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Although young mice homozygous for the osteopetro-
sis (op) mutation usually developed prominent osteo-
petrosis, its severity was markedly reduced in aged
op/op mice. This age-associated reversal of osteope-
trosis was accompanied by the expansion of bone
marrow cavities and increased numbers of tartrate-
resistant acid phosphatase (TRAP)-positive cells and
of macrophages in the bone marrow. The TRAP-pos-
itive cells were mononuclear and developed ruffled
borders and numerous vesicles, vacuoles, and gran-
ules. Enzyme-linked immunosorbent assay demon-
strated a significant elevation of serum granulocyte/
macrophage colony-stimulating factor (GM-CSF) and
interleukin (IL)-3 levels in the aged op/op mice. To
examine whether GM-CSF and/or IL-3 could correct
osteopetrosis in young op/op mice, 5 ng of recombi-
nant murine (rm)GM-CSF and/or 100 ng of rmIL-3
were injected daily into young op/op mice. In these
treated young op/op mice, the bone marrow cavities
were expanded significantly at 2 weeks after admin-
istration, associated with significantly increased
numbers of TRAP-positive cells and bone marrow
macrophages. TRAP-positive cells increased in num-
ber with days after injection. These results suggest
that GM-CSF and IL-3 induce the development of os-
teoclasts to correct osteopetrosis in the op/op mice
with aging. (Am J Patbol 1999, 154:553-566)

Osteoclasts are a physiological polykaryon and the major
if not exclusive resorptive cells of bone and are thought to
be a member of the monocyte/macrophage family.’*
Osteoclasts are derived from bone marrow progenitors,
differentiated from granulocyte/macrophage colony-
forming cells (GM-CFCs) via the stage of tartrate-resis-

tant acid phosphatase (TRAP)-positive mononuclear os-
teoclasts (so-called preosteoclasts), and polarized,
forming a unique ruffled membrane at the osteoclast-
bone interface. Finally, polykaryonic cells are formed by
fusion of mononuclear osteoclasts with each other.> 8 In
the process of osteoclast development and differentia-
tion, the myeloid and B lymphoid transcription factor PU.1
(also called Spi-1 or Sfpi-1), macrophage colony-stimu-
lating factor (M-CSF or colony-stimulating factor (CSF)-1),
c-fos, c-src, carbonic anhydrase Il, or H"-ATPase are
known to be involved in its different stages.2~'° The in-
volvement of these factors is based on the results ob-
tained in studies of mice deleted of PU.1,%° c-fos,"" or
c-src,”'? mice bearing a naturally occurring Csfm°?/
Csfm°® (oplop) gene mutation,”'® or humans lacking
functional H*-ATPase' or carbonic anhydrase I
genes.'® All of these mice and humans develop osteo-
petrosis.2~'° In op/op mice, the production of functional
M-CSF protein is impaired due to a defect in the coding
region of Csfm gene,'® and M-CSF deficiency results in
widespread defects of the monocytic cell development,
including monocyte/macrophage differentiation, and os-
teoclast ontogeny during their early life.” %1617 The fail-
ure of osteoclast development and differentiation in op/op
mice results in impaired bone resorption and remodeling,
leading to systemic osteopetrosis.”'®'® In op/op mice,
however, there are immature macrophages in many tis-
sues such as spleen, lungs, or brain, although their num-
bers are reduced."®” For the development and survival
of tissue macrophages, GM-CSF and IL-3, which are
major macrophage growth factors other than M-CSF, are
essential 131718

In our previous studies, it was shown that M-CSF ad-
ministration into op/op mice induced the proliferation of
GM-CFCs, their differentiation into mononuclear oste-
oclasts, formation of multinuclear osteoclasts by fusion of
mononuclear osteoclasts, development and differentia-
tion of monocyte/macrophages, and proliferation and dif-
ferentiation of immature tissue macrophages.”'® It is
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known that aged op/op mice undergo a hematopoietic
recovery encompassing progressive increases in num-
bers of osteoclasts and macrophages, resolution of os-
teopetrosis, and expansion of bone marrow cavities.'® 2"
These findings suggest that the hematopoietic system
has the capacity to use alternative mechanisms to com-
pensate for the absence of functional M-CSF activity. In
op/op mice, as M-CSF is totally deficient, GM-CSF and
IL-3 are suggested as candidates for the major cause to
induce the alternative mechanisms.'®'7-'8 |n previous in
vitro studies, GM-CSF and/or IL-3 were demonstrated to
be critical factors for osteoclast formation.>##2° How-
ever, the effects of GM-CSF or IL-3 on osteoclast devel-
opment in op/op mice in the previous in vitro studies were
controversial; some investigators reported that GM-CSF
or IL-3 stimulated osteoclast development,®22-30
whereas other researchers showed inhibitory effects of
GM-CSF or IL-3 on osteoclast formation in vitro.3°=3% In a
previous in vivo study, Jedrzejczak et al reported that
administration of GM-CSF in large doses was unable to
correct osteopetrosis of op/op mice in vivo.3® Mice ho-
mozygous for targeted mutations in the GM-CSF struc-
tural gene do not develop osteopetrosis and are known
not to impair the development of osteoclasts and macro-
phages.®”® M-CSF/GM-CSF-deficient mice do not im-
pair the recovery of osteopetrosis and hematopoietic de-
ficiencies with aging.®® In this way, there are great
discrepancies of data among the previous in vitro and in
vivo studies on the roles of GM-CSF or IL-3 on osteope-
trosis of op/op mice. Thus, the mechanisms of these
growth factors for bone remodeling of the aged op/op
mice remained unsolved.

