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Abstract. In the bone marrow microenvironment, stromal cells or their products are 
known to regulate proliferation and differentiation of hematopoietic stem cells. The 
purpose of this investigation was to characterize stroma-mediated effects of differen- 
tiation-inducing factors on osteoclastogenesis in defined murine cultures. Hemato- 
poietic progenitors (derived from long-term bone marrow cultures, LTBMCs) were 
cocultured with cloned stromal cell lines to demonstrate the indirect effects of various 
differentiation-inducing factors. Osteoclastogenesis was compared in three murine 
marrow systems (whole bone marrow, progenitors cultured alone, and cocultures of 
progenitors with stromal cell lines) by analysis of multinuclearity and tartrate- 
resistant acid phosphatase (TRAP) activity. The cultures were treated for two weeks 
with murine recombinant GM-CSF (5 U/ml), 1,25-dihydroxyvitamin D, (lo-’ M), or 
parathyroid hormone (PTH, lo-’ M). In whole bone marrow cultures, osteoclast dif- 
ferentiation was stimulated by GM-CSF, PTH and 1,25-dihydroxyvitamin D,. With pro- 
genitors alone, only GM-CSF promoted osteoclastogenesis. Each agent stimulated 
osteoclastogenesis in cocultures of progenitors with a stromal cell line (GBLneo’). 
Thus, the coculture system is a partially defined model for whole bone marrow cul- 
tures. In contrast, progenitors that were cocultured with a stromal cell line derived 
from an osteopetrotic oplop mouse failed to differentiate in the presence of PTH or 
1,25-dihydroxyvitamin D,. These results indicate that stimulation of osteoclastogen- 
esis by PTH or 1,25-dihydroxyvitamin D, is mediated indirectly through factors 
present in normal marrow stromal cells and that an osteopetrotic stromal cell line 
failed to support differentiation. [P.S.E.B.M. 1994, Vol 2051 

0 steoclasts are large multinucleated cells that 
are responsible for the resorption of bone dur- 
ing development, growth, and remodeling. 

These cells are also involved in pathologic destruction 
of bone in conditions like osteoporosis, rheumatoid 
arthritis, and periodontal diseases. On the other hand, 
in osteopetrosis, decreased osteoclastic bone resorp- 
tion results in sclerotic bone with a spectrum of clini- 
cal consequences. Evidence has accumulated from 
several experimental systems including chicken-quail 
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chimera experiments (l), parabiotic studies (2, 3) and 
marrow transplantation studies (4, 5) to support the 
view that the osteoclast originates from a hematopoi- 
etic progenitor. Nevertheless the precise identity of 
the osteoclast progenitor and its relationship to the 
monocyte/macrophage lineage are not fully under- 
stood. 

Considerable information on the interactions be- 
tween stromal tissue and hematopoietic cells in both 
marrow and spleen has been obtained from tissue 
culture systems. In long-term bone marrow cultures 
(LTBMCs), the stromal monolayer includes reticular 
cells, endothelial cells, preosteoblasts, and adipocytes, 
which form a microenvironment to support prolifera- 
tion and differentiation of hematopoietic cells (6, 7). 

The purpose of these studies was to determine 
whether such cells of the marrow stromal microenvi- 
ronment play a role in the regulation of osteoclastoge- 
nesis. Hematopoietic progenitors were cocultured 
with a cloned normal stromal cell line (GBLneo’) as a 
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representative cell type of the marrow microenviron- 
ment that supports hematopoiesis in vitro. We have 
shown that hematopoietic progenitors free from stro- 
ma1 cells differentiate to osteoclast-like multinucleated 
cells in response to M-CSF and GM-CSF or IL-3 (8). 
Their differentiation is further enhanced by the bone 
matrix protein osteocalcin (9). In this study, we dem- 
onstrate that PTH and 1,25-dihydroxyvitamin D3 have 
indirect effects on osteoclastogenesis, mediated 
through the stromal compartment. Furthermore, a 
stromal cell line from osteopetrotic (opfop)  mice failed 
to mediate these indirect effects on osteoclast differ- 
entiation. 

Materials and Methods 
Long-Term Bone Marrow Cultures. Long-term 

bone marrow cultures (LTBMCs) were established 
from six-week-old C57B 16/J male mice (Jackson Lab- 
oratories, Bar Harbor, ME) according to the Green- 
berger modification (10, 11) of Dexter’s method (12). 
The medium consisted of Fischer’s leukemic medium 
(GIBCO, Grand Island, NY), 100 U/ml penicillin 
(GIBCO), 100 pg/ml streptomycin (GIBCO), lop5  M 
hydrocortisone sodium succinate (Abbott Laborato- 
ries, North Chicago, IL), and 20% horse serum (Ha- 
zelton, St. Lenexa, KS). Complete medium changes 
were made at weekly intervals, and, after four weeks, 
horse serum was replaced by 20% heat-inactivated fe- 
tal bovine serum (FBS; GIBCO, Grand Island, NY). 
Heat-inactivation was accomplished by heating the se- 
rum to 56°C for 45 min. The flasks were incubated in a 
humid atmosphere at 33°C and in 5% COz in air. After 
five weeks, the nonadherent (NA) cells were collected 
at weekly intervals. 

