
Introduction

Bone-forming cells are known to be coupled by gap junctions
formed primarily by connexin43 (Cx43) and to a lesser degree by
connexin 45 (Cx45) [1–4]. It has been shown that expression of

Cx43 in osteoblasts, osteoclasts and osteocytes is highly respon-
sive to mechanical loading, suggesting a role of gap junctions in
mechanical signal transduction of bone [5, 6]. Gap junctional
channels allow direct intercellular communication via diffusion of
ions, metabolites and small soluble molecules (up to 1 kD in size),
including Ca2�, cAMP, adenosine-5�-triphosphate (ATP) and inos-
itol (1,4,5)-triphosphate [7]. The role of Cx43 was also studied by
targeted deletion of the gene in mice [8]. Cx43-deficient mice
 display a skeletal phenotype characterized by retarded intramem-
branous and enchondral bone formation and craniofacial
 abnormalities, delayed tooth eruption and osteoblast dysfunction
[8]. The role of Cx43 for osteoblastic bone formation has been fur-
ther studied in detail by osteoblast-specific Cx43 gene deletion,
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showing that functional Cx43 is required for normal bone mass
acquisition and maintenance and is involved in the mechanism of
action of parathyroid hormone (PTH)-induced anabolism [9, 10].
Unfortunately, skeletal remodelling could not be studied in this
model because all Cx43-deficient mice died shortly after birth due to
major heart malformation. Therefore, the role of Cx43 in osteoclasts
has so far only been studied in rodent bone marrow cell cultures
[11, 12]. Results from these studies suggest that Cx43 acts down-
stream of RANK/RANKL interaction in osteoclast precursors and is
crucial for mediating their fusion and differentiation to active osteo-
clasts. Given the potential importance of these findings for the
pathogenesis of human bone loss diseases accompanied by patho-
logically enlarged osteoclasts, we asked whether a similar influence of
Cx43 can also be observed in osteoclasts of human origin.

Materials and methods

Reagents

Standard laboratory chemicals were from Merck (Darmstadt, Germany) and
Sigma (Deisenhofen, Germany). Na-heparin was obtained from Roche
(Mannheim, Germany). Ficoll-Paque came from Amersham Pharmacia
Biotech (Uppsala, Sweden). �-minimal essential medium (MEM), foetal
bovine serum (FBS), penicillin-streptomycin-solution, recombinant human
macrophage colony-stimulating factor (M-CSF) and trypsin (10�) were
purchased from Sigma (Deisenhofen, Germany). Phosphate buffered saline
(PBS) was from GIBCO BRL, Life Technologies Inc. (Rockville, MD, USA).
Soluble recombinant human receptor-activator for Nf�B Ligand (RANKL)
came from Peprotech Ltd. (London, U.K.). Anti-Cx43 antibody came from
Sigma (Deisenhofen, Germany). Rhodamine-phalloidine and secondary flu-
orescent antibodies were obtained from Molecular Probes (Leiden, The
Netherlands). Fluorsave came from DAKO Diagnostika (Hamburg,
Germany). Heptanol came from Fluka (now Sigma-Aldrich, Switzerland).

Dentin

Dentin (ivory) was kindly provided by German customs in accordance with
the international laws for the protection of species.

Media, solutions, buffer

Cells were cultivated in �-MEM containing 0.22% sodium bicarbonate,
10% FBS and 1% penicillin/streptomycin, 20 ng/ml M-CSF and 40 ng/ml
RANKL. Fixation of cells was done in PBS containing 3.7% formaldehyde.
For trypsination �-MEM was used containing 0.22 g sodium carbonate,
10% Trypsin-ethylenediaminetetraacetic acid (EDTA) (10�) and 1% 
penicillin/streptomycin. PBS was used as immunochemistry solution con-
taining 0.1% bovine serum albumin (BSA) and 0.05% saponin. For the
blocking solution, 150 �l of serum of the host of the secondary antibody were
added to 2.85 ml immunochemistry solution. TRAP buffer was a solution
with 40 mM sodium acetate and 10 mM sodium tartrate. TRAP staining
solution was 5 mg naphtol AS-MX phosphate, 500 �l N-N-dimethylfor-