In the present study, serum levels of GM-CSF or IL-3 in
aged (more than 60-week-old) op/op mice were mea-
sured by enzyme-linked immunosorbent assay (ELISA)
and compared with those of young (4-week-old) op/op
mice. In the aged op/op mice, x-ray findings and histo-
logical changes of the femurs were examined, compared
with those of the young op/op mice. The relative sizes of
the bone marrow cavities in the femurs of the aged op/op
mice were calculated, compared with those of the young
oplop mice. To clarify whether or not GM-CSF or IL-3
induces correction of osteopetrosis of op/op mice in vivo,
GM-CSF and/or IL-3 were injected into young op/op mice,
their femurs were examined roentgenologically or histo-
logically, and the percentages of bone marrow cavity
against bone were calculated and compared with those
of young or aged op/op mice. In all of these mice, oste-
oclasts were examined by TRAP staining and ultrastruc-
turally, and their numbers were determined to elucidate
the effects of GM-CSF and/or IL-3 on osteoclast devel-
opment.

Materials and Methods

Animals

(C57BL/6J X C3HeB/Fed) F2 op/op mice were obtained
from the Jackson Laboratory (Bar Harbor, ME) and main-
tained under routine conditions at the Laboratory Animal

Center, Kumamoto University School of Medicine. The
oplop mice were produced from matings of +/op het-
erozygotes. Normal littermates (+/?) consisted of two-
thirds +/op and one-third +/+. Homozygous op/op mice
develop a small body, a domed skull, absence of inci-
sors, and a short tail at approximately 10 days after birth,
whereas the heterozygotes and wild-type mice do not
show any abnormalities and were indistinguishable phe-
notypically. Discrimination of wild-type (+/4) from het-
erozygotes (+/op) was done by reverse transcriptase
nested polymerase chain reaction (RT-nested PCR) as
described below. Young (4-week-old) and aged (more
than 60-week-old) op/op mice as well as young (4-week-
old) wild-type mice were examined. The young op/op and
wild-type mice were injected subcutaneously with 5 ng of
recombinant mouse (rm)GM-CSF (Genzyme, Cam-
bridge, MA) per day according to the method reported
previously?® and killed at 3, 7, or 14 days after initial
injection. In the present study, we injected 5, 10, 50, or
100 ng of rmIL-3 (Genzyme) subcutaneously into BALB/c
mice daily for 5 days, and the most effective dose of the
cytokine was determined in these |L-3-treated mice by
examining numerical increases of F4/80-positive Kupffer
cells in the liver. We found that 100 ng of rmlIL-3 was the
most effective dose to induce numerical increases in
macrophages. In the present study, 100 ng of rmIL-3 per
day was thus injected into young op/op and wild-type
mice subcutaneously, the mice were Killed at 3, 7, or 14
days after injection, and the recovery of bone marrow
was examined in the femurs at 2 weeks after daily injec-
tion. Additional groups of other young op/op and wild-
type mice were subcutaneously injected with both 5 ng of
rmGM-CSF and 100 ng of rmIL-3 per day, killed at 3, 7, or
14 days after daily administration, and examined. Be-
sides the wild-type mice, BALB/c and C3H/HeN mice
were purchased from Nihon SLC Co. (Hamamatsu, Ja-
pan) and used for controls. Three or more mice were
examined in each experiment.

X-Ray Examination

X-ray examination of bones in the mice was performed
with the digital microradiographic system uFX-1000 (Fu-
jifilm, Tokyo, Japan) and analyzed by using a Fujifix bio-
image analyzer BAS-2000 (Fujifilm).

RNA Analysis

Total RNA was extracted from the tail of animals using the
acid guanidium phenol chloroform method. The RT reac-
tion was performed, using a random primer, and then
nested PCR was done by using the following primers. The
primer pairs for the mouse M-CSF were designed based
on the published cDNA sequence.’® The sequences of
outer and inner primers and sizes of amplified products
were as follows: outer primer sense, 5 -CCAGGAA-
CAGCTGGATGATC-3" and antisense, 5'-AGTTGCAAT-
CAGGC TTGGTC-3' (size of amplified products, 359 bp);
inner primer sense, 5'-CTGTTTGCT ACCTAAA GAAGGC-3'
and antisense, 5'-CATCTCGGCTAGAGCACTTAGC-3' (size



of amplified products, 315 bp). After the RT-nested PCR, se-
quencing was performed, using a PCR product prese-
guencing kit US 70995 (Amersham Life Science, Cleve-
land, OH), a Thermo Sequenase fluorescent-labeled
primer cycle sequencing kit RPN 2436/RPN 2536 (Amer-
sham Life Science, Little Chalfont, UK), and an ALF ex-
press DNA sequencer (Pharmacia Biotech, Uppsala,
Sweden). For sequencing, we used cyb-labeled primer
GAGTCTCATGGAAAGTTCGG. By the sequence analy-
sis, wild-type mice (+/+) were distinguished from het-
erozygotes (+/op), because the sequence pattern at 443
bp from the 5" end of the Csfm gene was shown to be
disordered in the heterozygous mutant mice.

