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Summary. It has been established, that the osteoclast is derived from the
haemopoietic stem cell, but its exact lineage is still controversial. It is
sometimes suggested, that osteoclasts and monocytes/macrophages are
related cells. It has also been suggested that osteoclast differentiation is
regulated by osteoblasts and 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3). In the
present paper we addressed the question whether avian monocytes can
differentiate into osteoclasts in vitro, using an array of immunocytochemical,
enzyme cytochemical and function markers. We have also determined the
effects of osteoblasts, osteoblast conditioned medium and 1,25-(OH)2D3 on
the expression of osteoclastic features on monocytes during culture. Mono-
cytes developed tartrate resistant acid phosphatase (TRAcP) enzyme activity
and antigens for all anti-osteoclast antibodies tested, during culture.
However, they did not acquire the ability to resorb dentine and still
showed phagocytosis of latex spheres. This indicates that the monocytes
developed into cells resembling osteoclasts but lacking their function while
retaining the function of macrophages. Osteoblast conditioned medium
stimulated TRAcP enzyme activity and proliferation of monocytes in cul-
tures. Addition of osteoblasts or osteoblast conditioned medium to monocyte
cultures on dentine in the presence or absence of 1,25-(OH)2D3 did not result
in the generation of genuine osteoclasts, nor in pit formation. 1,25-(OH)2D3
appeared to be cytotoxic to the avian monocytes in concentrations con-
sidered optimal for mouse osteoclast formation. These results suggest that
avian monocytes do not readily differentiate into osteoclasts under in vitro
conditions that stimulate osteoclast differentiation from bone marrow
derived haemopoietic cells. Furthermore, labelling with anti-osteoclast
antibodies and TRAcP as osteoclast-markers should be used only with
great caution in the identification of osteoclasts formed in vitro.
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Although it has recently been established that the

Correspondence: P.J. Nijweide, Department of Cell Biology, osteoclast is derived from the haematopoietic stem
University of Leiden, Rijnsburgerweg 10, 2333AA Leiden, The cell (Scheven eta/. 1986: Hagenaars eta/. 1989; Hatters-
Netherlands. ley eta/. 1991), the exact lineage of the osteoclast is still
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206 R. J. van't Hof et a/.

unknown and its relation to the monocyte/macrophage
lineage is still a controversial issue.

Osteoclasts share several features with monocytes
and macrophages. Both cell types express acid phos-
phatase activity and are able to fuse into multinucleated
giant cells. Osteoclasts exhibit a number of macrophage
antigens (Athanasou et a/. 1988). On the other hand,
osteoclasts lack several other macrophage antigens
(Athanasou & Quin 1990) and osteoclast specific anti-
bodies have also been reported (Nijweide et a/. 1985;
Horton et a/. 1985; Oursler et a/. 1985; Hentunen et a/.
1990; James et a/. 1991).
Walker (1973) and Gothlin and Ericsson (1976) have

shown in parabiosis experiments that a precursor cell of
the osteoclast is present in rat peripheral blood. Helfrich
et a/. (1984) showed the same in cocultures of fetal
mouse metatarsal bones and adult mouse blood cells.
Recently, Hentunen et a/. (1990) reported that a small
number of cells of the monocyte fraction in chicken
blood express osteoclast antigens. Teti et aI. (1988)
showed that a small percentage of cells in this fraction
is able to fuse with isolated osteoclasts and recently
Quin et a/. (1994) reported that a significant proportion of
the peripheral blood mononuclear cells could give rise
to bone resorbing cells. These results and the above
mentioned immunocytochemical similarities between
osteoclasts and cells of the monocyte/macrophage line-
age have lead several authors to suggest that cells of
the monocyte/macrophage lineage are the precursors
of the osteoclast (Burger et a/. 1982; Teti et a/. 1988;
Udagawa et a/. 1990; Suda et a/. 1992). The exact stage at
which the osteoclast lineage diverges from the mono-
cyte/macrophage lineage is, however, still controversial.
Udagawa et a/. (1990) have reported the generation of

osteoclasts from mouse monocytes and alveolar macro-
phages, when cocultured with a stromal cell line in the
presence of 1,25-dihydroxyvitamin D3 (1,25-(OH)2D3).
Chambers and Horton (1984), Hattersley et a/. (1991)
and Kerby et a/. (1992), however, were unable to
generate osteoclasts from mouse monocytes and
macrophages under similar conditions, whereas hae-
matopoietic cells with a multilineage potential did give
rise to resorbing osteoclasts. Alvarez and co-workers
generated osteoclast-like cells from chicken bone
marrow macrophages (Alvarez et a/. 1991) and blood
monocytes (Alvarez etal. 1992). The osteoclast-like cells
were characterized by tartrate resistant acid phospha-
tase (TRAcP) activity and by labelling with anti-osteo-
clast antibodies (Oursler et a/. 1985; Horton et a/. 1985).
Furthermore, populations of these osteoclast-like cells,
when seeded onto bone slices, were found to give rise to
resorption pits. On the other hand, it has been shown

that under culture conditions monocytes and macro-
phages may acquire osteoclast characteristics (Hat-
tersley & Chambers 1989; Modderman et a/. 1991). In
addition, Alvarez et a/. (1991; 1992) did not give any
quantitative information about how many of the cells
thus generated were genuine bone resorbing cells. It is
therefore possible that a small percentage of their
starting population were genuine osteoclast precursors,
while the majority were monocytes.

