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Mixte de Recherche 5665 Centre National de la Recherche Scientifique/Ecole Normale Supérieure, Institut National de la
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The function of osteoclasts is to digest the calcified bone ma-
trix. Osteoclasts, together with myotubes, are among the rare
examples of multinucleated cells found in higher vertebrates,
resulting from the fusion of mononucleated progenitors be-
longing to the monocyte/macrophage lineage. So far, no in-
formation is available about function and transcriptional ac-
tivity of multiple nuclei in osteoclasts. We have used a run-on
technique to visualize RNA synthesis in individual nucleus.
We provide the first evidence that nuclei of resorbing oste-
oclasts, isolated from chick embryo long bones, or differenti-
ated in vitro from murine spleen cells in presence of RANKL
and macrophage-colony stimulating factor, are all transcrip-
tionally active. Nevertheless, if transcriptional activity is the

same for all the nuclei within a cell, its level varies between
osteoclasts: osteoclasts with highly active nuclei are always
associated with resorption pits. We found that global tran-
scription activity of resorbing osteoclasts seeded on calcified
matrix is down-regulated after 5-h treatment with calcitonin,
which transiently blocks resorption. This effect is reversible
because calcitonin removal led to nuclear transcription acti-
vation. These results indicate a strong correlation between
transcription and resorption. Finally, our data indicate that
the resorption pit surface is linearly related to the nuclei
number per osteoclast, strongly suggesting that functional
advantage of osteoclast multinucleation is to improve resorp-
tion efficiency. (Endocrinology 143: 1913–1921, 2002)

MULTINUCLEATED CELLS can be observed in tran-
sient situation such as the syncytiotrophoblast dur-

ing embryonic development of mammals or in pathological
conditions such as macrophage polykaryons during inflam-
mation as well as after virus infection (1–3). Osteoclasts and
myotubes are, in higher vertebrates, two unique examples of
permanent functional multinucleated cells under physiolog-
ical conditions. In most cases, multinucleation results from
fusion of mononucleated cells and nuclei in syncytium are
usually unable to replicate. However, some syncytia such as
the syncytial blastoderm of Drosophila during embryonic de-
velopment or the syncytial endosperm during plant seed
development can also be formed by endoploidy, which cor-
responds to a series of nuclear replication and division with-
out cytokinesis (4, 5).

Unlike myotubes, which are initially formed during em-
bryonic development by fusion of mononucleated myoblasts
(6, 7), osteoclasts, which are found at the bone vicinity where
they digest the calcified bone matrix, are formed all along
adult life by fusion of mononucleated progenitors belonging
to monocyte/macrophage lineage. In vitro, such precursors
can be triggered to osteoclasts if grown in presence of both
cytokine macrophage-colony stimulating factor (M-CSF) and
RANKL (8, 9). Mature mammalian osteoclasts express some
typical markers among them the tartrate-resistant acidic
phosphatase (TRAP) isoenzyme and the calcitonin receptor.

In presence of calcitonin, bone resorbing osteoclasts tran-
siently retract and stop resorption (2–10). The number of
nuclei per osteoclast, which are all gathered in the center of
the syncytial cell, isolated from the same bone preparation is
extremely variable, from 3 up to 20. Its average number also
differs according to animal species with usually only a few
in rodents, but more in others species such as cats (11). In
addition, in some pathological situations like Paget’s disease,
each osteoclast can contain more than 100 nuclei (12).

The functional differences between myotubes and oste-
oclasts, as well as their striking morphological and nuclei
distribution differences, suggest that multinucleation does
not confer them the same advantages. If the presence of
numerous nuclei in myotubes can be easily related to the
need of these cells to maintain myofibrils organization along
their length, the advantages of multinucleation for oste-
oclasts are far from evident. An in vitro study has shown that
a positive correlation could be established between the num-
ber of nuclei per osteoclast and the resorption pit size formed
in bone (13), supporting indirectly the idea that these mul-
tiple nuclei could influence the bone resorption activity.
However, nothing is currently known about the transcription
activity of nuclei in osteoclasts.

To address this question, we have studied transcriptional
activity of nuclei in multinucleated osteoclasts by means of
indirect immunolabeling to detect the incorporation of 5�
bromouridine triphosphate (BrUTP) into nascent RNA tran-
scripts (14, 15). In multinucleated bone-resorbing osteoclasts
obtained either from chicken long bones or from cultures of
murine spleen cells, each nucleus exhibits a transcriptional
activity level similar to other nuclei within the same cell.

Abbreviations: BrU, Bromouridine; BrUTP, 5� bromouridine triphos-
phate; LSM, leukocyte separation medium; M-CSF, macrophage-colony
stimulating factor; TRAP, tartrate-resistant acidic phosphatase; TBS,
Tris-buffered saline.
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Nevertheless, there was a strong correlation between nuclear
transcription activity and bone resorption as clearly indi-
cated by means of the antiresorptive hormone calcitonin,
giving a first insight on how the transcriptional machinery
could influence the specialized function of osteoclasts.

