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Abstract

Osteoclasts mediate the process of bone resorption. However,
little is known about the mechanisms that regulate the formation
of either osteoclasts or osteoclast precursors. In contrast, colony-
stimulating factors (CSFs) are well-known to regulate the for-
mation of myeloid cells and their precursors. Because osteoclasts
and myeloid cells may originate from a common stem cell, we
examined the effects of two CSFs, granulocyte-macrophage CSF
(GM-CSF) and interleukin 3 (IL-3), on bone resorption, osteo-
clast formation, and the incorporation of recently replicated nuclei
into the osteoclasts of mouse bone cultures. ( ,

CSFs had little effect on the formation rate of osteoclasts or
their resorptive activity but significantly decreased the percentage
of recently replicated osteoclast progenitor cell nuclei present in
the osteoclasts of bones treated with parathyroid hormone. GM-
CSF also increased tlie number of myeloid cells in the marrow
space of the cultires and the percentage of these cells derived
from recently replicated progenitors.

These resuits demonstrate that GM-CSF and IL-3 can reg-
ulate the development of osteoclasts from recently replicated
precursor cells in cultured fetal mouse long bones. However, the
mechanisms by which CSFs influence osteoclast formation are
difficult to determine from these studies because markers for
the osteoclast progenitor and precursor do not exist. These data
also provide evidence that the differentiation of osteoclast pro-
genitors is regulated by different factors at different points in
their ontogeny.

introd'uction

Osteoclasts are multinucleated giant cells that mediate the process
of bone resorption (1-4). Osteoclasts do not replicate by cell
division (5-7). Instead, they increase their size and number
through the fusion and incorporation of a terminally differen-
tiated cell, the osteoclast precursor. Osteoclast precursors are
believed to originate from hematopoietic cells (8-11), and their
replicating parent cell has been termed the osteoclast progenitor.
Little is known about the mechanisms that regulate osteoclast
progenitor cell replication or differentiation.

Many analogies exist between the osteoclast precursor cell
and the macrophage (12-14), including the ability of macro-
phages to become multinucleated, destroy connective tissue, and
release mineral from devitalized bone particles. However, recent
experiments have demonstrated that macrophage giant cells do
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not resorb largé bone slices as true osteoclasts do, and they share
few surface antigens with osteoclasts (15-17). The agents that
regulate the replication and differentiation of myeloid (macro-
phage-granulocyte) progenitor cells (18-20) are well defined and
have been termed colony-stimulating factors (CSFs).! Four CSFs
have been described: interleukin 3 (IL-3 or multi-CSF), gran-
ulocyte-macrophage colony stimulating factor (GM-CSF), col-
ony-stimulating factor 1 (CSF-1, or M-CSF) and granulocyte
colony-stimulating factor (G-CSF). IL-3 and GM-CSF stimulate
the production of both macrophages and granulocytes, whereas
CSF-1 and G-CSF enhance the production of only macrophages
or granulocytes, respectively.

To determine if factors that regulate myeloid cell production
also regulate osteoclast formation, we studied the ability of two
CSFs, IL-3 and GM-CSF, to alter the formation and bone-re-
sorbing activity of osteoclasts and the differentiation of replicating
osteoclast progenitor ceils into osteoclasts in cultured fetal mouse
long bones.

Methods

Tissue culture. Radii and ulna from 18 day fetal mice were studied because
they can be easily cultured in vitro and because they possess fully de-
veloped marrow cavities (21). We used two culture protocols for our
experiments.

Protocol 1 was designed to examine the direct effects of CSFs on
resorption. Bones were prelabeled with “*Ca (Amersham Corp., Arlington
Heights, IL) by injecting 100 xCi into the mothers 24 h before sacrifice.
They were dissected free of surrounding muscle and fibrous tissue and
their cartilaginous ends were removed using previously described tech-
niques (22, 23). Bones were precultured in BGJ medium (Grand Island
Biological Corp., Grand Island, NY) for 24 h immediately after dissection
to remove readily exchangeable “*Ca. All media were supplemented with
5% (vol:vol) fetal bovine serum that had been heated to 57°C for 3 h
and treated with dextran-coated charcoal to removed endogenous stim-
ulators of resorption (5). After preculture bones were transferred to ex-
perimental medium for 72 h. Cultures were terminated by placing the
bones in 5% TCA for 1 h. Aliquots of medium and the TCA extract of
the bones were counted for “*Ca by liquid scintillation. Bone resorption
was measured as the percentage of total “*Ca (medium + bone) that was
in the medium at the end of the experiments. Results were expressed as
treated to control (T/C) ratios to allow data from multiple experiments
to be compared.

