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Summary. Cultures of human bone cells were es- 
tablished, maintained, and characterized with re- 
spect to several metabolic parameters .  These 
studies were undertaken with a view to using the 
bone culture system as a means of studying mech- 
anisms of bone metabolism. The donor patients'  
ages ranged from 1 to 90 years and their disease 
states included congenital  limb anomalies,  exo- 
stosis, and osteo- and rheumatoid arthritis. Cultures 
were maintained up to 5 months. The osteoblast- 
like character of these cells was confirmed with the 
use of measurements applied to bone cells from 
other systems. Analyses showed that (a) the cells' 
appearance resembled that of cultured osteoblasts 
from other animal sources, b) intracellular cAMP 
was stimulated by human parathyroid hormone, c) 
osteocalcin was detected in the medium of all tested 
bone cell cultures and its production was found to 
be stimulated by 1,25-dihydroxycholecalciferol,  
and d) newly synthesized collagen was almost ex- 
clusively type 1. 

In contrast, cultures of human fibrolasts, estab- 
lished in one instance from tissue specimens of the 
same donor patient, grew faster, reached a higher 
limiting density, and produced a greater proportion 
of type III collagen than the corresponding bone 
cells. Furthermore, fibroblasts did not accumulate 
osteocalcin in their culture medium. 

The conditions described in this report to main- 
tain human bone cells in culture should provide a 
suitable test system to study the regulation of 
human bone metabolism. 
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The use of isolated fetal rat bone cells in culture 
was first described by Peck and coworkers in 1964 
[1]. Since that time, cell culture studies concerning 
the regulation of bone cell growth and activity have 
been conducted with the use of cells derived from 
embryonic or young laboratory animals including 
rats [2, 3], mice [4], and chicks [5]. In addition, 
feline [6] or human [7] osteosarcoma cell lines have 
also been used by some investigators. 

The first report of human bone cells in culture 
focused on the demonstration of nuclear inclusions 
characteristic of osteoclasts from patients with Pa- 
get's disease [8]. These cultures, initiated from tis- 
sues specimens of patients with this disease, also 
exhibited parameters typical of osteoclasts and os- 
teoblasts, including acid and alkaline phosphatase 
activities and responsiveness to parathyroid hor- 
mone. The exact nature of the cells remained con- 
jectural,  however, since these cultures probably 
represented mixtures of cell types. More recently, 
human bone cells with osteoblast-like characteris- 
tics [9, 10] have been used to study the effects of 
local growth factors [9, 11] and fluoride action [12]. 

In this study, we describe the successful culture 
of cells derived from a multitude of specimens of 
human trabecular bone. Based on extensive bio- 
chemical evaluation, we present evidence that these 
cells have properties characteristic of osteoblasts. 

Materials and Methods 

Trabecular sections of bone specimens, obtained from patients 
undergoing necessary surgery or from biopsy or autopsy, were 
dissected, minced, and rinsed several times with Tyrode's so- 
lution. Bone cultures were initiated either by using pieces of 
trabecular bone as explants or with the use of cells liberated by 
sequential digestion with a mixture of collagenase and trypsin 
according to the method of Cohn and Wong [13]. The medium 
used for culture initiation and maintenance was Ham's  F-12 
(Gibco), pH 7.6, supplemented  with glutamine (58.5 ~g/ml), 
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MgSO 4 (200 txg/ml), antibiotics (100 U penicillin and 100 txg 
streptomycin sulfate per milliliter), and fetal bovine serum at a 
final concentration of 12%. Culture medium was replaced two 
times per week. If present, explant pieces were removed when 
confluency of the resulting monolayer was approached. Cell pas- 
sage was carried out by incubating monolayers for 5-10 min in 
calcium- and magnesium-free Tyrode's  solution containing 
0.25% trypsin and replating the cells in the fresh medium at about 
one third of their confluent density. Over 80% of the cells reat- 
tached within 24 hours. Fibroblast cultures were initiated and 
maintained in a manner analogous to that used for bone speci- 
mens. 

