
Journal of Cellular Biochemistry 55:190-199 (1 994) 

Osteocalcin Promotes Differentiation of 
Osteoclast Progenitors From Murine 
Long-Term Bone Marrow Cultures 
William H. Liggett, Jr., Jane B. Lian, Joel S. Creenberger, and Julie Glowacki 

Department of Orthopedic Surgery, Brigham and Women’s Hospital, Harvard Medical School, Boston, 
Massachusetts 021 15 (W.H.L., J.G.); Departments of Cell Biology U.B.L.) and Radiation Oncology (J.S.G.), 
University of Massachusetts Medical Center, Worcester, Massachusetts 01 655 

Abstract Murine long-term bone marrow cultures (LTBMCs) were used to generate hematopoietic cells free from 
marrow stromal cells. These progenitor cells were treated with GM-CSF (5 U/ml) with or without rat bone osteocalcin 
or rat serum albumin in either a-MEM with 2% heat-inactivated horse serum alone (a) or supplemented with 10% 
L-cell-conditioned medium (as a source of M-CSF) (LIO). Few substrate-attached cells survived in basal a medium, but 
when treated with L10 medium or GM-CSF, they survived and proliferated. Osteocalcin did not significantly affect 
survival or proliferation. Subcultures of cells treated with GM-CSF had large numbers of multinucleated cells, more than 
half of which were tartrate-resistant acid phosphatase-positive (TRAP). Osteocalcin further promoted the development 
of TRAP-positive multinucleated cells; a dose of 0.7 pg/ml osteocalcin promoted osteoclastic differentiation by 60%. 
Using a novel microphotometric assay, we detected significantly more tartrate-resistant acid phosphatase activity in the 
osteocalcin plus GM-CSF group (75.6 2 14.2) than in GM-CSF alone (53.3 ? 7.3). In the absence of M-CSF, GM-CSF 
stimulated tartrate-resistant acid phosphatase activity, but osteocalcin did not have an additional effect. These studies 
indicate that osteocalcin promotes osteoclastic differentiation of a stromal-free subpopulation of hematopoietic 
progenitors in the presence of GM-CSF and L-cell-conditioned medium. These results are consistent with the 
hypothesis that this bone-matrix constituent plays a role in bone resorption. 
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The osteoclast is the multinucleated, matrix- 
resorbing cell of bone. A variety of in vivo and in 
vitro systems have been used to  study its differ- 
entiation. The osteoclast is thought to  be de- 
rived from a bone marrow hematopoietic mono- 
nuclear cell [Ash et al., 1980; KO and Bernard, 
19811, but its exact lineage is unknown. Current 
evidence suggests that the osteoclast progenitor 
is related to the monocyte lineage [Burger et al., 
1982; Scheven et al., 1986; Kurihara et al., 19891, 
develops tartrate-resistant acid phosphatase ac- 
tivity [Baron et al., 1986; Takahashi et al., 
1988b1, develops calcitonin responsiveness [Hat- 
tersley and Chambers, 19901, and fuses with 
other mononuclear cells to form multinucleated 
osteoclasts [Zambonin-Zallone and Teti, 1985; 
Scheven et al., 19851. Several hormones and 
growth factors have been implicated in osteo- 
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clast ontogeny, including 1,25-dihydroxyvita- 
min D3 [Sasaki et al., 1989; Roodman et al., 
1985; MacDonald et al., 19871, granulocyte- 
macrophage colony-stimulating factor (GM- 
CSF) [Kurihara et al., 1989; Hattersley and 
Chambers, 1990; MacDonald et al., 1986; 
Lorenzo et al., 1987; Polvony et al., 19901, and 
macrophage colony stimulating-factor (M-CSF 
or CSF-1) [Hattersley and Chambers, 1990; Mac- 
Donald et al., 1986; Lorenzo et al., 1987; Pol- 
vony et al., 19901. Although emphasis has been 
on the role of soluble and cell-associated factors 
in osteoclastogenesis, we have speculated that 
constituents of the bone matrix may also influ- 
ence bone resorption [Lian et al., 19841. Evi- 
dence to date from in vivo studies supports the 
hypothesis that osteocalcin, a bone-specific, cal- 
cium-binding protein, functions as a matrix sig- 
nal for the differentiation of bone-resorbing os- 
teoclasts [Glowacki et al., 19911. 

In this study we use an in vitro model of 
osteoclast differentiation [Liggett et al., 19931 to 
examine direct effects of osteocalcin. Unique 
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features of this system are that it allows dissocia- 
tion of mitogenic and of differentiating effects 
and that the absence of bone marrow stromal or 
osteoblastic cells excludes indirect effects medi- 
ated through these cell types. A new method for 
quantitation of tartrate-resistant acid phospha- 
tase (TRAP) activity in cultured cells was devel- 
oped to assess this marker of osteoclast activity. 
We report that, in the presence of M-CSF and 
GM-CSF, which promote proliferation and differ- 
entiation, respectively, of putative progenitors, 
osteocalcin enhances the expression of osteoclas- 
tic features in cultured marrow-derived cells. 

METHODS 
Continuous Long-Term Bone Marrow Cultures 

Long-term bone marrow cultures were estab- 
lished according to published methods [Green- 
berger, 1978; Sakakeeny and Greenberger, 
19821. Femurs and tibias from 4-12-week-old 
C57B1/6J mice (Jackson Laboratories, Bar Har- 
bor, ME) were cleaned of soft tissue. Marrow 
was flushed from the diaphyses from each mouse 
with 8 ml of medium through a 23 gauge needle 
into a 25 cm2 tissue culture flask (Corning, NY). 
The medium consisted of Fischer’s leukemic 
medium (GIBCO, Grand Island, NY), 25% horse 
serum (HS; Hazleton, St. Lenexa, KS), 100 U/ml 
penicillin (GIBCO), 100 kg/ml streptomycin 
(GIBCO), and M hydrocortisone sodium 
succinate (Abbott Laboratories, North Chicago, 
IL). The flasks were incubated in a humid envi- 
ronment at 33°C in 5% GO2 in air. After 4 weeks 
in culture, the medium was replaced with one 
containing 25% heat-inactivated fetal bovine se- 
rum (FBS; Hazleton, St. Lenexa, KS) instead of 
horse serum. These primary cultures were main- 
tained for up to  12 weeks. 