mamide and 30 mg fast red violet LB salt in 50 ml TRAP-buffer. Heptanol
was dissolved in ethanol as described previously [13] so that the final con-
centration in the cell culture medium equalled 0.15% ethanol with 0 mM,
0.3 mM, 3 mM and 30 mM heptanol, respectively. As heptanol is volatile
and known to cause only a reversible inhibition, it was given to the cell cul-
tures every day from day 1 to day 28. Additionally, we also performed all
experiments with a water control to rule out an independent effect of the
ethanol. There was no difference between water and ethanol / 0 mM hep-
tanol group in any of the experiments, so for the sake of easier readability
of the figures we only included the ethanol control.

RT-PCR analysis

Total RNA was isolated from cultured human osteoclasts following the
TRIzol-protocol (Invitrogen, Karlsruhe, Germany). cDNA synthesis from
1 �g of total RNA was performed with the cDNA-CYCLE-Kit (Invitrogen)
according to the manufacturer’s instructions. The obtained cDNA was dis-
solved in a total volume of 100 �l of sterile water. To normalize the cDNA
amount in the samples, 3 �l of the resulting cDNA of each probe was used
for PCR analysis of the housekeeping gene �-actin. PCR reactions were per-
formed with 27 cycles. Products were detected in ethidium bromide (0.1%)-
stained 1.0% agarose gels and cDNA volumes were adjusted for consecutive
analyses by densitometry (Quantity One, Bio-Rad, Munich, Germany).
Programs and primers for the measurement of steady-state levels of mRNA
were as follows. 4 min. at 94	C, 27 cycles (�-actin) / 36 cycles (Connexin 43
[Cx43], carbonic anhydrase type 2[CA-2]) 30 sec. at 94	C, 45 sec. a primer
specific temperature (Cx43 55,9	C; CA-2 56.0	C; �-actin 60.0	C) and 45 sec.
at 72	C, with an additional 5 min. at 72	C for the final extension in the end.

Primers:
Cx43 sense 5�-TCAAGCCTACTCAACTGCTGGAG-3� anti-sense 

5�-CCCTCGCATTTTCACCTTACC-3� 406 nt product.
CA-2: sense 5�-GGACAAGGTTCAGAGCATACTGTGG -3�

anti-sense 5�-ACATTCCAGAAGAGGAGGGGTG-3�

312 nt product.
�-actin: sense 5�-GCACCACACCTTCTACAATGAGC-3�

anti-sense 5�-AATGTCACGCACGATTTCCCGC-3�

379 nt product
All PCR reactions were performed in an iCycler (Bio-Rad).

Primers and PCR-chemicals

Small DNA low-melt agarose came from Biozym Diagnostik GmbH
(Oldendorf, Germany). Recombinant Taq DNA Polymerase and 10� PCR
buffer were from Invitrogen. DNeasy Tissue Kit was obtained from Qiagen
(Hilden, Germany). 100 bp DNA-ladder came from Biowhittaker Molecular
Applications (Vallensbaek Strand, Denmark). 25mM dNTP-solution was
bought from Biozym Diagnostik GmbH (Oldendorf, Germany). Primers
were bought from Invitrogen.

Isolation of haematopoietic stem cells 
and cell culture

Human mononuclear cells were isolated and cultured essentially as previ-
ously described [14]. Briefly, buffy coats were obtained from healthy vol-
unteers and were generously provided by Dr. P. Kühnl (Department for
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Transfusion Medicine, Hamburg University School of Medicine, Germany).
Density gradient centrifugation with Ficoll-Paque was used to separate the
mononuclear osteoclast precursor cells from other formed elements in blood.

To dispose the culture of contaminating lymphocytes, the cells were
purified for adherence. The non-adherent cells were washed off at day 1 of
culture, so that only the adherent monocytes were used for cultivation. All
cells were cultivated in �-MEM containing 0.22% sodium bicarbonate,
10% FBS and 1% penicillin/streptomycin and 20 ng/ml M-CSF for 28 days.
For the generation of osteoclasts 40 ng/ml RANKL was added to the 
culture medium.

