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SUMMARY: In a co-culture system of mouse spleen cells and osteoblastic cells, we have demonstrated 
that a suitable microenvironment must be provided by osteoblastic cells in order for osteoclast-like 
multinucleated cell (MNC) formation. Using this co-culture system, we examined the pathogenetic 
mechanism underlying the lack of bone resorption in osteosclerotic oc/oc mice. Numerous tartrate-resis- 
tant acid phosphatase (TRAP, an osteoclast marker enzyme)-positive MNCs were formed in response to 
Icr,25-dihydroxyvitamin D, [l a,25(OH),D,] both in co-cultures of oc/oc spleen cells and normal osteob- 
lastic cells and in those of normal spleen cells and o&c osteoblastic cells. TRAP-positive MNCs de- 
rived from normal spleen ceils tended to spread out on culture dishes, whereas those from oc/oc spleen 
cells remained as small, compact MNCs. When TRAP-positive MNCs enriched from co-cultures of nor- 
mal spleen cells and oc/oc osteoblastic cells were cultured on dentine slices, they formed numerous re- 
sorption pits with ruffled borders and clear zones. In contrast, none of the TRAP-positive MNCs derived 
from oc/ocspleen cells formed either ruffled borders or resorption pits. These results indicate that the lack 
of bone resorption in oc/oc mice is due to a defect in osteoclast progenitors rather than the local microen- 

vironment provided by osteoblastic cells. 0 1992 Academrc Press, 1°C. 

Osteopetrosis is an inherited metabolic bone syndrome caused by several different developmental 

and functional abnormalities of osteoclasts (1). An osteopetrotic op/op strain of mice lacks osteoclasts, 

the cause of which has been considered to be a defect in the local microenvironment within the bone. 

This conclusion is based on the observation that bone marrow transplantation cannot cure the osteopet- 

rotic disorders in this strain of mice. Recently, the osteoclast deficiency in op/op mice was reported to be 

due to a mutation in the coding region of the macrophage colony-stimulating factor (M-CSF) gene (2,3). 

The defect of osteoclast formation and bone resorption in op/op mice was restored by the administration 

of recombinant M-CSF (45). We have developed a co-culture system of mouse spleen and osteoblastic 

cells, in which osteoclast-like multinucleated cells (MNCs) are formed in response to Io,25dihydroxyvi- 

tamin D, [la,25(OH),D,] (6-8). Using this co-culture system, we found that osteoblastic cells obtained 

from op/op mice could not support osteoclast development from normal spleen cells (9). Addition of M- 

CSF together with 1 c(,25(0H),D, to co-cultures with op/op osteoblastic cells completely reversed osteo- 

clast-like MNC formation. This indicates that M-CSF from osteoblastic cells is essential for osteoclast de- 

velopment (9). 
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The osteosclerotic o&c mutation, another osteopetrotic disorder found in mice, is lethal typically 

causing death within 3 weeks of birth (1). It has been reported that transplantation of hemopoietic cells 

into oc/oc mice failed to cure the bone disorders in this strain of mice as well. This suggests that the lack 

of bone resorption in oc/oc mice is due to a defect in the local microenvironment within the bone, as in op/ 
op mice (10). In the present study, we examined the pathogenesis of osteosclerosis in oc/oc mice using 

our co-culture system. We report here that the lack of bone resorption in oc/oc mice is due to a defect in 

osteocfast progenitors rather than in the local microenvironment provided by osteoblastic cells. 

MATERIALS AND METHODS 

Preparti of Os&&&stic Cells and Soleen Cells 
(C57BU6J x C3HeBIFeJ) Fl-osl+ parent mice were obtained from the Jackson Laboratory (Bar 

Harbor, ME). A quarter of their littermates are expected to be osteosclerotic (oc/oc). The oc/oc homozygo- 
tes were radiologically distinguished at birth from phenotypically normal, +/? siblings. The calvaria, spleen 
and tibia were individually removed from 3-day-old newborn littermates. Tibiae were subjected to enzyme 
histochemistry for TRAP activity. Osteoblastic cells were prepared from each calvaria which had been 
cultured in type I collagen gels as described previously (9). Spleen cells were also individually obtained 
from the splenic tissues of littermates. Normal osteoblastic cells and spleen cells were prepared from 3- 
day-old ddy mice and 7-to g-week old ddy mice, respectively, as described previously (9). 

