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A B S T R A C T Macrophages (MO) are multipotential
cells capable of giving rise to osteoclasts and of re-
sorbing bone. Since both of these processes are ulti-
mately dependent upon the attachment of cells to a
mineralized bone surface, we have examined in this
study the mechanism by which such attachment is
achieved. The data show that elicited rat peritoneal
MObind to bone in a temperature-dependent and
-saturable manner with half-maximal attachment oc-
curring within 10 min at 37°C and reaching a plateau
by -60 min. The kinetics of binding are essentially
the same whether devitalized bone particles or viable
calvaria are used as a substrate. The attachment of MO
to bone is inhibited by some sugars (e.g., N-acetyl-
galactosamine, thiogalactoside, ,B-lactose), fetuin and
asialofetuin, and by pretreating the bone with perio-
date. Binding is also significantly reduced when MO
are preincubated with tunicamycin and swainsonine
at nontoxic concentrations sufficient to inhibit or alter
glycosylation. On the other hand, exposing the cells
to neuraminidase increases the capacity of MOto bind
to bone. Collectively, our observations indicate that
the attachment of MOto bone is a highly regulated
process and is mediated, at least in part, by saccharides
located on both the cell and the bone surface.

INTRODUCTION

Despite its importance as a major functional compo-
nent in mineral homeostasis and skeletal modeling and
remodeling, osteoclastic bone resorption remains poorly
understood. This lack of understanding no doubt re-
flects, at least in part, the complexity of the experi-
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mental systems that have been used to study the phe-
nomenon. Traditionally, these models have used either
intact animals (1) or organ cultures of bone rudiments
(2) which, by virtue of their heterogeneous, multicel-
lular composition make identification of the specific
cell type responsible for a particular biological event
difficult, if not impossible. Moreover, the physical in-
timacy of the cells and bone matrix in animals or fetal
rudiments generally precludes discrete analysis of the
roles these two major constituents play in regulating
osteoclast formation and resorptive activity.

Recently, we developed a model for the study of
bone resorption based upon the use of mononuclear
phagocytes (monocytes and macrophages) as a para-
digm of the resorbing cell (3). This paradigm follows
from the established familial relationship of the mono-
nuclear phagocyte (MO)' to the osteoclast (4) and the
fact that the MO, in vitro, resorbs bone in a manner
morphologically and histochemically reminiscent of
the osteoclast in vivo (8).

Our previous work on MO-mediated bone resorption
has repeatedly underscored the fact that bone resorp-
tion is initiated by, and dependent upon, intimate con-
tact between the cell and the bone surface (3, 9). Sim-
ilarly, observations by us (10, 11) and other investi-
gators on osteoclast development in vivo (12, 13)
indicate that contact between the osteoclast precursor
(a cell belonging to the MOfamily) and mineralized
bone is also essential for the initiation and completion
of osteoclast differentiation. This realization of the
pivotal role played by cell-matrix interaction in osteo-
clast formation and resorptive activity raises the ques-
tion of how MOrecognize and attach to bone surfaces.

' Abbreviations used in this paper: a-10, a-MEM supple-
mented with 10% fetal calf serum; a-MEM, Eagle's minimal
essential medium, a-modification; MO, macrophage(s); a-
MOPS, MEMbuffered with 3(N-morpholino) propane sul-
fonic acid; SW, swainsonine; TM, tunicamycin.
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In this communication, the basic, quantitative char-
acteristics of MO-bone attachment are described, and
evidence is presented that recognition and binding are
mediated, at least in part, by saccharides located on
both the cell membrane and the bone surface.

MATERIALS AND METHODS

Cells
100-150-g male rats were injected, i.p. with sterile 10%

thioglycollate and, 3 d later, subjected to peritoneal lavage.
The cells in the lavage fluid were washed by centrifugation
and suspended in serum-free Eagle's minimal essential me-
dium (a-modification; a-MEM) buffered to pH 7.4 with 3
(N-morpholino) propanesulfonic acid (a-MOPS). The cell
suspension, containing -70% elicited MO, was stored briefly
on ice, until plated into multiwell dishes (KC Biological,
Kansas City, MO).

