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ABSTRACT 

In order to investigate the possibility that macro-

phagic-monocytic cells may be progenitors of osteoclasts, 

peritoneal macrophages from young rats were harvested and 

cultured for 2, 8, 24, 48 and 72 hours with treated calvaria. 

Glass coverslips served as the control substrate. Cultures 

were examined using phase contrast and bright-field light 

microscopy and scanning and transmission electron microscopy. 

The morphology of peritoneal macrophages cultured on glass 

has been described by numerous investigators. With phase 

contrast microscopy and scanning electron microscopy, these 

cells demonstrated a variety of shapes and sizes at all 

incubation periods. Their surfaces were covered with micro

villi and ruffles. Lamellapodia were observed at the edges 

of cells. In cultures containing bone the morphology of 

peritoneal macrophages did not differ significantly from 

those observed on glass cover slips. With light and trans

mission electron microscopy the cells appeared macrophagic-

like. These cells attached to the mineralized bone matrix. 

These results indicate that peritoneal macrophages interact 

with mineralized matrix in culture. However, under these 

culture conditions after 72 hours, cells lacked morphological 

evidence of differentiation into osteoclasts. 
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INTRODUCTION 

Bone is the primary supporting tissue in vertebrate 

species. The skeleton has a structural and protective func

tion and acts as the major reservoir of inorganic minerals 

in the body. Bone is a specialized connective tissue con

sisting of a mineralized extracellular matrix and a cellular 

component. The matrix is composed of both inorganic and 

organic phases. The organic intercellular substance is 

approximately 90% collagen [Type I collagen (a-ĵ )2(t:x2)] 

(Miller, et̂  aJ.. , 1967) and 10% sulfated mucopolysaccharides 

and glycoproteins. The inorganic component is composed 

of calcium phosphate crystals of hydroxyapatite 

(Ca^Q(P04)Q0H2). 

The cellular portion of bone comprises three specialized 

osteogenic cells, osteocytes, osteoblasts and osteoclasts. 

A fourth cell type associated with bone has recently received 

proper recognition. This cell type is a mesenchymal cell 

(Jordan, 1925; Barnicot, 1941; Heller, e^ al., 1950; Kember, 

1960; Young, 1963; Bloom and Fawcett, 1975) which Young (1962) 

coined the osteoprogenitor cell. The functions of each cell 

type are listed below: 

(1) Osteoblasts are cells involved with the synthe
sis and secretion of collagen and other matrical 
material (e.g., chondroitin sulfate B and 
keratin sulfate). They may also play a role 
in the initiation of matrix mineralization. 
(Pritchard, 1972). 
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(2) Osteocytes are housed in lacunar spaces and 
considered the resident cells of bone. They 
are involved in bone tissue maintenance and 
may play a role in the minute-to-minute 
regulation of calcium homeostasis (Talmage, 
1967; Belanger; 1972). 

(3) Osteoclasts are large, multinucleated cells 
which actively resorb bone. They play an 
important role in bone modeling and remodeling 
(e.g., skeletal homeostasis). These cells 
are also believed to participate in the regula
tion of calcium homeostasis. 

(4) Osteoprogenitor cells are mesenchymal cells 
located just outside the functional layer of 
osteogenic cells which line bone surfaces. 
Young (1962, 1963) has suggested that these 
cells are the precursors of functional 
osteogenic cells (e.g., osteoblasts and 
osteoclasts). 

The populations of the functional osteogenic cells (e.g., 

osteoblasts and osteoclasts) are labile and undergo turnover 

throughout life. Regarding the progenitors of these cells a 

number of dogmatic theories have come forth. 

Bloom (1949) and Heller, ejt aJ. , (1950) proposed the 

single precursor theory (fig. 1) for the origin of bone 

cells. The hypothesis of a single precursor (osteoprogenitor) 

cell was modified by Kember (1960) and Young (1962, 1963, 

1964). They proposed that osteoblasts and osteoclasts are 

derived from one basic precursor cell. This has been 

referred to as the modulation theory (fig. 2) (Young, 1963; 

Jee and Kimmel, 1977). Young (1963) defines modulation as 

"a temporary, environmentally induced change in cell function 

which persists only as long as the conditioning environment 

is present." This implies that functional osteogenic cells 
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may transform or dedifferentiate (fig. 2). Other investiga

tors (Owen, 1963; Scott, 1967, 1969; Bingham, £t aĴ . , 1969; 

Thyberg, 1975a, 1975b) have suggested that the specialization 

of osteoprogenitor cells into either osteoclasts or osteo

blasts involves separate pathways of cytodifferentiation 

with separate and distinct progenitor cells (fig. 3). This 

hypothesis has been termed separate pathways of cytodifferen

tiation (Hall, 1975; Gothlin and Ericcson, 1976). 

Concerning the origin of the three specialized osteo

genic cells, general agreement appears to have been reached 

on two of the three. It is generally accepted that undiffer

entiated mesenchymal cells differentiate into osteoblasts 

(Stump, 1925; Heller, ejt aJ. , 1950; Kember, 1960; Young, 

1962, 1963). There is unanimous agreement that the osteocyte 

is a direct descendent of an osteoblast which has imprisoned 

itself within the boney matrix (Cameron, 1963). However, 

knowledge regarding the origin of the osteoclasts remains 

almost as perplexing today as it was 120 years ago, when it 

was first recognized. 

Candidates as osteoclastic precursors which have been 

suggested are cartilage cells (Kaczander, 1882; Geddes, 1913), 

a mass of preosseous tissue (Todd, 1913), fibroblasts 

(Kolliker, 1873), marrow reticular cells (Wengner, 1872; 

Jordon, 1925; Bloom, e^ al., 1941), mesenchymal cells 

(Maximow, 1910; Kember, 1960; Young, 1962, 1963), osteoblasts 

(Kolliker, 1873; Howell, 1890; Arey, 1919; Tonna, 1960, 1961; 
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Tonna and Cronkite, 1961), histiocytes (Wengner, 1872; Pommer, 

1881), wandering mononuclear leukocytes (Lowe, 1879; Mallory, 

1911), and monocytes (Haythorn, 1928). Recently, a great 

deal of information has suggested that the monocyte-macrophage 

is the osteoclast precursor (Haythorn, 1928; Fischman and 

Hay, 1962; Jee and Nolan, 1963; Walker, 1972, 1975; Gothlin 

and Ericcson, 1972, 1973; Buring, 1975; Mundy, 1977; Teitel-

baum and Kahn, 1977). The purpose of the present study is 

to examine (1) the possibility that peritoneal macrophages 

may differentiate into osteoclasts when cultured with bone 

matrix, and (2) the interaction of these presumptive osteo

clastic precursors with different substrates in, vitro. 



HISTORICAL BACKGROUND 

Robin (1849, 1864) is recognized as being the first to 

describe pleomorphic multinucleated cells associated with 

bone and for differentiating the latter from medullary 

megakaryocytes. He called these cells myeloplaques. Other 

early investigators CRollet, 1870; Rindfleisch, 1873) also 

observed large multinucleated giant cells associated with 

bone. Rindfleisch (1873) reported that these cells reside 

in Howship's lacunae. Kolliker (1873) was the first to 

suggest that myeloplaques were the universal agents of bone 

absorption. He proposed the name "ostoklast". 

By light microscopy, the osteoclast is a multinucleated 

giant cell. The size and number of nuclei are variable and 

have been shown to be species dependent (Kolliker, 1873; 

Arey, 1919; Hancox, 1946; Barnicot, 1947). The number of 

nuclei ranges from 1 or 2 up to 100, while the majority of 

cells demonstrate 10 to 20 nuclei. Cell size varies from 

20 to 100 ym in diameter (Bloom and Fawcett, 1975). Osteo

clasts in routine histological preparations generally stain 

eosinophilically and appear vacuolated. They are usually 

associated with cavities or pits in the surface of bone. 

These resorptive cavities are known as Howship's lacunae 

(Howship, 1817). A unique histological feature observed 

along the peripheral cytoplasm of the cell in apposition with 

bone or calcified cartilage is the striated or brush border 

(Arey, 1919). 
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Ultrastructurally, osteoclasts demonstrate a number of 

unique features. These are the centrosphere, clear zone and 

the ruffled border with its associated vacuoles and vesicles. 

The centrosphere is a collection of multiple centrioles 

grouped in a complex usually close to a Golgi apparatus. 

Such a grouping together of centrioles has been shown to be 

unique to osteoclasts (Mathews, et_ aJ. , 1967), The centro

sphere is thought to form by the aggregation of centrioles 

following fusion of osteoclast precursors. In this regard, 

Lucht (1973) has suggested that one pair of centrioles exists 

for each nucleus within the cell. 

The clear zone refers to the cytoplasm abutting the 

ruffled border at the bone surface. This area lacks membran

ous organelles, but contains numerous microfilaments with a 
o 

diameter of 50-100 A (Lucht, 1972; King and Holtrop, 1975). 

Thus, the clear zone appears to have a direct functional 

relationship with the ruffled border. It may function either 

as a site for adhesion of the cell to the bone surfaces for 

support and stability of the ruffled border (Holtrop, et̂  al. , 

1974; Miller, 1977) or act to seal off the area under the 

ruffled border to provide an isolated microenvironment different 

from the adjacent extracellular space (Holtrop and King, 1977). 

