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Abstract The clonal subtypes of cells in the osteogenic family represented by fibroblastoid MBA-15.33, 
preosteoblast MBA-15.4, and mature osteoblastic MBA-15.6 cells were used to study the effects of glucocorticoid 
(dexamethasone). The role of dexamethasone was monitored on cell attachment when plated on various protein 
substrata (BSA, collagen I, and Matrigel). A 24 h exposure of the cells to 1 0-6 M or 1 O-’ M dexamethasone differential 
affects their attachment preference. MBA-15.33 and MBA-15.4 cells increased their attachment capability on collagen I, 
while MBA-15.6 cells’ attachment was inhibited. Pretreatment with M) dexamethasone caused an increase in 
attachment on Matrigel by MBA-15.33 cells and to less extent by MBA-15.4 cells. Additionally, measurements of two 
enzymatic activities were monitored; one is alkaline phosphatase (ALK-P), and the second is neutral endopeptidase 
(CDI O/NEP). MBA-15.33, MBA-15.4, and MBA-15.6 cells were exposed to dexamethasone or to various growth factors 
(bone morphogenic protein (BMP-2 and BMP-3), TGFP, and IGF-I). In some experiments, pretreatment of cells by 
dexamethasone was followed by exposure to the growth factors. The cells’ challenged cellular responses were not 
uniform and revealed a differential pattern when their ALK-P and CD1 O/NEP enzymatic activities were 
measured. c 1996 Wdey-Liss, Inc. 
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The extracellular matrixes (ECM) promote 
cellular adherence that affects the growth, mor- 
phology, and phenotypic expression of osteoblas- 
tic cells. The matrix components mediate the 
interaction with cells through the existence of 
integrin or nonintegrin cell surface receptors. 
The expression of these receptors changed ac- 
cording to cell modulation with stimulators as 
hormones and growth factors as well as pharma- 
cological components. Prolongation of treat- 
ment with glucocorticoids has been shown to 
decrease bone mass and induce osteoporosis in 
vivo [Dykma et al., 1985; Hahn et al., 19791. The 
glucocorticoid affected the production of colla- 
gen synthesis [Dietrich et al., 1979; Canalis, 
1983; Chyun et al., 19841 and its gene expres- 
sion [Cockayne et al., 1986; Weiner et al., 19871. 
Other proteins were also affected, such as osteo- 
calcin [Beresford et al., 1984; Pockwinse et al., 
19951, osteopontin Woom et al., 19871, and bone 
sialoprotein [Oldsberg et al., 19891. Dexametha- 
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sone had a variable effect on cells at different 
stages of differentiation [Aubin et al., 1992; 
Breen et al., 1994; Fried et al., 19931. We previ- 
ously demonstrated the inhibition effect of dexa- 
methasone on the growth rate of marrow stro- 
mal osteoblasts [Benayahu et al., 1994al and 
their expression of mRNA for matrix protein as 
well as its effect on the mineralization of these 
cells. An acute effect of glucocorticoid may de- 
crease bone mass by altering the osteoprogeni- 
tor and committed osteoblast function. A source 
of osteoprogenitor cells is the marrow stromal 
system [Benayahu et al., 1989; Owen and 
Friedenstein, 19881. The systemic and local fac- 
tors regulate the osteogenesis within the medul- 
lary cavity of bones. Such systemic factors as 
circulating hormones or a therapeutic drug such 
as the dexamethasone act on skeletal cells either 
directly or indirectly; this action modulates the 
synthesis, activation, and receptor binding of 
local growth factor. These changes may in turn 
stimulate or inhibit bone formation. The hor- 
mone may target a given growth factor to a 
specific cell [Canalis et al., 1991; Canalis, 19931, 
and this may further modify the hormone re- 
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sponse to  the local growth fzctor that may change 
the replication or the differentiated of osteoblasts. 