Media 
Basal (Y medium. a-MEM (GIBCO, Grand 

Island, NY), 2% heat-inactivated horse serum 
(HS; Hazleton or GIBCO), 100 U/ml penicillin 
(GIBCO), and 100 kg/ml streptomycin (GIBCO). 
Heat-inactivation was accomplished by heating 
the serum to 56°C for 45 min. 

L10 medium. Basal a medium supplemented 
with 10% L-cell-conditioned medium (as a source 
of M-CSF). L-929 cells were grown in RPMI 
(GIBCO) with 2% FBS, 100 U/ml penicillin, and 
100 ug/ml streptomycin at 37°C in 5% GO2 in 
air. L-cell-conditioned medium was collected 
from confluent cultures of L-929 cells, centri- 
fuged at 8OOg for 10 min, and stored frozen at 

- 80°C. Experimental cultures were incubated 
with a or L10 with GM-CSF (recombinant mouse 
GM-colony stimulating factor) (Genzyme, Bos- 
ton, MA) and/or osteocalcin. Osteocalcin was 
purified from rat cortical bone (age 6-8 weeks) 
that had been defatted in 100% ethanol, dried, 
and ground to a powder of less than 75 microns. 
Osteocalcin was extracted as the major protein 
component in 0.3 N HCl at 5°C for 3 h. The 
dialyzed and lyophilized extract was reconsti- 
tuted in trifluoracetic acid buffer for reverse 
phase C18 chromatography. The osteocalcin frac- 
tion was further purified by DEAE ion exchange 
chromatography obtaining a completely pure 
preparation of osteocalcin in a single fraction 
[Glowacki et al., 19911. Amino acid analysis of 
the purified component confirmed 3 gla residues 
in a 49 residue protein. Rat serum albumin was 
obtained from Sigma (St. Louis, MO). 

Differentiation Cultures 

The nonadherent cells were collected weekly 
from long-term bone marrow cultures by gentle 
aspiration of the supernatant media. The con- 
tents from all flasks were pooled, collected by 
centrifugation at 8OOg for 10 min, and washed 
twice in a medium. These cells were plated into 
wells of eight-chamber Permanox@ slides (Lab- 
Tek; Miles Laboratories, Naperville, IL) at a 
seeding density of 5.2 x lo5 cells/cm2 and incu- 
bated for 24 h at 37°C in 5% GO2 in air (pretreat- 
ment incubation). After the pretreatment incu- 
bation, the media and nonattached cells were 
removed by aspiration and fresh basal medium 
or treatment media were added. Half-media 
changes were made after 3, 7, and 10 days of 
culture. 

Colorimetric Assay for Cell Number 

The nonadherent cells were seeded into 96- 
well tissue culture plates at 2 x lo5 viable cells 
per well in a medium and were incubated for 24 
h at 37°C in 5% GO2 in air. After this pretreat- 
ment incubation, the media and nonattached 
cells (primarily nonvital granulocytes) were re- 
moved by aspiration, and fresh basal medium or 
treatment medium was added. Half-media 
changes were made after 3, 7, and 10 days of 
culture. Cellularity was assessed at 1 or 2 weeks, 
by the method of Mosman [1983]. The treat- 
ment medium was removed and 100 kl of DMEM 
(GIBCO), and 10% fetal bovine serum (Hazle- 
ton), and 10% MTT tetrazolium solution (Chemi- 
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con) was added per well. The wells were incu- 
bated for 3-4 h at 37°C in 5% C02 in air. Then 
100 pl of the color development solution (isopro- 
panol with 0.04 N HC1) was added, and the 
contents of each well were mixed by repeated 
pipetting. Within an hour, the absorbance was 
measured at 600 nm on a microplate reader 
(EL308; Bio-Tek Instruments Inc., Winooski, 
VT). 

Group means and standard deviations were 
analyzed and multiple comparisons were made 
by one-way analysis of variance. Differences be- 
tween means were considered statistically signifi- 
cant i f P  < 0.05. 

Multinucleation and Tartrate-Resistant Acid 
Phosphatase (TRAP) Activity 

After 14 days in culture, the media were re- 
moved and the cells were rinsed three times 
with PBS followed by fixation with cold acetone: 
methanol (1:l) for 1 min. The wells were rinsed 
thoroughly with distilled water following which 
400 p1 of fresh filtered incubation medium was 
added to the wells, and the cultures were incu- 
bated for 60 min at 37°C. The incubation me- 
dium consisted of equal volumes of distilled 
water and acetate buffer. The acetate buffer 
contained 5 mg naphthol AS-BI phosphate 
(Sigma), 0.2 ml dimethylformamide (Sigma), 25 
ml of 0.2M acetate buffer, pH 5.2 (Fisher), and 
60 mg fast red violet LB salt (Sigma). For assess- 
ment of acid phosphatase (AP) and TRAP, re- 
spectively, either zero or 5.5 ml tartrate stock 
(Sigma) was added to the incubation medium 
followed by 2 drops of 10% manganese chloride 
(Sigma). After incubation, the wells were washed 
thoroughly with water and coverslipped with 
Aquapolymount@ (Polysciences Inc., Warring- 
ton, PA). The positive cells exhibited pink cyto- 
plasm. 

Multinucleation was assessed by counting the 
number of cells with three or more nuclei in 18 
contiguous fields at 20x magnification along a 
diagonal path from one corner of the chamber to 
the opposite corner using a 1 mm x 1 mm grid 
reticle [Liggett et al., 19931. This is a total area 
of 4.5 mm2. An evaluation of total cell number 
was made in a similar manner. The numbers of 
multinucleated cells which were either stained 
and unstained for TRAP or  AP were also 
counted. The percent of total multinucleated 
cells and the percent of TRAP-positive multi- 
nucleated cells were calculated in relation to 
total cell number and to total multinucleated 

cells. ANOVA was performed to  assess the differ- 
ences between various groups. 

