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To determine if bone morphogenetic protein-2 (BMP-2)
can induce the endochondral maturation of resting
zone (RC) chondrocytes, confluent fourth-passage
cultures of these cells were pretreated for 24, 36, 48,
72, or 120 h with recombinant human BMP-2. At the
end of pretreatment, the media were replaced with
new media containing 10–10–10–8 M 1,25-(OH)2D3 or
10-9–10-7 M 24,25-(OH2)D3, and the cells incubated
for an additional 24 h. This second treatment was
chosen, because prior studies had shown that the more
mature growth zone (GC) chondrocytes and RC cells
respond to 1,25-(OH)2D3 and 24,25-(OH)2D3 in dis-
tinctly different ways with respect to the parameters
examined. The effect of BMP-2 pretreatment on cell
maturation was assessed by measuring alkaline phos-
phatase specific activity (ALPase). In addition, changes in
matrix protein production were assessed by measuring
collagen synthesis, as well as [35S]-sulfate incorporation
into proteoglycans. When RC cells were pretreated for
72 or 120 h with BMP-2, treatment with 1,25-(OH)2D3
caused a dose-dependent increase in ALPase specific
activity and collagen synthesis, with no effect on
proteoglycan sulfation. RC cells pretreated with 1,25-
(OH)2D3 responded like RC cells that had not received
any pretreatment. RC cells normally respond to 24,25-
(OH)2D3; however, RC cultures pretreated for 72 or
120 h with BMP-2 lost their responsiveness to 24,25-

(OH)2D3. These results indicate that BMP-2 directly
regulates the differentiation and maturation of RC
chondrocytes into GC chondrocytes. These observations
support the hypothesis that BMP-2 plays a significant
role in regulating chondrocyte maturation during
endochondral ossification.
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Introduction

The process of endochondral bone formation consists of
a developmental cascade of chondrocyte maturation states
that culminates in extracellular matrix mineralization
before osteogenesis can occur. The process is required for
normal growth and development of long bones and for
certain kinds of bone repair. During the chondrogenic phase
of the process, chondrocytes are responsible for the syn-
thesis, maintenance, and maturation of a calcifiable extra-
cellular matrix that is composed mainly of proteoglycan
and collagen (1,2).

Bone morphogenetic proteins (BMPs) are the only
known factors capable of inducing this process in an ectopic
site (3–5). They are believed to initiate the expression of the
endochondral cartilage cell phenotype by inducing the com-
mitment of pluripotent mesenchymal and chondro-
progenitor cells. Several studies have shown that purified
and recombinant BMPs, including recombinant human
BMP-2, can cause these cells to express a cartilage cell
phenotype in vivo (6–11). In vitro, BMP-2 has been shown
to promote expression of a chondrogenic phenotype by a
multipotent mesenchymal cell line (12).
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BMPs can also enhance endochondral development by
direct action on chondrocytes in the growth plate (13–15).
BMP-2 has been shown to inhibit collagenase-3 mRNA
production during human fetal cartilage growth and
development (16). We have shown that BMP-2 affects
proliferation and differentiation of rat costochondral
growth plate chondrocytes (17). The effects are dose-
dependent, but they also depend on the maturation state of
the responding cell population. Resting zone cells exhibit
greater sensitivity to BMP-2 than do cells derived from the
prehypertrophic and upper hypertrophic zones (growth
zone) of the growth plate. BMP-2 upregulates BMP-2
production in both populations of cells. BMP-2 also causes
an increase in BMP-4 mRNA levels in resting zone cells,
whereas it causes a decrease in growth zone cells.

This differential expression of BMPs by growth plate
cells in postfetal development is also seen in fetal tissues
(18). In the developing limb bud, there is a differential
distribution of BMP-2 and BMP-13 transcripts (5,19).
Similarly, Chang et al. (20) have shown that two other
members of the transforming growth factor-β (TGF-β)
superfamily are also differentially expressed in limb bud
development. These observations support the hypothesis
that BMPs are produced locally and act on the cells in a
paracrine/autocrine manner, suggesting that they function
to promote the transition of growth plate chondrocytes from
one maturation state to another.