Tissue Preparation and Fixation

Femurs were removed from the mice, cut through their
central portion in a longitudinal direction along their long
axis, and fixed in 10% neutral formalin fixative for light
microscopy. For electron microscopy, the bone tissues
were obtained from the femurs, decalcified in 3% EDTA
(pH 7.0) at 4°C for 7 days, and then cut into small tissue
specimens. The specimens were fixed in 2.5% glutaral-
dehyde for 2 hours and post-fixed with 1.0% osmium
tetroxide for 2 hours. Liver, spleen, thymus, mesenteric
lymph nodes, kidneys, lungs, brain, uterus, and testis
were removed, and specimens were sampled from each
tissue. Tissue specimens were fixed in 10% neutral for-
malin at room temperature or in 1% periodate-lysine-
paraformaldehyde (PLP) solution at 4°C for 6 hours. The
other tissue specimens were frozen in liquid nitrogen, cut
by a cryostat, and fixed in acetone for 10 minutes.

Light Microscopy and Histochemistry

The formalin-fixed bone tissues were embedded in par-
affin. Paraffin sections were cut at 3 um thickness and
stained with hematoxylin and eosin (H&E) for routine
histological examination. To detect osteoclasts and
their mononuclear precursor cells, 6-um-thick serial
paraffin sections were prepared and processed for
the histochemical localization of TRAP as described
previously.”*

Immunohistochemistry

F4/80 and BMS8, rat anti-mouse monoclonal antibodies
against macrophages, were purchased from BMA Bio-
medicals AG (August, Switzerland). As both antibodies
can be applied to paraffin sections, we used both mono-
clonal antibodies to detect macrophages in paraffin-em-
bedded bone tissues. Paraffin sections, 6 um thick, were
prepared and then treated with 1% trypsin. In addition,
PLP-fixed tissue specimens for frozen sections were
washed for 4 hours with phosphate buffer solution con-
taining 10%, 15%, and 20% sucrose, embedded in OCT
compound (Miles, Elkhart, IN), and frozen in liquid nitro-
gen. From these specimens, 6-um-thick frozen sections
were prepared by a cryostat. After inhibition of endoge-
nous peroxidase activity by the method of Isobe et al,*?
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PLP- or acetone-fixed frozen sections, as well as paraffin
sections, were stained by the indirect immunoperoxidase
method with F4/80 and BM8 as described previous-
ly.'®17 Anti-rat immunoglobulin/horseradish-peroxidase-
linked F(ab’), fragment (Amersham, Little Chalfont, UK)
was used as secondary antibody. After visualization with
3,3'-diaminobenzidine, the sections were stained with
hematoxylin and mounted with Malinol. For negative con-
trols, the same procedures were performed, omitting the
monoclonal antibodies.

Electron Microscopy

Three mice from each group were used, and one femur
was sampled from one mouse for electron microscopy.
After fixation, the tissue specimens were dehydrated in a
graded series of ethanols, processed through propylene
oxide, and embedded in Epon 812 (E. Fullan, Lathan,
NY). Five Epon-embedded femoral specimens were
made to observe the entire proximal femoral metaphysis.
Ten 1-um-thick serial sections were cut by an ultratome
Nova (LKB, Uppsala, Sweden), stained with toluidine
blue, and observed by a light microscope to determine
whether osteoclasts are mononuclear or multinuclear.
Then, ultrathin sections were cut, and 20 or more oste-
oclasts were observed with a JEM-2000EX electron mi-
croscope (JEOL, Tokyo, Japan).

ELISA

Serum GM-CSF and IL-3 were measured with murine
GM-CSF and IL-3 ELISA kits according to the protocols
supplied with the kits from Endogen (Boston, MA).

Measurements of Bone Marrow Cavity Areas

According to the method previously described,*® 4°
bone marrow cavity areas were measured. Briefly, the
portion between epiphyseal plates was selected in the
H&E-stained serial sections of femurs and photographed
under a light microscope at a magnification of x2.5.
Bone marrow cavity areas were measured on each pho-
tomicrograph, and their percentage relative to bone, in-
cluding bone cortex, was calculated with a personal
computer Power Macintosh 9500/200 using the NIH im-
age 1.61/ppc.

Cell Enumeration

The numbers of TRAP-positive cells were counted per 10
mm on the endosteal surfaces in the diaphysis and me-
taphysis of femurs in the animals according to the
method described elsewhere.® In 6-um-thick serial sec-
tions, TRAP-positive multinuclear cells (osteoclasts) were
discriminated from TRAP-positive mononuclear cells, and
their numbers were counted. Although TRAP-positive
cells with more than three nuclei were judged as oste-
oclasts in previous studies,*®*’ binuclear TRAP-positive
cells were also included in multinuclear osteoclasts in the
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present study as described elsewhere.*® In the present
study, TRAP-positive mononuclear cells were called
mononuclear osteoclasts. This nomenclature was origi-
nally proposed in recent studies and was based on fun-
damental ultrastructural, cytochemical, and functional
similarities to TRAP-positive multinuclear cells (multinu-
clear osteoclasts).**°2 Numbers of F4/80-positive cells
per 1-mm? sections were also counted in the bone mar-
row, spleen, liver, mesenteric lymph nodes, kidneys,
uterus, or testis in young and aged op/op mice and in
GM-CSF-, IL-3-, or GM-CSF- plus IL-3-treated op/op
mice. The percentages of F4/80-positive cells relative to
the wild-type mice were determined.

Statistics

The significance of differences between means was eval-
uated by the Student t-test. P values <0.05 were consid-
ered significant.