Clear zone is the term generally accepted for this region 

(Schenk, et al., 1967). Other synonyms are transitional zone, 

ectoplasmic layer, granular zone or contact zone (Holtrop 

and King, 1977). 
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The ruffled border is a specialized area of plasma 

membrane, originally called brush border or striated border 

(Arey, 1919). While active osteoclasts possess this dis

tinguishing feature, this is not to imply that all osteoclasts 

(active and/or inactive) possess this membrane specialization. 

Osteoclasts have been reported with no ruffled borders 

(Lucht, 1972; Miller, 1977) and with two separate and 

distinct areas (Lucht, 1972). 

The ruffled border consists of numerous cytoplasmic 

folds and fingerlike projections. These membranous folds 

may vary from 50-150 um in thickness (Hancox, 1963) and the 

ruffled border may occupy about 3.4% of the cytoplasm in 

unstimulated osteoclasts (King, £t al., 1976). These 

measurements may vary greatly depending on activity of the 

cell (Yee, 1976). The coating of plasma membrane of the 

ruffled border has been demonstrated to be morphologically 

different from that of the rest of the plasma membrane 

(Kallio, et aJ.. , 1971). This coating has been described as 

evenly spaced (200-250 8 apart), fine bristle-like structures 

projecting perpendicularly into the cytoplasm. It has been 

suggested that this coating may have a role in the deminerali-

zation and resorbtion capabilities of the mineralized matrix 

(Kallio, et aJ.. , 1971). 

Vacuoles and vesicles, as well as bulbous, sac-like 

expansions terminating at the basal portion of the ruffled 

border have been observed (Hancox, 1963; Lucht, 1972). The 
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vacuoles usually appear empty and measure between 0.03y and 

0.05y in diameter CLucht, 1972), Some of these vacuoles may 

be due to the plane of section. However, some of these 

intracellular vacuoles/vesicles may have formed by pinocytosis, 

pinching off at the end of a ruffled border channel (Hancox, 

1964). 

In addition to these unique features, the cytoplasm of 

the osteoclast contains a sparse amount of rough endoplasmic 

reticuliim (RER). Smooth endoplasmic reticulum (SER) is 

generally inconspicuous. A Golgi apparatus consisting of 

groups of 3-5 flattened saccules is usually observed associated 

around each nucleus. Other structures observed in the cyto

plasm are free ribosomes, microfilaments, microtubules, 

abundant mitochondria and numerous membrane-bound dense 

bodies. The latter have been shown to demonstrate acid 

phosphatase activity, indicative of lysosomes (Lucht, 1971; 

Doty, 1972). These dense bodies vary in size, number, and 

intensity of reaction product depending upon the functional 

state of the cell (Scott, 1967; Yee, 1976), 

As previously mentioned, the function of the osteoclast 

is bone resorption. This point has received unanimous agree

ment (Hancox and Boothroyd , 1961; Hancox, 1963, 1972). Time-

lapse cinemicrographic studies of osteoclasts ija vitro have 

demonstrated that they are active in resorption (Hancox, 

1949b,'1961; Gaillard, 1961; Goldhaber, 1960, 1961). While 

it is well documented that osteoclasts are located at sites 
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of bone resorption, the precise mechanism by which this 

phenomena occurs has not been conclusively elucidated. Two 

theories currently exist concerning the mechanism of bone 

resorption, The first suggests uptake and intracellular 

digestion of inorganic and organic matrical material. The 

second involves enzymatic secretion and extracellular disso

lution of the boney matrix (Gothlin and Ericcson, 1976). The 

former is supported by studies which have demonstrated uptake 

of the extracellular markers ferritin (Thyberg, 1975b), 

thorium dioxide (Gothlin and Ericcson, 1972; Thyberg, 1975b), 

peroxidase (Lipp, 1959; Lucht, 1972) by osteoclasts. Uptake 

occurs optimally at the ruffled border (Lucht, 1972; Thyberg, 

1975b). Plutonium is a bone-seeking radionuclide, that serves 

as a bone surface marker (Marshall, 1969). The uptake of 

Plutonium by osteoclasts (Arnold and Jee, 1957) provides 

direct evidence of bone matrix resorption by these cells. 

Consistent with these observations are the identifications 

of vacuoles containing mineral crystals (Cameron and Robinson, 

1958; Kallio, e;t aJ.. , 1971; Lucht, 1972; Miller, 1977), and 

unmineralized collagen fibrils (Hancox and Boothroyd, 1963; 

Cameron, 1963; Bonucci, 1974). 

The second proposed mechanism of bone resorption in

volves extracellular dissolution and breakdown of bone matrix. 

The secretion of lytic enzymes and alteration of the pH on 

the surface of the bone being resorbed is the proposed mode 

of action. Membrane of the ruffled border has demonstrated 
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histochemical reactivity for Mĝ "*" independent (Gothlin and 

Ericcson, 1973) and Mg"*"̂  dependent (Doty, 1968; Lucht, 1971) 

ATPase activity- Acid phosphatase activity has also been 

shown in this area (Lucht, 1974; Schofield, et̂  aJ. , 1974). 

Biochemical studies have also associated collagenase (Wood 

and Nichols, 1965; Sakamoto, et al, 1972, 1975) and other 

lysosomal acid hydrolases (Vaes, 1968, 1969) in this region 

of the osteoclast. These reports suggest that bone resorp

tion involves secretion of these enzymes and they then act 

extracellularly near the ruffled border. This region has 

also demonstrated a slightly more acidic environment than 

adjacent areas (Vaes, 1968), suggesting extracellular dis

solution of mineralized matrix. Thus, the extracellular area 

lying beneath the fuffled border appears to provide a unique 

microenvironment comprised of elements capable of matrix 

destruction and dissolution (Gaillard, 1961; Goldhaber, 

1961; Hancox, 1961). 

At the present, the exact mechanism of bone resorption 

is still equivocable. It is highly probable that the mode 

of action of the osteoclasts involves a combination of 

these two mechanisms occuring concurrently. 

The origin, lifespan and fate of the osteoclast is 

almost as confusing today as it was 120 years ago. Some of 

the possibilities for the fate of these cells are; 

(1) transformation or reversion to other cell types (Wengner, 

1872; Kolliker, 1873; Lowe, 1879; Pommer, 1881; Bloom, et al., 
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1941; Rasmussen and Bordier, 1974), and (2) total destruction 

or molecular degeneration (Morison, 1873; Maximow, 1910). 

Suggested cell types that osteoclasts may revert or trans

form to are osteoblasts (Kolliker, 1873; Pommer, 1883; Bloom, 

et al., 1941; Rasmussen and Bordier, 1974), marrow cells 

(Wengner, 1872; Lowe, 1879), connective tissue cells (Lowe, 

1879), and reversion (modulation) to osteoprogenitor cells 

(Young, 1973). 

Recent evidence suggests that the lifespan of the osteo

clast should be considered in terms of the turnover and 

lifespan of its nuclear pool and not in terms of the life 

of the cell as a single entity (fig. 5; Hall, 1975). There 

is evidence that the osteoclast may shed and take up nuclei 

(Hancox, 1949a, 1972; Young, 1962; Kahn and Simmons, 1975; 

Miller, 1977). Thus, the present inability to study the 

lifespan of osteoclasts and their ambiguous fate makes this 

topic still one of controversy. 

The origin of osteoclasts is also a highly controversial 

topic. One of the questions to answer is the method of 

formation of these cells. There appears to be two possible 

mechanisms of generating multinucleated cells. The first 

involves endomitosis, nuclear division without cytoplasmic 

division. The second mechanism involves fusion of precursor 

cells. 



Wengner C1872), Kolliker (.1873) and Jackson (1904) 

proposed that the multinuclearity of osteoclasts oocured a§ 

a result of nuclear division, Morison (1873) suggested thsife 

the Increase in nuclei occurred by endomitosis, Jordon (lili) 

proposed that mitosis operated to a limited degree in en

larging the cell, yet supported the fusion doctrine as meth©^ 

of formation. Maximow (1910) believed that large multi= 

nucleated osteoclasts resulted at the expense of smaller 

cells, since he never observed nuclear division (qU'jIed by 

Arey, 1919). Hancox (1949) stated that occasionally fflitotic 

figures have been reported, but these occurrences were 

exceptionally rare and certainly not the rule, Later in= 

vestigations using tritiated-thymidine labeling of proliler' = 

ating osteoprogenitor cells in kinetic studies (Young. 19B2. 

1963, 1964) and chimeraic studies (Kahn and Simmons, 1P75) 

unequivocably demonstrate that osteoclasts form by fusion nf 

precursor cells. Studies by numerous investigators (Kember. 

1960; Owen, 1963; Scott, 1967, 1968; Bingham, e^a^,, 1900; 

Gothlin and Ericcson, 1972; Thyberg, 1975a, 1975b), provide 

supportive evidence that osteoclasts arise as a result of 

fusion of mononucleated precursor cells with themselves and/ 

or pre-existing osteoclasts. 