Measurement of cAMP Production 

The cells' response to parathyroid hormone (PTH) and calcitonin 
was monitored by measuring intracellular levels of cAME 
PTH[hPTH-(1-34)](3000 U/mg) and human calcitonin (125 U/mg) 
were obtained from Sigma. Cultures near confluency were in- 
cubated in fresh medium containing 1 mM isobutylmethylxan- 
thine alone or in combination with 0.2 to 200 ng/ml of human 
PTH or with 1 to 10 txg/ml of human calcitonin for 10 min at 
37~ The incubations were stopped by transferring the cultures 
to ice, washing rapidly with ice-cold Tyrode's solution, and then 
adding ice-cold ethanol containing 2 mM HC1. After 18 hours at 
-20~ the cells were scraped off the plastic surfaces and ho- 
mogenized in the ethanol for 5 sec with the use of a Polytron 
homogenizer. The samples were dried at 100~ and cAMP con- 
centrations were measured by radioimmunoassay. 

Measurement of Osteocalcin Production 

Osteocalcin production was measured during a 45-hour period 
at 37~ Monolayer cultures were washed and incubated in 
serum-free mediun containing 10 mg/ml bovine serum albumin 
in the absence or presence of 10 nM 1,25(OH)2D 3. At the end of 
the incubation period, the medium was removed and stored at 
-70~ until it was analyzed by radioimmunoassay [14]. 

Analysis of Newly Synthesized Collagen 

Collagen synthesis was measured after incubating the cultures 
for 48 hours in Minimal Essential Medium (Gibco) containing 
fetal bovine serum (10%), sodium ascorbate (50 ixg/ml), 13-ami- 
nopropionitrile (50 Ixg/ml), and 3,4-3H-proline (25 or 50 txCi/ml). 
Collagen from the culture medium and cell layer was isolated, 
treated with pepsin, and, after the addition of carrier type I col- 
lagen, analyzed by SDS-PAGE under reducing and nonreducing 
conditions [15, 16]. The bands of the carrier protein were iden- 
tified by staining with Coomassie blue. The gels were then sliced 
into 25 equal segments, each of which was monitored for radio- 
active content. Collagen distribution was calculated according 
to the method described by Goldberg et al. [15]. 

Results 

A total of 34 bone specimens from 15 females and 
19 male donors, ranging in age from 1 to 90 years, 

were made available to us. From this total, 21 cul- 
tures were successfully established with the use of 
an explant system and six cultures were initiated 
successfully from cells isolated by enzymatic treat- 
ment of trabecular bone. Ten samples did not pro- 
duce long-term viable bone cultures.  No single 
property characterized these latter specimens since 
the donor patients ranged in age from 21 to 90 years, 
and their disease states included rheumatoid and 
osteoarthritis as well as non-union of fractures. 
They also had been on different therapeutic agents 
prior to surgery. It is of interest, however, that all 
cultures initiated from donors up to 18 years of age 
were successful on a long-term basis. The under- 
lying pathology of this latter group of patients was 
largely congenital skeletal defects. However,  the 
ability to establish bone cultures appeared to be in- 
dependent of the method of initiation. The cell lines 
were maintained in culture for up to 5 months and 
through six passages. 

The outgrowth in explant cultures, shown in Fig. 
1, resulted in newly formed cell layers spreading 
over the trabeculae and, in large part, radiating onto 
the plastic surface of the culture vessel. The mor- 
phology of the cells in these explant cultures (Fig. 
2) was similar to that of cultured cells that had been 
liberated from the bone tissue by enzymatic treat- 
ment (Fig. 3). The cells were usually mononu- 
cleated and multipolar, flattened with time in cul- 
ture, and appeared most compact when a confluent 
monolayer was established (Fig. 2). Stratified (Fig. 
3) and/or network-like structures (Fig. 4) were ev- 
ident in cultures maintained for more than 2 
months. 

Intracellular cAMP accumulation was stimulated 
by PTH in a dose-dependent  manner. Maximal 
stimulation was observed with 200 ng/ml PTH (50 
nM) as shown in Fig. 5. The concentra t ions  of 
cAMP were significantly higher in the presence of 
each of the concentra t ions  of hPTH which was 
tested when compared with controls to which no 
exogenous PTH had been added. These data were 
obtained with the use of bone cells derived from 
initial explant cultures. Similar data have been ob- 
tained when bone cultures were initiated with cells 
isolated from bone specimens by proteolytic diges- 
tion. 

