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Abstract

Although Paget's disease is the most flagrant example of a

primary osteoclast disorder, little is known of osteoclast biol-
ogy in this disease. In this report we have studied the formation
of cells with the osteoclast phenotype in long-term cultures of
marrow mononuclear cells derived from patients with Paget's
disease, and compared these with similar cells formed in long-
term marrow cultures from normal individuals, and with os-

teoclasts present in pagetic bone. Osteoclasts formed in page-
tic marrow cultures resembled osteoclasts present in pagetic
bone, but were distinctly different from osteoclasts formed in
normal marrow cultures. Osteoclast formation was 10-20-fold
greater in pagetic marrow cultures than in normal cultures.
The multinucleated cells formed in cultures of pagetic marrow

were much larger in size, were hyperresponsive to 1,25(0H)2
vitamin D, had more nuclei per cell, had increased levels of
tartrate-resistant acid phosphatase activity and had ultrastruc-
tural features which were not seen in multinucleated cells
formed from normal marrow mononuclear cells. These pagetic
marrow-derived multinucleated cells formed large resorption
lacunae on calcified matrices and cross-reacted with monoclo-
nal antibodies which preferentially bind to osteoclasts. The
multinucleated cells formed from marrow obtained from unin-
volved sites in Paget's patients also displayed these abnormal
features. (J. Clin. Invest. 1990. 85:1280-1286.) osteoclasts-
Paget's disease - bone marrow cultures

Introduction

Paget's disease of bone represents the most flagrant example of
disordered bone remodeling (1-4) with the primary and fun-
damental abnormality residing in the osteoclast. This conclu-
sion is based on the following observations: (a) Morphologic
studies have demonstrated that abnormal osteoclasts are pres-
ent in pagetic bone (5, 6). These osteoclasts are enormous in
size (average number of nuclei 20, compared with three to four
for normal osteoclasts) and have greatly increased numbers of
folds in their cytoplasmic membranes, reflecting their abnor-
mally increased surface activity and motility (7). (b) Viral nu-

clear inclusions, viral antigens and viral transcripts have been
reported in these osteoclasts (8-14), suggesting a possible viral
etiology for Paget's disease. In contrast, osteoblast morphology
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appears normal. (c) Treatment of Paget's patients with calci-
tonin or bisphosphonates, osteoclast-specific agents, reverses
the abnormal bone turnover present in this disease (15-17).
Although Paget's disease appears to be a primary disease of
osteoclasts, little information is available on the functional
abnormalities present in pagetic osteoclasts that may be re-
sponsible for the enhanced bone turnover seen in these pa-
tients.

Since mature osteoclasts from patients with Paget's disease
are not readily accessible to study in vitro, we have used long-
term human marrow cultures which form multinucleated cells
(MNC)' expressing the osteoclast phenotype (18-21) to define
the functional abnormalities present in osteoclast precursors
from these patients and to characterize the MNCformed in
these cultures. Approximately 50% of the MNCformed in
long-term marrow cultures from normal individuals express
the following osteoclast characteristics: (a) MNCformation is
stimulated by osteotropic hormones such as 1,25(OH)2 vita-
min D and parathyroid hormone (PTH) and is inhibited by
calcitonin (20, 21). (b) The MNCreact strongly with the
monoclonal antibody 23c6 developed against human osteo-
clastoma cells, which preferentially binds to osteoclasts in
bone biopsies (19, 22). (c) The MNCformed resorption la-
cunae when cultured on sperm whale dentine (20). (d) The
MNCcontract in response to calcitonin, a unique feature of
mammalian osteoclasts (20). These characteristics distinguish
these MNCfrom the other nonosteoclastic MNCpresent in
marrow cultures.

In this report we demonstrate that the MNCwith the os-
teoclast phenotype formed in cultures of marrow from patients
with Paget's disease are distinctly different from MNCwith the
osteoclast phenotype formed in normal marrow cultures. Fur-
ther, we report that MNCformation from marrow obtained
from uninvolved bone of Paget's patients also displays these
abnormal features. These data suggest that either Paget's dis-
ease represents a generalized disorder of osteoclasts, or that a
systemic factor may be present in patients with Paget's disease
that can affect osteoclast precursors in sites not involved with
Paget's disease.

