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This study examined the effect of dexamethasone on von Kossa- 
positive nodule formation and alkaline phosphate specific 
activity of costochondral chondrocytes at two distinct stages of 
maturation. The nodules formed by the more mature growth 
zone chondrocyte cultures contained von Kossa-positive deposits 
in the extracellular matrix that had a punctate morphology. The 
nodules formed by the less mature resting zone cells also 
contained yon Kossa-positive deposits, but differentiation was 
delayed by three-to-five days compared to the growth zone cell 
cultures. Dexamethasone stimulated the number of nodules 
formed and shortened the length of time required for von 
Kossa-positive nodule formation in both types of cultures. Dur- 
ing the first 48 h of exposure to dexamethasone, alkaline phos- 
phatase specific activity in the cell layer of both resting zone 
and growth zone cultures was increased in a dose-dependent 
manner. At 12 days post-confluence and thereafter, enzyme 
activity was inhibited in the dexamethasone-treated cultures. 
Changes in matrix vesicle alkaline phosphatase specific activity 
reflected those changes seen in the cell layer after dexa- 
methasone treatment, but with higher magnitude, suggesting that 
one effect of dexamethasone might be to regulate matrix vesicle 
function. With the exception of one culture, the chondrocytes 
did not synthesize type X collagen under any of the experiment- 
al conditions used. Fourier transform infrared spectroscopy (FT- 
IR) failed to detect the presence of calcium phosphates in any of 
the cultures exposed to dexamethasone except one. These results 
demonstrate that dexamethasone promotes early differentiation 
events, including nodule formation and increased alkaline phos- 
phatase activity, in costochondral chondrocyte cultures. The 
failure to detect type X collagen synthesis and mineralization in 
both dexamamethasone-treated and control cultures suggests 
that these cultures lack the factors necessary for terminal 
differentiation and mineralization. 
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Introduction 

Corticosteroids play a major role in endochondral bone for- 
mation and directly or indirectly regulate the effects of other 
hormones. Their mechanism of action in bone and cartilage 
is not clear, and conflicting information has been reported in 
the literature. An excess of glucocorticoids in vivo results in 
net bone loss by causing a decrease in bone formation and an 
increase in bone resorption (Baylink, 1983; Burckhardt, 
1984). It is also known that small amounts of glucocorticoids 
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inhibit skeletal growth in children and animals (Loeb, 1976; 
Silberman, 1983; Ranz et al., 1987). 

The effect of glucocorticoids in vitro varies with the model 
system used. Treatment of fetal rat bone cultures with cor- 
tisol for 90 h decreases collagen production, alkaline phos- 
phatase activity and DNA content (Dietrich et  al., 1979; 
Canalis, 1983), whereas-neonatal rat bones receiving cortisol 
treatment for only 24 h show increases in collagen produc- 
tion and alkaline phosphatase activity, but decreased cell 
replication (Dietrich et  al., 1979; Canalis, 1983; Hahn et  al., 
1984). In organ cultures of bone, dexamethasone inhibits 
proliferation of periosteal cells (Chyun et  al., 1984); however, 
it has also been reported that dexamethasone increases cell 
proliferation and nodule number and size, and promotes 
calcification in the presence of ~-glycerophosphate (Tenen- 
baum & Heersche, 1982; Bellows et  al., 1987, 1990). In ROS 
17/2.8 cell cultures, glucocorticoid treatment increases 
alkaline phosphatase activity and mRNA (Rodan & Rodan, 
1984; Majeska et  al., 1985; Noda et  al. ,  1987). 

In both organ and primary cell cultures and in cell lines 
derived from chondrosarcomas, glucocorticoids are involved 
in expression and maintenance of the cartilage phenotype 
(Jennings & Ham, 1983; Heersche et  al., 1984; Kato & 
Gospodarowicz, 1985; Takano et  al., 1985; Horton et  al. ,  
1988; Watt, 1988; Bellows et  al., 1989). Dexamethasone 
accelerates nodule production and chondrogenesis in chick 
limb bud mesenchyme cultures (Biddulph et  al., 1988) and 
promotes differentiation of rat calvarial cells into chondro- 
cytes (Bellows e t  al., 1989; Grigoriadis et  al., 1988, 1989). In 
contrast, some studies have documented that synthesis of 
cartilage-specific matrix proteins is suppressed by glucocor- 
ticoids (Lebovitz & Eisenbarth, 1975; Tessler & Salmon, 
1975; Silbermann, 1983; Silbermann et  al., 1987) and that 
dexamethasone inhibits cartilage growth and development, as 
well as production of DNA and collagen (Silbermann et  al. ,  
1987; Weiss et  al., 1988). Chondrocytes have receptors for 
glucocorticoids, but the effect of hormone-binding on events 
such as signal transduction have not been well-characterized 
(Blondelon et  al., 1980; Silbermann & Maor, 1985; Mao & 
Silbermann, 1986; Hainque et  al., 1987; Carbone et  al. ,  
1990). 

Many of the effects ascribed to glucocorticoids are concen- 
tration-dependent and appear to depend on the stage of  
differentiation of the target cell or tissue. To examine the 
effects of glucocorticoids on chondrocytes at different stages 
of differentiation, we used an in vi tro model developed in our 
laboratory (Boyan et  al., 1988a,b; Schwartz & Boyan, 1988; 
Schwartz et  aL, 1989). The results of the present study dem- 
onstrate that chondrocyte response to dexamethasone is 
affected by the maturation state of the target cell, as well as 
dose and length of exposure to glucocorticoid. Furthermore, 
they suggest that dexamethasone promotes early 
differentiation events and stabilizes phenotypic expression at 
a stage of chondrogenesis prior to the fully differentiated 
state. 
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Results 

Morphology 

Both primary and fourth passage cultures exhibited com- 
parable changes in cellular morphology with time in culture. 
Thus, the data presented are from fourth passage cultures, 
since the expansion in cell number allows for increased 
numbers of celIs for our experiments. 