In this study, using an array of osteoclast markers, we
investigated whether avian blood monocytes can differ-
entiate in vitro into genuine bone resorbing osteoclasts.
In addition we tested the effects of osteoblasts, osteo-
blast conditioned medium and 1,25-(OH)2D3 on the
expression of these markers in monocytes in culture.
We raised six monoclonal antibodies (mAb) directed

against quail osteoclasts. Two of these mAbs have been
described before (Nijweide et a/. 1985). We studied the
development of the markers recognized by these mAbs,
the activity of tartrate resistant acid phosphatase
(TRAcP), the reaction with the 23C6 anti-osteoclast
mAb (Horton et a/. 1985) and resorption activity in
cultures of monocytes. Phagocytosis was used as
marker for macrophages.

Materials and methods

Materials

Culture media, chemicals and other materials were
obtained from the following companies: all culture
media and fetal calf serum (FCS) from Gibco; radio-
labelled methionine from Amersham; collagenase and
naphthol-ASBI-phosphate from Sigma; FITC conjugated
anti-mouse antibodies from Nordic Immunology; protein
A coupled to Sepharose beads from Pharmacia; all
chemicals used for the preparation of SDS polyacryla-
mide electrophoresis (SDS PAGE) gels from Biorad;
monodisperse fluorescent latex microspheres (diameter
0.57,um) from Polysciences. Monoclonal 23C6 was kindly
provided by Dr M.A. Horton (St Bartholomew's Hospital
Medical College, London UK).

Cell isolation and culture

Monocytes were isolated from heparinized quail blood
by Ficoll Isopaque density centrifugation (Alvarez et a/.
1992). The monocyte and lymphocyte rich layer was
collected, washed with phosphate buffered salt solution
(PBS), spun down and resuspended in aMEM supple-
mented with 10% FCS. Cells were grown on glass
coverslips for immunolabelling and in multiwell culture
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Osteoclast characteristics in avian monocytes 207

plates for TRAcP staining and enzyme activity measure-
ments. Generally cells were allowed to adhere for 3
days; the non-adherent cells were then removed by
washing with Hanks' balanced salt solution (HBSS),
fresh medium (aMEM + 10% FCS) was added and
culture was continued.

Chicken osteoclasts and osteoclast progenitors were
isolated from tibiae and femora of 18-day-old fetal
chickens. Cells were flushed out of the dissected
bones, submerged in HEPES buffered HBSS (pH 7.4),
by pressing with a silicone rubber stop. The cell suspen-
sion was filtered through a 120-pm nylon filter to remove
bone fragments and was used to obtain either an
osteoclast enriched population or an osteoclast progeni-
tor containing population.
A cell suspension enriched in osteoclasts was

obtained by sedimentation at unit gravity for 30min at
room temperature in siliconized 10 ml test-tubes. After
this period the top 75% of the cell suspension was
removed, the remaining cells were spun down and
resuspended in Iscove's modification of Dulbecco's
MEM (IDMEM) supplemented with 10% FCS at pH 6.9
(Arnett & Dempster 1986). The cell suspension was
seeded onto glass coverslips or multiwell culture
plates. The cells were allowed to adhere for one hour
and non-adherent cells were removed by washing with
HBSS. Osteoclast adherence is increased in IDMEM at
pH 6.9, while adherence of contaminating stromal cells
is decreased (unpublished observations). Osteoclasts
were cultured in aMEM + 10% FCS.
An osteoclast progenitor containing population was

obtained by layering the filtered cell suspension (see
above) on Ficoll Isopaque and harvesting the cells at the
interface after centrifugation. The cells were washed
with PBS, resuspended in aMEM supplemented with
10% FCS and seeded in culture flasks. After 24 hours
of culture the non-adherent cells were removed and
used for osteoclast formation studies.

Quail osteoclasts were isolated as described by
Nijweide et a/. (1985). In short, the medullary bone of
egg laying quails was removed from femora and tibiae
five hours prior to oviposition. The medullary bone
tissue was cut into small pieces in cold PBS containing
1% bovine serum albumin. The pieces were gently
shaken and the resulting cell suspension was filtered
through a nylon filter with a pore size of 120 Im. The cell
suspension was layered on a discontinuous Percoll
gradient of 15, 30 and 60% Percoll in HBSS and cen-
trifuged for 20 minutes at 600g. The cells, accumulated
at the interface of the 15 and 30% layers, were removed
and were washed twice in HBSS. About 10% of the cells
in this fraction were multinucleated osteoclasts.

Virtually all of these osteoclasts were, however,
damaged and did not adhere to the culture dish when
seeded. Quail osteoclasts were used for the immuniza-
tion of mice and biochemical TRAcP measurements.

Chicken osteoblasts were isolated from calvariae of
18-day-old fetal chickens (van der Plas & Nijweide 1992).
First, the fibrous layers of the periosteum were removed
by dissection. The calvariae were then treated with
collagenase (2 mg/ml, crude collagenase type 1) in
HEPES buffered HBSS for 30 and 45min. These two
cell fractions were pooled, washed with HBSS, supple-
mented with 10% chicken serum and resuspended in
culture medium (aMEM + 10% FCS). To obtain osteo-
blast conditioned medium (ObCM), osteoblasts were
seeded in a 75-cm2 culture flask at a cell density of
2 x 104 cells/cm2 and cultured in aMEM supplemented
with 2% FCS for 5-7 days. The ObCM was harvested
and sterilized by filtration.

Monoclonal antibody production

A series of monoclonal antibodies was prepared as
earlier described (Nijweide et a/., 1985). Isolated quail
osteoclasts were used as antigen.