The role of glucocorticoid that provides tissue 
specificity for a given growth factor was our 
objective in this study. We used the marrow 
clonal-derived cell lines expressing osteoblastic- 
associated features. The clonal lines, derived 
from the MBA-15 line, were earlier described as 
presumably “arrested” at a particular stage 
along the osteogenic lineage [Fried et al., 19931. 
They differ in their morphology, proliferation 
rate, synthesis of ECM proteins, and levels of 
adenylate cyclase. These cells’ attachment pref- 
erence to matrix proteins of collagenous and non- 
collagenous proteins was different [Benayahu et 
al., 1995aI. Enzymatic modulation of neutral 
endopeptidase (NEP) is identical to that of the 
CALLA antigen (CD10) and ALK-P activities 
previously shown to present on marrow stromal 
cell with higher expression by osteoblastic cells 
[Indig et al., 1990; Benayahu et al., 1994b, 
1995bl. These enzymes are associated with the 
metabolism and regulation of a variety of pep- 
tides as well as of the mineralization process. 

We now focus on the effects of dexamethasone 
modulation on differentiation in clonal MBA- 
15.33, MBA-15.4, and MBA-15.6 cells. The regu- 
lation of the cells demonstrated their ability to 
bind to  various bone ECM components and the 
changes of their attachment following exposure 
to  dexamethasone. The effect of dexamethasone 
also when priming the cultures to combined 
exposure to a series of growth factors on ALK-P 
and CDlO/NEP activities was measured. This 
experimental system serves as a model to define 
the specific cell differentiation stages of the osteo- 
blastic family and may shed light on the regula- 
tion in the marrow stroma compartments that 
occurs in situ. 

MATERIALS AND METHODS 
Cell Culture 

The clonal MBA-15.33, MBA-15.4, and MBA- 
15.6 derived from mouse are marrow stromal 
cell lines, previously described [Fried et al., 
19931. Stock cultures maintained in the growth 
medium Dulbecco’s modified Eagle’s medium 
(DMEM) containing high glucose and supple- 
mented with 10% fetal calf serum (FCS) (Beth 
Haemek, Israel). Cultures were passaged once 
weekly and medium changed every 3 days. All 
cultures incubated at 37°C in a humidified atmo- 
sphere of 10% GO2 in air. 

Hormone and Growth Factors 

The glucocorticoid, dexamethasone was from 
IKAPHARM (Israel). rh-bone morphogenic pro- 
tein 2 (BMP-2) (100 ng/ml) was a generous gift 
from the Genetic Institute (Cambridge, MA). Puri- 
fied osteogenin (BMP-3) (10 ngiml) [Luyten et al., 
19891 was a kind gift from H. Reddi (Johns Hop- 
kins University, Baltimore, MD). Transforming 
growth factor (TGF p) (1 ngiml) and insulin-like 
growth factor (IGF-I) (10 ngiml) were purchased 
from Collaborative Research (Bedford, MA). 

Protein-Coated Dishes With Extracellular Matrix 
Proteins and Attachment Assay 

The proteins included in this study were pep- 
sin-solubilized collagen (Coll I) from bovine der- 
mal collagen (Vitrogen 100; Collagen Gorp., Palo 
Alto CAI, solubilized basement membrane Matri- 
gel@ (Collaborative Research, Inc., Bedford, MA), 
bovine serum albumin (BSA), fraction V (ICN 
Biochemical, Costa Mesa, CAI. The proteins were 
used for coating non-tissue-culture, 96-well mi- 
crotiter plates (Costar, Cambridge, MA), as de- 
scribed earlier [Benayahu et al., 1995al. For 
attachment assays, the cells were incubated for 
24 h with dexamethasone M or M) 
and then were washed out of culture medium 
and dispersed as a single cell suspension using 
trypsin-EDTA (Beth Haemek) and allowed to 
attach. The attached cells were quantitatively 
determined by the uptake of methylene blue and 
the dye released from the cells measured by its 
absorbency at a 550 nm wavelength using a 
microplate reader (vMaxMolecular Devices, Palo 
Alto, CA) [Benayahu et al., 1995al. 