At confluence, fourth passage cultures of  growth zone 
chondrocytes were small, cuboidal, and tightly packed. Dur- 
ing the first 11 days after achieving confluence, the morpho- 
logy of the cells remained unchanged, although there were 
focal areas of  condensation (Figure I). Beginning at days 
12-13, nodules composed of several layers of cells started to 
appear throughout the culture (Figure 2). By days 15-16, the 
nodules were increased in size, and more refractory cells were 
seen (Figure 3). Between days 18-24, small, punctate gran- 
ular deposits were seen. These areas were yon Kossa-positive 
and only associated with the nodules (Figures 4 and 5). 

Fourth passage resting zone chondrocytes maintained in 
culture for up to 45 days after confluence showed changes 
similar to those observed for growth zone chondrocytes (data 
not shown). However, the morphological changes were delay- 
ed by 3 to 4 days compared with growth zone chondrocytes. 
Further, the appearance of yon Kossa-positive deposits was 
delayed 5 to 6 days when compared with growth zone chon- 
drocytes. 

Similar morphologic changes were observed in cultures of 
both types of chondrocytes when 10 -7  M dexarnethasone was 
added to the medium. However, treatment with dexametha- 
sone accelerated the observed changes by 4 to 5 days and 
increased both the size and yon Kossa-positive staining inten- 
sity of the nodules (Figure 6). Addition of either 3 mM or 
10 mM /]GP to the cultures did not alter nodule formation or 
von Kossa staining. Addition of  ATP to the culture media 
was toxic to the cells (Figure 7), causing the chondrocytes to 
become detached from the culture surface. 

M&eralization 

Despite the evidence of von Kossa-positive deposits in our 
cultures, crystalline calcium phosphates were only detected in 
one of the three replicate experiments. In this individual 
experiment, FT-IR demonstrated the presence of  hydroxy- 
apatite in growth zone chondrocyte cultures incubated for 21 
days post-confluence with either 10-TM dexamethasone or 
10 mM /3GP. Crystalline calcifim phosphate was not detected 
in any other experiment. 

Collagen production 

Both growth zone and resting zone chondrocytes produced 
type II and type I collagen [comprised of  ~ and ~2, which 
migrate somewhat faster than a~ (II)] in culture (Figure 8). 

, 
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Figure 1 Reverse-phase photomicrograph of untreated fourth pas- 
sage growth zone chondrocytes at 7 days post-confluence. Note the 
tight packing of the cuboidal cells on the surface of the plate. 
Magnification: 100x 

Figure 3 Reverse-phase photomicrograph of untreated fourth pas- 
sage growth zone chondrocytes at 16 days post-confluence showing 
refractile cells associated with the nodules. Magnification: 100x 

Figure 2 Reverse-phase photomicrograph of untreated fourth pas- 
sage growth zone chondrocytes at 12 days post-confluence showing 
nodule formation. Magnification: 40× 

Figure 4 Light photomicrograph showing von Kossa-positive stain- 
ing associated with nodules produced by fourth passage cultures of 
growth zone chondrocytes at 21 days post-confluence. Magnification: 
100x 
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No type X collagen was found, even in the von Kossa- 
positive nodules. In only one experiment, limited pepsin 
digestion of proteins synthesized by confluent primary cul- 
tures of resting zone and growth zone cells produced a band 
at 45 kilodaltons that  co-migrated with pepsin-digested pig 
type X collagen, but this was not a consistent observa- 
tion. 

Figure 5 Light photomicrograph showing yon Kossa-positive stain- 
ing associated with nodules produced by fourth passage cultures of 
growth zone chondrocytes at 21 days post-confluence. Magnification: 
200 x 

Figure 6 Light photomicrograph showing yon Kossa-positive stain- 
ing associated with nodules produced by fourth passage growth zone 
chondrocytes. Cultures were incubated with 10-TM dexamethasone 
for 14 days post-confluence. Magnification: 100x 

f 
Figure 7 Reverse-phase photomicrograph of fourth passage growth 
zone chondrocytes at seven days post confluence. Cultures were 
incubated with l mM ATP for 5 days. Magnification: 100x 

Alkaline phosphatase activity 

Alkaline phosphatase specific activity in the cell layer of 
post-confluent growth zone and resting zone chondrocyte 
cultures varied as a function of  time (Figure 9). In the 
absence of dexamethasone, no change in enzyme activity was 
seen in the growth zone chondrocyte cultures during the first 
3 days post-confluence. At  day 4, a significant increase was 
observed; the activity peaked at day 20, and then began to 
decline. By day 30, enzyme activity was still significantly 
higher than that  observed on day 1. In contrast,  resting zone 
chondrocyte cultures did not  show a significant rise in 
activity until  day 12, and activity peaked at day 24, with a 
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Figure 8 SDS-polyacrylamide gel electrophoresis of [3H]-proline- 
labeled protein from cultures of fourth passage resting zone or 
growth zone chondrocytes. Lane 1: Proteins from cultures of chick 
embryo sternum chondrocytes; lane 2: Proteins from cultures of 
growth zone chondrocytes at 21 days post-confluence; lane 3: Pro- 
teins from cultures of ~owth zone chondrocytes incubated with 
10-7M dexamethasone at 21 days post-confluence; lane 4: Proteins 
from cultures of resting zone chondrocytes at 21 days post- 
confluence; lane 5: Proteins from cultures of resting zone chondro- 
cytes incubated 21 days post-confluence with l0 -7 M dexamethasone. 
The location of pepsin-digested type II and type X collagen on SDS 
polyacrylamide gels (data not shown) was confirmed with charac- 
terized type li and X collagen standards and those of globular 
protein markers (indicated on the left side of the fluorogram). The 
precursor forms of =1(I) and at2(I), which are of higher molecular 
weight, are above the position of the ~tl(II) collagen marker. 
Whereas all of the collagen chains were degraded by purified 
bacterial collagenase, the fibronectin subunit, which migrates as the 
uppermost band shown in the fluorogram, was unaffected by this 
treatment (data not shown) 
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value comparable  to that  seen on day 30 in the growth zone 
cell cultures. 

