 0.01.
**Difference from ascorbate-treated values significant at P 5 0.05.
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10% FBS [Leboy et al., 1989; Sullivan et al.,
1994].
It has generally been assumed that induction

of chondrocyte maturation requires not only
the presence of soluble mediators acting to pro-
mote changes in gene expression but also exten-
sive cell-cell and/or cell-matrix interactions
[Cancedda et al., 1995]. This is based on obser-
vations suggesting that micromass culture, pel-
let culture, increased matrix secretion by ascor-
bic acid, and culture for 1–3 weeks are all
factors which promote expression of high levels
of alkaline phosphatase and type X collagen.
Thus, when prehypertrophic chondrocytes are
maintained in serum-containing cultures with
inducers such as thyroxine or ascorbic acid,
alkaline phosphatase levels reach 5–25 nmol
product/min/µgDNAonly in long-term, postcon-
fluent, mineralizing cultures [Leboy et al., 1989;
Gerstenfeld and Landis, 1991;Alini et al., 1996].
Results presented in Figure 4 show that this
level of alkaline phosphatase activity is reached
within 24–48 h by prehypertrophic chondro-
cytes plated at low density (3–4 3 104 cells/cm2)
and cultured in serum-freemedia supplemented
with ascorbic acid and BMP-2. Similarly, 24 h
incubation in serum-free culture with BMP is
sufficient to induce type X collagen mRNA,
whereas this typically requires 1–3 weeks ei-
ther in FBS-containing media supplemented
with ascorbate [Solursh et al., 1986; Tacchetti
et al., 1987; Leboy et al., 1989; Lian et al., 1993]
or in serum-free media containing thyroxine
[Böhme et al., 1992; Quarto et al., 1992a; Bal-
lock and Reddi, 1994; Alini et al., 1996]. These
results suggest that neither high cell density
nor extensive matrix production is essential for
the changes in gene expression associated with
chondrocyte maturation. It is plausible that
high cell density and/or abundant extracellular
matrix cause prehypertrophic chondrocytes to
secrete BMP which is bound to pericellular
extracellular matrix [Reddi, 1992a; Carey and
Liu, 1995], while addition of exogenous BMP
circumvents this autocrine system.
While themechanisms bywhich BMPs, ascor-

bic acid, and serum-free conditions promote
transition to a hypertrophic phenotype are not
yet defined, the results presented here argue
that each contributes unique stimuli. Serum-
free culture with ascorbic acid alone yielded
alkaline phosphatase levels approximately 30%
those of BMP 1 ascorbic acid, while serum-free
cultures treated with BMP alone showed en-

zyme activity averaging 40% of those with both
inducers. Although assays for enzyme activity
suggested that BMP was only marginally more
effective than ascorbate, analyses of mRNA lev-
els indicated that 24 h exposure to BMP but not
ascorbate was sufficient time for stimulation of
type X collagen transcription (Fig. 6). Similarly,
a brief 3 h exposure to BMP prior to ascorbic
acid treatment was sufficient to produce alka-
line phosphatase levels almost as high as con-
tinuous exposure to both inducers (Fig. 5). These
results, along with the observation that cyclo-
hexamide does not block BMP induction of type
X collagen mRNA, argue that BMP effects are
mediated by a signal transduction pathway
leading to transcriptional changes which do not
require new protein synthesis [Hoodless et al.,
1996; Liu et al., 1996].
Although several groups have reported that

induction of chondrocyte maturation under se-
rum-free conditions required the presence of
thyroxine or triiodothyronine [Böhme et al.,
1992; Quarto et al., 1992a; Ballock and Reddi,
1994; Alini et al., 1996], Ballock and Reddi
[1994] noted that BMP-4 or BMP-7 can induce
maturation of rat chondrocytes cultured under
serum-free conditions even without thyroxine.
Similarly, data presented in Figure 3B show
that while ascorbic acid stimulation of alkaline
phosphatase is suppressed when T3 is absent,
BMP-2 induction of alkaline phosphatase activ-
ity in cultures of avian chondrocytes does not
require T3. These data suggest that BMP and
thyroxine may share a common pathway for
inducing chondrocytematuration. One possibil-
ity is that thyroxine promotes a gradual in-
crease in production of one or more BMPs.
While BMP modulation of chondrocyte gene