Enzymatic Determination 
Experimental design. Cells were trypsin- 

ized and seeded at 1 x lo4 cellsiml in 24-well 
plates after 24 h, the medium was removed, and 
the cells were supplemented with DMEM con- 
taining 2% charcoal FCS (chFCS) with or with- 
out dexamethasone M). In priming experi- 
ments, cells were first exposed to the hormone 
for 24 h, after which the medium was changed 
and the cells supplemented with the growth 
factors for 48 h as described in Table I. 

Biochemical determination. ALK-P activ- 
ity was determined using 2 mM Paranitrophe- 
nyl phosphate at 37°C in 0.1 M 2-amino-2- 
methyl-1-propanol and 2 mM MgC12 [Majeska 
and Rodan 19821. CDlO/NEP activity was as- 
sayed by a two-stage assay at 37°C using the 
synthetic substrate Suc-Ala-Ala-Leu-NH-Np 
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Fig. 1. The preferential attachment of various clonal cells 
MBA-15.33, MBA-15.4, and MBA-15 6 to matrix proteins such 
as BSA, collagen type I ,  and Matrigel was examined on un- 
treated control (heavily hatched bars) or following preincuba- 
tion with dexamethasone (1 0-6 M, lightly hatched striped bar; 
10 M, dotted bar). Cells (40,000) were applied to each well 

for 3 h. The results are expressed by optical density read on a 
microplate reader at 550 nm. Assays were performed in tripli- 
cate on four to six separate wells The values are of duplicate 
determination of three to four separate experiments as mean ? 

SEM (P  < 0.05, Duncan’s multiple range test) 

TABLE I. Experimental Design 

Hours in culture 
Treatment 24 48 72 96 

Control 10% chFCS 2% chFCS 2%chFCS 2% chFCS 
GF 10% chFCS 2%chFCS GF GF 
Hormone 10% chFCS Hormone 2% chFCS 2% chFCS 
Hormone + GF 10% chFCS Hormone GF GF 

supplemented with streptomyces griseus amino- 
peptidase I (SGAPI) [Indiget al., 19891. Protein 
was measured using Lowry and colleagues’ 
method [Lowry et al., 19511 with human serum 
albumin as a standard. 

Statistical Analysis 

The significance of differences between experi- 
mental and control groups was analyzed by Dun- 
can’s multiple range test. 

RESULTS 
Modulation of Attachment Capability According 

to Cellular Maturation Stage 

In a previous study we were able to determine 
the differential in attachment capability on pre- 
coated wells with various matrix proteins by 
MBA-15 clonal cell lines [Benayahu et al., 1995al. 
Herein we emphasize the effect of dexametha- 
sone to modulate cell attachment. The clonal 
cell MBA-15.33 (fibroblastoid), MBA-15.4 (preos- 
teoblast), and MBA-15.6 (mature osteoblasts) 
subpopulations were applied to precoated 96- 
well plates (Fig. 1). The cells were allowed to 
attach to different matrix proteins such as colla- 
gen type I and Matrigel that composed various 

basement membrane proteins, including colla- 
gens type IV and V. BSA was used for determina- 
tion of nonspecific binding. The basal level of 
MBA-15.6 cell binding was higher than for MBA- 
15.33 and MBA-15.4, up to fivefold on collagen 
and up to twofold on matrigel. This pattern was 
changeable upon 24 h pretreatment of the cells 
with dexamethasone M or M). An 
increase in binding of pretreated MBA-15.33 
cells with M) dexamethasone and MBA- 
15.4 cells in both dexamethasone concentra- 
tions was observed. The effect of the drug on 
MBA-15.6 cells was the opposite: a decrease of 
80% in cell attachment was monitored. The cells’ 
binding capacity to Matrigel was increased when 
MBA-15.33 and MBA-15.4 were exposed to 10-6 
M dexamethasone and was unchanged in MBA- 
15.6 cells. 

