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Examination of the op/op mouse disclosed marked
reduction and abnormal differentiation of osteo-
clasts in the bones and of tissue-specific macro-

phages in various visceral organs and tissues. Most of
these macrophages were immature as judged by ul-
trastructural criteria In co-cultures of normal
mouse bone marrow cells with fibroblast cell lines
preparedfrom the lungs ofthe op/op mice, a defective
differentiation of monocytes into macrophages was

confirmed, supporting previous evidence that thefi-
broblast cell lines of the mutant mousefailed to pro-
ducefunctional macrophage colony-stimulatingfac-
tor (M-CSF/CSF-1). In such co-cultures, however, a

small number of macrophages apparently mature

under the influence ofgranulocyte/macrophage col-
ony-stimulating factor (GM-CSF) produced by the
op/op fibroblast cell lines. In the mutant mice, the
numbers of macrophages in the uterine wall and
ovaries were severely reduced Compared with the tis-
sues ofnormal littermates, those of the mutants con-

tained about 60% fewer macrophages in many tis-
sues. This suggests that an M-CSF-independent pop-
ulation of macrophages is derivedfrom granulocytel
macrophage-colony-forming cells (GM-CFC) or

earlier hematopoietic progenitors. (Am J Pathol
1991, 139:657-667)

Macrophages are heterogeneous populations with re-
spect to their morphologic, functional, and metabolic

properties. Such heterogeneity reflects differences in tis-
sue localization, differentiation, maturation, or activation,
as macrophages differentiate and mature in response to
cell-derived or environmental signals.1'2 As one of the
cell-derived soluble factors (cytokines), colony-
stimulating factors (CSFs) preferentially act on specific
cell lineages or function at different stages of the 'differ-
entiative hierarchy.' Granulocyte-macrophage colony
stimulating factor (GM-CSF) and macrophage colony-
stimulating factor (M-CSF)/CSF-1 directly regulate prolif-
eration and differentiation of hematopoietic progenitors
into macrophage populations at different stages.34 Ac-
cording to the concept of the mononuclear phagocyte
system (MPS) advocated by van Furth and his col-
leagues,=7 almost all macrophages, not only those dis-
tributed ubiquitously in vivo under a normal steady state
condition, but also those exudating in inflammatory foci,
are derived from blood monocytes that are differentiated
through promonocytes from monoblasts originating in
bone marrow. In contrast, recent in vitro studies with
CSFs demonstrated that mature macrophages derived
from bone marrow progenitors under the influence of ei-
ther CSF-1 or GM-CSF differ morphologically and func-
tionally,2'8 suggesting that heterogeneity of mature mac-
rophage populations might reflect the effects of different
CSFs on bone marrow progenitors. The alternative differ-
entiative pathways of such macrophage populations in
vivo, however, have not yet been demonstrated.9'10

Osteopetrosis is an inherited metabolic bone disease
of several animal species including mice, rats, rabbits,
dogs, cows, and humans. This bone disease is charac-
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terized by a generalized skeletal sclerosis due to failure of
bone resorption and remodeling by a functional defect of
osteoclasts.11 In mice, four distinct mutations-gray-
lethal (go), microphthalmia (ml), osteosclerotic (oc), and
osteopetrotic (op)-are known to be transmitted by au-
tosomal recessive traits.12'13 Among these mutants, op/
op mice can be distinguished from their normal litter-
mates at 10 days after birth by the absence of incisors, a
distinctly domed skull, short tail, and small body size. 14'15
In addition to a defect in bone remodeling due to marked
reduction of functional osteoclasts, deficiencies of mono-
cytes and peritoneal macrophages and reduced perito-
neal macrophage function in the op/op mouse also have
been observed by previous hematocytologic analysis16
and by functional assessment.17 In this mutant mouse,
the developmental defect of the skeletal bones is not
cured by transplantation of normal bone marrow cells or
spleen cells,15 suggesting a primary defect in the abnor-
mal hematopoietic microenvironment but not in the he-
matopoietic stem cells. Recently the absence of func-
tional CSF-1 in the op/op mouse was reported.1-22 Al-
though macrophage colony-stimulating factor gene
(Csfm) messenger RNA was present at normal levels, the
op mutation was demonstrated to be a mutation within
the Csfm gene itself.18 Thus the op/op mouse serves as
a model for investigating the differentiation and matura-
tion of macrophage populations under conditions of de-
fective CSF-1 production.