Results

X-Ray and Histopathological Changes of
Femurs in Young and Aged op/op Mice

The marrow cavity of the femurs in the 4-week-old wild-
type mice showed normal width and contained few bone
trabeculae in the central portion of the diaphysis,
whereas primary and secondary spongiosa were devel-
oped in the metaphysis (Figure 1A). In contrast, 4-week-
old op/op mice abundantly developed bone trabeculae
and fine cartilaginous bars and showed a marked reduc-
tion of marrow cavity in the femurs due to prominent
osteopetrosis and osteosclerosis (Figure 1B). These
bony trabeculae and cartilaginous bars were mostly thin
and fused randomly with each other to show a lattice-like
pattern. The compact cortical bones were thin in the
young op/op mice, particularly in the metaphysis (Figure
1B), whereas the bone cortex was thick in the wild-type
mice (Figure 1A) and was similar to that of normal BALB/c
or C3H/HeN mice (data not shown). In more than 60-
week-old op/op mice, the bone marrow cavity was ex-
panded and was accompanied by reduced numbers of
bone trabeculae and cartilaginous bars (Figure 1C). The
bone trabeculae and cartilaginous bars in the marrow
cavity and compact cortical bones were thickened.

Figure 2 shows the percentages of marrow cavity ar-
eas relative to bone areas in the femurs in the young or
aged op/op and wild-type mice. In the wild-type mice, the
marrow cavity of the femurs was approximately 70% of
bone and was reduced to approximately 20% in young
op/op mice, whereas the bone marrow cavity of the aged
op/op mice was approximately 30% wider than that of the
young op/op mice. These data indicated that op/op mice
showed a recovery of osteopetrosis and expansion of
bone marrow cavity with aging and were consistent with
the x-ray findings of femurs in these animals (Figure 3,
A-C).

Serum GM-CSF or IL-3 Levels in the Young and
Aged op/op Mice by ELISA

Table 1 shows GM-CSF and IL-3 levels in serum of young
or aged op/op mice, wild-type mice, and GM-CSF-, IL-3-,
or GM-CSF- plus IL-3-treated young op/op mice mea-
sured by ELISA. GM-CSF and IL-3 were undetectable in
serum of the young op/op and wild-type mice. In the aged
oplop mice, serum GM-CSF and IL-3 levels were ele-
vated significantly. Among GM-CSF-, IL-3-, or GM-CSF-
plus IL-3-treated young op/op mice, serum IL-3 levels
were elevated significantly in GM-CSF- plus IL-3-treated
animals. In the aged and treated young op/op mice,
however, we could find no significant relationship be-
tween the serum GM-CSF or IL-3 levels and the degrees
of osteopetrosis recovery (data not shown).

Correction of Osteopetrosis and Expansion of
Bone Marrow Cavity in Young op/op Mice by
Daily Administration of GM-CSF, IL-3, and
GM-CSF plus IL-3

GM-CSF and IL-3 are major cytokines for macrophage
growth and differentiation in op/op mice totally lacking
M-CSF. As elevated GM-CSF and IL-3 levels were found
in the aged op/op mice that showed correction of osteo-
petrosis, we injected daily rmGM-CSF (5 ng/day), rmIL-3
(100 ng/day), or rmGM-CSF plus rmlIL-3 into 4-week-old
op/op mice to examine the effects of these cytokines on
the correction of osteopetrosis. Expansion of bone mar-
row cavity, reduced amounts of bone trabeculae or car-
tilaginous bars, and bone thickening were observed in
the young op/op mice at 2 weeks after daily administra-
tion of GM-CSF, IL-3, or GM-CSF plus IL-3 (Figure 1,
D-F). In the GM-CSF-, IL-3-, or GM-CSF- plus IL-3-treated
op/op mice, osteopetrosis of the femurs was corrected,
and bone marrow cavity was expanded significantly (P <
0.01) (Figure 2). Although significant expansion of bone
marrow cavity was not demonstrated between GM-CSF-
treated and GM-CSF- plus IL-3-treated op/op mice (P >
0.05), bone marrow expansion in the GM-CSF- plus IL-3-
treated op/op mice was significant, compared with the
IL-3-treated op/op mice (P < 0.05). These results were
consistent with the x-ray findings of femurs in these
treated mutant mice (Figures 3, D-F). However, correc-
tion of osteopetrosis was not confirmed in young op/op
mice daily injected for 2 weeks with 0.71 ug of IL-3, the
dose used for intestinal epithelial cell growth in a previous
in vivo study®® (data not shown).

Changes in the Number of TRAP-Positive Cells
and Their Cytological and Ultrastructural
Features

Table 2 shows numbers of TRAP-positive cells per 10 mm
on the endosteal surfaces in the femurs of young op/op,
aged op/op, and young wild-type mice. In the wild-type
mice, there were approximately 45 TRAP-positive cells in
the endosteal surface of the diaphysis and approximately
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Figure 1. Histological changes of the femurs of a young (4-week-old) wild-type mouse (A), a young (4-week-old) op/op mouse (B), an aged (60-week-old) op/op
mouse (C), and GM-CSF- (D), IL-3- (E), or GM-CSF- plus IL-3-treated young (4-week-old) op/op mice (F). A: The femur of the wild-type mouse has a wide marrow
cavity. B: Prominent osteosclerosis and marked narrowing of bone marrow with increased fine cartilaginous bars are seen in the metaphysis and diaphysis of the
femur in the young op/op mouse. C: A bone marrow cavity is formed in the diaphysis, and cartilaginous bars become thickened and are decreased in amount
in the metaphysis of femurs in the aged op/op mouse. D to F: A bone marrow cavity is seen in the diaphysis of femurs in the GM-CSF- (D), IL-3- (E) and GM-CSF-
plus IL-3-treated young op/op mice (F). In all these mice, cartilaginous bars are reduced in amount in the diaphysis and metaphysis of the bones, compared with

the untreated young op/op mouse (B). H&E stain; magnification, X4.
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Figure 2. Percentages of bone marrow cavity areas between the epiphyseal
plates in the femur shaft of wild-type mice, young and aged op/op mice, and
GM-CSF- and/or IL-3-treated young op/op mice. Compared with the wild-
type mice, the marrow cavity of femurs in the untreated young op/op mice is
significantly reduced. Compared with the young op/op mice, the bone mar-
row cavities are significantly expanded in the aged op/op mice and GM-CSF-
and/or IL-3-treated young op/op mice. Each value is representative of three
animals; bars indicate mean = SD.