The addit ion of  dexamethasone to either growth zone or 
resting zone cell cultures for short  periods of  time (up to 
48 h) produced dose-dependent increases in alkaline phos- 
phatase specific activity that  were significant at  10 -8 to 
10-6M dexamethasone (Figure 10). The increase in enzyme 
activity in growth zone chondrocytes began at six hours  and 
cont inued through the entire 48 h period (Figure l l ) .  Simi- 
larly, the effect of  dexamethasone on alkaline phosphatase  
specific activity in resting zone chondrocyte cultures was 
observed at 60 rain and continued through the remainder  of 
the 48 h incubat ion (Figure 12). 

In long-term cultures incubated with dexamethasone,  there 
was no change in alkaline phosphatase specific activity in 
either growth zone or resting zone cell cultures at days 3, 4, 
or 6 (only data f rom day 4 is shown in Figures 13 and  14). In 
growth zone chondrocyte  cultures, however, there was a 
dose-dependent  inhibit ion of  alkaline phosphatase specific 
activity between 12-30  days of  exposure to dexamethasone 
at  concentrat ions of  10 -7 to  10 - rM (Figure 13). Similar 
results were found when dexamethasone was added to resting 
zone chondrocyte cultures (Figure 14), a l though only I0 -SM 
dexamethasone inhibited alkaline phosphatase specific 
activity at days 20 and 30. 

Matr ix vesicles isolated from growth zone chondrocyte 
cultures treated with dexamethasone for up to 48 h showed a 
dose- and t ime-dependent increase in alkaline phosphatase  
specific activity at 10 -7 to 10-6M (Figure 15), with no 
significant effect observed at 10 -9 to 10-SM (data  not 
shown). In contrast,  from days 12 to 24, 10 -7 to 10-6M 
dexamethasone inhibited alkaline phosphatase  specific 
activity (Figure 15). Alkaline phosphatase  specific activity of 
plasma membrane fractions did not  show any change in 
activity at  any of the times examined or concentrat ions of 
dexamethasone used (data not  shown). Matr ix vesicles and 
plasma membranes isolated from cultures of  resting zone 
chondrocytes exhibited responses that  were similar to those 
observed for growth zone chondrocytes  (data not  shown). 

Discussion 

The results of  this study demonst ra te  that  chondrocytes 
derived from costochondrat  cart i lage retain their ability to 
cont inue along the endochondra l  differentiation pathway in 
long-term culture. The format ion  of  nodules containing von 
Kossa-positive deposits follows a sequence of  matura t ional  
events similar to that  seen in chondrocytes during endochon-  
dral ossification in v i vo  (Boskey, 1981; Engel e t  a l . ,  1994). 
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Figure 9 Alkaline phosphatase specific activity in the cell layer of 
fourth passage cultures of growth zone (GC) and resting zone (RC) 
chondrocytes. Activity was measured at the times indicated after 
confluence had been achieved. Each data point represents the 
mean + SEM for six cultures. Each experimental condition was 
repeated two times. *P<0.05, harvest day vs day 0 (confluence) 
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Figure 10 Alkaline phosphatase specific activity in the cell layer of 
fourth passage, confluent cultures of growth zone (GC) and resting 
zone (RC) chondrocytes incubated for 48h with 10 -~° to 10-~M 
dexamethasone. Each data point represents the mean + SEM for six 
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Figure 11 Time-dependent changes in alkaline phosphatase specific 
activity in the cell layer of fourth passage, confluent cultures of 
growth zone chondrocytes incubated with 10 -7 or 10-rM dex- 
amethasone for up to 48 h. Each data point represents the mean + 
SEM for six cultures. Each experimental condition was repeated two 
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Figure 12 Time-dependent changes in alkaline phosphatase specific 
activity in the cell layer of fourth passage, confluent cultures of 
resting zone chondrocytes incubated with 10 -7 or 10-6M dexa- 
methasone for up to 48 h. Each data point represents the mean + 
SEM for six cultures. Each experimental condition was repeated two 
times. *P<0.05, time of harvest vs T O (=confluence) 
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The stage of maturation of the chondrocytes in vivo deter- 
mines the length of  time needed in culture for the formation 
of  von Kossa-positive nodules, with resting zone cells exhib- 
iting a consistent delay compared to the more mature growth 
zone cells. This finding supports our earlier observation that 
these cells are at two distinct stages of endochondral develop- 
ment and that they retain their phenotypic differences 
through four passages in culture (Boyan et  al., 1988a; 
Schwartz & Boyan, 1988; Schwartz et  al.,  1989). 

While the chondrocytes synthesize type II collagen 
(Schwartz et  al.,  1989) and immunoreactive cartilage-specific 
proteoglycan (unpublished data), they do not synthesize 
detectable amounts of  type X collagen, either in monolayer 
or during nodule formation and differentiation, or in res- 
ponse to dexamethasone. In a parallel study, we examined 
whether the chondrocytes would synthesize type X collagen 
in response to two other hormones known to regulate endo- 
chondral differentiation, 1,25-(OH)2D 3 and 24,25-(OH)2D 3. In 
neither instance was type X collagen detected (unpublished 
data). 