This article describes the deficiencies of osteoclasts
in the skeletal bones and reduction in numbers of mac-
rophages in various tissues, as well as the immunohisto-
chemical and ultrastructural properties of macrophage
populations, in op/op mice. It also discusses the limited
differentiation, maturation, and heterogeneity of macro-
phage populations in these mutant mice.

Materials and Methods

Animals

(C57BL/6J x C3HeB/FeJ)F2-op/op mice were obtained
from the Jackson Laboratory (Bar Harbor, ME) and main-
tained under routine conditions at the Laboratory Animal
Center of Kumamoto University Medical School. The an-
imals were grouped into pairs of op/op mice and normal
littermates (+/?). Four-week-old male and female mice
as well as 2- and 4-month-old mice were killed under
ether anesthesia. Liver, spleen, bone marrow, lungs, ova-
ries, uterus, and other tissues were excised for further
light and electron microscopic studies. For the immuno-
histochemical comparison of the uterus, seven C3H/He
Slc female mice were used as controls.

Light Microscopy

The liver, spleen, bone marrow, kidneys, thymus, uterus,
ovary, and certain other tissues were fixed in 10% form-
aldehyde and embedded in paraffin. Four-micron-thick
sections were prepared and stained with hematoxylin
and eosin for routine light-microscopic examination. The
sections were stained also with toluidine blue and for tar-
trate-resistant acid phosphatase activity.23

Electron Microscopy

Samples of spleen, liver, thymus, and bone marrow were
fixed in 2.5% glutaraldehyde for 1 hour and postfixed in
1.0% osmium tetroxide for 2 hours. After dehydration in
graded series of ethanol, the specimens were processed
through propylene oxide, and embedded in Epon 812 (E.
Fullan, Inc., Latham, NY). Ultrathin sections were cut by
an ultrotome Nova (LKB, Uppsala, Sweden), stained with
uranyl acetate and lead citrate, and examined with elec-
tron microscope JEM-2000EX (JEOL, Tokyo, Japan)

Immunohistochemistry

Tissue samples were fixed for 4 hours at 40C in periodate-
lysin-paraformaldehyde solution, washed sequentially for
4 hours with phosphate buffer solutions containing 10%,
15%, and 20% sucrose, embedded in OCT compound
(Miles, Elkhart, IN), frozen in dry ice-acetone, and cut by
a cryostat into 6-,u-thick sections.

After inhibition of endogenous peroxidase (PO) activ-
ity by the method of Isobe et al,24 we performed immu-
nohistochemistry using the anti-mouse panmacrophage
monoclonal antibodies F4/8025,26 and BM8.27 F4/80 is
expressed by promonocytes, monocytes, tissue-fixed
macrophages, free macrophages of the body cavities,
histiocytes, synovial A cells, Langerhans cells, microglia,
and phagocytes on the periosteal and endosteal bone
surfaces, but not by osteoclasts.25,"6BM8 is expressed
by tissue-fixed macrophages, epidermal Langerhans
cells, inflammatory macrophages, and multinuclear giant
cells, but it is absent from monocytes and earlier macro-
phage precursors.27 As a secondary antibody, anti-rat
Ig-horseradish PO-linked F(ab')2 fragment (Amersham,
Amersham, UK) was used. After visualization with 3,3'-
diaminobenzidine, nuclear counterstaining with hema-
toxylin, and mounting with resin, numbers of positive cells
per square millimeter were enumerated in the liver,
spleen, bone marrow, kidney, subcutaneous tissue,
brain, ovary, and uterine wall of the op/op mice and nor-
mal littermates. In the femoral bones, we counted and
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Figure 1. In Figures 1 and 3 to 9, panel (a) represents normal littermates; panel (b) represents op/op mice. a: Longitudinal section of the
distalfemurfrom a normal littermate. 7be distal epiphyseal plate is at the left ofthefigure. 7Te cortical shaft is well developed and the large
marrow cavtiq isfilled uith hematopoietic cells. b: Longitudinal section of the distalfemurfrom an op/op mouse. The hone shaft does not
have a well-defined cortex. A definitive marrou' cavity is absent and the interior of the bone isfilled with primary spongiosa. Hematoxylin
and eosin, x 40.

compared the number of osteoclasts and F4/80-positive
mononuclear cells on the endosteal bone surfaces per
10 mm in both groups.