Tartrate-resistant acid phosphatase activity 
was quantified with a Nikon Phoscan P1 photom- 
eter that was coupled to a Nikon light micro- 
scope and a Compacm computer. Transmitted 
light was measured through 40-50 contiguous 
fields (0.64 mm2 each) at 4x magnification and 
expressed as absorbance ( x lo3) per square milli- 
meter. For each chamber, the mean and mean 
for the most intense 30% were calculated 
[Glowacki et al., 1991; Liggett et al., 19931. The 
thirtieth percentile value is a more robust statis- 
tic for describing skew distributions. Data were 
analyzed and multiple comparisons made by one- 
way analysis of variance. Differences between 
means were considered statistically significant if 
P < 0.05. 

Contraction Response to Calcitonin 

The nonadherent cells were seeded in 25 cm2 
tissue culture flasks (Becton Dickinson & Go., 
Lincoln Park, NJ) as micromasses (2 x lo5  vi- 
able cells per micromass) and allowed to preincu- 
bate for 24 h at 37°C in 5% C02 in air. After the 
pretreatment incubation, the media and nonat- 
tached cells were removed by aspiration, and 6 
ml of treatment medium was added. Half- 
medium changes were made after 3, 7, and 10 
days of culture. After 14 days, suitable fields 
containing both mono- and multinucleated cells 
were monitored at 37°C with a phase contrast 
microscope (Diaphot; Nikon), equipped with dif- 
ferential interference optics, a camera (HV 700; 
Hitachi), and a time-lapse video recorder (Pana- 
sonic). After a basal period of 30 min, salmon 
calcitonin was added at  M. Filming contin- 
ued for 12 h. Projected areas of cells were mea- 
sured at 0 and 2 h with a Zeiss ZIDAS digitizing 
tablet. 

RESULTS 
Effect of Osteocalcin on Cellularity 

Nonadherent cells from long-term bone mar- 
row cultures were incubated in 96-well tissue 
culture plates for 24 h in a medium. The at- 
tached cells were subsequently treated with or 
without GM-CSF (5 Uiml) or osteocalcin (Oc) at  
5 different concentrations for 1 week. Few cells 
receiving a or a with osteocalcin for 1 week 
survived. In contrast, treatment with a and 
GM-CSF caused a significant increase (P  < 0.05) 
in cellularity compared to a alone (Fig. 1A). 
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Fig. 1. Cell density determined by colorimetric assay. A: Effect 
of CM-CSF (5 U iml )  or osteocalcin (Oc) after 1 week. Each bar 
represents the mean t S.D. for four determinations. B: CM- 
CSF (5 Uiml )  was added for both weeks, and osteocalcin (Oc) 
was added at different concentrations during the second week. 
Each bar represents the mean ? S.D. for six determinations. a, 
indicates different from a (P < 0.05). 

Supplementation with different concentrations 
of osteocalcin did not alter cellularity in a me- 
dium. 

Other cultures were treated with GM-CSF for 
2 weeks with various concentrations of osteocal- 
cin added during the second week. Phase micro- 
scopic observations of a-treated cultures re- 
vealed fewer cells at 2 weeks than at 1 week, 
consistent with the poor supportive capacity of 
this medium. Treatment with GM-CSF caused a 
significant increase (P < 0.05) in cellularity (Fig. 
1B). Addition of osteocalcin did not alter the 
stimulatory effect of GM-CSF. 

The influence of 2 weeks treatment with osteo- 
calcin was assessed in a medium compared to 
L10 medium. As above, treatment with GM- 
CSF in a significantly increased cellularity 
(P  < 0.05) (Fig. 2). Cellularity with GM-CSF 
was similar with or without 2 weeks treatment 
with 1.2 x M osteocalcin. Cellularity was 
greater with L10 or L10 with GM-CSF than 
with a and GM-CSF (Fig. 2). Treatment with 
L10 did not differ from L10 with GM-CSF. Thus, 
under these conditions of low serum supplemen- 

a +GM+Oc 

L 

L+GM 

L+GM+Oc 

0.0 0.1 0.2 0.3 0.4 0 . 5  0.6 0.7 
Optical Density 

Fig. 2. Cell density determined by colorimetric assay. CM-  
CSF (5 U/ml) and osteocalcin (Oc) (1.2 x M) were added 
to a or L10 basal media. Each bar represents the mean t S.D. 
for five determinations. a, indicates different from a. b, indi- 
cates different from a + C M  (P < 0.05). 

tation, maximal proliferation can be achieved 
with 10% L-cell-conditioned medium. Treat- 
ment with osteocalcin for 2 weeks did not affect 
proliferation in the presence of L10 and GM- 
CSF. These conditions were therefore suitable 
for examining differentiation in cultures with 
similar cell densities. 

Effect of Osteocalcin on Multinucleation 

The effects of GM-CSF, L-cell-conditioned me- 
dium, and osteocalcin on multinuclearity were 
examined. Because cell density was not uniform 
within the wells but appeared greatest along the 
periphery of each well, multinuclearity was as- 
sessed by counting the number of cells with 
three or more nuclei in 18 contiguous fields 
along a diagonal path from one corner of the 
chamber to the opposite corner. This method 
produced data representative of the entire cham- 
ber [Liggett et al., 19921. In (Y medium, cells 
failed to proliferate well, and there were few 
(10 -+ 4) multinucleated cells per sample (Table 
I). Cells treated with GM-CSF in a medium 
developed elevenfold more multinucleated cells 
than in a medium alone (P  < 0.05). Osteocalcin 
did not significantly alter the stimulation of 
multinuclearity by GM-CSF. The result was cor- 
roborated by a repeated experiment. 

Cultures treated with L10 and GM-CSF devel- 
oped up to 4.3-fold more multinucleated cells in 
comparison to L10 treatment. Taken together 
with the fact that cell densities were similar 
with L10 or L10 plus GM-CSF (Fig. 2), GM- 
CSF's effect on multinuclearity cannot be ex- 
plained solely on the basis of cellularity (Table 
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TABLE I. Effect of Osteocalcin on the 
Development of Multinucleated Cells? 