Methods

Materials. 1,25(OH)2 vitamin D was generously provided by Dr. Us-
kokovic, Hoffmann-La Roche, Nutley, NJ. Bovine parathyroid hor-
mone (PTH) (I1-34) was obtained from Sigma Chemical Co., St. Louis,
MO. Salmon calcitonin was obtained from Rorer Pharmaceuticals,
Fort Washington, PA. Monoclonal antibodies, 23c6 and 13c2 (22),
which preferentially react with osteoclasts, were kindly provided by Dr.
Michael Horton (St. Bartholomew's Hospital, London, England).
Vectastain ABC-AP kits were purchased from Vector Laboratories,

1. Abbreviation used in this paper: MNC, multinucleated cells.
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Burlingame, CA. Glutaraldehyde, histopaque-1077, and acid phos-
phatase kits were obtained from Sigma Chemical Co., St. Louis, MO.
Alpha-Minimal Essential Medium (aMEM) was purchased from
Gibco Laboratories, Grand Island, NY. Horse serum was obtained
from Flow Laboratories, McLean, VA. 24-well multiwell tissue culture
plates were obtained from Coming Glass Works, Coming, NY. Lab
Tek slides were obtained from Nunc, Inc., Naperville, IL.

Culture of bone marrow cells. After obtaining informed consent,
bone marrow was aspirated from the posterior iliac crest of 10 normal
subjects and six patients with Paget's disease. Marrow aspirates were
taken from areas that were either clinically involved (n = 3) or not
clinically involved (n = 3) with Paget's disease at the time of sampling.
The degree of iliac crest involvement had been previously documented
by bone scan and x-ray techniques. All Paget's patients had elevated
serum alkaline phosphatases. Marrow mononuclear cells were ob-
tained by density gradient centrifugation on Hypaque-Ficoll as pre-
viously described (20). The cells were washed twice with aMEMand
cultured in aMEMcontaining 20% horse serum at 106 cells/ml in
24-well plates (0.5 ml/well) in the presence or absence of 1,25(OH)2
vitamin D (I 0-l 1-l0-8 M), PTH (10-100 ng/ml) or calcitonin (0.1-I
U/ml). All cultures were maintained in a humidified atmosphere of 4%
C02-air at 370C. Cultures were fed weekly by removing one-half the
volume and replacing with fresh media. The normal marrow cultures
were maintained for 3 wk and the Paget's marrow cultures were main-
tained for 2 or 3 wk. At the end of the culture period, the cells were
fixed in 1% formaldehyde and then immunocytochemical staining was
performed with the 23c6 monoclonal antibody by using a Vectastain
ABC-AP kit as previously described (19). The nuclei were counter-
stained with 1% methylgreen. Cells containing three or more nuclei
were scored as MNCusing inverted phase microscopy.

Determination of tartrate-resistant acid phosphatase activity. Mar-
row cells from patients with Paget's disease or normals were cultured
on Lab Tek slides in the presence of 1 ,25(OH)2 vitamin D (10-8 M) for
3 wk. At the end of the culture period, the cells were fixed and stained
for tartrate-resistant acid phosphatase activity as previously described
(18). After staining the slides were examined using an image analysis
system composed of an Olympus microscope, a Panasonic CCDcam-
era and Cue-2 image analysis software (Dexter Instruments, San An-
tonio, TX) and the area of the cells determined. The intensity of
staining was determined per square micrometer in 100 multinucleated
cells from both normal and pagetic marrow cultures, and the
mean±SEMfor absorbance per square micrometer was determined.
The percent of light absorbed was calculated by subtracting the per-
centage of the light transmitted per square micrometer through the cell
from 100. 100% light transmission was calibrated on cells that were
negative for tartrate resistant acid phosphatase in the same cultures.

Ultrastructural studies. Paget's marrow cells were cultured for 2 or
3 wk and normal marrow cells for 3 wk in the presence of 1,25(OH)2
vitamin D (10-8 M) as described above. The cells were then fixed in a
modified Karnovsky's solution containing 1% paraformaldehyde and
1.5% glutaraldehyde in 0.1 Mof cacodylate buffer pH 7.4 for 90 min at
4°C. The cells were subsequently post-fixed in 1% osmium tetroxide
and processed as previously described (18). The sections were then
examined for their ultrastructural characteristics using a JEOL 1OOCX
electron microscope (JEOL USA, Peabody, MA) at an operating volt-
age of 60 kV.