Binding assays
Particle binding. The methods used to prepare bone par-

ticles and obtain cells are described in detail in reference
3. Briefly, long bones were excised from 45CaC12-injected rats
(700 uCi total/animal), stripped free of soft tissue and me-
chanically fractured to expedite removal of marrow. The
bone fragments were rinsed thoroughly in sterile saline, de-
hydrated at 40°C, and ground into particles using a Spex
mill (Spex Industry, Inc., Metuchin, NJ). The particles were
then passed successively through nylon mesh screens (Cistron
Corp., Lebanon, PA) of 45- and 23-agm pore size, and the
retentate of the second sieving collected and UV-sterilized
for use in binding assays. The relatively large size of particle
precludes their internalization by MO.

Elicited peritoneal cells were suspended in a-MOPS to a
concentration of 5 X 105/ml and pipetted into multiwell
dishes at 0.2 ml/6-mm diam well. After 1 h of incubation
at 370C, the cultures were rinsed and the medium replaced
with bicarbonate-buffered a-MEM supplemented with 10%
fetal calf serum (a-10). The dishes were incubated for an
additional 20-23 h and rinsed again to remove the nonad-
herent cell fraction. 60-70% of the exudate cells remain at-
tached and, of these, -98% were MOas assessed by esterase
staining and phagocytosis.

Bone particles were suspended in a-MOPS at concentra-
tions ranging from 0.5 to 10 mg/ml (1 mg/ml in the typical
experiment) and were introduced into the cultures in 0.2-ml
aliquots. The dishes were incubated at the specified tem-
perature in air for periods up to 2 h, and the nonadherent
particles removed by immersing and agitating the culture
dishes in three successive changes of phosphate-buffered sa-
line (PBS). Concentrated trichloroacetic acid (TCA) was then
added to each well to solubilize the residual, attached par-
ticles and the resultant, radioactive slurry dissolved in scin-
tillation fluid (Scintiverse, Fisher Scientific Co., Pittsburgh,
PA) for counting. The net, cell-associated binding of parti-
cles was determined by subtracting the disintegrations per
minute obtained from cell-free wells from counts derived
from cultures containing MOmonolayers.

Calvarial binding. Elicited peritoneal exudate cells in
a-MOPS were plated into 60-mm tissue culture dishes and
rinsed after 1-h incubation to remove the nonadherent frac-
tion. a-10 was then added to the dishes and, after an ad-
ditional 20-23 h of culture, the plates were rinsed again to

remove the remaining nonadherent cells and the medium
replaced with Ca++/Mg++-free PBSat 4°C. 20 min later, the
attached MOwere brought into suspension by gentle scrap-
ing with a rubber policeman. The MOwere then labeled for
1 h at 37°C with Na5"CrO4 (sp act 250-500 ,uCi/mg Cr)
(Amersham Corp., Arlington Heights, IL) (1 ACi/106 cells
in a-MOPS), washed three times with cold a-MOPS and
suspended in the same medium at 2 X 106 cells/ml. 0.1-ml
aliquots of the cell suspension were pipetted onto the en-
docranial surface of freshly dissected rat calvaria. The latter
are obtained from 7-d rat pups and were freed of their inner
periosteum by mechanical stripping. The calvaria were then
placed, concave-side up, in multiwell culture dishes and the
cells added.

Cell number

The number of adherent cells was determined by the
methylene blue-binding technique described by Goldman
and Bar-Shavit (14). In brief, cells were fixed overnight in
2.5% formaldehyde, washed in 0.1 Mborate buffer (pH 8.5),
and incubated for 10 min in methylene blue (1 mg/ml in
borate buffer). The cells were then washed extensively in
buffer to remove excess dye and extracted with 0.1 N HCl
at 37°C for 40 min to solubilize the cell-associated methylene
blue. The eluate was diluted 1:6 with water and measured
spectrophotometrically at 660 nm. Dye binding was pro-
portional to cell number.

Protein synthesis and glycosylation
Protein synthesis and glycosylation were assessed from the

incorporation of [3H]leucine (sp act 58.5 Ci/mM, New En-
gland Nuclear, Boston, MA) and [3H]mannose (sp act 47 Ci/
mM, New England Nuclear), respectively. Cells were in-
cubated for 3 h in isotope, rinsed three times in 10% TCA
and two times in a mixture of ethanol and ether (3:1 vol/
vol). The insoluble fraction was digested in NaOH, dissolved
in Scintiverse, and counted.