System x rfr S.D. 

a system 
a 10 rfr 4 
(Y + GM ( 5  Uiml) 
(Y + GM + Oc (7 Fgiml) 

L10 36 * 9 
L10 + Oc (0.07 pgirnl) 26 rfr 9 
L10 + Oc (0.7) 29 ? 8 
L10 + oc (7) 48 rfr 16 
L10 + GM 153 & 15** 
L10 + GM + Oc (0.07) 156 * 28** 
L10 + GM + Oc (0.7) 187 27** 
L10 + GM + Oc (7) 212 * 5*** 
L10 + RA (0.07) 39 rfr 7 
L10 + RA (0.7) 41 ? 17 
L10 + EL4 (7) 47 rfr 7 
L10 + GM + RA (0.07) 
L10 + GM + RA (0.7) 
L10 + GM + RA (7) 

MNCiwell 

110 rfr 69* 
170 * 92" 

L10 system 

145 * 12** 
158 5 32** 
154 * 25** 

TMultinucleated cells with three or more nuclei were counted 
and expressed as the mean (x) f standard deviation for four 
wells. The cy system included basal medium with 2% heat- 
inactivated horse serum; the L10 system was cy medium 
supplemented with 10% L-cell-conditioned medium as a 
source of M-CSF. GM indicates GM-CSF, Oc indicates osteo- 
calcin, and RA indicates rat serum albumin. Cells were 
treated for 2 weeks. 
*Significant vs. cy at P < 0.05. 
**Significant vs. L10 at P < 0.05. 
***Significant vs. L10 and L10 + GM a t P  < 0.05. 

I). Cells treated with L10 and osteocalcin did not 
show significant changes in multinucleation vs. 
L10 treatment. This result was corroborated by 
two additional repeat experiments. In one experi- 
ment, 7 kg/ml osteocalcin caused a small (13%) 
but significant enhancement of multinuclearity 
above the GM-CSF effect (Table I). The data 
suggest that osteocalcin does not have a sig- 
nificant, reproducible effect on total multi- 
nuclearity. As a protein control for rat bone 
osteocalcin, rat albumin had no effect on total 
multinuclearity. 

Effect of Osteocalcin on Osteoclastogenesis 

After a 2 week treatment period, cultures 
were stained for tartrate-resistant acid phospha- 
tase (TRAP) activity without counterstain. To- 
tal TRAP activity was quantified by a new micro- 
photometric technique that is based upon the 
reduction of light transmitted through stained 
cultures [Glowacki et al., 1991; Liggett et al., 
19931. Transmitted light was measured through 

40-50 contiguous fields (0.64 mm2 each) at 4 x  
magnification and expressed as absorbance 
( x 103) per square millimeter. For each cham- 
ber, the mean of all values and mean for the 
most intense 30% were calculated. Using the 
means of the thirtieth percentiles avoided the 
nonparametric skewing by fields of unstained 
cells that were especially common in the basal 01 

and L10 media. 
In 01 medium, treatment with GM-CSF signifi- 

cantly increased TRAP activity twofold (Table 
11). Cells treated with GM-CSF and osteocalcin 
showed no additional response. Cells treated 
with L10 and GM-CSF had significantly greater 
TRAP activity than cells treated with L10 me- 
dia. The activity was 35-40% higher after L10 
and GM-CSF treatment in two experiments com- 
pared to L10 treatment. As was the case for 
multinuclearity, GM-CSF's effect on TRAP activ- 
ity is a differentiation effect not linked to prolif- 
eration. TRAP activity in cells treated with L10 
and osteocalcin did not differ significantly from 
cells treated with L10. However, cells that re- 
ceived L10 with GM-CSF and osteocalcin had 
30% more activity compared to cells treated 
with L10 and GM-CSF (Fig. 3). Osteocalcin did 
not enhance tartrate-resistant acid phosphatase 
activity in LY medium (i.e., in the absence of 

In a more extensive study, we examined the 
effects of various concentrations of rat bone 
osteocalcin and rat albumin on cellularity and 
on development of osteoclastic, TRAP-positive 
multinucleated cells (Table 111). Rat albumin 
served as a protein control and failed to show 
significant effects on these parameters either in 
the presence or absence of GM-CSF. GM-CSF 
promoted the development of TRAP-positive 
multinucleated cells with 56% of the total num- 
ber of MNCs positive for the enzyme, compared 
to only 28% of the smaller number of MNCs in 
L10. In a dose-dependent manner, osteocalcin 
promoted the formation of TRAP-positive MNCs 
and the proportion of TRAP-positive MNCs, but 
only in the presence of GM-CSF (Fig. 4). At 0.7 
kg/ml, osteocalcin increased the number of 
TRAP-positive MNCs by 60% (P < 0.01); at 7.0 
kg/ml, stimulation was 84% (P  < 0.01). A criti- 
cal feature of these experiments is that cellular- 
ity was not significantly different in the treat- 
ment groups; thus, effects on multinucleation 
and differentiation were examined with similar 
cell densities. 

In a study to confirm that the TRAP-positive 
multinucleated cells were osteoclast-like, calcito- 

M-CSF). 
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TABLE 11. Effect of GM-CSF, 
L-Cell-Conditioned Medium, and Osteocalcin 

on Tartrate-Resistant Acid Phosphatase 
(TRAP) Activity? 

* 

- 

- 

- 

- 

- 

TRAP activity 
(abs. x lo3 per mm2) 

x thirtieth 
percentile 

System x L S.D. t S.D. 

cx 13.45 t 1.60 20.93 * 1.95 
a + GM 

a + G M + O c  

cx system 

(5 U/ml) 25.35 ? 4.08* 45.77 t 7.31* 

(7 pg/ml) 22.24 * 5.63* 26.41 t 6.10 

L10 24.70 t 2.49 39.06 r 5.46 
L10 + GM 

L10 + o c  

L10 + GM + 

L10 system 

(5 U/ml) 33.49 ? 2.28** 53.23 t 7.39** 

(7 p.g/ml) 23.54 * 4.54 37.53 * 13.69 

Oc (7 p.g/ml) 43.78 * 9.72*** 75.68 t 14.18*** 

fTRAF' activity was assessed microphotometrically and ex- 
pressed as the mean (XI and mean of the thirtieth percen- 
tile 2 standard deviation for four wells. The a system 
included basal a-MEM with 2% heat-inactivated horse se- 
rum; the LlO system was supplemented with 10% L-cell- 
conditioned medium as a source of M-CSF. GM indicates 
GM-CSF and Oc indicates osteocalcin. 
*Significant vs. a at P < 0.05. 
**Significant vs. L10 at P < 0.05. 
***Significant vs. L10 and L10 + GM at P < 0.05. 

nin responsiveness of these putative osteoclasts 
was evaluated by seeding progenitor cells in 
tissue culture flasks in a medium, incubating for 
24 h, and treating the cells in L10 with GM-CSF 
and 1.2 x M osteocalcin for 2 weeks. A 
subpopulation of the large multinucleated cells 
contracted 0.5 h after treatment with calcitonin. 
In randomly selected multinucleated cells, the 
projected area of each cell decreased to 52 k 12% 
of their baseline areas. The mononuclear cells 
did not change after treatment. Thus, it is dem- 
onstrated that these cells show the osteoclastic 
response to calcitonin rather than the pheno- 
type of the macrophage polykaryon. 