500 TRAP-positive cells in the metaphysis, and two-thirds
of them were multinuclear (Figure 4A). The TRAP-positive
multinuclear cells (osteoclasts) had heterochromatic nu-
clei and their cell cytoplasm was large, pleomorphic, and
irregularly shaped. The numbers of TRAP-positive
multinuclear cells in the wild-type mice were similar to
those in BALB/c and C3H/HeN mice (data not shown).
TRAP-positive mononuclear cells possessed a spindle or
oval nucleus with a slender cytoplasm. In the op/op mice
at the age of 4 weeks, a few TRAP-positive cells were
detected in the metaphysis and diaphysis of the femurs
(Figure 4B), almost all of them were mononuclear, and
multinuclear osteoclasts were absent. In the aged op/op
mice, the numbers of TRAP-positive cells, as shown in
Table 2, were significantly increased in the diaphysis and
metaphysis of the femurs, compared with those of young
oplop mice (P < 0.05), and most of them were mononu-
clear (Figure 4C). In the op/op mice given GM-CSF, IL-3,
or GM-CSF plus IL-3 daily for 2 weeks, the numbers of
TRAP-positive mononuclear cells were significantly in-
creased, compared with those of the young op/op mice
(P < 0.05) (Figure 4, C-F; Table 2). In addition, the
number of multinuclear osteoclasts was increased signif-
icantly in the diaphysis and metaphysis of femurs in
GM-CSF- plus IL-3-treated young op/op mice, compared
with the young op/op mice. However, multinuclear oste-
oclast numbers in the metaphysis were smaller than in
the wild-type mice (Table 2).

Figure 5 shows changes in the total numbers of TRAP-
positive cells in the femurs of young op/op mice at 3, 7,
and 14 days after daily subcutaneous injection of GM-
CSF, IL-3, or GM-CSF plus IL-3. The total number of
TRAP-positive cells in the femurs of GM-CSF-, IL-3-, or
GM-CSF- plus IL-3-treated op/op mice increased with
days after injection. Among three groups of the treated
op/op mice, significant numerical increments of TRAP-
positive cells were the highest in the GM-CSF- plus IL-3-
treated ones during the period examined (P < 0.05).

In the wild-type mice, the multinuclear cells showed
the ultrastructure of osteoclasts characterized by many
heterochromatic nuclei, markedly developed ruffled bor-
ders with an ample clear zone, and numerous clear ves-
icles, vacuoles, or granules of variable sizes, rough en-
doplasmic reticulum, Golgi complexes, and abundant
mitochondria. In the young op/op mice, the osteoclasts
were mononuclear and showed a poor development of
ruffled borders, indistinct clear zone, reduced numbers
of vesicles, vacuoles, or granules in the cytoplasm, and a
smooth cell membrane with few microvilli facing the cap-
illary lumen (Figure 6A). In the mononuclear osteoclasts,
the nucleus was oval or elongated, often with a prominent
nucleolus (Figure 6A). In the aged op/op mice, the mono-
nuclear osteoclasts predominated, showing the same
fundamental ultrastructure as in the young op/op mice.
However, the cells were slightly larger with a more copi-
ous cytoplasm, contained more numerous vesicles,
vacuoles, and granules, and developed ruffled borders
more markedly than in the young op/op mice (Figure 6B).
In the GM-CSF-treated op/op mice, the mononuclear os-
teoclasts were larger in size with a round nucleus with
indistinct nucleoli and developed more marked ruffled
borders, extended more numerous microvilli from the cell
surface facing the lumen of blood capillaries, and devel-
oped more numerous vesicles, vacuoles, and granules in
the cytoplasm than in young op/op mice (Figure 6C). In
the IL-3 or GM-CSF- plus IL-3-treated op/op mice, mono-
nuclear osteoclasts showed similar ultrastructural fea-
tures to those in the GM-CSF-treated op/op mice (Figure
6D). In GM-CSF- plus IL-3-treated op/op mice, multinu-
clear osteoclasts showed similar ultrastructural features
to those of the wild-type mice (data not shown).

Numerical and Cytological Changes of
Macrophages in the Aged and GM-CSF-, IL-3-,
or GM-CSF- plus IL-3-Treated Mutant Mice

