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Abstract

Studies of the mode of action of the bisphosphonate alendron-
ate showed that 1 d after the injection of 0.4 mg/kg [3Hjalen-
dronate to newborn rats, 72%of the osteoclastic surface, 2%of
the bone forming, and 13% of all other surfaces were densely
labeled. Silver grains were seen above the osteoclasts and no
other cells. 6 d later the label was 600-1,000 itm away from the
epiphyseal plate and buried inside the bone, indicating normal
growth and matrix deposition on top of alendronate-containing
bone. Osteoclasts from adult animals, infused with parathyroid
hormone-related peptide (1-34) and treated with 0.4 mg/kg
alendronate subcutaneously for 2 d, all lacked ruffled border
but not clear zone.

In vitro alendronate bound to bone particles with a Kd of
- 1 mMand a capacity of 100 nmol/mg at pH 7. At pH 3.5
binding was reduced by 50%. Alendronate inhibited bone re-
sorption by isolated chicken or rat osteoclasts when the amount
on the bone surface was around 1.3 X 10-3 fmol/Mm2, which
would produce a concentration of 0.1-1 mMin the resorption
space if 50%were released. At these concentrations membrane
leakiness to calcium was observed. These findings suggest that
alendronate binds to resorption surfaces, is locally released
during acidification, the rise in concentration stops resorption
and membrane ruffling, without destroying the osteoclasts. (J.
Clin. Invest. 1991. 88:2095-2105.) Key words: bisphosphon-
ates * osteoclasts * membrane permeability

Introduction

Bisphosphonates are carbon-substituted pyrophosphate (PCP)1
analogues that include potent inhibitors of bone resorption (1),
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which have been effectively used to control osteolysis or reduce
bone loss in Paget's disease (2-12), metastatic bone disease
(13-17), hypercalcemia of malignancy (18-24), and osteoporo-
sis (25-30). However, despite the widening acceptance of bis-
phosphonates as therapeutic agents, their mechanism of action
remains largely unknown. Like pyrophosphate, bisphosphon-
ates bind to hydroxyapatite and as a result are taken up by
bone. Bisphosphonate inhibition of bone resorption was ini-
tially attributed to reduced hydroxyapatite dissolution (31);
however, structure-activity relation studies showed no close
correlation between the two actions and directed attention to
their effects on bone cells (1). Proposed mechanisms of action
include cytotoxic or metabolic injury of mature osteoclasts (32,
33), inhibition of osteoclast attachment to bone (34), inhibition
of osteoclast differentiation or recruitment (35-39), or interfer-
ence with osteoclast structural features (cytoskeleton) neces-
sary for bone resorption (40-42). It was suggested that, al-
though all bisphosphonates act selectively on bone because of
their concentration in this tissue, their mechanism of action
may differ according to their chemical structure (1).

The 4-amino-I-hydroxybutylidene- 1, 1-biphosphonic acid
(alendronate) is a potent inhibitor of bone resorption in vitro
(42) in experimental animals (43, 44) and in patients with Pa-
get's disease (9, 11, 45, 46). To better understand its mode of
action we examined in this study the association of ['H]-
alendronate with bone particles, its localization in rat bone (1
and 6 d after injection), its effect on osteoclast ultrastructure in
situ, on rat and chicken osteoclast resorption in vitro, and on
osteoclast intracellular calcium and cyclic AMPlevels. The
findings support the hypothesis that alendronate binds to sites
of bone resorption, is locally released by acidification, which
increases its local concentration under the osteoclasts and in-
terferes with bone resorption and ruffled border formation.

Methods

All reagents were obtained from Sigma Chemical Corp., St. Louis, MO,
unless otherwise stated. Fura-2, Fura-2AM, BR-A23 187 were from Mo-
lecular Probes, Inc., Eugene, OR. Dimethylsulfoxide under N2 was
from Aldrich Chemical Co., Milwaukee, WI. Organic solvents were
from Fisher Scientific Co., Malvern, PA, and fixatives from Electron
Microscopy Sciences, Fort Washington, PA.

[3H]Alendronate binding to human bone particles. ['H]alendronate
(25,000 cpm, 4.85 oCi/gmol) was incubated with human bone powder
(1 mg, 180 mesh) in a buffer containing 0.2 MTris-formate, pH 7.0.
The incubations were carried out in a 96-well filter manifold (Millipore
Corp., Bedford, MA) at room temperature, and the reaction was termi-
nated by application of vacuum. The filtrate was collected in a 96-well
cluster dish, and aliquots were counted in a liquid scintillation counter
(LKB Instruments, Inc., Gaithersburg, MD). The concentration of
alendronate was adjusted by addition of unlabelled drug before the
addition of the bone particles to the incubation mixture.