The effects of BMP-2 on mesenchymal cell response
also depend on the duration of exposure. Puleo (21) has
shown that the C3H1OT1/2 cell line exhibits an initial
proliferative response to BMP-2 followed by increased
alkaline phosphatase activity, osteocalcin production, and
mineralized matrix dependent on the length of exposure to
BMP-2. In contrast, BMP-2 inhibited proliferation of bone
marrow stromal cells, but elicited a similar effect on
markers of osteoblastic differentiation that became greater
as exposure to the factor was prolonged. Similarly, BMP-2
modulates differentiation of fetal rat calvarial cells in a time-
and dose-dependent manner (22), suggesting that BMP-2
enhances expression of other BMP genes during the process
in much the same way as noted in the growth plate. These
results also suggest that BMP-2 may cause cells to become
sensitive to other regulatory agents. BMP-2 has been shown
to cause increased synthesis of insulin-like growth factors
1 and 2 by skeletal cells in a dose- and time-dependent
manner (23) and to enhance the response of osteoblast-like
2T9 cells to 1,25-(OH)2D3 (24). Whether this is true for
chondrocytes as well is not known.

Recent attention has focused on the transition of cells
from the proliferative zone to the zone of prehypertrophy,
since it is at this juncture that cells in the growth plate
become demonstrably endochondral rather than hyaline in
their phenotypic expression. In situ hybridization and
immunolocalization studies can distinguish between these
cell maturation states on the basis of tissue morphology.

However, in cell culture, both the hyaline-like resting zone
cells and the postproliferative growth zone cells undergo
proliferation before they re-express their in vivo phenotype.

To understand the transition from the resting zone to the
zone of prehypertrophy, we have established a chondrocyte
model in which these two cell types are cultured separately
after discarding the intervening proliferative cell zone
(25–28). Characterization of these two distinct populations
has shown that they produce matrix vesicles with different
compositions, including activity of alkaline phosphatase
(29,30) and matrix metalloproteinases (31); their basal Ca
ion flux (32,33) and membrane fluidity (34) are different;
phospholipid composition of their membranes is different
(26), as is their basal production of prostaglandin E2 (35) and
1,25-(OH)2D3 and 24,25-(OH)2D3 (36). Also, they exhibit
marked differences in their response to vitamin D metabolites.
Whereas resting zone cells respond primarily to 24,25-
(OH)2D3, growth zone cells respond primarily to 1,25-
(OH)2D3 (37,38).

Even though resting zone chondrocytes will form
nodules in long-term culture and exhibit increased alkaline
phosphatase as a function of time, these cells do not miner-
alize their matrix, nor do they synthesize type X collagen,
even after 28 d postconfluence, indicating that their hyaline
chondrocyte phenotype is retained (39,40). However, if
these cells are treated for 36 h or more with 24,25-(OH)2D3,
they will exhibit a growth zone phenotype and become
responsive to 1,25-(OH)2D3 (37). rhTGF-β1 also promotes
this shift in phenotypic expression, but the effect requires
72 h of exposure (41). In contrast, resting zone cells expo-
sed to 1,25-(OH)2D3 for up to 5 d do not become responsive
to 1,25-(OH)2D3 (37,41). These observations suggest that
acquisition of a 1,25-(OH)2D3-responsive phenotype is a
hallmark of the shift from the resting zone maturation state
to the growth zone maturation state.

Once the phenotypic shift occurs, at least with respect
to TGF-β1, it does not appear to be reversible, since the
cells lose responsiveness to 24,25-(OH)2D3 as they acquire
responsiveness to 1,25-(OH)2D3. Because of the sensitivity
of resting zone cells to BMP-2 (17), we hypothesized that
this growth factor may also play an important role in
promoting the phenotypic transition of these cells. To test
this hypothesis, we assessed whether resting zone cells
acquired responsiveness to 1,25-(OH)2D3 following expo-
sure to BMP-2, if the effect was dose- or time-dependent,
and if the cells retained responsiveness to 24,25-(OH)2D3
after acquiring responsiveness to 1,25-(OH)2D3.