Materials and Methods
Culture conditions for macrophages

Chicken monocytes were isolated from peripheral blood of 3-month-
old SPAFAS chicken according to the procedure described previously
(16). Briefly, leukocytes were separated from whole blood by centrifu-
gation through a density gradient of leukocyte separation medium
(LSM, ICN Biomedicals, Inc., Aurora, OH). Cells collected from the
interface were resuspended in BT88 medium [Dulbecco-derived me-
dium (Biomedia, Bousseus, France, Formula No. DMEMNGS24022988)]
supplemented with 5% FCS (Roche Molecular Biochemicals, Mannheim,
Germany), 5% chicken serum (Sigma, St. Louis, MO), 10% tryptose
(Difco, Detroit, MI) and antibiotics (Biomedia) and allowed to adhere for
1 d at 37 C in 5% CO2. Nonadherent cells were removed by washing and
after 2 d of culture, adherent monocytes differentiate into a homoge-
neous population of macrophages. Primary macrophages were then
trypsinized, numbered and seeded at high density (7.5 � 104 cells/cm2)
on glass coverslips.

Preparation of osteoclasts from chick long bones

Mature osteoclasts were prepared from tibiae of 17-d-old chicken
embryos. Briefly, tibiae were dissected out in sterile conditions, and bone
marrow was flushed out with a syringe containing BT88 medium. Bone
marrow cells were centrifuged through a density gradient of LSM to
eliminate erythrocytes. Cells collected from the serum/LSM interface
were centrifuged, washed once in BT88 medium and osteoclasts present
in cell suspension were counted after trypan blue dye exclusion. Cells
were allowed to settle down and adhere on dentin slices (gift from Dr.
T. Suda, Tokyo, Japan) for 1 h in BT88 medium at a density of about
150–200 osteoclasts/slice. Nonadherent cells were then removed with
several washings and adherent cells, including osteoclasts, were incu-
bated for 2 d in BT88 medium with 10 nm 1,25(OH)2 vitamin D3 (gift from
Leo Pharmaceuticals, Ballerup, Denmark) at 39.5 C in 10% CO2 to in-
crease the resorption activity.

Isolation and culture of murine spleen cells

Spleens from 6-wk-old mice were mechanically desegregated in
�MEM containing 10% FBS (HyClone Laboratories, Inc., Logan, UT)
(�MEM/FBS) and the cell suspension was filtered through 100 �m nylon
mesh. The leukocyte fraction was separated by centrifugation through
a density gradient of LSM. Cells were washed, resuspended in �MEM/
FBS containing 30 ng/ml M-CSF (Peprotech, Inc., Rocky Hill, NJ) and
30 ng/ml RANKL (a generous gift from Immunex Corp., Seattle, WA),
seeded in culture dishes and maintained at 37 C in 5% CO2. Medium
with factors was replaced every 2 d until formation of multinucleated
cells. Osteoclasts were generally used after a week of culture.

The animals were maintained in accordance with the guidelines of
Federation of European Laboratory of Animal Science Association and
Ministère de l’Éducation Nationale et de la Recherche for the use and
care of experimental animals (laboratory approval no. A69035; individ-
ual approval no. 006416).

Resorption assay with RANKL-induced osteoclasts

Murine multinucleated cells, differentiated in culture, were washed
twice with PBS, incubated with 5 mm EDTA in PBS at 37 C for 20 min
and then treated with trypsin at 37 C for an additional 20 min. Floating
cells were harvested, pelleted, washed with �MEM/FBS, and plated on
dentine slices. After 2 h, dentine slices were incubated in �MEM/FBS
with M-CSF and RANKL for 3 d at 37 C in 5% CO2 (resorption pits are not
observed earlier). For resorption inhibition, 10�7 m salmon calcitonin
(Bachem, Bubendorf, Switzerland) was added at d 2 of cultures. TRAP
activity of cells was detected with a kit from Sigma, whereas resorption pits

were revealed, after elimination of cells with Triton X-100, by staining
dentine slices with toluidine blue.

Resorption activity of osteoclasts assayed on OAAS

Murine osteoclasts obtained as described above, were detached after
washing and a 15-min incubation time in presence of 0.25 mm EDTA in
PBS and then recovered in �MEM/FBS supplemented with M-CSF and
RANKL. They were seeded on a calcium-phosphate thin layer coated
4-well dishes OAAS from OSCOTEC (Torrance, CA). Twenty-four hours
later, run-on experiments were subsequently performed, a TRAP assay
was completed, and the resorption pits were stained with toluidine blue
following cell removal.