[3HJAlendronate localization in rat bone. Sprague-Dawley rats (1-2
d postpartum, weighing 4 g) were injected subcutaneously with 1.4-2

Alendronate Localization in Rat Bone and Effects on Osteoclasts 2095

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/91/12/2095/11 $2.00
Volume 88, December 1991, 2095-2105



Mg of [butyl-2,3-3H]alendronate at a sp act of 4 MCi/Mmol. Experimen-
tal animals and litter mate controls were killed at 1 and 6 d postinjec-
tion. Femora were dissected clean of soft tissue, split at the diaphysis,
and flushed with 60 mMPipes (Calbiochem-Behring Corp., San Diego,
CA), 25 mMHepes (pH 7.0), 2 mMEGTA, 2 mMMgSO4, 2.5%
glutaraldehyde for 1 h at 40C, and postfixed in 2%osmium tetraoxide
for 1 h at room temperature. Alternatively, femurs were fixed in 60
mMsodium phosphate buffer (pH 7.0), 2 mMMgSO4, 5 mMEGTA,
2% formaldehyde, 2.5% glutaraldehyde for 3 h at room temperature
and postfixed in 1%osmium tetraoxide, 1.5% potassium ferrocyanide
(47) for 2 h at room temperature. The latter femurs were stained en
block with 1%uranyl acetate for 2 h at room temperature, dehydrated
through graded acetone solutions, and embedded in Spurr's resin.

Serial 0.4-0.5-Mm sections were cut on an Ultracut E microtome
(Reichert-Jung, Vienna, Austria), transferred to glass slides (Fisher),
which were dipped in Kodak NTB2 emulsion, diluted 1:1 with 0.6 M
ammonium acetate, vertically dried for 2 h at room temperature, and
then stored with desiccant at 4-50C for 30-130 d. Sections were devel-
oped in Kodak D19 (1:1 H20). Sections were then stained with 0.5%
toluidine blue, 1% sodium borate (pH 9.5) for 4 min at 60°C.

[3H]Alendronate localization was examined on sections from the
distal metaphyses of right femurs. Surfaces were quantitated in 10 fields
of the metaphysis, 150lm from the epiphyseal plate and the endocorti-
cal bone surface, using OsteoMeasure (Osteometrics, Inc., Atlanta,
GA) interfaced with a Nikon Optiphot. Labelled surfaces were recog-
nized by imaging silver grains in bright-field and reflected light micros-
copy (see Fig. 4). "Osteoclast surfaces" were defined as regions of bone
beneath vacuolated, multinucleated cells flattened against trabecular
bone. "Forming surfaces" were defined as regions with osteoid beneath
a layer of cuboidal mononuclear cells. All other surfaces, including
eroded and resting surfaces were pooled for the purpose of this analysis.

For electron microscopic autoradiography, serial 100-nm sections
were placed onto slides precoated with 0.7% Formvar (Ted Pella, Inc.,
Reading, PA) in ethylene dichloride, carbon coated, and then pro-
cessed as above. After development, sections were floated off in H20
(or eight drops HFI/40 ml H20) (48), picked up with 150 mesh grids,
cleared by floating the emulsion side on concentrated acetic acid for
< 15 s, stained with 2.5% uranyl acetate for 10 min at room tempera-
ture and then lead citrate (49) for 2 min at room temperature. Grids
were viewed at 80 kV on a Phillips CM12 microscope and photo-
graphed with Kodak 4482 film.

The long bones and plastic sections from neonatal rats injected with
[3H]alendronate were flame oxidized in an oxygen combustor (306;
Packard Instrument Co., Inc., Canberra Industries, Meriden, CT) and
counted for [3H] in a scintillation counter (LKB).

Estimation of amount of alendronate on the bone surface. Bone
slices of 4.4 mmX 4.4 mmx 0.2 mmor 42.24 mm2total surface
incubated with 1 ml 0.1 MAMalendronate at pH 7.2 adsorbed 50%of the
alendronate from solution (estimated by radiotracer uptake). Assum-
ing random distribution on the surface of the bone slice the density of
alendronate should be 1.25 X 10-'8 mol/Mm2. An average size resorp-
tion pit (estimated from electron micrographs of bone in situ) of 500
/m2 should contain 0.62 fmol. If 50% are released within an enclosed
space beneath an osteoclast of 500 iUm3 the local concentration would
be - 0.5 mM.

Wealso tried to estimate the amount of alendronate under osteo-
clast surfaces in the sections examined by autoradiography. Incubation
solutions monitored throughout sample processing contained no de-
tectable radioactivity. The [3H]alendronate content was estimated in
histological sections by combustion and [3HI counting. Considering the
sp act of 5 Ci/mmol, a counting efficiency of 50%and 100 cpm above
background in 10 sections, each section contained - 2 fmol alendron-
ate. In the third of the section which was examined histomorphometri-
cally, 22% of the label or 0.145 fmol was localized to 233 Mmof osteo-
clast surface, assuming that the "dense" labeling contains fivefold more

alendronate than the "moderate" labeling (Fig. 4). Since the sections
are 0.4 Mmthick alendronate density on the surface would be 1.6
x 10-11 mol/Mm2. If 50% of the alendronate on the osteoclast surface

was released in a space 1 gm deep, the local concentration would be
- 0.8 mM, which is in remarkable agreement with the estimate ob-

tained from in vitro data for the pharmacologically effective concentra-
tion of 0.1 MM.