Immunocytochemistry

Cells grown on glass coverslips or cryosections of
various tissues were air dried, preincubated with 1%
BSA in PBS for 5 min to block non-specific labelling and
then exposed for 45 min to various monoclonal anti-
bodies. Specific binding was assessed by incubation
for 30 min with anti-mouse antibodies conjugated to
FITC. As a negative control, the first antibody was
substituted with 1% BSA in PBS (Nijweide et a/., 1985).
Immunoreactivity was graded from - to + + + depend-
ing on intensity.

TRAcP

Cytochemical staining of cultures for TRAcP was
performed as described by Barka and Anderson
(1962). In short, cultured cells were fixed in buffered
formalin (pH 7.4), rinsed with PBS and incubated with
naphthol-ASBI-phosphate, hexazotized pararosaniline
and 30 mm tartrate in acetate buffer (pH 5.5) at 370C for
one hour.
TRAcP enzyme activity was determined biochemically

by incubating formalin fixed cultures (chicken osteo-
clasts) or cell isolates (quail osteoclasts) with
naphthol-ASBI-phosphate (85 tg/ml) in an acetate
buffer (pH 5.5) containing 30 mM tartrate for one hour at
370C. The reaction was terminated and the naphthol-

© 1995 Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 205-214



208 R. J. van't Hof et al.

ASBI precipitate dissolved by the addition of NaOH to a
final concentration of 0.1 M. The amount of naphthol-
ASBI produced was measured fluorometrically (excita-
tion at 405 nm, emission at 515 nm) (Modderman et a/.
1991). A calibration curve of known concentrations of
naphthol-ASBI was used to calculate the enzyme activ-
ities. In parallel cultures, the number of cell nuclei per
culture well (chicken osteoclasts) or per cytospin pre-
paration (quail osteoclasts) was estimated by counting
five randomly chosen microscope fields and extrapolat-
ing this number to the total number of nuclei present. In
chicken osteoclast cultures, only the nuclei of TRAcP-
positive cells were counted. In quail osteoclast isolates
only the nuclei of multinucleated cells were counted.
TRAcP staining of such isolates showed that the number
of TRAcP-positive mononuclear cells was very small
when compared to multinucleated TRAcP-positive cells.

Immunoprecipitation

Quail monocytes were isolated and cultured in 6-well
plates (5 x 106 cells/well) for at least 7 days as described
above. The cultures were transferred to HBSS for one
hour and subsequently labelled with 35S-methionine
(25 pCi/well, specific activity 1000 Ci/mmol) in HBSS for
2 hours. The cells were homogenized in 300,ul 1% Triton
X100 in phosphate buffer pH 8.1. Cell debris was
removed by centrifugation (13000g for 15 minutes).
Protein A coupled to Sepharose beads (75/Lg/300 il
homogenate) and anti-osteoclast mAb (5 ,g/300 il
homogenate) were added to the homogenate. The anti-
osteocyte mAb 0B7.3 (van der Plas & Nijweide 1992)
was used as a control. Immunoprecipitation was
allowed to proceed overnight at 40C. The Sepharose
beads were spun down and washed five times. TRAcP
activity of the precipitated antigens and of the super-
natants was determined fluorometrically as described
above. To determine the molecular weight of the anti-
gens, the beads were boiled for 5 minutes in 251d gel
sample buffer (Laemmli 1970). The samples were run on
a 12% SDS PAGE according to Laemmli (1970). Protein
bands were visualized by autoradiography.
Monocyte cultures were used for the immunoprecipi-

tation studies because of the relatively high purity of
these populations when compared to isolated chicken
osteoclast populations. Furthermore the antigens can
easily be induced in monocytes in culture (see below)
which facilitates the incorporation of 35S-methionine into
the antigens.

Resorption assay

Resorption was assessed according to the method

described by Takada et a/. (1992). Monocytes were
cultured on elephant tusk dentine slices in 96-well
tissue culture plates for 1, 2 or 3 weeks in 100l1l
aMEM supplemented with 10% FCS. Monocytes were
plated at densities of 1 x 105, 3 x 105 and 5 x 105 cells
per well in the presence or absence of 1,25-(OH)2D3 (10,
1 or 0.1 nM) and/or osteoblasts (8 x 103 cells/well). Non-
adherent, osteoclast progenitor containing cell popula-
tions were plated at 3 x 105 cells per well with osteo-
blasts (8 x 103 cells/well) on dentine slices in 100y1I
aMEM + 10% FCS and cultured for 14 days. After 2
days, one group of cultures was terminated and the
dentine slices were inspected for pits. This group served
as a control group, representing resorption activity of
already existing osteoclasts contaminating the cell
population.

At the end of the culture period, the cells were removed
from the slices by rubbing with a silicone rubber stop. The
slices were stained with Harris' haematoxylin for 3
minutes, rinsed with distilled water and examined. All
experiments were performed at least in triplicate.

Dentine resorption by chicken osteoclasts was
assayed essentially as described above for mono-
cytes, except for the fact that the osteoclasts were
cultured on the dentine slices for only 2 days. The
number of osteoclasts seeded per dentine slice was
equivalent to 1/8 of the number of osteoclasts retrieved
from the long bones of one fetal chicken.

Phagocytosis assay

Blood monocytes were cultured in 24-well culture plates
for 5 days as described above. Chicken osteoclasts
were isolated and cultured for one day as described
above. The cells were rinsed with HBSS and incubated
with monodisperse fluorescent latex spheres sus-
pended in HBSS for 2 hours at 370C. Phagocytosis of
the latex spheres was determined by examination of the
cultures with a fluorescence microscope.