re svstem 
Osteoblastic cells (1 O4 cells/well) obtained from oc/oc or +/? littermates were co-cultured with normal 

ddy spleen cells (5 x 105cells/well) in o-Minimum Essential Medium (o-MEM) containing 10% fetal bovine 
serum (FBS, GIBCO, Grand Island, NY) in 24-well Corning plates (Corning, NY) Similarly, spleen cells 
from either oc/oc or +/? littermates were co-cultured with normal osteoblastic cells from ddy mice. 
la,25(OH) D, (Philips Duphar, Amsterdam, The Netherlands) was added to the co-cultures at 10 nM. In 
order to odain a TRAP-positive MNC-enriched population, co-cultures were performed for 7 days on colla- 
gen gel-coated dishes in the presence of lo,25(OH),D, as described previously (11). Cultures were then 
treated with 0.2% bacterial collagenase (11). The resulting cell suspension was gently layered on 35% 
Percoll in Tyrode’s solution and centrifuged at 250 g for 20 min. The cells accumulated at the interface layer 
were collected, suspended in a-MEM containing 10% FBS, and used for determining bone-resorbing activ- 
ity (pit formation on dentine slices). 
Determrnation of Osteoclast Characte ‘st& 

After being cultured for 7 daysrAdherent cells were fixed and stained for TRAP and the number of 
TRAP-positive MNCs was scored as described previously (3). For autoradiography using [‘251]-salmon 
calcitonin, co-cultures were performed for 7 days on coverslips placed in 24-well plates. Cultures were then 
incubated with 0.2 nM [‘251]-calcitonin in the presence or absence of an excess amount (200 nM) of unla- 
beled salmon calcitonin, stained for TRAP and processed for autoradiography as described previously 
(9,12). To determine bone-resorbing activity, TRAP-positive MNC-enriched populations were put on den- 
tine slices (200 to 300 TRAP-positive MNCsIl2.6 mm* slice). After they had been cultured for 48 to 72 h, 
resorption pits were detected using a scanning electron microscope or backscattered electron imaging as 
described previously (8). Ultrastructural features of MNCs on dentine slices were also observed by means 
of transmission electron microscopy. 

RESULTS 

Many TRAP-positive osteoclasts were detected in bone sections prepared from oc/oc littermates 

(data not shown). This was in sharp contrast to the bone sections from op/op mice, in which TRAP-positive 

osteoclasts were barely detectable. Similarly, numerous TRAP-positive MNCs were formed both in co- 

cultures of oc/oc spleen cells and normal osteoblastic cells and in those of normal spleen cells and oc/oc 

osteoblastic cells, when the cells were treated with 10 nM la,25(OH),D, for 7 days. Interestingly, TRAP- 

positive MNCs derived from oc/oc spleen cells were not capable of spreading out on the dish surface, and 

their size was somewhat smaller than that of TRAP-positive MNCs derived from spleen cells of +/? litter- 

mates or ddy mice (Fig. 1 and Table I). The mean numbers of nuclei per TRAP-positive MNC, however, 

were not significantly different between TRAP-positive MNCs formed in co-cultures of four combinations of 

osteoblasticcells and spleen cells either from oc/ocor +/? littermates, or from normal ddy mice (Table I). No 

morphological differences were recognized between osteoblastic cells obtained from oc/oc mutants and 

those from +/? littermates (data not shown). [‘Z51]-salmon calcitonin specifically bound to 95% of the TRAP- 

positive MNCs formed both in co-cultures of normal spleen cells and oc/ocosteoblastic cells and in those of 

oc/oc spleen cells and normal osteoblastic cells (Fig. 1, insets). 
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m Localization of TRAP activity and [1251]-calcitonin binding in co-cultures of spleen cells or osteoblas- 
tic cells obtained from oc/oc mice and their counterparts from normal ddy mice. Co-cultures were 
performed for 7 days in the presence of 10 nM la,25(OH),D,. (A) A co-culture of normal ddy spleen cells 
and oc/oc osteoblastic cells. (B) A co-culture of oc/oc spleen cells and normal ddy osteoblastic cells. 
Note that TRAP-positive MNCs formed from normal spleen cells tended to spread out on the dish surface 
(A), but those from oc/oc spleen cells remained as small, compact MNCs (B). [‘zsI]-calcitonin specifically 
bound to TRAP-positive cells formed in both co-cultures in a similar manner (insets). 