Osteoclast ultrastructure. Adult Sprague-Dawley rats weighing 250
g were injected subcutaneously with 0.4 mgalendronate/kg 96 h before
being killed. Starting at 48 h before killing, animals were infused with
60 pmol/h of human parathyroid hormone-related peptide [PTHrP(1-
34)NH2], using an implanted pump (1003D; Alza Corp., Palo Alto,
CA). Rats were killed by perfusion via a catheter implanted into the
abdominal aorta, with 0.1-0.2 ml heparin (1,000 U/ml; LymphoMed,
Rosemont, IL), followed by 10 ml 0.1% sodium nitrite in PBS(pH 7.2),
and then 40 ml of 2.5% glutaraldehyde, 0.1% sucrose, 0.1 Msodium
cacodylate (pH 7.0) at 50C. Tibiae were removed, cleaned of soft tissue,
and decalcified for 2 wk at 4VC in 5 mM3-[N-Morpholino]propane
sulfonic acid (Mops) (pH 7.2), 0.1% glutaraldehyde, 4% EDTA fol-
lowed by a 3-d rinse in 0.1 MMops (pH 7.0) at room temperature.
Samples were postfixed in 2% osmium tetraoxide, 0.1 MMops (pH
7.0), dehydrated through graded acetone solution, and then embedded
in Spurr's resin. Sections of 130 nm were cut and examined with a
Phillips CM12microscope and photographed with Kodak 4482 film as
described above.

Osteoclast bone resorption in culture. Osteoclasts were isolated
from chickens by methods described by Zambonin-Zallone et al. (50)
and Blair et al. (51). Medullary bone was harvested from split femora
and tibiae of Dekalb XL laying hens maintained on a calcium deficient
diet (5070C-9; Ralston-Purina Co., St. Louis, MO) for 2-4 wk. The
bone suspension was washed in PBSat 4°C, pressed through a 1 10-Mm
nylon mesh, incubated in 0.2% NaCI for 2 min at 37°C to lyse red
blood cells, and then sedimented through a 70%serum gradient for 90
min at 4°C. The bottom 5 ml was resuspended over a three-step Nyco-
denz gradient ( 1.073, 1.099, 1.143 g/cm3) (Accurate Chemical &Scien-
tific Corp., Westbury, NY) and centrifuged (350 g) for 20 min at 4°C.
Cells from below the first band to above the pellet were pooled and
resuspended into a-MEM(pH 7.00-7.2), 10%FCS, antibiotics (Gibco
Laboratories, Grand Island, NY) plus 2-5 ug/ml cytosine-l-B-D-ara-
binofuranoside at 4°C. The cell suspension was aliquoted into plates
(Costar Corp., Cambridge, MA) to yield 1,000-4,000 osteoclasts/cm2.

Bone resorption was assayed as the 3H-cpm released from bone
particles aliquoted at 100 Ag/cm2 onto chicken osteoclasts in 48-well
plates (Costar Corp.). Bone particles (20-53 Mm)were made by seiving
crushed bone from rats injected with [3H]proline (Amersham Corp.,
Arlington Heights, IL) as described by Blair et al. (51). 3H-cpm released
into the media was quantitated with a liquid scintillation counter (LKB
Instruments, Inc.). Resorption was typically assayed between days 4-6
in culture.

Resorption by rat osteoclasts in culture was carried out as described
in detail in Sato and Grasser (42) and Arnett and Dempster (52).
Briefly, cells isolated from the long bones of 1-3-d old rats (Sprague-
Dawley) were aliquoted onto 4.4 X 4.4 X 0.2-mm bone slices from the
diaphysis of bovine femur. After overnight incubation, resorption was
assayed by removing cells, fixing bone slices, staining with toluidine
blue, and quantitating resorption pits by reflected polarized light mi-
croscopy.

Measurements of intracellular calcium. Chicken and rat osteoclasts
cultured on no. 1.5 cover slips (Fisher) were incubated for 40 min at
16°C in 10MMFura-2AM in Jok2 (111.2 mMNaCl, 5.4 mMKC1, 1.5
mMCaCl2, 1 mMMgCI2, 2 mMNa2HPO4, 11.1 mMdextrose, 10
mMHepes [pH 7.5], plus MEMamino acids and vitamins [Gibcol).
Cells were rinsed and incubated in complete media (a-MEM for
chicken, 199 for rat) for 10 min, 370C. Cover slips were inverted diago-
nally over a drop of Jok2 on a quartz coverslip (1 X I in., Thomas
Scientific, Swedesboro, NJ). The chamber was mounted onto a thermal
stage (Sensortek, Clifton, NJ) with the quartz side down on a Nikon
Diaphot and perfusion of preheated solutions (37°C) was initiated with
strips of Whatman no. 1 filter paper (Fisher Scientific Co., Pittsburgh,
PA). The peripheral cytoplasm of FURA-2 loaded osteoclasts, devoid
of nuclei, was excited at 348/380 nm using a Deltascan system (PTI
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[Photon Technology International Inc.], S. Brunswick, NJ). The fluo-
rescence emission through a 490-nm long pass filter was measured with
a photomultiplier interfaced with a computer with d1048 software
(PTI). Osteoclasts were perfused with 0.1 mMalendronate in Jok2.
Background spectra and calibration were carried out for each cell. Both
rat and chicken osteoclasts were used within one day of isolation.

Adenylate cyclase assays. Chicken osteoclasts were incubated with
1 gsCi [3H]adenine (New England Nuclear, Boston, MA) for 2 h at 370C.
Cells were then washed and incubated with 1 mMisobutyl methyl-
xanthine in the absence or presence of 10 uMto 0.1 mMalendronate
for 10 min. [3H]cAMP was chromatographically separated from other
nucleotides and counted as described by Salomon et al. (53).