Results
Alkaline Phosphatase

BMP-2 induced resting zone cells to become responsive
to 1,25-(OH)2D3, but the effect was dependent on BMP-2
concentration and time of exposure. In resting zone chon-
drocyte cultures treated with BMP-2 alone for 24 h (Fig.
1A), alkaline phosphatase specific activity was increased,
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but only at the highest concentration of growth factor. As
noted previously (37,41), alkaline phosphatase was unre-
sponsive to 1,25-(OH)2D3 treatment alone. In addition, treat-
ment of the cultures with BMP-2 for 24 h had no effect on the
cells’ responsiveness to 10–10–10–8 M 1,25-(OH)2D3.

At 72 h (Fig. 1B), cultures treated with either 10 or 50
ng/mL BMP-2 had elevated alkaline phosphatase specific
activity, and the effect was dose-dependent. The level of
alkaline phosphatase specific activity in cultures treated
with 50 ng/mL BMP-2 for 72 h was further augmented by
10–9M 1,25-(OH)2D3, whereas cultures treated with 10 or
50 ng/mL BMP-2 followed by 10–8 M 1,25-(OH)2D3 also
showed increased enzyme specific activity.

The effect of BMP-2 on alkaline phosphatase specific
activity was time-dependent (Fig. 2). Alkaline phosphatase

specific activity was increased over controls after 24, 48,
72, and 120 h of exposure to BMP-2. Addition of BMP-2
for 24 or 48 h did not induce responsiveness to 1,25-
(OH)2D3. However, responsiveness to 1,25-(OH)2D3 was
seen after 72 and 120 h of treatment with BMP-2. Maxi-
mal stimulation of alkaline phosphatase in 1,25-(OH)2D3-
challenged cultures was observed in cells pretreated for
72 h with BMP-2.

Treatment with BMP-2 resulted in a loss of cellular
response to 24,25-(OH)2D3 (Fig. 3). In cultures pretreated
with control media followed by 24,25-(OH)2D3, resting
zone cells had increased alkaline phosphatase specific
activity at all times examined, but similar treatment with
1,25-(OH)2D3 had no effect. In cultures pretreated with
BMP-2 for 24 or 48 h, 24,25-(OH)2D3 caused no further
increase in enzyme activity over that seen in cultures treated
with 24,25-(OH)2D3 alone, whereas 1,25-(OH)2D3 had an
effect that was comparable to that seen with 24,25-(OH)2D3.
In cultures treated for 72 or 120 h with BMP-2, however,
addition of 1,25-(OH)2D3 caused an increase in alkaline
phosphatase, whereas enzyme activity in the cultures chal-
lenged with 24,25-(OH)2D3 was comparable to that of the
untreated controls.

Collagen Production

Collagen synthesis was inhibited by 10–9–10–8 M 1,25-
(OH)2D3 in control cultures, and by 10–8 M 1,25-(OH)2D3
in BMP-2-pretreated cultures at 24 h (Fig. 4A). However,

Fig. 1. Effect of BMP-2 pretreatment for 24 h (A) or 72 (B) on
alkaline phosphatase specific activity in cell layer lysates of rest-
ing zone chondrocytes following challenge with 1,25-(OH)2D3.
Cultures were treated for 24 or 72 h with 1, 10, or
50 ng/mL of BMP-2 and then treated with 10–10–10–8M 1,25-
(OH)2D3 for an additional 24 h. At harvest, alkaline phosphatase
specific activity in the cell layer was measured as described in
the Materials and Methods section. The data are from one of
three replicate experiments yielding similar results. Each data
point is the mean ± SEM of six cultures. #p < 0.05, treatment with
BMP-2 vs cultures not treated with BMP-2; *p < 0.05, treatment
with 1,25-(OH)2D3 vs cultures not treated with 1,25-(OH)2D3;
•p < 0.05, 50 ng/mL BMP-2 vs 10 ng/mL BMP-2.