RESULTS

Characteristics of MY-bone attachment. The
binding of bone by monolayers of elicited MO is a
saturable process with half-maximal attachment oc-
curring at particle concentrations of -0.35 mg/6-mm
diam well and saturation at -1.25 mg/well (Fig. 1).
By contrast, nonspecific binding of particles to cell-
free wells is not saturable at concentrations up to 2
mg/well, increases linearly with particle concentra-
tion, and does not exceed 3-4% of the total binding
observed in the presence of MOmonolayers (Fig. 1).
The attachment of isotopically labeled particles to MO
is diminished in a dose-dependent fashion by the con-
current addition of excess nonradioactive bone
(Fig. 2).

Bone particle binding by MO is temperature de-
pendent, with both the rate and magnitude of binding
varying markedly over the range of 40 to 37°C. At
370C, half-maximal binding occurs within 10 min and
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FIGURE 1 Dose-dependent binding of radiolabeled bone particles to MOmonolayers. Gradual
addition of 45Ca-labeled particles shows half-maximal attachment at -0.3 mg/6-mm diam well
and saturation at -1.25 mg/well. Assay run for 2 h at 37°C with 1 X 105 cells/culture. Each
point represents the mean±SE of six replicate cultures.

maximal attachment by 60 min (Fig. 3). At the latter In contrast, at 40C, half-maximal binding is not ob-
time and temperature, -50% of the bone particles served until 30 min of incubation and by 60-120 min,
added to the wells are bound to the MOmonolayers. only 10-12% of the particles are attached (Fig. 3).
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FIGURE 2 Competition between radiolabeled bone particles and unlabeled bone. 45Ca-labeled
particles (0.5 mg/well) were premixed with the indicated amount of unlabeled bone and added
to cultures containing 1 X 105 MO. Note the 1:1 correlation between the decline in radioactivity
(percentage of control level) and the incremental addition of cold particles. Incubation period,
1 h at 370C. Each point represents the mean±SE of six replicate determinations.
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FIGURE 3 Time course of bone particle binding to MOas a function of temperature. Note that
the rate and extent of attachment is significantly greater at higher than at lower temperatures
and that at 37°C, half-maximal binding is achieved within 10 min and is completed within 60
min. 0.2 mg 45Ca-labeled bone was added to each well; sp act 6,150 dpm/0.2 mg. Each value
represents the mean±SE from six replicate cultures.

Similarly, preincubation of the MOmonolayers with
the metabolic inhibitor NaN3 (10-4 M for 4 h at 370C)
reduces the fraction of bone particles bound to -20%
(data not shown). The difference in the percentage of
particles attached at low temperature (-10%) vs. that
observed with azide treatment ('20%) suggests that
the effect of cold is not only a matter of reduced met-
abolic activity but also the result of reduced fluidity
of the plasma membrane.

The production of bone particles not only contrib-
utes to their devitalization but also results in free sur-

faces that are likely to be heterogeneous with regard
to the degree of matrix maturation, i.e., some particle
surfaces are likely to be covered with osteoid (unmin-
eralized bone) while others will be coated with fully
mineralized matrix. To circumvent this difficulty, and
to independently confirm the binding kinetics with
bone particles, a second protocol was developed in
which 51Cr-labeled MOwere allowed to bind to the
stripped endocranial surface of freshly dissected ro-

dent calvaria. As can be seen in Fig. 4, the kinetics of
attachment to this more uniform, still viable bone
matrix are strikingly similar to those observed in the
bone particle assay.

Role of carbohydrates (oligosaccharides) in MO-
bone attachment. The antibiotic tunicamycin (TM)
has been shown to inhibit the glycosylation of proteins
in a number of different biological systems (15, 16).

Exposure of MOto TM (Sigma Chemical, St. Louis,
MO) at a concentration (0.4 zg/ml) sufficient to inhibit
glycosylation (i.e., [3H]mannose incorporation) but not
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FIGURE 4 Kinetics of attachment of radiolabeled MOto rat
calvaria. 51Cr-labeled cells at 1 X 106 cells/ml were added
in 100-Ml aliquots to the stripped, endocranial surface of
freshly dissected calvaria and incubated at 370 and 4°C. At
37°C, adherence is clearly evident by 5 min and is nearly
completed by 60 min. Sp act, 9,600 dpm/105 cells. Each
point represents the mean±SE of six replicate cultures.
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protein synthesis (i.e., [3H]leucine incorporation) or
cell survival (Fig. 5), significantly reduces the ability
of MOto bind bone particles (Fig. 6 A). These inhib-
itory effects of TM on mannose incorporation and
binding are reversible (Fig. 6 A) and demonstrable in
the presence of the protease inhibitor leupeptin (Sigma
Chemical Co.) (Fig. 6 B).