The failure of these cultures to produce type X collagen at 
detectable levels is not due to a loss of phenotypic expression 
during subpassage, since primary cultures also lacked type X 
collagen. One possibility to account for these results is that 
the cells, at time of harvest from the costochondral junction, 
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Figure 13 Dose-response and time course of alkaline phosphatase 
specific activity in the cell layer of post confluent, fourth passage 
cultures of growth zone chondrocytes incubated with dexamethasone 
for up to 30 days. Each data point represents the mean _+ SEM for 
six cultures. Each experimental condition was repeated two times. 
*P<O.05, treatment vs control at each time point examined 
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Figure 14 Dose-response and time course of alkaline phosphatase 
specific activity in the cell layer of post confluent, fourth passage 
cultures of resting zone chondrocytes incubated with dexamethasone 
for up to 30 days. Each data represents the mean_+ SEM for six 
cultures. Each experimental condition was repeated two times. 
*P<0.05, treatment vs control at each time point examined 

were not expressing type X collagen, and this phenotype 
continued subsequently in culture. In support of  this idea, it 
is known that resting zone chondrocytes do not produce type 
X collagen in vivo and that synthesis of type X collagen in 
chicks, as in all species, is localized to the hypertrophic and 
calcifying zones of the growth plate (Schmid & Conrad, 
1982; Remington et  al.,  1984; Grant  et  al., 1985; Kielty et  al.,  
1985; Linsenmayer et  al., 1991). Growth zone chondrocytes 
are derived primarily from upper hypertrophic cartilage, 
which does not produce type X collagen (Grant el al.,  1985), 
and the upper region of the lower hypertrophic cartilage. 
Therefore, the predominant cell type in the growth zone 
cultures may not have exhibited type X collagen production. 
In the single experiment suggesting the presence of type X in 
the absence of dexamethasone, it is probable that a small 
proportion of chondrocytes from the lower hypertrophic 
zone were included in the dissection of the costochondral 
cartilage. 

The results show that type X collagen synthesis is not 
induced by differentiation and maturation in the culture 
model used, even though the cells undergo morphologic 
changes typical of hypertrophic, calcifying chondrocytes. In 
addition, synthesis of this protein is not sensitive to dexa- 
methasone. It has been hypothesized that synthesis of  this 
short chain collagen is specific to cartilaginous tissue on the 
verge of  osseous transformation and that it may be involved 
in signaling the matrix for bone development (Silbermann, 
1983). Thus, one might expect it to be produced in the 
long-term cultures after nodule formation had progressed, as 
has been reported by Coe et  al. (1992) for chick mesenchymal 
cell cultures. While it is possible that factors in the culture 
medium suppressed type X collagen production, it is more 
likely that a necessary inducing agent, provided during vas- 
cularization of the calcified cartilage in vivo, was absent. It is 
also possible that some type X collagen was produced, but its 
synthesis was limited to focal areas. In s i tu  hybridization 
studies will be required to verify this possibility. 

Based on their ability to form von Kossa-positive nodules, 
the chondrocytes appeared to calcify; however, hydroxyapa- 
tite was only detected in one of  three experiments we per- 
formed. Failure to detect hydroxyapatite in the majority of 
the experiments may have been due to the small amount of  
mineral present. FT-IR can detect the presence of  any cal- 
cium phosphate mineral, whether amorphous or crystalline, 
but requires that 1% or more of  the sample be in the mineral 
phase. Unlike bone, calcification of  cartilage in vivo is limited 
and considerably less robust. Von Kossa-positive deposits in 
cultures of  osteoblast-like cells or fetal rat calvarial cells are 
first observed in the nodules, but eventually spread through- 
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Figure 15 Effect of dexamethasone on matrix vesicle alkaline phos- 
phatase specific activity in post confluent, fourth passage cultures of 
growth zone chondrocytes. Each data point represents the mean +_ 
SEM for N = 6, where each N represents the matrix vesicles obtain- 
ed from three T75 flask cultures. *P<0.05, treatment vs control at 
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out the entire culture (Bellows et al., 1987, 1990; Bhargava et 
al., 1988; Ecarot-Charrier et al., 1988). In the chondrocyte 
cultures, however, the deposits are punctate and only assoc- 
iated with the nodules. Taken together, it is most likely that 
the mineral formed by the chondrocytes in two of the three 
experiments was below the level of detection by FT-IR. 

The homogeneity of the cells may also have limited the 
amount of mineral that could form. When rabbit condylar 
chondrocytes were cultured under comparable conditions, 
mineral formed within the nodule, first in association with 
matrix vesicles, and later within the collagenous matrix 
(Engel et al., 1994). Normal human osteoblast-like cells 
(Ecarot-Charrier et al., 1988) and rat osteoblast-like cells 
(Bhargava et al., 1988) behave in a similar manner. In each 
of these instances, the starting population of cells was mixed 
with respect to maturation state. In contrast, the chondro- 
cytes used in the present study were derived from discrete 
maturational zones, neither of which forms mineral in vivo. 
Even though the cells differentiate in culture, they retain 
phenotypic characteristics of their original maturation 
state. 

Although matrix calcification by chondrocytes has been 
reported previously (Suzuki et al., 1981; Vaananen et al., 
1983), there have been few reports showing calcification of 
these cells in the absence of other cell types or media supple- 
ments other than ascorbic acid (Boskey et al., 1992a; Engel et 
al., 1994). The results of the current study demonstrate clear- 
ly that normal chondrocytes will undergo chondrogenic 
differentiation in culture, without the addition of exogenous 
phosphate. Further, the ability of costochondral chondro- 
cytes to form von Kossa-positive nodules was not markedly 
enhanced by/3-glycerophosphate, which is commonly used to 
enhance the rate of calcification, or in some instances, to 
permit calcification (Boskey et al., 1992a,b, 1994; Dean et al., 
1994). The data also indicate that formation of the deposits 
was cell-mediated and not due to dystrophic mineralization 
resulting from high local concentrations of phosphate. 