Statistics

Data are presented as means with standard deviation.
The significance of effects caused by the various treat-
ments was evaluated with Student's t-test. Differences
were scored as being significant when P was less than
0.05.

Results

Osteoclast markers

When cultured on dentine slices, chicken osteoclasts

© 1995 Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 205-214
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Figure 1. Resorption of dentine slices by isolated chicken osteoclasts. Chicken osteoclasts were cultured on dentine slices. After 2
days all cells were removed and the slices examined with light or scanning electron microscopy. a, Stained with acid
haematoxylin, x90. b, Sputter-coated with gold and examined with a scanning electron microscope. x170.

formed numerous resorption pits after 48 hours of
culture (Figure 1). They did not phagocytize fluorescent
latex spheres (data not shown). Isolated chicken osteo-
clasts and osteoclasts in quail medullary bone cryo-
sections were strongly positive for TRAcP and also
showed a strong labelling with the 23C6 mAb (not
shown).
The immunization procedure yielded six mAbs,

OC6.3, OC6.9, OC6.12, OC6.13, OC6.14 and OC6.16,
that reacted with osteoclasts in cryosections of quail
medullary bone. All of these mAbs were of the IgG class.
All mAbs but OC6.13 also labelled air dried isolated
chicken osteoclasts, but not intact living osteoclasts. As
OC6.13 was also found to label only air-dried quail cells,
but not intact living cells, we conclude that all mono-
clonals labelled only cytoplasmic antigens, including
mAbs OC6.3 and OC6.9 which were originally reported
to stain cell surface antigens (Nijweide et al. 1985).
Some time after the publication of the first report on
the isolation of the osteoclast specific monoclonals, it

Figure 2. Autoradiogram of the
radiolabelled precipitated antigens of
the anti-osteoclast mAbs after
electrophoresis. Lane a, OC6.14; lane b,
OC6.3; lane c, OC6.13; lane d, OC6.9;
lane e, OC6.12; lane f, OC6.16; lane g,
control (Ob7.3); lane h, molecular
weight standards.
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was found that virtually all osteoclasts isolated from the
medullary bone of egg laying quails were permeable or
became permeable for IgGs during the subsequent
incubation and were not able to adhere to a culture
dish. In fact this forced us to isolate osteoclasts capable
of adhering and resorption from fetal chickens.
The monoclonals most specifically labelling osteo-

clasts were OC6.13 and OC6.16. Monoclonals OC6.3
and OC6.12 also labelled tissue macrophages, but
except for Kupffer cells these were not as strongly
labelled as osteoclasts. Monoclonal OC6.9 also
labelled the bile capillaries of the liver and some as
yet unidentified parts of the nephron (Nijweide et a/.
1985). Although OC6.14 stained exclusively osteoclasts
in medullary bone cryosections, this antibody also
recognized a wide variety of antigens in other tissues.
We were able to precipitate labelled antigens from

35S-methionine labelled cultured monocytes with all six
mAbs. After electrophoresis, several polypeptide bands
for each antigen could be detected by autoradiography
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Figure 3. Development of TRAcP enzyme activity in monocyte
cultures with time. Results are the mean values±s.d. of three
independent experiments, each performed in triplicate. On
day 0 the TRAcP enzyme activity of a freshly isolated
leucocyte fraction was measured.

(Figure 2). Monoclonals OC6.9 and OC6.13 precipitated
antigens showing an identical peptide band pattern, with
bands at 65, 54, 42 and 32 kDa. The monoclonals OC6.3
and OC6.14 also precipitated antigens with identical
peptide band patterns, with double bands at 96 and
5OkDa. The remaining two antibodies both precipitated
different antigens. OC6.12 precipitated peptides with a

molecular weight of 44 and 23kDa and OC6.16 precipi-
tated peptides of 50 and 40 kDa. None of the precipitated
antigens exhibited TRAcP enzyme activity and none of
the supernatants showed a decrease in TRAcP enzyme

activity after immunoprecipitation. Therefore none of the
mAbs precipitated the TRAcP enzyme.

Development of osteoclast markers on monocytes in
culture

All of the cells in 7-day-old monocyte cultures exhibited
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Figure 4. Mean TRAcP enzyme activity of 7 day cultured *,
chicken and O, quail monocytes compared to that of freshly
isolated 1, chicken and E, quail osteoclasts. Mean ± s.d. of
three independent experiments, each performed in triplicate.

strong phagocytosis of fluorescent latex spheres (data
not shown). TRAcP staining intensity of the individual
cells and the mean enzyme activity of the cultured
monocytes both increased with time, reaching a max-

imum level around day 10 (Figure 3). Compared to
TRAcP activity of osteoclasts, the mean level of TRAcP
activity was still relatively low (Figure 4). The activity of
individual cells, however, may have been close to the
level of osteoclasts as the histological staining of
cultured monocytes showed a wide range in staining
intensity.