Characterization of the Nonadherent Cell Pop- 
ulation Derived From Long-Term Bone Marrow Cul- 
tures. The nonadherent cells harvested from long- 
term bone marrow cultures were washed and counted 
to determine the viability by the Trypan blue dye ex- 
clusion method. Smears of the NA cells were made in 
a cytospin centrifuge (Shandon Southern Products 
Ltd., Cheshire, England). The cytospins were air dried 
and fixed with 100% methanol and stained with 
Wright’s modified Giemsa stain (Sigma Diagnostics 
WH-16, St. Louis, MO). Differential counts were ob- 
tained by counting 200-300 cells. 

GM-CFUc Assay. Suspensions of cells were 
made in a-MEM (Minimum Essential Medium Alpha; 
GIBCO) with 0.8% methyl cellulose, 10% fetal calf 
serum, lO-’M P-mercaptoethanol (Terry Fox Labo- 
ratories, Vancouver, BC) or GIBCO BRL Stem Cell 
Kit with 1 ng/ml recombinant mouse granulocyte mac- 
rophage-colony stimulating factor (rm GM-CSF; Gen- 
zyme, Boston, MA). The cells were seeded at 0.5 and 
at 1 x lo5 cells/ml in 35 mm tissue culture dishes. The 

cultures were incubated in humidity chambers at 37°C 
and in 5% CO, in air for seven days. Colonies of >40 
cells were counted with a phase-contrast, inverted mi- 
croscope at x 4  magnification (Nikon Inc., Garden 
City, NY). This assay was also used to count colonies 
generated by whole bone marrow and fractionated 
bone marrow. 

Colorimetric Assay for Cell Number. Cellular 
proliferation was assayed by Mosman’s technique 
(13). Cells were plated into 96-well plates (flat- 
bottomed, Falcon@, NJ) at 2 x lo5 viable cells/well. 
After the treatment periods, media were removed and 
100 pl of Dulbecco’s Modified Eagle Medium 
(DMEM; GIBCO), 10% FBS, and 10% MTT solution 
(3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrasolium 
bromide; Chemicon, Temecula, CA) was added to 
each well. The wells were incubated for 3-4 hr at 37°C 
and in 5% CO, in air. One hundred microliters of the 
color development solution (isopropanol with 0.04 N 
HCl) was added, and the contents of each well were 
thoroughly mixed by repeat pipetting . The absorbance 
of each well was measured at 600 nm on a plate reader 
(EL308; Bio-Tek Instruments Inc., Winooski, VT). 

Differentiation-Inducing Cell Culture Experi- 
ments. Cultures were established with whole bone 
marrow (WBM) from C57B16/J mice by seeding a 
monocellular suspension of marrow cells at 4 x lo5 
cells/0.8 cm2 in 8-chamber slides (Permanox@, Lab- 
Tek@, Naperville, IL) in basal a medium. This con- 
sisted of a-MEM, 2% heat-inactivated horse serum 
(HS; Hazleton or GIBCO), 100 U/ml penicillin 
(GIBCO), and 100 pg/ml streptomycin (GIBCO). After 
a 24-hr preincubation period, basal medium was re- 
placed by treatment medium. The treatment medium 
consisted of basal a medium supplemented with 2% or 
5% heat-inactivated horse serum and growth factors 
including 10% L-cell-conditioned medium (LC-CM) as 
a source of murine M-CSF. LC-CM was prepared by 
collecting supernatant from cultures of confluent 
L-929 cells grown in RPMI medium (14), centrifuga- 
tion at 1600 rpm for 10 min, and storage at - 80°C. The 
following factors were used in the treatment media: 
recombinant mouse granulocyte macrophage-colony 
stimulating factor (GM-CSF; Genzyme, Boston, MA 
and Collaborative Biomedicals, Medford, MA), re- 
combinant human macrophage-colony stimulating fac- 
tor (M-CSF; GIBCO BRL, Gaithersburg, MD), 1,25- 
dihydroxyvitamin D, (Hoffman, La Roche, NY), and 
bovine 1-34 Parathyroid hormone (PTH; Peninsula 
Labs. Inc., Belmont, CA). Cultures received half- 
media changes twice each week. Cultures were eval- 
uated after two weeks treatment. 

Similar cultures were established with nonadher- 
ent cells collected from LTBMCs. These hematopoi- 
etic cells were designated as including putative pro- 
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genitors (PPs) of osteoclasts and treated as above. The 
half-media changes prevented loss of cells which be- 
came adherent with time. 

Cocultures of Progenitors with Stromal Cell 
Lines. Nonadherent cells from LTBMCs were cocul- 
tured with plateau phase monolayers of the GBLneo' 
stromal cell line to determine the effect of stromal cells 
on osteoclastogenesis. A permanent cloned stromal 
cell line (GBL/6) and its sub-clone GBLneo' contain- 
ing the neo' gene were selected and expanded in vitro 
as described (15). A marrow stromal cell line was es- 
tablished from an oplop osteopetrotic mouse (from the 
mouse colony of Dr. Sandy Marks), according to the 
methods described by Anklesaria et al. (16, 17). The 
cells were maintained in DMEM, 10% FBS, 100 U/ml 
penicillin (GIBCO), 100 pg/ml streptomycin (GIBCO), 
and M hydrocortisone sodium succinate (Abbott 
Laboratories) at 33°C in 5% CO, in air. The stromal 
cell lines were cultured in eight-chamber slides and 
24-well plates for mixed culture experiments. When 
they reached confluence, the medium was gently re- 
moved and a suspension of putative osteoclast progen- 
itors in a-MEM medium was seeded on this confluent 
stromal layer at a density of 4 X lo5 cells/0.8 cm2. 
After 24 hr at 37°C and in 5% CO, in air, the basal 
medium was replaced by treatment medium and the 
cultures maintained for two weeks with biweekly, half- 
medium changes. In some experiments, L-cell condi- 
tioned medium was omitted from treatment medium, 
but under these circumstances, serum was increased 
to 5% heat-inactivated horse serum to ensure cellular 
viability. 