Enzyme Activities 

Response to growth factors and dexa- 
methasone stimulation. The responses of the 
clonal cells that were challenged with BMP-2, 
BMP-3, TGFP, and IGF-I were not uniform and 
revealed a differential pattern, as measured by 
enzymatic ALK-P and CDlO/NEP activities. 
ALK-P activity increased up to 2.5 fold in MBA- 
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Fig. 2. MBA-15.33 (a fibroblastoid), MBA-15.4 (a preosteoblast), and MBA-15.6 (a mature cell) were exposed to 
various growth factors such as BMP-2, BMP-3, TCFP, and ICF-I. ALK-P activity was determined in treated cultures 
and compared to  an untreated control. Assays were performed in triplicate on four to six separate cultures. The 
results are expressed as ratio between treatment and control. 
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Fig. 3. MBA-15.33 (a fibroblastoid), MBA-15.4 (a preosteoblast), and MBA-15.6 (a mature cell) were exposed to 
various growth factors as detailed in the Fig. 2. NEP activity was determined in treated cultures and compared to  an 
untreated control. Assays were performed in triplicate on four to six separate cultures, and the results are expressed 
as ratio between treatment and control. 

15.33 up to sixfold in MBA-15.4, and up to 
fivefold in MBA-15.6 cells measured in the pres- 
ence of BMP-2 (Fig. 2). BMP-3 stimulated ALK-P 
activity up to 1.5-2-fold in MBA-15.33 and MBA- 
15.4 cells and threefold in MBA-15.6 cells, 
whereas TGFp inhibited the enzyme activity in 
MBA-15.6 cells but not in MBA-15.4 and MBA- 
15.33 cells. IGF-I had a stimulatory effect on 
ALK-P activity in all cells (Fig. 2). CDlO/NEP 
activity exhibited a different pattern when these 
cells were introduced to the growth factors (Fig. 
3). In MBA-15.6 and MBA-15.4 cells, the CDlO/ 
NEP activity was inhibited by BMP-2, BMP-3, 

and TGFp but in MBA-15.33 cells activity was 
inhibited by BMP-2 or was unchanged by BMP-3 
and TGFp. IGF-I was a potent stimulator for 
the MBA-15.33 and MBA-15.4 cells, up to two- 
fold, but did not alter the enzyme levels in MBA- 
15.6 cells (Fig. 3). Exposure of these cells to dexa- 
methasone (Figs. 4,5) did not sgmficantly change 
the ALK-P activity over baseline levels in all 
cells. The drug effect on CDlO NEP activity was 
unchanged in MBA-15.4 and inhibited the en- 
zyme activity in MBA-15.33 and MBA-15.6. 

Effect of growth factors on cells primed 
by dexamethasone treatment. The pretreat- 
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Fig. 4. ALK-P activity in clonal subpopulations. MBA-15.33 (A), MBA-15.4 (B), and MBA-15.6 (C) were exposed to 
dexamethasone (DEX) ( lo- ’  M). Following 24 h of exposure, the cells were challenged with or without various 
growth factors (BMP-2, BMP-3, TGFP, and IGF-I for an additional 48 h as described in the experimental design and 
compared to CON (basal levels). Assays were performed in triplicate on four to six separate cultures. The results are 
mean ? S E M  (P < 0.05; Duncan’s multiple range test). 
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Fig. 5. NEP activity in clonal subpopulations. MBA-15.33 (A), MBA-15.4 (B), and MBA-15.6 (C) were exposed to 
dexamethasone (DEX) ( lo- ’  M) as described in the legend for Fig. 4. Assays were performed in triplicate on four to  
six separate cultures. The results are mean 2 S E M  (P  < 0.05; Duncan’s multiple range test). 

ment of MBA- 15.4 cells with dexamethasone did 
not alter the ALK-P activity in the presence of 
BMP-2, BMP-3, and TGFp from the response 
obtained when cells were challenged with the 
growth factors alone (Figs. 2, 4B). The MBA- 
15.33 and MBA-15.6 were lowered in their re- 
sponse to  these growth factors by priming with 
dexamethasone (Fig. 4A,C). IGF-I stimulation 
of ALK-P activity was significantly inhibited 
following the priming by dexamethasone in 
MBA-15.33, MBA-15.4, and MBA-15.6 cells. 