Run-on transcription in permeabilized cells

RNA synthesis in multinucleated cells was assayed by BrUTP incor-
poration in permeabilized cells according to the procedure firstly de-
scribed by Wansink et al. (14). Briefly, adherent cells were washed
subsequently first with Tris-buffered saline (TBS) and then with a glyc-
erol buffer (20 mm Tris HCl, pH 7.4; 5 mm MgCl2, 25% glycerol, 0.5 mm
EGTA, 0.5 mm phenylmethylsulfonyl fluoride). Cells were then slightly
permeabilized with 0.05% Triton X-100 in glycerol buffer for 3 min at
room temperature. Cells were washed once in glycerol buffer and run-on
transcription was performed in transcription buffer (50 mm Tris-HCl,
pH 7.4; 100 mm KCl; 5 mm MgCl2; 25% glycerol; 0.5 mm EGTA; 0.5 mm
GTP; 0.5 mm ATP; 0.5 mm CTP; 25 �m S-adenosyl-l-methionine, 1 mm
phenylmethylsulfonyl fluoride; 1 mm BrUTP; 20 10�3 U/ml RNasin
(Promega Corp., Madison, WI) for 30 min at room temperature. Then,
cells were washed once with TBS containing 5 U/ml RNasin for 5 min
and fixed with 2% paraformaldehyde in PBS containing 2% sucrose for
30 min at room temperature. After a rinse in PBS, cells were perme-
abilized 5 min with 0.2% Triton X-100 in PBS before performing an
immunodetection of BrUTP-labeled RNAs. In some conditions, BrUTP
incorporation was performed in presence of �-amanitin (Sigma) to block
RNA polymerase II activity.

Immunocytochemistry

After fixation and permeabilization, cells were incubated for 20 min
with PBS containing 0.6% H2O2 to inactivate endogenous peroxidase
activity. Preparations were then saturated with 2% BSA in PBS (PBS-
BSA) for 1 h at room temperature. To detect bromouridine (BrU) in-
corporated into nascent RNA, cells were incubated overnight at 4 C with
a mouse monoclonal antibody raised against bromodeoxyuridine and
also recognizing BrU (MD5300, Caltag Laboratories, Inc., Burlingame,
CA) diluted to 1:500 in PBS-BSA. After three washes in PBS, the first
antibody was revealed by incubation of cells for 1 h at room temperature
with a horseradish peroxidase-conjugated donkey antimouse antibody
(Jackson ImmunoResearch Laboratories, Inc., West Grove, PA) diluted
to 1:500 in PBS-BSA. After three washes of 10 min in PBS and one of 5
min in TBS, peroxidase activity was revealed using 3,3�-diaminobenzi-
dine substrate (Sigma), which forms a black precipitate in the presence
of amonium nickel sulfate. Staining reaction was stopped by rinsing
coverslips in TBS. Cells were then counterstained with hematoxylin
solution (Sigma), washed twice in PBS, and dentine slices were mounted
in Glycerol/PBS (9/1) to be observed with a light microscope (AH-2,
Olympus, Inc., Rungis, France).

To determine whether the intensity of cytochemical labeling of nuclei
can be correlated with their level of transcription, run-on experiments
were performed in the presence of increasing concentration of �-aman-
itin. Nucleus staining of cells on digitized images was analyzed with
ImageQuant software [Molecular Dynamics, Inc. (Amersham Bio-
sciences), Orsay, France]. Mean and sd values of the integrated intensity
were calculated at each �-amanitin concentration from measures per-
formed on five individual nuclei.

Statistical analysis

All the data are expressed as the mean � sem. Statistical evaluation
was performed using ANOVA, followed by a t test; differences were
considered statistically significant at P � 0.05.

1914 Endocrinology, May 2002, 143(5):1913–1921 Boissy et al. • Transcriptional Activity in Osteoclasts



Analysis of resorption activity

After immunochemical detection of run-on transcription and coun-
terstaining with hematoxylin dye, area of resorption pits formed by
osteoclasts containing nuclei highly active in transcription was mea-
sured using an image analysis system (Pegase software, 2i system, St
Quentin Yvelines, France). Data from 20 osteoclasts were plotted as a
function of the number of their nuclei. Statistical analysis of results was
performed by using linear regression method and correlation coefficient
was then determined.