DISCUSSION 

Previously, we reported that L-cell-condi- 
tioned medium (as a source of M-CSF), GM- 
CSF, and IL-3 are mitogenic for these osteoclast 
progenitors; GM-CSF and IL-3, but not M-CSF, 
promote development of TRAP-positive multi- 
nucleated cells [Liggett et al., 19931. In this 

loo I 

..i 

basal Q M  Oc QM/Oc 

Fig. 3. Effect of osteocalcin (Oc) on tartrate-resistant acid 
phosphatase (TRAP) activity in medium containing 10% L-cell- 
conditioned medium without or with 5 Uiml CM-CSF. Total 
TRAP activity was assessed microphotometrically and ex- 
pressed as the mean & S.D. for three determinations. *indicates 
significantly different from all other groups. 

study, we found that, when combined with both 
M-CSF and GM-CSF, osteocalcin further stimu- 
lates their differentiation. 

Recent investigations on in vitro differentia- 
tion of osteoclasts have focused on the role of 
calcitropic hormones and cytokines on whole or 
fractionated marrow. The studies reported 
herein differ in significant ways from other cul- 
ture systems. This system utilized stromal cell- 
free populations. Because mature macrophages, 
megakaryocytes, and stromal cells may have 
been present in the fractionated compartment 
of the cells studied by others [Takahashi et al., 
1988a; Sasaki et al., 1989; Roodman et al., 1985; 
MacDonald et al., 19871, it is important to note 
that cells from long-term bone marrow cultures 
were devoid of these cells. The target cells in our 
studies were treated in media containing mini- 
mal amounts of serum (2%), in contrast to the 
greater amounts of serum used by Takahashi et 
al. (10%) and MacDonald et al. (20%). Further- 
more, in contrast to prior reports, we assayed 
the cellularity of treated cells to assess the de- 
gree of cellular proliferation with each treat- 
ment. In this manner, it is possible to identify 
factors that have major effects on proliferation 
and to control for this important variable. We 
previously determined that 10% L-cell-condi- 
tioned medium, 5 U/ml GM-CSF, and 2% horse 
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TABLE 111. Effects of Rat Bone Osteocalcin 
(Oc)  or Rat Serum Albumin (RA) on 

Cellularity and TRAP-Positive Multinucleated 
Cells or (TRAP+"") After 2 Weeks Culture in 

L10 Medium With or Without 5 U/ml GM-CSFt 

Crrnnn 

5% TRAP+"' 
Total cells/ MNCsI 

4.5 mm2 total cells 

L 
L + Oc (0.07 kg/mli 
L + Oc (0.7) 
L + o c  (7) 
L + G M  
L + GM + Oc (0.07) 
L + GM + Oc (0.7) 
L + G M + O c ( 7 )  
L + RA (0.07) 
L + RA (0.7) 
L + RA (7) 
L + GM + RA (0.07) 
L + GM + RA (0.7) 
L + GM + RA (7)  

1,520 ? 54 
1,589 f 27 
1,519 f 36 
1,604 f 26 
1,643 f 37 
1,614 f 7 
1,625 t 22 
1,613 f 14 
1,602 f 37 
1,608 f 15 

1,621 f 31 
1,623 ? 24 
1,612 f 10 

0.71 f 0.56 
0.89 f 0.56 
0.76 f 0.49 
0.83 f 0.67 
5.24 f 0.42" 
5.38 f 0.60" 
8.36 f 1.23"" 
9.62 f 0.42"" 
0.68 f 0.51 
0.65 f 0.49 

5.28 ? 0.43" 
5.72 f 1.53" 
5.89 f 0.65" 

1,627 t 26 0.47 f 0.48 

i L  indicates basal L10 medium; GM indicates 5 Uiml GM- 
CSF. Each value represents the mean & standard deviation 
of four samples. TRAP+"' indicates TRAP-positive multi- 
nucleated cells. 
*Significant vs. L10 at P < 0.05. 
**Significant vs. L10 and L10 + GM at P < 0.05. 

serum provided optimal conditions for prolifera- 
tion of these cells [Liggett et al., 19931. Another 
difference is that we evaluated differentiation 
after 2 weeks, whereas those studies that re- 
ported effects after 3 or more weeks may include 
secondary actions, possibly mediated through 
stromal cells [Shevde et al., 19941. Finally, in 
our studies, osteoclast features were assessed by 
TRAP-positive multinucleated cell numbers, 
TRAP activity measured by a new photometric 
technique, and calcitonin responsiveness. 

The cell density of the cultures was maximal 
under these experimental conditions, consistent 
with the mitogenic activity of L-cell-conditioned 
medium or GM-CSF [Metcalf, 1986; Sieff, 19871. 
Osteocalcin did not act as a mitogen in this 
system. Kandemir et al. [1990] reported that 

M osteocalcin augmented murine marrow 
colony formation and osteoclastogenesis in mar- 
row cocultured with fetal mouse metatarsal 
bones, but the mechanism of that effect is not 
known. 

Multinuclearity increased after treatment with 
L-cell-conditioned medium, with GM-CSF, and 
with GM-CSF and L-cell-conditioned medium. 
These data are consistent with the work of Mac- 
Donald et al. [19861 who found that GM-CSF or 

0 L10 LlOlGM 

* * T 

T 

0 0.07 0.7 7.0 

pg/m I 0 s  t eocalci n 

Fig. 4. Effect of osteocalcin on development of TRAP-positive 
multinucleated cells in medium supplemented with 10% L-cell- 
conditioned medium (L10) and CM-CSF (LlOICM). TRAP- 
positive MNCs are expressed as the percentage of total cell 
number, mean & S.D. of four replicates. *indicates significantly 
different from L1 O/CM, P < 0.05. 