Results

Alendronate binding to bone particles. Incubation of [3H]-
alendronate with human bone particles in vitro resulted in
rapid, reversible, saturable binding (Fig. 1). At pH 7 the appar-
ent dissociation constant was - 1.0 mM, and the binding ca-
pacity was estimated at 105 nmol alendronate bound/mg bone.
Unlabelled alendronate and etidronate (EHDP) were equally
effective in competing with the binding of [3H]alendronate to
bone powder, suggesting that both bisphosphonates bind to the
same sites with similar affinity (Fig. 2). Whenbone powder was
incubated with 10 MMalendronate at pH 7 and then was ex-
posed to decreasing pH, increasing amounts of the previously
bound alendronate were released, up to 50%at pH 3.5 (Fig. 3).
Taken together, these data indicate that substantial amounts of
alendronate accumulate on bone surfaces at physiological pH
and that significant amounts could be released by acidification.

[3H]Alendronate localization in rat bone. Neonatal rats in-
jected with [butyl-2,3-3H]alendronate ([3H]alendronate) were
killed after 1 and 6 d to ascertain retention and localization of
[3H~alendronate in developing bones. Oxygen combustion of
bone samples and scintillation counting showed that after 1 d
the rats retained 49.7±12.2% of the injected [3H]alendronate.
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Figure 2. Inhibition of [3H]alendronate binding to bone by unlabelled
alendronate or EHDP. [3H]Alendronate (8 gM) was equilibrated with
unlabelled alendronate or EHDPand then binding to human bone
particles (180 mesh) was determined as described in Methods
(mean±SD) (n = 3). The identical effects of excess alendronate and
EHDPdemonstrate that these bisphosphonates bind to human bone
with similar affinities to the same sites.

Femora contained 0.045-0.12 gCi or 2.2-6 ng [3HJ-
alendronate/femur. Sections of distal femoral metaphyses of
0.4-0.5 ,m contained 10 pCi or 0.6±0.15 pg [3Hlalendronate/
section.

Under light microscopy autoradiography these nondecalci-
fied distal femur sections (Fig. 4) showed nonuniform labelling
of mineralized surfaces, which ranged from dense labelling to
near background. On many surfaces there was clearly above
background labelling, which was divided into two levels for
histomorphometric analysis: densely labelled surfaces where
silver grains coalesced and were several layers deep, and moder-
ately labelled surfaces where silver grains were separate from
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Figure 1. [3H]Alendronate binding to bone. An ultrafiltration assay

was used to examine the binding of [3H]alendronate to human bone

particles (180 mesh), as described in Methods. Each point is the
mean±SD(n = 3). These data suggest a dissociation constant of Kd
= 1 mMwith a binding capacity of 105 nmol alendronate/mg bone.
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Figure 3. pH dependence of alendronate binding to human bone
powder. [3H]Alendronate (10 AM) was incubated with human bone
powder (180 mesh) in 0.1 MTris-formate buffer maintained at dif-
fering pH. Acidification alone caused dissociation of the alendron-
ate/bone complex, - 50% of the alendronate being released at pH
3.5 (mean±SD) (n = 3).
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Table I. Histomorphometry of Sections (0.4 ,um) from Rats I d after Injection with [3Hj Alendronate

Percent sparse
Percent of Percent Percent or unlabeled

total surface dense label moderate label (by difference)

Osteoclast surface 4.5±0.8 71.6±0.8 0 28.4
Forming surface 47.8±0.6 2.0±5.0 46.4±0.6 51.6
All other surfaces resting, 47.7 12.8±0.5 10.8±0.5 76.4

eroded, etc. (by difference)
Percent of total surface 100 10.28 27.3 62.4

Active resorbing surfaces were defined as scalloped regions of bone adjacent to active osteoclasts. Forming surfaces were regions adjacent to cu-
boidal osteoblasts. The remaining difference constituted resting surfaces. Also listed are the proportion of the labelling that was considered
dense, moderate, and sparse, as described in the text.

each other. Dense labelling was seen primarily under osteo-
clasts (see arrow in Fig. 4) while moderate labelling was seen to
a variable extent on all other surfaces (two arrows in Fig. 4), as
described below. Histomorphometric analysis (Table I) of 15
sections of the distal femoral metaphyses (10 fields, 150 X 150
um = 225,000 ,gm2, each) carried out by two independent in-
vestigators, showed that these sections contained - 5% osteo-
clast surface, defined as identifiable osteoclasts in close apposi-
tion to bone; - 48%active bone formation surfaces, defined as
surfaces lined by osteoid and cuboidal osteoblasts. The other
surfaces were not easily separable in the developing bone and
were considered together for the analysis of the distribution of
label. 24 h after [3H]alendronate injection 10.3% of the total
bone surface was densely labelled and 27.3% moderately la-
belled. In this rapidly turning over bone most of the osteoclast
surface, 71.6±0.8% was densely labelled and 28.4% was unla-
belled. Onthe other hand only 2%of the forming surfaces were
densely labelled and 46.4% were moderately labelled. Of the
other surfaces which contain resting and eroded surfaces,
12.8% were densely labelled and 10.8% moderately.