Although all tested cell lines responded in a sim- 
ilar manner, the precise quantitative response was 
individually specific. Thus, when exposed to 50 nM 
PTH for 10 minutes, an increase in the intracellular 
cAMP of  2 - t o  73-fold was observed (Fig. 6). In 
those experiments in which tests were conducted 
in triplicate, the increased levels of cAMP were sig- 
nificantly higher than control values (patients 30 
and 31, P < 0.001). Calcitonin (300 nM), on the 
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Fig. 1. Phase  contrast  photomicrographs  of  bone cells growing 
out  f rom bone explant  spec imens  derived from a 53-year-old 
female patient with rheumatoid  arthritis. Culture had been es- 
tablished for 23 days .  • 75. 

Fig. 3. Phase  contrast  photomicrograph of  a pr imary culture es- 
tablished with proteolytically isolated bone cells. The culture 
was establ ished 94 days  earlier with cells derived from a bone 
spec imen of  a 1-year-old female who had a congenital  limb ab- 
normali ty .  Strat if ied cell layers  visible over  m o n o l a y e r  base .  
• 150. 

Fig. 2. Phase  contrast  photomicrograph of  bone cells in second 
passage.  Original explant  was obtained from donor  patient who 
was a 75-year-old male  aff l icted with sesamoid i t i s .  Cells are 
mononuclea ted  and multipolar. • 150. Fig. 4. Same culture as in Fig. 3, showing network formation.  

Phase contrast ,  x 75. 

other hand, had no effect on cAMP levels in any of 
the tested cell lines (Fig. 6). A 10-fold higher cal- 
citonin concentration (3 ~zM) was equally ineffec- 
tive in altering cAMP levels (data not shown). 

Osteocalcin levels in the media of cells cultured 
in the absence and presence of I0 nm 1,25(OH)zD 3 
are shown in Fig. 7. Addition of the hormone re- 
sulted in a 2- to 26-fold stimulation of osteocalcin 
production. When analyzed by paired t test, a sta- 
tistically significant increase in osteocalcin pro- 
duction was found in those cultures to which 
1,25(OH)2D 3 had been added (P < 0.05). In a sep- 
arate experiment, addition of 10 nm 1,25(OH)2D3 to 
six different cultures produced osteocalcin ranging 
from 1.0 to 8.6 ng/106 cells/45 hours. 

Collagen synthesis was monitored in both the me- 

dium and cell layer fractions. The bone cultures 
were incubated with 3H-proline for 48 hours. The 
types of collagen synthesized were examined by 
electrophoresis  on acrylamide gels. The results 
shown in Fig. 8 indicate that the major radioactive 
bands co-migrated with a t and o~ 2 components of 
standard collagen type I, which had been included 
as a carrier protein. The small radioactive peak co- 
migrating with y-chains of the standard collagen 
type I was shifted to the % position under reducing 
conditions. This indicated that it represented % 
(III)-trimers. Treatment of an unreduced sample 
with purified bacterial collagenase prior to electro- 
phoresis caused the disappearance of the three 
major radioactive bands just described. This sub- 
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Fig. 5. Stimulation of intracellular cAMP in human bone cells 
by hPTH-(1-34). Bone cells, in second passage, were obtained 
from an explant of a bone specimen from a 57-year-old male and 
were incubated with increasing amounts of PTH as described in 
Methods. The results represent the mean and SD of triplicate 
cultures (*P < 0.05; **P < 0.001 when compared with control). 
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Fig. 7. Effect of 1,25(OH)2D 3 on osteocalcin production in 
human bone cell cultures derived from trabecular explant cul- 
tures. Pri:aary (patients 12, 16, and 10) and secondary (patients 
18 and 30) cultures were incubated in the absence and presence 
of 10 nM 1,25(OH)2D 3 as described in Methods. The data were 
analyzed by paired t test. Mean values are significantly different 
(see text). 
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Fig. 6. Effect of hPTH-(l-34) and human calcitonin on human 
bone cell cultures derived from trabecular explant cultures. Cells 
were in primary culture except for patients 24 and 31 (secondary 
cultures) and 30 (tertiary culture). The histogram shows the re- 
sults with the use of a single culture or with triplicate cultures. 
In the latter instance,  the vertical bar represents  SD (see 
Methods for details). 
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Fig. 8. Collagen synthesis by human bone cell culture derived 
from an explant culture. The patient donor was a 2-year-old 
male. Cells were incubated for 48 h in the presence of 3H-proline 
and analyzed on SDS-PAGE as described in Methods. The po- 
sitions of component chains of collagen type I from calf skin are 
indicated by arrows. This representative pattern is from a me- 
dium fraction. 