Results
In situ nuclear staining correlates with the transcriptional
activity level in macrophage cultures

Before investigating the transcription activity level in nu-
clei of mature osteoclasts maintained on dentine slices, we
validated the run-on method on macrophage culture to show
that the intensity of nuclear staining was proportional to the
transcription activity. Briefly, we have incubated living per-
meated macrophages with BrUTP and immunodetected
BrU-labeled RNAs (14, 17). To determine whether the nu-
clear intensity staining quantitatively reflects the level of
BrUTP incorporated during run-on transcription, we exam-
ined the effect of increasing concentration of �-amanitin, an
inhibitor of RNA polymerase II. Increasing concentration of
�-amanitin was correlated with a visual decrease of nuclear
staining (Fig. 1, A–E). To quantify this decrease, integrated
intensity of staining was measured in five nuclei for each
experimental condition (Fig. 1). Statistical analysis shows
that mean values of intensity staining per dose of amanitin
are significantly different, indicating that this technique is
sensitive enough to compare transcription activity level be-
tween nuclei.

Nuclei of resorbing osteoclasts exhibit high
transcriptional activity

Using these in vitro run-on experiments, we studied next
the transcriptional activity of resorbing osteoclasts obtained
from long bones of chick embryos and maintained 2 d on
dentine slices. Figure 2 shows a series of different bone
resorbing osteoclasts (Fig. 2, A and B; C and D; E and F)
photographed at different focal planes above resorption cav-
ities, with arrows indicating pit limits. In contrast to oste-
oclasts maintained on coverslips in which all nuclei are in the
same focal plane, nuclei of polarized bone resorbing oste-
oclasts are always located at the center of the syncytium but
more dispersed along z-axis with some nuclei found at the
resorption lacunae level (Fig. 2, B and D). In both small (Fig.
2, A and B) and large osteoclasts (Fig. 2, C and D), all nuclei
showed black staining reflecting their immunocytochemical
labeling after run-on transcription. It has to be noted that
stromal cells surrounding osteoclasts also exhibited a stain-
ing of their nuclei but weaker than osteoclast nuclei (Fig. 2A,
arrowheads). We also performed negative controls to distin-
guish specific labeling from potential background due to cy-
tochemical procedure. In absence of BrUTP, nuclei counter-
stained by hematoxylin, were not labeled (Fig. 2E), whereas the
addition of �-amanitin at 20 �g/ml during run-on experiments
allowed detection of ribosomal RNA only, appearing as a black
dot in the nucleolus (Fig. 2F, arrowhead). This result indicates

that in mature osteoclasts able to resorb bone matrix, all nuclei
are transcriptionally active.

We have observed that, whereas nuclei within the same
cell were always equivalently labeled, the staining intensity
could vary between osteoclasts on the same dentine slice. As
illustrated in Fig. 3, we found cells presenting a strong nu-
clear staining as described above (arrowhead), and osteoclasts
(cells indicated by arrows), exhibiting a gray staining equiv-
alent to or lower than, that of stromal cells surrounding them.
These variations could not result from technical artifacts
because osteoclasts exhibiting dark or faint staining could be
found in close vicinity on dentine slices (Fig. 3, C and E,
arrowheads vs. arrows). More interestingly, our observations
revealed that osteoclasts with strongly labeled nuclei (Fig. 3,
C and E, arrowheads) were always associated with a resorp-
tion pit (Fig. 3, D and F, asterisks), whereas osteoclasts with
weakly stained nuclei (Fig. 3, A and C and E, arrows) were

FIG. 1. Intensity of nuclear staining after run-on transcription ex-
periments followed by immunocytochemical detection, correlates with
RNA polymerase II activity level. Cultures of macrophages were in-
cubated with increasing concentrations of �-amanitin for 30 min
during the BrUTP incorporation step of the run-on. A–E, Micrographs
of the resulting immunocychemical staining of nuclei for increasing
inhibition of transcription. Bar, 40 �m. B, Digitized images of labeled
nuclei were analyzed with ImageQuant software and the mean values
of the integrated intensity for individual nuclei were calculated (n �
5). F, These values were plotted against the �-amanitin concentration
with their respective SD.

Boissy et al. • Transcriptional Activity in Osteoclasts Endocrinology, May 2002, 143(5):1913–1921 1915



either nonresorbing (Fig. 3, B and D, circles) or found asso-
ciated with small resorption pits (Fig. 3F, asterisk). Counting
of the labeled vs. unlabeled osteoclasts from one represen-
tative experiment out of six showed indeed that 95% of
strongly labeled osteoclasts were associated with a resorp-
tion pit.

Our results clearly show that l) transcriptional activity is
similar between nuclei of the same cell, but varies within the
osteoclast population; 2) osteoclasts presenting a high tran-

scriptional activity are always resorbing cells, whereas non-
resorbing osteoclasts exhibit always a lower nuclear tran-
scriptional activity. Altogether, these results suggested that
resorption activity could be correlated to a high transcrip-
tional activity of all nuclei in a single cell.