Multinuclearity and Tartrate-Sensitive and Tar- 
trate-Resistant Acid Phosphatase Activity. After 
two weeks of treatment, cultures were rinsed with 
phosphate-buffered saline (PBS; GIBCO) and fixed for 
1 min ,with cold acetone:methanol (1:l). The wells 
were rinsed thoroughly with distilled water following 
which 400 ~1 of fresh filtered incubation medium was 
added to the wells for 60 min at 37°C. The incubation 
medium consisted of 25 ml each of distilled water and 
0.2 M acetate buffer (pH 5.2), 5 mg naphthol AS-BI 
phosphate (Sigma) in 0.2 ml dimethylformamide 
(Sigma), and 60 mg fast red violet LB salt (Sigma). For 
assessment of acid phosphatase (AP) and tartrate- 
resistant acid phosphatase (TRAP), respectively, ei- 
ther zero or 20 mM tartrate (Sigma) was included in 
the incubation medium followed by two drops of 10% 
manganese chloride (Sigma). The incubation medium 
without tartrate was added to half the number of wells. 
The stained cells in these wells represented acid phos- 
phatase (APjpositive cells. The stained cells in the 
wells that received the incubation medium with tar- 
trate represented TRAP-positive cells. After incuba- 
tion, the wells were washed thoroughly with water and 

coverslipped with Aquapolymount@ (Polysciences, 
Inc., Warrington, PA). Positive cells exhibited pink 
cytoplasm. Quantitation was accomplished by count- 
ing the number of stained and unstained multinucleat- 
ed cells using a light microscope (Nikon). Multinucle- 
ation was assessed by counting the cells with three or 
more nuclei. Cells were counted at ~ 2 0  magnification 
in 16 contiguous fields along a diagonal pathway in 
each well-a method devised to account for the non- 
uniform distribution of cells within wells, especially 
seen in basal groups (8). The TRAP-stained multinu- 
cleated cells represented osteoclast-like cells and the 
tartrate-sensitive multinucleated cells (i.e., unstained 
in the presence of tartrate) represented macrophage 
polykaryons. The technique was verified by compari- 
son with freshly isolated mouse calvarial osteoclasts, 
prepared from neonatal mice by a procedure modified 
from Chambers and Magnus (18). Statistical signifi- 
cance was tested by nonparametric (Kruskal-Wallis 
modification) analysis of variance with Statview (TM) 
software. 

TRAP activity was quantified by a microphoto- 
metric technique using a Nikon Phoscan P1 photome- 
ter that was coupled to a Nikon Labphot light micro- 
scope and a CompacB computer (8). Transmitted light 
was measured through 40-50 contiguous fields (0.64 
mm2 each) at x4  magnification and expressed as ab- 
sorbance per mm2. For each culture, the average of all 
fields and the average for the most intensely stained 
30th percentile were calculated. The 30th percentile 
data is a more robust statistic for describing skew dis- 
tributions (8). Analysis of variance (ANOVA) was 
used to analyze the data. 

Results 
Osteoclastogenesis in Short-Term Whole Bone 

Marrow Cultures. In whole bone marrow (WBM) that 
was cultured for two weeks in the presence of LC-CM 
as a source of soluble M-CSF, parathyroid hormone 
(PTH), 1,25-dihydroxyvitamin D,, or GM-CSF pro- 
moted both multinucleation and the formation of 
TRAP-positive multinucleated cells (Table I, Fig. 1). 
There was a 1.2-fold increase in the number of multi- 
nucleated cells in cultures with PTH or  1,25- 
dihydroxyvitamin D3 compared with the control group 
(P < 0.05), while GM-CSF increased multinucleation 
by 1.7-fold (P < 0.05). A greater number of multinu- 
cleated cells was generated in cultures with a combi- 
nation of GM-CSF and PTH (Table I,  P < 0.05). 

These agents had more dramatic effects upon the 
differentiation of osteoclast-like multinucleated cells 
than on multinuclearity. PTH increased the number of 
TRAP-positive multinucleated cells by 3.9-fold, GM- 
CSF also increased the number of TRAP-positive 
multinucleated cells by 3.9-fold, and 1,25-dihydroxy- 
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Table 1. Effect of GM-CSF -e PTH or 1,25-Dihydroxyvitamin D, on Multinuclearity and the Number of 
TRAP-Positive Multinucleated Cells in Whole Bone Marrow Cultures 