stantiated that these components were indeed col- 
lagen molecules. Analysis for distribution of radio- 
active contents in acrylamide gels after electropho- 
resis of newly synthesized collagen by four bone 

cell lines showed that 92.3 -+ 2.9% of total collagen 
in the medium and 95.8 _+ 3.4% of total collagen in 
the cell layer was type I collagen (Table 1). The 
remainder was type III. 
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Table 1. Collagen synthesis by explant-derived human bone cells 
in culture 

Collagen synthesis 
type I/total (percent) a 

Patient 
number Age & sex Medium Cell layer 

25 2 M 90.1 97.9 
29 25 M 89.4 96.3 
24 58 F 95.3 98.2 
28 57 M 94.2 90.7 

92.3 -+ 2.9 b 95.8 _+ 3.4 b 

a Quantification of collagen types was determined by scintillation 
spectrometry of acrylamide gels after bone cell products syn- 
thesized in the presence of 3H-proline were subjected to SDS- 
PAGE (see Methods for details) 
b Mean _+ SD 

The response to PTH,  calcitonin,  and 1,25- 
(OH)2D 3 by bone cell cultures initiated either as ex- 
plants or with enzymatically isolated cell popula- 
tions from the same patient donor are compared in 
Table 2. No significant differences were noted in 
their responses to PTH, calcitonin, or 1,25(OH)2D3, 
as reflected in intracellular cAMP levels or in os- 
teocalcin production. It was noted, however, that 
the explant culture gave the strongest osteocaicin 
response to 1,25(OH)2D 3, while the strongest cAMP 
response to PTH was found in cell population III. 

On the other hand, significant differences were 
observed when bone cells and fibroblasts derived 
from the same patient were compared. As shown 
in Table 3, in contrast to bone cells, fibroblast cul- 
tures divided more frequently and ceased active 
growth at a higher cell density. Furthermore, in re- 
sponse to PTH, intracellular cAMP was increased 
13-fold in bone cells and only 2.3-fold in fibroblast 
cultures. This difference was statistically significant 
(P < 0.001). Neither cell type exhibited an increase 
in cAMP when calcitonin (1 I~/ml) was added to the 
incubation medium (data not shown). 

As also shown in Table 3, osteocalcin production 
was limited to bone cell cultures. No osteocalcin 
was detected in the medium of any fibroblast cul- 
tures, regardless of the absence or presence of 
1,25(OH)2D 3. These findings were reproducible  
when periodic measurements were made over a 45- 
hour incubation time. No osteocalcin was detected 
in the medium at any point during the course of the 
experimental period. The synthesis of collagen by 
human fibroblasts was also different from that ob- 
served for human bone cells. Of the total collagen 
synthesized by fibroblasts, about 27% were type III 
and 50% type I. The remainder consisted of two 
bands migrating in the [3-positions and one band 
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Table 2. Metabolic properties of human bone cells in culture 

Addition to culture medium 

PTH Calcitonin 1,25(OH)2D 3 
None (50 nM) (300 nM) None (10 nM) 

Conditions a for cAMP b Osteocalcin ~ 
culture initiation (pmol/106 cells) (ng/106 cells) 