Although the fusion doctrine is generally accepted 

today, the nature (identity) of the precursor cell{s) is 

still a mystery. An historical overview of proposed 

precursors of osteoclasts Is summarized in figure 6.- Some-
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interesting and unusual views have been suggested regarding 

the nature of osteoclast precursors. Kaczander (1882) and 

Geddes (1913) proposed that liberated cartilage cells and 

bone cells coalesce to form hybrid syncytial masses resulting 

in osteoclasts. Todd (1913) viewed osteoclasts as masses of 

preosseous tissue created by artifact due to tissue prepara

tion (cited by Arey, 1919). More conventionally accepted 

views can be separated intwo two main groups (fig. 7; Hall, 

1975). The first includes sessile, intraskeletal connective 

tissue cells. Candidates for these cells may be osteoblasts 

(Kolliker, 1873; Howell, 1890; Arey, 1919; Tonna, 1960, 1961; 

Tonna and Cronkite, 1961), fibroblasts (Kolliker, 1873), 

marrow reticular cells (Wengner, 1872; Jordon, 1925; Bloom, 

et al. , 1941), or mesenchymal cells (Maximow, 1910; Kember, 

1960; Young, 1962, 1963). The second group consists of mobil, 

vascular, extraskeletal cells. Cells proposed in this group 

are wandering mononuclear leukocytes (Lowe, 1879; Mallory, 

1911), histiocytes (Wengner, 1872; Pommer, 1883) and mono

cytes (Haythorn, 1928). More recently, cells of this group 

have been termed as cells of monocytic-macrophagic origin 

(Gothlin and Ericcson, 1976). There have been numerous 

investigations which suggest that cells of this lineage are 

direct precursors of osteoclasts (Haythorn, 1928; Fischman 

and Hay, 1962; Jee and Nolan, 1963; Walker, 1972, 1975; 

Gothlin and Ericcson, 1972, 1973; Buring, 1975; Mundy, 1977; 

and Teitelbaum and Kahn, 1977). 
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In the past few decades theories have been proposed 

concerning not only the nature of these precursor cells, 

but also their sequence of proliferation and differentiation. 

Two theories have been more widely accepted. The first, 

the single precursor (modulation) theory was proposed by 

Bloom, et_ a_l. , (1949) and Heller, ejt aĴ . , (1951), and 

modified by Kember (1960) and Young (1962, 1963). The basic 

premise of this theory is that osteoclasts and osteoblasts 

are both modulations of one basic precursor cell. This 

implies that there exists a single bipotential osteo

progenitor cell which may modulate between all bone cells. 

The second theory, separate pathways of cytodifferentia

tion, may have had its roots as far back as 1932 when Ham 

suggested "that osteoclasts arise not of necessity from 

recognizable osteoblasts, but rather that each represents 

the differentiation of osteogenic cells along different 

pathways" (quoted by Hancox, 1949). Other proponents of 

this theory are Scott (1967), Bingham, ejt aJ. , (1968), 

Buring (1975) and Thyberg (1975a). This theory proposes 

that the differentiation of osteoprogenitor cells into 

either osteoblasts or osteoclasts involves separate pathways 

of cytodifferentiation as well as separate precursors for each 

cell type (fig. 3). Thus, it appears that the nature of the 

precursor cell(s) and the sequence of proliferation and dif

ferentiation are both prerequisites for investigating the 

origin of the osteoclast (fig. 4). 
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Some experiments pertaining to theories of the origin 

and cytodifferentiation of osteoclasts will be reviewed. 

Kember (1960) and Young (1962, 1963) both supported the 

single precursor theory of one bi-potential progenitor cell. 

Kember (1960) employed light microscopic autoradiography 

following injection of tritiated thymidine. He examined 

the cells of the epiphyseal cartilage and metaphyseal regions 

of the tibia in rats. Young (1962, 1963) also used light 

microscopic autoradiography (H^-thymidine) to study the 

proliferation and specialization of bone cells during endo

chondral osteogenesis in ribs and tibia of young rats. He 

examined the tissue at a series of time intervals post-

injection of H -thymidine and reported that the label 

initially occurs in the osteoprogenitor cell population. 

Maximal labelling in this population occured between 3-4 

hours. Subsequently at various time intervals (optimally, 

20-36 hours) labeled osteoblasts were observed. The first 

labeled nuclei in osteoclasts were observed as early as 9 

hours. However, maximal labeling of osteoclasts was not 

observed until 40-80 hours postinjection, considerably 

later than the peak labeling of osteoblasts. Kember (1960) 

reported a similar progressive labeling of bone cells. 

Both investigators reached similar conclusions regarding 

the origin of bone cells. Their general conclusions were: 

(1) Labeling demonstrated that cell division was 
usually restricted to cells in the osteopro
genitor population (mesenchymal cells). 
Initially, few labeled osteoblasts were observed. 
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(2) After initial labeling and cell division, the 
osteoprogenitor cells may remain as such or 
modulate and/or differentiate into osteoblasts 
or become incorporated into osteoclasts. 

The major criticism of the work of Kember and Young was 

that at the light microscope all cell types in the osteo

progenitor population are morphologically indistinguishable. 

Also, not all of the osteoblasts and osteoclasts need have 

arisen from local progenitor cells, since after the admini

stration of tritiated thymidine all dividing cells would 

incorporate label. Thus, their work does not rule out the 

possibility that precursor cells may have immigrated from 

extraskeletal sites. 

Scott (1967, 1969), Bingham, e^ aĴ . , (1969), Fell (1969), 

Thyberg (1975a, 1975b) and Buring (1975) support the hypo

thesis that separate and morphologically distinct precursors 

exist for osteoblasts and osteoclasts. Scott (1967) used 

tritiated thymidine with transmission electron microscopic 

autoradiography to study the tibial metaphysis of fetal rats. 

She observed two morphologically distinct cell types in the 

progenitor cell pool. These were termed type A and type B 

cells. The type A cells demonstrated morphological charac

teristics generally associated with matrix production and 

were assumed to be pre-osteoblasts. The type B cells resembled 

the developing neutrophilic leukocytes and were presumed to 

be pre-osteoclasts. Thus, Scott (1967) proposed that separate 

pathways for cell differentiation existed for both the 

osteoblast and osteoclast. 
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Bingham, et aJ., C1969) studied the effects of para

thyroid extract (PTE) on osteogenic cellular activity in 
3 

young rabbits, She used H-uridine, a precursor for RNA 
3 S 

synthesis, H-leucine, specific for proteins, and H-

glucosamine, a marker for glycoproteins and glycosaminogly-

cans. The tissue site examined was the midshaft of the 

femur, using the periosteal and endosteal surfaces for 

studying cellular activity of bone formation and resorption 

at these respective surfaces, By measuring the effect of PTE 

on RNA synthesis and protein synthesis, an opposite 

effect was observed on pre-osteoblasts and osteoblasts as 

compared to pre-osteoclasts and osteoclasts. This led her 

to the conclusion that there were two distinct cell populations 

within the osteogenic cellular system. These results support 

the concept that the osteoprogenitor cell population con

tains two types of cells (POBL and POOL) and that two path

ways of differentiation exist for osteoblasts and osteo

clasts . 

Thyberg, ^_al., (1975a) employed transmission electron 

microscopy to study the metaphyseal bone of guinea pigs. He 

used the lysosomal system to aid in the identification of 

different cell types. He also distinguished two cell types. 

These were termed perivascular type A cells, which he sug

gested to be pre-osteoblasts, and perivascular type B cells, 

which he proposed to be pre-osteoclasts. Contrary to 

Scott's observations on the type B cell, Thyberg made the 
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observation that this cell resembled not the developing 

neutrophilic leukocyte, but rather a macrophage-like cell. 

In a later study, Thyberg (1975b) was able to demonstrate 

a functional difference between type A cells and type B cells 

by studying the uptake oji vivo and in_ vitro of thorium di

oxide and ferritin. Similar results were obtained in both 

studies. The type B cells demonstrated active uptake of 

the exogenous marker as compared to the restricted phagocytic 

capabilities of the type A cell. 

Thus, Scott (1967), Bingham, ejt aJ. , (1969) and Thyberg 

(1975a, 1975b) have provided a morphological description of 

two distinct cell types in the osteoprogenitor population, 

based on ultrastructural morphology, response to para

thyroid extract, histochemical results, and the uptake of 

exogenous markers. However, they provide no further con

clusive evidence concerning the nature/origin of precursors 

of osteoclasts. 

Fischman and Hay (1962) studied the regeneration of 

newt (Triturus Viridescens) limbs after amputation using 

light microscopic autoradiography. The animals were admini

stered tritiated thymidine on days 1, 5, 10 and 15 following 

amputation and sacrificed at daily intervals afterwards. The 

fate of labeled mesenchymal (precursor) cells was then 

ascertained. They proposed that initially, a proliferative 

phase took place in blood-forming tissues. This was followed 

by a migratory phase, when the presumptive osteoclastic 
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precursors migrate via the blood to their destination (in 

this case, the regenerating limbs). Finally, a resorptive 

phase, indicated by the appearance of labeled osteoclasts in 

close proximity to the resorbing bone. Their conclusions 

were that osteoclasts arise by fusion of mononuclear 

leukocytes, probably monocytes. 

Jee and Nolan (1963) injected carbon particles into the 

nutrient artery of rabbits causing localized regions of 

ischemia in the femur. They then examined the ischemic areas 

by light microscopy at subsequent times post-injection of 

the particles. At 1-4 days post-injection, they observed a 

few labeled macrophages. Their numbers increased substan

tially at 5 days post-injection. Osteoclasts were first 

observed containing carbon particles at 12 days post-injection. 

By 15-38 days post-injection typical appearing osteoclasts 

containing carbon particles were observed. At no time did 

these investigators observe labeled osteoblasts. These 

results led them to propose that osteoclasts arise as a 

result of fusion of macrophages. 

Gothlin and Ericcson (1972, 1973) used two different 

experimental models to study repair of fractures in rats 

in an attempt to unravel the origin of bone cells. They 

studied the region of fracture healing of femurs in (a) 

parabiotic rats and in (b) rats which had received thorium 

dioxide labeled monocytic-macrophagic cells from a sibling rat. 