L10 L10 + GM-CSF 

0 PTH 1,25 D, 0 PTH 1,25 D, 

# Cells 81.7 k 5.7 80.1 f 7.7 100.5 +- 2.1 70.1 5 2.3 84.5 k 1.4 90.6 k 2.6 
# MNCs 9.5 5 0.6 11.7 f 0.1 18.9 +- 0.1* 13.3 k 0.7 18.9 k 1.9* 16.4 k 0.9* 
# TRAP+Ve MNCs 2.3 k 0.4 8.8 f 0.4* 8.8 +- 0.4* 7.7 f 0.5* 14.7 k I.l*t 12.3 k 0.4*t 
% MNCs/total cells 11.7 k 0.2 14.5 f 1.6* 14.3 +- 0.7* 19.6 k 1.4* 22.3 k O.O* 17.6 k 0.2* 
% TRAP+ve/total cells 2.8 k 0.4 11.0 f 1.1* 8.7 +- 0.2* 11.0 k 0.4* 17.4 k O.O*t 13.1 k 0.1* 
% TRAP+""/total MNCs 24.0 k 0.3 75.9 5 3.4* 60.9 k 0.6* 55.9 f 0.1* 77.8 k 3.4* 77.4 k 2.1* 

~~ 

Basal L10 medium contained a-MEM with 2% heat-inactivated horse serum and 10% L-cell-conditioned medium. PTH was used at 
M; GM-CSF was used at 5 U/ml. Total cells is the number of cells per field, 

calculated as the average of 16 fields, and expressed as the mean & SD of four wells. MNCs refers to the number of multinucleated 
cells with three or more nuclei and is expressed as the average number of cells per field and as Yo of total cell number. TRAP+'e refers 
to tartrate-resistant acid phosphatasepositive multinucleated cells and is expressed as the number per field and as the mean % of 
total cell number and as YO of the number of multinucletaed cells per field. 

P < 0.05 vs L10. 
t P < 0.05 vs GM. 

M; 1,25-dihydroxyvitamin D, was used at 

vitamin D, increased the number of TRAP-positive 
multinucleated cells by 3.1-fold, compared with the 
basal L10 group (P < 0.05). Cultures with GM-CSF 
and PTH generated the greatest number of multinucle- 
ated cells and TRAP-positive multinucleated cells (Ta- 
ble I). The percent of multinucleated cells that dem- 
onstrated tartrate-resistance was high in all treatment 
groups, between 56% and 78%; the low percent in 
basal L10 medium indicates that those multinucleated 
cells have the phenotype of tartrate-sensitive macro- 
phage polykaryons. Other studies (8, 9) demonstrated 
that TRAP-positive multinucleated cells displayed 
other features of the osteoclast phenotype including 

0 Basal PTH 1.25D QM 

WBY PP PP/GBL PP/op 

Figure 1. Comparison of osteoclastogenic effects of PTH 
M), 1,25-dihydroxyvitamin-D3 M), and GM-CSF (5 U/ml) in 
cultured whole bone marrow (WBM), putative osteoclast pro- 
genitors derived from long-term bone marrow cultures (PP), 
cocultures of PPs with normal stromal cell line (PP/GBL), and 
cocultures of PPs with osteopetrotic stroma (PPlop). The num- 
ber of tartrate-resistant acid phosphatas-positive multinucle- 
ated cells was assessed after two weeks and is expressed as % 
of total cell number & SD with n = 4. *Significantly different 
from basal medium which contains 10% LC-CM as a source of 
M-CSF, P < 0.05. 

ruffled borders and responsiveness to calcitonin. 
These results indicate that GM-CSF, PTH or 1,25- 
dihydroxyvitamin D3 can promote osteoclastogenesis 
in short-term whole bone marrow cultures. 

Osteoclastic Differentiation of Hematopoietic 
Progenitors in the Absence of Stromal Cells. For 
differentiation studies, nonadherent cells were col- 
lected from LTBMCs between five to 12 weeks in 
vitro. This range provided consistent populations of an 
average of 6.8 million cells/flask/week. These nonad- 
herent cells were composed of 70.8% k 4.9% granu- 
locytes, 19.7% k 4.9% monocytes, and 9.6% f 2.8% 
blasts. The critical feature of this population of hema- 
topoietic cells is that it is free of stromal cells (8, 11, 
14). Further, the long-term bone marrow culture- 
derived progenitors were enriched for CFU-GM- 
forming progenitors (0.33% k 0.09%), compared with 
fresh whole bone marrow (0.15% k 0.08%) and 
(Ficoll-hypaque) fractionated bone marrow (0.20% k 
0.03%). The majority of granulocytes did not survive 
in differentiation cultures for longer than two days. 

In the presence of L10, GM-CSF promoted the 
development of multinucleated cells (P < 0.05) (Table 
11). In three separate experiments, GM-CSF increased 
multinuclearity up to 5.1-fold. 1,25-dihydroxyvitamin 
D, treatment was associated with smaller increases in 
multinuclearity (Table 11). In one experiment, the 
number of tartrate-sensitive multinucleated cells (a 
measure of macrophage polykaryons) generated in the 
presence of 1,25-dihydroxyvitamin D3 was 1.4-fold 
greater than control (Fig. 2A, PP group), but the num- 
ber of TRAP-positive multinucleated cells (an index of 
the osteoclast-like cells) did not increase significantly 
in the presence of 1,25-dihydroxyvitamin D, (Fig. 1; 
Fig. 2B, PP group). In cultures of progenitors alone, 
1,25-dihydroxyvitamin D3 and GM-CSF each in- 
creased multinucleation, but only GM-CSF promoted 
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Table II. Effect of GM-CSF +_ PTH or 1,25-Dihydroxyvitarnin D, on Multinuclearity and the Number of 
TRAP-Positive Multinucleated Cells in Putative Progenitors Derived from Long-Term Bone 