CDlO/NEP activity was measured under the 
same culture conditions (Fig. 5). The basic inhi- 
bition effect of the growth factors BMP-2, 
BMP-3, and TGFp was noted in MBA-15.4 and 
MBA-15.6. After priming MBA-15.4 cells with 
dexamethasone (Fig. 5B), these cells were un- 
changed from the basal growth factor level as 
presented in Figure 3. An exposure to IGF-I 

with or without priming by dexamethasone ex- 
presses an elevation in MBA-15.4 (Figs. 3, 5B). 
CDlO/NEP activity in MBA-15.33 was un- 
changed when exposed to BMP-2, BMP-3, and 
TGFp and elevated by IGF-I (Fig. 3). This pat- 
tern of enzyme activity was reduced when growth 
factors were added following exposure to the 
dexamethasone (Fig. 5A). The basic CDlOiNEP 
activity in MBA-15.6 cells (Fig. 5C) in the pres- 
ence of growth factors alone was not altered 
when introduced to cultures that were primed 
by dexamethasone challenge. Priming with dexa- 
methasone did not alter the MBA-15.6 cells’ 
response to BMP-2, BMP-3, or TGFP. 

DISCUSSION 

The osteogenic potential is fully expressed 
only on bone surfaces where the cells interact 
with bone matrix that plays a role in the anchor- 
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age of cells and further modulates their differen- 
tiation. We used various clonal cells of the 
MBA-15 line that are at a different maturation 
stage in the osteoblastic lineage [Fried et al., 
19931 to study their adhesion potential. The 
MBA-15.4 (preosteoblasts) adhesion was earlier 
quantitated in comparison to MBA-15.6 (a ma- 
ture cell). The latter had the ability to adhere to 
the noncollagenous proteins (NCPs) more effec- 
tively [Benayahu et al., 1995al. This suggested 
that not all cells in the osteoblastic lineage ex- 
press the same expression of adhesion receptors, 
as was also pointed by others [Grzesik and Robey, 
19941. In this study we further emphasize the 
cells’ attachment potential following an expo- 
sure to dexamethasone. This drug alters the 
cells’ ability for attachment to the ECM constitu- 
ents. MBA-15.33 and MBA-15.4 increased their 
attachment capability on collagen I, while attach- 
ment of MBA-15.6 cells was inhibited. This phe- 
nomenon possibly occurs due to changes in the 
family of integrins receptors [Gronowicz and 
McCarthy, 19951 identified on osteoblastic cells 
in vitro [Dedhar, 19891 and in vivo [Grzesik and 
Robey, 1994; Muschler and Horowitz 19911. The 
osteoblastic cells’ regulation was affected by 
dexamethasone. Thus, the prime importance in 
this study was to understand of specific cell’s 
stage regulation that may clear the changes 
during bone remodeling by this drug therapy. A 
consequence of acute therapy by glucocorticoid 
is an induced osteopenia recognized in vivo 
[Dykma et al., 1985; Hahn et al., 19791. Herein 
we emphasize the specific function of dexametha- 
sone on osteoblastic cells. It is known that the 
hormonal modulation of cell function is medi- 
ated through local cytokines and growth factors. 
It is also possible that systemic factors play a 
concomitant role and alter the cellular response 
to the growth factors. The role assignment of 
the various growth factors at a particular point 
in the bone formation scheme is not a strict one, 
and certain factors may influence different cells 
or may affect these cells differentially. The ef- 
fects of growth factors on marrow stromal osteo- 
blasts was examined on a MBA-15 cell line in 
previous studies [Benayahu, 1991; Benayahu et 
al., 1994b, 1995bl. ALK-P activity increased fol- 
lowing exposure to BMP-2 and BMP-3, while a 
decrease in enzyme activity was observed follow- 
ing TGFP treatment [Benayahu, 1991; 
Benayahu et al., 1994bl. Neither IGF-I, platelet- 
derived growth factor [Benayahu, 19911, nor 
basic fibroblast growth-factor [Benayahu et al., 

