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Abstract

Ryanodine receptors (RyRs) reside in microsomal mem-
branes where they gate Ca2" release in response to changes
in the cytosolic Ca2" concentration. In the osteoclast, a diva-
lent cation sensor, the Ca2" receptor (CaR), located within
the cell's plasma membrane, monitors changes in the extra-
cellular Ca2" concentration. Here we show that a RyR-like
molecule is a functional component of this receptor. We
have demonstrated that [3H]ryanodine specifically binds to
freshly isolated rat osteoclasts. The binding was displaced
by ryanodine itself, the CaRagonist Ni2" and the RyR an-
tagonist ruthenium red. The latter also inhibited cytosolic
Ca2" elevations induced by Ni2". In contrast, the responses
to Ni2" were strongly potentiated by an antiserum Ab"2
raised to an epitope located within the channel-forming do-
main of the type II RyR. The antiserum also stained the
surface of intact, unfixed, trypan blue-negative osteoclasts.
Serial confocal sections and immunogold scanning electron
microscopy confirmed a plasma membrane localization of
this staining. Antiserum AbMdirected to a putatively intra-
cellular RyRepitope expectedly did not stain live osteoclasts
nor did it potentiate CaR activation. It did, however, stain
fixed, permeabilized cells in a distinctive cytoplasmic pat-
tern. Weconclude that an RyR-like molecule resides within
the osteoclast plasma membrane and plays an important
role in extracellular Ca2" sensing. (J. Clin. Invest. 1995.
96:1582-1590.) Key words: bone resorption - Ca2 -sensing
receptor . osteoclast * osteoporosis * ryanodine receptor

Introduction

Membrane depolarization, neurotransmission, and hormone ac-
tion all trigger the release of Ca2" from intracellular stores (1 -
3). This release results from the opening of either inositol tris
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phosphate receptors or ryanodine receptors (RyRs). ' Both are
Ca2" release channels located within microsomal membranes.

The RyRs form a small family of closely related proteins.
Type I RyR, found in skeletal muscle, mediates sarcoplasmic
reticular Ca2" release that occurs in response to tubular mem-
brane depolarization. The latter is sensed by a cell surface dihy-
dropyridine receptor (4, 5). Types II and III occur in a wide
variety of cells and gate Ca2" release in response to changes in
the cytosolic Ca2" concentration. This process is termed Ca2 -
induced Ca2" release (6). RyRs may therefore have a more
general role in biology in monitoring changes in the concentra-
tion of Ca2".

It has recently been discovered that certain cells can monitor
changes in the extracellular Ca2+ concentration using a plasma
membrane divalent cation-sensing receptor, the Ca2` receptor
(CaR) (7, 8). Such cells include osteoclasts (9, 10), parathy-
roid chief cells (7, 11), thyroid C cells ( 12, 13), juxtaglomeru-
lar cells ( 14), enterocytes ( 15), and keratinocytes ( 16). Cation-
induced activation of a given CaR results in the generation of
intracellular signals that in turn modify cell function. Thus,
these cells can all be regulated by exposure to changing concen-
trations of extracellular Ca2+.

Osteoclasts, when exposed to millimolar Ca2+ concentra-
tions, respond with rapid increases in the cytosolic Ca2+ concen-
tration (9, 10). This triggers a dramatic cell retraction followed
by a profound inhibition of bone resorption ( 10, 17, 18). These
morphological and functional changes may form part of an
important feedback control mechanism. Excessive bone resorp-
tion will therefore generate increases in the ambient Ca2+ con-
centration that should limit further osteoclast activity.

Wehave previously established the use of the divalent cat-
ion Ni2+ as an alternative agonist for the osteoclast CaR. We
demonstrated that even low micromolar concentrations of Ni2+
can elicit changes in cytosolic Ca2+ and cell function similar
to those produced by millimolar Ca2` concentrations ( 19, 20).
Responses to Ni2+ showed features expected for drug-receptor
interactions such as concentration-dependent activation and use-
dependent inactivation (19). Moreover, Ni2+ and Ca2+ ap-
peared to trigger the same receptor (20). The cytosolic Ca2+
response to millimolar extracellular Ca2+ was thus inhibited by
Ni2+ and vice versa. Additionally, extracellular Ca2+ was found
to modulate the cytosolic Ca2+ responses to varying Ni2+ con-
centrations (19).

Wehave also shown that the osteoclast CaR resides within

1. Abbreviations used in this paper: [Ca2"], Ca2" concentration; CaR,
Ca2" receptor; RyR, ryanodine receptor.
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the plasma membrane. Firstly, CaR function is modified by
changing the cell's membrane potential. This would suggest
that the molecule is resident within the plasma membrane and
is thus exposed to its electric field (21, 22). Secondly, the CaR
agonist Ni24 is itself membrane impermeant (23, 24). Yet, it
causes the release of Ca24 from intracellular stores (19, 25).
Thirdly, the proteolytic enzyme pronase that is known to cleave
surface proteins in intact cells abolishes Ni24-induced CaRacti-
vation (26). These findings together confirm that Ni24 acts at a
specific surface membrane site that is presented extracellularly.