Their first study involved electron microscopic autoradiography 

on parabiotic rats. The parabiotic animals were labeled rat 
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A and rat B. Rat A was shielded while rat B was exposed to 

a dose of cobalt sufficient enough to destroy all of its 

hematopoietic tissue. Each rat had their right femur frac

tured. The day of fracturing and on the following 4 days 

cross-circulation between the rats was arrested with a clamp 

(for 20 minutes) at which time rat A received tritiated 

thymidine injections and rat B received a large dose of cold 

thymidine. Following sacrifice and examination of the 

fracture sites label was observed over nuclei of all cell 

types in rat A. Yet in rat B a progressive sequence of 

labeled cells from monocytes and macrophages at 7 days to 

mono- and bi-nuclear macrophages with a few labeled osteo

clasts were observed by 14 days. After 21-28 days post-

injection, typical appearing osteoclasts with label were 

seen. In rat B the label was never seen in other bone cells 

(osteoblasts and osteocytes). 

Their second study involved labeling peritoneal macro

phages with thorotrast, harvesting these cells and injecting 

them into sibling rats which had their right femur fractured. 

Initially, thorotrast-labeled monocytes and macrophages were 

observed at the fracture site. At 14 days postinjection 

labeled mono- and bi-nuclear macrophages appeared at the 

fracture callus. By 21-28 days, labeled osteoclasts were 

observed. Thus, their results on fracture repair of the 

femur in rats led them to suggest that precursors of osteo

clasts were cells of monocytic-macrophagic origin. 
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Fischman and Hay (1962), Jee and Nolan (1963) and 

Gothlin and Ericcson (1972, 1973) all provide evidence which 

suggests that multinucleated osteoclasts arise by fusion of 

phagocytic mononuclear cells of monocytic-macrophagic origin. 

However, in each of these studies some extraneous condition 

was induced in the experimental animal which resulted in 

an inflammatory condition in. vivo. Fischman and Hay (1962) 

amputated the forelimb of newts, Jee and Nolan (1963) caused 

ischemia in the femur and Gothlin and Ericcson (1973) in their 

experimental model studied the fracture callus of femurs. 

The latter most certainly involves a complex sequence of 

events which normally do not exist at bone surfaces. 

In an attempt to obtain more direct information con

cerning the role of monocytic-macrophagic type cells in the 

formation of osteoclasts, some investigators have employed 

tissue culture procedures. Mundy, ejt aJ. , (1977) have 

reported that circulating human monocytes and human bone 

marrow macrophages are capable of bone mineral and matrix 

dissolution i^ vitro. This was established by injecting 

45 3 

Ca or ( H) proline into pregnant rats. The following 

day the fetal rat radii, ulna and tibia were removed. The 

bones were cultured with monocytes or macrophages and the 

amount of bone resorption was measured by the release of 
4c: q 

Ca or ( H) proline into the media. They reported that 

human blood monocytes demonstrated the greatest increase 

in mineral release from devitalized bone between the 4th and 
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8th days of culture. These cells also showed a 30-60% increase 

in mineral release as compared with paired bones cultured 

without cells, while human marrow macrophages optimally 

resorbed fetal rat bones between the 10th and 12th days of 

culture. However, their cells did not differentiate or 

transform into osteoclasts after 10 days in culture. They 

suggest that marrow macrophages or their progeny may parti

cipate in normal skeletal homeostasis. 

Tietelbaum and Kahn (1977) confirmed Mundy's results 

that monocytes and macrophages are capable of bone resorption 

in vitro. They also provided the first morphological evi

dence that these cells differentiate into osteoclast-like 

cells. At the electron microscopic level they have observed 

what appears to be a clear zone and suggest that these cells 

are attached to the bone. However, no ruffled borders seem 

to develop. They also have reported acid phosphatase 

activity in their cell population. With microcinematography, 

these cells have been observed "attacking" the bone. Thus, 

their results, together with the work of Mundy, ejt al. , 

(1977) suggests that cells of monocytic-macrophagic origin 

may play a role in skeletal homeostasis, either by providing 

precursors to the bone resorbing cells or participating in 

normal bone resorption themselves. 

Recent studies involving congenital osteopetrotic mice 

(Walker, 1972, 1975a, 1975b) and osteopetrotic rats (Marks, 

1976) have provided new information about the origin of 
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osteoclasts. These models provide an in_ situ situation 

where distinct morphological differences can be examined 

concerning osteoclasts and their possible origin. Walker 

(1972, 1975a, 1975b) observed in a series of studies involving 

congenital osteopetrotic (microphthalmic) mice and normal 

mice that parabiosis between the two littermates provided a 

permanent cure of the skeletal disease. Also, cell infusions 

from spleen and bone marrow from normal littermates were 

administered to irradiated osteopetrotic littermates and 

conversely. The results of these transplants were (1) the 

osteopetrotic littermates were cured of the congenital ab

normalities; (2) the normal littermates exhibited altered 

skeletal systems due to an inhibition of the normal resorptive 

capabilities of osteoclasts. These results led to the 

proposal that migratory cells of myeloid tissue play a 

role in the resorptive process of skeletal homeostasis. 

Whether this tissue is a source of osteoclastic precursors 

and/or there exist a factor, perhaps humoral, essential to 

osteoclastic function has yet to be unequivocably proven. 



Figure 1: Single precursor hypothesis, suggesting that 

osteoclasts and osteoblasts are derived from the same pre

cursor cell and differentiate into their respective 

functional cell types. 

Definitions: ^ represents differentiation 

4 ) represents modulation 

Modulation (defined by Young, 1963): a temporary, environ

mentally induced change in cell function which persists only 

as long as the conditioning environment is present. 

Differentiation (defined by Young, 1963): as a change in 

all specialization in response to environment, which, 

however permanently, narrows or restricts the total poten

tialities of that cell and its descendants. 
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Figure 2: Modulation theory suggests that osteoblasts and 

osteoclasts are derived from one basic precursor cell. 

The double arrow represents the term modulation, which 

implies that functional osteogenic cells may transform or 

dedifferentiate between all bone cells. 
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Figure 3: The dual pathways of cytodifferentiation theory 

proposes that the differentiation of osteoprogenitor cells 

into either osteoblasts or osteoclasts involves separate 

pathways of differentiation as well as different precursors 

for each cell. 
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Figure 4: Adaptation of separate pathways of cytodifferen

tiation. This theory agrees with the latter premise, yet 

based on studies involving the nature of osteoclast pre

cursors, the following two progenitors for osteoblasts and 

osteoclasts have been suggested: (1) osteoprogenitor 

cells as preosteoblasts, and (2) the monocytic-macrophagic 

cells as precursors to osteoclasts. 
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Figure 5: The lifespan of the osteoclast as considered 

in terms of the turnover of its potential nuclear pool, 



33 

E 
Osteoclast-* Macrophage 

Osteoprogenitor Celis-^^Ostooblast »-Osteocyte 

B 

D 

•Osteoclast-* -̂Degenerate 

A. Nuclei may recycle to other osteoclasts 

B. Nuclei may revert back to the osteoprogenitor pool 

C. & E. They may be incorporated into other cell types. 
(C) The osteoblast and (E) the macrophage. 

D. The nuclei may degenerate 

F. Cell nuclei from osteoprogenitor cells which 
differentiate or modulate to osteoblast. 

(Modified from Hall, 1975) 



Figure 6: An historical overview of proposed precursors 

to osteoclasts. 

I. Early investigators believed that liberated cartilage 

cells and bone cells coalesce to form osteoclasts. 

II. Some investigators even suggested that osteoclasts 

were a mass of preosseous tissue were were artifact due to 

tissue preparation. 

III. This represents the hypothesis that connective tissue 

fibroblasts are the precursors to osteoclasts. 

IV. Represents what some early investigators referred to 

as marrow reticular cells as precursors to osteoclasts. 

V. The hypothesis that osteobalsts fuse to form the 

multinucleated osteoclasts has been suggested at various 

times from 1873 to today. 

VI. Mesenchymal or osteoprogenitor cells as the precursors 

to osteoclasts was a popular theory in the 1960's. 

VII. Cells of monocytic-macrophagic origin fusing to become 

osteoclasts has received the most attention recently. 
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Figure 7: Potential sources of origin and the nature of 

osteoclastic precursors. These are divided into two main 

groups: (1) intraskeletal connective tissue cells, and 

(2) the extraskeletal cells. 
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MATERIALS AND METHODS 

Experimental Animals 

Male Sprague-Dawley rats weighing about 50 grams 

(about 20-25 days of age) were used in all experiments. The 

rats were housed in a controlled environment and were 

maintained on Purina rat chow and water a^ libitum. 

Preparation of Cells 

Macrophages were induced by an intraperitoneal injection 

of 0.25 ml of an irritant (10% sodium caseinate, diluted 

with PBS) into male Sprague-Dawley rats. The responses to 

this irritant elicited at the inflammatory site are the 

migration, accumulation, and proliferation of macrophages 

(Cohn and Benson, 1964; Specter and Wynne, 1976). An 

appropriate period of time, four days, after the introduction 

of the irritant was allowed to elapse before harvesting 

the exudate. The animals were sacrificed by decapitation. 

Using sterile techniques, the cells were harvested by 

injecting 3.0 ml of 0.1 M phosphate buffered saline (PBS) 

containing 40 units/ml of heparin into the peritoneal 

cavity. The PBS provided a lavage which enhanced removal 

of the exudate. 