Calcitonin response by in vitro generated murine osteoclasts

To further prove that resorption and transcriptional ac-
tivity are linked, we decided to use the property of calcitonin
to transiently induce osteoclast retraction and to inhibit re-
sorption. We performed in situ run-on analysis on murine
osteoclasts maintained 3 d on dentine slices because the

FIG. 2. Transcriptional activity of nuclei in mature osteoclasts
resorbing dentine slices. Osteoclasts prepared from long bones of
17-d-old chick embryos, were maintained for 2 d on dentine slices
before performing run-on transcription assays. BrU-labeled RNAs are
revealed by immunocytochemistry and cells were counterstained with
hematoxylin. A small (A and B) and a large osteoclast (C and D)
resorbing dentine matrix have been photographed at different focal
planes from above to inside the resorption pit. Note that weakly
stained nuclei from stromal cells (arrowheads) can be detected in the
vicinity of darkly stained osteoclasts. As negative controls, run-on
experiments were also performed in absence of BrUTP (E) or in pres-
ence of 20 �g/ml �-amanitin (F). Arrows indicate the borders of the
resorption pits. Bar, 25 �m.

FIG. 3. Transcriptional activity detected in osteoclast nuclei can vary
between osteoclasts. Photographs of several osteoclasts have been
taken either at the cell level (A, C, E) or at the dentine level (B, D, F)
to show resorption pit when present (D, F, asterisk) or not (B, D,
circle). Two types of osteoclasts are observed with either intensively
labeled nuclei (C, E, arrowhead) or weakly stained (A, C, E, arrows)
as surrounding stromal cells. Note that within individual osteoclasts
all nuclei are stained with the same intensity. Osteoclasts with
strongly labeled nuclei (C, E, arrowhead) are always associated with
a resorption pit (D, F, asterisks), whereas osteoclasts with weakly
stained nuclei (A, C, E, arrow) could be found either associated (F,
asterisk) or not (B, D, circles) with a resorption pit. Bar, 50 �m.
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presence of calcitonin receptor on avian osteoclasts is still
debated, but also to rule out the possibility that our obser-
vations were restricted to chick osteoclasts. Using osteoclasts
derived in culture from spleen cells cultivated in the presence
of M-CSF (30 ng/ml) and RANKL (30 ng/ml) we were able
to confirm that, like chicken osteoclasts, nuclei from murine
osteoclasts are intensely stained when they are actively
resorbing dentine (data not shown).

Murine osteoclasts in culture, prepared from murine
spleen cells grown in the presence of M-CSF (30 ng/ml) and
RANKL (30 ng/ml), were detached and seeded on dentine
slices for 2 d before calcitonin (10�7 m) was added for another
24 h. Under these conditions, in absence of calcitonin, TRAP-
positive osteoclasts were spread out (Fig. 4A) and had ac-
tively started to resorb dentine (Fig. 4A, inset), whereas 24 h
after calcitonin addition, osteoclasts were still TRAP positive,
but had retracted (Fig. 4B) as described by others and had
poorly resorbed dentin (Fig. 4B, inset). We confirmed that, in
our conditions, calcitonin is an efficient inhibitor of osteoclast
resorption and that this morphological change is reversible.
Indeed, if 5 h of calcitonin treatment was sufficient to induce
a strong retraction of murine osteoclasts, they were seen to
be completely spread out 12 h later after hormone with-
drawal (data not shown).

However, adding calcitonin treatment on the top of run-on
experiments rendered rather difficult the observation of la-
beled nuclei when dentine slices were used. The intensive
retraction of osteoclasts upon calcitonin treatment, as well as
the heterogeneity of dentine slices, and the matrix lack of
transparency were detrimental for our purpose. We turned
our interest toward calcium-phosphate coated plates
(OAAS); 24 h after the osteoclasts attached to the mineral
matrix, run-on was performed following a 5-h treatment with
calcitonin 10�7 m or not. Figure 4, C and E, shows actively
resorbing osteoclasts under the control conditions: they ex-
hibit intense labeled nuclei, and are associated with a re-
sorption pit appearing on one side of the cell membrane
border (arrows). In the presence of calcitonin, treated oste-
oclasts exhibited absolutely no labeled nuclei (Fig. 4D). TRAP
assay was necessary to identify the cells at the matrix surface
and further staining with hematoxylin was performed to
detect their nuclei (Fig. 4F). The calcified matrix resorption
was monitored by toluidine blue staining after cell removal,
and the resorption pits clearly appeared as white dots (Fig.
4, C and D, insets). The absence of nuclei labeling of the
calcitonin treated (Fig. 4D), vs. the cognate control (Fig. 4C),
was accompanied by a scarce number of pits (Fig. 4D, inset),
indicating a dramatic impairment of resorption as well as
transcription, strongly associating these two major biological
osteoclast activities.