6 d after injection of 1.4 ,g [3H]alendronate into neonatal
rats the animals still showed 45% retention of the injected dose
and 4.9 ng [3H]alendronate per femur, not significantly differ-
ent from 24-h postinjection levels. The labelled areas in these
samples were 600-1,000 ,m away from the epiphyseal plate.
Autoradiography of these femora showed a distinct layer of
moderate [3H]alendronate labelling in the cortical bone and in
discrete regions of trabecular bone that were no longer con-
fined to the surface, thus no forming surfaces were labelled at
this point (Fig. 4 C). These findings indicate bone formation on
top of alendronate-labelled surfaces. The width of dense label
estimated 1 d after [3H]alendronate injection was 20+2.1 Am
and 6 d after tracer administration 23.5±3.5 gm, suggesting
lack of diffusion through bone.

Autoradiography at the electron microscopic level showed
absence of silver grains over all cells except osteoclasts. Osteo-
clasts were identified by the presence of multiple nuclei, abun-
dant cytoplasm with numerous mitochondria, lysosomes, vacu-
oles, and ruffled borders. Over half the osteoclasts examined
showed evidence of active bone resorption (57±3%) and
of those 80% were resorbing bone labelled with [3H]-
alendronate, consistent with the light microscopy observations.
In many cases the ruffled borders were not sharply defined. Fig.
5 C shows silver grains along bone surfaces, beneath ruffled
border and in vacuoles where 60% of the cellular labelling was
observed. 40% of silver grains above osteoclasts were seen over
the cytoplasm, nuclei and mitochondria. This [3H]alendronate
is probably associated with the osteoclast cytoplasm, since
the diffusible substances would have been lost through graded
acetone treatment during tissue processing. These findings
strongly suggest that during resorption osteoclasts cause the
release and uptake of [3H]alendronate from the bone surface.

Effect of alendronate on osteoclast ultrastructure. In these
experiments adult rats previously injected twice with the thera-
peutically effective dose of 0.4 mg/kg alendronate were infused
for 2 d with the 1-34 fragment of PTHrP to stimulate bone
resorption. Electronmicrographs of bone from control animals
showed that all osteoclasts adjacent to bone (20 out of 20 en-
countered) had extensive ruffled borders and clear zones rich in
actin filaments, indicative of active bone resorption. These
cells were polymorphic, suggesting active motility, and had nu-
merous vesicles associated with the ruffled border and vacuoles
dispersed throughout the cytoplasm (Fig. 6). On the other
hand, all osteoclasts adjacent to bone (20 out of 20) from alen-
dronate-treated rats had considerably fewer vacuoles and
lacked ruffled borders, although their membrane followed the
contour of the bone surface. However, clear zones were appar-
ent in several of these cells (Fig. 6). These findings suggest that

Figure 4. Autoradiography of rat femora 1 and 6 d postinjection. The distal metaphyses of femurs from rats injected with [3H]alendronate were
processed for autoradiography after I (A-D) and 6 (E, F) days postinjection. Bright-field (A, C, E) and corresponding reflected light micrographs
(B, D, F) were recorded for 10 fields 150 Amfrom the epiphyseal plate and 150 Amfrom the endocortical surface. Three levels of trabecular
bone labelling were observed including dense (heavy arrows, B), moderate (light arrows, D-F) and sparse labelling (*, D), the latter was near
background in intensity. A majority (57%) of the total osteoclasts observed (heavy arrows in A and B) appeared to be active in resorption and
most (83%) of the resorbing surfaces were labelled with [3Hlalendronate. Reflected light microscopy showed intracellular labelling of active
osteoclasts (A, B) but not of other cells. 6 d postinjection sections showed labelling -1 mmbelow the epiphyseal plate. Labelling was still ob-
served over 1 1% of the total bone surface but much of the label was embedded in trabecular bone (E, F). The width of the labelling and total
[3H] counts/section or femur were not significantly different from l-d animals, suggesting limited diffusion and a long half-life for [3H]alen-
dronate in vivo. Micrometer 10,gm.
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Figure 5. Autoradiography of ultrathin sections. Electron microscopy of rats 1 d postinjection confirmed the [3H]alendronate labelling of re-

sorbing surfaces and osteoclasts. Cand D are lighter exposures of A and B, respectively, to reveal the silver granules. Heavy labelling of silver
granules was associated with bone at the osteoclast interface (A, B) with some granules over osteoclasts but not other cells (C, D). The majority
(56%) of the granules over osteoclasts were in the proximity of vacuoles but some granules were associated with nuclei and mitochondria or over

cytoplasm. These micrographs suggest that osteoclasts are able to dissociate the [3H]alendronate from the bone surface. Micrometer. I rm.

the presence of alendronate on resorption surfaces interferes
with ruffled border formation at the bone surface but not at-
tachment to bone.

