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Abstract Bone resorption is solely mediated by osteoclasts.
Therefore, a pure osteoclast population is of high interest
for the investigation of biological aspects of the osteoclasts,
such as the direct effect of growth factors and hormones, as
well as for testing and characterizing inhibitors of bone
resorption. We have established a pure, stable, and repro-
ducible system for purification of human osteoclasts from
peripheral blood. We isolated CD14-positive (CD14+)
monocytes using anti-CD14-coated beads. After isolation,
the monocytes are differentiated into mature osteoclasts by
stimulation with macrophage colony-stimulating factor (M-
CSF) and receptor activator of nuclear factor κB ligand
(RANKL). Osteoclast formation was only observed in the
CD14+ population, not in the CD14− population, and only
in the presence of both M-CSF and RANKL, confirming
that the CD14+ system is a pure population of osteoclast
precursors. No expression of osteoclast markers was ob-
served in the absence of RANKL, whereas RANKL dose-
dependently induced the expression of cathepsin K,
tartrate-resistant acid phosphatase (TRACP), and matrix
metallo proteinase (MMP)-9. Furthermore, morphological
characterization of the cells demonstrated that actin rings
were only formed in the presence of RANKL. Moreover,
the osteoclasts were capable of forming acidic resorption
lacunae, and inhibitors of lysosomal acidification attenu-
ated this process. Finally, we measured the response to
known bone resorption inhibitors, and found that the osteo-

clasts were sensitive to these and thereby provided a robust
and valid method for interpretation of the effect of
antiresorptive compounds. In conclusion, we have estab-
lished a robust assay for developing osteoclasts that can be
used to study several biological aspects of the osteoclasts
and which in combination with the resorption marker CTX-
I provides a useful tool for evaluating osteoclast function in
vitro.

Key words human osteoclasts · CDM · morphology · re-
sorption · osteoclastogenesis

Introduction

The skeleton is a dynamic tissue that undergoes continuous
remodeling throughout the life to sustain calcium homeo-
stasis, repair microfractures, and react to strain and stress
on the skeleton [1,2]. The continuous remodeling is depen-
dent on the coupling between osteoclasts, the cells respon-
sible for bone resorption, and osteoblasts, which are the
cells responsible for bone formation [2,3]. Osteoclasts are
large multinucleated cells arising through fusion of mono-
nuclear hematopoietic stem cells found in the bone marrow,
spleen, and peripheral blood [4–8]. The cytokines macroph-
age colony-stimulating factor (M-CSF) and receptor activa-
tor of nuclear factor κB ligand (RANKL) have been shown
to be essential and sufficient for differentiation and activa-
tion of the osteoclasts [9]. The differentiation of osteoclasts
is a complex multistep process involving commitment of
cells from the monocyte lineage to differentiate into osteo-
clast precursors. The osteoclast precursors then undergo
fusion to become mature multinuclear osteoclasts, which
finally are activated to become bone-resorbing osteoclasts
(Fig. 1) [1,10,11].

Resorbing osteoclasts are highly polarized cells contain-
ing different plasma membrane domains. A characteristic
feature of resorbing osteoclasts is the formation of the seal-
ing zone against the bone surface, which is a ring of filamen-
tous actin fibers that in collaboration with the αvβ3 integrin
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and the c-src tyrosine kinase seals of the resorption lacuna
from the surroundings [12–14]. Inside the sealing zone the
ruffled border membrane, which is a highly convoluted
membrane, forms the actual “resorbing organ” [15]. Osteo-
clast mediated resorption of the mineralized bone matrix
occurs via active secretion of protons through a V-ATPase
[16–19], which is followed by passive transport of chloride
ions, thereby maintaining electroneutrality [20,21]. The os-
teoclast V-ATPase contains an osteoclast-specific subunit,
the a3 subunit [22,23]. Loss of function mutations in the a3