38 
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The peritoneal cavity was opened using a right para-

medial incision and the exudate removed using siliconized 

glass pasteur pipettes. The exudate was transferred to 15 ml 

centrifuge tubes and sedimented at lOOOxG in an I.E.C. 

clinical centrifuge for 5 minutes. The supernatant was 

decanted and the pellet resuspended in sterile PBS. This 

was repeated substituting tissue culture medium (BGJ^-

Fitton-Jackson modification, GIBCO) to resuspend the pellet. 

The resulting suspensions were overlayed onto previously 

prepared culture dishes (Falcon 3010). These were trans

ferred to an incubator (Forma Scientific) and maintained at 

37°C in an atmosphere of 5% carbon dioxide and 95% air. 

The total number of cells added to each culture dish was 

about 2.1 X 10^ cells. Cell counts were determined with an 

electronzone/celloscope particle counter (Particle Data INC., 

kindly provided by Dr. John Morrow, Department of Biochem

istry, Texas Tech University School of Medicine). Nonadherent 

lymphocytes and neutrophils were removed by rinsing the 

culture with fresh warmed media 2 hours after initial 

incubation. During incubation, fresh culture media was 

added every 48 hours. Cultures were fixed after 2, 8, 24, 

48 and 72 hours incubation. 

Studies examining the phagocytic capabilities of 

harvested peritoneal macrophages were used to test their 

viability. This was accomplished in two ways. The first was 

to examine the ability of the cells to ingest latex beads 
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in vivo. The second was to test these cells' phagocytic 

capabilities with trypan blue in, vitro. In the former, 

prior to removal of exudates from the peritoneal cavity, 

0.5 ml of 0.88 micron fluorescent-labeled monodisperse latex 

beads (Polysciences, Inc.) diluted to 1.0 ml with PBS were 

injected into the peritoneal cavity. Twenty minutes later, 

the peritoneal exudates were harvested as previously de

scribed. In the latter, the cells were harvested as previous

ly described. The cells were cultured and allowed to attach 

to glass cover slips. Trypan blue was added to the cultures 

and left in the cultures for 60 minutes. Cultures were then 

washed with PBS and fixed with 2.5% glutaraldehyde in 0.1 M 

phosphate buffer. These cultures were examined with an 

inverted phase contrast microscope and a bright-field micro

scope. Latex beads were also added to cell cultures for 

60 minutes and these were examined with the scanning electron 

microscope. 

Preparation of Cell Cultures 

The media used in all cultures was BGJ^-Fitton-Jackson 

modified tissue culture media. The cultures were transferred 

to fresh media at 2 and 48 hours after initial incubation. 

The media at these times was supplemented with 10% fetal 

calf serum, 100 units/ml penicillin, 0.25 mcg/ml fungizone 

(amphote ricin B) and 10 mcg/ml streptomycin. The substrates 

used in the cultures were (1) sterilized glass cover slips, 

and (2) mineralized bone matrix, treated by scraping and 
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teasing away the endogenous cells. 

The glass coverslips were prepared as normal tissue 

culture glassware, except they were washed with 100% alcohol 

before being sterilized and were flamed before being used in 

cultures. 

The second substrate used was treated mineralized bone 

matrix. Calvaria were removed from 54-64 gram male Sprague 
3 

Dawley rats and sliced into mm blocks. The calvaria were 

then treated by mechanically scraping and teasing the 

surfaces in order to remove endogenous cells. 

Tissue Processing 

All tissues were fixed by immersion in 2.5% glutaralde

hyde in 0.1 M phosphate buffer at room temperature for 90 

minutes. Bone matrix was decalcified with 4% ethylene-

dinitrilotetraacetic acid (EDTA). When decalcification 

was complete, the bone as well as the other tissues were 

post-fixed in 2% osmium tetroxide in 0.1 M sodium cacodylate 

buffer for 90 minutes and embedded in Epon 812 (Luft, 1961). 

Peritoneal exudates used in the aji vivo phagocytosis study 

were embedded in Spurr's low-viscosity medium (Spurr, 1969). 

This plastic was used to prevent dissolution of the latex 

beads. 

Sections for light and transmission electron microscopy 

were cut on a Porter-Blum MT-2 ultramicrotome. Thick sections 

for light microscopy (1-2 microns thick) were stained with 
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toluidine blue for examination with bright-field microscopy. 

Thin sections (700-900 S) were stained with uranyl acetate 

(5 minutes) and lead citrate (5 minutes) and examined with a 

Zeiss 9S-2 or a Zeiss EM 10 electron microscope. 

Tissues were prepared for Nomarski optics and scanning 

electron microscopic examination in the same manner as 

other tissues up to and including osmication. The tissues 

were then dehydrated through a series of graded alcohols. 

They were then critical point dried (Sorvall, critical point 

drying system) and gold coated with an ion coater (Geiko 

Engineering) and examined with an Hitachi S-500 scanning 

electron microscope at 15 KV. 



RESULTS 

Characterization of Cells 

Light Microscopy 

Harvested peritoneal exudates were spun into pellets 

and examined by light microscopy. The cell population 

consisted predominantly of macrophagic-like cells (figs. 1, 

2,3,4). These cells were generally larger than other 

leukocytes observed and possessed an eccentric, ovoid or 

kidney-shaped nucleus. Other cells included polymorphonuclear 

leukocytes with characteristic multilobed nuclei and 

lymphocytes . 

Cells cultured on glass substrates were examined at 

various times by phase contrast and bright-field microscopy. 

With phase contrast microscopy, non-adherent cells appeared 

small, round and refractile prior to the first media change 

(fig. 5), whereas adherent cells were thick, dense and often 

possessed small cytoplasmic extensions (fig. 5). Following 

the first media change and after 8 hours of incubation, 

fewer, if any, non-adherent refractile cells were observed. 

Adherent cells were beginning to flatten out and some 

possessed cytoplasmic processes (fig. 6). After 24, 48 and 

72 hours of incubation, the morphology of typically cultured 

cells demonstrated the following morphological features: 

(1) extensive flattening and lengthening of cytoplasmic 

43 



44 

processes, and (2) accumulation of vacuoles and dark granular 

material within the cytoplasm (figs, 7,8,9,10,11,12). 

Flattened cytoplasm and reniform-shaped nuclei were 

characteristic traits of cells cultured on glass for 24-48 

hours as observed with bright-field microscopy (figs. 13,14, 

15,16). 

Transmission Electron Microscopy 

Light microscopic observations of harvested cell types 

were confirmed by transmission electron microscopy. Figures 

17 and 18 illustrate the typical ultrastructure of isolated 

peritoneal macrophages. A large reniform nucleus, sparse 

rough endoplasmic reticulum and variable numbers of lysosome-

like dense bodies were characteristic features of these cells. 

Scanning Electron Microscopy 

During all time periods examined, a variety of cell 

surface morphologies were observed with scanning electron 

microscopy. Following 8 and 24 hours of incubation an 

assortment of cell shapes were observed (figs. 19,20,21): 

(1) round or spherical cells which appeared to be attached 

to the glass substrate; (2) elongating cells, which were 

spread more in one axis; and (3) migratory-like cells, which 

possessed lamellapodia along their leading edges. The sur

faces of these cells were covered by microvilli and irregular 

ridges or ruffles (figs. 19,20,21). After 48 and 72 hours 

of incubation, there appeared to be an increase in the 
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number of elongating cells. Some of these cells possessed 

long, thin cytoplasmic extensions (figs. 22,23). 

Cell Viability 

Transmission Electron Microscopy 

Ingestion of 0.88 ym latex particles by peritoneal 

macrophages i^ vivo was observed with transmission electron 

microscopy. In these cells, the latex particles were 

contained within membrane-bound vesicles (figs. 26,27). 

Lysosomal-like dense bodies were often located in close 

association with some of the vesicles containing latex 

particles (figs. 26,27). 

Light Microscopy 

The phagocytic capability of the cultured cell popula

tion was examined by testing their ability to accumulate a 

vital dye, trypan blue. Cells were cultured for 72 hours 

and then incubated for 60 minutes in the presence of trypan 

blue. After incubation, cultures were examined by phase 

and bright-field microscopy. A dark blue, granular material 

was observed in treated cells (fig. 25). This dye was not 

observed in control cultures. 

Scanning Electron Microscopy 

Scanning electron microscopy revealed latex particles 

that were often associated with cell surfaces. In addition, 

at higher magnification, round bulges were seen beneath cell 

surfaces (figs. 28,30). 
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Cell Cultures of Mineralized Bone Matrix 

Scanning Electron Microscopy 

Non-treated and treated calvaria were examined by 

scanning electron microscopy to ensure removal of the 

endogenous cells. In the non-treated (control) calvaria, 

endogenous osteogenic cells covered the mineralized matrix. 

These cells were polyhedral in shape and some microvilli 

were seen on the surfaces (fig. 31). However, on treated 

calvaria, endogenous cells were no longer present and only 

the collagen matrix remained (fig. 32), 

Peritoneal macrophages cultured with mineralized bone 

matrix were easily located by scanning electron microscopy. 

Initially (2 hours incubation), the majority of cells were 

round and covered with microvilli. Fine cytoplasmic 

processes were observed protruding in all directions 

apparently in contact with the mineralized bone matrix 

(figs. 34,35). After 8, 24, 48 and 72 hours incubation, 

a variety of cell shapes were observed. These consisted 

primarily of two basic shapes: (1) round or spherical 

cells (figs. 38,41,43) and (2) elongated cells, which had 

spread more along one axis (figs. 40,42,45). Both cell 

configurations were covered with microvilli and possessed 

cytoplasmic processes. 
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Light Microscopy 

After 24, 48 and 72 hours incubation, cultured peri

toneal macrophages were observed associated with the 

mineralized bone matrix. Cells varied in shape and consisted 

of both rounded and elongated cells. The spherical or round 

cells contained an eccentric kidney-shaped nucleus (figs. 