Alendronate inhibition of bone resorption by isolated osteo-

clasts in culture. To enable the study of alendronate action in
culture, its effect on the resorption of [3H]proline-labeled bone

particles by chicken osteoclasts was compared to its effect on

the resorption of bone slices by rat osteoclasts. As seen in Fig. 7,
alendronate was equally effective in both cases in inhibiting
bone resorption with an EC50 of - 0.1 uM. Transient incuba-
tion of the chicken osteoclasts in the absence of bone with 0.1
gMalendronate for 5 min at 370C had no effect on resorption.
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Figure 6. Electron microscopy of osteoclasts in PTHrP infused adult rats. Distal tibiae of adult rats infused with PTHrP (1-34) NH2given a
therapeutic dose of 0.4 mg/kg alendronate (A, C) were examined by electron microscopy. Osteoclasts in these animals were attached to bone with
clear zones (arrows, A) but deficient in ruffled border formation (close up, C). By contrast, osteoclasts in control rats were active in resorption
as evidenced by the actin rich clear zone (arrows, B), ruffled border (close up, D) and numerous cytoplasmic vacuoles. In alendronate-injected rats
20/20 osteoclasts lacked ruffled borders but were attached to bone with clear zones. Micrometer 1 gm.

Alendronate effects on osteoclast cyclicAMP and intracellu-
lar calcium. Since a rise in intracellular cyclic AMPwas shown
to mediate calcitonin inhibition of osteoclastic activity (54), we
examined the effects of alendronate on adenylate cyclase activ-
ity in isolated chicken osteoclasts. The bisphosphonates alen-
dronate, etidronate, and pamidronate at 0.1 mMand lower

concentrations had no significant effect on cyclic AMPlevels,
which increased in response to I AMprostaglandin E2 (Fig. 8).

A rise in intracellular calcium was proposed to act as an
inhibitory signal for osteoclast activity (55-57). Wetherefore
examined the effect of alendronate on cytosolic calcium in iso-
lated chicken and rat osteoclasts, loaded with Fura-2. In the

Alendronate Localization in Rat Bone and Effects on Osteoclasts 2101
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130 effects on the resorption
_1_0 " activity of isolated os-
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100- sorption activity of
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90- \& was compared with the

*° 80- effects on rat osteoclas-
0. 70 tic activity (v); see Sato

60 and Grasser (42).aE Chicken osteoclasts
50- were isolated from hens

40\ as described by Zam-
bonin-Zallone et al.

30- (50), while rat osteo-
20- clasts were examined as

described in Sato and
10- Grasser (42). In both

0° systems alendronate in-
-12 -10 -8 ~ hibited bone resorption

Alendronate (Log M) with an IC_0 = 0. I MM.
Chicken resorption

(100%) varied from 19.1 to 23.3 Ag bone/well for 700-1,500 osteo-
clasts/cm2 (mean±SEM) (n = 7). Rat resorption (100%) varied from
54-252 pits/bone slice, mean±SEM(n = 7).

sponded to perfusion with 5 mMextracellular calcium or 4 IM
BR-A23187 calcium ionophore by an increase in intracellular
calcium as previously reported (55-57). Additional experi-
ments indicate that alendronate also increases permeability to
other ions such as NH4and H'. These effects increase with the
duration of the exposure to alendronate and with alendronate
concentration in a nonsaturable fashion (Zimolo, Z., personal
communication). The observed time and concentration de-
pendence may explain the low proportion of osteoclasts show-
ing increases in intracellular calcium at 10-min incubation
with 0.1 mMalendronate. No effects were observed at 0.01
mMalendronate (data not shown). Attempts to estimate [3H]-
alendronate binding to chicken osteoclasts showed no satura-
ble binding, which increased substantially above 0.5 mM(data
not shown). This concentration was previously shown to be the
ECmfor rat osteoclast cytotoxicity (42), possibly due to a con-
centration and time-dependent increase in ion permeability.
Taken together these data suggest that neither cAMPnor intra-
cellular calcium act as second messengers for alendronate-me-
diated inhibition of bone resorption which appears to be due to
membrane leakage to small ions, occurring at free alendronate
concentrations of 0.1-1 mM. In vivo these effects should be

400

majority of freshly isolated (within one day) chicken and rat
osteoclasts perfusion with 0.1 mMalendronate caused no
changes in intracellular calcium. However, in some cells (17%
of rat osteoclasts, n = 36, and in 29% of chicken osteoclasts, n
= 55) alendronate increased intracellular calcium two to five-
fold within 600 s (Fig. 9 B). By contrast, all osteoclasts re-
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Figure 8. Adenylate cyclase activity in chicken osteoclasts. Chicken osteo-
clasts were incubated with 1 ,Ci [3H]adenine for 2 h at 37°C, washed,
and then incubated with 1 mMisobutyl methylxanthine in the absence or

presence of 0.1 mMABP, EHDP, APD, or 1 IiM prostaglandin E2 for
10 min. [3H] cAMPwas column separated from other nucleotides and
counted as described previously by Salomon et al. (53). For three sets of
experiments (n = 3-4 each), no significant cyclase response was observed
for ABP, EHDP, or APDcompared to PGE2(mean ± SD). [Z|, basal;
E, ABP; EHDP; E, APD; -, PGE2.

Time (seconds)
Figure 9. Alendronate effects on cytosolic Ca". The fluorescence
emission of osteoclasts loaded with Fura 2 perfused with 0. mM
alendronate were examined at 348/370 nmexcitation. 71% of freshly
isolated chicken and 83% of rat osteoclasts showed no response to
alendronate perfusion, as seen in A. However, 29% of chicken osteo-
clasts (within d of isolation) showed a highly variable elevation of
Ca++ within 6 min of addition, as seen in B-C. Similar data were ob-
tained for 17% of the rat osteoclasts; chicken osteoclasts examined
after 6 d in culture showed no response.
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limited and self-contained, since once acidification stops the
alendronate concentration should drop below those levels.