Dentine resorption studies. Bone marrow cells from pagetic pa-
tients or normals were cultured in Lab Tek slides for 3 wk in the
presence of 1 ,25(OH)2 vitamin D (10-8 M). For the last week of cul-
ture, a small piece of sperm whale dentine was placed over the cultures
and the cultures maintained for an additional week. The sperm whale
dentine was generously supplied by Dr. Alan Boyde (University Col-
lege, London, England). After the culture period was completed, the
dentine was removed, fixed, and sputtered coated with gold-palladium
for scanning electron microscopy as described by Boyde et al. (23, 24),
except that treatment of the specimens with hexamethyldisilizane for 5
min was used instead of critical point drying.

Statistical analysis. Data was compared by a two-way analysis of
variance for repeated measures. Results are reported as the
mean±SEMfor four cultures.

Results

Multinucleated cell formation in cultures of marrow from pa-
tients with Paget's disease after 3 wk of culture was 10-20-fold
greater than seen normally in human marrow cultures (Fig. 1).
In six separate experiments the number of MNCformed in
normal marrow cultures in the absence of osteotropic factors
was 51±28 (mean±SEM) compared to 1,025±80 in pagetic
marrow cultures. Addition of 1 ,25(OH)2 vitamin D to marrow
cultures from patients with Paget's disease markedly enhanced
MNCformation in a dose-dependent fashion (Fig. 1). MNC
formation was enhanced at 1,25(OH)2 vitamin D concentra-
tions as low as 10-" M. In contrast, normal marrow cultures
did not form significant numbers of MNCuntil 10-' M
1,25(OH)2 vitamin D was added to these cultures. MNCfor-
mation in the presence of 1,25(OH)2 vitamin Dwas frequently
too numerous to count in pagetic marrow cultures containing
10-8 M 1,25(OH)2 vitamin D, the optimal stimulatory con-
centration of 1,25(OH)2 vitamin D for normal marrow cul-
tures. MNCformation in three separate Paget's marrow cul-
tures containing 10-10 M1,25(OH)2 vitamin Dwas 2,602±271
compared to 438±122 in normal marrow cultures containing
10-8 M 1,25(OH)2 vitamin D. Addition of calcitonin (1 U/ml)
to marrow cultures from Paget's patients significantly de-
creased MNCformation in the presence of 1,25(OH)2 vitamin
D, (Table I). In addition to 1,25(OH)2 vitamin D, parathyroid
hormone increased MNCformation in cultures of marrow
from patients with Paget's disease, although there was no en-
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Figure 1. Formation of multinucleated cells in cultures of marrow
from a Paget's patient as compared to that from a normal subject.
Bone marrow mononuclear cells were prepared as described in
Methods and cultured in the presence of 1,25(OH)2 vitamin D
(10-I1_0l-8 M). After 3 wk the number of multinucleated cells were
scored. Results represent the mean±SEMfor four replicate determi-
nations. Similar results were seen in three independent experiments.
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Table 1. Effects of Calcitonin on MNCFormation in Marrow
Cultures Stimulated by 1,25(OH)2 Vitamin D or PTH
from Paget's Patients

%MNCreacting
Treatment MNC/Culture with 23c6

Media 1,080±192 87±1%
1,25(OH)2 vitamin D (10-'° M) 3,129±560* 86±1%
1,25(OH)2 vitamin D + Calcitonin

(I U/ml) 836±104 91±1%
PTH (100 ng/ml) 2,456±444* 96±1%
PTH+ Calcitonin (1 U/ml) 836± 104 94±1%

* P < 0.05 compared to media alone.
Bone marrow from patients with Paget's disease was cultured for 2
wk with vehicle, 1,25(OH)2 vitamin D (10-' M) or PTH(100
ng/ml) in the presence or absence of salmon calcitonin (I U/ml). Re-
sults are reported as the mean±SEMfor three or four cultures for a
typical experiment. The percentage of MNCreacting with the mono-
clonal antibody 23c6, which preferentially identifies osteoclasts is
shown in the right hand column. A similar pattern of results was
seen in three independent experiments.

hanced sensitivity to PTH. Calcitonin also blocked the effects
of parathyroid hormone in these cultures (Table I).