Protocol 2 was designed to examine the effects of pretreating the
cultures with CSFs. Bones prelabeled with 4°Ca were placed in medium
that contained CSFs immediately after dissection and cultured for 48 h
(pretreatment period). Bones were then transferred and cultured for var-
ious times (treatment period) in either control medium or medium that
contained parathyroid hormone (PTH). PTH was added to the treatment
mediumh to increase the rate that new osteoclasts formed. In these ex-
periments resorption rates were measured only during the treatment
period.

1. Abbreviations used in this paper: CSF, colony-stimulating factor; GM-
CSF, granulocyte macrophage colony-stimulating factor; IL-3, inter-
leukin 3.



Histology. Bones not labeled with ’Ca were also cultured according
to protocol 2 and examined histologically. At the conclusion of an ex-
periment bones were fixed in 1.25% (vol:vol) glutaraldehyde in phosphate
buffer and embedded in glycol-methacrylate. Three micron sections were
stained with either hematoxylin-eosin or toluidine blue. Osteoclasts in
midsections of the bones were identified by their proximity to bone,
characteristic cytoplasm and multinucleation (1-5). Myeloid cells (mac-
rophages, monocytes, polymorphonuclear granulocytes and eosinophils)
in the marrow space of the cultures were identified by standard mor-
phologic criteria at the light microscopic level (24). Bane sections were
coded and randem ordered before being read so that the investigator
scoring them was blind to their treatment. In some experiments
[*H]thymidine (2 xCi/ml, 400 nM, Amersham Corp.) was added to the
medium during the pretreatment period to label replicating cells. Cultures
were then either transferred to medium that contained 100 xM cold
thymidine without labeled thymidine (to block further incorporation of
[*H]thymidine into DNA) or continued in medium that contained
[*H]thymidine. Bone sections were processed for autoradiography using
NT2-B dipping photographic emulsion (Eastman Kodak Corp., Roch-
ester, NY) and developed for 48 h. Nuclei in cells were defined as being
labeled if they had 5 or more overlying grains.

Bone marrow agar cultures. 1.5 X 10* mouse bone marrow cells were
cultured in semisolid agar treated with the indicated CSFs (22). Cultures
were scored for colony (> 50 cells) generation on day 7-8 of culture.

Materials. Purified murine GM-CSF and IL-3 were purchased from
Genzyme Corp., Cambridge, MA. They were isolated from the LBRM-
33 cell line according to the method of Prestidge et al. (25). Homoge-
neously purified murine IL-3 (a gift from Dr. James Ihle [26], NCI-
Frederick Cancer Research Facility, Frederick, MD) was also used in
some experiments and was identical in its effects to commercial IL-3.
Bovine parathyroid hormone 1-34 was purchased from Bachem Corp.,
Torrance, CA. All other reagents were from Sigma Chemical Co., St.
Louis, MO. '

Statistics. Significant differences between groups were analyzed by
the Student’s ¢ test except for experiments that examined the percentage
of osteoclast nuclei that were [*H]thymidine labeled. These were analyzed
by the chi-square test.

Results

Using culture protocol 1, bovine PTH, a stimulator of osteoclastic
activity, increased resorption in these cultures after 72 h by about
twofold (Table I). In contrast, GM-CSF (10 to 100 U/ml) and
IL-3 (300 U/ml) were either without effect or slightly inhibitory.
However, both CSFs enhanced myeloid cell colony formation
in semisolid agar cultures of mouse bone marrow cells (Table
II). All experiments described in Tables I and II have been re-
peated at least once with identical results.