Wehave recently suggested that a ryanodine- and caffeine-
sensitive pathway is involved in CaRactivation in the osteoclast
(27, 28). Both RyR modulators, ryanodine and caffeine, were
found to attenuate cytosolic Ca24 responses to Ni24. Wethere-
fore went on to explore the effects of other agents known to
interact with the known RyRs, including the polycationic dye
ruthenium red, and a panel of isoform- and region-specific anti-
RyR antibodies. Using a combination of independent biophysi-
cal, autoradiographic, and immunocytochemical techniques, we
show that a RyR-like molecule is a functional component of
the osteoclast CaR. This study demonstrates for the first time a
plasma membrane location for an RyR-like molecule.

Methods

Preparation of antisera to RyR Isofonns. The amino acid sequences of
the three mammalian RyR isoforms, types 1, 11, and III, were analyzed
for identity using the Wisconsin software package (Plotsimilarity, GCG,
University of Wisconsin, Madison, WI). This comparison revealed a
region of marked sequence divergence present between amino acids
4100 and 4800 (Fig. 1 a). From this region of striking sequence dissimi-
larity, isoform-specific peptide sequences for types I, II, and HI RyR
were identified. These were analyzed against each one of the amino
acid sequences present in the Leeds and Swissprot Protein Databases
(Blastp, GCG, University of Wisconsin). We identified a unique 22
amino acid sequence that is located between the predicted transmem-
brane segments 6 and 7 of the type H RyR (between amino acids
4643 and 4815; marked by the asterisk in Fig. 1 a) (29). A peptide
corresponding to this epitope was synthesized using an Applied Biosys-
tems Peptide Synthesizer (model 430A Applied Biosystems, Inc., Foster
City, Co.;). It was subsequently coupled through an additional COOH-
terminal cysteine to keyhole limpet hemocyanin using the bifunctional
reagent, sulfo-SMCC (Pierce, United Kingdom).

For antibody production, rabbits were injected subcutaneously with
250 ,g of the peptide keyhole limpet hemogenic conjugate in Freund's
complete adjuvant followed by booster injections, at 28-d intervals, in
Freund's incomplete adjuvant. The rabbits were bled 14 d after each
injection and the titre of the resulting antiserum was determined by an
ELISA. Its specificity was also determined by immunoblotting with
rabbit cardiac microsomal membranes. Antiserum Ab"29 was found to
possess a high titre and was specific for the type H RyR found in cardiac
microsomes (also see below). Similarly, antisera Ab'" and Ab34 were
produced by immunization of rabbits with peptides corresponding to an
epitope on the type III RyR and a conserved calmodulin-binding region
of the RyR family, respectively.

SDS-polyacrylamide gel electrophoresis and immunoblot analysis.
SDS-polyacrylamide gel electrophoresis was performed using 8%sepa-
rating and 3%stacking polyacrylamide gels using a minigel system (Bio
Rad Laboratories, Cambridge, United Kingdom). Microsomes prepared
from various tissues (50 ,g) were heated for 5 min at 95°C in loading
buffer (2% wt/vol SDS, 2% vol/vol ,/-mercaptoethanol, 10% vol/vol
glycerol and 50 t.g/liter bromophenol blue in 0.1 MTris-HCI buffer,
pH = 6.8) (29). Electrophoresis was performed at a constant current (20
mA/gel). The separated proteins were either stained with Coomassie
Brilliant Blue (R-250; Sigma Chemical Co., Poole, United Kingdom)

or electrophoretically transferred onto polyvinylidene difluoride mem-
branes (Immobilon; Millipore Corp., Milford, MA) at 15C for 1 h at
400 mA, then at 1,500 mA for 15 h. The transfer membranes were
blocked with nonmilk proteins (4% wt/vol), and then incubated over-
night at 40C with antiserum Ab1" (1 in 1,000). After washing and a
further incubation with a peroxidase-coupled anti-rabbit antibody, the
blot was developed with 3,3 '-diaminobenzidine and hydrogen peroxide.

Osteoclast culture. Osteoclasts were obtained by curetting long
bones obtained from neonatal Wistar rats killed by cervical dislocation
into 1 ml Hepes-buffered medium 199 (ICN Flow UK; Middlesex,
United Kingdom) supplemented with FCS (5% vol/vol) (GIBCO, Mid-
dlesex, United Kingdom). The resulting suspension was agitated gently
and dispersed onto 22-mm, 0-grade, glass coverslips (Chance Propper,
Smethwick, Warley, United Kingdom) placed in the wells of a multiwell
dish. Within a 15-min incubation period (370C), osteoclasts readily
sedimented upon, and attached to the glass substrate. Contaminating
cells were then removed by rinsing the coverslips with medium 199.
Osteoclasts were readily identified by their large size, multinuclearity,
complex morphology, and densely ruffling edges. Furthermore, the cells
quiesced and then retracted in response to the application of a low
picomolar concentration of calcitonin (30).