An exception to this hypothesis may be seen in cultures 
incubated with ATP. ATP was shown to be an important 
additive for in vitro calcification of matrix vesicles isolated 
from chick chondrocytes (Chin et al., 1983) and enhanced 
mineral deposition in chick limb culture (Boskey et  al., 1994). 
However, when ATP was added to the rat costochondral 
chondrocyte cultures in the present study, it appeared to be 
toxic to the cells. One possible explanation for the observed 
effect may be that dystrophic calcification was so extensive 
that the chondrocytes sloughed from the surface of the cul- 
ture plates. 

As reported for osteoblast-like cell cultures (Bellows et al., 
1987, 1990), dexamethasone appeared to enhance the rate of 
von Kossa-positive nodule formation by the chondrocytes. 
At early time points, dexamethasone stimulated endochon- 
dral differentiation, as evidenced by increased alkaline phos- 
phatase activity. However, in the longer term cultures, alka- 
line phosphatase activity was never as high in the dexametha- 
sone-treated cultures as it was in the untreated cells. Our 
data showing that dexamethasone initially stimulated and 
then inhibited alkaline phosphatase is similar to the findings 
of Canalis (1983). 

By the time von Kossa-positive nodules were seen in un- 
treated chondrocyte cultures, alkaline phosphatase specific 
activity was at levels seen in the dexamethasone-treated cells 
at earlier time points. Furthermore, dexamethasone promot- 
ed the formation of greater numbers of von Kossa-positive 
nodules. These observations suggest that one function of 
dexamethasone may be to enhance maturation toward a 
calcifying phenotype, but to retard terminal differentiation. 

Others have shown that dexamethasone induces the expres- 
sion and maintenance of the cartilage phenotype in cell and 
organ culture (Jennings & Ham, 1983; Heersche et al., 1984, h 
Kato & Gospodarowicz, 1985; Takano et al., 1985; Horton 
et  al., 1988; Watt, 1988; Bellows et al., 1989). Dexa- 
methasone increased chondrocyte nodule number and differ- 

entiation in mesenchymal cell cultures (Biddulph et al., 1988). 
In addition, cartilage organ cultures showed increased differ- 
entiation (Silbermann et al., 1987). However, these studies 
failed to demonstrate von Kossa staining. Variations in ex- 
perimental outcomes may be due to species differences, stage 
of chondrogenic maturation of the starting cell populations, 
or variation in culture conditions. 

The present studies indicate that the effects of dexametha- 
sone on chondrocyte differentiation are dependent, at least in 
part, on cell maturation. While the net effect of short-term 
(48 h) dexamethasone treatment on total alkaline phospha- 
tase specific activity is comparable in resting zone and growth 
zone chondrocyte cultures, the time course of response is 
different. Resting zone chondrocytes are more sensitive to the 
hormone at earlier times. Stimulation of alkaline phosphatase 
specific activity occurs within one hour of exposure to dex- 
amethasone in these cells, whereas stimulation of alkaline 
phosphatase specific activity in growth zone cells is not seen 
for 6 h, suggesting that dexamethasone promotes 
differentiation of the less mature cells. In the long-term cul- 
tures, the effects of dexamethasone occur with greater sen- 
sitivity (i.e., lower concentration) in the growth zone chond- 
rocyte cultures after day 20, but it should be noted that 
enzyme activity is less in the resting zone cells and peak 
activity is delayed with respect to the more mature growth 
zone cells. 

The effects of dexamethasone on alkaline phosphatase may 
be due to effects on matrix vesicles, which contain approx- 
imately 11% of the alkaline phosphatase in chondrocyte cell 
layers (Schwartz et al., 1988). As was seen in the cell layer, 
dexamethasone stimulated matrix vesicle alkaline phospha- 
tase specific activity at early time points, whereas, in long- 
term cultures, matrix vesicle enzyme activity was reduced by 
the hormone with respect to control. The enhanced sen- 
sitivity to dexamethasone treatment seen in matrix vesicles in 
comparison with changes detected in the cell layer suggests 
that this organelle may be a major target of dexamethasone 
regulation. This hypothesis is supported by the finding of 
Lewinson & Silbermann (1984), which showed that at con- 
centrations of dexamethasone identical to those used in the 
present study, there is a marked precocious formation of 
matrix vesicles in growth plate organ cultures. 

It is possible that the effects of dexamethasone on matrix 
vesicles are related to the increase in von Kossa-positive 
nodules. Enhanced alkaline phosphatase specific activity 
would lead to increased local phosphate levels detected by 
the stain. If local Ca concentrations remained low, hydroxy- 
apatite formation might not occur at levels high enough to be 
detected by FT-IR (Boskey et al., 1992b). Recent studies by 
Dean et al. (1994) have shown in osteoblast-like cells that 
synergistic increases in von Kossa-positive nodule formation 
in the presence of ~-glycerophosphate and ascorbic acid are 
accompanied by increased matrix vesicle metalloproteinase 
activity. Whether dexamethasone inhibits matrix vesicle 
metalloproteinases is not known; however, corticosteroids 
have been shown to decrease proteolytic activity in articular 
cartilage (Martel-Petletier et aL, 1985; Pelletier & Martel- 
Pelletier, 1989). In this situation, local phosphate levels due 
to matrix vesicle alkaline phosphatase would increase, but 
maturation of the matrix needed for bulk phase mineraliza- 
tion would be inhibited. Further support for the hypothesis 
that dexamethasone promotes initial, but not terminal, differ- 
entiation of the chondrocyte cultures is the fact that this 
corticosteroid inhibits phospholipase A 2 activity (Swain et al., 
1992), and increases in this enzyme are associated with chon- 
drocyte maturation in vitro and growth plate calcification in 
vivo (Wuthier, 1973; Schwartz & Boyan, 1988). It is also 
possible that the maturation state of the cells in vivo was such 
that terminal differentiation of the chondrocytes to hyper- 
trophic chondrocytes capable of calcifying their matrix could 
not occur under the culture conditions used. Since calcifi- 
cation of the costochondral cartilage in the rat is limited to a 
restricted region at the bone-cartilage interface, the results 
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may indicate the presence of a matrix constituent synthesized 
with or without dexamethasone that prevents calcification, 
even with I~GP. 