47,48,49,50,51). Short cytoplasmic processes were often 

seen projecting in all directions from the body of the cell 

(figs. 47,48,50). Elongated cells appeared to have lost 

the characteristic kidney-shaped nucleus observed in the 

majority of round cells. The nuclear shape of the elongated 

or flattened cells varied with alteration in cell shape. 

Transmission Electron Microscopy 

Transmission electron microscopy provided more detail 

of cultured peritoneal cells. Two general cell shapes were 

observed at each incubation period (24, 48 and 72 hours): 

(1) round cells and (2) elongated cells. Round cells gen

erally possessed a reniform-shaped nucleus. The cells 

contained an abundance of free ribosomes, which were 

scattered throughout the cytoplasm. There were also sparse 

quantities of rough endoplasmic reticulum, some mitochondria 

and lipid-like droplets (figs. 54,56,58,59). The rounded 

cells had only a small area for cell-matrix interaction. 

Shourt cytoplasmic projections were observed extending toward 

the matrix (fig. 55). In regions of apparent attachment no 
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ultrastructural membrane specialization was observed which 

could be considered osteoclastic-like (figs. 55,57). A 

layer of dense granular material often appeared to coat the 

mineralized bone matrix and was observed situated between 

the cells and the bone matrix (figs. 55,57). 

Elongated cells were spread along one axis. As cells 

became more oblong, the nuclei were no longer reniform-

shaped and generally were elliptical (fig. 59). The 

cytoplasm was similar to that of round cells. There was an 

abundance of free ribosomes, mitochondria and lipid droplets 

Although elongated cells possessed a greater surface area 

for interaction with the mineralized bone matrix, there was 

no morphological alteration which would suggest differentia

tion or transformation of macrophages into osteoclasts 

(figs. 58,59). 



Figure 1, x 400; figure 2, x 500; figure 3, x 800; figure 4, 

X 700: light microscopic photomicrograph of harvested pelleted 

peritoneal exudates. Arrows indicate macrophagic-like cells. 

The L indicates lymphocyte-like cells. 
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Harvested cells cultured on glass substrate, incubated for 

various times and examined with phase contrast microscopy. 

Figure 5: cells cultured on glass prior to first media change. 

Arrowheads indicate non-adherent (NA) cells, appearing .small, 

round and refractile, x 200. 

Figure 6: cultured cells after the first media change. Notice 

the absence of the refractile, non-adherent cells. Adherent 

cells (AC) appear non-refractile and were dense appearing. 

Some cells possessed cytoplasmic processes (CP). Note the 

accumulation of dark granular (DG) material within cell, x 250. 

Figure 7: cells cultured for 24 hours. Adherent cells were 

beginning to flatten. Note the extensive spreading of cyto

plasm, X 400. 

Figure 8: higher magnification of 24 hours cultures. Elon

gated cell (EC) attached to the glass substrate, x 600. 

Figure 9: cells cultured for 48 hours, x 400. 

Figure 10: higher magnification of 48 hour cultures, x 600. 

Figiire 11: cells cultured for 72 hours, x 750. 

Figure 12: 72 hour cultures, note the accumulation of vacuoles 

(V) within these cells. 





Figure 13, x 870; figure 14, x 1,450; inset, x 1,150; figure 

15, X 700; figure 16, x 870: Light micrographs of cells on 

glass, incubated for 24 and 48 hours. Figures 13 and 14 are 

24 hour cultures and figures 15 and 16 are 48 hour cultures. 

Arrows indicate reniform shaped nucleus of cells on a glass 

substrate. 
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Figure 17, x 15,000; figure 18, x 11,000; transmission 

electron micrograph of harvested cells from the peritoneal 

cavity. Typical ultrastructure of isolated peritoneal 

macrophages. Characteristic reniform shaped nucleus (N) , 

lysosomal-like dense bodies (L). 
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Figure 19, x 8,500; figure 20, x 4,400: scanning electron 

micrographs of harvested cells cultured on glass after 8 hours 

incubation. Rounded or spherical cells (RC) were observed as 

well as cells which were spread more along one axis (EC). 

These elongated cells (EC) possessed lamellapodia (LP). All 

cells were covered with microvilli (MV) and irregular ridges 

or ruffles (R). 

Figure 21 

Figure 22 

Figure 23 

cells cultured for 24 hours, x 8,300. 

cells cultured for 48 hours, x 4,300. 

cells cultured for 72 hours. Some cells possessed 

long, thin cytoplasmic extensions, x 2,500. 
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Figure 24: control culture for îi vitro phagocytosis of trypan 

blue by cultured peritoneal cells after 72 hours in culture. 

Arrows indicate cells with no uptake of the dye, trypan 

blue, X 380. 

Figure 25: i^ vitro phagocytosis of trypan blue by cultured 

peritoneal cells. Arrows indicate cells which have accumulated 

the dye, trypan blue, x 380. 
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Figures 26 and 27: transmission electron micrographs demon

strating the cell viability. Ingestion of latex beads (LB) 

in vivo. Lysosomal-like dense bodies (L) were seen in 

association with membrane-bound latex beads, x 10,000. 

Figure 28: this micrograph shows latex beads (LB) in associa

tion with cell surfaces of cultured cells, x 8^000. 

Figure 29: scanning electron micrograph of latex beads, 

X 1,200. 

Figure 30; scanning electron micrograph showing bulges beneath 

the cell surface, suggesting phagocytized latex beads (P), 

X 8,000. 
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Figure 31: scanning electron micrograph of non-treated 

(control) calvaria. Endogenous cells (EC) cover the collagen 

matrix (CM). Inset, shows the polyhedral shape of the cells 

and associated microvilli (MV) on their surfaces, x 3,200. 

Figure 32: treated calvaria as seen with scanning electron 

microscopy. Note the absence of endogenous cells, leaving 

only the collagen matrix (CM). Inset, higher magnification 

of collagen fibers, x 1,500. 
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Figure 33 and 34: scanning electron micrographs of cells 

cultured on mineralized bone matrix for 2 hours. A variety of 

cell shapes, generally the cells appeared round or spherical 

(RC) and were covered with microvilli (MV). Cells appeared 

to send cytoplasmic processes (CP) out toward the mineralized 

matrix, x 34,000. 

Figure 35: scanning electron micrographs of cells after 2 

hours incubation with mineralized bone as the substrate. Note 

the cytoplasmic processes apparently serving as a means of 

attachment to the mineralized bone matrix, x 8,000. 

Figure 36: scanning electron micrograph of an elongated cell 

(EC) sitting on bone matrix, x 2,000. 

Figure 37: a higher magnification of an elongated cell, 

X 8,000. 
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Figure 38; scanning electron micrograph of cells cultured 

on mineralized bone matrix for 24 hours, A rounded cell 

sending out cytoplasmic (CP) processes interacting with the 

matrix (CM). Note that the cells are covered with microvilli 

(MV), X 12,000. 

Figure 39 and 40: scanning electron micrograph of cells 

cultured on bone for 24 hours with varying shapes all posses

sing cytoplasmic processes (EC=elongated cells), x 8,000. 



68 



Figure 41: scanning electron micrographs of cells cultured 

on mineralized bone matrix for 48 hours. A variety of cell 

shapes are shown here, rounded cells (RC) and elongated cells 

(EC), x 2,600. 

Figure 42: scanning electron micrograph of an elongated cell, 

X 6,900. 
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Figure 43, x 1,400; figure 44, x 4,000: scanning electron 

micrographs of cells cultured on mineralized bone for 72 hours. 

These two figures show a variety of cell shapes after 72 hours 

incubation (RC = rounded cells and EC = elongated cells). 

All cells are covered by microvilli (MV) and appear to be 

sending out cytoplasmic processes (CP) interacting with the 

bone collagen matrix (CM). 

Figure 45: higher magnification of an elongated cell, 

x 12,500. 





Figure 46: phase contrast micrograph of cultured cells 

associating with the bone matrix after 24 hours incubation, 

X 330. 

Figure 47, x 960; figure 48, x 580; figure 49, x 630: light 

micrographs of cultured peritoneal macrophages on mineralized 

bone matrix after 24 hours. Solid arrows indicate cytoplasmic 

processes from the cells, the open arrows indicate the 

characteristic reniform shaped nucleus. 

Figure 50, x 1,200; figure 51, x 960: peritoneal macrophages 

after 48 hours incubation with mineralized bone matrix. Solid 

arrows indicate cytoplasmic processes and the open arrows in

dicate the reniform-shaped nucleus. 

Figure 52, x 1,400; figure 53, x 870; peritoneal macrophages 

after 72 hours incubation with mineralized bone matrix. Note 

that figure 52 has solid arrows indicating a binuclueated cell. 
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Figure 54: transmission electron micrographs of peritoneal 

macrophages cultured with mineralized bone matrix for 24 hours, 

Note the reniform-shaped nucleus (N), arrow is pointing to 

rough endoplasmic reticulum and the bone matrix (BM) is 

seen beneath the cell, x 18,600. 

Figure 55: higher magnification of the cell from figure 54. 

The arrow is indicating the apparent area of attachment 

between the cell and bone matrix (BM). Short cytoplasmic 

processes (CP) are seen extending toward the bone matrix. 

Asterisks indicate a layer of dense granular material which 

appears to adhere to the bone matrix, x 66,400. 