Fig. 2. Effect of BMP-2 pretreatment time on alkaline phos-
phatase specific activity of resting zone chondrocytes following
challenge with 1,25-(OH)2D3. Cultures were pretreated with 50
ng/mL BMP-2 for 24, 48, 72, or 120 h and then treated with 10-8 M
1,25-(OH)2D3 for an additional 24 h. At harvest, alkaline phos-
phatase specific activity in the cell layer was measured as
described in the Materials and Methods section. The data are
from one of three replicate experiments yielding similar results.
Each data point is the mean ± SEM for six cultures. #p < 0.05
treatment with BMP-2 vs cultures not treated with BMP-2;
*p < 0.05 vs 24 h; •p < 0.05 vs cells pretreated with BMP-2,
but not subsequently treated with 1,25-(OH)2D3.
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this decrease was independent of BMP-2 concentration. In
cultures treated with control media for 72 h, 10–9 and 10–8 M
1,25-(OH)2D3 inhibited collagen production (Fig. 4B). In
contrast, when cultures were pretreated with 10 or 50 ng/mL
BMP-2, there was a dose-dependent increase in collagen syn-
thesis after challenge with 10–8 M 1,25-(OH)2D3. The stimu-
latory effect of BMP-2 on cell response to 1,25-(OH)2D3 was
also noted after 120 h of BMP-2 treatment (Fig. 5).

Proteoglycan Sulfation

Proteoglycan sulfation by resting zone cells was unaffec-
ted by treatment with BMP-2, or by challenge with 1,25-
(OH)2D3, whether or not the cells were treated with BMP-2
for up to 120 h (Fig. 6).

Discussion

The results of this study demonstrate that BMP-2 can
induce resting zone cells to acquire a 1,25-(OH)2D3
responsive phenotype characteristic of more mature growth
zone chondrocytes. This effect is dose- and time-dependent
and is specific to the parameter being examined. Respon-
siveness of alkaline phosphatase to 1,25-(OH)2D3 required
at least 72 h of exposure to the growth factor. Although
cells pretreated with BMP-2 for 24 h appeared to become
responsive to 1,25-(OH)2D3, the effect was comparable to
that seen in cultures pretreated with BMP-2 alone, indicating
that 1,25-(OH)2D3 did not elicit a further effect until 72 h.
Responsiveness of collagen production to 1,25-(OH)2D3
also required at least 72 h of exposure. This suggests that

Fig. 3. Effect of BMP-2 pretreatment time on 24,25-(OH)2D3-
dependent alkaline phosphatase specific activity of resting zone
chondrocytes. Cultures were pretreated with 50 ng/mL BMP-2
for 24, 48, 72, or 120 h and then treated with 10–8 M 1,25-(OH)2D3
or 10–7 M 24,25-(OH)2D3 for an additional 24 h. At harvest, alka-
line phosphatase specific activity in the cell layer was measured
as described in the Materials and Methods section. The data are
from one of three replicate experiments yielding similar results.
Each data point is the mean ± SEM for six cultures. #p < 0.05,
treatment vs control; *p < 0.05 vs 24 h.

Fig. 4. Effect of BMP-2 pretreatment for 24 (A) or 72 (B) h on
percent collagen production by resting zone chondrocytes fol-
lowing challenge with 1,25-(OH)2D3. Cultures were pretreated
with BMP-2 (1, 10, or 50 ng/mL) for 24 or 72 h and then treated
with 10–10–10–8 M 1,25-(OH)2D3 for an additional 24 h. At har-
vest, % collagen production was measured as described in the
Materials and Methods section. The data are from one of three
replicate experiments yielding similar results. Each data point
is the mean ± SEM for six cultures. #p < 0.05, + BMP-2 vs
–BMP-2; *p < 0.05, +1,25-(OH)2D3 vs -1,25-(OH)2D3.