Pit assay on dentin

Dentin was cut to a thickness of 1 mm. For the assessment of resorption,
cells were cultivated for 28 days on dentin. At the end of the culture peri-
od, cells were washed off with PBS. The dentin chips were then shortly
rinsed in H2O2 to remove residual cell components, and then washed again
in PBS. Pits were stained with toluidine blue taking advantage of the fact
that the resorption process uncovers the embedded collagen fibres.

TRAP-staining and cytomorphometry

Cells were fixed for 5 min. in 3.7% buffered formaldehyde and air-dried for
2 min. The cells were stained in TRAP-staining solution for 10 min. For the
determination of cell numbers and nuclei per cell, we counted the cells in
five randomly assigned independent fields of view, using a Zeiss Axioskop
microscope (Carl Zeiss AG, Hamburg, Germany) at a magnification of
200�. Cells with more than three nuclei were counted as multinuclear,
while cells with only one nucleus were counted as mononuclear cells. For
easier readability, the mean value of the control group was set to 100%
and all values were then normalized to this number.

Immunofluorescence and confocal 
laser-microscopy

For actin staining, cells on microscopic cover slips were dehydrated in

20	C acetone for 5 min. and air-dried on parafilm. They were then incu-
bated in rhodamine-phalloidin 568, diluted in PBS 1:40 for 20 min. in the
dark. For double labelling, additional steps were also performed in the
dark to prevent bleaching. Cover slips were rinsed in PBS and then incu-
bated for 20 min. in blocking solution. The primary antibody (rabbit
against human Cx43; Sigma C6219) was diluted 1:500 in PBS and the
cells were incubated in it for 120 min. Then the cover slips were washed
3 � 5 min. in immunochemistry solution. The secondary antibody (Alexa
Fluor 488) was diluted 1:200 and was used to incubate the cells for 
60 min. After 3 � 5 min. of washing, the cells were mounted with
Fluosave and stored overnight at 4	C.

Immunohistochemistry on human bone sections

A collection of transiliac bone biopsies from non-genotyped patients with
various disorders was established at the Institute of Pathology at the
Hamburg University over the last 30 years. For immunohistochemical
staining, bones of three healthy patients, two patients with Paget’s disease

and two patients with giant cell tumour of the bone were decalcified in 4%
EDTA, embedded in paraffin and cut in 5 �m thick sections using a
Microtec rotation microtome (Techno-Med, Munich, Germany). The sec-
tions were then deparaffinized with xylol, ethanol and water and stained for
Cx43 with the following protocol: 5 min. PBS, 30 min. 0.05% trypsin,
2 � 5 min. PBS, 30 min. peroxidase-blocking reagent (DAKO), 3 � 5 min.
washing in PBS, 30 min. 2.5% BSA in PBS, overnight primary rabbit-anti-
human-Cx43 antibody (Sigma C6219) in 1% BSA in PBS (1:3000), 3 � 5 min.
washing with PBS, 30 min. secondary antibody (anti-rabbit IgG, biotynilated,
1:200), 3 � 5 min. washing in PBS, 7 min. developing in DAB (DAKO), 
10 min. aqua dest., 1 min. haematoxylin, 10 min. water.

Digital imaging

For confocal microscopic analysis we used an Olympus confocal laser
microscope (Olympus I � 70) with a combined argon/krypton laser at 488
nm and 568 nm wavelengths. The pits on dentin and the cells in cell cul-
ture were visualized on a Zeiss Axiovert 25 microscope and then digitally
photographed with a Canon 10D digital camera. The cells on cover slips
were photographed on a Zeiss Axioskop microscope using a Zeiss Axiocam
digital camera.

Statistics

All cell culture experiments were done with groups of at least n � 5 and were
repeated at least twice. Statistical analysis was done using ANOVA with
Bonferroni post-hoc test and with Pearson’s correlation. P � 0.05 was
accepted as statistically significant. Error bars represent standard 
deviation (SD).