We next examined the effects of pretreating the cultures with
CSFs (protocol 2). In bones pretreated in control medium, a
subsequent 48-h treatment with PTH increased both the rate of
resorption and the number of osteoclasts per bone by about
twofold (Table III). PTH also tended to increase the number of
nuclei per osteoclast. However, this effect was small and not
always significant. Pretreatment of the cultures with CSFs did
not alter “’Ca release, osteoclasts per bone section or nuclei per
osteoclast in bones transferred to either control or PTH con-
taining medium.

Pretreatment with GM-CSF had no effect on the number of
osteoclasts in bones that were examined at the end of the pre-
treatment period (5.0+0.6 in the control, 4.9+0.4 in the GM-
CSF group). Similarly, GM-CSF pretreatment did not alter the
percentage of osteoclast nuclei that were labeled in bones that
had [*H]thymidine added to their pretreatment medium (t = 0
in Fig. 1 A). However, the percentage of labeled osteoclast nuclei
in either group after the pretreatment period was small (< 2%).

Table 1. Effects of GM-CSF and IL-3 on Bone
Resorption in Fetal Mouse Long Bone Cultures

45Ca percent release

Group T/C ratio
Control 1.00£0.05

PTH 100 ng/ml 2.23+0.19*
GM-CSF 10 U/ml 0.97+0.02
GM-CSF 30 U/ml 0.98+0.05
GM-CSF 100 U/ml 0.92+0.02

IL-3 300 U/ml 0.88+0.01%

Values are mean+SEM for 4-6 bones per group. Results are expressed
as treated to control (T/C) ratios to allow data from two experiments
to be compared. Experiment 1 was composed of a control group and
all the GM-CSF groups. Experiment 2 was composed of a control
group, the PTH group, and the IL-3 group. Control resorption rates
were 11.6+0.6 and 26.7+1.2 for the two experimenys, respectively.
Results are expressed in one column to save space since the SEM for

both control groups was 5%.
* Significantly different from control P < 0.01, P < 0.05.

In contrast, GM-CSF pretreatment increased both the number
of myeloid cells in the marrow space of these bones and the
percentage of myeloid cells that were [*H]thymidine labeled
(Table IV). A repeat of the experiments described in Tables ITI
and IV yielded identical results.

In bones that were pretreated in control medium that con-
tained [*H]thymidine and then transferred to medium that con-
tained high concentrations of cold thymidine, treatment with
PTH for 48 h markedly increased the percentage of labeled os-
teoclast nuclei compared to bones that were maintained in con-
trol medium (¢ = 24 and 48 in Fig. 1 4).

There was no significant effect on the percentage of labeled
osteoclast nuclei of pretreating bones with GM-CSF if bones
were subsequently treated in control medium for up to 48 h or
with PTH for 24 h. In contrast, in bones that were treated with
PTH for 48 h, GM-CSF pretreatment decreased the percentage
of labeled osteoclast nuclei by about half compared to bones
pretreated in control medium (¢ = 48 in Fig. 1 4).

The inhibitory effects that GM-CSF pretreatment had on
the labeling of osteoclast nuclei in PTH treated bones in Fig. 1
A was not altered when [*H]thymidine without cold thymidine
was present in both the pretreatment and treatment medium
(Fig. 1 B). Hence, this effect did not appear to result from the
rapid turnover and dilution of labeled thymidine during the
treatment period (when cold thymidine was in the medium).

Pretreatment of bone with IL-3 for 48 h had effects that were
similar to those of GM-CSF (Fig. 1 C). In bones transferred to

Table I1. Effects of GM-CSF and IL-3
on the Number of Myeloid Colonies That Formed
in Agar Cultures of Murine Bone Marrow Cells

Myeloid colonies
Group per 10° cultured cells
Control None
GM-CSF 100 U/ml 121.5+10.9*
IL-3 100 U/ml 112.2+10.5*

Values are mean+SEM three cultures per group.
* Significantly different from control P < 0.01.
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Table I11. Effects of a 48-H Pretreatment with GM-CSF
or IL-3 on Resorption, the Number of Osteoclasts

and the Number of Nuclei per Osteoclast in Fetal
Mouse Long Bone Cultures Treated with PTH