BMP-2 initiates a cascade of responses leading to upregulation
of receptors to this vitamin D metabolite.

The effects of BMP-2 were similar to those noted previously
in response to TGF-β1, suggesting that similar mechanisms
may be involved. Whereas 24,25-(OH)2D3 induced the pheno-
typic shift by 36 h (37), both BMP-2 and TGF-β1 (41) required
72 h to elicit a comparable response. The requirement for long
exposures to differentiating factors has been noted by others
(42–44), supporting the hypothesis that a cascade of events is
involved. BMP-2 exerts its effects on cells via specific recep-
tors activating a kinase cascade leading to new gene expres-
sion, sharing certain common mediators with other members
of the TGF-β superfamily (45,46). We have shown that TGF-
β1 stimulates PKCα activity in resting zone chondrocytes via
a mechanism that is independent of phospholipase C and
tyrosine kinase, but requires new gene expression and pro-
tein synthesis (47). Activation of PKC can also lead to new
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gene expression (48–50). Thus, it is likely that TGF-β1
and BMP-2 initiate a comparable series of reactions, at
least with respect to the parameters measured here, potentia-
lly including crosstalk (46,51).

At least some of the pathways modulated by TGF-β1
and BMP-2 may be in common with those activated by
24,25-(OH)2D3. This vitamin D3 metabolite has a rapid,
direct effect on plasma membrane PKCα in resting zone
cells (52). In addition, 24,25-(OH)2D3 stimulates PKCα
activity by activating gene expression and protein synthesis
(53). Given the importance of regulating this transition
during endochondral bone formation in vivo, it is not sur-
prising that some redundancy may exist.

It is also possible that 24,25-(OH)2D3 produced by the
resting zone chondrocytes plays a role. TGF-β1 upreg-
ulates 24-hydroxylase in resting zone cells, resulting in
increased production of 24,25-(OH)2D3 within 1 h (54).
Increased local production of this vitamin D metabolite
could contribute to the phenotypic shift. It is unknown if
BMP-2 elicits a similar change in local production of
24,25-(OH)2D3.

Concomitant with the increase in responsiveness to 1,25-
(OH)2D3 there was a reduction in responsiveness to 24,25-
(OH)2D3, further supporting the presence of a phenotypic
shift in maturation state. In the absence of BMP-2, resting
zone chondrocytes continue to express increased alkaline
phosphatase activity as a function of time, and they retain
their ability to respond to 24,25-(OH)2D3, but not 1,25-
(OH)2D3. When treated with BMP-2 for 48 h, they continue
to exhibit a 24,25-(OH)2D3 responsive phenotype. How-

ever, once the maturation shift occurs, these cells no longer
respond to 24,25-(OH)2D3.

Our data suggest that the transition event is definitive in
this regard. The transition involves multiple phenotypic
markers. Not only is alkaline phosphatase affected, but
collagen production is affected as well. At 5 d, collagen
synthesis was still inhibited in control cultures challenged
with 10-9–10-8 M 1,25-(OH)2D3, a phenotypic response of
the resting zone cell (28). However, BMP-2 treatment for
72 h induced a dose-dependent increase in collagen in
response to 1,25-(OH)2D3. These data are consistent with
the resting zone cultures acquiring a growth zone-like phe-
notype, since 1,25-(OH)2D3 stimulates collagen synthesis
in growth zone chondrocyte cultures.