All selected mAbs reacted in a similar fashion with
monocytes. They did not label freshly isolated mono-

cytes, showed weak labelling of 1-day cultured cells,
moderate labelling of 4-day cultured cells and strong
labelling of 7-day cultured cells. The staining intensity of
cells labelled with 23C6 (Horton et a/. 1985) was only
slightly less than that of cells labelled with the other
six mAbs. All mAbs (except 23C6) labelled only air-
dried and not living, cultured monocytes, again
indicating that these mAbs react with cytoplasmic
antigens.
No resorption pits could be detected on slices on

which monocytes were cultured for up to 3 weeks in
four independent experiments.
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Figure 5. Effects of 1, ObCM; O, 10; *, 1; E, 0.1 nMD3 (1,25-
(OH)2D3) and 1E, ObCM + D3 on quail monocytes. a, Effects on
TRAcP enzyme activity per nucleus at day 3 and 7 of culture.
b, Effects on cell number per well at day 3 and 7 of culture.
All results are expressed as mean ± s.d. of three independent
experiments, each performed in triplicate. *Significant
difference from control.
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Osteoclast characteristics in avian monocytes 211

Effects of 1,25-(OH)2D3 and ObCM

When quail monocytes were cultured for 7 days in the
presence of 10nM 1,25-(OH)2D3, the immunolabelling
intensity of the cultured monocytes appeared to be
slightly decreased as compared to control cultures.
Treatment of the cells with 1,25-(OH)2D3 resulted in a
dose dependent decrease of mean TRAcP enzyme
activity per nucleus and in a decreased number of
cells per well (Figure 5). The morphology of the cells
was also affected. The cytoplasmic structure of the cells
became rather granular and many cells showed a stand-
off morphology.
When quail monocytes were cultured in the presence

of ObCM, their immunolabelling intensity was at least as
high as that of control cultures. Treatment with ObCM
resulted in an increased mean TRAcP enzyme activity
per nucleus and cell number per well (Figure 5). The
increase in cell number was not due to an increase in
cell adherence. When ObCM was added after the mono-
cytes had been allowed to adhere for 2 days in the
absence of ObCM, the increase in cell number was
still observed. Compared to control cultures, the frac-
tion of mononuclear cells was increased in ObCM
treated cultures (Figure 6). In contrast, 1,25-(OH)2D3
appeared to have no effect on the composition of the
cell population in this respect.
The addition of 10nM 1,25-(OH)2D3 to cells in the

presence of ObCM terminated the increase in cell
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Figure 6. Effects of 1, ObCM and *, 10 nM 1,25-(OH)2D3 on
multinucleation of cultured monocytes; 5, control. Quail
monocytes were cultured for 7 days. The cells were fixed with
buffered formalin and stained with haematoxylin. The number
of nuclei per cell was counted. Of each culture well the first
300 cells were counted. The values in the graph represent the
average of two independent experiments, each performed in
triplicate.

number and mean TRAcP enzyme activity per nucleus
(Figure 5).

In all three experiments performed, the addition of
1,25-(OH)2D3 and/or ObCM to the monocyte cultures did
not result in the formation of resorption pits. Neither
did the coculture of monocytes and chicken osteoblasts
in the presence or absence of 1,25-(OH)2D3 result in
the generation of resorbing cells (three additional
experiments).
On the other hand, in the populations of non-adherent

bone marrow cells cultured together with osteoblasts on
dentine slices, osteoclasts did develop. Dentine slices
inspected after 2 days of culture were virtually devoid of
pits (in one experiment four pits per three dentine slices;
in the other two experiments, none were found), demon-
strating that the non-adherent cell population did not
contain differentiated osteoclasts. After 14 days of
culture 10-50 pits per slice (three independent experi-
ments) were found.

Discussion

The immunization procedure yielded six different mAbs
directed against quail osteoclasts. They were selected
because of their specificity for osteoclasts in cryosec-
tions of medullary bone from egg laying quails or in
freshly prepared cell suspensions from bone and bone
marrow. All of these antibodies label cytoplasmic anti-
gens only. Of these mAbs, OC6.13 and OC6.16 are highly
specific for osteoclasts and do not react with other cells
in sections of freshly isolated quail tissues. Monoclonals
OC6.3, OC6.9 and OC6.12 also label a limited number of
other cell types, although not as strongly as osteoclasts.
The least specific mAb is OC6.14, which labels a wide
variety of cell types. Monoclonal OC6.14 precipitated the
same antigen as OC6.3. Because of the differences in
cross-reaction between these two mAbs, we conclude
that these mAbs bind to different epitopes on the same
antigen. Monoclonals OC6.9 and OC6.13 also precipi-
tated identical antigens. OC6.9, however, labels chicken
as well as quail osteoclasts, whereas OC6.13 labels only
quail osteoclasts; therefore, these antibodies probably
also recognize different epitopes on the same antigen.
None of the mAbs precipitated the TRAcP enzyme. At
this stage no further attempt was made to characterize
the antigens; here, it sufficed to show that the mAbs
stained different antigens. The binding sites of there six
mAbs, together with TRAcP, resorption of dentine and
the antigen of 23C6, represent seven different markers
of osteoclast differentiation.
We have shown that avian monocytes are able to

differentiate into cells that express osteoclast-like

© 1995 Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 205-214
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characteristics in culture. Under culture conditions
these cells acquired TRAcP activity, although not at
the same level as isolated osteoclasts. Furthermore,
after 3 days of culture, the cells reacted with all of the
anti-osteoclast mAbs, including mAb 23C6 (Horton et a/.
1985). This could indicate that the antibodies are direc-
ted against antigens that are induced upon activation of
the monocytes/macrophages and osteoclasts. However,
the osteoclasts we used in the immunization procedure
were inactive osteoclasts isolated from quail medullary
bone at the stage of the egg laying cycle when almost all
calcified bone had disappeared. The most distinguish-
ing feature of genuine osteoclasts is the ability to resorb
bone. The resorption of dentine slices by isolated
chicken osteoclasts showed that dentine is a suitable
substrate for osteoclastic resorption. The experiments
with non-adherent bone marrow cells showed that the
culture conditions used in this study allowed the differ-
entiation of precursor/progenitor cells into mature,
resorbing osteoclasts. The cultured monocytes failed
to resorb dentine. As Udagawa eta/. (1990) reported that
high macrophage cell density inhibits osteoclast forma-
tion, we used several different cell densities. We found
no evidence of dentine resorption at any cell density. On
the other hand, the cultured monocytes showed a high
capacity to phagocytize latex beads, while osteoclasts
did not. We concluded therefore that the cultured mono-
cytes have not differentiated into genuine osteoclasts.
Our results are in agreement with the results