In order to determine their bone-resorbing activity, TRAP-positive MNC-enriched populations were 

cultured on dentine slices. TRAP-positive MNC-enriched populations prepared from co-cultures of normal 

spleen cells and oc/ocosteoblastic cells (Fig. 2A), normal spleen cells and +/? osteoblastic cells (data not 

shown), and +/? spleen cells and normal osteoblastic cells (data not shown) similarly formed many resorp- 

tion pits within 48 h on dentine slices. In contrast, TRAP-positive MNC-enriched populations individually 

prepared from 23 co-cultures of oc/ocspleen cells and normal osteoblastic cells failed to form resorption pits 

Table I. Characteristics of TRAP-positive MNCs formed in co-cultures ot spleen cells or osteoblastic cells 
obtained from +/? and oc/oc littermates and their counterparts from normal ddy mice 

Co-culture Systems 

Spleen Cells Osteoblasts 

TRAP-positive MNCs 

1) 
Cells/well Nuclei/cell 

2) 
Plan Are:) Pit formatior? 

(number/well) (number/cell) (mm’x 1 d’/cell) 

Norma 5’ +I? 150 + 16 - (4jj) 10.3 + 2.5 38.1 +. 4.3 + (15fi) 

Normal odoc 167+20 (4) 11.5+1.9 40.6 f 4.5 + (‘3) 
+I? Normal 177+22 (6) 10.7+3.0 37.6 f 4.3 + (20) 
odoc Normal 184i26 (5) 11.7;t3.2 7.0 + 2.6’ - (23) 

Co-cultures were performed in 24.well plates or on collagen-gel coated plates in the presence of 10 nM la,25(OH)~D3 for 8 days. 
The results are expressed as means f SEM. 
‘, Significantly different from the other co-cultures, p < 0.01. 
1) TRAP-positive cells containing three or more nuclei were counted as TRAP-positrve MNCs. 
2) Numbers of nuclei were scored at 35 TRAP-positive MNCs in a typical experiment. 
3) Plan areas covered with each TRAP-positive MNC containing five or more nucler were individually measured at 35 randomly 
selected TRAP-positive MNCs in a typical experiment. 
4) TRAP-positive MNCs enriched from individual co-cultures were incubated on dentine slices for 48 to 72 h. Bone-resorbing ability 
is shown by + or -. 
5) Normal spleen cells and osteoblastic cells were obtained from ddy mice. 
6) Figures in parentheses are the numbers of independent sets of experiments. 
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m Backscattered electron images of dentine slices on which TRAP-positive MNC-enriched popula- 
tions prepared from co-cultures of normal ddy spleen cells and oc/oc osteoblastic cells (A) and those from 
co-cultures of oc/oc spleen cells and normal ddy osteoblastic cells (B) had been cultured for 72 h. The 
dark resorption lacunae indicate low mineral density. Note that no resorption pits are detecteable on the 
slices on which oc/oc spleen cell-derived TRAP-positive MNCs had been cultured (B). 

(Fig. 28 and Table I). The TRAP-positive MNCs obtained from co-cultures of normal spleen cells and oc/oc 

osteoblastic cells developed characteristic ruffled borders and clear zones on dentine slices (Fig. 3A). In 

contrast, no MNCs derived from oc/oc spleen cells formed ruffled borders, though they showed other cyto- 

logical features of osteoclasts such as abundant pleomorphic mitochondria and large numbers of 

lysosomes (Fig. 38). Clear zones were also detected in peripheral regions of the MNCs (Fig. 38). 

DISCUSSION 

Osteoblastic cells isolated from oc/oc mice supported the formation of functionally active osteoclast- 

like cells in co-cultures with normal spleen cells. In contrast, oc/oc spleen cells differentiated into small, 

compact TRAP-positive MNCs in co-cultures with normal osteoblastic cells, which failed to form ruffled 

borders and resorption pits on dentine slices. These abnormalities of the osteoclast-like MNCs formed in 

vifro were very similar to those of osteoclasts found in bone tissues of oc/oc mice (13). TRAP-positive 

MNCs derived from oc/oc spleen cells did not appear to produce a soluble inhibitor(s) of bone resorption, 

since pit formation by normal TRAP-positive MNCs was unaffected by simultaneous addition of oc/oc 

spleen cell-derived TRAP-positive MNCs (data not shown). These results suggest that the lack of bone 

resorption in oc/oc mice is due to a defect in osteoclast progenitors rather than the local microenvironment 

provided by osteoblastic cells. The inability of marrow transplantation to cure osteosclerotic disorders in oc/ 

oc mice may be related to the fact that oc/oc mutants die within 3 weeks of birth. 