Unlike the results obtained for collagen synthesis,
proteoglycan production was not affected by BMP-2 pre-
treatment, suggesting that this marker of chondrocyte
differentiation may either require additional culture time with
BMP-2 or additional factors are involved in the acquisition
of this phenotypic marker. TGF-β1 pretreatment also had no
effect on sulfate incorporation following challenge by 1,25-
(OH)2D3 (41), indicating that it, too, does not modulate this
aspect of the cell. In contrast, following pretreatment with
24,25-(OH)2D3 for 36 h, resting zone cells respond to 1,25-
(OH)2D3 with a dose-dependent increase in [35S]-sulfate
incorporation typical of the growth zone cell phenotype (37).
Thus, although crosstalk among differentiating factors may
exist, they are not interchangeable. Moreover, the effects of
BMP-2 appear to be more limited than those of 24,25-
(OH)2D3, suggesting that it regulates a subset of cells or that

Fig. 5. Effect of BMP-2 pretreatment time on percent collagen
production by resting zone chondrocytes following challenge
with 1,25-(OH)2D3. Cultures were pretreated with 50 ng/mL
BMP-2 for 24, 48, 72, or 120 h and then treated with 10–8 M
1,25-(OH)2D3 for an additional 24 h. At harvest, % collagen
production was measured as described in the Materials and
Methods section. The data are from one of three replicate
experiments yielding similar results. Each data point is the
mean ± SEM for six cultures. #p < 0.05, treatment vs control;
*p < 0.05; vs 24 h.

Fig. 6. Effect of BMP-2 pretreatment time on [35S]-sulfate incor-
poration by resting zone chondrocytes following challenge with
1,25-(OH)2D3. Cultures were pretreated with 50 ng/mL BMP-2
for 24, 48, 72, or 120 h and then treated with 10–8 M 1,25-(OH)2D3
for an additional 24 h. At harvest, [35S]-sulfate incorporation
was measured as described in the Materials and Methods sec-
tion. The data are from one of three replicate experiments yield-
ing similar results. Each data point is the mean ± SEM for six
cultures. *p < 0.05 vs 24 h; •p < 0.05 vs 48 h.
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its action is restricted to discrete components of the endo-
chondral developmental cascade.

We did not observe an effect of BMP-2 alone on
proteoglycan sulfation in this study. However, studies exam-
ining the effects of BMP-2 (55) and BMP-7 (56) on articular
chondrocytes did demonstrate increased proteoglycan
production. The difference in our findings may be owing to
the source of the cells, articular vs costochondral resting
zone cartilage. Embryonic mouse limb bud cultures also
exhibit an increase in proteoglycan in response to BMP-2
(57). Whether this is specific to chondroblastic embryonic
cells rather than to postfetal chondrocytes is not yet known.
In addition, we used much lower concentrations of growth
factor in our cultures than have been reported by others.
The concentrations used were sufficient to elicit a pheno-
typic shift, as well as other physiologically relevant effects
on the cells (17), although they may not have been suffi-
cient to have activated the proteoglycan synthetic pathway.
Under the same experimental protocols as used in the
present study, 24,25-(OH)2D3 increased proteoglycan
sulfation in resting zone cells, but after a 36-h exposure, the
cells become responsive to 1,25-(OH)2D3 instead (37).
Thus, it is unlikely that the chondrocytes were already
maximally incorporating [35S]-sulfate under pretreatment
conditions and were consequently unable to exhibit a
further increase when challenged with 1,25-(OH)2D3.

In summary, this study demonstrates that resting zone
chondrocytes in culture can be induced to differentiate into
the more mature phenotype characteristic of growth zone
chondrocytes, showing that BMP-2 plays a significant role
in growth plate cartilage development. The exact mecha-
nism utilized by BMP-2 in this process is not clear, although
it is likely to be mediated by its effects on kinase cascades
and vitamin D3 metabolism. Resolution of these issues is
presently under way.