Marrow Cultures 

L10 L10 + GM-CSF 

0 PTH 1,25 D, 0 PTH 1,25 D3 

93.1 k 2.1 # Cells 96.5 k 0.7 91.2 k 0.9 99.7 k 3.8 92.7 +- 1.6 92.4 k 1.2 
At TRAP+"" MNCs 0.3 k 0.1 0.1 k 0.1 0.9 k 0.1 7.2 +- 0.3* 6.9 k 0.7* 5.4 k 0.1* 
Yo MNCs/total cells 2.6 k 0.1 0.6 5 0.1 4.0 ? 0.8* 13.3 +- 1.6* 12.2 k 0.9* 9.6 k 0.5* 
Yo TRAP+""/total cells 0.3 k 0.1 0.1 k 0.2 0.9 2 0.1 7.8 +- 0.8* 7.5 k 0.6* 5.6 k 0.9* 
% TRAP+""/total MNCs 2.2 k 0.3 15.4 k 1.3* 23.3 ? 1.7* 56.5 +- 2.1* 61.3 k 2.3* 60.5 k 1.8* 

Basal L10 medium contained a-MEM with 2% heat-inactivated horse serum and 10% L-cell-conditioned medium. PTH was used at 
lo - '  M; 1,25-dihydroxyvitamin D, was used at l o - '  M; GM-CSF was used at 5 U/ml. Total cells is the number of cells per field, 
calculated as the average of 16 fields, and expressed as the mean 2 SD of four wells. MNCs refers to the number of multinucleated 
cells with three or more nuclei and is expressed as YO of total cell number. TRAP+"* refers to tartrate-resistant acid phosphatase- 
positive multinucleated cells and is expressed as the number per field and as the mean Yo of total cell number and as Yo of the number 
of multinucleated cells per field. 

P < 0.05 vs L10. 

the formation of TRAP-positive multinucleated cells, 
as high as 26-fold. Although a combination of GM-CSF 
and PTH or GM-CSF and 1,25-dihydroxyvitamin D, 
increased the number of TRAP-positive multinucleat- 
ed cells, this increase was equivalent to the direct ef- 
fect of GM-CSF alone on the putative progenitors. 

0 L10 L10+1,26 

m 

* PP PPIQBL PPbQ 

Figure 2. Comparison of effects of l o - '  M 1,25-dihydroxy- 
vitamin D, on generation of (A) tartrate-sensitive and (B) tartrate- 
resistant acid phosp hatase-positive mu It i nucleated cel Is in cu I -  
tured putative osteoclast progenitors (PP), cocultures of PPs 
with normal stromal cell line (PP/GBL), and cocultures of PPs 
with osteopetrotic stroma (PPlop) after two weeks. *Significantly 
different from basal L10, P < 0.05. 

Similar results were observed in two other experi- 
ments. In one experiment, TRAP activity was quanti- 
fied by the microphotometric technique and was found 
to be doubled in the presence of GM-CSF ( P  < 0.05, 
Fig. 3). 

Thus, in contrast to short-term whole bone mar- 
row cultures, osteoclastic differentiation of hemato- 
poietic progenitors derived from LTBMCs was not 
stimulated by PTH nor 1,25-dihydroxyvitamin D,. 
GM-CSF, however, had direct effects on differentia- 
tion of the progenitors. 

Osteoclastogenesis in Cocultures of Putative 
Progenitors From LTBMCs with a Cloned Stromal 
Cell Line (GBLneo'). Hematopoietic progenitor: 
were cocultured with the GBLneo' stromal cell line, 
which is known to support hematopoietic stem cells 
( 15). In three separate experiments, PTH significantly 
increased multinuclearity up to 1.6-fold. GM-CSF also 
increased multinuclearity up to 1.6-fold (Table 111). 
Unlike the experiments in which the progenitors were 
cultured without stromal cells, PTH and 1,25- 

Figure 3. Measurement of tartrate-resistant acid phosphatase 
(TRAP) activity. Activity was quantified by microphotometry in 
cultures of progenitors treated for two weeks with 5 U/ml GM- 
CSF and/or lo-' M 1,25-dihydroxyvitamin D,. Activity is ex- 
pressed as absorbance x 103/mm2 for the mean * SD of 4 rep- 
licates. Basal is L10 medium, 1,25 D3 is 1,25-dihydroxyvitamin 
D3 at l o - '  M, and GM-CSF is at 5 U/ml. 
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Table 111. Effect of GM-CSF, PTH, or 1,25-Dihydroxyvitamin D, on Multinuclearity and the Number of 
TRAP-Positive Multinucleated Cells in Cocultures of Putative Progenitors with GBLneo' Stromal Cells 

L10 L10 + GM-CSF 

0 PTH 125 D, 0 PTH l125 D, 
# Cells 92.3 f 0.8 85.6 2 0.3 71.4 f 0.7 81.6 2 0.6 90.3 k 1.7 99.4 2 1.1 
# MNCs 6.7 f 0.9 10.1 2 0.5 6.3 f 0.7 10.0 * 3.9 10.1 2 0.5 11.2 2 0.4* 
# TRAP+"" MNCs 2.4 f 0.5 9.0 2 0.3* 3.9 _+ 0.3 7.9 2 0.3* 9.9 * 0.3* 9.6 2 0.4* 
YO MNCs/total cells 7.2 f 0.6 11.8 2 0.5* 8.6 f 0.9 12.0 2 0.7* 12.0 2 0.6* 11.3 2 0.2 
% TRAPfVe/total cells 2.6 f 0.6 10.5 f 0.3* 5.3 * 0.4* 9.7 f 0.4* 11.1 k 0.5* 9.7 2 0.4* 
% TRAP+"e/total MNCs 35.9 _+ 0.7 89.3 f 1.2* 62.0 f 2.0* 80.9 2 0.8* 92.0 k 1.0* 85.5 k 0.6* 