subunit leads to severe osteopetrosis in both humans and
mice as a result of reduced acidification of the resorption
lacunae [18,24]. Furthermore, the chloride channel required
for acidification was shown to be ClC-7, and accordingly
mutations lead to osteopetrosis [25]. The acidic environ-
ment in the resorption lacunae dissolves the hydroxyapatite
matrix of the bone [26], while secretion of proteases, mainly
cathepsin K, mediates degradation of the organic type I
collagen matrix [27–31]. Loss of cathepsin K leads to
pycnodysostosis, an osteopetrosis-like disease, character-
ized by accumulation of type I collagen fibers in the resorp-
tion pits [32,33]. Cathepsin K activity during resorption
leads to generation of the resorption markers C-terminal
cross-linked teleopeptide of type I collagen (CTX-I) and N-
terminal crosslinked telopeptide of type 1 collagen (NTX)
[34], which are valuable tools for studying osteoclast activi-
ties. Other hallmarks of osteoclasts are the expression of
tartrate-resistant acid phosphatase (TRACP), the calcito-
nin receptor, αvβ3, and matrix metalloproteinase (MMP)-9,
which all are known to play roles in osteoclast biology and
therefore serve as useful tools for identification of osteo-
clasts [5,35–40].

Recently, it was found that osteoclasts precursors derive
from CD14+ monocytes [41,42], and that M-CSF and
RANKL are sufficient to drive osteoclastogenesis in vitro
[9]. Thus, this study was aimed toward a further detailed
characterization of the CD14+ human monocyte to osteo-
clast culture system. We isolated the CD14+ monocytes and
cultured them in the presence of M-CSF and RANKL to
induce osteoclastogenesis. We characterized their differen-
tiation, expression of markers, morphology, resorption, and
response to inhibitors of resorption, such as bafilomycin A1,
NS5818, ethoxyzolamide, E64, GM6001, calcitonin, and
pamidronate.

Materials and methods

Differentiation of osteoclast from CD14+ monocytes
isolated from peripheral blood

The blood was received from the Danish University Hospi-
tal in Copenhagen as thrombocyte concentrates (buffy
coats). The blood was first diluted 1 :1 with phosphate-
buffered saline (PBS) (BE17-512F Biowhittaker,
Walkersville, MD, USA), and carefully layered on a Ficoll–
Paque gradient (17-1440-03; Amersham Pharmacia,
Burkinghamshire, UK). This gradient was centrifuged at
2000rpm for 20min. After centrifugation, the lymphocytes
were collected from the interface between the plasma and
the Ficoll–Paque. The cells were washed with ice-cold PBS,
followed by centrifugation at 2000rpm for 12min. The wash
was repeated twice, after which the cells were resuspended
in cold PBS containing 2% serum (S0415 Biochrom, Cam-
bridge, UK).

The cells were kept on ice while the beads were pre-
pared. For 300 million cells, 125µl anti-CD14-coated beads
(10 million beads) were used. The tube with beads and ice-
cold PBS was placed in the magnetic device for 2min, after
which the supernatant was discarded. This washing was re-
peated three times. Then, 300 million cells were added to
the beads and incubated at 4°C with end-over-end homog-
enization for 20min. After incubation at 4°C, the tube was
placed in the magnetic device for 2min, after which the
supernatant was discarded. Hereafter, 5ml PBS containing
2% serum was added, the beads were gently resuspended,
and the tube was placed in the magnetic device for 2 min-
utes. This wash was repeated five times with gentle
resuspension between each washing step. Finally, the cells
were re-suspended in α-minimal essential medium (α-
MEM) containing 10% fetal bovine serum, 100 units/ml
penicillin, and 100µg/ml streptomycin. The cells were
seeded in 75cm2 bottles at a density of 150000 cells/cm2, and
cultured for 3 days in α-MEM containing 10% serum, 100
units/ml penicillin, 100µg/ml streptomycin, and 25ng/ml M-
CSF (216-MC R&D Systems, Minniapolis, MN, USA). The
cells were incubated at 37°C in a humidified atmosphere
with 5% CO2. After culturing on tissue culture-coated plas-
tic for 3 days, the monocytes were washed twice with PBS.
Hereafter, trypsin was added and the cells were incubated

Fig. 1. Schematic illustration of the differentiation and activation of
osteoclasts also illustrates the expression of osteoclast (OC) markers
and the formation of the resorption lacunae
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at 37°C for approximately 20min. The cells were scraped
off and reseeded on bovine cortical bone slices (cat.
1BON1000; Nordic Bioscience Diagnostics, Herlev, Den-
mark) at a density of 100000 cells/well in a 96-well plate in
α-MEM containing 10% serum, 100 units/ml penicillin,
100µg/ml streptomycin, and 25ng/ml M-CSF. The experi-
ments were performed either with or without 25ng/ml
RANKL in the medium. The medium was changed every
second day.