Materials and Methods

Chondrocyte Cultures

The culture system used in this study has been descri-
bed previously (25). Chondrocytes were isolated from the
resting zone of the costochondral cartilage of 125 g Sprague-
Dawley rats. Cells were released from the matrix by enzy-
matic digestion and then cultured in Dulbecco’s Modified
Eagle’s Medium (DMEM) containing 10% fetal bovine
serum (FBS), 50 µg/mL vitamin C, and 1% penicillin–
streptomycin–fungizone in an atmosphere of 5% CO2 and
100% humidity at 37°C. Culture media were replaced after
the first 24 h and then at 72-h intervals. Fourth-passage
cells were used for the experiments, since previous studies
have demonstrated that these cells retain their differential
phenotype, including response to BMP-2 and the vitamin D
metabolites at this passage (see Experimental Design).

At confluence, media were replaced with fresh media
containing vehicle alone or 1, 10, or 50 ng/mL recombinant

human BMP-2 (Genetics Institute, Andover, MA) in PBS.
At appropriate time-points (24, 48, 72, or 120 h), these media
were replaced with fresh media containing vehicle alone
or 10–10 M–10–8 M 1α,25-(OH)2D3 for an additional 24 h. In
some experiments, 10–7 M 24R,25-(OH)2D3 was used. Both
metabolites were a gift of Milan Uskokovic (Hoffman-
LaRoche, Nutley, NJ). For those cells pretreated with 50
ng/mL BMP-2 for 120 h, fresh media containing the appro-
priate concentration of BMP-2 were added at 72 h.

Experimental Design

In this culture model, resting zone cells respond to 24,25-
(OH)2D3 with dose-dependent decreases in proliferation,
dose-dependent increases in alkaline phosphatase specific
activity, and proteoglycan sulfation, but no change in
collagen synthesis (26,25,28,37). 24,25-(OH)2D3 also
inhibits [3H]-thymidine incorporation by growth zone cells,
but it has no effect on alkaline phosphatase, collagen
production, or sulfate incorporation. 1,25-(OH)2D3 also
inhibits [3H]-thymidine incorporation by both cell types,
but its effects on alkaline phosphatase, collagen, and
proteoglycan are cell maturation-dependent. Growth zone
cells exhibit increased alkaline phosphatase and proteo-
glycan sulfation, but 1,25-(OH)2D3 has no effect on these
parameters in resting zone cells. In contrast, 1,25-(OH)2D3
inhibits collagen production by resting zone chondro-
cytes. When resting zone cells are exposed for 36 or more
hours to 24,25-(OH)2D3 (37) or for 72 h to TGF-β1 (41), they
respond to 1,25-(OH)2D3 in a manner typical of a growth
zone cell; treatment of resting zone cells with 1,25-(OH)2D3
for up to 5 d does not exert a similar transition in phenotype.
Therefore, we used these markers in our present study.

Alkaline Phosphatase Specific Activity

Specific activity of alkaline phosphatase (orthophos-
phoric monoester phosphohydrolase alkaline [EC 3.1.3.1])
was measured in cell layer lysates as a function of para-
nitrophenol release from para-nitrophenylphosphate at pH
10.2, as previously described (25,58,59).

Collagen and Noncollagen Protein Synthesis

Incorporation of L-[3H]-proline (New England Nuclear,
Boston, MA) into collagenase-digestible protein (CDP) and
noncollagenase-digestible protein (NCP) in the cell layer
was used to estimate matrix protein synthesis by resting zone
cells as previously described (28,37,60). Data were expressed
as dpm and were calculated with respect to protein content.
Percent collagen synthesis was calculated after multiplying
the labeled proline in NCP by 5.4 to correct for its relative
abundance in collagen (61). This assay did not take into
account any degradation that may have occurred.

[35S]-Sulfate Incorporation

Proteoglycan synthesis was assessed by measuring [35S]-
sulfate incorporation in the cell layer according to the method
of O’Keefe et al. (62), as described by us previously (37,63).
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Statistical Analysis

The data presented in the figures are from one experiment
that was repeated three or more times with comparable
results. For any given experiment, each data point represents
the mean ± SEM for six individual cultures. The data were
analyzed by analysis of variance, and statistical signifi-
cance determined by comparing each data point to the
control (containing ethanol vehicle) using Bonferroni’s
modification of the t-test.
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