Discussion

Bisphosphonates are nonhydrolyzable analogues of pyrophos-
phate, which reduce the dissolution rate of the bone mineral
hydroxyapatite (31). Some bisphosphonates also reduce bone
resorption (31); however, this effect cannot be attributed to the
reduction in mineral solubility since the potency of various
bisphosphonates in the two assays varies considerably (58). It is
recognized that bisphosphonates act on the bone cells, but their
mode of action is still poorly understood.

All bisphosphonates bind to hydroxyapatite by virtue of the
PCPstructure, which accounts for their rapid uptake in bone
and their selective action on the skeleton. The PCPstructure
probably also accounts for the metabolic stability of these com-
pounds and their relatively rapid clearance in the urine. Skele-
tal uptake of alendronate in rats reaches 90%6 of peak values
within 1 h of intravenous or oral administration (58a).

The binding of alendronate to bone particles in vitro was
saturable and reversible. The apparent dissociation constant of
-1 mMat pH 7 is consistent with the binding of the phos-

phate groups to calcium on the surface of the apatite crystals,
and a capacity of - 100 nmol/mg bone (dry weight), is consis-
tent with the large surface of accessible hydroxyapatite crystals
in bone powder.

If the in vitro observations are extrapolated to the whole
human skeleton, its capacity for alendronate at saturation
would be 90 g. This figure contrasts with a skeletal uptake of
2.5-10 mg, which effectively controls hypercalcemia of malig-
nancy (46) and reduces alkaline phosphatase in Paget's disease
(12). The explanation for this discrepancy lies most likely in the
localization of the compound.

In vitro etidronate competes for alendronate binding with
similar affinity, indicating that the 100-500-fold difference in
the bone resorption inhibitory activity of the two bisphosphon-
ates is not due to a difference in bone binding but possible due
to a difference in their mode of action or distribution in vivo.
The strong pH dependence of alendronate binding to bone
particles, resulting in 50% release at pH 3.5, is expected from
the interaction of phosphate with hydroxyapatite. Conse-
quently, if the osteoclasts form a clear zone on alendronate-
containing bone surfaces, as shown in Fig. 6, and acidify the
osteoclast bone interface (59-61), the local concentration of
alendronate released in the resorption space would be substan-
tially higher than that present in the circulation following alen-
dronate administration and could reach 0.1-1 mM(see below).

24 h after the administration of a single dose of [3H]-
alendronate (- 0.4 mg/kg) over 70% of the osteoclast surface
was densely labelled. By comparison only 2%of the bone form-
ing surface and - 13% of all other surfaces, which contain
eroded surfaces without osteoclasts and resting surfaces, were
similarly labelled. This preferential localization of alendronate
could be due to the exposure of hydroxyapatite at sites pre-
pared for or undergoing bone resorption and the accessibility of
these bone surfaces to substances in the circulation. About 28%
of the osteoclastic surface remained unlabelled, possibly repre-
senting sites in which the exposure of hydroxyapatite and initia-
tion of resorption occurred after [3H]alendronate uptake in
bone, which takes <2 h. About half the bone formation sur-
contained label at levels higher than the diffuse label on the

bone surface but lower than the intense label seen under the
osteoclasts.

The lower level of [3H]alendronate uptake on bone forma-
tion surfaces could be due to the lower accessibility of the hy-
droxyapatite behind the osteoid to alendronate, which is a
larger and more polar molecule than technecium methyl di-
phosphonate, which is used for bone scanning and localizes
extensively on bone formation surfaces. The resting, eroded,
and all other surfaces were pooled and accounted for about half
the total bone surface. About 13% of that surface was densely
labelled and -11% was moderately labelled. The dense label
was more frequently observed on surfaces sparsely covered by
cells and could represent sites about to be resorbed. Collage-
nase digestion, which may precede resorption (62), could ex-
pose hydroxyapatite and lead to higher uptake of label. Overall,
10% of the bone surface was densely and 27% moderately la-
belled. Assuming that the amount of alendronate in the former
was about fivefold higher than in the latter, - 65%of the alen-
dronate was found on densely labelled surfaces and a third of
that under osteoclasts apposed to bone.

Based on the radioactivity in the histological sections, after
ascertaining that no radioactivity was released during fixation,
processing, and staining, and the section width of 0.4 ,m, the
osteoclast surface contained - 1.6 X 10-3 fmol/,rm2. If 50%
would be released during the acidification produced by osteo-
clasts, as suggested by the in vitro experiments, into a space of 1
,gm deep, the local concentration under the ruffled border
would be 0.8 mM. However, as soon as acidification stops the
bisphosphonate should readsorb to the hydroxyapatite and the
free concentration should drop substantially.

6 d after [3H]alendronate injection the bones contained vir-
tually the same amount of radioactivity as at 24 h, consistent
with the long half-life of bisphosphonates in bone. The label
was, however, at a considerable distance from the epiphyseal
plate (600-1,000 Am), indicating unimpaired longitudinal
growth and was buried inside the bone, indicating bone forma-
tion on top of alendronate containing surfaces.