Isolation and culture of CD14− cells

The CD14− cells were isolated using the same procedure as
the CD14+ cells (see above), with the modification that the
cells not attached to the anti-CD14 beads were washed,
seeded, and then cultured either in the presence of M-CSF
(25ng/ml) or the combination of RANKL and M-CSF (both
at 25ng/ml).

Mature osteoclasts for acidification, resorption,
and array experiments

The osteoclasts were generated as previously described,
with the modification that the full differentiation process
was performed in tissue culture flasks. When a high level of
osteoclasts with 3–5 nuclei was observed, the cells were
lifted with trypsin and subsequent scraping with a rubber
policeman. The lifted osteoclasts were then reseeded at a
density of 50000 cells per 96 wells on cortical bone slices
and cultured for the desired time in medium containing M-
CSF and RANKL and in the presence or absence of the
various inhibitors described in the figure legends.

Cortical bovine bone slices

The bone slices were cut from sticks (cat. 1BON1000; Nor-
dic Bioscience Diagnostics, Herlev, Denmark) that were
made of cortical bone from cows. The sticks were cut into
small slices 0.2mm thick with a diameter that fits into 96-
well plates.

Affymetrix array analysis

RNA from mature osteoclasts was isolated using trizol ex-
traction. Two micrograms of purified RNA from the cul-
tured osteoclasts was biotinlabeled and hybridized to the
Affymetrix GeneChip Human Genome U133 Plus 2.0 Ar-
ray, which contains approximately 54000 probe sets accord-
ing to the manufacturer’s instructions. Three independent
experiments were performed, and the individual samples
were normalized using the invariant sets normalization
method. The expression index computation and outlier de-
tection were performed using the perfect-match-only model
implemented in the dChip software package [43]. The re-
sults are shown as averages of the probe sets, compared to
the average signal intensity on the array.

Osteoclast acidification assay

Acridine orange (3,6-bis[dimethylamine]acridine) at
10µg/ml was loaded for 45min in the culture medium in the
presence or absence of various inhibitors. The dye was
washed, and photographs were taken using an Olympus
IX-70 microscope and an Olympus U-MWB filter (20×
objective).

TRACP staining

The osteoclasts were fixed in 3.7% formaldehyde in PBS at
the end of the culture period and TRACP stained using the
Leukocyte Acid Phosphatase kit (cat. 387-A; Sigma-
Aldrich, Copenhagen, Denmark). Digital micrographs were
taken using a 20× objective and an Olympus C5050 Zoom
digital camera mounted on an Olympus BX-60 microscope
equipped with a 20× objective, and mounted in ImagePro
(Media Cypernetics, Silverspring, MD, USA).

Immunocytochemistry

Immunocytochemistry was performed on osteoclasts
seeded on bone slices. The osteoclasts were fixated in 3.7%
formaldehyde in PBS and washed thoroughly in PBS.
Thereafter, the cells were blocked for nonspecific binding
and permeabilized in Tris-buffered-saline (TBS) containing
2.5% casein and 0.1% Triton X-100 (TBS-CT) for 30min.
This step was followed by incubation with the primary anti-
bodies against cathepsin K (Chemicon International,
Temecula, CA, USA), MMP-9 (kindly provided by L.
Lund, The Finsen Laboratory, Copenhagen, Denmark)
[44], ClC-7 (kindly provided by H. Solberg, Nordic Bio-
science Diagnostics A/S, Herlev, Denmark) [45,46],
TRACP, calcitonin receptor, and c-src diluted in TBS-CT
overnight at 4°C, and then washing three times in TBS. As
controls either the preimmune serum or the corresponding
control IgG was used (data not shown). Furthermore, the
cathepsin K, MMP-9, and ClC-7 antibodies were used for
immunohistochemistry on human bone sections and all
showed specific osteoclast localization in bone, confirming
their specificity (data not shown). As a secondary antibody,
either Rabbit or Mouse EnVision (Dakocytomation,
Glostrup, Denmark) was used. The results were visualized
using diamino benzidine (DAB)+ to generate a brown pre-
cipitate, and finally the bone slices were counterstained in
Ehrlich’s hematoxylin (BDH Laboratory Supplies, Poole,
England) for 20min, dehydrated and mounted in DPX.