CSF-1 increased multinucleation of cultured ba- 
boon bone marrow cells in comparison to control 
cultures receiving media alone for 3 weeks. On 
the other hand, Sutton and Weiss 119661 ob- 
served that macrophages fuse in vitro to  form 
multinucleated cells, and Abe et al. [19831 gener- 
ated multinucleated cells from mouse alveolar 
macrophages by treatment with 1,25-dihy- 
droxyvitamin D3. Thus, the process of cell fusion 
leading to multinuclearity is not a specific marker 
for osteoclast differentiation but may indicate 
the density-dependent fusion of macrophages. 
Osteocalcin alone had no effect on cellularity but 
may have had a small, inconsistent effect on 
multinucleation. These data clearly show that, 
with these progenitors, two populations of mul- 
tinucleated cells developed under these condi- 
tions: an osteoclastic population (TRAP-posi- 
tive) and a macrophage polykaryon population. 
With osteocalcin treatment, more osteoclastic 
cells developed with more intense tartrate- 
resistant acid phosphatase activity. Thus, we 
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propose that osteocalcin is not the sole stimulus 
of osteoclastogenesis but can be assigned a role 
as an enhancer under conditions in which appro- 
priate mitogens and early differentiation signals 
are active; GM-CSF and M-CSF are two agents 
that provide these other signals. We have re- 
ported one other factor that appears to operate 
as an enhancer in this system; in the presence of 
GM-CSF and M-CSF, increasing doses of inter- 
leukin-6 increased multinuclearity, the percent- 
age of TRAP-positive multinucleated cells, and 
total TRAP activity [Shevde and Glowacki, 
19921. 

Controversies exist on the relative impor- 
tance of putative differentiation factors, media- 
tors, and helper cells, in part because a specific 
marker for osteoclasts has yet to be developed. 
Our studies use markers that are appropriate 
for murine cells. Tartrate-resistant acid phospha- 
tase (TRAP) [Kurihara et al., 1989; Takahashi 
et al., 1988b; Sasaki et al., 1989; MacDonald et 
al., 1987; Polvony et al., 1990; Van de Wijngaert 
et al., 1987; Helfrich et al., 19891, multinucle- 
ation [KO and Bernard, 1981; Kurihara et al., 
1989; Takahashi et al., 1988a; Sasaki et al., 
1989; Roodman et al., 1985; MacDonald et al., 
1986, 19871, calcitonin responsiveness [Hatters- 
ley and Chambers, 1989, 19901, ultrastructure 
[KO and Bernard, 1981; Sasaki et al., 1989; 
MacDonald et al., 19871, and resorption of slices 
of bone or dentine [Takahashi et al., 198813; 
Hattersley and Chambers, 19901 have been used 
to  identify osteoclast-like cells in vitro. In mu- 
rine systems, Takahashi et al. [1988bl reported 
that mouse peripheral blood mononuclear cells, 
peritoneal macrophages, alveolar macrophages, 
and spleen cells do not develop TRAP activity in 
vitro. Sasaki et al. [1989] observed the absence 
of TRAP activity in cultures of mouse alveolar 
macrophages that developed multinucleated cells 
and Wijngaert et al. [1987] found that mouse 
peritoneal macrophage cytospin preparations 
were TRAP-negative. Helfrich et al. I19891 ob- 
served that freshly isolated mouse peripheral 
blood leukocytes were negative for TRAP activ- 
ity and remained so after 2 weeks of culture. On 
the other hand, Kuehler et al. [19811 observed 
that freshly isolated mouse peripheral blood leu- 
kocytes were negative for TRAP activity but 
found that after 3 weeks in vitro these cells 
expressed TRAP activity. Furthermore, Hatters- 
ley and Chambers [ 19901 found that mouse peri- 
toneal macrophages which were initially TRAP- 
negative became TRAP-positive after 7 days of 
incubation. Nevertheless, the weight of the evi- 

dence to  date suggests that TRAP activity, while 
not a specific marker for osteoclasts in vitro, 
may be more useful as a screen for mouse than 
for human osteoclasts. 

In vitro, cellular responsiveness to  calcitonin 
has been used to  identify osteoclasts, assessed 
by striking cell-shape changes [Chambers and 
Magnus, 19821 or by specific binding of radiola- 
beled calcitonin [Van de Wijngaert et al., 1987; 
Hattersley and Chambers, 1989; Nicholson et 
al., 1986; Takahashi et al., 1988al. Our demon- 
stration of cellular contraction in response to  
calcitonin is consistent with the osteoclastic phe- 
notype. Ultrastructural identification of clear 
zones and ruffled borders was made when these 
cells were cultured on bone fragments with GM- 
CSF and M-CSF [Liggett et al., 19931. 

Recent in vivo studies lend support to the 
hypothesis that osteocalcin acts in concert with 
other factors to  regulate various stages of osteo- 
clastogenesis. Osteocalcin is a noncollagenous 
bone specific protein accumulated in the extracel- 
lular matrix and binds avidly to bone mineral 
via its calcium-binding y-carboxyglutamic acid 
(gla) residues. In warfarin-treated animals, vita- 
min K-dependent posttranslational synthesis of 
the gla residues is inhibited, thereby producing 
an osteocalcin-deficient bone matrix. We re- 
ported that osteoclastic differentiation was im- 
paired in response to such bone particles, virtu- 
ally devoid of osteocalcin [Lian et al., 19841. 
Whereas the subcutaneous implantation of devi- 
talized mineral-containing bone particles elicits 
the recruitment and differentiation of multi- 
nucleated cells that resorb bone matrix, a 50% 
decrease in the number of multinucleated cells 
was observed with implantation of osteocalcin- 
deficient bone particles. In addition, overall cel- 
lular recruitment was depressed to 35% of con- 
trol [Glowacki and Lian, 19871. These effects are 
highly specific; mixtures of normal and osteocal- 
cin-deficient bone particles (with one or the other 
type prelabeled with tetracycline) demonstrated 
that activated osteoclasts were associated only 
with the normal bone particles but not the adja- 
cent osteocalcin-deficient particles [DeFranco et 
al., 19911. The suggestion that osteocalcin func- 
tions as a matrix signal in osteoclast develop- 
ment was further tested by comparing the cellu- 
lar responses to synthetic particles of bone-like 
apatite with or without osteocalcin. Pure apatite 
particles elicited generation of foreign body gi- 
ant cells, but particles containing 0.1% osteocal- 
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cin were partially resorbed and generated more 
multinucleated, cells that expressed TRAP activ- 
ity and ultrastructural features of osteoclasts 
[Glowacki et al., 19911. These studies suggested 
that osteocalcin functions as an insoluble sub- 
strate signal for osteoclastogenesis. This may 
explain why low concentrations of osteocalcin 
solutions were not effective in the cultures de- 
scribed in this report. 