Figure 7 shows changes in the percentage of macro-
phages in the bone marrow and other various tissues of
young and aged op/op, GM-CSF-, IL-3-, or GM-CSF- plus
IL-3-treated young op/op mice, relative to the wild-type
mice. In agreement with the data reported in previous
studies, 2" the percentages of macrophages in the
bone marrow of femur bones in the aged op/op mice,
relative to the wild-type mice, were increased signifi-
cantly, compared with the young op/op mice. However,
the percentages of macrophages in the other tissues of
aged op/op mice, relative to the wild-type mice, were not
increased, compared with the young op/op mice. In the
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Figure 3. X-ray findings of femurs in a young wild-type mouse (A), a young op/op mouse (B), an aged op/op mouse (C), and a GM-CSF-treated (D), an IL-3-treated
(E), and a GM-CSF- plus IL-3-treated (F) young op/op mouse. A: The femur of the wild-type mouse has a wide marrow cavity and clearly distinguishable cortical
bones. B: The femur of the young op/op mouse is short and thick, associated with diffuse bone density in the medullary cavity and indistinguishable cortical bones.
C: In the aged op/op mouse, the medullary cavity is formed in the femur, is distinguished from the bone cortex, and shows a lacy pattern of bone density. D to
F: In the treated op/op mice, the bone marrow cavity is formed, and the cortical bones are distinguished from the cavity. Slight lacy patterns of density are found
in the medullary cavity.
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Table 1. Serum GM-CSF and IL-3 Levels in Young or Aged op/op Mice, GM-CSF-, IL-3-, or GM-CSF- plus IL-3-Treated Young op/

op Mice and Wild-Type Mice

Mice GM-CSF (pg/ml) IL-3 (pg/ml)

op/op mice

Young ND (3) ND (3)

Aged 24.90 + 15.69* (11) 26.72 + 5.84* (3)

Young GM-CSF-treated ND (3) ND (7)

Young IL-3-treated ND (3) ND (3)

Young GM-CSF- plus IL-3-treated ND (3) 84.16 = 30.08* (3)
Wild type ND (3) ND (3)

Results are expressed as mean = SD. Young mice were 4 weeks old; aged mice were >60 weeks old. Mice were treated with GM-CSF, IL-3, or
GM-CSF plus IL-3 for 2 weeks. ND, undetectable. Numbers of mice examined are shown in parentheses.

*P < 0.05.

GM-CSF-, IL-3-, or GM-CSF- plus IL-3-treated mice, the
percentages of macrophages relative to the total num-
bers of macrophages in the wild-type mice were in-
creased significantly in the bone marrow, spleen, liver,
and lymph nodes. However, the percentages of macro-
phages in the endometrium, testis, or kidneys remained
low in these treated mutant mice.

Discussion

In agreement with the data reported in previous stud-
ies, 72" the present investigation has revealed that os-
teopetrosis is corrected in aged op/op mice, accompa-
nied by the expansion of bone marrow cavity and
hematopoietic recovery. In the aged op/op mice, the
numbers of TRAP-positive cells and F4/80-positive mac-
rophages were increased significantly in the femurs,
compared with the young op/op mice. Most TRAP-posi-
tive cells were mononuclear. Multinuclear osteoclasts
were rare in the aged op/op mice as in the young ones.
By scanning electron microscopy, Begg et al demon-
strated that resorptive pits formed by osteoclasts were
distinguishable on the endosteal surfaces of femurs in
aged op/op mice, suggesting the resorptive activity of
osteoclasts.'®?° In agreement with the previous ultra-
structural study,®' we also confirmed that the mononu-
clear osteoclasts have ruffled borders in the interfaces to
bone matrix, although the development of the ruffled
borders are not so prominent as multinuclear osteoclasts.
Also, numerous vesicles, vacuoles, and granules were
observed in mononuclear osteoclasts in the aged op/op

mice, suggesting the endocytic, digesting, and remodel-
ing processes of bone matrix by these cells. Mononu-
clear osteoclasts have been recently considered as func-
tional osteoclasts irrespective of nuclear numbers, based
on their ultrastructural, cytochemical, and functional sim-
ilarities to multinuclear osteoclasts.*® 52

In young op/op mice, the numbers of macrophages are
reduced in various organs and tissues.'®17:54%% The nu-
merical reductions are tissue dependent,'®54%¢ and
these macrophages are small and round and showed
immature ultrastructure, often with distinct phagocytic
activities.'®'” As shown in the present study, macro-
phages are increased in number in the bone marrow of
aged op/op mice, in agreement with the data shown in
previous studies.’® 2! These macrophages are ultra-
structurally immature as in young op/op mice. In normal
mice, studies showed conflicting results about IL-3 pro-
duction, which increased®” or decreased with age.®®°
The production of GM-CSF was unchanged in male and
virgin female mice with aging, whereas GM-CSF levels
were enhanced in aged multiparous female mice.®® In
our aged op/op mice, in which multiparous female mice
were excluded in our present study, serum GM-CSF and
IL-3 levels were elevated significantly. In our previous
study, Northern blot analysis demonstrated the expres-
sion of GM-CSF and IL-3 mRNA in various tissues of
op/op mice.'” Taking all of the previous information and
our present data together, in op/op mice, which totally
lack functional M-CSF activity, GM-CSF and IL-3 are con-
sidered the major growth factors to support the mainte-
nance and differentiation of immature macrophages and

Table 2. Numbers of TRAP-Positive Cells per 10 mm on the Endosteal Surfaces in the Diaphysis and Metaphysis of Femurs in
Young or Aged op/op Mice, GM-CSF-, IL-3- or GM-CSF- plus IL-3-Treated Young op/op Mice and Wild-Type Mice

Number of TRAP* cells (mean = SD)

Mononuclear Multinuclear
Mice Metaphysis Diaphysis Metaphysis Diaphysis

Wild type 115.00 *= 36.06 29.60 = 12.52 406.67 + 32.15 14.00 + 2.00
op/op mice

Young 6.83 + 2.48 8.33 = 3.40 0.83 +2.04 0.17 = 0.41

Aged 44.00 = 6.99* 25.40 = 4.01* 2.50 + 3.54 0.60 + 0.52

Young GM-CSF-treated 52.50 + 8.22* 3714 = 11.94* 3.33 £ 258 2.67 +2.73

Young IL-3-treated 22.60 = 6.43* 36.00 = 7.07* 0.40 = 0.55 1.00 = 1.00

Young GM-CSF- plus IL-3-treated 37.50 = 6.61* 36.77 = 8.78* 17.50 = 2.50* 12.33 = 3.93*

Young mice were 4 weeks old; aged mice were >60 weeks old. Mice were treated with GM-CSF, IL-3, or GM-CSF plus IL-3 for 2 weeks.

