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Abstract

1,25-dihydroxyvitamin D3 (1,25(OH)2D3) is known to stimulate
osteoclastic bone resorption in vivo and whole organ bone culture
systems in vitro. It has not been established whether
1,25(OH)2D3 acts directly on osteoclasts or whether its action
on osteoclasts is mediated via other bone cells (e.g., osteoblasts)
or recruitment of osteoclast precursor cells. Circulating mono-
cytes have been characterized as osteoclast precursors. In the
present study, vitamin D3-replete chicken on a calcium-deficient
diet were studied. Circulating monocytes, whole bone cell prep-
arations, and isolated osteoclasts (differential sedimentation)
were examined for presence of 1,25(OH)2D3 receptors. Revers-
ible, specific, and saturable binding of 13H1-1,25(OH)2D3 to a
3.5 S macromolecule was demonstrated in nuclear fractions of
monocytes (maximal binding capacity, 48 fmol/mg protein; dis-
sociation constant, 1.3 X 10'° M) and of whole bone cell prep-
arations. 1,25(0H-)D3 receptors were not demonstrable in os-
teoclast preparations (70% pure; detection threshold, 2 fmol/
mg protein), Data are consistent with indirect action of
1,25(OH)2D3 on osteoclastic bone resorption.

Introduction

1 ,25-dihydroxyvitamin D3 (1,25(OH)2D3)' is known to stimulate
osteoclastic bone resorption in vivo (1) and bone cultures in
vitro (2). Bone cells are known to have receptors for 1,25(OH)2D3
(3) but thaw-mounted autoradiography failed to show
1,25(OH)2D3-binding to osteoclasts (4). It has therefore been
proposed that 1,25(0H)2D3 acts on osteoclastic bone resorption
by interaction with other bone cells, e.g., osteoblasts, (5) or by
recruitment of osteoclast precursor cells (6). Cogent experiments
have shown that peripheral monocytes may function as osteoclast
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1. Abbreviations used in this paper: Ia-25(OH)2D3, Ila-25-dihydroxy-
vitamin D3; Ia-(OH)D3, Ia-hydroxyvitamin D3, 1,25(OH)2D3, 1,25-
dihydroxyvitamin D3; 24R,25-(OH)2D3, 24R,25-dihydroxyvitamin D3;
25(OH)D3, 25-hydroxyvitamin D3; DTT, dithiothreitol; FCS, fetal calf
serum; N.,,,, maximal binding capacity; PMSF, phenylmethylsulfonyl
fluoride; TED, hypertonic buffer.

precursors and can be induced to resorb bone in vitro (7, 8).
Recently, a method has been described which permits osteoclast
preparations of high yield and purity to be obtained (9, 10).
Using this procedure we examined circulating monocytes, whole
bone cell fractions, and isolated osteoclasts of calcium-deficient
chicken in order to provide direct evidence for 1,25(OH)2D3
receptor status of osteoclasts and their presumed precursor cells.

Methods

Chemicals. 1,25-dihydroxy-[26,27-methyl-3H]cholecalciferol (158 Ci/
mM) and 25-hydroxy-[23,24-3Hjcholecalciferol (85 Ci/mM) were ob-
tained from Amersham Corp. (Arlington Heights, IL). Radiochemical
purity was determined by high performance liquid chromatography, 93-
98%, with no other Dmetabolites demonstrable. Radioinert, chromato-
graphically pure I a-25-dihydroxyvitamin D3 (I a-25(OH)2D3), 25-hy-
droxyvitamin D3 (25(OH)D3), I a-hydroxyvitamin D3 (1a-OH)D3), and
24R,25-dihydroxyvitamin D3 (24R,25(OH)2D3) were obtained from
Duphar Co. (Amsterdam, the Netherlands). Bovine serum albumin
(BSA) was ['4Clmethylated (20 gCi/mg protein), ovalbumin was
['4C]methylated (20 MCi/mg protein), and y-globulin was [14C]methylated
(20 Ci/mg protein) (all from New England Nuclear, Dreieich, Federal
Republic of Germany). Hydroxyapatite, dithiothreitol (DTT), and Triton-
X-100 were obtained from Sigma Chemical Co. (Munich, Federal Re-
public of Germany). Ficoll-Hypaque, colloidal polyvinylpyrolidone-
coated silica, and Percoll were obtained from Pharmacia Fine Chemicals
(Uppsala, Sweden). Hank's balanced salt solution, free of NaHCO3;
minimal essential medium; 1 MHepes buffer, 20 mML-glutamine; pen-
icillin/streptomycin, 10,000 U/10,000 gg per ml; RPMI 1640 with 2 g/
liter NaHCO3, glutamin free; fetal calf serum (FCS); phosphate-buffered
saline (PBS); and bovine albumin were purchased from Seromed/Bioch-
rom KG (Berlin, Federal Republic of Germany). Aprotinin (Trasylol)
was obtained from Bayer Co. (Leverkusen, Federal Republic of Germany)
and phenylmethylsulfonyl fluoride (PMSF) from Sigma Chemical Co.