For visualization of the actin cytoskeleton, Tetramethyl
Rhodamine Iso-Thio-Cyanate (TRITC)-conjugated phal-
loidin (Sigma-Aldrich, Copenhagen, Denmark) was used.
The procedure was performed as described above with
omission of all the secondary steps.

All digital histographs were taken using an Olympus
C5050 Zoom digital camera mounted on an Olympus BX-
60 microscope equipped with a 20× objective, and for
TRITC-phalloidin a U-MNG filter, and mounted in
ImagePro (Media Cypernetics, Silverspring, MD, USA).
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Western blotting

The CD14+ monocytes were seeded in 6-well plates and
cultured in the presence of M-CSF and increasing concen-
trations of RANKL for 3, 6, 8, or 10 days, and then washed
twice in ice-cold PBS before lysis in RIPA+++ buffer [47].
The lysates were then centrifuged 30min at 15000g and 4°C
to remove nonlysed fragments. The amount of protein was
determined using the BioRad protein determination system
(cat. 500-0111); 10µg protein from each sample was diluted
in sample buffer containing 80mM dithiothreitol (DTT)
and then run on a 10% sodium dodecyl sulfate-polyacry
lamide gel electrophoresis (SDS-PAGE) gel, and subse-
quently transferred onto a nitrocellulose membrane. The
nitrocellulose membranes were then blocked for non-
specific binding by incubation for 1h at room temperature
in TBS-T containing 5% skim milk powder. This step was
followed by incubation with the primary antibody diluted in
TBS-T milk over night. Then the membranes were washed
in TBS-T three times, followed by incubation in the second-
ary peroxidase conjugated antibody. Finally, the mem-
branes were washed in TBS-T three times, and the results
were then visualized using the ECL system from Amersham
Pharmacia (cat. RPN2109).

Measurement of TRACP activity

TRACP activity was measured by adding a colorimetric
substrate in the presence of disodium tartrate to the condi-
tioned medium after culturing the osteoclasts for a specific
time period. The mixture was incubated for 1h and the
reaction was stopped with 0.3M sodium hydroxide. The
reaction products were quantified by measuring optical
density at 405nm.

Resorption pits

The resorption pits were visualized by washing the bone
slices in milliQ water. The cell remains were removed by
using a cotton swab. The pits were stained for 7–8min in
Mayer’s hematoxylin, and finally the bone slices were
washed in milliQ water. Digital micrographs were taken
using a 20× objective and an Olympus C5050 Zoom digital
camera mounted on an Olympus BX-60 microscope
equipped with a 20× objective, and mounted in ImagePro
(Media Cypernetics).

Resorption assays

The release of the c-terminal type I collagen fragments
(CTX-I) from mineralized bone slices was determined using
the CrossLaps for Culture kit (cat. 6CRL4000; Nordic Bio-
science Diagnostics, Herlev, Denmark), according to the
manufacturer’s instructions.

Statistics

Statistical analyses were performed using an unpaired
Student’s t test, assuming normal distribution with equal
variance. Statistical significance is shown by the number of
asterisks: P < 0.01 = ** and P < 0.001 = ***.

Results

Osteoclast differentiation

To characterize osteoclast differentiation, we isolated a
pure population of CD14+ monocytes using a CD14 anti-
body linked to an iron bead as described in the Materials
and methods section. CD14+ cells were seeded at a cell
density of 250000/cm2 on cortical bone slices and cultured in
the presence of M-CSF alone or in combination with
RANKL.

We measured TRACP activity and CTX-I release in the
culture supernatants on all individual days of the experi-
ment. As seen in Fig. 2A, both the CTX-I release and the
TRACP activity were induced specifically in the presence
of RANKL, showing that RANKL induces osteoclast dif-
ferentiation and activity. Furthermore, we stained the
osteoclasts for TRACP and the resorption pits using hema-
toxylin. Osteoclasts and resorption pits were only observed
in the presence of RANKL (Fig. 2B).