1994bl produced any changes in ALK-P activity 
and cell growth. In order to clarify the biological 
activities of local and systemic factors on the 
osteoblastic cell at different stages of differentia- 
tion, we used the clonal cell lines derived from 
the MBA-15 line. Priming of MBA-15.6 and 
MBA-15.4 cells with retinoic acid (RA) 
[Benayahu et al., 1994b1, PTH, or 1,25(OHI2D3 
[Benayahu et al., 1995bl followed by exposure to 
BMP-2 and BMP-3 resulted in a synergistic 
effect on ALK-P activity and an antagonistic 
effect with TGFP. However, dexamethasone did 
not alter the basic cell response to these growth 
factors. ALK-P activity monitored in the cell 
response to the IGF-I effect was unchanged fol- 
lowing either 1,25(OHI2D3 or PTH priming. 
Dexamethasone did not change the ALK-P activ- 
ity in MBA-15.6 cells and inhibited ALK-P activ- 
ity in MBA-15.4 and MBA-15.33 cells. CDlO also 
had NEP activity that highly correlated to the 
osteoblastic cells [Indig et al., 1990; Benayahu et 
al., 199413; Howell et al., 1993; Ibbotson et al., 
1992; Kee et al., 19921. This enzyme was identi- 
fied as a CALLA antigen and is an endopeptidase 
that is believed to act as a regulator by its 
proteolytic activity on local growth factors. 
MBA-15 and clonal subpopulations were demon- 
strated to have CDlO/NEP activity and a di- 
verse pattern upon modulation. A difference in 
ALK-P and CDlOiNEP activity in response to 
1,25(OHl2D3 treatment was observed in clonal 
MBA-15.30 and MBA-15.33 cells. These cells’ 
expressions for CDlOiNEP activity increased in 
a dose-dependent manner with no parallel 
change in ALK-P activity [Indig et al., 19901. 
PTH did not affect CDlO/NEP activity, while 
1,25(OH)2D3 had a stimulatory effect only in the 
more mature MBA-15.6 osteoblastic cell; the 
inhibitory effect of BMP-2, BMP-3, and TGFP is 
observed when PTH or 1,25(OH)2D3 is used for 
pretreatment of cultures [Benayahu et al., 
1995133. When the cells were exposed to dexa- 
methasone in the present study, CDlO/NEP 
activity was inhibited in MBA-15.4 and MBA- 
15.6 cells when they were exposed to BMP-2, 
BMP-3, and TGFP, but no changes were ob- 
served in MBA-15.33 cells. Under IGF-I treat- 
ment, MBA-15.33 and MBA-15.4 cells increased 
their CDlO/NEP activity, which was unchanged 
following dexamethasone exposure in MBA-15.4 
cells but inhibited in MBA-15.33 cells. These 
defined clonal osteoblastic cells strengthen the 
evidence that growth factors differentially affect 
cellular activities. As depicted by our studies, 
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combined exposure of osteoblast cells to sys- 
temic hormones (PTH, 1,25(OHI2D3, and FW 
and BMPs enhanced their ALK-P activity. Pre- 
treatment with dexamethasone did not alter the 
BMP’s activity effects on ALK-P but differen- 
tially when combined exposure of dexametha- 
sone to TGFp and IGF-I. The combined expo- 
sure of the osteoblastic clonal cells to hormones 
and growth factors deepens our understanding 
of the series of events that occurs in bone forma- 
tion. Both enzymes (ALK-P and CDlO/NEP) 
are on stromal cells’ surface, so their intense 
activity suggests their role as local regulators for 
various functions of bone cells in the local micro- 
environment. The varied responses in the differ- 
ent stages of cell differentiation demonstrated 
by the clonal subpopulations are described here. 
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