Swainsonine (SW) is a compound that inhibits a-
mannosidase activity and the hydrolysis of terminal
mannose residues from initially high mannose-con-
taining glycoproteins (17). It would be expected, there-
fore, that if membrane glycoproteins are important in
cell-bone attachment, treating MOwith SWshould
alter the binding process. In fact, SW-treated MO(0.2
,ug/ml for 16 h at 37°C) are suppressed in their ability
to bind bone to the same extent as TM-treated cells
(data not shown). This observation further confirms a
role for oligosaccharides in cell-bone attachment and
suggests that sugar residues other than mannose are
most essential in the attachment process.

A more direct approach to the possible role of sac-
charides in the attachment of MOto bone involves the
use of simple sugars and aminosugars (Sigma Chemical
Co.) as competitive blocking agents in the binding
assay. As can be seen in Fig. 7, sugars fall into three
main categories; those with no effect on MO-bone at-
tachment (xylose, and not illustrated, galactose and
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FIGURE 5 Effect of TM on MOcell viability, protein syn-
thesis, and glycosylation. Cells were incubated for 18 h in
the specified concentrations of TM with [3H]mannose or
[3H]leucine present for the last 3 h. The incorporation of the
two labeled compounds was determined from TCA-insoluble
fractions and taken to indicate glycosylation and protein syn-
thesis, respectively. Cell number (A) was determined from
parallel unlabeled cultures using the methylene blue-binding
technique. At 0.4 ug/ml, TM significantly curtails
[3H]mannose (0) (P < 0.001) but not [3H]leucine (0) incor-
poration. TMdoes not affect cell viability at any concentra-
tion up to 2.0 sg/ml. Each point represents the mean±SE
of three replicate cultures.

sucrose), those moderately inhibitory (fucose, man-
nose), and those that strongly curtail MO-bone binding
(N-acetylglucosamine, N-acetylgalactosamine, and ,B-
lactose reduce attachment by -60%). Similar patterns
of inhibition are obtained using both the particle bind-
ing and calvarial assays, but are not observed in the
attachment of MOto plastic. In fact, in the latter case,
sugars do not significantly suppress binding (data not
shown). Finally, no inhibition of cell-bone binding is
observed if either cells or bone particles are preincu-
bated with any sugar and then washed before the bind-
ing assay (data not shown). Thus, it appears that (a)
saccharides are involved in the attachment of cells to
bone; (b) that some sugars are more likely to be in-
volved than others; and (c) MOattachment to bone
differs fundamentally from binding to a nonbiological
surface.

It is of interest that ,8-lactose and thiogalactoside,
which are among the most potent competitors of MO-
bone attachment, also inhibit the binding of the cir-
culating fetal glycoprotein, fetuin, and particularly its
asialo-derivative to cells (18). Because such inhibition
by the glycoproteins probably represents recognition
by a commonly occurring membrane lectin, one might
expect fetuin and asialofetuin to be competitive in-
hibitors of MO-bone binding. In fact, MO-bone bind-
ing is inhibited by fetuin and especially asialofetuin
(Sigma Chemical Co.) in a dose-dependent manner
(Fig. 8). A similar inhibition of binding is also observed
when the cells, but not the bone, are incubated with
asialofetuin before the assay (data not shown). On the
other hand, bovine serum albumin, which is a non-
glycosylated protein, does not affect MO-bone binding
even when present throughout incubation (data not
shown).

The terminal carbohydrate residue of most glyco-
proteins is sialic acid, which contributes to the net
charge on the cell-surface (19) and often serves to block
optimal oligosaccharide-lectin interaction (20). The
involvement of this carbohydrate residue in MO-bone
binding was determined by preincubating cells with
neuraminidase (Calbiochem-Behring Corp., American
Hoechst Corp., San Diego, CA) to remove terminal
sialic acid residues from membrane glycoproteins. Fig.
9 shows that such pretreatment results in a subsequent
increase in the binding of bone particles by MO. On
the other hand, similar exposure of bone particles and
calvaria to the enzyme fails to alter binding activity
(Fig. 10).