Fibroblast Cultures

Fibroblast cell lines were established from lung tissues.18
These fibroblast cell lines were tested for their ability to
produce factors that would support the proliferation of
normal macrophage precursors. BALB/c Cr Slc bone
marrow cells were passed twice through Sephadex G-1 0
columns, and then 5 x 1 0,5cells were co-cultured in plas-
tic flasks (25 cm2, 50 ml; Nunclon, Roskilde, Denmark)
with the confluent cell layer of the fibroblast lines for 3, 7,
10, and 14 days. Cultured cells were fixed with 0.1%
glutaraldehyde for 10 minutes, processed by the com-
bined method of ultrastructural PO cytochemistry and im-
munoelectron microscopy with F4/80 and BM8 as de-
scribed by Hoefsmit and Beelen,28 and examined at the
ultrastructural level without counterstaining. Numbers of
PO-positive cells, as well as F4/80- and BM8-positive
macrophages, were counted by electron microscopy,
and their percentages of total cells were calculated.

Statistics

The significance of differences between means was eval-
uated by the Student's t-test.

Results

Skeletal Abnormalities and Osteoclasts

In 4-week-old op/op mice, osteopetrotic changes were
found in all skeletal bones. The proximal end of the tibia

and the distal end of the femur were wide, the diaphysis
did not have a well-defined cortex, and the zone of hy-
pertrophied chondrocytes occupied half the thickness of
the epiphyseal plate. In contrast to the wide bone marrow
cavity filled with numerous hematopoietic cells in normal
littermates, the bone marrow of the mutant mice was
composed of primary spongiosa and showed no defini-
tive marrow cavity. Numbers of hematopoietic cells in the
bone marrow of the op/op mice were remarkably re-
duced on account of an excessive amount of bone tra-
beculae (Figure 1). Multinuclear osteoclasts were found
mainly in the metaphysis of long bones and vertebrae of
the normal littermates, especially abundantly in the coc-
cygeal vertebrae. In the mutant mice, the multinuclear
osteoclasts showed reduced size and their numbers
were decreased to one fifth compared with normal litter-
mates (Table 1). Tartrate-resistant acid phosphatase ac-
tivity was detected in multinuclear osteoclasts. Osteo-
clasts were predominantly negative for F4/80, but some
mononuclear spindle cells along the bone trabeculae
and bone cortex adjacent to the periosteum were posi-
tive for the antigen. Numbers of these F4/80-positive cells
in the mutant mice were less than one-tenth those of the
normal littermates (Table 1). No obvious abnormality was
found in osteoblasts, which were abundant in the me-
taphyseal region. There were no signs of remission of

Table 1. Comparison of the Number of Osteoclasts and
Mononuclear Cells on the Endosteal Surface of the
Femoral Bones of OP/OP and Normal Litte-mate Mice

Cells

Osteoclasts
(multinucleated
giant cells)

F4/80-positive
mononuclear cells
* Number of cells per 10 mm.

op/op

2*

+ I?

10

22 52
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such abnormal bone architectures, and reduced osteo-
clasts also were observed in mutant mice with ages up to
4 months after birth.

Pathologic Changes and Distribution of
Macrophages in the Visceral Organs and
Tissues

Extramedullary hematopoiesis was more extensive in the
red pulp of the spleen of oplop mice than in normal lit-
termates. In the thymus of these mutant mice, the cortex
became markedly attenuated and consisted almost ex-
clusively of thymic epithelial cells. In the atrophic thymic

medulla, there were numerous macrophages phagocy-
tizing nuclear fragments. In the uterus, the endometrium
and myometrium were hypoplastic and there was poor
development of glandular epithelia. In the subcutaneous
tissue, several mast cells showing metachromasia by to-
luidine blue staining were observed both in mutant mice
and normal littermates.