Group
48 h*Carelease  Osteoclasts Nuclei
Pretreatment — treatment T/C ratio per midsection  per 1
Experiment 1
Control = Control 1.00+0.01 4.5+0.6 2.8+0.1
Control - PTH 1.83+0.14* 10.3+1.5* 3.2+0.1%
GM-CSF — Control ~ 0.97+0.02 42+15 2.9+0.1
GM-CSF - PTH 2.08+0.07* 8.8+0.7* 3.1+0.1
Experiment 2
Control — Control 1.00+0.02 6.2+1.4 2.8+0.1
Control - PTH 1.76+0.08* 11.3+1.4* 2.940.1
IL-3 = Control 0.99+0.03 5.5+1.0 2.7+0.1
IL-3->PTH 1.63+0.09* 9.8+1.0* 2.9+0.1

Bones were pretreated as indicated for 48 h immediately after dissec-
tion and then transferred to additional treatments for 48 h. Resorption
was measured during the second culture period only. PTH 100 ng/ml,
GM-CSF 100 U/ml and IL-3 300 U/ml. Values are mean+SEM for
4-6 bones per group. Control resorption rates were 11.7+0.4 and
17.4+0.3 for experiments 1 and 2, respectively.

* Significantly different from control P < 0.01, * P < 0.05.

control medium, the percentage of labeled osteoclast nuclei was
not different from that of bones pretreated in control. However,
in bones that were cultured with PTH for 48 h, pretreatment
with IL-3 decreased the percentage of labeled osteoclast nuclei
by about half.

The inhibitory effect that pretreatment with GM-CSF or IL-
3 had on the percentage of osteoclast nuclei that were
[*H]thymidine labeled in PTH treated bones occurred only in
bones that were pretreated with 100 U/ml or greater concentra-
tions of GM-CSF or IL-3 (Tables V and VI).

Discussion

The effects that PTH had on resorption in 18 d fetal mouse long
bone cultures appeared to be mediated by osteoclasts since in-
creases in resorption directly correlated with increases in osteo-
clast number. PTH rapidly (within 48 h) increased the number
of osteoclasts in the bones compared to the life span of an os-
teoclast (estimated to be as long as 6 wk in vivo [27]) and it
increased the percentage of recently replicated nuclei in osteo-
clasts. Hence, the effect of PTH on osteoclast number appeared
to result from an increase in the rate that osteoclast precursor

Table 1V. Effects of GM-CSF on the Number of Myeloid Cells
and the Percentage of Myeloid Cells That Derived from Recently
Replicated Progenitors in Cultured Fetal Mouse Long Bones

Myeloid cells Percent labeled
Group per midsection of bone myeloid cells per bone
Control 37.8+6.3 112
GM-CSF 100 U/ml 69.0£8.5* 39+5*

Bones were cultured for 48 h with [*H]thymidine 2 xCl/ml. Values
are mean+SEM for 8 to 10 bone sections per group.
* Significant effect of GM-CSF P < 0.01.
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cells were incorporated into new osteoclasts and not from a de-
crease in the rate that osteoclasts were lost.

We have previously determined that inhibitors of DNA syn-
thesis do not block the ability of PTH to stimulate new osteoclast
formation or bone resorption in fetal rat long bone cultures (5).
These data demonstrate that the effect of PTH on the number
of osteoclasts in bone cultures occurs through recruitment of
available precursor cells into new osteoclasts without regard to
whether the osteoclast precursors that are recruited are derived
from recently replicated cells. Based on these findings, it appears
that in the present experiments PTH increased the percentage
of [*H]thymidine labeled nuclei in osteoclasts by recruiting os-
teoclast precursors that were derived from progenitors that had
arelatively high rate of replication during the pretreatment period
(when [*H]thymidine was present in the medium). In contrast,
in bones cultured in control medium during the treatment period
the percentage of osteoclast nuclei that were labeled was low.
This result implies that in the absence of PTH the rate of in-
corporation of new nuclei into osteoclasts is slower. It is unlikely
that PTH increased the percentage of labeled osteoclast nuclei
in the cultures by altering the rate that osteoclast progenitor cells
replicated because this effect occurred in bones that were labeled
with [*H]thymidine during the pretreatment period (before PTH
was added). In addition, in these experiments, high concentra-
tions of cold thymidine were added with PTH to the treatment
medium to block further incorporation of the label into cells.