Figure 56: peritoneal macrophage apparently attached to the 

bone matrix (LD = lipid-like droplets, CP = cytoplasmic 

processes), x 22,400. 

Figure 57: higher magnification of the cell from figure 56. 

Arrow indicates the apparent area of attachment of the cell 

to bone matrix. Asterisks indicate a layer of dense granular 

material sitting on the bone matrix. 
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Figure 58: transmission electron micrograph of peritoneal 

macrophage with mineralized bone matrix for 48 hours. The 

nucleus (N) is reniform in shape, x 4,450. 

Figure 59: transmission electron micrograph of peritoneal 

macrophage with mineralized bone matrix for 72 hours. This 

cell is elongated and the nucleus (N) is elliptical in shape, 

collagen fibers are visible in the bone matrix (BM), x 18,000 
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DISCUSSION 

The osteoclast was first described more than 120 years 

ago by Robin (1849). Today the life cycle of this cell is as 

enigmatic as it was in the late 1800's. Two general theories 

have emerged concerning the origin of the osteoclasts. One 

theory proposes that osteoclasts and osteoblasts arise from 

a single bipotential osteogenic precursor cell (Bloom, 1949; 

Heller, £t aJ.. , 1950; Kember, 1960; Owen, 1963). Such osteo

genic precursors would be capable of differentiating into 

either osteoblasts or osteoclasts and have been termed osteo

progenitor cells by Young (1962). The second theory suggests 

that there are separate pathways of cytodifferentiation 

involving separate precursors for osteoblasts and osteoclasts 

(Hancox, 1949; Scott, 1967; Bingham, ̂  aJ.. , 1969; Buring, 

1975; Thyberg, 1975a,b). In accordance with this second 

theory, monocytes and macrophages have been proposed as 

possible precursors of osteoclasts (Haythorn, 1928; Fischman 

and Hay, 1962; Jee and Nolan, 1963; Gothlin and Ericcson, 

1973; Kahn, et al., 1978). 

The purpose of our study was to develop an in. vitro 

model to examine the interaction of presumptive osteoclastic 

precursor cells with acellular mineralized matrix. In studies 

of this sort, tissue culture methods allow the following 

advantages: 

79 
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(1) A major problem with previous ±n vivo studies 

concerning osteoclast generation from monocytes 

or macrophages is that these models employed 

have examined inflammatory skeletal sites. 

With tissue culture we are able to avoid un

controllable or extraneously provoked condi

tions with inflammatory sites. 

(2) Selectively study a specific population of 

presumptive osteoclastic precursors (peritoneal 

macrophages). 

(3) Select and treat a skeletal site (calvaria) in 

such a manner that the endogenous cell popula

tion was removed while still maintaining the 

collagen arrangement of the mineralized bone 

matrix. 

Our initial objective was to harvest a reliable popula

tion of peritoneal macrophages, characterize these cells mor

phologically and test their viability. Within the last decade 

there has been a substantial amount of circumstantial evidence 

which suggests that monocytes and/or macrophages may be pre

cursors of osteoclasts. Fischman and Hay (1962) and Jee and 

Nolan (1963) provide evidence which suggests that under certain 

experimental conditions, cells of monocytic-macrophagic nature 

are capable of contributing to the osteoclast population in 

vivo. Gothlin and Ericcson (1973) followed the fate of 

tritiated thymidine labeled monocytes and macrophages at 
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fracture sites in parabiotic rats. In their results a pro

gressive sequence of labeled (^H-thymidine) monocytes and 

macrophages were observed at the fracture site. Between 7-14 

days post-fracture, mono- and bi-nuclear macrophages and a 

few labeled osteoclasts were labeled at the fracture site. 

By 21-28 days, typically appearing osteoclasts with label were 

observed along bone surfaces. These results were confirmed 

when similar studies in which thorotrast-labeled peritoneal 

macrophages were injected into sibling rats following 

fracture of the femur. Walker (1972, 1975) also used para

biosis between normal mice and their congenital osteopetrotic 

littermates to investigate the mechanism which provided a cure 

of the skeletal disease. Walker suggests that cells of 

hematogenous origin may play a role in the resorptive process 

of skeletal homeostasis. Mundy, e_t al. (1977) reported that 

circulating human monocytes and human bone marrow macrophages 

45 3 are capable of releasing pre-incorporated Ca and H-proline 

from fetal rat bones in vitro. More recently, Mundy, et al. 

(1978) have observed that resorbing bone is chemotactic for 

circulating human monocytes. Other investigators (Posek, et_ 

al., 1978) have reported that resorbing bone is also chemotactic 

for peritoneal macrophages. All of the above reports, and in 

particular Gothlin and Ericcson's (1973) study using thorotrast 

labeled peritoneal macrophages, were pertinent to the selection 

of cells used in the current study-
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An increased population of macrophages in the peritoneal 

cavity was provoked by injection of an irritant, sodiiim 

caseinate, into the peritoneal cavity of young male rats. 

Injection of sodium caseinate causes peritoneal inflammation 

with subsequent migration of leukocytes into the peritoneal 

cavity. The inflammatory response can be divided into two 

stages: (1) the initial rapid migration of polymorphonuclear 

leukocytes to the inflammatory site (peritoneal cavity); and 

(2) a subsequent influx of predominantly macrophagic cells 

into the peritoneal cavity during later stages of the inflam

matory response (Robbins, 1974; Specter and Wynne, 1976), 

Optimally, macrophages dominate the inflammatory response 3-5 

days after injection of irritant (Spector and Wynne, 1976). 

For this reason we allowed 4 days to lapse post-injection of 

stimulant before harvesting cells. 

Histologically, a mixed cell population was observed in 

isolated peritoneal exudates. Due to the nature of the in

flammatory response and time of cell harvest, exudates consis

ted predominantly of macrophagic-like cells with some 

polymorphonuclear leukocytes, lymphocytes and red blood cells. 

This cell population was further purified by our culture 

procedure since peritoneal macrophages generally attach to 

substrates within an hour (Bennett, 1966), while polymorpho

nuclear leukocytes and lymphocytes are either unattached or 

loosely adherent at this time; thus, the majority of these 

cells are removed by media changes (Bennett, 1966; Carr and 

Carr, 1970). 
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The viability of harvested cells was tested by examining 

their phagocytic capabilities both iii vivo and ±n vitro. 

Phagocytosis of foreign material and cellular debris is one 

of the primary functions of monocytes and macrophages (Ham, 

1974). The ability of macrophages to phagocytize particles 

has been previously used to demonstrate cell survival in 

culture (Hertel-Wulff, 1977). Phagocytosis of latex particles 

in vivo was examined to ensure that harvested cells were 

viable. Phagocytized latex particles observed with trans

mission electron microscopy in macrophic-like cells indicate 

that harvested cells were viable. With bright-field microscopy 

the uptake of trypan blue was observed in cultured cells, 

indicating that after 72 hours in culture these cells were 

still capable of phagocytosis and therefore, still a 

functional, viable cell population. 

In the current study, after 72 hours in culture, peri

toneal macrophages demonstrated no morphological specialization 

and/or interaction with the mineralized bone matrix which 

would indicate differentiation or transformation into osteo

clasts. A number of possibilities exist why these presumptive 

osteoclastic precursors failed to differentiate into osteoclasts 

in our system. These possibilities as they pertain to our 

model are; 

(1) Preparation of the mineralized bone matrix. 

(2) Source and technique of harvesting macrophages. 

(3) A time factor. 
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(4) A need for a hormonal factor or some other 

inducing agent. 

(5) The presence of pre-existing osteoclasts and/or 

the presence of other osteogenic (osteoblasts 

and osteocytes) cells. 

One possibility why these presumptive osteoclastic 

precursors failed to differentiate into osteoclasts is the 

method in which the calvaria was prepared. The endogenous 

cell population was removed by teasing, scraping and 

separating it away from the collagen matrix. This procedure 

left only the bone matrix without apparent alteration of the 

collagen. However, in removing the endogenous cells, portions 

of the extracellular matrix (glycosaminoglycans and/or proteo

glycans) may have been removed or altered. Fleisch, et_ al. 

(1975) have suggested that these matrical macromolecules may 

play an important role in calcification and resorption of 

mineralized tissues. Bingham, et_ ad.. (1969) have demonstrated 

the presence of glucosamine containing substances beneath 

osteoclasts on or near the mineralized matrix. They suggested 

that perhaps glycosaminoglycans have a disaggregating effect 

and may play a role as a messenger in inducing bone resorption 

at particular sites on the matrix. If these amorphous matrical 

components do play a role in bone resorption, our procedure 

may have disrupted these components. In addition, present in 

the matrix is the inorganic component of bone, the hydroxy

apatite (Ca^Q(P0^)0H2). Apparently, the hydroxyapatite is 
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required for the normal sequence of events of bone resorption 

to take place. It is well-known that osteoclasts are incapable 

of resorbing unmineralized bone matrix (osteoid) as present in 

large amounts in the skeletal disease osteomalicia (Jowsey, 

1977) or in ethane-l-hydroxy-1,1-diphosphonate (EHDP) treated 

bone (Miller and Jee, 1975). It seems possible that in treat

ing the calvaria to remove the endogenous cells, the hydroxy

apatite on the surface of the matrix may have been altered 

or removed and in doing so this portion of the matrix may 

have appeared as unmineralized bone. Therefore, osteoclasts 

would not be able to recognize this matrix as resorbable bone. 