Results

Cx43 expression in human osteoclasts 
and precursor cells

First we studied the mRNA expression of Cx43 by semi-quantitative
RT-PCR in a time course experiment of osteoclast differentiation.
We started with mononuclear precursors from buffy coats 
(Fig. 1A) and stimulated the cells over 28 days with RANKL and 
M-CSF, when fully differentiated osteoclasts were observed 
(Fig. 1B) which had the ability to resorb dentin (Fig. 1C) [14]. As
internal control of the differentiation process, we determined the
expression of CA-2 at day 1 and after 3, 14 and 28 days. As
expected, we found a time-dependent up-regulation of CA-2 in our
cultures, suggesting progressive osteoclast differentiation 
(Fig. 1D). When we looked at Cx43 expression at the same time-
points, we found a strong expression of Cx43 in the early phase of
differentiation to osteoclasts and a subsequent down-regulation in
the later stages (Fig. 1D). When we performed the same cultures
only with M-CSF, without the addition of RANKL, Cx43 expression
was completely depressed already at day 3 of culture (Fig. 1E),
suggesting that one of the effects how RANKL leads to osteoclast
differentiation might be by prolonging expression of Cx43. This
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observation prompted us to study protein expression and local-
ization of Cx43 in the cultures using an anti-human Cx43 
antibody. To visualize the cytoskeleton, double staining with rho-
damine-phalloidin was performed. Indeed we found strong
expression of Cx43 in some, but not all of the freshly isolated
mononuclear cells at day 1 of cell culture, even before the addi-
tion of RANKL (Fig. 2A–C). When we sectioned these cells with
the confocal microscope at different planes (Fig. 2A bottom of
cells and Fig. 2C top of cells), we saw that Cx43 was distributed
throughout the whole cell. Next, we looked at Cx43 protein
expression at day 28 of cell culture in presence of M-CSF and
RANKL. The staining in the precursors with fewer than three nuclei
was much stronger than in the fully differentiated multinucleated
osteoclasts at day 28, confirming our results from the RT-PCR on a
protein level (Fig. 2D and E). Strong staining with the typical punc-
tuate distribution of gap junction channels was observed at

cell–cell contacts between some of the multinucleated cells with
mononuclear precursors, which were localized on top of them
(arrows Fig. 2F and higher magnification Fig. 2G).

Gap junctional influence on cell number 
and multinuclearity of human osteoclasts

To further study the effect of gap junctional communication on the
differentiation of human osteoclasts, we blocked the gap junctions
with heptanol (Fig. 3). There was no significant effect of heptanol
treatment on the number of cells in our cultures (data not shown)
or the number of TRAP positive (TRAP�) cells (Fig. 3C). We also
did not observe obvious differences in dead or disaggregated
cells, ruling out a toxic effect of the used concentrations. We
found significantly fewer nuclei per TRAP� cell in cultures treated
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Fig. 1 Generation of human osteo-
clasts from mononuclear precursor
cells (A; day 1; 100�) to multinu-
cleated, TRAP+ cells (B; day 28;
red: TRAP staining; 100�) with the
ability to resorb dentin (C; day 28;
toluidine blue staining; 100�).
Time course of mRNA expression
of carbonic anhydrase type 2 
(CA-2) and connexin 43 (Cx43)
over 28 days of culture in presence
of macrophage-colony stimulating
factor (M-CSF) and RANKL (D). A
progressive increase of CA-2 indi-
cates differentiation of the cells 
to active osteoclasts. Expression of
Cx43 progressively decreases in
the course of differentiation (semi-
quantitative RT-PCR, normalized to
�-actin as housekeeping gene). (E)
Cultivation without the addition of
RANKL leads to loss of Cx43 signal
already at day 3 (semi-quantitative
RT-PCR, normalized to �-actin as
housekeeping gene).
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with 3 mM (P � 0.001 versus control / P � 0.045 versus 0.3 mM)
or 30 mM heptanol (P � 0.001 versus control / P � 0.01 versus
0.3 mM) (Fig. 3D). There was a small, but significant negative cor-
relation between heptanol concentration and the number of nuclei
per cell (r � 0.372; P � 0.001). There was also a significant neg-
ative correlation of the concentration of heptanol in the cell culture
with the number of TRAP� multinuclear cells (r � 
0.674; P �

0.001); however the number of TRAP� multinuclear cells only was
significantly decreased at a concentration of 30 mM heptanol
(P � 0.003 versus control; P � 0.008 versus 0.3 mM) (Fig. 3E).
There was a significant positive correlation of heptanol concentra-
tion with the number of TRAP� mononuclear cells (r � 0.615; 
P � 0.001). We found a significant increase of these cells at a
concentration of 3 mM when compared to 0.3 mM (P � 0.036)

and a significant increase at a concentration of 30 mM when 
compared to control or 0.3 mM (P � 0.01 and P � 0.005, respec-
tively) (Fig. 3F). Additionally, we found a significant negative cor-
relation with between Trap� multinuclear and Trap� mononuclear
cells (r � 
0.568; P � 0.002). Taken together, these data 
suggest a dose-dependant effect of heptanol treatment on multin-
ucleation of the cells.

Expression of Cx43 in human bone

To study, if the observed down-regulation of Cx43 expression in
the course of differentiation in vitro can also be found in vivo, we
first analysed osteoclasts in sections of human bone from healthy
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Fig. 2 (A–C) Connexin 43 (Cx43)
expression in mononuclear precur-
sor cells at day 1 of cell culture
before addition of M-CSF and
RANKL (A: bottom, C: top). (D and
E) Overview over the cell culture
treated for 28 days with M-CSF and
RANKL showing lower expression
of Cx43 in fully differentiated
osteoclasts with actin rings. (F)
Cx43 staining in multinuclear
osteoclasts and osteoclast precur-
sors is localized between osteo-
clasts and mononuclear precursors
on top of the cell (arrows) and
within the cytoplasm. (G) High
magnification of cell–cell contact
between osteoclast and mononu-
clear precursor on top of the osteo-
clast shows the typical punctuate
distribution of gap junctions (con-
focal microscopy, red: actin, green:
Cx43, yellow: double-labelling,
scale bar � 100 �m [A–E]; 50 �m
[F], 10 �m [G]).
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donors. Indeed, we found stronger staining intensity in mononu-
clear cells of the bone marrow (Fig. 4A: BMCs) than in the osteo-
clasts (Fig. 4A: OC, Fig. S1: arrows), confirming our in vitro results.
However, in sections of patients with giant cell tumour of bone 
(Fig. 4B) and Paget’s disease (Fig. 4C); we observed a very strong
staining for Cx43, especially in the pathologically enlarged osteoclasts.

Discussion
We report here the expression of Cx43 in human osteoclasts and
osteoclast precursor cells in vitro and in vivo. So far, Cx43
expression has only been studied in fully differentiated osteo-
clasts of rodents [11–13, 15]. To analyse the expression of Cx43
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Fig. 3 (A/B) Inhibition of gap junctions leads to a significant decrease of multinuclear Trap+ cells and nuclei / Trap+ cells after 28 days of culture (light
microscopy, red: Trap-staining; (A) control, (B) 30 mM heptanol, magnification 200�). This difference is not caused by cytotoxic effects of heptanol,
as the total number of Trap+ cells is unchanged (C). There is a significant dose-dependant effect on nuclei / Trap+ cells (D), number of multinuclear
Trap+ cells (E) and number of mononuclear Trap+ cells (F) (*P < 0.05; a: versus control; b: versus heptanol 0.3 mM).
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in the course of differentiation to active osteoclasts, we used a
culture system that allowed the generation of fully differentiated
osteoclasts with the ability to resorb dentin. To monitor the pro-
gressive differentiation of the cells to osteoclasts, we used the
expression of CA-2 which has been shown to play an important
role in osteoclastic bone resorption, since patients with an inac-
tivating mutation of CA-2 develop osteopetrosis [16]. When we
looked at mRNA expression of Cx43 in this model, we found a
time-dependent decrease in the course of differentiation.
Immunostaining of human osteoclasts with Cx43 antibodies
revealed the localization of Cx43 throughout the cells at the start
of culture and in cell–cell contacts and in the cytoplasm of osteo-
clasts. Similar findings were reported for osteoclasts from mice
[11, 13]. Consistent with the mRNA expression results, we found
the strongest staining for Cx43 in osteoclast precursors. It has
been suggested that gap junctions may be necessary for the
fusion of mononuclear precursor cells to osteoclasts [13, 17]
and that it acts downstream of RANKL. Indeed, when we cultivat-
ed our precursor cells without the addition of RANKL, a neces-
sary molecule for the generation of osteoclasts in vitro [18], we
found a complete down-regulation of Cx43 mRNA already at day
3 of culture, while there was still Cx43 detectable at day 28 in the
cultures with addition of RANKL. These results suggest that the
differentiation to osteoclast may be associated with gap junc-
tional communication. To further analyse this association, we
blocked gap junctions with different concentrations of heptanol,
which is a commonly used inhibitor of gap junctional communi-
cation [13, 19–21]. Heptanol leads to a decreased probability of
open gap junctions [22]. In contrast to a previous report in a