Materials and methods 

Chondrocyte cultures 

Cell isolation The chondrocyte culture model used in this 
study has been described in detail previously (Boyan et al., 
1988b). Resting zone and growth zone cartilage was dissected 
from the costochondral junction of  125 g Sprague-Dawley 
rats by sharp dissection. Care was taken to dissect out 
intervening tissue to limit cross-contamination of cell zones. 
In addition, perichondrium and calcified cartilage were dis- 
carded to limit contamination by fibroblasts and osteoblasts. 
Chondrocytes were isolated from the cartilage by sequential 
digestion with 1% trypsin (Gibco, Grand Island, NY) for 1 h 
and 0.02% collagenase (Worthington Type II, Freehold, N J) 
for 3 h, followed by separation from the tissue debris by 
filtration through 40-mesh nylon and centrifugation of the 
filtrate at 500 g for ten minutes. Pelleted cells were resus- 
pended in Dulbecco's modified Eagle's medium (DMEM),  
counted, and plated at an initial density of  10 000 cells/cm 2 
for cells from the resting zone and at 25 000 cells/cm 2 for 
those from the growth zone. Cells were incubated in D M E M  
containing 10% fetal bovine serum (FBS), 50 ~tg/ml sodium 
ascorbate, and 1% peniciltin-streptomycin-fungizone in an 
atmosphere of  5% COz and 100% humidity at 37"C. The 
culture media were replaced at 24 h and then at 72 h intervals 
until the cells reached confluence. Cells were subcultured at 
confluence, using the same plating densities, and allowed to 
return to confluence. Either first or fourth passage cells, or 
both, were used for the experiments, as described below. 
Previous studies have shown that the cells retain their chon- 
drogenic phenotype and differential responsiveness to vitamin 
D metabolites through fourth passage (Boyan et al., 1988a; 
Schwartz & Boyan, 1988; Schwartz et al., 1989). 

Optimizing cell density and media composition for study of  
differentiation and nodule formation To determine the best 
cell density for nodule formation, first or fourth passage 
chondrocytes were incubated for 40 days in 35 mm culture 
dishes using one of  the following protocols. (1) Resting zone 
cells were plated at 10 000 cells/cm 2 and growth zone cells at 
25 000 cells/cm 2 in 2 ml media (Boyan et al., 1988b). (2) 
Resting zone cells and growth zone cells were plated at 
208 000 cells/cm 2 in 2 ml of media (Vaananen et al., 1983). 
(3) Resting zone ceils and growth zone cells were plated at 
5 x 105 cells (1 770 000 cells/cm 2) in 0.1 ml of  media in a 
6 mm diameter removable cylinder placed in the center of  the 
dish; the cylinder was removed after 24 h and 2 ml of  media 
added (Suzuki et al., 1981). 

In order to optimize the formation of  yon Kossa-positive 
nodules, confluent cultures were incubated with 1 mM ATP, 
since this has been shown to be requried for matrix vesicle- 
mediated mineral deposition by chick growth plate chondro- 
cytes in vitro (Chin et al., 1983). Cultures were also incubated 
with 3 mM or 10 mM beta-glycerophosphate (~GP). In some 
experiments; cells were grown in modified BGJ medium 
(Gibco-BRL, Gaithersburg, MD), which is commonly used 
for mineralizing osteoblast-like cell cultures. 

While the first passage chondrocyte cultures did form 
greater numbers of  nodules, their use was impractical for 
many of the subsequent studies reported here. Fourth pas- 
sage cells followed a comparable differentiation cascade with 
respect to cell and culture morphology (described in detail in 
Results). Seeding density did not alter nodule morphology, 
nor did it markedly enhance the rate or amount of  yon 
Kossa-positive nodule formation. Growth in media supple- 
mented with llGP also resulted in no qualitative differences in 
von Kossa-positive nodule formation. Growth in modified 

BGJ medium inhibited chondrocyte proliferation and 
enhanced cell detachment. 

Treatment of  chondrocytes with dexamethasone For the 
reasons described above, nodule formation and differenti- 
ation were assessed using fourth passage cells seeded as 
described in Method no. 1 above. Cells were cultured to 
confluence in D M E M  containing 10% FBS, 1% antibiotics, 
and 50 ~tg/ml sodium ascorbate in an atmosphere of  5% CO2 
and 100% humidity at 37*C, as described previously (Schwartz 
and Boyan, 1988). Culture media were changed at 72 h inter- 
vals. Dexamethasone was added to the cultures at confluence 
and was present in the medium throughout the remainder of  
the experiment. When examining the effects of dexametha- 
sone on nodule formation and mineralization, chondrocytes 
were cultured for 24-30 days post-confluence. For assess- 
ment of  hormone effects on alkaline phosphatase in mono- 
layer cultures, confluent, fourth passage cells were incubated 
with dexamethasone for 0 -48  h. 