Cytosolic [Ca24] measurements. For measurements of the cytosolic
Ca24 concentration ([Ca24 ]), coverslips containing freshly isolated os-
teoclasts were incubated for 30 min at 37°C with 10 gM-fura 2/AM
(Calbiochem, Nottingham, United Kingdom) in serum-free medium
(31). They were then washed in medium 199 and transferred to a
Perspex bath positioned on the stage of a microspectrofluorimeter. The
latter was previously constructed from an inverted microscope (Diaphot,
Nikon, Telford, United Kingdom). The cells were then exposed to pre-
warmed (37°C) test solutions of NiCl2 (5 mM) made up in medium
199. In different experiments, osteoclasts were first conditioned by incu-
bating, for between 3 and 4 minutes, with either ruthenium red (at
concentrations of 5, 50, 500 nM, 50 or 100 AM, diluted in medium
199) or with either of the two anti-RyR antisera, Ab'29 or Ab3 (see
below) (1:50, diluted in Medium 199). It should be emphasized that
cells were preincubated with the antisera at room temperature (20'C)
so that antibody internalization was minimized. In a separate set of
experiments, 100 AMof peptide (see below) was also included in the
conditioning treatment before the addition of Ab1". The remaining
antisera, i.e., anti-type I RyR and Ab ", were not tested in this system
as they failed to stain osteoclasts in preliminary immunocytochemical
studies (see below).

The cells were exposed alternatively to excitation wavelengths of
either 340 or 380 mmapproximately every second. The emitted fluores-
cence was deflected through a 400-nm dichroic mirror and the transmit-
ted light was filtered at 510 nm. The resulting fluorescent beam was
then directed to a photomultiplier tube (PM28B; Thorn EMI, London,
United Kingdom) which converted the signal into 25-ns, 5-V, transistor-
transistor-logic (TTL) pulses. These were counted by a dual photon
counter (Newcastle Photometric Systems, Newcastle-upon-Tyne,
United Kingdom). Photon counts were recorded every second in a mi-
crocomputer (IBM Corp., Armonk, NY) to give the ratio of emitted
intensities due to excitation at 340 and 380 nm (Fw/F380)-

The cytosolic [Ca2"] measuring system was calibrated using an
established protocol for intracellular calibration (19, 31). Briefly, fura
2-loaded osteoclasts were bathed in a Ca2 -free, EGTA-containing solu-
tion consisting of 130 mMNaCl, 5 mMKCI, 5 mMglucose, 0.8 mM
MgCl2, 10 mMHepes and 0.1 mMEGTA. 5 iM ionomycin was first
applied to obtain the minimum ratio due to lowest cytosolic [Ca24]
(Rmin) and the maximal fluorescent intensity at 380 nm (F,,,M). 1 mM
CaCl2 was then applied together with 5 LM ionomycin to obtain values
of the maximum ratio due to elevated cytosolic [Ca24] (R,,.) and the
minimum fluorescent intensity at 380 nm (Fmin). The dissociation con-
stant (Kd) for Ca24 and fura 2 at a temperature of 20°C, an ionic strength
of 0.1 M, and a pH of 6.85 is 224 nM. The values were substituted into
the equation: cytosolic [Ca24] = Kd X [(R - Rm,,)/(Rn, - R)]
x [(F./Fnfi.)]

[3H]ryanodine binding. Freshly isolated osteoclasts were incubated

Osteoclast Ca24 Sensing through a Cell Surface Ryanodine Receptor 1583



with [3H]ryanodine (DuPont-NEN, Boston, MA) for 1 h with or without
100 pM ryanodine (Calbiochem), 5 mMNiCl2 (Sigma Chemical Co.)
or 100 pMruthenium red (Calbiochem). Each well of a plastic multiwell
plate (Sterilin, London, United Kingdom) was loaded with 100 Al of a
solution of bovine serum albumin in medium 199 (0.1%, wt/vol) (BSA/
medium 199). The osteoclast-containing coverslips were then washed
in BSA/medium 199 and placed in the respective wells. Aliquots of
100 LI [3H]ryanodine, diluted in BSA/medium 199 to give counts of
around 8 X 106 min-' ml-1, were then transferred to each well. This
provided an effective molar concentration of around 15 nM of [3H]-
ryanodine. After their incubation at room temperature for 1 h, the cov-
erslips were removed, washed in an aqueous solution of formalin (10%
vol/vol) for 10 s and rinsed in water. They were then allowed to dry
and mounted onto glass microscope slides.

K5 emulsion gel (3 ml; Eastman Kodak Co. London, United King-
dom) was melted in the dark and mixed with 3 ml glycerol (Sigma
Chemical Co.). The ends of each slide were dipped into this mixture
ensuring that the coverslips were completely covered. They were then
placed on a storage rack, transferred to dark boxes, wrapped in black
bags, and stored overnight. The slides were stored in light-proof storage
boxes at 40C for 7 d after which they were allowed to warm to room
temperature and placed in Coplin jars. Finally, they were developed,
fixed, counterstained (with hematoxylin), dehydrated (in a series of
graded aqueous alcohol solutions between 20 and 100%, vol/vol) and
mounted. Multinucleated osteoclasts were viewed through a light micro-
scope (Optiphot; Nikon).

Immunocytochemistry and confocal microscopy. The immunocyto-
chemical studies used a panel of polyclonal antisera raised in the rabbit
against either the type I RyR or synthetic peptides corresponding to
specific epitopes on the type II and type HI RyRs (see above). Ab 21

and Ab1" were specific to corresponding short regions located within
the channel-forming, COOH-terminal, domains of the type II and type
Ill RyRs, respectively. In contrast, Ab34 was directed against a consensus
calmodulin-binding sequence in the central, presumed cytoplasmic, do-
main of the RyR family.