Experimental protocol. I-yr-old White Leghorn hens (2 kg) were kept
on a commercial diet (3% Ca) and egg deposition was controlled for at
least 15 d. Animals were kept in single cages and exposed to a regular
day/night cycle (night, 9 p.m.-3 a.m.). Subsequently, hens were given a
low calcium diet (0.17%) from Altromin Co. (Lage, Federal Republic of
Germany). Egg deposition ceased on day 3 of the diet. On day 8, serum
calcium was 2.4±0.12 (SD) mM/liter (n = 8) vs. 5.4±0.23 in controls.
Animals were killed on day 8 of the low calcium diet.

Osteoclast preparation. Osteoclasts were isolated from medullary bone
of the femura and tibiae immediately after exsanguination under sterile
conditions using laminar flow. Bone fragments were first gently washed
with 2-3 changes of ice-cold PBSand then scraped with sharpened nee-
dles. Cell suspensions were collected and allowed to sediment in PBS
test tubes (5°C) for several minutes in order to eliminate bone debris.
The suspension was then centrifuged at low speed (15 min, 3000 g). Cell
pellets were resuspended in PBS. Osmotic shock (0.2% NaCl for 30 s
followed by 1.6% NaCl for 30 s) was used to remove erythrocytes. Os-
teoclasts were then isolated by unit gravity sedimentation (5°C, sterile
conditions, laminar flow). Test tubes were half filled with 50% FCS in
PBS and overlayered with a cell suspension in PBS. After 45 min, the
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upper fraction was discarded, the underlying solution centrifuged, and
the pellet resuspended in cold PBS with 1% BSA. This procedure was
repeated four times. In the final preparation osteoclasts constituted .70%
of all cells as evaluated by phase-contrast microscopy and acid phos-
phatase stain. Vitality control (trypan blue exclusion) showed >95% vital
cells. Transmission electron micrographs showed reasonable preservation
of subcellular structures.

Whole bone fractions were prepared by removing medullary bone
and bone marrow mechanically and by flushing with cold PBS, respec-
tively. Bone was subsequently homogenized with a Polytron homogenizer
(Jahnke and Kunkel, Stauffen, Federal Republic of Germany) in cold
PBS and the homogenate was used for binding studies.

Monocytes were isolated from heparinized chick whole blood by
slow speed centrifugation (300 g, 10 min 4C) and subsequent centrif-
ugation (800 g/20 min, 220C) on Ficoll-Hypaque density gradient (d
= 1.077) as described previously (11). Cells harvested from interphase
were washed twice in Hank's balanced salt solution at 4VC. Cell viability
(.95%) was ascertained by trypan blue exclusion. 1 X 106 mononuclear
cells/ml were incubated in plastic petri dishes with RPMI 1640 (370C,
5%C02/95% air). Nonadherent lymphocytes were removed after 1 h by
gently rinsing with fresh warm medium. After addition of ice-cold (40C)
RPMI 1640, adherent cells, i.e., a monocyte-enriched population (85%
peroxydase positive), were harvested with a rubber policeman. Cell sus-
pensions were washed thrice with RPMI without FCSor BSA. The final
yield was 9 X 105 monocytes/animal.

Cytosolic preparation. The method described previously was used
(1 1, 12); in brief, the material was homogenized in 4 vol (wt/vol) of KCI
(0.3 M)-containing hypertonic buffer (TED): 10 mMTris/HCl, 1.5 mM
EDTA, 1 mMDTT, and 10 mMNa-molybdate, pH 7.4, at 4VC using
a Polytron homogenizer. The homogenate was centrifuged at 5,000 g
for 10 min at 4°C and subsequently at 105,000 g for 60 min at 4°C
(Ultracentrifuge; Beckman Instruments, Inc., Fullerton, CA).