Reversible calcitonin-mediated cell retraction correlates
with transcriptional down-regulation in murine osteoclasts

To examine more precisely the calcitonin effect on tran-
scription in murine osteoclasts, the same experiment was
repeated on plastic Petri dishes. Sensitivity of cells to calci-
tonin treatment was estimated according to their morphol-
ogy. In the absence of the hormone, osteoclasts were spread
out and exhibited a strong staining of their nuclei (Fig. 5A,

arrow). In contrast, most of them were retracted after treat-
ment with calcitonin and their nuclei were not stained in-
dicating an undetectable level of transcription (Fig. 5B, ar-
row). It must be noted that the inhibitory effect of calcitonin

FIG. 4. Transcriptional activity of murine osteoclasts prepared in
vitro. Calcitonin inhibits dentine resorption and induces a reversible
retraction of osteoclasts. Calcitonin (10�7 M) was added to spleen cell-
derived osteoclasts previously maintained 2 d on dentine slices in
presence of M-CSF (30 ng/ml) and RANKL (30 ng/ml). Twenty-four
hours after calcitonin addition, TRAP activity was first tested and
cells removed from the dentine slice to evaluate resorption after to-
luidine blue staining (A and B, insets). Untreated osteoclasts were
spread (A) and had formed numerous resorption pits on dentine (A,
inset), whereas calcitonin-treated osteoclasts were retracted (B) and
had a weak resorption activity (B, inset). Bar, 100 �m. Inhibition of
calcitonin-dependent resorption correlates with transcriptional
down-regulation (C–F). Spleen cell-derived osteoclasts were seeded
on calcium-phosphate thin layer-coated culture dishes (OAAS).
Twenty-four hours later, a run-on experiment was performed either
on 10�7 M calcitonin treated cells (D–F) or untreated (C–E). Arrow-
heads in C and D are pointing to the resorption, which appeared as
white dots after cell removal and toluidine blue staining (C and D,
insets). Bar, 40 �m. TRAP activity test (E, untreated) and hematox-
ylin staining were completed to visualize respectively the cells and the
nuclei in F (calcitonin treated).
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on transcription was restricted to osteoclasts since the sur-
rounding mononucleated cells all exhibited an intense nu-
clear staining indicating ongoing transcription (Fig. 5B, ar-
rowheads). Statistical analysis of osteoclast distribution
according to both morphology and nuclear transcriptional
activity has revealed that in the absence of calcitonin, 75% of
osteoclasts were spread out with intense nuclear staining
(Fig. 5C), whereas after 5 h of calcitonin treatment this per-
centage was down to 10%. On the other hand in the presence
of calcitonin, 75% of osteoclasts were retracted with unla-
belled nuclei (Fig. 5D).

If transcription arrest is at least one mean by which cal-
citonin inhibits bone resorption under physiological condi-
tions, this process should be reversible. We have treated the
osteoclasts with calcitonin during 5 h (Fig. 5E), followed by
20 h of incubation without the hormone (Fig. 5F). We ob-
served that over 75% of the osteoclasts recovered their flat-
tened shape and a high labeling of their nuclei. These results
clearly indicate that in osteoclasts, transcriptional activity is
strongly associated with their ability to resorb calcified
matrix.

Bone resorption is linearly correlated with the number of
nuclei in osteoclast

Because transcriptional activity of all nuclei is high in
resorbing osteoclasts and low in resting or calcitonin inhib-
ited osteoclasts, one would expect that the number of nuclei
per cell would influence resorption activity of osteoclasts.
Hence, we further examined, simultaneously, resorption and
transcription activities of osteoclats as a function of their
number of nuclei. After 2 d on dentine slices, osteoclasts
containing variable number of nuclei are able to form re-
sorption lacuna of different sizes. Cells with few nuclei were
associated with small resorption pits (Fig. 6, A and C),
whereas those containing numerous nuclei were generally
found on top of larger pits (Fig. 6, B and D). As these ob-
servations suggested a potential link between these two pa-
rameters, we checked more carefully osteoclasts exhibiting a
high transcriptional activity and measured for each of them
both the area of their resorption pit and their content in
nuclei. When data obtained from 20 osteoclasts containing a
wide range of nuclei (from 3 to 75) were plotted (Fig. 6E), the
area of dentine resorbed per osteoclast was found to be
linearly correlated with a high correlation coefficient (r2 �
0.967) with its nuclei number.