Comparison of the osteoclastogenic potential of CD14+
and CD14− cells

To investigate whether only CD14+ cells were able to dif-
ferentiate into osteoclasts, we compared the effect of either
M-CSF alone or the combination of RANKL and M-CSF
on CD14+ cells to the effect on CD14− cells.

We tested three concentrations of CD14− cells (100000/
cm2, 250000/cm2, and 500000/cm2) and used the CD14+ cells
as a positive control. We found that most of the CD14-
negative cells were nonadherent and therefore were lost
during the culture (data not shown). We investigated CTX-
I release and TRACP activity in the conditioned medium of
CD14− cells grown on bone. We found that the CD14− cells
did not secrete TRACP and did not resorb bone at any time
points (data not shown; also see Fig. 3A,B), whereas the
CD14+ cells both secreted TRACP and resorbed bone, as
expected [48]. In addition we performed TRACP staining
on CD14− and CD14+ cells cultured for 16 days, and only
the CD14+ cells cultured in the presence of both M-CSF
and RANKL developed into mature multinuclear TRACP
positive osteoclasts (Fig. 3C). In agreement with a previous
publication, we obtained approximately 95% mature osteo-
clasts [48].

Affymetrix array analysis of osteoclasts

To investigate whether the osteoclast system expressed
traditional osteoclast markers, we investigated mRNA
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expression of osteoclast markers using an affymetrix array.
We cultured the osteoclasts on bone slices and isolated the
mRNA using trizol extraction. The mRNA was hybridized
to the affymetrix array, and the osteoclast marker expres-
sion was examined. Expression at least three times above
the array average was observed for MMP-9, cathepsin K,
TRACP, carbonic anhydrase II (CaII), αv, c-fms, TCIRG1
(a3), ClC-7, β3, MT1-MMP, and c-src, showing that the cell
population expresses several osteoclast markers at the
mRNA level (Fig. 4).

Protein analysis of differentiating osteoclasts

To further characterize the osteoclastogenesis with respect
to protein markers, we used Western blotting to analyze the
expression of cathepsin K, MMP-9, and TRACP in cell
lysates treated with different concentrations of RANKL at
different days of culture. We used the p38 microtubule-
associated protein kinase (MAPK) as a reference [48].

Figure 5 shows that at day 3 only TRACP is expressed at
a low level, whereas neither cathepsin K nor MMP-9 is
expressed. At day 8, a dose-dependent increase in expres-
sion of all the markers was seen; at day 10 all the RANKL
conditions show equal expression of the osteoclast markers,
whereas the M-CSF condition alone shows only low expres-
sion of TRACP, but no expression of cathepsin K and
MMP-9. Expression of the p38 MAPK was seen in all con-
ditions at all days.

Characterization of osteoclast morphology and
marker localization

We investigated the morphology of CD14+ cells cultured in
M-CSF alone compared to M-CSF and RANKL in combina-
tion. Using TRITC-conjugated phalloidin, we labeled the F-
actin cytoskeleton in cells grown on bone slices. RANKL

Fig. 4. Affymetrix analysis of osteoclast markers. Mature human os-
teoclasts were seeded on giant-sized bone slices, and after 2 days of
attachment and initiation of resorption the RNA was extracted and the
mRNA was isolated and hybridized to the affymetrix array. The results
are shown as average expression of the detected number of probes; the
horizontal line indicates the average expression of all detected probes
on the array
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Fig. 5. Increasing concentrations of RANKL leads to an increase ex-
pression of osteoclast markers. CD14+ monocytes were seeded in 6-
well plates, cultured in the presence of M-CSF (25ng/ml) and 0, 6.25,
12.5, or 25ng/ml RANKL for 3, 6, 8, or 10 days, and then lysed as

described in the Materials and methods section. The expression of
osteoclast markers was analyzed by loading the lysates on SDS-PAGE
gels with subsequent immunoblotting
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treatment leads to the formation of the osteoclastic resorp-
tion lacunae, as visualized by the formation of the actin rings
(Fig. 6A). In contrast, in the M-CSF condition alone, only
cells with macrophage morphology were observed [48–50].