Nuclear preparation. The method described previously was used (12);
in brief, the material was homogenized in 4 vol (wt/vol) of KCI-free
buffer (TED) (10 mMTris HC1, 1.5 mMEDTA, 1 mMDTT, 10 mM
sodium molybdate, pH 7.4; 4°C) using a Polytron homogenizer in the
absence or presence of aprotinin (100 KU/ml) and PMSF(10-1 M).
Homogenate was centrifuged (5000 g; 10 min; 4C) to yield the nuclear
pellet. A crude chromatin fraction was prepared by resuspending the
pellet three times in the above buffer with 0.5% Triton-X-100, pH 7.4,
followed by centrifugation (10,000 g; 10 min). The resulting crude chro-
matin pellet was then extracted with 0.4 MKCI-TED for 45 min with
frequent mixing. Chromatin extract was centrifuged (5,000 g/l0 min)
and resulting supernatant subsequently centrifuged at 100,000 g for 1
h. In one control experiment, to check receptor recovery in the osteoclast
preparation, one measured aliquot of intestinal mucosa cells (1.2 mg
protein/ml), prepared as described previously (12), was homogenized
directly and another aliquot was first added to osteoclasts (0.6 mgprotein/
ml) and subsequently homogenized.

Sucrose density gradient analysis and hydroxylapatite assay were
performed as described in detail previously (1 1). In brief, linear, 5-20%
sucrose density gradient in TED buffer (4 ml), containing 0.4 MKCI,
was made using a self-designed gradient former. Nuclear samples (0.2
ml) were incubated with 1 nM [3H] 1,25(OH)2D3 alone or in combination
with 100-fold molar excess of 1,25(OH)2D3; 25(OH)D3; 1a4OH)D3;
and 24R,25(OH)2D3. The samples (1-3 mgprotein) were then carefully
layered on top of preequilibrated (2 h, 4°C) gradients and centrifuged
(255,000 g, 21 h, 4°C, SW-60 rotor, Beckman Instruments, Inc.). 7-drop
fractions were collected. Sedimentation rate for proteins was calculated
using '4C-labeled ovalbumin (3.7 S) or -y-globulin (7.3 S).

Saturation analysis according to Scatchard was carried out as described
(12). Nuclear extracts (0.1 ml/0.3 mgprotein) were incubated with varying
concentrations (0.1-10 nM) of [3H] 1,25(OH)2D3 in the absence (total
binding) or presence (nonspecific binding) of 100-fold molar excess of
unlabeled 1,25(OH)2D3 for 16 h at 4°C. Bound [3H]1,25(OH)2D3 was
determined using the above hydroxylapatite assay.

DNA-cellulose affinity chromatography of receptor bound [3H]
I1,25 (0H)2D3. DNA-cellulose (0.3 mgDNA/m) was prepared according

to Alberts and Herrick (13) using highly polymerized calf thymus DNA
(type I, Sigma Chemical Co.) and CF-l I cellulose (Whatman Chemical
Seperation, Inc., Clifton, NJ). Each column was equilibrated in TEDfor
16 h at 4VC before use and run at a flow rate of 5 ml/h per cm2. Nuclear
extracts (0.6 ml/1.8 mgprotein) were incubated for 2 h at 4VCwith [PH]
1,25(OH)2D3 before chromatography on DNA-cellulose. Samples were
loaded onto the columns, washed with 3 vol of TED, and eluted in 10
vol with a linear gradient from 0.1 to 0.6 MKCI in TED.

Results

Specific saturable reversible binding of [3H] 1,25(OH)2D3 to cir-
culating monocytes and whole bone fraction, but not to isolated
osteoclasts, was found in eight independent experiments. Fig. I
gives a representative example. Binding of 1,25(OH)2D3 to a 3.5
S macromolecule was observed in the nuclear fractions of
monocytes and whole bone homogenates and this was specific,
since it was reversed by 100-fold molar excess of nonlabeled
1,25(0H)2D3, but not by a 1 00-fold molar excess of 25(OH)D3,
or (not shown) I a-(OH)D3 and 24R,25(OH)2D3. Scatchard
analysis revealed a dissociation constant of 1.3 X 10-'° Mwith
a maximal binding capacity (Nmax) of 48 fmol/mg protein for
circulating monocytes. For whole bone fractions, the respective
values were a dissociation constant of 1.8 X 1010 Mand an
Nmax of 56 fmol/mg protein. No binding was found in any of
the osteoclast preparations, although the sensitivity of the method
(determined with concomitant assay of chick intestinal mucosa;
reference 14) was .2 fmol/mg protein. The results were similar
whether or not homogenization and subsequent steps were car-
ried out in the presence of aprotinin (100 KU/ml) and PMSF
(10-5 M). Recovery of intestinal mucosa cell receptor, when
added to the osteoclast preparation before the homogenization
steps, was 96%.