Discussion

Myotubes, one of the best-known examples of multinu-
cleated cells in vertebrates, are formed during embryonic
development by fusion of mononucleated myoblasts (6, 7).
After birth, the subsequent muscle growth depends on re-
cruitment of more myoblasts into the existing multinucleated
cells. Using an in vitro model of myotube differentiation,
different studies have shown that some specific genes exhibit
a differential expression in nuclei distributed all along the
fiber (18, 19). For example, mRNA coding for the subunits of
acetylcholine receptor, a protein localized in the postsynaptic
membrane of the neuromuscular junction, is not uniformly
distributed throughout the fiber, but is concentrated near

FIG. 5. Calcitonin specifically inhibits transcription in murine oste-
oclasts. Spleen cell-derived osteoclasts were either untreated (A) or
treated (B) for 5 h with calcitonin (10�7 M) before carrying out run-on.
Osteoclasts nuclei (A, arrows) exhibit either high activity in absence
of calcitonin or undetectable activity after 5 h of calcitonin treatment
(B). Note that in presence of calcitonin, surrounding mononucleated
cells are all transcriptionally active (B, arrowheads). Statistical dis-
tribution of osteoclasts according to both morphology (S, spread; R,
retracted) and nuclear transcriptional activity (black stained or un-
stained nuclei) in absence (C) or in presence of calcitonin (D). Sta-
tistical distribution of osteoclasts according to both morphology (S,
spread; R, retracted) and nuclear transcriptional activity (black
stained or unstained nuclei) after 5 h of treatment with calcitonin (E),
then followed by 20 h of incubation in the absence of hormone (B).
Cells were washed twice with culture medium at the end of the 5-h
incubation with calcitonin. The results of the t test analyzing the
differences between the control and the treated group are shown in
the figures as asterisks. Asterisks represent a P value for paired data:
*, P � 0.001; **, P � 0.05; ***, P � 0.05.
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nuclei at the endplate. These observations suggest that in-
dividual nuclei within skeletal muscle fibers are compart-
mentalized and may be autonomous with respect to the
transcription of at least some specific genes encoding for
membrane proteins (20). In contrast, osteoclasts are formed
by fusion of mononucleated progenitors belonging to mono-
cyte/macrophage lineage (8, 21). They exhibit a circular
shape and although multinucleated, are very mobile (22).

When they initiate bone resorption, unpolarized resting or
migrating osteoclasts are rapidly transformed into highly
polarized cells with several different plasma membrane do-
mains (23).

Exploitation of a sensitive technique allowing one to vi-
sualize in situ newly synthesized transcripts in living cells
(14) has enabled us to investigate the transcriptional activity
of nuclei in multinucleated osteoclasts. After cell permeation,
BrUTP is incorporated into nascent transcripts during run-on
transcription, and BrU-labeled RNAs are then visualized by
immunodetection technique and are exclusively found in
nucleus. Their transcription is mediated by RNA polymerase
II because inhibition by �-amanitin restricts RNA labeling to
the nucleolus, mostly represented by rRNA. The retention of
BrU-labeled RNAs in nucleus is probably due to a defect in
processing of primary transcripts because it has been shown
that the presence of BrUTP in RNAs disturbs the splicing
process that precedes exportation of mRNAs into cytoplasm
(24). Interestingly, this run-on transcription assay allows
semiquantitative measures because gradual inhibition of
RNA polymerase II activity correlates with gradual decrease
in nuclear staining after immunocytochemical detection (Fig.
1). From these results, we can conclude that, within the same
experiment, the intensity of the diffuse nuclear labeling di-
rectly reflects the level of RNA polymerase II activity.

Electron microscopy studies have shown that nuclei
within osteoclasts in bone exhibit different shapes: some
nuclei are round and euchromatic, whereas others are irreg-
ular in shape and more heterochromatic (25). As chromatin
morphology generally reflects the activity of the nucleus,
these observations suggested that transcriptional activity be-
tween nuclei within the osteoclast could be different. In our
experiments, we have demonstrated that a functional mature
osteoclast has all its nuclei transcriptionally active, each ex-
hibiting a similar activity (Fig. 2, A–C). Interestingly, we have
also shown that the area of resorption formed by each os-
teoclast can be linearly correlated to its number of nuclei and
that the number of nuclei is not a limiting factor for the
resorption activity (Fig. 6). Based on our results, we propose
that osteoclast multinucleation offers functional advantages
not to initiate but mainly to improve resorption activity.
However, the question as to whether their implication in
resorption activity itself is direct or not remains open. One
possibility could be that the function of multiple nuclei for
osteoclast is mainly to supply enough housekeeping gene
products to maintain a large-sized cell which could be con-
sidered as a functional advantage for osteoclasts. Just before
resorption, polarized osteoclasts elaborate a tight sealing
zone between their ruffled membrane and bone, delimiting
an isolated compartment in which they will release protons
and proteases involved in bone matrix degradation (23). In
this way, large osteoclasts can cover a larger area of bone and
consequently form large resorption pits. This hypothesis is
supported by data from others showing a linear correlation
between the volume of chicken or rat osteoclasts and their
number of nucleus (26), and by a study showing that
multinucleation enhances macrophage-mediated bone re-
sorption. Rat polykaryons in culture, derived from peritoneal
stimulated and purified macrophages, showed an increased

FIG. 6. Osteoclast resorption activity correlates with their number of
nuclei. Two osteoclasts exhibiting intensively stained nuclei after
run-on experiments are shown associated to their resorption pit. One
osteoclast with 6 nuclei associated with a small pit (A and C, respec-
tively) and one with around 75 nuclei with a very large lacunae (B and
D, respectively). Bar, 40 �m. Resorption pit areas of 20 osteoclasts
were measured using an imaging analysis system and plotted against
the number of nuclei per osteoclast (E). Correlation coefficient of the
linear regression: r2 � 0.967.
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ability to bind and digest isotopic-labeled bone particles
compared with mononuclear cells (27).