Coverslips containing osteoclasts were incubated with normal goat
serum (diluted with 10 mMPBS, 1:10, pH-7.4) in multiwell dishes
(Sterilin) for 15 min. The excess serum was then removed and replaced
with HBSS (GIBCO) or nonimmune rabbit serum (in control wells).
Antisera Ab'29 and Ab34 were diluted in medium 199 (1:50, vol/vol)
and added to the respective test wells. In separate experiments, osteo-
clasts were first permeabilized with Triton X-100 (0.1%, vol/vol Sigma
Chemical Co.) and then stained with Ab34. After a 1-h incubation, the
coverslips were rinsed gently with HBSS, drained, and reincubated for
a further hour with goat anti-rabbit FITC (Sigma Chemical Co.) (1:20,
diluted in HBSS). Finally, the coverslips were washed gently with
HBSSand drained.

For visualization of osteoclasts, coverslips were mounted onto the
base of a Perspex bath on the stage of a microspectrofluorimeter (see
above). The filter-containing wheel was adjusted to position a FITC
filter (510 nm) in the optical path. Osteoclasts were then viewed under
phase contrast optics before visualization under epifluorescence. The
number of fluorescent osteoclasts were determined. After each experi-
ment, trypan blue (1 mM, molecular mass = 961 D, Sigma Chemical
Co.) was applied to exclude significant damage to the osteoclast mem-
brane that could allow antibody access into the cytosol.

For confocal microscopy, the coverslips were mounted onto glass
slides. Osteoclasts were visualized using laser scanning confocal micro-
scope systems fitted with Ne-Ar lasers (MRC600; Bio Rad Laboratories
and Carl Zeiss Oberkochen Ltd., Dusseldorf, Germany). For each exper-
iment, we first counted the number of osteoclasts that stained with Ab 129
(in the absence or presence of its peptide) or with Ab34 (intact or
permeabilized cells). Osteoclasts that exhibited fluorescence were then
sectioned optically in the laser-scanning mode. To confirm a localization
of the positive staining to the osteoclast membrane, 1-,tm thick optical
sections were obtained in the z-axis of the cell's coronal plane in selected
experiments.

Immunogold labeling and scanning electron microscopy. Osteo-

clasts, isolated onto glass coverslips as described above, were first incu-
bated with normal goat serum (diluted with 10 mMPBS, 1:10 , pH-
7.4) in multiwell dishes (Sterilin) for 15 min. The excess serum was
then removed and the coverslips were washed with HBSS. Either antise-
rum Ab'29 or nonimmune rabbit serum (diluted in medium 199; 1:50,
vol/vol) were added to the wells and the coverslips incubated for 1 h
on ice. They were then washed three times in medium 199, incubated
for a further 6 h with goat anti-rabbit antiserum (coupled to 30 nm
wide gold particles) (Agar, United Kingdom), rinsed gently with me-
dium 199, and placed in a refrigerator for 18 h. Subsequently, the cells
were fixed with glutaraldehyde ( 10%, vol/vol) for 15 min, washed with
HBSS, and dehydrated in graded aqueous alcohol (50-90%, vol/vol).
The coverslips were then sputter coated with gold using a coating device
and examined under a scanning electron microscope (model 940; Carl
Zeiss, Oberkochen). A high magnification allowed the visualization of
gold particles on the cell surface. Up to 15 fields per cell were examined
each for the control and antibody-treated cells.

Results

Antibody specificity. The plot in Fig. 1 a shows an analysis of
similarity between the three mammalian RyR isoforms after an
optimal alignment of the corresponding sequences using the
Wisconsin Software Package (Pileup, GCG). All three se-
quences are very similar and display an overall identity of 70%
(Fig. 1 a). However, there are several regions of marked se-
quence divergence, the largest being at the carboxyl terminal
one-fifth of the molecule from amino acids 4100 to 4800 of the
alignment. Weused this strategy to identify peptide sequences
unique to each RyR isoform. The peptide sequences so identi-
fied were used to scan the Swissprot and Leeds Databases to
confirm their lack of similarity to any other known protein
sequence before being used to raise isoform- and epitope-spe-
cific antisera (see above).

Fig. 1 b shows an immunoblot of skeletal muscle, cardiac
muscle, and brain microsomal membranes probed with antise-
rum Ab, '29 specifically raised against the type H RyR. A high
molecular weight band corresponding to the type H RyRprotein
was found to be expressed in cardiac muscle (lane 2), and at
lower levels (lane 3), in brain microsomes. These results are
in agreement with those from previous studies (32, 33). In
contrast, no immunoreactive bands were observed with skeletal
muscle microsomal membranes (lane 1) where the type I, but
not the type H RyR, is highly expressed (Coomassie-stained
gels not shown). These studies therefore indicated that antise-
rum Ab 29 specifically recognized the type II RyR protein. It is
also noteworthy that the antiserum also did not detect members
of the related family of inositol tris-phosphate receptors that
are normally found within brain microsomal membranes.