The MNCformed in cultures of pagetic marrow were
much larger in size (7,127.8±739.5 vs. 2,908.2±158.5 grm2)
and had more nuclei (4-90 per MNC) than MNCformed in
cultures of normal marrow (Fig. 2, Table II). The size and

Figure 2. Multinucleated cells formed in Paget's marrow cultures.
Bone marrow mononuclear cells from patients with Paget's disease
were cultured in the presence of 1,25(OH)2 vitamin D (10-10 M) for
3 wk as described in Methods. At the end of the culture period cells
were fixed and stained with Wright's Giemsa stain. Large numbers of
MNCformed in these cultures, many of them containing between 4
and 90 nuclei per cell. X250.

Table I. Nuclear Number and Tartrate Resistant Acid
Phosphatase Activity of Osteoclast-like Cells in Long-term
Cultures of Marrowfrom Normals and Paget's Diseased Patients

TRAP
Source of marrow Nuclei per cell activity

Normal donors (n = 10) 4.5±0.04 [3-6] 24.8±8.3
Pagetic narrow from

uninvolved sites (n = 3) 7.0±0.50* [3-20] NDt
Pagetic marrow from

involved sites (n = 3) 7.39±0.84* [3-90] 53.8±4.1

* P < 0.05 compared to normal.
§ P < 0.01 compared to normal.
4 ND, not determined.
Bone marrow from normal donors and patients with Paget's disease
was cultured with I,25(OH)2 vitamin D (10-8 M) for 3 wk as de-
scribed in Methods. At the end of the culture period, the cells were
fixed and stained with Wright's stain to count nuclear number or for
tartrate resistant acid phosphatase activity as described in Methods.
100 cells were scored for nuclear number and for TRAPactivity.
The range for nuclear number is shown in brackets. n, number of in-
dividual marrow donors. TRAPactivity is expressed as the percent
of light absorbed per square micrometer, and was calculated by sub-
tracting the percent of light transmitted from 100. 100% light trans-
mission was calibrated on cells which were negative for TRAPactiv-
ity in the same cultures.

average number of nuclei/MNC were significantly increased in
marrow cultures of Paget's patients. This occurred regardless if
the marrow was obtained from bone involved or uninvolved
with Paget's disease, although the range for nuclear number
was not as great in marrow obtained from sites not involved
with Paget's disease (Table II). In addition, tartrate- resistant
acid phosphatase activity was significantly increased (P < 0.0 1)
in MNCformed in pagetic marrow cultures compared to nor-
mal (Table II).

The percentage of MNCin marrow cultures from Paget's
disease patients that reacted with the monoclonal antibody
23c6 which identifies osteoclasts was consistently greater than
that seen with normal marrow. In cultures treated with
1,25(OH)2 vitamin D (10-0 M), 71±7% (range 60-96%) of
MNCfrom Paget's marrow cultures reacted with 23c6 com-
pared to 58±7% (range 45-60%) of MNCfrom normal mar-
row cultures. However, because of the large variation from
culture to culture, these differences did not achieve statistical
significance.

The rate of MNCformation was also increased in marrow
cultures from patients with Paget's disease regardless of
whether the marrow was obtained from involved or unin-
volved sites. MNCformation in marrow cultures from Paget's
diseased patients occurred by the end of the first week of cul-
ture, was maximal after 2 wk of culture and declined by 3 wk
of culture in the presence of 1,25(OH)2 vitamin D (10' M)
(Fig. 3). This decrease in MNCformation at 3 wk in the pres-
ence of 1,25(OH)2 vitamin D resulted from a loss of MNCthat
detached from the culture plate. In contrast, normal marrow
multinucleated cell formation was maximal by 3 wk of culture
(Fig. 3). MNCformation in cultures of marrow from patients
with Paget's disease in the absence of osteotropic factors was
maximal at 3 wk of culture and was similar to the rate of MNC
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Figure 3. Time course for multinucleated cell formation in Paget's
marrow cultures and normal marrow cultures. Bone marrow mono-
nuclear cells were cultured in the presence of 10-8 M 1,25(OH)2 vita-
min D, as described in Methods. At the end of the 1st, 2nd, and 3rd
wk of culture, cultures were stopped and the cells fixed and stained
with Wright's Giemsa stain. The number of multinucleated cells
present in the cultures was then scored. By the 3rd wk of culture,
multinucleated cells were seen floating in the media and appeared to
be detaching from the surface of pagetic marrow cultures. Results
represent the mean±SEMfor four determinations. Similar results
were seen in three independent experiments. (A) Normal marrow
cultures, (B) Paget's marrow cultures.

formation in normal marrow cultures stimulated with osteo-
tropic factors (data not shown).