The findings in the nuclear fractions were paralleled by sim-
ilar results in the cytosol fractions (Nmax in monocytes, 17 fmol/
mg protein; Nmax in whole bone fraction, 18 fmol/mg protein;
no binding in osteoclasts).

[3H] 1,25(OH)2D3 liganded with its receptor from nuclear
fractions of monocytes or whole bone homogenates, bound to-
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Figure 1. [3HI 1,25(OH)2D3 binding, analyzed by sucrose density gra-
dient technique, in the nuclear fractions of circulating monocytes
(left), whole bone fraction (middle), and isolated osteoclasts (right) of
hypocalcemic chicken. Bovine gammaglobulin and ovalbumin as
markers at 7.3 or 3.7 S, respectively. The figure shows binding of [3HJ-
1 ,25(OH)2D3 by a 3.5 S macromolecule in preparations of circulating
monocytes in whole bone but not on osteoclasts. Binding is reversed
by 100-fold molar excess of nonlabeled 1,25(OH)2D3, but not 100-fold
molar excess of 25(OH)D3.
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DNAas shown by DNA-cellulose affinity chromatography. [3HJ
1,25(OH)2D3 bound in the holo-receptor complex eluted as a
sharp peak at 0.27 MKCl. The results (data not shown) con-
firmed interaction with DNA of receptor-bound [3H1
1,25(OH)2D3 in monocytes and bone fractions, but not in os-
teoclasts.

Discussion

In the present study, osteoclasts which were highly purified, vital,
and almost intact morphologically were obtained from medullary
bone of calcium-deficient chicken. It could be demonstrated that
mature osteoclasts do not phenotypically express a 1,25(OH)2D3
receptor. The sensitivity of the method used was adequate to
detect .2 fmol 1,25(OH)2D3 bound/mg protein. Proteolytic re-
ceptor degradation by osteoclasts during the preparation is un-
likely in view of similarly negative findings in the presence of
protease inhibitors and in view of almost 100% recovery of
1,25(OH)2D3 receptors when cells of known receptor content
were added to the osteoclast preparation. Absence of specific
binding of [3HI 1 ,25(OH)2D3 by osteoclasts is in agreement with
previous autoradiographic findings (4). The negative finding
in osteoclasts contrasts with the ready demonstrability of
1,25(OH)2D3 receptors on circulating monocytes and in whole
bone fractions, i.e., a complex mixture of cells containing,
amongst others, osteoblasts. The demonstration of receptors on
circulating monocytes and osteoblasts in chicken is in agreement
with previous similar findings in other species.

Demonstration of 1,25(OH)2D3 receptors on monocytes, i.e.,
putative osteoclast precursors, but not on fully differentiated
osteoclasts, may have implications with respect to actions of
1,25(OH)2D3 on osteoclastic bone resorption. 1,25(OH)2D3 is
apparently devoid of direct functional action on osteoclasts (15).
1 ,25(OH)2D3 generally acts as a differentiation signal for various
cell lines, e.g., leukemic human promyelocytic leukemia cells
(HL-60) (6) which are transformed by 1,25(OH)2D3 into bone
resorbing cells. Similarly, 1,25(OH)2D3 receptors are present on
basal cells of the epidermis (16) but not on terminally differ-
entiated keratinocytes (16). 1,25(OH)2D3 suppresses basal cell
proliferation and induces differentiation markers (17). Similarly,
the above osteoclast data are compatible with the notion that
under appropriate conditions 1,25(OH)2D3 is required as a dif-
ferentiation signal for osteoclast precursor cells while differen-
tiated osteoclasts no longer interact with 1,25(OH)2D3 and lose
the receptor.
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