Thus, the results of our searches of the Swissprot and Leeds
Databases indicating a lack of similarity of our sequence with
any other known peptide, taken together with our results from
immunoblot analysis confirming the specific binding of Ab'29
to the type H RyR, constitute strong evidence for the isoform-
and epitope-specificity of this antiserum.

Biophysical studies. Fig. 2 illustrates the effect of a range
of concentrations of ruthenium red on the magnitude of cyto-
solic Ca2+ transients elicited upon the application of 5 mM
Ni2+. In the absence of ruthenium red, a peak elevation of
cytosolic [Ca2+] was observed within 25 s of Ni2' application.
This was followed by a monotonic decline of cytosolic [Ca2+ ]
over the next 20-60 s to near-basal values. These observations
are consistent with our previous results (19). Pretreatment of
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Figure 1. (A) Similarity plot obtained from an optimal alignment
of the three known mammalian RyR isoforms (see Methods).
Overall identity of 70% is shown by the thin line throughout the
trace. The carboxyl terminal region encompassing the predicted
transmembrane segments are shown by a solid bar, and the loca-
tion of the type 11-specific antibody epitope by the asterisk. (B)
Skeletal (lane 1), cardiac (lane 2), and brain (lane 3) micro-
somes (50 ag/lane) were electrophoresed through a 8% SDS
polyacrylamide gel and electrophoretically transferred onto an
Immobilon membrane (Millipore Corp.) at 15TC for 1 h at 400
mA, then at 1,500 mAfor 15 h. The membrane was blocked for
1 h with 4% nonfat proteins, then probed with the antitype H
RyR antiserum, Ab '29. The membrane was developed by peroxi-
dase-coupled anti-rabbit IgG and 3,3 '-diaminobenzidine/hydro-
gen peroxide. The arrows indicate the positions of MTstandards
(x IO'). The second band seen in lane 2 is a well-characterized
degradation artefact.

osteoclasts for 3 mins with a range of ruthenium red concentra-
tions (5 nM-100 jLM) markedly reduced the peak change in
the cytosolic Ca2" response to applied Ni2" in a concentration-
dependent manner (Fig. 2).

The inset of Fig. 2 summarizes the results from between 4
and 11 cells studied at each ruthenium red concentration. Cyto-
solic A [Ca2+ ], calculated as the difference between the basal
and peak cytosolic [Ca2+], is plotted against the logarithmic
ruthenium red concentration. A least squares curve fit assuming
a single binding site yielded a Ki of - 46.3 nM, close to the
values of ruthenium red binding to RyRs of excitable cells.

In muscle, ruthenium red blocks Ca2' release only when
applied intracellularly (4, 34), in keeping with its large, highly
charged, membrane-impermeant nature. In contrast, in the os-
teoclast, the Ni2+ -sensitive CaR appeared to be accessible to
extracellularly applied ruthenium red, suggesting its location at
or near the osteoclast surface. This led us to investigate the
effects of the region-specific anti-RyR antibodies, Ab'29 and
Ab34, on CaR activation by Ni2+. Fig. 3 shows that preincuba-
tion of intact rat osteoclasts with Ab'29 resulted in a dramatic
10-fold potentiation of the cytosolic [Ca2+ ] change elicited
upon Ni2' application. Thus, the cytosolic A [Ca2+] was in-
creased from 380±84 in control cells (mean+SEM n = 12
cells; Fig. 3 a) to 3,862+992 nM (n = 8 cells; Fig. 3 b) in
Ab 129-pretreated cells.

Two control experiments attest to the specificity of this
potentiation. First, the inclusion, during the preincubation pe-
riod, of the peptide against which antiserum Ab'29 was raised,
abolished the observed potentiation (Fig. 3 c). Secondly, prein-

cubation with antiserum AbM did not affect the Ni2 -induced
cytosolic Ca2" elevation (Fig. 3 d).

None of the treatments resulted in membrane permeabiliza-
tion as assessed by the following criteria. Firstly, the cells re-
tained their ability to exclude the vital dye, trypan blue. For
this, 1 mMtrypan blue was applied to the cells after each run
and the osteoclasts were then viewed under phase contrast op-
tics. There was no evidence of dye uptake in osteoclasts that
had previously responded to Ni2". Secondly, we monitored for
any time-related drifts in cytosolic [Ca2"] that would result
from ion leakage through the cell membrane, and which should
precede trypan blue entry. Finally, we monitored fluorescence
counts (Fm) over time to exclude leakage of the fluorochrome,
fura 2 (molecular mass = 1 kD). No significant ion or dye
leakage was observed over the relevant experimental periods.
Taken together, the evidence makes remote the possibility that
the antibody entered the cytosol through a permeable cell mem-
brane.

Autoradiographic studies. To provide further independent
evidence for an RyR-like molecule, we performed autoradio-
graphic studies using [3H]ryanodine (15 nM). Fig. 4 a shows
a high level of [3H]ryanodine binding to isolated osteoclasts.
This binding was completely abolished by a 100-fold molar
excess unlabeled ryanodine, confirming specificity (Fig. 4 b).
It should be noted however, that inferences cannot be drawn
on the localization of this binding as [3H] ryanodine freely
crosses the cell membrane. Nevertheless, the findings confirm
the presence of an RyR-like molecule in the osteoclast.