Basal L10 medium contained a-MEM with 2% heat-inactivated horse serum and 10% L-cell-conditioned medium. PTH was used at 
l o p 8  M; 1,25-dihydroxyvitamin D, was used at l o p 8  M; GM-CSF was used at 5 U/ml. Total cells is the number of cells per field, 
calculated as the average of 16 fields, and expressed as the mean 2 SD of four wells. MNCs refers to the number of multinucleated 
cells with three or more nuclei and is expressed as the average number of cells per field and as % of total cell number. TRAP+"e refers 
to tartrate-resistant acid phosphatase-positive multinucleated cells and is expressed as the number per field and as the mean % of 
total cell number and as % of the number of multinucleated cells per field. 

P < 0.05 vs L10. 

dihydroxyvitamin D, promoted the formation of 
TRAP-positive multinucleated cells in cocultures (Fig. 
1, Fig. 2B). This stimulation occurred with a reduction 
in the number of tartrate-sensitive macrophage poly- 
karyons (Fig. 2A; PP/GBL group). In these cocultures, 
GM-CSF promoted the formation of TRAP-positive 
multinucleated cells up to 3.7-fold, and also displayed 
an additive effect in combination with PTH up to 4.2- 
fold (P < 0.05, Table 111). PTH promoted the forma- 
tion of TRAP-positive multinucleated cells up to 4-fold 
and 1,25-dihydroxyvitamin D, promoted the formation 
of TRAP-positive multinucleated cells up to 2-fold. 
These results indicate that while GM-CSF had a direct 
effect, PTH and 1,25-dihydroxyvitamin D, acted in the 
presence of the GBLneo' cell line to promote osteo- 
clastogenesis. Thus, the GBLneo' cell line supported 
the actions of these agents on osteoclastogenesis as 
had been seen with short-term whole bone marrow 
cultures (Fig. 1). 

All of the above studies were done in the presence 
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of 10% LC-CM to ensure viability of the progenitors. 
We considered the possibility that contact of progen- 
itors with stromal cells substitutes for exogenous 
M-CSF provided in LC-CM. As a test of this hypoth- 
esis, progenitors were cocultured with GBLneo' in the 
absence of LC-CM. To ensure viability of cells under 
these conditions, we increased the concentration of 
horse serum to 5%. In these cocultures of progenitors 
with GBLneo' stroma, GM-CSF promoted multinucle- 
ation by 1.9-fold and the formation of TRAP-positive 
multinucleated cells by 4.2-fold (Fig. 4). PTH or 1,25- 
dihydroxyvitamin D, also promoted multinuclearity 
by 1.8-fold and 1.2-fold respectively. PTH increased 
the formation of TRAP-positive multinucleated cells 
by 4.5-fold and 1,25-dihydroxyvitamin D, increased 
the formation of TRAP-positive multinucleated cells 
by 1.9-fold. Thus, progenitors, which had been shown 
to require M-CSF for proliferation and differentiation 
(8), did not have this requirement when they were co- 
cultured with marrow stromal cells. 
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Figure 4. Effects of M PTH, l op8  M l125-dihydroxyvitamin D, or 5 U/ml GM-CSF on multinuclearity (MNCs) and % TRAP-positive 
multinucleated cells in the absence of soluble M-CSF. Progenitors were cocultured in the absence of LC-CM for two weeks with (A) 
GBLneo'stroma or (6) oplop stroma. *Significantly different from basal OL medium supplemented with 5% horse serum ( 4 ,  P < 0.05. 
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Altered Osteoclastogenesis in Cocultures of 
Progenitors with a Stromal Cell Line from an Os- 
teopetrotic (oplop) Mouse. To directly determine 
the importance of stromal M-CSF in differentiation of 
progenitors, we generated marrow stromal cells from 
osteopetrotic (oplop) mice. The oplop mutant is char- 
acterized by the absence of functional M-CSF and thus 
enabled us to test the hypothesis that this factor was 
essential for the actions of PTH or 1,25-dihydro- 
xyvitamin D in cocultures. Experiments were carried 
out with normal progenitors cocultured with oplop 
stromal cells in the presence of soluble M-CSF alone 
(L10). PTH did not enhance multinuclearity nor osteo- 
clast differentiation of progenitors (Table IV, Fig. 1). 
1,25-Dihydroxyvitamin D, promoted the formation of 
TRAP-sensitive multinucleated cells to a small extent 
(35%) but did not promote the formation of TRAP- 
positive multinucleated cells (Fig. 2A, B ,  PPlop 
group). GM-CSF increased both multinuclearity and 
the formation of TRAP-positive multinucleated cells. 
The stimulatory effect of GM-CSF on multinuclearity 
was by almost 1.5-fold and that on TRAP-positive mul- 
tinucleated cells was 5 S-fold (Table IV). Thus, the 
pattern of responsiveness of the progenitors on oplop 
stromal cells was similar to progenitors alone (Fig. 1). 