Explant 6.7 14.5 6.6 2.1 20.8 
Population 1 2.9 18.8 3.6 3.9 10.2 
Population II 3.4 20.9 2.9 3.4 6.2 
Population III 4.1 28.7 4.8 4.4 9.0 
Population IV 3.8 10.1 4.1 4.4 7.6 

a Explant culture as well as monolayer cultures of population I -  
IV were initiated from a bone specimen of a l-year-old male 
afflicted with Down's syndrome. Cells comprising populations 
I - IV  were obtained after sequential enzymatic digestion of the 
bone specimens for 20, 30, 60, and an additional 60 minutes, 
respectively 
b cAMP determined after 10 minutes of incubation in the absence 
or presence of hormones (see Methods for details) 
c Osteocalcin levels were determined in the medium after incu- 
bation in the presence or absence of 1,25(OH)2D 3 for 45 hours 
(see Methods for details) 

migrating slightly slower than oq-chains. These 
latter two bands were probably partially processed 
procollagen type I chains. 

Discussion 

Bone tissue undergoes remodeling throughout post- 
natal life. The function is carried out, in large part, 
by cells resulting from the proliferation and differ- 
entiation of precursor cells residing in the soft con- 
nective tissue of periosteal and endosteal surfaces 
and possibly bone marrow [17]. In vitro, however, 
human osteoblasts which normally do not divide in 
vivo, express mitotic activity when placed in suit- 
able culture medium. This re-establishment of mi- 
totic activity when placed into suitable culture con- 
ditions is not unique to bone cells. Chondrocytes 
from human adult cartilage, which also do not di- 
vide in vivo, will express mitotic activity when 
placed in an in vitro culture environment [18]. In 
the latter instance, the lag time for initial cell out- 
growth from explant pieces was found to increase 
with increasing age of  the patient donor  from 
whom the tissue specimens were obtained (E. R. 
Schwartz, unpublished observation). Similarly, out- 
growth from bone explants of young patients was 
more rapid than from older donors. 

Cells grown in the conditions described herein 
resembled cultured osteoblasts from animals [13] as 
well as cultured human bone cells [8]. It has been 
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Table 3. Properties of fibroblasts and bone cells from the same patient donor a 

233 

cAMP c (pmol/106 cells) 
Osteocalcin d (ng/106 cells) 

Doubling time b Limiting density b hPTH (200 ng/ml) [1,25(OH)2D 3 (10-SM)] 
Cell type (hours) (cells/cm 2) - + - + 

Bone cells 120 1.2 • l04 3.7 _+ 0.3 48.3 _+ 4.4 0.14 3.60 
Fibroblasts 48 3.0 x 104 19.7 _+ 0.6 44.7 -+ 7.6 0 0 

P < 0.001 e 

a Patient donor was a 10-year-old female with hip dysplasia. Explant cultures were initiated as described in Methods 
b Determined for cells in second passage 

c Intracellular levels determined in triplicate cultures after 10 minute incubation in absence or presence of hPTH 
d Media levels determined after 45 hour incubation in absence or presence of 1,25(OH)2D 3 
e Determined by paired t test 

noted that the morphological distinction between 
different cell types of mesenchymal origin, e.g., os- 
teoblasts, chondrocytes, and fibroblasts, seems to 
be generally poor when they are cultured in mono- 
layer [19]. Spindle-shaped cells seem to prevail in 
fibroblast cultures, however [19]. The retraction of 
cells from several foci to form condensed bands of 
cells as shown in Fig. 4 was also observed in long- 
term cultures of human chondrocytes  (E. R. 
Schwartz, unpublished observations). The ob- 
served slower growth rate for bone cells, when 
compared with fibroblasts from the same patient 
donor, were similar to the findings for human bone 
cell and fibroblast cultures reported by~iBeresford 
et al. [10]. In addition, the observed contac( inhi- 
bition at a lower density by bone cells whenlcom- 
pared with fibroblasts was analogous to the findings 
with embryonic rat cells [20]. 

The enhancement Of cAMP production by PTH, 
which was observed in all experimental bone cell 
cultures, is an acknowledged property of osteo- 
blasts [13]. This response does not appear to be 
unique to bone cells, however. Goldring and co- 
workers [21] reported that two out of four experi- 
mental human skin fibroblast cultures and one cul- 
ture of human foreskin fibroblast also responded to 
PTH. In the studies reported herein, the experi- 
mental fibroblast cultures expressed a positive but 
lesser response to PTH. Whereas the stimulation of 
cAMP production by PTH may be considered an 
essential feature of the osteoblast phenotype, the 
response by fibroblasts is more variable. 