Periodate (Sigma Chemical Co.) is a potent chemical
oxidant of carbohydrates (21) and, as such, might be
expected to alter cell-bone attachment if matrix-as-
sociated carbohydrates are involved in the binding
process. That this is indeed the case is shown in Fig.
10, where the data demonstrate that pretreatment of
bone particles and calvaria with periodate results in
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in the presence of TM with or without the protease inhibitor leupeptin. Leupeptin does not
diminish the inhibitory effect of TM nor alter the particle binding ability of control cells. Each
value represents the mean±SE of six replicate cultures.
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FIGURE 8 Bone particle binding to MOin the presence of
fetuin and asialofetuin. Fetuin and asialofetuin inhibit par-
ticle attachment in a dose-dependent manner. Each value
represents the mean±SE of six determinations. 'NS; °P
< 0.025; 0°0 P< .010.

a reduction in binding of 35-60%. (Parallel studies
with MOare not possible since periodate treatment
markedly decreases the viability of the cells.)
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Adhesiveness is a fundamental property of cells by
which they interact with some of the major elements
in their environment including other cells, particulate
matter, and the substrate on which they reside. These
adhesive interactions determine not only whether the
cell may engage in phagocytic or locomotory activity,
but also its ability to respond to agents in its environ-
ment (e.g., hormones) (22), its principal physiological
role (e.g., the activation of the lysosomal apparatus)
(23), and its phenotypic expression and proliferative
functions (24, 25). In the particular instance of the M0
in bone, contact with the mineralized substrate appears
essential for the development of the osteoclast phe-
notype (11).

In the present study, the adhesive relationships be-
tween MOand bone have been examined, in vitro,
using the elicited MOas the paradigm for both the
resorbing cell and the osteoclast precursor. The data
show that MO-bone attachment occurs rapidly in cul-
ture, yields highly reproducible binding kinetics, is
temperature dependent, saturable, and, as evidenced
by competition experiments between labeled and un-
labeled bone, "specific." In addition, the data show

p < .001 nC MIp-. .wji

0.001 0.004 0.020 0.100
NEURAMINIDASE TREATED(Units)

FIGURE 9 Effect of neuraminidase treatment on MO-bone particle binding. The cells were
preincubated for 30 min at 370C in the indicated concentrations of enzyme in PBS, washed
three times and assayed for particle attachment (1 h, 37°C). Neuraminidase pretreatment
significantly increases particle attachment by '20-25% (P < 0.01-0.001). Each value represents
the mean±SE for six cultures.
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FIGURE 10 Effect of neuraminidase and periodate treatment of bone on MObinding. Bone
particles and calvaria (1 mg/ml PBS) were incubated in either 0.1 U/ml neuraminidase or 0.5
mMof NaIO4 for 30 min at 37°C. The bone was washed three times in PBSand used in binding
assays as previously described (1-h incubation for particles; 30-min incubation for calvaria).
Periodate but not neuraminidase significantly reduces the binding affinity of bone surfaces.
Each value represents the mean±SE of six determinations. Particle binding (O); calvarial
binding (Mn).

that while M0 binding to devitalized bone particles
or freshly dissected calvaria is quantitatively and, pre-
sumably, qualitatively similar, it differs fundamen-
tally, from attachment to plastic (c.f., the carbohydrate
competition experiments).2

Since a number of MOsurface receptor functions
are mediated by carbohydrates (e.g., the uptake of
lysosomal enzymes [26] and attachment of unopsonized
bacteria [27]), we wondered whether these compounds
might also play a role in MO-bone attachment. To test
this possibility, four different experimental strategies
were used: (a) preincubation of MOwith the glyco-
sylation inhibitors TMand SW; (b) use of simple sugars
and fetuin as competitive inhibitors of MO-bone at-
tachment; (c) pretreatment of cells and bone with

2 The authors are aware that the attachment of cells to
bone is a complex process probably involving multiple li-
gands and receptors, as well as the active participation of
other components in the cell and cell membrane (c.f., the
temperature dependence of binding). Thus, our measure-
ments of "saturation" and "specificity" cannot fulfill the
usual criteria for making such determinations and, therefore,
cannot be used to derive such ideal information as dissocia-
tion constants (Kd) and receptor number. However, we do
believe the present assays are rigorous enough to measure
rates of attachment, temperature optima, and the role of
agents, such as carbohydrates, in the attachment process.

neuraminidase; and (d) oxidation of bone carbohy-
drates with periodate.