Wenext tested whether ruthenium red, which we had found
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Figure 2. Representative cytosolic Ca2" transients recorded from single
fura 2-loaded osteoclasts in response to the application of NiCl2 (5 mM;
Ni2+; closed bar). The cells were preincubated for 3 min with either
vehicle or a range of concentrations of ruthenium red (5, 50, 500 nM,
50, or 100 ttM) (n = 4-11 cells for each ruthenium red concentration).
(Inset) Logarithmic concentration-response plot for the inhibitory effect
of ruthenium red on the peak change in cytosolic Ca2+ concentration
(A cytosolic [Ca2+], nM) elicited in response to the application of
NiCl2 (5 mM). Each data point represents the mean±SEM(n = 4-11
cells for each ruthenium red concentration). The curve shows the least
squares fit assuming a single binding site for ruthenium red. This gave

a KI of 46.3 nM.

interacts with the osteoclast CaR (Fig. 2), directly competes
with ryanodine for its binding sites. Fig. 4 c shows that there
was a significant reduction of [3H]ryanodine binding in the
presence of ruthenium red ( 100 btM). In particular, the periph-
eral membrane and the adjoining cytoplasm which are in focus
in Fig. 4 c show a clear loss of silver grains. These results
further support the possibility of there being interacting binding
sites for ruthenium red and ryanodine. That ruthenium red is
polycationic and is thus cell impermeant, suggests that its bind-
ing will be localized to the cell's surface membrane. As would
therefore be expected, ruthenium red did not displace bound
[3H]ryanodine completely, and that some binding, which was

presumably intracellular, still remained obvious.
Wewent on further to explore whether the surface action

of Ni2' also influenced the binding of ryanodine to its receptor.
Fig. 4 d shows that the inclusion of 5 mMNi2' during the
incubation of osteoclasts with [3H]ryanodine did, albeit only
partially, displace the radioactive tracer. Taken together with
results from our studies that used antiserum Ab, 129 these find-
ings strongly suggest that an RyR-like molecule is a functional
component of the osteoclast CaR.
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Figure 3. Representative cytosolic Ca2" transients recorded from single
fura 2-loaded osteoclasts in response to the application of NiCl2 (5 mM;
Ni2+; open bar) following a 1-h incubation at room temperature with
vehicle (a), Ab'29 (b), Ab'29 in the presence of competing peptide (c)
or Ab34 (d).

Immunocytochemical and confocal microscopic studies. We
next attempted to examine, in a manner independent of the
above, whether the RyR-like molecule was resident in the
plasma membrane. Weconsidered this imperative in view of
the absence of any previous report for the localization of RyRs
to any cell surface membrane.

We thus examined whether the antisera, anti-type I RyR,
Ab129, Ab,180 and Ab,34 bound to intact live osteoclasts. Fig. 5
a demonstrates staining of the osteoclast membrane with antise-
rum Ab'29. Fig. 5 b shows, in addition, a marked peripheral
glow that is reminiscent of a plasma membrane staining pattern.
All osteoclasts examined (49 cells) showed a positive staining
with this antiserum. Osteoclasts did not stain with the anti-type
I RyR antiserum or with Ab'80.

Control experiments were performed by (a) not including
antiserum Ab,129 (b) using nonimmune rabbit serum in place
of Ab'29 and (c) including the competing peptide (100 MM)
before and during incubation with Ab'29. No staining was ob-
served without the antiserum or with nonimmune rabbit serum.

Inclusion of the peptide sharply reduced the intensity of stain-
ing. Either no staining was observed or only a faint glow de-
tected (Fig. 5 c). Moreover, intact live osteoclasts (60 out of
60 cells examined) did not stain with the antiserum Ab34. This,
together with our negative findings with the anti-type I RyR
antiserum and Ab'80, provided further negative controls.

Additionally, all osteoclasts retained their ability to exclude
trypan blue (see above). This confirmed that their cell mem-

branes were intact, and thus remained impermeable to the anti-
body. Furthermore, other trypan blue-negative cells in the prep-

aration, including osteoblasts, fibroblasts and lymphocytes,
were found not to stain with Ab 29 suggesting a specific localiza-
tion of the immunofluorescence to the osteoclast.
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Figure 4. Autoradiographs of isolated osteoclasts that were incubated
with 15 nM [3H]ryanodine in the presence of vehicle (a, n = 18), 100
yM-unlabeled ryanodine (b, n = 16), 100 ,iM ruthenium red (c, n =

4), or 5 mMNiCl2 (d, n = 3).

Wefurther examined the localization of the RyR-like mole-
cule by confocal microscopy. Confocal images obtained by sec-

tioning each cell through a single optical plane demonstrated a

peripheral Ab 129 staining typical of a plasma membrane pattern
(Fig. 6 a). Every one of the 1,000 osteoclasts examined in
different experiments showed staining. The peripheral staining
pattern was consistently observed through the series of confocal
sections taken at 1-,.m intervals in the z-axis of the cell's coro-

nal plane (Fig. 7). These findings thus reinforced the localiza-
tion of Ab 129 binding to the osteoclast plasma membrane. Again,
preincubation of the cells with Ab 129 together with its competing
peptide resulted in either no staining or a markedly attenuated
staining in all of the 300 osteoclasts studied (Fig. 6 b).