of several other investigations who reported the lack of
osteoclast generation from mouse monocytes, macro-
phages or CFU-M (Burger et a/. 1982; Schneider &
Relfson 1988; Kerby et a/. 1992). In contrast, others
reported the generation of osteoclasts from mouse
(Udagawa et a/. 1990) and chicken (Alvarez et a/. 1991;
1992) monocytes and macrophages. The discrepancies
between these conflicting results might be explained by
differences in the species of the experimental animals,
in the tissues from which the putative precursors were
isolated, or in cell isolation and cell culture procedures.
Alvarez et a/. (1992), who used similar experimental

conditions, did find pit formation by monocytes isolated
from chickens that were fed a calcium deficient diet.
These investigators, however, gave no quantitative
results as to the number of pits formed or the rate of
pit formation per number of cells seeded. Haemopoietic
stem cells may be present in peripheral blood of adult
animals (Goodman & Hodgson 1962). One may therefore
expect osteoclast formation from blood leucocytes
under the right conditions and it has been shown to
occur by several investigators (Burger et a/. 1982;
Helfrich et a/. 1984; Udagawa et a/. 1990; Quinn et a/.

1994). The difference between the results of Alvarez
et a/. and ours is perhaps due to a difference in number
of stem cells present in the peripheral blood of calcium
deprived laying chick hens and standard fed laying quail
hens. Whether blood monocytes may differentiate into
osteoclasts is again clearly another matter.
The ability of cultured monocytes to resorb dentine

could not be induced by addition of 1,25-(OH)2D3 or
ObCM to the culture medium, by co-culture with osteo-
blasts or by a combination of these factors. Udagawa
et a/. (1990) and Suda et at. (1992) stress the importance
of 1,25-(OH)2D3 and the presence of osteoblast-like cells
for osteoclast differentiation in mouse cell cultures. In
the experiments described here, the concentration of
1,25-(OH)2D3 these authors found to be optimal for
osteoclast formation (10 nM), resulted in a decrease of
expression of markers for osteoclast differentiation
rather than an increase. Furthermore, the number of
cells per culture well was decreased and the morphol-
ogy of the cells was affected. This indicates that 10nM
1,25-(OH)2D3 may be cytotoxic for quail monocytes. Teti
et a/. (1988) reported that 1,25-(OH)2D3 had no effect on
the fusion of chicken monocytes with osteoclasts.
Alvarez et a/. (1991) generated osteoclast-like cells
with avian bone marrow in the absence of 1,25-
(OH)2D3. This may indicate that in birds, in contrast to
mammals, 1,25-(OH)2D3 does not play an important role
in osteoclastogenesis.

In contrast to 1,25-(OH)2D3, ObCM did stimulate
TRAcP activity and staining intensity. The formation of
multinuclear cells, however, was inhibited. The relative
decrease in the number of multinucleated cells might be
due to the stimulation of proliferation of the cells.
Chambers (1980) and Rodan and Martin (1981) postu-
lated that osteoclastic bone resorption is regulated by
osteoblasts. Since then, several groups have reported
osteoblast derived, osteoclast stimulating activities
(McSheehy & Chambers 1987; Oursler & Osdoby 1991;
Teti eta/. 1991; Greenfield eta/. 1992; Collin eta/. 1992;
Perry & Gurbani 1992). In a recent study by Greenfield
et a/. (1992) who used chicken bone marrow cultures, the
main target for the resorption stimulating activity
appeared to be the osteoclast precursors. The blood
monocytes in the present study behaved like osteoclast
precursors in that the expression of osteoclast markers
was enhanced by ObCM in these cells. However, the
addition of ObCM to the culture medium did not result in
the generation of dentine resorbing cells. At present the
exact nature of the stimulating factor(s) in ObCM is not
known, nor its (their) relation to other osteoblast derived
factors reported in the literature. The identification of the
factor(s) is now under investigation. In preliminary
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experiments the activity was found to be present in the
10 000-30 000 Mw fraction when ObCM was fractionated
by ultrafiltration.
The release of osteoclast stimulating activity by osteo-

blasts has been reported to be stimulated by 1,25-(OH)2D3
in the rat (McSheehy & Chambers 1987; Collin eta/. 1992).
In our experiments, co-cultures of osteoblasts and mono-
cytes on dentine slices in the presence of 1,25-(OH)2D3
did not result in resorption of the dentine. When 10nM
1,25-(OH)2D3 was-added to monocytes cultured in the
presence of ObCM, the TRAcP and proliferation-stimulating
effects of the ObCM were abolished. This again indi-
cates that there may be considerable differences in
the role of 1,25-(OH)2D3 in bone resorption or induction
of osteoclast markers between mammals and birds.