A set of experiments was carried out in the ab- 
sence of LC-CM to allow comparison with cocultures 
of progenitors with the normal GBLneo stromal cell 
line, also under the conditions without LC-CM (Fig. 
4). In cultures with oplop stroma, GM-CSF promoted 
multinuclearity by 7.7-fold and the formation of 
TRAP-positive multinucleated cells by 13 s fo ld .  This 
result was consistent with the direct effect of GM-CSF 
on progenitors cultured alone. PTH in these cocultures 
had no significant effect on either multinuclearity or 
the number of TRAP-positive multinucleated cells. In 
one experiment, 1,25-dihydroxyvitamin D, promoted 
multinuclearity 3-fold (Fig. 4B) with nearly all the mul- 
tinucleated cells being sensitive to tartrate; these data 

indicate that in these cocultures with mutant stroma, 
1,25-dihydroxyvitamin D, favored the formation of 
macrophage polykaryons. 

Thus, under both conditions, with and without ex- 
ogenous LC-CM, stromal cells derived from osteo- 
petrotic oplop mouse marrow did not support the ac- 
tions of PTH or 1,25 dihydroxyvitamin D, that were 
detected in short-term whole bone marrow or cultures 
with the GBL neo' cell line. Further, the oplop stroma 
cell line did not enhance the direct effects of GM-CSF 
on multinuclearity and on differentiation of TRAP- 
positive multinucleated cells. 

Discussion 
A variety of culture systems have been used to 

examine the regulation of osteoclastic differentiation. 
Osteoclast formation in liquid cultures of bone marrow 
cells has been shown to be stimulated by 1,25- 
dihydroxyvitamin D, (19-26). However, such cultures 
were comprised of a heterogeneous population of stem 
cells with stromal cells. We chose to use the murine 
long-term bone marrow culture system as a source for 
these progenitors. The long-term bone marrow culture 
system is advantageous because it generates a large 
and constant population of viable progenitor cells en- 
riched in CFU-GMs that are stroma-free. Thus, it was 
possible to study the direct effects of growth factors 
and cytokines on nonadherent progenitors alone or in 
contact with cloned stromal cell lines. Although sev- 
eral investigators (27, 28) used multinucleation as an 
index of osteoclastogenesis in marrow cultures, the 
fact that macrophage polykaryons are also multinucle- 
ated complicates interpretation (29, 30). We show that 
a subpopulation of multinucleated cells generated from 
nonadherent progenitors may be identified as macro- 
phage polykaryons based upon tartrate-sensitivity . 
Previously, we showed that presumptive TRAP- 
positive multinucleated osteoclasts display ruffled bor- 
ders and clear zones when cultured with bone (8) and 

Table IV. Effects of GM-CSF, PTH, or 1,25-Dihydroxyvitamin D3 on Multinuclearity and the Number of 
TRAP-Positive Multinucleated Cells in Cocultures of Putative Progenitors and oplop Stoma1 Cells 

L10 L10 + GM-CSF 

0 PTH 1,25 D, 0 PTH 1,25 D, 

# Cells 86.9 k 2.3 88.3 f 2.2 88.6 f 1.6 87.2 f 1.8 88.7 k 0.6 90.5 f 0.4 
# MNCs 4.7 f 0.2 4.5 f 0.4 5.5 f 0.5 7.9 k 0.8 8.2 +_ 0.V 5.2 k 0.8 
# TRAP+"e MNCs 0.8 2 0.6 0.1 f 0.2 0.1 k 0.1 4.4 k 0.8* 4.1 f 0.5* 0.0 k 0.0 
% MNCs/total cells 5.4 f 0.3 5.1 * 0.4 6.2 f 0.6 8.9 k 0.8* 9.2 k 0.6* 6.6 k 0.6* 
% TRAP+"e/total cells 0.9 f 0.2 0.1 f 0.1 0.0 * 0.0 5.0 k 0.3* 4.6 k 0.5* 3.6 k 0.1* 
% TRAP+ve/total MNCs 16.9 k 1.3 2.2 f 0.3* 0.0 k O.O* 55.6 f 2.3* 50.0 k 1.7' 54.5 f 2.1* 

Basal L10 medium contained a-MEM with 2% heat-inactivated horse serum and 10% L-cell-conditioned medium. PTH was used at 
l o - '  M; 1,25-dihydroxyvitamin D3 was used at l o - '  M; GM-CSF was used at 5 U/mI. Total cells is the number of cells per field, 
calculated as the average of 16 fields, and expressed as th emean 2 SD of four wells. MNCs refers to the number of multinucleated 
cells with three or more nuclei and is expressed as the average number of cells per field and as % of total cell number. TRAP+"e refers 
to tartrate-resistant acid phosphatase-positive multinucleated cells and is expressed as the number per field and as the mean % of 
total cell number and as % of the number of multinucleated cells per field. 

P -= 0.05 vs L10. 
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respond to calcitonin (9). Although there is no single 
definitive marker of the osteoclastic phenotype in 
vitro, the development of TRAP-positive multinucle- 
ated cells has been commonly used as a quantitative 
screen for detecting differentiation in cultured hema- 
topoietic cells. It is possible that some of these mark- 
ers are an indication of the early steps in osteoclasto- 
genesis, later stages requiring contact with bone ma- 
trix components or other regulatory agents (9). 