We then characterized the expression and localization of
the calcitonin receptor, cathepsin K, ClC-7, MMP-9,
TRACP, and c-src by comparing the cells treated in the
presence or absence of RANKL. The calcitonin receptor
was localized mainly on the cell surface, whereas cathepsin
K, ClC-7, MMP-9, TRACP, and c-src all were localized in
gradients toward the resorption lacunae (Fig. 6B). In the M-
CSF condition, no expression of cathepsin K, MMP-9 and c-
src was seen, whereas a low and intracellular staining of
ClC-7, TRACP, and the calcitonin receptor was seen. How-
ever, the staining was stronger in the M-CSF- and RANKL-
treated cells.

Acidification of the osteoclast resorption lacunae

Ability to acidify the resorption lacuna is essential for os-
teoclast function [51]. We used the dye acridine orange,
which emits a bright orange fluorescence at pH between 4
and 5, as observed in the resorption lacunae [52], to investi-
gate the response of the human osteoclasts to known re-
sorption inhibitors. Osteoclasts in the absence of inhibitors

exhibit a bright orange fluorescence, indicating the forma-
tion of a resorption lacuna (Fig. 7). Addition of the V-
ATPase inhibitor, bafilomycin A1, and ClC-7 inhibitor,
NS5818, led to complete abrogation of the orange signal,
showing that these compounds as expected inhibit acidifica-
tion of the resorption lacunae [53,54]. Furthermore, addi-
tion of E64, a cysteine proteinase inhibitor, which mainly
inhibits cathepsin K activity from the osteoclasts, had no
effect on the acidification process. Addition of
ethoxyzolamide, which inhibits carbonic anhydrase II, had
no effect on the acidification. Carbonic anhydrase II cata-
lyzes the process, which provides protons to the V-ATPase,
and hereby ethoxyzolamide will inhibit bone resorption
with time. However, the process to form bicarbonate and
protons from carbon dioxide and water is an exergonic
process, and the production of bicarbonate and protons will
continue for a time, even though the process is not catalyzed
by carbonic anhydrase II.

Inhibitors of resorption

In vitro generated osteoclasts are often used to study bio-
logical processes, such as signal transduction, or for investi-
gating the antiresorptive properties of compounds in
clinical development programs of osteoporosis treatment.
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Fig. 6. Cells with osteoclast morphology are only seen in the presence
of RANKL. CD14+ monocytes were isolated and cultured on cortical
bone slices in the presence of M-CSF alone or in combination with
RANKL for 18 days. A Visualization of the actin cytoskeleton in the

absence or presence of RANKL. B Immunolocalization of (1) calcito-
nin receptor; (2) cathepsin K; (3) ClC-7; (4) matrix metallo proteinase
(MMP)-9; (5) TRACP; and (6) c-src. Asterisks (B) indicate the resorp-
tion lacunae. (20× magnification (A,B))

Control Bafilomycin NS5818 E64 Ethoxyzolamide

Fig. 7. Acidification of the resorption lacunae visualized using acridine
orange. Mature human osteoclasts were seeded on glass coverslips and
allowed to attach for 2 days. The cells were then incubated for 45min

with acridine orange alone or in combination with the following
inhibitors: bafilomycin A1, NS5818, E64, and ethoxyzolamide (20×
magnification)
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We tested several compounds known to inhibit resorp-
tion in different osteoclast systems; these include inhibitors
of the V-ATPase (bafilomycin A1), the chloride channel
ClC-7 (NS5818), cathepsin K (E64), MMPs (GM6001), car-
bonic anhydrase II (ethoxyzolamide), as well as calcitonin
and the bisphosphonate pamidronate. All the inhibitors
except GM6001 inhibited osteoclast resorption efficiently
(Fig. 8) [54–58]. GM6001 has previously been shown to
inhibit resorption on bones derived from calvariae or other
flat bones [59], whereas it does not inhibit resorption on
cortical bones [45,60]. Thus, the osteoclast resorption sys-
tem here accurately and robustly allows for screening of
antiresorptive compounds.

Discussion

Studies of human osteoclasts were, until the discovery of
RANKL and the finding that the osteoclast precursors re-
side in the CD14+ monocyte fraction, difficult and unclear
because of contaminating cells of both stromal and lympho-
cyte origin [41,42]. We have developed a pure, robust, and
reproducible human osteoclast system based on isolation of
CD14+ monocytes using magnetic bead sorting. In this ar-
ticle, we have provided a detailed description of the method
and several very useful assays for characterization of osteo-
clast differentiation and function.