Calcitonin is known to inhibit osteoclast activity 
both in vivo [22] and in vitro [23]. There is evidence 
that this inhibition is mediated through an increase 
in intracellular cAMP [13]. The lack of cAMP re- 
sponse to calcitonin in all of the human bone cell 
cultures tested indicated the absence of osteoclasts 
in these cultures. Furthermore, no multinucleated 

cells were observed in any of the bone cultures in- 
cluding those which were established from cells lib- 
erated early during proteolytic treatment of trabec- 
ular bone. The isolation of osteoclast-like cells by 
differential digestion may be specific for use with 
mice calvaria [13], since application of this method 
to rat calvaria did not yield isolated osteoclasts [24]. 
Application of this technique to human bone in 
these studies also did not yield isolated osteoclast- 
like cells. 

Osteocalcin accounts for about 20% of total non- 
collagenous proteins in bone. It is produced in cul- 
ture by the osteoblast-like rat osteosarcoma cell 
clone ROS 17/2 [25]. Furthermore. only cells that 
actively formed bone matrix during postnatal de- 
velopment in the rat or chick system synthesized 
osteocalcin [26]. These data. coupled to the ob- 
served correlation between serum osteocalcin 
levels and bone formation in a human patient pop- 
ulation [27]. suggested that this GLA-containing 
protein has a specific role in bone formation and is 
synthesized by bone forming cells. The absence of 
any osteocalcin synthesis by two different fibroblast 
cultures in these studies and its presence in all ex- 
perimental bone cell cultures, provides additional 
rationale for the use of this parameter as a measure 
of osteoblast phenotypic expression. Stimulation of 
osteocalcin synthesis by 1.25(OH)zD 3 in the cul- 
tured human bone cells used in the experiments de- 
scribed in this report was analogous to thai de- 
scribed for ROS 17/2 cells in culture [28] and in a 
human patient population [29]. 

The synthesis of about 94% type I collagen re- 
ported here was consistent with findings by Ecarot- 
Charrier and Giorieux [30] and Whitson et al. [31] 
for cultured cells from feline and bovine calvaria, 
respectively. Reduction of the calcium ion concen- 
tration in the culture medium to 0.2 mM will ap- 
parently increase collagen type I synthesis to nearly 
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100% (S. W. Whitson, personal communication). 
Analysis of isolated bone samples has shown that 
bone contains type I collagen exclusively [32]. Fur- 
thermore, only type I collagen has been shown to 
be synthesized in bone organ cultures [33, 34], and 
in mouse calvarial osteoblasts cultured for 4 days 
[35]. In older cell cultures, a small amount of type 
III collagen was formed, which was interpreted by 
these authors as an alteration of the phenotype of 
these cells [35]. On the other hand, cultured skin 
fibroblasts produce, on the average, 27% type III 
collagen [36-38]. The observed synthesis of some 
type III collagen (about 6%) may result either from 
the presence of bone derived fibroblasts [39] or may 
reflect the modulation of osteoblasts towards preos- 
teoblastic phenotypic expression in the particular 
culture environment [40]. 

In this report, it was demonstrated that cells cul- 
tured from many different human trabecular bone 
specimens consistently displayed osteoblastic prop- 
erties. The use of these conditions, therefore, pro- 
vides an experimental system which can be used to 
study osteoblast functions in normal and diseased 
states. 

Note added in proof: Subsequent to the submission of this manu- 
script, a publication [Beresford JN, Gallagher JA, Poser JW, 
Russell RGG (1984) Production of osteocalcin by human bone 
cells in vitro. Effects of 1,25(OH)zD 3, 24,25(OH)2D3, parathyroid 
hormone, and glucocorticoids. Metab Bone Dis Rel Res 5:229- 
234] appeared which also discusses the hormonal and pharma- 
cologic regulation of osteocalcin production by human bone cells 
in culture. 

Acknowledgments. This study was supported by NIH Grant 
#AM22057 (E.R.S.) and by a Research Fellowship from NATO 
through D.A.A.D. (B.A.). 