The MNCs derived from oc/oc spleen cells in co-cultures with normal osteoblastic cells had several 

characteristics of osteoclasts such as TRAP activity, calcitonin receptors, and large numbers of mitochon- 

dria and lysosomes. Clear zones were also recognized. In support of these observations, we found that F- 

actin visualized by rhodamine-phalloidin staining was distributed as a ringed structure in peripheral regions 

of oc/ocspleen cell-derived osteoclast-like MNCs cultured on dentine slices (Udagawa N, Kanehisa J, Suda 

T, unpublished observation). Furthermore, in immunological studies using antibodies for carbonic anhy- 

drase II (kindly provided by Dr. Vaananen, University of Oulu), vacuolar type proton-ATPase (kindly pro- 

vided by Drs. Futai and Moriyama, Osaka University), and C-SW, we found that oc/oc spleen cell-derived 
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m Ultrastructural features of MNCs cultured on dentine slices. (A) An MNC derived from co-cultures 
of normal ddy spleen cells and oc/oc osteoblastic cells. Characteristic ruffled borders (arrows) and clear 
zones (arrow heads) are seen in the MNC. (B) An MNC derived from co-cultures of oc/oc spleen cells 
and normal ddy osteoblastic cells. No ruffled borders are detectable. Other characteristics of osteoclasts 
such as clear zones (arrow heads), abundant pleomorphic mitochondria. and large numbers of lysosomes 
are seen in the oc/ocspleen cell-derived MNC. 

osteoclast-like MNCs strongly expressed these proteins (data not shown), though it is not known whether 

such proteins are functionally active in oc/ocosteoclasts. 

In summary, the lack of bone resorption in oc/oc mice is due to a defect in osteoclast progenitors 

rather than the local microenvironment provided by osteoblastic cells. The cause of this inability of oc/oc 

osteoclasts to form ruffled borders is not known. Elucidation of the mechanism underlying the defect will 

shed light on unsolved problems of osteoclast function. 

71 



Vol. 184, No. 1, 1992 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

1. 
2. 

3. 

4. 
5. 

6. 

7. 

8. 

9. 

10. 
11. 

12. 

13. 

REFERENCES 

Marks, Jr S.C. (1989) Am. J . Med. Genet. 34,43- 54. 
Yoshida, H., Hayashi, S., Kunisada, T., Ogawa, M., Nishikawa, S., Okamura, H., Sudo, T., Shultz, 
L.D., and Nishikawa, S. (1990) Nature 345,442.444. 
Wiktor-Jedrzejczak, W., Bartocci, A., Ferrante, Jr A.W., Ahmed-Ansari, A., Sell, K.W., Pollard, J.W., 
and Stanley, E.R. (1990) Proc. /Vat/. Acad .Sci USA 87,4828-8432. 
Felix, R., Cecchini, M.G., and Fleisch, H. (1990) Endocrinology 127, 2592-2594. 
Kodama, H., Yamasaki, A., Nose, M., Niida, S., Ohgame, Y., Abe, M., Kumegawa, M., and 
Suda, T. (1990) J .Exp. Med. 173, 269-272. 
Takahashi, N., Akatsu, T., Udagawa, N., Sasaki, T., Yamaguchi, A., Moseley, J.M., Martin, T.J.. 
and Suda, T. (1988) Endocrinology 123, 2600-2602. 
Udagawa, N., Takahashi, N., Akatsu, T., Sasaki, T., Yamaguchi, A., Kodama, H., Martin, T.J., and 
Suda, T. (1989) Endocrinology 122, 1373-l 382. 
Udagawa, N., Takahashi, N., Akatsu, T., Tanaka, H., Sasaki, T., Nishihara, T., Koga, T., 
Martin, T.J., and Suda, T. (1990) froc. Nat/. Acad. Sci. USA 87, 7260-7264. 
Takahashi, N., Udagawa, N., Akatsu, T., Tanaka, H., Isogai, Y., and Suda, T. (1991) 
Endocrinology 128, 1792-l 796. 
Seifert, M.F., Marks, Jr S.C. (1987) Tiss. Cell 19, 29-37. 
Akatsu, T., Tamura, T., Takahashi; N., Udagawa, N., Tanaka, S., Sasaki, T., Yamaguchi, A., and 
Suds, T. (1991) J. Bone Miner. Res. 8. S93 (Abstract). 
Takahashi, N.,‘Akatsu, T., Sasaki, T., Nicholson, G.C., Moseley, J.M., Martin, T.J., and Suda, T 
(1988) Endocrinology 123, 1504-l 510. 

Seifert, M., and Marks, Jr SC. (1985) Am. J. Anat. 172, 141-153. 

72 