*P < 0.05.
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Figure 4. Appearance of TRAP-positive cells in the femur of a young wild-type mouse (A), a young op/op mouse (B), an aged op/op mouse (C), or a GM-CSF-
(D), an IL-3- (E), or a GM-CSF- plus IL-3-treated (F) young op/op mouse. A and C to F: TRAP-positive cells are seen on the endosteal surfaces of the femur
diaphysis in the young wild-type mouse, the aged op/op mouse, and the treated young op/op mouse. Arrowheads show TRAP-positive cells, and arrows indicate
TRAP-positive resorption surfaces where no osteoclasts are detected. Cells in the center of a black square are shown in the inset at a higher magnification. A: There
are numerous TRAP-positive osteoclasts in a young wild-type mouse. Inset: A high magnification of a multinucleated osteoclast. B: TRAP-positive cells are absent
in the osteopetrotic femur bone of the young op/op mouse. C to F: Increased numbers of osteoclasts are seen in an aged op/op mouse (C) and a GM-CSF- (D),
an IL-3- (E), and a GM-CSF- plus IL-3-treated (F) young op/op mouse. Inset: Mononuclear TRAP-positive cells in the aged (C) and GM-CSF-treated young (D) op/op
mouse and a multinucleated osteoclast in GM-CSF- plus IL-3-treated young op/op mouse (F). TRAP staining; magnification, X66 and X100 (inset).
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Figure 5. Total numbers of TRAP-positive cells in the femurs of young op/op
mice at 3, 7, or 14 days after daily administration of GM-CSF, IL-3, or GM-CSF
plus IL-3.

to induce numerical increases of immature macrophages
in the bone marrow of aged op/op mice. To clarify the
roles of GM-CSF and IL-3, we injected subcutaneously 5
ng of rmGM-CSF, 100 ng of rmlL-3, or both daily for 2
weeks into young op/op mice. These treatments resulted
in numerical increases of macrophages in the bone mar-
row of GM-CSF-, IL-3-, or GM-CSF- plus IL-3-treated
mutant mice, in agreement with the results in a study of
Wiktor-Jedrzejczak et al,®® showing that GM-CSF in-
duces variable increases in number of macrophages in
various tissues of op/op mice. In the aged op/op mice,
however, the numbers of macrophages were not in-
creased in tissues other than the bone marrow, as in
young mutant mice. Based on the present data, there is a
difference in action of the growth factors introduced ex-
ogenously or produced in situ, and the locally produced
GM-CSF and/or IL-3 in tissues other than bone marrow of
aged op/op mice seem insufficient for correction of tissue
macrophage deficiencies.

In a previous study, Wiktor-dedrzejczak et al reported
that osteopetrosis in op/op mice was not corrected by
exogenous administration of GM-CSF in a high dose.*®
Furthermore, we could not confirm any significant osteo-
petrotic changes in femurs in young op/op mice daily
injected with IL-3 in such a large dose, as used in a
previous study.®® These data indicate that long-term ad-
ministration of GM-CSF or IL-3 in high doses does not
correct osteopetrosis of op/op mice. In our recent study,
however, we found that 5 ng of rmGM-CSF is the most
effective dose for the induction of increases in number of
macrophages.“® In addition, the present study demon-
strated that 100 ng of rmlIL-3 was the most effective for
inducing numerical increases of Kupffer cells in the liver
of normal mice, when subcutaneously injected. In such a
low dose, we succeeded in inducing a significant correc-

tion of osteopetrosis, expansion of bone marrow cavity,
and hematopoietic recovery in the femurs of all GM-CSF-,
IL-3-, and GM-CSF- plus IL-3-treated young op/op mice.
Similar to the aged op/op mice, we found numerical in-
creases of TRAP-positive cells in the femurs of all of these
treated mutant mice. These data indicate that GM-CSF
and/or IL-3 can correct osteopetrosis in M-CSF-deficient
op/op mice. In previous studies, it was established that
M-CSF administration rapidly induced the correction of
osteopetrosis, formation and expansion of bone marrow
cavity, and recovery of bone marrow hematopoiesis in
young op/op mice.”'” As in the aged op/op mice, GM-
CSF- or IL-3-treated young op/op mice showed correc-
tion of osteopetrosis by increased numbers of mononu-
clear osteoclasts and their implication in bone resorption.
In the GM-CSF- plus IL-3-treated op/op mice, mature
multinucleated osteoclasts developed in the metaphysis
and diaphysis of femur bones. These results indicate that
GM-CSF or IL-3 alone is sufficient to induce the develop-
ment, differentiation, and survival of mononuclear oste-
oclasts and do not participate in their fusion, differentia-
tion, and maturation into multinuclear osteoclasts.
Administration of both GM-CSF and IL-3 appears to in-
duce a synergistic effect on the fusion of mononuclear
osteoclasts and their differentiation and maturation into
multinuclear osteoclasts.