Our work has also revealed that all nuclei within the same
osteoclast always exhibit a similar global transcriptional ac-
tivity whose level can vary between each osteoclast. The
results showed that osteoclasts with a high transcriptional
activity are resorbing, whereas nonresorbing osteoclasts
have a low transcriptional activity (Fig. 3A). In a pioneer
work, Zheng et al. (28), using titrated uridine autoradiogra-
phy to examine RNA synthesis and calcitonin responses in
rat osteoclasts, had also shown an isotopic labeling of all
nuclei within an osteoclast. However, they saw an inverse
correlation between the nuclear staining intensity and the
nuclei number: the 2–3 nuclei containing osteoclasts exhib-
ited a stronger staining per nucleus than 10 nuclei osteoclasts.
We observed some hetereogenity among the labeled oste-
oclast when they were purified from bone, but this was
regardless of the nuclei number and probably due to a dif-
ferent cell state. We found, indeed, a minor group of resorb-
ing osteoclasts, showing a weak nuclei staining but yet
associated with a small pit. These variations of the transcrip-
tional level among osteoclasts is especially found when chick
osteoclasts were isolated from bone and seeded on dentine
slices along with contaminating stromal cells, in contrast to
the murine ones generated by in vitro differentiation without
any other interfering cell type. The global transcriptional
activity is determined by the balance between resting and
active osteoclasts and by the fact that all nuclei of each syn-
cytium are simultaneously regulated. This conclusion is sup-
ported by the fact that the nuclei in osteoclasts are all located
in the center of the syncytium in contrast to those of myo-
tubes, which are scattered along the length of the cell. The
gathering of nuclei in the same cytoplasmic domain suggests
that signaling induced by external factors would affect sim-
ilarly gene transcription in all clustered nuclei. In this case,
an osteoclast receiving external factors, which influence its
resorption activity, could efficiently commit, or not, all its
nuclei in bone degradation. In that sense, it is probably a
much more efficient way to exert a tight regulation on gene
expression in syncitium rather than having juxtaposed
mononucleated cells. The study of the expression of specific
gene (i.e. encoding carbonic anhydrase II or cathepsin K)
examined by in situ hybridization with intronic probes could
bring a definitive answer.

As described by others (29), we have observed that calci-
tonin induces osteoclast retraction and drastically inhibits pit
formation on dentin slices. Moreover, 5 h after addition of
calcitonin on osteoclasts, no global transcription activity
could be detected in osteoclast nuclei. This effect of calcitonin
is osteoclast specific because a normal transcriptional activity
can be visualized in surrounding mononucleated cells. The
calcitonin-treated osteoclasts with undetectable transcrip-
tion activity are not dying cells, as the effect of calcitonin is
transient and completely reverted in about 12 h after with-
drawal. Zheng et al. (28) have also shown that calcitonin
reduced markedly the nuclear titrated uridine uptake in
binucleated osteoclast but seemed to have a milder effect on
multinucleated cells. Their results suggest that, in this study,
the osteoclasts containing an elevated number of nuclei
showed a reduced responsiveness to the labeling method

and to the calcitonin. Our results fit with an earlier obser-
vation that osteopontin transcript is down-regulated in iso-
lated rabbit osteoclasts 3 h after calcitonin addition (30). A
calcitonin-induced down-regulation of calcitonin receptor
has also been described, although it is not clear whether it is
due to an inhibition of transcription or a reduced life span of
the transcripts (for review, see Ref. 10). However, because
resorption of calcified matrix is a slow process, our results do
not permit one to conclude whether the down-regulation of
transcription is directly involved in resorption arrest or if it
results from a secondary effect of calcitonin and yet the ques-
tion remains open if another bone resorption inhibitor could act
through a transcriptional inhibition. Further studies will be
necessary to unravel the precise molecular mechanisms linking
regulation of osteoclast transcription and resorption activity.

Acknowledgments

Received October 11, 2001. January 31, 2002.
Address all correspondence and requests for reprints to: Irma Ma-

chuca-Gayet, Laboratoire de Biologie Moléculaire et Cellulaire de l’Ecole
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