It has already been pointed out that the antiserum Ab3 did
not stain intact live osteoclasts corroborating a lack of its effect
on CaR activation. Nevertheless, when osteoclasts were perme-
abilized with Triton X- 100 and then stained with Ab, 3 a charac-
teristic intracellular staining pattern with a clear nuclear outlin-
ing was apparent in all of the 60 cells examined (Fig. 8).

Immunogold localization studies. To further confirm that
antiserum Ab 129 bound to the osteoclast surface membrane, we

chose to perform scanning electron microscopy using a goat
anti-rabbit second antibody coupled to 30-nm wide gold parti-
cles. Fig. 9 shows scanning electron micrographs (negative im-
ages) of the surface of osteoclasts at high magnifications (all
scale bars = 30 nm). Panel a shows the surface of a typical

b

c

Figure 5. Fluorescent
immunostaining of iso-
lated osteoclasts that
were incubated with the
rabbit polyclonal antise-
rum Ab129 without (a and
b) or with (c) its compet-
ing peptide. The cells,
when visualized under
phase contrast optics at
the end of each experi-
ment, did not take up try-
pan blue. The other anti-
sera, anti-type I RyR,
Ab'80 and Ab34 failed to
stain intact live rat osteo-
clasts.50Ojm

osteoclast incubated with nonimmune rabbit serum. There was

no evidence of gold labeling (up to one particle per examined
field). In contrast, panel b shows gold particles (shown by
arrows) studded to the surface of an osteoclast that was incu-
bated with antiserum Abl29. Between 4 and 15 such particles
were seen in each examined field. Panel c confirms the details
of a spherical 30-nm wide gold particle. These findings reinforce
the our confocal micrographic data for a cell surface localization
of the staining and thus provide strong evidence for the exis-
tence of a binding site for antiserum Ab'29 on the surface of
intact rat osteoclasts.

Discussion

Wehave demonstrated that a RyR-like molecule, expressed in
the plasma membrane, is a functional component of the osteo-
clast CaR. These studies were prompted by our previous obser-
vations which indicated an involvement of a ryanodine- and
caffeine-sensitive molecule in extracellular Ca2" sensing by the
osteoclast (27, 28). Wehad found that both RyR modulators,
ryanodine and caffeine, inhibited CaR activation by its well-
characterized cation agonist, Ni2+. Ni2+ interacts with the CaR
and triggers the release of intracellularly stored Ca2+ (19), but
blocks Ca2+ influx channels (25).

Wehave now extended this earlier work by examining the
effects of the polycationic RyR inhibitor ruthenium red. In mus-

cle, ruthenium red blocks Ca2' release only when introduced
into cells (4, 35). In contrast, we show here that the extracellu-
lar application of the dye to intact osteoclasts results in a mark-
edly attenuated cytosolic Ca2' response to applied Ni2+. These
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Figure 6. Confocal micrographs demonstrating fluorescent staining of isolated osteoclasts that were incubated with the rabbit polyclonal antiserum
Ab129 without (a) or with (b) its competing peptide. Note the characteristic peripheral pattern of strong staining in (a) and a very weak peripheral
glow around the cells in (b).

findings suggest that ruthenium red interacts with the Ni2+-
sensitive CaR at the cell surface membrane. Interestingly, the
calculated K1 (43.6 nM) is close to that reported for RyRs of
excitable cells (35).

To achieve greater specificity for detecting the putative
RyR-like molecule, we used a panel of isoform- and region-
specific antisera. The only antiserum that yielded positive results
in intact trypan blue-negative osteoclasts was Ab'29 that had
been raised to a short segment located within the channel-form-
ing, COOH-terminal, domain of the type H RyR. Thus, when
the cells were preincubated with Ab,'29 their cytosolic Ca2"
responses to Ni2+ were potentiated dramatically by - 10-fold.
To demonstrate that this potentiation specifically arose from the
detection of its epitope by Ab'29, we included the competing
peptide before and during incubation with the antiserum. The
observed potentiation was promptly abolished strongly indicat-
ing a positive interaction between the RyR-like molecule de-
tected by the antibody and the Ni2+ -binding site. Weare never-
theless unclear as to the precise mechanism underlying the po-
tentiation of the Ni2+-induced cytosolic Ca2" response by the
antiserum Ab'29.

Figure 7. A series of con-
focal sections taken at 1-
/m increments in the z-
axis of an osteoclast
stained with antiserum
Ab'". Note the consis-
tent peripheral distribu-
tion of staining and a cy-
tosolic sparing in the suc-

50 jrm H cessive confocal planes.