Immunohistochemical examination showed that the
number of F4/80-positive macrophages was reduced in
op/op mice compared with the normal littermates (Figure
2). In the mutant mice, numbers of Kupffer cells were
about 30% of those in the normal littermates (Figures 2
and 3). Distribution of Kupffer cells in the hepatic lobules
was quite irregular. Numbers of F4/80-positive cells in the
synovial membrane (Figure 4), bone marrow (Figure 5),
red pulp of the spleen (Figure 6), interstitium of the kid-
ney, subcutaneous tissue, lymphatic sinuses of the
lymph nodes, thymus, testis, endometrium and myo-
metrium of the uterus, stroma of the ovaries (Figure 7),
pericapillary space of the brain, and lamina propria of the
stomach were also reduced in the mutant mice. The re-
duction of macrophages in most of these tissues was
statistically significant (P < 0.05: liver, spleen, bone mar-
row, kidney; P < 0.01: uterus, ovary, subcutaneous tis-
sue). Such reduction of macrophages in various tissues
was confirmed also in 4 month-old mutant mice, and the
number of BM8-positive cells was similarly reduced in
op/op mice. Comparing their immunoreactivities in adja-
cent sections, F4/80-positive cells simultaneously ex-
pressed BM8 antigen. Thus, F4/80-positive cells are con-
sidered to be macrophages, because BM8 is expressed
on macrophages but not on monocytes.

The most striking reduction in numbers of macro-
phages in op/op mice was evident in the uterine wall and
ovary of the mutant mice (P < 0.01). There were only 10%
normal levels of uterine wall macrophages and 2.5% of
ovarian macrophages in op/op mice compared with the

Figure 3. Figir-es.% to 8 .,1ow imi/lnoi istocheU/Cnhical staioigllg lisinig 11 80 kif/)// e CW1 thC liz ca el(C lC.A iinois 1oi o1 ( t/ttiCC tI/cl/i
in nor/nal litlmat7e'./ X20(
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Figure 4. There werefew macrophages in the vnovial membrane of op/op mice than in normal littermates, X200.

normal littermates (Figures 2, 7, and 8). Among seven
C3H/He Sic mice (three in the secretory phase, four in the
interval phase), the number of macrophages in the uter-
ine wall was similar to the littermate + ? mice, indicating
no statistical difference between two stages of sexual cy-
cle.

Ultrastructural Difference of Macrophages
Between op/op Mice and Normal
Littermates

In op/op mice, macrophages in the splenic red pulp were
uniform in size and showed various degree of phagocy-
tosis. Rough endoplasmic reticulum (rER), lysosomal
granules, and microvillous projection, however, were not
well developed (Figure 9b). In the normal littermates,
macrophages varied in size and shape, and most of
them possessed much more developed organelles and
cytoplasmic projection than those in the op/op mice (Fig-
ure 9a). In the liver, Kupffer cells often possessed phago-
cytized blood cells and electron-dense substance of vari-

able size, but their intracellular organelles and microvil-
lous projection were poorly developed in 4-week-old
mutant mice. In Kupffer cells of 4-month-old mutant mice,
vacuoles were often found, but phagocytosis was less
prominent. Poor development of organelles in macro-
phages were also observed in the thymus and bone mar-
row.

Development of Macrophages After
Co-culture of BALBIc Bone Marrow Cells
with Fibroblast Cell Lines Established from
op/op Mice and Normal Littermates

After 3 days of co-culture of bone marrow cells from
BALB/c mice on fibroblast cell lines established from nor-
mal littermates, a few colonies of monocyte/granulocyte
series developed. These colonies were composed of F4/
80- or BM8-negative cells containing several peroxidase-
positive cytoplasmic granules. Monocyte/granulocytes
proliferated at 7 days, together with the marked increase
of F4/80- or BM8-positive macrophages. After 2 weeks of

Figure 5. Macrophages in the bone marrow were less numerous in op/op mice than in normal littermates, X400.
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Figure 6. Macrophages in the redpulp of the spleen were less numerous in op/op mice than in normal littermates, X200.

co-culture, most of the hematopoietic cells were differen-
tiated into macrophages. Ultrastructurally, 99% of these
macrophages expressed F4/80 or BM8 on the cell mem-
brane, projected well-developed microvilli or filopodia
from the cell surface, and possessed abundant rER, sec-
ondary lysosomes, and phagocytic vacuoles in the cyto-
plasm (Figure 1 Oa).

In the culture of bone marrow cells on fibroblast cell
lines established from the lungs of op/op mice, a few
monocyte/granulocyte colonies were observed at 3 days.
After 7 days, monocytes/granulocytes proliferated rather
diffusely with a few macrophages. Even after 10 and 14
days of culture, about 95% of the hematopoietic cells
were monocytes and occasional granulocytes (Figure
11). Fine PO-positive granules contained in monocytes at
3 and 7 days after culture were dispersed throughout
their cytoplasm (Figure 12a). These granules, however,
were localized in the cell periphery at day 14 in culture
(Figure 1 2b). These cells ranged from 6 to 10 ,u in diam-
eter (average, 7.9 ,u) and contained one to 23 PO-
positive granules per cell (average, 13). The size of the
granules ranged from 0.07 to 0.12 [L. Macrophages con-

stituted about 5% of the hematopoietic cells. Although
large macrophages expressed F4/80 or BM8 clearly,
more than half of PO-negative cells showed no or weak
immunoreactivity against the antibodies. These cells
were small in size, and lysosomes, rER, and microvillous
projections were poorly developed at ultrastructural level
(Figure 1Ob).