Preincubation of MOwith TM at a concentration
sufficient to significantly inhibit glycosylation
([3H]mannose incorporation), but not protein synthesis
or cell survival, results in a corresponding diminution
in cell-bone attachment. These inhibitory effects are
reversible, demonstrating that the metabolism of the
cell is not permanently altered and can take place in
the presence of the protease inhibitor, leupeptin. The
finding that the TM-induced effects occur in the pres-
ence of leupeptin suggests that the decreased binding
is due directly to the loss of some essential carbohy-
drate moieties on the cell surface and not to enhanced
membrane proteolysis (16).

A similar conclusion follows from the results ob-
tained with SW, a compound that blocks the cleavage
of mannose residues from primitive oligosaccharides
(17). SW-treated MO, which should be enriched in
exposed mannose groups, are strongly inhibited in cell-
bone binding indicating (a) the likely involvement of
oligosaccharides in attachment and (b) a minor role
for mannose residues in the process. The latter con-
clusion is further supported by the failure of mannose,
yeast mannan (data not shown), and mannose-derived
bovine serum albumin to block cell-bone attachment.

The observations on the inhibitory action of simple
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carbohydrates on cell-bone attachment are also con-
sistent with a role for saccharides in the binding pro-
cess. As the data show, some carbohydrates are strongly
inhibitory, while others have only moderate or no ef-
fect. Presumably, the most potent inhibitors suppress
attachment because they are present in oligosaccha-
rides or glycoproteins that link cells to bone and, there-
fore, compete with these complex carbohydrates for
cell- or bone-associated lectins. The lack of inhibition
when carbohydrates are present only before assay is
consistent with this conclusion. A similar mechanism
likely accounts for the suppressive effect of fetuin and
its asialo-derivative on cell-bone attachment. These
fetal glycoproteins are known to bind to cell surfaces
via their glycosyl residues, and can be inhibited from
this activity by two of the carbohydrates that block
MOattachment to bone (thiogalactoside and (3-lactose
[17]). Thus, when present concurrently, fetuin and
bone would compete for the same cell surface lectins.
This hypothesis is supported by the observation that
preincubation of MO, but not bone, with fetuin or
asialofetuin leads to inhibition of attachment. The fact
that asialofetuin is the more potent inhibitor is also
consistent with the notion that galactosides are critical
carbohydrates in binding. The latter residues are more
exposed in fetuin from which terminal sialic acid
groups have been removed.

Further support for the involvement of saccharides
in MO-bone attachment is also to be found in the stud-
ies with neuraminidase and periodate. Pretreatment
of cells with the enzyme leads to significant enhance-
ment in binding activity, indicating that sialic acid
residues play an important role in regulating cell-bone
attachment. Since a comparable increase is not achieved
when bone is similarly pretreated, this observation sug-
gests that the "regulatory" sialic acid moieties are lo-
cated exclusively on the cell surface. On the other
hand, the reduction in binding observed following the
treatment of bone with the oxidizing agent, periodate,
indicates that matrix-associated carbohydrates are also
involved in the binding process.

However, it is possible that the effects of TM, SW,
and neuraminidase treatment on the MOalter the cell
surface expression and/or biological activity of some
cell surface glycoconjugate that does not function sim-
ply as a lectin receptor.

Wenoted above that two important MOactivities
in bone, osteoclast differentiation and resorption, ap-
pear dependent upon the establishment of intimate
physical contact between the precursor/resorptive cell
and the bone surface. The data from the present study
indicate that this attachment is mediated by saccha-
rides and is, therefore, similar to other binding mech-
anisms that have been described for MO, e.g., the up-
take of bacteria. In a companion paper (28), we show

that the paucity of osteoclasts present in osteomalacia
may reflect defective binding of precursor cells to bone
due to altered matrix oligosaccharides.
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