MNCfrom pagetic marrow cultures formed resorption la-
cunae on sperm whale dentine. As seen in Fig. 4, large lacunae
were formed by MNCfrom these cultures.

Ultrastructural studies showed marked differences in the
MNCformed in marrow cultures from patients with Paget's
disease compared with normal. Overall, MNCfrom marrow
cultures of Paget's patients contain a pattern of intracellular
elements that were consistent with a heightened metabolic ac-
tivity, e.g., increased myelinoid membranes and myelin fig-
ures, liposomes, osmiophilic lipid debris, etc. Further, nuclear

bodies were present in the nuclei of MNCfrom marrow cul-
tures obtained from involved sites of Paget's patients (Fig. 5 B).
No nuclear bodies were seen in normal marrow MNC(Fig. 5
A). Other cytoplasmic differences between MNCformed from
marrow cultures of Paget's patients as compared to those of
normal subjects included the presence of centrioles as well as
intracellular desmosomes and desmosome-like structures. No
ultrastructural differences were observed in marrow cultures
obtained from involved sites as compared to uninvolved sites
from patients with Paget's disease.

Discussion

Multinucleated cells formed from marrow cultures obtained
from patients with Paget's disease of bone expressed several
unique characteristics distinct from MNCformed in normal
marrow cultures or normal osteoclasts present in bone. The
cells were exquisitely sensitive to 1,25(OH)2 vitamin D and
responded to concentrations of 1,25(OH)2 vitamin Dthat were
10-1 OOXless than those required for normal marrow cells to
form MNC. The rate of MNCformation was enhanced in
these cultures. Large numbers of MNCformed within the first
week of culture of Paget's marrow, whereas few if any MNC
formed in normal marrow cultures. In addition, the MNC
from Paget's patients contained more nuclei, were much larger
than normal MNC,and MNCformation was greatly enhanced
in cultures of marrow from Paget's patients compared with
normal. Ultrastructurally, the MNCformed in cultures of
marrow from Paget's patients differed markedly from those of
MNCformed in normal marrow cultures. The cells contained
nuclear bodies, had pleomorphic nuclei and had distinct cyto-
plasmic differences. In addition, a greater percentage of these
cells reacted with 23c6, a monoclonal antibody that identifies
osteoclasts. Thus, MNCformed in cultures of marrow from
Paget's patients differ from those formed in normal marrow
cultures.

Most of the MNCformed in cultures of Paget's marrow
expressed the osteoclast phenotype. The cells contained high
amounts of tartrate-resistant acid phosphatase, were multinu-
cleated, the majority of MNC(60-96%) expressed antigens
which are preferentially expressed by osteoclasts, and 20% of
the MNCformed resorption lacunae on calcified matrices. In
addition, MNCformation was stimulated by osteotropic hor-
mones 1,25(OH)2 vitamin Dand PTH, and the increased for-
mation of these MNCby 1,25(OH)2 vitamin D or PTH was
inhibited by calcitonin. Taken together, these data suggest that
these cells are expressing the osteoclast phenotype.