The method used to harvest peritoneal macrophages and 

the source of these cells may be possibilties why these cells 

failed to participate in the generation of osteoclasts. The 

method by which the cells were harvested involved stimulation 

with an irritant, sodium caseinate. Since this was a 

stimulated cell population, generated in response to an 

inflammatory reaction, these cells may be destined for a 

particular function and therefore unable to leave the peri

toneal cavity and participate in the generation of osteoclasts. 

In the current study, cells were cultured for a maximum 

of 72 hours. Kember (1962) and Young (1963) examined osteo-
3 

clastic generation in young rats by combining H-thymidme 

and radioautography. They first observed labeled osteoclasts 

in the tibial metaphysis nine hours after the injection of 

"^H-thymidine. Peak labeling of osteoclasts occurred between 
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40-80 hours post-injection of label. While these time periods 

for observing optimally-labeled osteoclasts fell within our 

incubation period of 72 hours, all of these studies were done 

in vivo. However, their results provide no information as to 

the exact nature of the origin of osteoclasts. 

Other investigators have observed labeled osteoclasts 

over extended periods of time in different models. In each 

of the following investigations, labeled monocytes or 

macrophages were observed initially at skeletal sites where 

labeled osteoclasts were subsequently seen. Fischman and Hay 

(1962) examined regenerating newt limbs and observed tritiated 

thymidine labeled osteoclasts after 10 days of regeneration. 

Jee and Nolan (1963) injected carbon particles in a nutrient 

artery of rabbits and observed carbon particles in osteoclasts 

12 days later. Optimal labeling occurred between 15-38 days. 

Gothlin and Ericcson (1973) initially observed tritiated 

thymidine and thorotrast labeled osteoclasts at sites of 

fracture healing after 12 days and typical appearing osteo

clasts were seen with label between 21-28 days at fracture 

callus. These time periods were longer than those in the 

current study (72 hours). These studies all aupport the 

hypothesis that cells of monocytic-macrophagic origin are 

capable of participating in the generation of osteoclasts. 

Perhaps when peritoneal macrophages are placed in culture with 

mineralized bone matrix they require extended periods of time 

(12-28 days) if they are to participate in the generation of 
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osteoclasts. For example, Kahn, et ad.. (1978), after 15 days 

in culture, report the presence of clear zones on circulating 

hximan monocytes cultured with powdered bone pieces. 

In all of the above in, vivo experimental models some 

type of skeletal inflammation was provoked which resulted in 

the preferential migration of monocytes and macrophages to 

the area examined. Fischman and Hay (1962) studied regener

ating newt limbs, Jee and Nolan (1963) examined areas of 

ischemia in the femur of rabbits, Gothlin and Ericcson's 

(1973) experimental model involved healing fracture sites in 

femurs of young rats. Possibly monocytes and macrophages 

are capable of participating in the generation of osteoclasts 

only under such stressful situations where they preferen

tially migrate to inflammatory skeletal sites. 

In situ osteoclasts respond to numerous hormonal agents 

and other stimuli. It is possible that if cells of monocytic-

macrophagic origin are to participate in osteoclastic 

generation they require some type of inducing agent or 

removal of some inhibitory factor. The nature of this 

stimulus is unknown. It has been reported that parathyroid 

hormone (PTH) (Bingham, et al., 1969; Tatevossian, 1973), 

vitamin D and its metabolites (Reynolds, et_ al. , 1973) and 

osteoclastic activating factor (OAF) (Trummel, et al., 

1975) all stimulate osteoclastic bone resorption in some 

manner. 
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Mundy, et aĴ . (1977) have reported that circulating 

human monocytes and human bone marrow macrophages were 

capable of mineral and matrix dissolution of fetal rat bones 

in vitro. They observed no morphological changes after 10 

days in culture which may have indicated differentiation or 

transformation into osteoclasts. Thus, these cells were 

45 3 apparently capable of effecting release of Ca and H-

proline without actually contacting the bone. Blackman, et̂  

al. (1978) reported that cultures or peritoneal macrophages 

(stimulated with thioglycolate) possess different acid 

phosphatase activity than that observed in osteoclasts. 

They also report that addition of parathyroid hormone, 

calcitonin or 1,25-dihydroxycholecalciferol to cultures of 

peritoneal macrophages for times up to 48 hours were not 

sufficient to result in the transformation of osteoclastic-

like acid phosphatase activity. These investigations report 

no morphological or biochemical evidence to suggest that cells 

of monocytic-macrophagic lineage may differentiate or trans

form into osteoclast-like cells. 

Teitelbaum and Kahn (1977) and Kahn, et_ al. (1978) 

have reported the only morphological evidence that cells of 

monocytic-macrophagic lineage may differentiate into osteoclast-

like cells in vitro. In their studies they cultured 

circulating human monocytes in the presence of devitalized 

powdered rat bone layered in a collagen substrate up to 15 

days. They report the presence of apparent clear zones in 

areas of cell attachment to the bone pieces. These 
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investigators report no time sequence for the appearance of 

clear zones. Possibly, since cultures were carried out for 

15 days, it may take circulating human monocytes and perhaps 

macrophages that long to develop clear zones and possibly 

longer if they are to develop well-defined ruffled borders. 

There are quite a few differences between these investiga

tors' experimental models and the model used in the current 

study. These are: 

(1) The source and type of cells used. Our model 

used rat peritoneal macrophages harvested from 

the peritoneal cavity. They used circulating 

h;iman blood monocytes. 

(2) In our study rat peritoneal macrophages were 
3 

cultured with 1 mm of calvaria from young 

rats. Kahn, ejt aĴ . (1978) used adult rat 

devitalized long bones which were ground into 

powdered pieces. 

(3) Our cultures were maintained for 72 hours while 

their cultures were carried out for 15 days. 

Possibly these differences may account for the differing 

results between the two studies. 

Despite the lack of any direct evidence that cells of 

monocytic-macrophagic origin normally participate in the 

generation of osteoclasts, circumstantial evidence continues 

to accumulate which suggests that cells of hematogenous 

origin play a role in some manner in the generation of 
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osteoclasts. Walker (1972, 1975) and Jotereau and Douran 

(1978) have reported experimental evidence in agreement with 

the proposal of mobile extraskeletal hematogenous osteoclastic 

precursors. Walker (1972, 1975) used an in, situ model where 

distinct morphological differences can be examined concerning 

osteoclasts and their possible origin. Parabiosis between 

normal mice and congenital (micro-ophthalmic) osteopetrotic 

littermates was studied. Parabiotic cross-circulation pro

vided a permanent cure of the skeletal disease. Also, 

infusions of spleen and bone marrow cells from normal 

littermates into irradiated osteopetrotic mice cured the 

skeletal disease. These results led Walker to propose that 

migratory hematogenous cells play a role in the resorptive 

process of skeletal homeostasis, at least in this patho

logical state. Marks (1976, 1978), using a similar model 

with osteopetrotic (incisor absent, ia) rats has reported 

that cell infusions from spleen, liver, thymus and bone 

marrow of normal rats cured osteopetrotic littermates. 

Marks suggests that perhaps stem cells residing in these 

organs are responsible for the cure of the skeletal disease 

and return of normal osteoclastic function. 

Jotereau and Douran (1978), using quail nuclear markers 

to study developing chick limbs grafted into quail embryos, 

have reported that hematopoietic and osteogenic cell lines 

have different embryological origins. Their studies indicate 

that osteoclasts are of hematopoietic origin; that is, they 
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are brought into the marrow by the circulation, and osteo

genic cells (osteoblasts and osteocytes) are derived from 

limb bud mesenchyme. 

In summary, current evidence suggests that monocytes 

and/or macrophages are capable of functioning as osteo

clastic-like cells or contribute to the maintenance of pre

existing osteoclasts in stressful situations (Fischman and 

Hay, 1962; Jee and Nolan, 1963; Gothlin and Ericcson, 1973), 

in pathological states (Walker, 1972, 1975; Marks, 1976, 

1978), or during development (Jotereau and Douran, 1978). 

In vitro studies have demonstrated that human monocytes and 

45 macrophages are capable of stimulating release of Ca and 

*^H-proline from bone (Mundy, et_ al.. , 1977; Kahn, et_ al. , 1978) 

and that resorbing bone is chemotactic for human monocytes 

(Mundy, et̂  al_. , 1978) and rat peritoneal macrophages (Posek, 

et al., 1978). However, at present no studies (including 

ours) employing tissue culture report conclusive morphological 

evidence that monocytes and/or macrophages, when cultured in 

the presence of bone matrix, are capable of differentiating 

or transforming into osteoclasts. Thus, the exact identity 

of the precursor of osteoclasts remains obscure. Although 

increasing amounts of circumstantial evidence indicate that 

the osteoclastic precursors arise from cells of hematopoietic 

origin, it remains possible that in normal day-to-day skeletal 

homeostasis and bone maintenance that fully-differentiated 

monocytes and macrophages are not capable or not required of 
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contributing to the osteoclast population. But that is not to 

say that a cell of monocytic-macrophagic lineage is not the 

precursor cell to osteoclasts. As in granulopoiesis, where 

a multipotential stem cell differentiates into neurotrophils, 

basophils and eosinophils, it is possible that a similar 

situation exists for monocytes and osteoclastic precursors 

(see accompanying figure). The osteoclastic precursor may 

possibly arise from a multipotential monocytic stem cell or 

from a cell along the sequence of differentiating pre-monocytes. 

This may account for the similar morphology seen in Thyberg's 

(1975) studies where he described pre-osteoclasts resembling 

monocytes, and some of the interactions that monocytes and 

macrophages have at skeletal sites in stressful inflammatory 

situations and pathological states. 
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