GM-CSF and IL-3 had little if any effect on osteoclast num-
ber or bone resorption rates and they did not alter the percentage
of labeled nuclei in the osteoclasts of bones subsequently trans-
ferred to control conditions (where few new osteoclasts formed).
However, pretreatment of bones with GM-CSF and IL-3, mark-
edly inhibited the percentage of recently replicated nuclei in the
osteoclasts of bones that were subsequently treated with PTH
for 48 h. Since PTH stimulated new osteoclast formation in
these cultures by increasing the recruitment of osteoclast pre-
cursor cells into osteoclasts, GM-CSF and IL-3 could only have
produced their effects on the nuclear labeling of osteoclast in
PTH treated bones if they decreased the percentage of available
osteoclast precursor cells that were derived from recently rep-
licated progenitors.

The current experiments can not determine the mechanism
by which CSFs decreased the percentage of available osteoclast
precursor cells that were derived from recently replicated pro-
genitors because there are no markers for the osteoclast progen-
itor or precursor cell that would allow us to follow their pro-
gression into osteoclasts. However, there are a number of po-
tential explanations for our results. It is possible that CSFs
stimulated progenitor/stem cell replication and simultaneously
retarded the differentiation of osteoclast progenitors into pre-
cursors. This hypothesis would predict that after longer treatment
times than we are able to perform in our bones cultures the
percentage of labeled nuclei in osteoclasts would be increased
in bones that were pretreated in CSFs. The recent findings of
MacDonald et al. that CSFs increased the formation of osteoclast-
like cells in long-term (21 d) baboon bone marrow cultures that
are treated with 1,25(OH), vitamin D (28) support this hypoth-
esis.

It is also possible that CSFs directed the differentiation of a
common osteoclast-myeloid progenitor cell away from the os-
teaclast precursor cell pathway and towards that of myeloid cells.
This hypothesis is supported by the ability of GM-CSF to increase
both the number of myeloid cells in these cultures and the per-
centage of myeloid cells that were derived from recently repli-
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Figure 1. (A) Effects of a 48-h pretreatment with GM-CSF on the per-
centage of nuclei in osteoclasts that derived from cells that replicated
during the pretreatment period. Pretreatment media contained
[*H]thymidine (2 xCi/ml, 400 nM). Treatment media contained 100
uM cold thymidine without labeled thymidine. Clear bars: control
pretreatment — control treatment. Solid bars: control pretreatment —
PTH (100 ng/ml) treatment. Horizontal hatched bars: GM-CSF pre-
treatment (100 U/ml) — control treatment. Vertical hatched bars:
GM-CSF pretreatment — PTH treatment. Experiments were termi-
nated directly after the pretreatment period, after 24 h of treatment
and after 48 h of treatment. Numbers in parentheses are the total
number of labeled/unlabeled osteoclast nuclei in each group. **Signifi-
cant effect of PTH P < 0.01. **Significant effect of GM-CSF pretreat-
ment P < 0.01. Differences between groups were analyzed by the chi-
square test. (B) Effects of maintaining [*H]thymidine in both the pre-
treatment (48 h) and treatment media (48 h). Symbols are the same as
in (A4). (C) Effect of IL-3 pretreatment (48 h) and indicated treatment
(48 h). Bones were treated with [*H]thymidine as in (4). Clear bars:

Table V. Dose-response Effects of GM-CSF on the Percentage
of Osteoclast Nuclei That Were [’H]Thymidine
Labeled in Fetal Mouse Long Bone Cultures

No. No.
Group labeled unlabeled Labeled
osteoclast osteoclast osteoclast
Pretreatment — treatment nuclei nuclei nuclei
%
Control = Control 1 63 1.6
GM-CSF (100 U/ml) — Control 2 56 34
GM-CSF (30 U/ml) = Control 2 57 34
GM-CSF (10 U/ml) - Control 1 34 2.9
Control = PTH (100 ng/ml) 23 96 19.3*
GM-CSF (100 U/ml) - PTH 5 103 4.6%
GM-CSF (30 U/ml) - PTH 18 108 14.3
GM-CSF (10 U/ml) - PTH 15 104 12.6

Bones were pretreated as indicated for 48 h immediately after dissec-
tion and then transferred to additional treatments for 48 h.