In sum, the results presented in this paper do not sustain
the notion that quail monocytes, although closely related
to osteoclasts, are the precursor cells of the osteoclast.
Furthermore, as has been reported before, TRAcP stain-
ing is notof itself a reliable markerforosteoclastformation
(Teti eta/. 1988; Hattersley & Chambers 1989; Modderman
et a/. 1991). The enzyme activity level of cultured mono-
cytes, however, was generally considerably lower than
that of osteoclasts; therefore, the rate of the enzyme
activity may be used as an osteoclast marker. Our results
also show that the antigens recognized by the anti-osteo-
clast mAbs that label osteoclasts specifically in vivo, are
induced in non-osteoclastic celIs in vitro. At present we do
not know the identity or the functions of the antigens
recognized by the antibodies, except for 23C6 (Davies et
a/. 1989). It is not clear what causes the expression of
osteoclast markers including TRAcP in monocytes.
Neither do we know the identify of the factor or factors
produced and secreted by osteoblasts that even further
stimulate this induction of osteoclast markers. The results
give a clear warning that the identity of putative osteo-
clasts formed in cell culture and the specificity of putative
osteoclast inducing factors have to be established with
great care. The suggested difference in the action of 1,25-
(OH)2D3 in avian systems as compared to mammalian
systems clearly warrants further investigation.

Acknowledgements

Professor J.P. Scherft is acknowledged for critical read-
ing of the manuscript. A. van der Plas is acknowledged
for his assistance with the electron microscopy. M.J.
Alblas and E.M. Aarden are acknowledged for their help
with the isolation of the cells. These investigations were
supported by the Medical Sciences (Grant No. 900-541-
191), which is subsidized by the Netherlands Organiza-
tion for Scientific Research (NWO).

References

ALVAREZ J.I., TEITELBAUM S.L., BLAIR H.C., GREENFIELD E.M.,
ATHANASOU N.A. & Ross P.F. (1991) Generation of avian cells
resembling osteoclasts mononuclear phagocytes. Endocri-
nology 128, 2324-2335.

ALVAREZ J.I., Ross F.P., ATHANASOU N.A., BLAIR H.C., GREENFIELD
E.M. & TEITELBAUM S.L. (1992) Osteoclast precursors circulate
in avian blood. Calcif. Tissue Int. 51, 48-53.

ARNETT T.R. & DEMPSTER D.W. (1986) Effect of pH on bone
resorption by rat osteoclasts in vitro. Endocrinology 119,
119-124.

ATHANASOU N.A., QUIN J. & MCGEE J.O.D. (1988) Immunocytochem-
ical analysis of the human osteoclast phenotypic relationship
to other marrow derived cells. Bone Miner. 3, 317-333.

ATHANASOU N.A. & QUIN J. (1990) Immunophenotypic differences
between osteoclast and macrophage polykaryons: immuno-
histological distinction and implications for osteoclast
ontogeny and function. J. Clin. Pathol. 43, 997-1003.

BARKA T. & ANDERSON P.J. (1962) Histochemical method for acid
phosphatase using hexazonium pararosaniline as coupler. J.
Histochem. Cytochem. 10, 741-753.

BURGER E.H., VAN DER MEER J.W.M., VAN DE GEVEL J.S., GRIBNAU J.C.,
THESINGH C.W. & VAN FURTH R. (1982) In vitro formation of
osteoclasts from long term cultures of bone marrow mono-
nuclear phagocytes. J. Exp. Med. 156, 1604-1614.

CHAMBERS T.J. (1980) The cellular basis of bone resorption. Clin.
Orthop. and Rel. Res. 151, 283-293.

CHAMBERS T.J. & HORTON M.A. (1984) Failure of cells of the
monocytic phagocyte series to resorb bone. Calcif. Tissue
Int. 36, 556-558.

COLLIN P., GUENTHER H.L. & FLEISCH H. (1992) Constitutive expres-
sion of osteoclast stimulating activity by normal clonal
osteoblast-like cells, effects of parathyroid hormone and
1 ,25-dihydroxyvitamin D3. Endocrino/ogy 131, 1181-1187.

DAVIES J., WARWICK J., ToTTY N., PHILP R., HELFRICH M. & HORTON M.
(1989) The osteoclast functional antigen, implicated in the
regulation of bone resorption, is biochemically related to the
vitronectin receptor. J. Ce//. Biol. 109, 1817-1826.

GOODMAN J.W. & HODGSON G.S. (1962)-Evidence for stem cells in
the peripheral blood of mice. Blood 19, 702-714.

GOTHLIN G. & ERICSSON J.L.E. (1976) The osteoclast: review of
ultrastructure, origin, and structure-function relationship.
Clin. Orthop. 120, 201-231.

GREENFIELD E.M., ALVAREZ J.I., MCLAURINE E.A., OURSLER M.J., BLAIR
H.C., OSDOBY P., TEITELBAUM S.L. & Ross F.P. (1992) Avian
osteoblast conditioned media stimulate bone resorption by
targeting multinucleating osteoclast precursors. Calcif.
Tissue Int. 51, 317-323.

HAGENAARS C.E., VAN DER KRAAN A.A.M., KAWILARANG-DE HAAS
E.W.M., VISSER J.W.M. & NIJWEIDE P.J. (1989) Osteoclast forma-
tion from cloned pluripotent haemopoietic stem cells. Bone
Miner. 6, 179-189.

HATTERSLEY G. & CHAMBERS T.J. (1989) Generation of osteociastic
function in mouse bone marrow cultures: multinuclearity and
tartrate-resistant acid phosphatase are unreliable markers
for osteoclastic differentiation. Endocrinology 124, 1689-
1696.

HATTERSLEY G., KERBY J.A. & CHAMBERS T.J. (1991) Identification of
osteoclast precursors in multilineage hemopoietic colonies.
Endocrinology 128, 259-262.