Dexamethasone was dissolved in ethanol. At the dilutions 
used in these experiments, the solvent does not noticeably 
affect the chondrocytes in vitro (Boyan et al., 1988a). Before 
addition to the culture medium, the hormone stock solution 
(10-2M) was diluted at least 1:1000 (v/v) to minimize any 
effect of  ethanol on the cells. The medium that contained the 
highest concentration of dexamethasone was diluted with 
D M E M  to prepare media with hormone concentrations rang- 
ing from 10 -9 to  10 -6 M. Physiologic concentrations of cor- 
tisol are 5 x 10 -5 to 5 x 10 -6 M. Dexamethasone, which is 
ten times more potent, was used at concentrations of i0 -9 to 
10 -6 M. Therefore, the chondrocytes were exposed to physio- 
logic concentrations of hormone or less. Each experiment 
included control cultures that contained ethanol at the 
highest concentration used as the hormone vehicle (i.e., 
~< 0.1%). 

Nodule characterization 

Cell morphology To resolve concerns that chondrocytes lose 
their differentiated phenotype with passage in culture, both 
first and fourth passage cells were cultured on one-chamber 
plastic slides (Lab-Tek Chamber Slide, Nunc, Inc., Naper- 
ville, IL). Cultures were stained for phosphate using von 
Kossa method. Parallel cultures were stained with toluidine 
blue in order to visualize nodules. Cultures were examined by 
reverse phase contrast microscopy. 

Mineralization Von Kossa-positive deposits are often used 
as an indicator of calcification in culture. However, von 
Kossa staining only detects foci of  phosphate, not necessarily 
calcium phosphate mineral. Therefore, attempts were made 
to verify that the yon Kossa-positive nodules formed in 
culture contained hydroxyapatite. At the time of  harvest, 
reserve zone or growth zone cells that had been cultured for 
20, 24 or 30 days with or without 10-VM dexamethasone, 
3 mM or 10 mM IIGP, or 1 mM ATP were rinsed with 50 mM 
ammonium bicarbonate (pH 8.0), the cell layer removed by 
scraping, and lyophilized. Preliminary studies indicated that 
the amount of mineral in these samples was insufficient to be 
detected by X-ray diffraction using a Debye-Scherrer powder 
camera with Cu K~ radiation. Subsequent samples were 
examined by means of Fourier transform infrared (FT-IR) 
spectroscopy analysis. The instrument used was a Bio-Rad 
FTS-40 (Bio-Rad, Cambridge, MA) coupled to a microscope 
attachment ( U M A  100). The lyophilized cell layer was mixed 
with 200 mg potassium bromide (KBr) and pressed into a 
KBr pellet. FT-IR spectra were collected at a resolution of  
4 cm -~, 512 scans. To verify the results, the pellets were also 
examined by means of FT-IR microscopic analysis. In this 
configuration, the IR beam is focused through a microscope 
onto the sample under investigation. The area of  analysis was 
2 500 l/.m 2, and spectra were collected in the transmission 
mode at a resolution of  4 cm -~, 1024 scans. The water vapor 
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contribution was subtracted, and the region of 900-1700 
cm -t examined. Emphasis was placed on the vlv3 900-1200 
cm -1 region (mineral phosphate), as well as the 1650cm -~ 
and 1550 cm -I regions (protein amide I and II, respectively). 
This method will detect mineral at >~ 1% of the sample dry 
weight. 

Collagen production 

Type X collagen has been proposed as a marker of endo- 
chondral maturation since it is only found in the hyper- 
trophic zone of growth plate cartilage. To determine whether 
resting zone or growth zone chondrocytes constitutively pro- 
duce type X collagen, whether its production is related to 
nodule formation and calcification, and whether its produc- 
tion is regulated by dexamethasone, the following experi- 
ments were performed. 

Metabolic labeling and protein extraction Confluent, primary 
cultures or fourth passage resting zone and growth zone 
chondrocytes were incubated for 24h at 37°C in 10ml 
DMEM containing 10% FBS, 50~tg/ml sodium ascorbate, 
and 50/~g/ml beta-aminoproprionitrile fumarate (BAPN) 
with 32/,tCi/ml [3H]-proline (New England Nuclear, Boston, 
MA). The media were collected in phosphate buffered saline 
(PBS) containing protease inhibitors [1 mM phenyl-methyl- 
sulfonyl fluoride (PMSF), 10 mM N-ethylmaleimide (NEM) 
and 25 mM ethylenediamine-tetraacetic acid (EDTA)] at 40C. 
The cell layers were collected by scraping the flask mechan- 
ically and centrifuging the suspension for 15rain at 500g. 
The cell pellet was resuspended in 5 ml PBS containing the 
above protease inhibitors and homogenized using a Tissum- 
izer (Tekmar Co., Cincinnati, OH) at 4°C. The homogenate 
was stirred for 1 h at 4°C and centrifuged at 12 000 g for 
30 min at 4°C. Supernatants were dialyzed against Tris- 
buffered saline (0.15 M NaCI, 50 mM Tris, pH 7.5) containing 
0.2 mM PMSF at 4°C. The radiolabeled proteins from both 
media and cell layer were partially purified by precipitation 
with 33% saturation ammonium sulfate followed by centri- 
fugation at 12000g for 30min at 4°C. The pellets were 
resuspended in 2 ml Tris-buffered saline containing 0.2 mM 
PMSF. 

Enzyme digestion A portion of the ammonium sulfate pre- 
cipitable protein was dialyzed against 0.5 M acetic acid and 
limited proteolysis performed by treatment with pepsin 
(100 lag/ml sample) for 24 h at 4°C. Digestion was terminated 
by dialysis against 10mM ammonium bicarbonate, pH 8, 
followed by lyophilization. After dissolving the lyophilized 
material at 1 mg/ml in Tris-buffered saline, some of the 
pepsin-digested samples underwent fractional precipitation by 
dialysis against 0.5 M acetic acid, pH 3.2, followed by further 
dialysis against consecutively increasing molarities of sodium 
chloride (0.9 M, 1.2 M, and 2.0 M). The precipitate at each 
concentration of NaCI was isolated by centrifugation, dis- 
solved in Tris-buffered saline, dialyzed against deionized 
water and lyophilized. 