References 

1. Peck WA, Binge SJ, Fedak SA (1964) Bone cells: biochem- 
ical and biological studies after enzymatic isolation. Science 
146:1476-1477 

2. Peck WA, Carpenter J, Messinger K, DeBra D (1973) Cyclic 
3'5' adenosine monophosphate in isolated bone cells: re- 
sponse to low concentrations of parathyroid hormone. En- 
docrinology 92:692-697 

3. Hefley T J, Stern PH (1982) Isolation ofosteoclasts from fetal 
rat long bones. Calcif Tissue Int 34:480-487 

4. Wong GL, Cohn DV (1974) Separation of parathyroid hor- 
mone and calcitonin sensitive cells from non-responsive 
bone cells. Nature 252:713-715 

5. Osdoby P, Martini HC, Caplan AI (1982) Isolated osteoclasts 
and their presumed progenitor cells, the monocyte, in cul- 
ture. J Exp Zool 224:331-344 

6. Majeska RJ, Rodan SB, Rodan GA (1980) Parathyroid hor- 

mone responsive clonal cell lines from rat osteosarcoma. 
Endocrinology 107:1494-1498 

7. Hohmann EL, Tashjian AH (1984) Functional receptors for 
vasoactive intestinal peptide on human osteo-sarcoma cells. 
Endocrinology 114:1321-1327 

8. Mills BG, Singer FR, Weiner LP, Hoist PA (1979) Long-term 
culture of cells from bone affected by Paget's disease. Calcif 
Tissue Int 29:79-87 

9. Wergedaal JE, Baylink DJ (1982) Isolation and culture of 
human bone cells. Calcif Tissue Int Suppl 34:S16 (abstract) 

10. Beresford JN, MacDonald BR, Gowen M, Couch M, Akad 
D, Sharpe PT, Gallagher JA, Poser JW, Russell RGG (1983) 
Fur ther  character iza t ion of a system for the culture of 
human bone cells. Calcif Tissue Int 35:637 (abstract) 

11. Gowen M, Beresford J, Gallagher J, Wood DD, Russell RGG 
(1983) Actions of interleukin I on bone metabolism in vitro. 
Calcif Tissue Int 35:642 (abstract) 

12. Wergedaal JE, Farley JR, Baylink DJ (1983) Direct effect of 
fluoride on proliferation and alkaline phosphatase of human 
bone cells. Calcif Tissue Int 35:652 (abstract) 

13. Cohn DV, Wong GL (1979) Isolated bone cells. In: Simmons 
DJ, Kunin AS (eds) Skeletal research. Academic Press, New 
York, London, pp 3-20 

14. Gundberg CM, Lian JB, Gallop PM (1983) Measurements of 
gammacarboxyglutamate  and circulating osteocalcin in 
normal children and adults. Clin Chim Acta 128:1-8 

15. Goldberg RL, Parrott DP, Kaplan SR, Fuller GC (1980) Ef- 
fect of gold sodium thiomalate on proliferation of rheuma- 
toid synovial cells and on collagen synthesis is tissue cul- 
ture. Biochem Pharmacol 29:869-876 

16. Neville DM (1971) Molecular weight determination of pro- 
tein dodecyl-sulfate complex by gel electrophoresis in a con- 
tinuous buffer system. J Biol Chem 246:6328-6334 

17. Owen M (1980) The origin of bone cells in the postnatal 
organism. Arthritis Rheum 23:1073-1080 

18. Schwartz ER (1979) Cartilage cell and organ culture. In: 
Simmons DJ, Kunin AS (eds) Skeletal research. Academic 
Press, New York, London, pp 61-80 

19. Rose GG (1970) Atlas of vertebrate cells in tissue culture. 
Academic Press, New York 

20. Binderman I, Duksin S, Harell A, Katzir E, Sachs L (1974) 
Formation of bone tissue in culture from isolated bone cells. 
J Cell Biol 61:427-439 

21. Goldring SR, Dayer JM, Russell RG, Mankin HJ, Krane SM 
(1978) Response to hormones of cells cultured from giant 
cell tumors of bone. J Clin Endocrinol Metab 46:425-433 