mouse bone marrow culture system [13], we could not detect a
toxic effect of 30 mM heptanol in our cultures. We see two pos-
sible explanations for this discrepancy. First, human cells may be
able to tolerate higher concentrations of heptanol. This might be
due to their longer differentiation time (6 days in mice versus 28
days in human cells) and the volatility of heptanol. Indeed, when
we treated the cells with heptanol every other day instead of
every day we did not even observe an effect with 30 mM hep-
tanol (data not shown). Second, the mouse bone marrow cell
culture system also always includes some degree of contamina-
tion by osteoblasts and other cells from mesenchymal origin,
while our cell culture system is purely based on mononuclear
precursor cells from the haematopoietic system. As it is known
that there is a strong influence of gap junctions on osteoblasts
and osteocytes [1, 3, 8] and the regulation of osteoclastogene-
sis by bone marrow stromal cells [11], an indirect effect mediat-
ed by these cells might be explanatory. We found a dose-
dependent decrease of multinuclear TRAP� cells and a parallel
increase of mononuclear TRAP� cells upon treatment with hep-
tanol. These findings may be interpreted as inhibited fusion of
mononuclear cells in the face of reduced gap junctional commu-
nication and are in line with similar data reported for the mouse
model [13, 23]. In the light of this interpretation, the observed
decrease of Cx43 upon differentiation in our cultures would lead
to a declining probability of new fusion events. This might be an
explanation for the self-limitation of the size of osteoclasts and
the number of nuclei per osteoclast in healthy bone. In this case,
a missing down-regulation of Cx43 in the course of differentia-
tion to osteoclasts should lead to giant osteoclasts with an
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Fig. 4 Expression of Cx43 (brown staining) in normal bone (A), giant cell tumour of the bone (B) and Paget's disease (C). While the expression in
normal osteoclasts (A; OC, Fig. S1: arrows) is detectably lower than in the surrounding bone marrow precursor cells (A; BMCs: bone marrow cells),
there is a strong expression of Cx43 in pathologically enlarged osteoclasts (B, C; OC).
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increased number of nuclei. Indeed, we found a very strong
expression of Cx43 in the giant osteoclasts from patients with
Paget’s disease and patients with giant cell tumour of the bone,
further supporting our hypothesis. It may be worthwhile to per-
form osteoclast differentiation experiments with precursor cells
from patients suffering from Paget’s disease and giant cell

tumour of the bone in the future, to better characterize the role
of gap junctional communication in these diseases.

Taken together, our results show a function of gap junctional
communication for the fusion of human mononuclear cells to
osteoclasts and suggest a possible explanation for the regulation
of size and multinuclearity of human osteoclasts in vivo.

© 2008 The Authors
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Fig. S1 expression of Cx43 (brown staining) in normal bone. In all six cases, the staining in the osteoclast (arrow) is notably less strong than in the
surrounding bone marrow precursor cells.