expression is relatively rapid, ascorbic acid ef-
fects are more gradual and probably involve a
more indirect mechanism for altering gene ex-
pression. Since ascorbate promotes collagen hy-
droxylation and secretion, it has been postu-
lated that ascorbate effects are mediated by
changes in the extracellular matrix [Frances-
chi, 1992; Cancedda et al., 1995]. This mecha-
nism appears to account for ascorbic effects on
osteoblast differention in vitro [Franceschi,
1992]; however, previous studies from our lab
have demonstrated that blocking collagen secre-
tion with proline hydroxylation inhibitors does
not prevent ascorbate-induced chondrocyte
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maturation [Sullivan et al., 1994]. Thus, the
mechanism for ascorbate-induced changes in
gene expression leading to chondrocytematura-
tion does not appear to involve changes in cell-
matrix interaction. An alternative possibility is
that ascorbic acid functions as an antioxidant
to protect the chondrocytes against toxic hy-
droxyl radicals and peroxide. However, the pres-
ent studies showed that the presence of 1 mM
cysteine in the culture medium did not replace
ascorbic acid as an inducer of hypertrophic
markers. Furthermore, compounds such as glu-
tathionine or N-acetyl cysteine, which should
mimic an antioxidant effect of ascorbic acid, do
not induce significant alkaline phosphatase
[Leboy, unpublished observations]. Our labora-
tory is presently engaged in studies to define
the mechanism by which ascorbic acid pro-
motes chondrocyte maturation.
Long-term culture (1–3 weeks) under serum-

free conditions, without BMP supplementation,
has been reported to promote maturation of
avian chondrocytes cultured in monolayer
[Böhme et al., 1992; Quarto et al., 1992a] or in
suspension culture [Böhme et al., 1995] and
mammalian chondrocytes in pellet culture [Bal-
lock and Reddi, 1994; Alini et al., 1996]. One
plausible hypothesis for the effect of serum-free
culture on chondrocyte maturation is that, in
the absence of serum-containingmitogens, chon-
drocytes stop proliferating and this cessation
triggers terminal differentiation [Quarto et al.,
1992b; Iwamoto et al., 1993b]. Arguing against
this hypothesis are observations in the litera-
ture that chondrocytes display an unusual abil-
ity to survive and proliferate under serum-free
conditions [Glaser and Conrad, 1984; Böhme et
al., 1992]. We have observed that, during the
24–48 h period of serum-free culture, cell num-
bers increase 1.2–1.43 and that ascorbic acid,
which stimulates maturation, also markedly
stimulates thymidine incorporation in serum-
free culture [Venezian and Leboy, manuscript
in preparation]. These results would imply that
the changes in gene expression associated with
maturation do not require cessation of prolifera-
tion. An alternative hypothesis is that serum
contains factors that inhibit chondrocyte matu-
ration [Alini et al., 1996]. Recent analyses of
transgenic mice lacking PTHrP or the PTHrP
receptor suggest that PTHrP functions to sup-
press chondrocyte hypertrophy; these studies
demonstrate that, in the absence of a functional
PTHrP signalling mechanism, prehypertrophic

chondrocytes show accelerated maturation
[Lanske et al., 1996; Vortkamp et al., 1996].
Another candidate inhibitor is TGFb, which
has been reported to arrest the terminal differ-
entiation of both avian and mammalian chon-
drocytes in culture [Kato et al., 1988; Böhme et
al., 1995]. Our results would argue that, while
absence of inhibitors in serum-free culture may
provide a permissive environment for matura-
tion, addition of BMP and ascorbic acid greatly
accelerate the process.
Unlike the cephalic region of chicken ster-

nae, which will undergo endochondral ossifica-
tion before hatching, the caudal region remains
cartilaginous throughout embryonic develop-
ment [Solursh et al., 1986]. Chen et al. [1995]
have reported that chick caudal sternal chondro-
cytes in serum-free culture with OP-1 (BMP-7)
show elevation of type X collagen mRNA. How-
ever, this was not accompanied by the expected
downregulation of type II collagen mRNA or
elevated alkaline phosphatase, suggesting that
the caudal chondrocytes were not proceeding
through the entire maturation pathway. Data
presented here indicate that, while BMP-2 pro-
motes alkaline phosphatase and type X colla-
gen gene expression in prehypertrophic chon-
drocytes from the cephalic portion of chick
embryo sternae, it does not induce either alka-
line phosphatase or type X collagen mRNA in
caudal sternal chondrocytes. Our results are
consistent with a hypothesis that BMPs are
capable of inducing both chondrogenesis and
chondrocyte maturation in undifferentiated
multipotential cells and promoting maturation
in prehypertrophic chondrocytes but that cau-
dal sternal chondrocytes are at a stage in differ-
entiation which does not respond to rhBMP-2.
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