The sensitivity of proteins to limited proteotysis was ex- 
plored by treatment with pepsin under the following condi- 
tions: 2.5 mg/ml and 50 mg/ml for 60 rain and 50 mg/ml for 
23 h. Digestion with purified bacterial collagenase (Form III, 
Advanced Biofactures Corp., Lynbrook, NY) was performed 
by adding 50 units of collagenase in 20 ~1 of 10 mM calcium 
acetate, 25 mM Tris, pH 7.5, to 15 000 dpm of sample in 
200/~1 of Tris-buffered saline containing 10 mM N-ethylmale- 
imide and 0.2 mM phenylmethylsulfonyl fluoride and incubat- 
ed for 6 h at 37°C. The reaction was terminated by freezing 
the sample. Collagenase-digested and control samples were 
prepared for gel electrophoresis by precipitation with 10% 
trichloroacetic acid. 

Gel electrophoresis Protein extracts and pepsin digests were 
analysied by sodium dodecyl sulfate polyacrylamide gel elec- 

trophoresis using a 5-15% polyacrylamide gradient (Laemmli, 
1970). Disulfide bonds were reduced with 50 mM dithiothrei- 
tol. Proteins were stained with Coomassie Brilliant Blue R- 
250, processed for fluorography with EN3HANCE (New 
England Nuclear, Boston, MA), and exposed to presensitized 
X-Omat AR X-ray film (BioRad, Hercules, CA) at -70°C 
for seven to 10 days (Laskey and Mills, 1975). 

Molecular weight estimation Molecular weights were assess- 
ed by using protein standards from Pharmacia (Piscataway, 
N J). The size of collagenous proteins was estimated by com- 
parison to collagen polypeptide (alpha) chains and to cyano- 
gen bromide (CNBr) peptides of type I collagen (extracted 
from rat tail tendon) and type II collagen (from rabbit 
articular cartilage). CNBr peptides were prepared by chemi- 
cal cleavage of purified collagen using an equal weight of 
CNBr in 70% formic acid for 4 h at 30°C. 

Alkaline phosphatase 

Alkaline phosphatase activity is associated with endochon- 
dral maturation. As chondrocytes hypertrophy in vivo, 
alkaline phosphatase specific activity increases. The increase 
in this enzyme is due to production of extracellular matrix 
vesicles, which are involved in the initiation of calcium phos- 
phate deposition in the matrix. To determine whether the 
cultures exhibit this increase in enzyme activity during nodule 
formation, whether it is regulated by dexamethasone and 
whether the effect of dexamethasone at the cellular level is 
due to changes in matrix vesicle alkaline phosphatase specific 
activity, the following experiments were performed. 

Preparation of cell layers~nodules Cell layers/nodules were 
prepared by the method of Hale et al. (1986). At harvest, the 
culture medium was removed, the flask washed two times 
with PBS and the  cell layer detached using a cell scraper. 
After centrifugation, the cell layer pellet was washed twice 
with PBS and resuspended by vortexing in 500 ~tl of deioniz- 
ed water plus 25/~1 of 1% Triton-X-100. The resulting cell 
layer lysate was used for biochemical analysis. 

Preparation of membrane fractions Matrix vesicles and 
plasma membranes were prepared as previously described 
(Boyan et al., 1988b). The conditioned medium was decanted 
and cells released by trypsinization (1% trypsin in HBSS). 
The reaction was stopped with DMEM containing 10% FBS, 
and the cells were collected by centrifugation at 500 g for 
10 min, resuspended in 0.9% NaC1, washed twice, counted, 
and used for the preparation of a plasma membrane fraction 
(see below). The supernatant from the trypsin digest was 
centrifuged for 20rain at 13000g to sediment a mito- 
chondria/membrane fraction. The resulting supernatant was 
then centrifuged for one hour at 100 000g to pellet matrix 
vesicles. 

Plasma membranes were prepared from cells isolated after 
trypsinization, as described above. After homogenization 
with a TenBroek-style homogenizer, the plasma membranes 
were isolated by differential centrifugation and further 
purified by sucrose density centrifugation (Boyan et al., 
1988b). Both plasma membranes and matrix vesicles were 
resuspended in 0.9% NaCI and stored at -70°C. 

These techniques result in matrix vesicle preparations that 
are enriched in alkaline phosphatase specific activity that is 
two-to-ten times greater than that of the plasma membrane. 
There is a differential distribution of other plama membrane 
marker enzymes in the matrix vesicles (Boyan et al., 1988a), 
as well as matrix processing enzyme (Dean et al., 1992)o 
Contamination of either membrane preparation with other 
subcellular organelles is minimal (Schwartz et al., 1988). 

Alkaline phosphatase specific activity Alkaline phosphatase 
[orthophosphoric monoester phosphohydrolase alkaline (EC 
3.1.3.1)] activity in the cell layer, isolated plasma membranes, 
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and matrix vesicles was measured as a function of  the release 
of para-nitrophenol from para-nitrophenylphosphate at 
pH 10.2 (Bretaudiere and Spillman, 1984). Protein was 
measured according to the method of Lowry et al. (1951). 

Statistical analysis 

Unless otherwise noted, the data presented in the figures and 
tables are from single representative experiments. For assays 
using cell layers, each data point represents the mean + SEM 
for six cultures. For assays of matrix vesicle or plasma 
membrane enzyme activity, each data point represents the 
mean + SEM of six samples, where each sample is the com- 
bined membranes from three-to-five cultures. Statistical 
significance was determined by comparing each data point to 
the control using the Bonferroni t-test (P<0.05) .  Results 
were validated in multiple replicate experiments. Unless 

otherwise stated in the Results, experiments were conducted a 
minimum of three times in order to verify observations. 
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