22. Aust in  LA, Heath  LA (1981) Calcitonin. N Engl J Med 
304:269 - 278 

23. Chambers TJ, Magnus CJ (1982) Calcitonin alters behaviour 
of isolated osteoclasts. J Pathol 136:27-40 

24. Guenther HL, Felix R, Fleisch H (1984) Comparative study 
of deflazacort, a new synthetic corticosteroid, and dexa- 
methasone on the synthesis of collagen in different rat bone 
cell populations and rabbit  articular chondrocytes.  Calcif 
Tissue Int 36:145-152 

25. Nishimoto SK, Price PA (1980) Secretion of the vitamin K- 
dependent protein of bone by rat osteosarcoma cells. J Biol 
Chem 255:6579-6583 

26. Price PA, Lothringer JW, Baukol SA, Reddi AH (1981) De- 
velopmental appearance of the vitamin K-dependent protein 
of bone during calcification. J Biol Chem 256:3781-3784 

27. Weinstein RS, Gundberg  CM (1984) Serum osteocalcin 
levels reflect bone formation in patients with metabolic bone 
disease. J Clin Invest (in press) 



B. Auf'mkolk et al.: Cultured Human Bone Cells 235 

28. Price PA, Baukol SA (1980) 1,25-dihydroxyvitamin D 3 in- 
creases synthesis of the vitamin K-dependent bone protein 
by osteosarcoma cells. J Biol Chem 255:11660-11663 

29. Gundberg CM, Cole DE, Lian JB, Reade TM, Gallop PM 
(1983) Serum osteocalcin in the t rea tment  of inheri ted 
rickets with 1,25-dihydroxyvitamin D 3. J Clin Endocrinol 
Metab 56:1063 - 1067 

30. Ecarot-Charrier B, Glorieux FH (1982) Isolation of osteo- 
blast-like cells from mouse calvaria. Calcif Tissue Int Suppl 
34:$5 (abstract) 

31. Whitson SW, Harrison WR, Knox JN, Unhold GE, Robey 
PG, Fisher LW, Termine JD (1983) Bovine bone cells syn- 
thesize osteonectin and other bone-specific marker proteins 
in vitro. Calcif Tissue lnt 35:653 (abstract) 

32. Miller EJ (1973) A review of biochemical studies on the ge- 
netically distinct collagens of the skeletal system. Clin Or- 
thop Res 92:260-280 

33. Cheung HS, Singer FR, Mills B, Nimni ME (1980) In vitro 
synthesis of normal bone (type I) collagen by bone of Paget's 
disease patients. Proc Soc Exp Biol Med 163:547-552 

34. Rowe DW, Kream BE (1982) Regulation of collagen syn- 

thesis in fetal rat calvaria by 1,25-dihydroxyvitamin D 3. J 
Biol Chem 257:8009-8015 

35. Scott DM, Kent GN, Cohn DV (1980) Collagen synthesis in 
cultured osteoblast- l ike cells. Arch Biochem Biophys 
201:384-391 

36. Uitto J, Bauer EA, Eisen AZ (1979) Increased biosynthesis 
of triple helical type I and type III procollagens associated 
with unaltered expression of collagenase by skin fibroblasts 
in culture. J Clin Invest 64:921-930 

37. Fraser J, Lancaster GA, Sorvi CR (1983) Secreted collagen 
ratios in normal human and osteogenesis imperfecta skin 
fibroblasts. Conn Tiss Res 11:57-67 

38. Shaprio JR, Triche T, Rowe CW, Munabi A, Cattell HS, 
Schlesinger S (1983) Osteogenesis imperfecta and Paget's 
disease of bone. Biochemical and morphological studies. 
Arch Intern Med 143:2250-2257 

39. Prockop DJ, Kivirikko KI, Tuderman L, Guzman NA (1979) 
The biosynthesis of collagen and its disorders (two parts). 
N Engl J Med 301:13-23, 77-85 

40. Steinmann BU, Reddi AH (1980) Changes in synthesis in 
types I and iII collagen during matrix-induced endochondral 
bone formation in rat. Biochem J 186:919-924 