Discussion

In agreement with the results of previous studies of the
op/op mouse,12-17,29,30 this study showed marked defi-
ciency of osteoclasts and severe disturbance of bone
resorption and remodeling, resulting in skeletal bone ab-
normalities characteristic of osteopetrosis after 10 days of
life. To compensate for marked reduction of bone marrow
hematopoiesis, extramedullary hematopoiesis was
prominent in the spleen of the op/op mouse. In the mutant
mice, osteoclasts and spindle-shaped mononuclear cells
were severely reduced on the endosteal bone surfaces.
These mononuclear cells were immunoreactive with F4/

'5,

Figure 7. Macrophages in the ovary were severely decreased in op/op mice, whereas they were abundant in nornal litternates, X200.
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Figure 8. Macrophages in the uterus uwere numerous in normal littermates, but u'ere vervfeuw in op/op mice. X200

80, suggesting that they are osteoclast precursors. These
findings suggest that osteoclast reduction in the op/op
mouse is due to a defective differentiation or proliferation
of osteoclast precursor cells. In the mutant mice, reduc-
tion in numbers of macrophages was detected in the
visceral organs and tissues. In the uterine wall, macro-
phage numbers were reduced to about 10% of those of
the normal littermates. The results of previous studies
support the conclusion that production of functional
CSF-1 is absent in the op/op mouse.1-22 Our approach
by the combined method of immunoelectron microscopy

and ultrastructural PO cytochemistry in the culture sys-
tem using the fibroblast cell lines established from the
lungs of the op/op mice demonstrated that normal mouse
bone marrow precursor cells could differentiate into
monocytes but not into macrophages in co-culture.
These results show that differentiation of monocytes into
macrophages is defective in the op/op mouse, resulting
in a reduction of monocyte-derived macrophage popu-
lation in various organs and tissues.

It has been postulated that the myeloid-lymphoid
stem cells, pluripotential myeloid stem cells, granulocyte-

_ 49,7,p ;
-'

'

f~~~~~~~~~~~~~~~~~~~~~-:~~-

Z,*?_ z

Figure 9. Macrophages in splenic redpulp. a: normal littermate. b: op/op mouse. Most ofthe splenic macrophages in op/op mice are smaller
than those in normal littermates Intracytoplasmic organelles of the macrophage are poorly developed in op/op mice, X6000.
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Figure 10. a: Macrophage developed after 2 uweeks of coculture on fibroblasts establishedffrom normal littermates. The macrophage shows
well-developed organelles, microvillous projections, andphagocytic vacuoles and expressed reaction productsfor F4/80 are present on the
cell surface, x 6000. No counterstaining. b: Macrophage developed after two weeks of coculture on fibroblasts establishedfrom an op/op
mouse. Macrophages only rarely develop in this culture system and shou' poorly developed cytoplasmic organelles and weak or absent
reactivityfor F4/80. Combined electron microscopical PO cytochemistry and immunoelectron microscopy using F4/80, X 6000.

macrophage colony-forming cells (GM-CFC), and mac-
rophage colony-forming cells (M-CFC) appear in the se-
quential order during the macrophage differentiation pro-
cess31 and that macrophages develop as the terminal
differentiation of MPS from M-CFC through promono-
cytes and monocytes.7 Proliferation and differentiation
of GM-CFCs and M-CFCs are regulated by GM-CSF and
CSF-1, respectively.2 CSF-1 is an essential molecule
for inducing the terminal differentiation of MPS. This cy-
tokine is synthesized by a variety of cells in murine organs
and tissues including the liver, lungs, brain, heart, and
uterus.' The severe reduction of macrophages and os-
teoclasts in the op/op mouse is due to the failure in dif-
ferentiation of monocytes into macrophages because of
the absence of functional CSF-1 and because mono-
cytes are completely21 or nearly completely deficient in
peripheral blood.20 In the mutant mice, macrophage re-
duction was most severe in the uterine wall and ovaries.
Because the differentiation of macrophages in the uterine
wall is regulated by CSF-1 produced by the epithelial
cells of the endometrium in nonpregnant normal mice,33
the severe depletion of macrophages in the uterine wall
of the op/op mice is probably explained by the absence
of functional CSF-1 in situ. Because the defect in produc-
tion of CSF-1 in the op/op mouse is genetically deter-