Electron micrographs of the osteoclast bone interface from
[3H]alendronate-treated animals confirmed the presence of
dense label on the osteoclastic surface and suggested that local
acidification could occur since an apparently normal clear
zone was seen in close apposition to bone. Ruffled border could
be recognized at this interface; however, it was less sharply
defined than other plasma membranes in the same section.
Moreover, silver grains could be detected over these osteo-
clasts, but no other cells in these sections, suggesting penetra-
tion of alendronate into the cells and disruption of membrane
integrity.

In animals infused with PTHrP the number of osteoclasts
increased - 10-fold (63) and alendronate (two subcutaneous
injections of 0.4 mg/kg) did not interfere with osteoclast re-
cruitment. On electron microscopic examination 20 out of 20
osteoclasts in the animals lacked ruffled border at the osteoclast
bone interface as observed by Plasmans et al. (41) after pami-
dronate treatment, while clear zone could be seen in several of
these cells. 20 osteoclasts surveyed in the control bones had
identifiable ruffled borders. Taken together these findings sup-
port the hypothesis that after administration alendronate binds
to exposed hydroxyapatite surfaces, osteoclasts attach to these
surfaces via integrins (64) and may start resorbing, acidifica-
tion causes alendronate release within the space defined by the
clear zone, the rise in alendronate concentration interferes with
ruffled border membrane function, stopping resorption. This
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seems to be a self-contained process, which does not kill the
osteoclasts, since the number of osteoclasts in alendronate-
treated animals under conditions which increase bone resorp-
tion, such as estrogen deficiency (45), or secondary hyperpara-
thyroidism (data not shown), as well as in this study, was not
reduced and disintegrating osteoclasts were never observed.

These observations were confirmed by experiments in cul-
ture. Alendronate did not inhibit osteoclast attachment to bone
particles (data not shown), consistent with the presence of clear
zone in alendronate-treated animals. However, alendronate in-
hibited bone resorption by both rat and chick osteoclasts in
culture with very similar dose-response curves (EC50 around
0.1 MM). Wealso estimated the amount of alendronate at the
osteoclast bone interface in this system. Bone slices with a total
macroscopic surface area of 42 mm2bound 0.05 nmol of
alendronate when incubated with a 0. 1-MgM solution. Assuming
random distribution the bone slice surface contained 1.25
X 10-3 fmol/Mm2. If 50% of this material was released locally
into a sealed space of 500-1,000 um3, the alendronate concen-
tration would be 0.3-0.6 mM. These figures are in good agree-
ment with the amounts of alendronate on osteoclastic surfaces,
estimated from the tissue distribution of [3Hlalendronate, after
the in vivo administration of an effective antiresorptive dose of
alendronate (0.4 mg/kg), as described in Methods.

At 0.1 mMalendronate we found that between 20 and 30%
of rat and chicken osteoclasts showed increased leakiness to
calcium within 10 min exposure. Alendronate also caused in-
creased leakiness to NH4and H+, which was both dose depen-
dent between 0.1 and 1 mMand increased with time between
10 and 30 min (Zimolo, Z., personal communication). Further-
more, alendronate binding to chicken osteoclasts was nonsa-
turable and increased above 0.5 mM(data not shown), the
EC50 for osteoclast 24-h cytotoxicity (42). Taken together these
findings suggest that exposure of osteoclast membranes to alen-
dronate above 0.1 mMincreases the permeability to calcium
and probably other ions. Time and dose dependence of this
effect may explain why only 20-30% of the rat and chicken
osteoclasts showed increases in intracellular calcium in the ex-
periments reported here. If aminobisphosphonates increase cal-
cium leakage they may stop osteoclast activity before produc-
ing irreversible damage to these cells. Once osteoclastic activity
is inhibited, acidification stops, the bisphosphonate concentra-
tion is reduced, membrane integrity seems to be restored, as
suggested by the electron microscopic observations described
above. This would not lead to osteoclast death; indeed, unlike
the reports for treatment with dichloromethyl bisphosphonate
(33) and hydroxy ethylidene bisphosphonic acid (65), the num-
ber of osteoclasts was not reduced after aminobisphosphonate
treatment. This could explain the different effects of aminohy-
droxypropylidene bisphosphonate (APD) and dichloromethy-
lene bisphosphonate on rat macrophage bone resorption in cul-
ture (66).

The findings described above are consistent with numerous
effects of bisphosphonates on cells in culture, which could be
caused by interference with the integrity of the cell membrane
(67), such as increased prostaglandin synthesis (68) or inhibi-
tion of macrophage migration (69). The findings of Carano et
al., showing that exposure to 11 MuMbisphosphonate for 72 h
inhibits cell metabolism (34) and of Felix et al. (70) showing
cellular uptake- of bisphosphonates are also consistent with our
findings.

In conclusion, the working hypothesis for the mechanism
of action of alendronate supported by the findings presented

above is: (a) preferential uptake of alendronate on exposed hy-
droxyapatite surfaces prepared for bone resorption; (b) acidifi-
cation produced during the initiation of resorption causes the
local release of alendronate, which may reach a concentration
of 0. 1-1 mMwithin the space confined by the clear zone; (c) at
this concentration alendronate may increase the "leakiness" of
the ruffled border to ions; (d) resorption stops and the cells lose
ruffled border.
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