In previous in vitro studies, data regarding the effects
of GM-CSF or IL-3 on osteoclast formation were contro-
versial, some researchers reported that both growth fac-
tors had stimulatory effects,>?273° and other investigators
described inhibitory biological actions of these fac-
tors.3°-%° These discrepancies may have resulted from
various factors, including the culture system used, the
cell types studied or the differentiation stages of cultured
cells, the concentrations of the growth factors added to
culture media, or the amounts of endogenous GM-CSF or
IL-3 production from cultured cells. Among these factors,
the differentiation stages of the cultured cells used and
the endogenous production of GM-CSF or IL-3 by them
are the most important critical factors in osteoclast for-
mation. The processes of osteoclast formation are di-
vided into two phases: 1) the early proliferative phase
and 2) the late differentiation phase.®®€° In the early
proliferative phase, GM-CSF is thought to function as a
stimulator for expansion of osteoclast precursors,®2%:€’
whereas it acts as an inhibitory factor in the differentiation
phase of osteoclast formation.33 The precise amounts of
GM-CSF or IL-8 endogenously produced by cultured
cells were not determined in most of the previous in vitro
studies.®?235 A recent study, using osteoblastic or
spleen cells from GM-CSF-deficient mice or GM-CSF/IL-
3/IL-5 B-chain-deficient mice clearly demonstrated that
IL-18 is produced by osteoblasts and acts via GM-CSF to
inhibit osteoclast formation.®® This in vitro system is very
useful for studying effects of GM-CSF exogenously
added to medium, because the osteoblastic or spleen
cells from GM-CSF-deficient mice used for co-culture do
not produce GM-CSF. However, the cultured cells used
in this study were predominantly macrophages (more
than 95%), which had differentiated from bone marrow
mononuclear cells of normal mice in the presence of
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Figure 6. Ultrastructural features of osteoclasts in a young (A) or an aged (B) op/op mouse and a GM-CSF-treated (C) or an IL-3-treated (D) young op/op mouse.
A: Osteoclast in the young op/op mouse has a slender nucleus, contains cytoplasmic vesicles, vacuoles, and granules, and develops poor ruffled borders (arrow).
B: Mononuclear osteoclast in the aged op/op mouse possesses an elongated nucleus, and its cytoplasm is more copious, contains much more numerous vesicles,
vacuoles, and granules, and develops ruffled borders more markedly than in the young op/op mouse. An arrow indicates the development of ruffled borders. C:
Mononuclear osteoclast has a large round nucleus with a copious cytoplasm, developing ruffled borders (arrow) and containing numerous vesicles, vacuoles, and
granules in the GM-CSF-treated young op/op mouse. D: Mononuclear osteoclast in the IL-3-treated young op/op mouse is similar to that in the GM-CSF-treated one
and developing ruffled borders (arrow). Magnification, X4000 (A and B) and X3500 (C and D).
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Figure 7. Percentages of F4/80-positive macrophages relative to those of wild-type mice in various tissues of untreated young or aged op/op mice and GM-CSF-

and/or IL-3-treated young op/op mice.

M-CSF. Therefore, the inhibitory effects of GM-CSF may
result from its action in the late differentiation phase of
osteoclast formation. Because our in vivo study suggests
that GM-CSF or IL-3 acts on more immature cells than
mononuclear osteoclasts, it is difficult to compare our
data with those in the previous in vitro studies.

It is known that IL-3 induces the production of GM-
CSF, G-CSF, and IL-6 by bone marrow cells and bone
marrow stromal cells, showing hierarchical regulation of
cytokine production.®?-®* Osteoblasts, macrophages,
and endothelial cells produce and secrete GM-CSF and
IL-3 in bone tissues and bone marrow. IL-3 is predomi-
nantly produced by antigen- or mitogen-activated T
cells.®® In a preliminary study, we observed the expres-
sion of GM-CSF and/or IL-3 mRNA in young, aged, or
GM-CSF- and/or IL-3-treated op/op mice by in situ hybrid-
ization (data not shown). Taking these data together, our
present study suggests that endogenously produced or
exogenously provided GM-CSF and/or IL-3 function as a
stimulator for osteoclast formation. In contrast, Nilsson et
al®® demonstrated that GM-CSF-deficient op/op mice
showed hematopoietic recovery with aging at 40 weeks
of age, suggesting that GM-CSF is not required for the
age-related correction of the hematopoietic deficiencies
in op/op mice. However, it was previously known that the
correction of hematopoietic deficiencies in aged op/op
mice becomes evident at approximately 22 weeks of
age.'® Taking this information together, it rather appears
likely that GM-CSF deficiency in GM-CSF-deficient op/op
mice induces a marked delay in the age-related correc-
tion of hematopoietic deficiencies in op/op mice. Sup-
porting this notion, the present study demonstrated that
daily administration of GM-CSF or IL-3 in low doses cor-
rected the osteopetrosis in op/op mice and induced in-
creases in the numbers of mononuclear osteoclasts.
These data indicate that GM-CSF or IL-3 has similar
stimulatory effects for the osteoclast formation in vivo. In

addition, the present study showed that daily administra-
tion of GM-CSF and IL-3 into young op/op mice induced
increased numbers of multinuclear osteoclasts. However,
additional studies are required to elucidate whether GM-
CSF or IL-3 directly stimulate osteoclast development
and to determine the mechanism of development of
multinuclear osteoclasts after administration of both GM-
CSF and IL-3 in young op/op mice.

In conclusion, GM-CSF and/or IL-3 support the devel-
opment and differentiation of mononuclear and/or
multinuclear osteoclasts to correct osteopetrosis in op/op
mice. Similar mechanisms appear to participate in the
recovery of osteopetrosis in the mutant mice with aging.
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