Our observations with short-term whole bone 
marrow cultures were similar to those of other inves- 
tigators (19-25). With whole bone marrow, all factors 
including GM-CSF, PTH, and 1,25-dihydroxyvitamin 
D, promoted the formation of osteoclastic cells. In 
such heterogeneous cultures, differentiation is regu- 
lated indirectly by adherent cells, including those of 
the osteoblastic lineage (19-3 1). Other investigations 
comparing spleen and marrow cultures indicated that a 
contract-dependent interaction between the stroma 
and the stem cells is necessary for osteoclastogenesis 
(32). 

These culture conditions were designed to control 
for proliferation of progenitors under the different 
treatment conditions so that differentiation effects 
would be independent of cell density (8). In cocultures 
of hematopoietic progenitor cells with the cloned 
GBLneo' stromal cell line, 1,25-dihydroxyvitamin D3 
promoted the formation of osteoclast-like cells, an ef- 
fect similar to that seen in whole bone marrow cul- 
tures. Similarly, PTH promoted the formation of 
TRAP-positive multinucleated cells in whole bone 
marrow cultures and in cocultures of progenitors with 
the GBLneo' stroma, but not from progenitors cul- 
tured alone. All observations taken together indicate 
that in the presence of M-CSF, GM-CSF has a direct 
action on progenitors to promote osteoclastogenesis 
(8). These new data show that 1,25-dihydroxyvitarnin 
D, and PTH have an indirect (stromal-mediated) ac- 
tion on osteoclastogenesis. We conclude that this co- 
culture system with normal GBLneo' stromal and a 
population of hematopoietic progenitors obtained free 
of stromal elements from long-term bone marrow cul- 
tures serves as a partially defined model for whole 
bone marrow. 

Osteopetrosis is an heredity disorder character- 
ized by normal appositional bone growth, but failure of 
physiologic bone resorption. In the oplop  osteo- 
petrotic strain of mice, the mutation was suggested to 
be a defect in local microenvironment in bone because 
the disease cannot be cured by bone marrow trans- 
plantation (33,34). Wiktor-Jedrzejczak et al. proposed 
that this defect in the oplop mutant mouse may be due 
to the failure of hematopoietic stromal cells to supply 
macrophagecolony stimulating factor (M-CSF) (35). 
Felix et al. showed that cultured osteoblasts and fibro- 
blasts from this mutant do not shown M-CSF activity 

and that resident macrophages are absent in bone mar- 
row (36). Yoshida et al. reported that the deficiency in 
M-CSF production is due to a mutation in the M-CSF 
gene in which a stop codon is inserted early in the 
coding region (37). Osteoclast formation was shown to 
be induced in oplop mice by administration of phar- 
macological doses of M-CSF (36). On the other hand, 
Wiktor-Jedrzejczak et al. found that intraperitoneal 
implantation of L-cells in diffusion chambers induced 
many peritoneal macrophages and restored the circu- 
lating levels of M-CSF to near normal levels, but did 
not cure osteopetrosis (35). He speculated that contact 
between the M-CSF producing stromal cell and the 
osteoclast progenitor may be required to correct that 
part of the defect. We found that when normal mouse 
osteoclast progenitors were cocultured with the osteo- 
petrotic (oplop) stromal cells, the indirect or stroma- 
mediated effects of 1,2S-dihydroxyvitamin D, and 
PTH were conspicuously missing. Thus, the oplop 
marrow stromal cell line lacked the ability to support 
osteoclastogenesis. Supplementation with L-cell- 
conditioned medium as a source of soluble M-CSF did 
not correct this deficiency (Fig. 1, Table IV). Using 
qualitative indices of osteoclastogenesis, Kodama et 
al. reported that 1,25-dihydroxyvitamin D, failed to 
stimulate development of TRAP-positive multinucle- 
ated cells in cocultures of whole bone marrow cells 
with a cloned cell line OP6L7 that was derived from 
calvarial bones from oplop mice (38). All of these find- 
ings suggest that close contact may be essential for 
osteoclastogenesis. This conclusion is similar to that 
of Stein et al., who reported that the membrane-bound 
M-CSF expressed in NIH-3T3 fibroblasts effectively 
stimulated the growth of macrophages and concluded 
that membrane-associated M-CSF may be more effec- 
tive than the exogenously added M-CSF in providing a 
suitable microenvironment for differentiation (39). The 
importance of cell-to-cell and cell-matrix contacts has 
been well established for the hematopoietic microen- 
vironment (10, 12, 4M3). The close association of 
hematopoietic progenitors with stromal cells may pos- 
sibly allow the stem cells to respond to very low levels 
of secreted growth factors, or enable cell-to-cell trans- 
fer of mediators. Differentiation-inducing factors are 
known to be produced by primary stromal cells and 
may be effective in their matrixlmembrane-bound 
form (44-47). 

These results indicate that stimulation of osteo- 
clastic differentiation by PTH or 1,25-dihydroxy- 
vitamin D, is mediated through normal stromal cells. It 
is suggested that stromal-derived M-CSF may contrib- 
ute to these indirect effects because of the finding that 
oplop stromal cells which are deficient in M-CSF do 
not support these regulatory mechanisms. This in vitro 
model of defined compartments of the marrow micro- 
environment may be useful in determining the mech- 
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anisms of actions of other differentiation-inducing fac- 
tors on osteoclastogenesis. 

This work was submitted in partial fulfillment of the require- 
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