HELFRICH M.H.. MIFREMET R H P P. TwHINGQwCn W(1r8.W t1aAt

© 1995 Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 205-214



214 R. J. van't Hof et al.

formation in vitro from progenitor cells present in the adult
mouse circulation. J. Bone Min. Res. 4, 325-333.

HENTUNEN T.A., TUUKKANEN J. & VAANANEN H.K. (1990) Osteoclasts
and a small population of peripheral blood cells share
common surface antigens. Calcif. Tissue Int. 47, 8-17.

HORTON M.A., LEWIs D., McNULTY K., PRINGLE J.A.S. & CHAMBERS J.T.
(1985) Monoclonal antibodies to osteoclastomas (giant bone
cell tumors): definition of osteoclast specific cellular anti-
gens. Cancer Res. 45, 5663-5669.

JAMES I.E., WALSH S., DODDS R.A. & GOWEN M. (1991) Production
and characterisation of osteoclast selective monoclonal
antibodies that distinguish between multinucleated cells
derived from different human tissues. J. Histochem. Cyto-
chem. 39, 905-914.

KERBY J.A., HATTERSLEY G., COLLINS D.A. & CHAMBERS T.J. (1992)
Derivation of osteoclasts from hematopoietic colony-forming
cells in culture. J. Bone Min. Res. 7, 353-362.

LAEMMLI U.K. (1970) Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature 277, 680-
685.

MCSHEEHY P.M.J. & CHAMBERS T.J. (1987) 1,25-dihyroxyvitamin D3
stimulates rat osteoblastic cells to release a soluble factor
that stimulates osteoclastic bone resorption. J. Clin. Invest.
80, 425-429.

MODDERMAN W.E., TUINENBURG-BOL RAAP A.C. & NIJWEIDE P.J. (1991)
Tartrate-resistant acid phosphatase is not an exclusive
marker for mouse osteoclasts in cell culture. Bone 12, 81-87.

NIJWEIDE P.J., VRIJHEID-LAMMERS T., MULDER R.J.P. & BLOK J. (1985)
Cell surface antigens on osteoclasts and related cells in the
quail studied with monoclonal antibodies. Histochemistry 83,
315-324.

OURSLER M.J., BELL L.V., CLEVINGER B. & OSDOBY P. (1985) Identi-
fication of osteoclast-specific monoclonal antibodies. J. Cell
Biol. 100, 1592-1600.

OURSLER M.J. & OSDOBY P. (1991) Osteoclast development in
marrow cultured in calvaria-conditioned media. Dev. Biol.
127, 170-178.

PERRY H.M. & GURBANI S. (1992) Development of monoclonal
antibodies to parathyroid hormone induced resorptive fac-
tors from osteoblast-like cells. Calcif. Tissue. Int. 50, 237-244.

QUIN J.M.W., McGEE J. O'D. & ATHANASOU N.A. (1994) Cellular and
hormonal factors influencing monocyte differentiation to
osteoclastic bone-resorbing cells. Endocrinology 134, 2416-
2423.

RODAN G.A. & MARTIN T.J. (1981) Role of osteoblasts in hormonal
control of bone resorption-a hypothesis. Ca/cif. Tissue Int. 33,
349-351.

SCHEVEN B.A.A., VISSER J.W.M. & NIJWEIDE P.J. (1986) In vitro
osteoclast generation from different bone marrow fractions
including a highly enriched haemopoietic stem cell popula-
tion. Nature 321, 79-81.

SCHNEIDER G.B. & RELFSON M. (1988) A bone marrow fraction
enriched for granulocyte-macrophage progenitors gives
rise to osteoclasts in vitro. Bone 9, 303-308.

SUDA T., TAKAHASHI N. & MARTIN T.J. (1992) Modulation of osteo-
clast differentiation. Endocrine Rev. 13, 66-80.

TAKADA Y., KUSUDA M., HIURA K., SATO T., MOCHISUKI H., NAGAO Y.,
TOMURA M., YAHIRO M., HAKEDA Y., KAWASHIMA H. & KUMEGAWA M.

(1992) A simple method to assess osteoclast-mediated bone
resorption using unfractionated bone cells. Bone Miner. 17,
347-359.

TETI A., GRANO M., CoLuccl S., CANTATORE F.P., LOPERFIDO M.C. &
ZAMBONIN ZALLONE A. (1991) Osteoblast-osteoclast relation-
ships in bone resorption: osteoblasts enhance osteoclast
activity in a serum free co-culture system. Biochem. Bio-
phys. Res. Comm. 179, 634-640.

TETI A., VOLLETH G., CARANO A. & ZAMBONIN ZALLONE A. (1988) The
effects of parathyroid hormone or 1,25-dihydroxyvitamin D3
on monocyte-osteoclast fusion. Calcif. Tissue Int. 42, 302-
308.

UDAGAWA N., TAKAHASHI N., AKATSU T., TANAKA H., SASAKI T., NISHIHARA
T., KOGA T., MARTIN T.J. & SUDA T. (1990) Origin of osteoclasts,
mature monocytes and macrophages are capable of differ-
entiating into osteoclasts under a suitable microenvironment
prepared by bone marrow derived stromal cells. Proc. Natl
Acad. Sci. USA 87, 7260-7264.

VAN DER PLAS A. & NIJWEIDE P.J. (1992) Isolation and purification of
osteocytes. J. Bone Miner. Res. 7, 389-396.

WALKER D.G. (1973) Osteopetrosis cured by temporary para-

biosis. Science 180, 875-876.

© 1995 Blackwell Science Ltd, International Journal of Experimental Pathology, 76, 205-214