Several possibilities exist for the action of 
osteocalcin. It may potentiate the effect of GM- 
CSF and direct myeloid cell development toward 
TRAP-positive progeny by directly binding to 
hematopoietic progenitor cells. Alternatively, be- 
cause GM-CSF has been shown to bind to gly- 
cosaminoglycans [Gordon et al., 19871, includ- 
ing heparan sulphate [Roberts et al., 19881, 
osteocalcin may increase differentiating effects 
of GM-CSF by binding to GM-CSF and making 
GM-CSF more competitive for binding to hema- 
topoietic cells than M-CSF. Osteocalcin may in- 
hibit differentiation of the macrophage lineage, 
leaving more target cells responsive to GM- 
CSF’s differentiation effects. 

These studies confirm our previous findings 
that a subpopulation of hematopoietic progeni- 
tor cells from murine long-term bone marrow 
cultures includes the osteoclast progenitor and 
that its survival, proliferation, and differentia- 
tion is stimulated by GM-CSF and M-CSF [Lig- 
gett et al., 19931. Further stimulation of differ- 
entiation was achieved by supplementation with 
osteocalcin. It should be emphasized that these 
effects were demonstrated in populations of cells 
enriched for macrophagelgranulocyte progeni- 
tors and lacking stromal cells. Other regulatory 
processes can be mediated through marrow stro- 
ma1 cells [Shevde et al., 19941. These results are 
consistent with the hypothesis that osteocalcin, 
the bone matrix constituent, may be an organ- 
specific signal that plays a role in the differentia- 
tion of the bone-resorbing osteoclasts. 

A C K N O W L E D G M E N T S  

This study was supported by NIH grant DE 
08798. The authors appreciate the contribu- 
tions of Drs. Nirupama Shevde, Sharad Sohoni, 
and Pervin Anklesaria. This study was submit- 
ted in partial fulfillment of the requirements for 
the Doctor of Medical Sciences Degree in Oral 
Biology at Harvard University. 

REFERENCES 

Abe E, Miyanra C, Tanaka H, ShiinaY, Kuribayashi T, Suda 
S, Nishii Y, DeLuca H, Suda T (1983): la25-dihydroxyvita- 
min D3 promotes fusion of mouse alveolar macrophages 
both by a direct mechanism and by a spleen cell-mediated 
indirect mechanism. Proc Natl Acad Sci USA 80:5583- 
5587. 

Ash P, Loutit JF, Townsend KMS (1980): Osteoclasts de- 
rived from hematopoietic stem cells. Nature 283:669-670. 

Baron R, Tran Van P, Nefussi JR, Vignery A (1986): Kinetic 
and cytochemical identification of osteoclast precursors 
and their differentiation into multinucleated osteoclasts. 
Am J Pathol122:363-378. 

Burger EH, Van der Meer JWM, Van de Gevel JS, Gribnau 
JS, Thesingh WC, Van Furth R (1982): In vitro formation 
of osteoclasts from long-term bone cultures of bone mar- 
row mononuclear phagocytes. J Exp Med 156: 1604-1614. 

Chambers TJ, Magnus CJ (1982): Calcitonin alters behavior 
of isolated osteoclasts. J Pathol136:27-40. 

DeFranco DJ, Glowacki J ,  Cox KA, Lian JB (1991): Normal 
bone particles are preferentially resorbed in the presence 
of osteocalcin-deficient bone particles in vivo. Calcif Tis- 
sue Int 49:43-50. 

Glowacki J ,  Lian JB (1987): Impaired recruitment and differ- 
entiation of osteoclast progenitors by osteocalcin-deplete 
bone particles. Cell Diff 21:247-254. 

Glowacki J ,  Rey C, Glimcher MJ, Cox KA, Lian J (1991): A 
role for osteocalcin in osteoclast differentiation. J Cell 
Biochem 45:292-302. 

Gordon MY, Riley GP, Watt SM, Greaves MF (1987): Com- 
partmentalization of a hematopoietic growth factor (GM- 
CSF) by glycosaminoglycans in the bone marrow microen- 
vironment. Nature 326:403-405. 

Greenberger J S  (1978): Sensitivity of corticosteroid-depen- 
dent insulin-resistant lipogenesis in marrow preadipo- 
cytes of obese-diabetic (dbidb) mice. Nature 275:752-754. 

Hattersley G, Chambers TJ  (1989): Calcitonin receptors as 
markers for osteoclastic differentiation: Correlation be- 
tween generation of bone-resorptive cells and cells that 
express calcitonin receptors in mouse bone marrow cul- 
tures. Endocrinology 125: 1606-1612. 

Hattersley G, Chambers TJ  (1990): Effects of interleukin-3 
and of granulocyte-macrophage and macrophage colony 
stimulating factors on osteoclast differentiation from 
mouse hemopoietic tissue. J Cell Physiol 142:201-209. 

Helfrich MH, Mieremet HP, Thesingh CW (1989): Osteo- 
clast formation in vitro from progenitor cells present in 
the adult mouse circulation. J Bone Miner Res 4:325-334. 

Kandenir N, Malone JD, Kahn AJ  (1990): Osteocalcin stimu- 
lates osteoclast development in vitro. J Bone Miner Res 
5:S227. 