First, we showed that the system is pure, as we only
observed osteoclast formation and activity in the presence
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Fig. 8. The osteoclast assay is stable and sensitive to known inhibitors
of resorption. Mature human osteoclasts were seeded on cortical bo-
vine bone slices and allowed to attach. After 2 days of culture, the
different inhibitors were added to the culture for another 2 days. CTX-
I release was measured in the culture supernatant, the results are
presented as relative inhibition compared to vehicle-treated osteo-
clasts. The following inhibitors were used: bafilomycin A1, NS5818,
ethoxyzolamide, E64, GM6001, calcitonin, and pamidronate. The
asterisks indicate significant differences between the control condition
and the inhibitor-treated conditions

of RANKL, which indicates that neither stromal cells nor
lymphocytes, which both have the ability to induce osteo-
clast formation, were present [61–64]. Second, we showed
that CD14− cells do not possess the ability to differentiate
into osteoclasts, as most of them are nonadherent and
therefore lost during culture, in line with a previous publica-
tion showing that removal of nonadherent cells augments
the osteoclastogenic potential of nonsorted peripheral
blood mononuclear cells [48]. We then showed that human
osteoclasts differentiated from CD14+ monocytes express
mRNA for several osteoclast markers. Furthermore, we
analyzed the expression of the osteoclastic markers cathep-
sin K, MMP-9, and TRACP in response to different concen-
trations of RANKL. We found that these markers were
dose-dependently induced by the RANKL treatment with
different onsets of expression. At day 8 and at 12.5–25ng/ml
RANKL, the purified monocytes have differentiated into
mature osteoclasts expressing cathepsin K, MMP-9, and
TRACP. The lack of cathepsin K expression before day 8
correlates with cathepsin K as a marker for bone resorption;
this is in correlation with the CTX-I release, which is initi-
ated at day 9 for differentiating osteoclasts (see Fig. 2). In
contrast to this, TRACP expression was seen before cathe-
psin K expression, already at day 3, and before bone resorp-
tion, indicating that TRACP is not a marker for resorption
but an indication of osteoclast number.

We showed that only in the presence of RANKL do the
cells differentiate into actin ring-forming osteoclasts. By
immunocytochemistry, we investigated the localization of
osteoclast markers, comparing the RANKL-treated cells
with the non-RANKL-treated. As expected, ClC-7, c-src,
MMP-9, TRACP, and cathepsin K localized in gradients
toward the resorption lacuna in the osteoclasts [60,65],
whereas we observed no expression of cathepsin K, MMP-
9, and c-src in the non-RANKL-treated cells. However, we
observed low and intracellular ClC-7, calcitonin receptor,
and TRACP expression in these cells. To a lesser extent,
expression of ClC-7, TRACP, and the calcitonin receptor
was found in the cells treated only with M-CSF; this may be
as a consequence of signals from the bone surface to the
preosteoclasts, in addition to the well-known essential fac-
tors M-CSF and RANKL. This finding is supported by the
fact that monocytes grown in the presence of M-CSF alone
on plastic did not display TRACP activity, as measured by
Western blotting (see Fig. 5). Thus, the signals for mono-
cytes to become real osteoclasts may both depend on M-
CSF and RANKL, and in addition depend on factors on the
bone surface that interact with special integrins in osteo-
clasts, recognizing in particular collagen type 1 [65,66]. This
finding correlates with the observation that mature osteo-
clasts only are found on bone [44].

We have described a robust system for purification of
human monocytes and differentiation of these into mature
osteoclasts, which can be used to study the mode of action
in osteoclasts. In the current studies, we employed this fea-
ture to further investigate the mode of action of resorption
inhibition in osteoclasts, by investigation of acidification of
the osteoclastic resorption lacunae, by acridine orange.
Thus, the current system is a powerful technique to further
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investigate the mode of action of new compounds that po-
tentially could be interfering with osteoclast function, and
thereby be potential drugs for the treatment of bone-related
diseases.

In conclusion, we have developed a stable system for the
specific differentiation of human osteoclasts that can be
used to study the function of mature human osteoclasts,
their differentiation, and the mode of action of various com-
pounds. The current study presented detailed data on os-
teoclast generation that may aid other researchers in studies
of osteoclastogenesis.
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