* Significant effect of PTH P < 0.01.

* Significant effect of GM-CSF P < 0.01.

Differences between groups were analyzed by the chi-square test.

cated progenitors. The failure of CSFs to decrease the number
or size of the osteoclasts in the cultures is not inconsistent with
this hypothesis since we have previously found that large num-
bers of preformed osteoclasts precursor cells (relative to the
numbers of new osteoclasts that form) are present in cultured
bones at the time of their dissection (5). However, this hypothesis
is inconsistent with the known ability of IL-3 to stimulate the
formation of a wide variety of other hematopoietic cell types in
vitro (18-20) and if true would imply that factors other than
CSFs stimulate the differentiation of the osteoclast precursor
from its stem cell.

Both of these first two hypotheses are consistent with the
recent findings of Scheven et al. (11) that osteoclast progenitor
cells are derived from a population of myeloid stem cells that
require IL-3 to be maintained in culture. However, because
Scheven et al. did not examine the effects that CSFs had on the
rate that osteoclasts formed from marrow cells in their bone
cultures, we are unable to say what, if any effects, CSFs have on
the differentiation of osteoclasts from progenitors in their cul-
tures.

Our results could also be explained if the predominant effect
of CSFs on mouse bone cultures was to increase the rate that
osteoclast progenitors that were present in the cultures at the
time of their dissection differentiated into osteoclast precursors
in the absence of cell replication. This response to CSFs would
have decreased the percentage of labeled osteoclast precursors
that were available for incorporation into osteoclasts by increas-
ing the number of unlabeled osteoclast precursor cells. It is un-
likely that nonspecific toxicity of CSFs towards osteoclast pro-
genitors is an explanation for the effects we observed since GM-
CSF increased the formation of myeloid cells in these cultures.

control pretreatment — control treatment. Solid bars: control pre-
treatment — PTH (100 ng/ml) treatment. Horizontal hatched bars:
IL-3 (300 U/ml) pretreatment — control treatment. Vertical hatched
bars: IL-3 pretreatment — PTH treatment. **Significant effect of
PTH P < 0.01. *Significant effect of IL-3 pretreatment P < 0.05. Dif-
ferences between groups were analyzed by the chi-square test.
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Table VI. Dose-response Effects of IL-3 on the Percentage
of Osteoclast Nuclei That Were [?°H)Thymidine
Labeled in Fetal Mouse Long Bone Cultures

No. No.
Group labeled unlabeled Labeled
osteoclast osteoclast osteoclast
Pretreatment — treatment nuclei nuclei nuclei
%
Control = Control 0 39 0
IL-3 (300 U/ml) = Control 2 63 3.1
IL-3 (100 U/ml) — Control 0 58 0
IL-3 (30 U/ml) = Control - 2 82 24
Control = PTH (100 ng/ml) 20 154 11.5
IL-3 (300 U/ml) - PTH 4 106 3.6*
IL-3 (100 U/ml) - PTH 5 128 3.8%
IL-3 (30 U/ml) - PTH 15 148 9.2

Bones were pretreated as indicated for 48 h immediately after dissec-
tion and then transferred to additional treatments for 48 h.

* Significant effect of IL-3 P < 0.05.

Differences between groups were analyzed by the chi-square test.

Our results also suggest that the processes of osteoclast for-
mation and bone resorption are regulated at two points. CSFs
appear to influence the number of osteoclast precursors that are
available for incorporation into osteoclasts but have little direct
effect on osteoclast formation. In contrast, PTH appears to in-
crease the number of osteoclasts in bone by increasing the re-
cruitment of available precursors into new osteoclasts. In ad-
dition, PTH is also capable of activating bone resorbing activity
in existing osteoclasts by an indirect mechanism (29).
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