Keuhler D, Lam KW, Lee P, Yam LT (1981): Comparison of 
tartrate-resistant acid phosphatase in normal mouse tis- 
sues to that in the reticulum cells of leukemic reticuloen- 
dotheliosis. Cancer 47: 7 10-7 14. 

KO JS, Bernard GE (1981): Osteoclast formation in vitro 
from bone marrow mononuclear cells in osteoclast-free 
bone. Am J Anat 161:415425. 

Kurihara N, Suda T, Miura Y, Nakauchi H, Kodama H, 
Hiura K, Hakeda Y, Kumegawa M (1989): Generation of 
osteoclasts from isolated hematopoietic progenitors cells. 
Blood 74:1295-1302. 



Osteocalcin and Osteoclastogenesis 199 

Lian JB, Tassinari M, Glowacki J (1984): Resorption of 
implanted bone prepared from normal and warfarin- 
treated rats. J Clin Invest 73:1223-1226. 

Liggett WH Jr ,  Shevde N, Anklesaria P, Sohoni S, Green- 
berger JS, Glowacki J (1993): Effects of macrophage- 
colony stimulating factor and granulocyte-macrophage- 
colony stimulating factor of osteoclastic differentiation of 
hematopoietic progenitor cells. Stem Cells 11:398-411. 

Lorenzo JA, Sousa SL, Fonseca JM, Hock JM, Medlock ES 
(1987): Colony-stimulating factors regulate the develop- 
ment of multinucleated osteoclasts from recently repli- 
cated cells in vitro. J Clin Invest 80:160-164. 

MacDonald BR, Mundy GR, Clark S, Wang EA, Kuehl TJ, 
Stanely ER, Roodman GD (1986): Effect of human recom- 
binant CSF-GM and highly purified CSF-1 on the forma- 
tion of multinucleated cells with osteoclast characteristics 
in long-term bone marrow culture. J Bone Miner Res 
1:227-233. 

MacDonald BR, Takahashi N, McManus LM, Holahan J, 
Mundy GR, Roodman GD (1987): Formation of multinucle- 
ated cells that respond to osteotropic hormones in long 
term human bone marrow cultures. Endocrinology 120: 

Metcalf D (1986): The molecular biology and functions of 
the granulocyte-macrophage colony-stimulating factors. 

Mosman T (1983): Rapid colorimetric assay for cellular 
growth and survival: Application to  proliferation and cyto- 
toxicity assays. J Immunol Methods 65:55-63. 

Nicholson GC, Moseley JM, Sexton PM, Mendelsohn FAO, 
Martin TJ (1986): Abundant calcitonin receptors in iso- 
lated rat osteoclasts. J Clin Invest 78:355-360. 

Polvony B, Lee M, Hall S (1990): Modulation of tartrate- 
resistant acid phosphatase expression by calcitriol in CSF- 
induced macrophage colonies. Exp Hematol 18:283. 

Roberts R, Gallagher J, Spooncer E, Allen TD, Bloomfield F, 
Dexter TM (1988): Heparan sulphate bound growth fac- 
tors: A mechanism for stromal cell mediated hemopoiesis. 
Nature 332:376-378. 

Roodman GD, Ibbotson KJ, MacDonald BR, Kuehl TJ, 
Mundy GR (1985): 1,25-dihydroxyvitamin D3 causes for- 
mation of multinucleated cells with several osteoclast 
characteristics in cultures of primate marrow. Proc Natl 
Acad Sci USA 82:8213-8217. 

2326-2333. 

Blood 67:257-267. 

Sakakeeny MA, Greenberger J S  (1982): Granulopoiesis lon- 
gevity in continuous bone marrow cultures and factor- 
dependent cell line generation: Significant variation among 
28 inbred mouse strains and outbred stocks. J Natl Can- 
cer Inst 68:305-317. 

Sasaki T, Takasji N, Higashi S, Suda T (1989): Multinucle- 
ated cells formed on calcified dentine from mouse bone 
marrow cells treated with lu,25-dihydroxyvitamin D3 have 
ruffled borders and resorb dentine. Anat Rec 224:379- 
391. 

Scheven BAA, Burger EH, Kawilarang-De Hass EWM, Was- 
senaar AM, Nijweide PJ (1985): Effects of ionizing radia- 
tion on formation and resorbing activity of osteoclasts in 
vitro. Lab Invest 53:72-79. 

Scheven BAA, Visser JWM, Nijweide P J  (1986): In vitro 
osteoclast generation from different bone marrow frac- 
tions, including a highly enriched hematopoietic stem cell 
population. Nature 321:79-81. 

Shevde N, Glowacki J (1992): Effects of interleuhn-6 on 
proliferation and differentiation of osteoclast progenitors. 
J Dent Res 71:353. 

Shevde N, Anklesaria P, Greenberger JS, Bleiberg I, Glowacki 
J (1994): Stromal cell-mediated stimulation of osteoclasto- 
genesis. Proc SOC Exp Biol Med 205:344-353. 

Sieff CA (1987): Hemopoietic growth factors. J Clin Invest 
79:1549-1557. 

Sutton JS, Weiss L (1966): Transformation of monocytes in 
tissue culture into macrophages, epitheliod cells and mul- 
tinucleate giant cells. J Cell Biol28:303-332. 

Takahashi N, Akatsu T, Sasaki T, Nicholson GC, Moseley 
JM, Martin TJ, Suda T (1988a): Induction of calcitonin 
receptors by la,25-dihydroxyvitamin D3 in osteoclast-like 
multinucleated cells formed from mouse bone marrow 
cells. Endocrinology 123: 1504-1510. 

Takahashi N, Yamana H, Yoshiki S, Roodman GD, Mundy 
GR, Jones SJ, Boyde A, Suda T (1988b): Osteoclast-like 
cell formation and its regulation by osteotropic hormones 
in mouse bone marrow cultures. Endocrinology 122: 1373- 
1382. 

Van de Wijngaert FP, Tas MC, Burger EH (1987): Character- 
istics of osteoclast precursor-like cells grown from mouse 
bone marrow. Bone Miner 3:111-123. 

Zambonin-Zallone A, Teti A (1985): Autoradiographic dem- 
onstration of in vitro fusion of blood monocytes with 
osteoclasts. Basic Appl Histochem 29:45-48. 