mined, the peculiar skeletal signs characteristic of the
op/op mouse would be expected to appear in the fetal
stage, but such phenotypical abnormalities are usually
first observed after about 10 days of life. The likely expla-
nation for this is that a 1 0,000-fold increase of mouse
uterine CSF-1 and temporal expression of CSF-1 by de-
cidual cells and trophoblasts during pregnancy has been
reported,3=7 and this might prevent the development of
the mutant mouse's abnormal pathologic changes in the
fetal stage.

Monocyte-derived macrophages are a nondividing
and short-lived population that die within a few weeks
under a normal steady-state condition.73 In the op/op
mouse, although macrophage reduction results from the
absence of monocyte-derived macrophages, tissue
macrophage populations were found in various organs
and tissues even after 4 weeks after birth, albeit at re-
duced levels. Felix et al20 also recently reported that the
number of macrophages in op/op mice was dramatically
reduced in the bone marrow, whereas dermal macro-
phages were normal in number.20 The reason for this is
unclear, especially because op/op osteoblastlike cells
and skin fibroblasts failed to produce CSF-1.20 These
findings suggest that macrophages may exist in various
tissues in op/op mice, but do not depend on differentia-
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Figure 11. Percentage ofcell types in the co-culture ofmouse bone
marrow cells onfibroblasts establishedffrom op/op mice and nor-
mal littermates 3, 7, 10, and 14 days after culture.

tion via CSF-1 stimulation. A similar alternate differentia-
tion process is known to occur in the yolk sac or liver of
normal mouse fetuses in early ontogeny.39-1 As for the

origin of such macrophages in the mutant mice, GM-CFC
must be considered a valid candidate. As mentioned
above, a minor population of macrophages developed in
co-culture with fibroblast cell lines of op/op mice. Half of
such macrophages then appeared poorly differentiated
in ultrastructural appearance and with respect to immu-
noreactivity to F4/80, agreeing with previous in vitro stud-
ies with GM-CSF.2'8 In the spleen and other tissues in
op/op mouse, we confirmed predominance of similar
macrophages. Because the fibroblast cell lirnes from op/
op mice produce GM-CSF, macrophages from these
mice may develop under the influence of GM-CSF in
vitro.

Previous in vitro studies have implicated both CSF-1
and GM-CSF in the formation of osteoclasts.42'4 In a
transplantation study of granulocyte-macrophage pro-
genitors in osteopetrotic rats, Schneider and Relfson45
demonstrated that granulocyte colony-forming cells and
GM-CFC contained osteoclast precursors and were ef-
fective in correcting the skeletal defect, whereas M-CFC
were not effective.45 In the op/op mouse, we found a
severe reduction of osteoclasts and mononuclear osteo-
clast precursor cells on the endosteal bone surfaces, in
agreement with the results of previous studies.2022 Two
recent studies have demonstrated that osteopetrosis in

Figure 12. a: Monocytes developed in the coculture on fibroblasts establishedfrom an op/op mouse. After 3 days of culture, PO-positive
granules were present throughout the cytoplasm, x 4000. b: Fourteen days after culture, most ofthe PO-positive granules were located near
the cell suwface. They express no F4/80. Combined electron microscopical PO cytochemistry and immunoelectron microscopy using F4/80,
X4000.
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op/op mice is cured completely by administration of re-
combinant human CSF-1.21.22 Getting together these
facts and information, it appears obvious that CSF-1 is
one of important factors responsible for the terminal dif-
ferentiation of osteoclasts under physiologic conditions.

In conclusion, although further approaches are nec-
essary to clarify the differentiation of macrophages and
osteoclasts in the op/op mouse, there appear to be cer-
tain pathways of macrophage differentiation other than
monocyte-macrophage differentiation of MPS in vivo. In
this CSF-1-independent pathway, certain tissue macro-
phage populations can be differentiated directly from
GM-CFC or earlier macrophage progenitors without
passing through the stages of promonocytes and mono-
cytes in adults, as shown in early ontogeny.391
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