It is interesting that, MNCformation in marrow obtained
from involved and uninvolved sites of patients with Paget's
disease was similar. Although the total number of MNCin
marrow cultures from uninvolved sites was less than marrow
from sites involved with Paget's disease, it still was greatly
enhanced (10-20-fold) compared with MNCformation in
normal marrow cultures. In addition, marrow obtained from
uninvolved sites showed an increased sensitivity to 1,25(OH)2
vitamin D, similar to that of marrow cultures from involved
sites. MNCformed in marrow cultures obtained from sites not
involved with Paget's disease also displayed similar ultrastruc-
tural abnormalities as those of MNCformed from marrow
obtained from involved sites. These data suggest that sites not
clinically involved with Paget's disease may either have sub-
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clinical involvement of the pagetic process, or a systemic factor
produced by pagetic bone stimulates uncommitted marrow
precursors in other sites distant from the lesion to differentiate
toward the osteoclast lineage. Consistent with our findings,
Meunier et al. (25) have also shown that in 45% of patients
biopsied, bone not clinically involved with Paget's disease also
showed increased bone turnover compared to normal bone.
Meunier et al. (25) suggested that the increased bone turnover
in uninvolved bone in Paget's patients was due to possible
hypersecretion of PTH secondary to their increased calcium
demand. However, only 12% of their patients had modestly
elevated PTH levels. Similarly, Siris et al. (26) reported that
only 18% of Paget's patients had elevated PTH levels and these
increases were only modest. Wehave examined MNCformed
in marrow cultures from a patient with secondary hyperpara-
thyroidism and found that although MNCformation was en-
hanced ( 18), the MNCdid not express the ultrastructural fea-
tures seen in Paget's MNC. Thus, other factors in addition to
PTH may play a role in the increased osteoclast formation
seen in cultures of marrow from uninvolved sites in Paget's
diseased patients.

The finding that the rate of MNCformation was enhanced
and the number of nuclei per MNCwas increased in pagetic
cultures suggests that bone marrow from patients with Paget's
disease may have increased numbers of osteoclast precursors
which have partially differentiated in vivo. As a consequence,
these precursors may fuse more rapidly to form MNCin vitro.
In support of this hypothesis, MNCformation in marrow cul-
tures from patients with Paget's disease was markedly en-
hanced compared to that in normal marrow. Alternatively, the
precursors in Paget's marrow may have an increased propen-
sity to fuse compared to normal marrow precursors.

MNCformed in cultures of marrow from Paget's patients
contained nuclear bodies. These nuclear bodies appeared simi-
lar to those that have been reported before in highly activated
cells (27, 28). The nuclear inclusions in the pagetic MNCwere
not similar to the viral particles that have been reported in
pagetic osteoclasts (9-12), since they did not cross-react with
viral-specific antibodies against the respiratory syncytial virus
or measles virus (data not shown). The increased levels of
tartrate-resistant acid phosphatase in these MNCare consis-
tent with these MNCbeing more activated than MNCfrom
normals.

Our data suggest that Paget's disease affects osteoclast pre-
cursors as well as mature osteoclasts. However, we were unable
to detect viral material in MNCformed from Paget's marrow.
These observations are consistent with ultrastructural studies
of pagetic bone. Intranuclear viral inclusions have only been
reported in mature osteoclasts and not in mononuclear cells
(7-10). Since MNCformed in marrow cultures are formed
from mononuclear precursors, we expected that MNCformed
in vitro from Paget's marrow might lack viral nuclear inclu-

Figure 4. Resorption lacunae formed by multinucleated cells from
normal or pagetic marrow cultures. Bone marrow mononuclear cells
were cultured with 1,25(OH)2 vitamin D for 2 wk, and then a small
piece of dentine was added to the cultures. The cultures were contin-
ued an additional week with 1,25(OH)2 vitamin D and then the den-
tine scanned for resorption lacunae as described in Methods. (A) Page-
tic marrow culture. X650. (B) Pagetic marrow culture. X5,500. (C)
Normal marrow culture. x-5,500.
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10-'0 M 1,25(OH)2 vitamin D. (A) Normal marrow culture. X6,400. (B) Paget's marrow culture. Several nuclear bodies (arrows) are present.
X7,250.
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sions. Among the possible explanations for these findings are
that the viral infection of pagetic osteoclasts is a late event
which occurs only in the mature osteoclast and not in its
mononuclear precursors, or that the marrow culture condi-
tions we employed were not permissive for expression of the
virus.

In conclusion, MNCformed from mononuclear bone
marrow precursors from patients with Paget's disease resemble
authentic osteoclasts, e.g., multinucleation, tartrate-resistant
acid phosphatase activity, appropriate responses to osteotropic
factors, resorption of calcified matrices and cross-reactivity
with a monoclonal antibody that preferentially binds to osteo-
clasts. These MNCwere distinctly different from MNC
formed in normal marrow cultures, but expressed similar fea-
tures to those reported for pagetic osteoclasts present in bone.
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