That the antiserum Ab 129 was specific for a unique epitope
on the type II RyRwas determined as follows. Firstly, a compar-
ison of the Ab 129 epitope sequence located within the predicted
transmembrane segments 6 and 7 of the type II RyR (between
amino acids 4643 and 4815) (29) with other sequences in the
Leeds and Swissprot Databases revealed a lack of homology
with any other known peptide sequence, thus establishing its
uniqueness. This does not exclude the possibility that it is part
of a yet unidentified protein. Secondly, the specificity of the
antiserum Ab129 was confirmed by immunoblot analysis using
microsomal membranes prepared from skeletal muscle, cardiac
muscle, and brain. It was evident that Ab129 bound only the
type II RyR isoform that is present in abundance in cardiac
muscle and to a lesser extent in brain, and did not show any
reactivity with the type I isoform present in skeletal muscle.
Finally, both the binding of Ab129 to intact osteoclasts and its
action in potentiating the effect of Ni2+ on cytosolic Ca2+ were
abolished upon pretreatment of osteoclasts with the competing
synthetic peptide. Taken together, the evidence strongly sug-
gests that antiserum Ab 129 detects a unique epitope that is pres-
ent on the type II RyR, and on no other known protein.

Weinferred from our results that the Ab '29-reactive, RyR-
like molecule was localized to the osteoclast plasma membrane.

Figure 8. Confocal mi-
crograph showing fluo-
rescent staining of an os-
teoclast which was first
permeabilised with Tri-
ton X-100 and then incu-
bated with antiserum
Ab3. The distinctive in-
tracellular staining, par-
ticularly showing outlin-
ing of the nuclei sharply
contrasts with peripher-
ally distributed surface
staining pattern observed
in Fig. 6.
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Figure 9. Negative con-
trast scanning electron
micrographs of osteo-
clast surfaces. The cells

a were either exposed to
nonimmune rabbit serum
(a) or to antiserum Ab'29
(b and c) before being
incubated for 6 h with
goat anti-rabbit antise-

b rum coupled to 30-nm
_f: *~ 0Xf f00^0- _ wide gold particles. Im-

munogold staining of the
osteoclast surface is evi-
dent in'b; c is a higher

C magnification showing
the details of a spherical

Ni -_gold particle. Scale bars
represent 30 nm in all
panels.

Surface localization was then confirmed independently by con-
focal microscopy and by scanning electron microscopy of im-
munostained osteoclasts. Confocal microscopy revealed that
freshly isolated, intact, trypan blue-negative osteoclasts stained
strongly with antiserum Ab 129 in a characteristic plasma mem-
brane pattern. Confocal images obtained in serial coronal planes
in the cell's z-axis confirmed a plasma membrane localization
of the staining. The staining was again markedly inhibited by
preincubation of the cells with the competing peptide confirm-
ing the detection of the specific epitope by Ab129.

Finally, conclusive evidence for a plasma membrane local-
ization of the epitope was obtained by scanning electronmicro-
scopic demonstration of specific immunogold labeling of the
surface of intact osteoclasts.

Further controls for the observed surface interactions were
provided by the negative results with the anti-type I RyR antise-
rum, as well as with antisera, Ab'50 and Ab3. In particular,
the latter antiserum was raised against a region in the central,
presumed cytoplasmic, domain of the human type II RyR. Ab34
neither affected CaR activation by Ni2' nor did it stain intact
trypan blue-negative osteoclasts. It nevertheless strongly
stained permeabilized cells in a distinctive cytoplasmic pattern
indicating an intracellular localization of its epitope.

An interaction between Ni2' and an RyR-like molecule was
confirmed independently in autoradiographic studies that en-
abled a visualization of [3H]ryanodine binding to isolated os-
teoclasts. The specificity of such binding was confirmed by its
displacement with the unlabeled ryanodine, which being freely
permeant, completely displaced both intracellularly and extra-
cellularly bound [3H]ryanodine. That this binding did indeed
involve a RyR-like molecule was further confirmed by its dis-
placement by ruthenium red. As the latter is cell impermeant,
binding was not completely displaced. Nevertheless, even a
partial attenuation of [3H] ryanodine binding by ruthenium red
suggested a surface localization of the detected RyR-like mole-
cule, thus reinforcing our data with Ab'29. Finally, the cell-
impermeant cation Ni2+ attenuated, but again did not abolish
[3H]ryanodine binding, confirming an interaction between the
RyR-like molecule and the CaR.

A surface-expressed RyR-like molecule could serve as a
plasma membrane Ca2" channel that is physically coupled to

the osteoclast CaR. This presumption could also apply to the
parathyroid cell CaR which is a Gprotein-coupled membrane
spanning receptor (36). Alternatively, the molecule could itself
bind divalent cations. This would make biological sense if the
Ca2 -binding site with a millimolar affinity, which is normally
located intraluminally in the cardiac muscle (37), was to present
extracellularly in the osteoclast. The site could then serve as a
Ca2" sensor in situ, given that the osteoclast is exposed to Ca2"
concentrations between 8 and 40 mMduring bone resorp-
tion (38).

The identity and orientation of the RyR-like molecule we
detect remains unclear. Nevertheless, various possibilities exist.
The molecule may be a structural homolog of the type II RyR
which resides in microsomal membranes, but which may reach
the plasma membrane through the fusion of intracellular vesi-
cles akin to the insertion of the vacuolar H+ -ATPase (39). The
observation that the AbM epitope remains located intracellu-
larly, and the putatively intraluminal Ab'29 epitope is detected
extracellularly, would indeed favor such a hypothesis. Alterna-
tively, a variant of the known type II RyR may have achieved
insertion directly into the plasma membrane. Finally, there is
the remote possibility of there being a new, yet unidentified,
molecule unrelated to the RyR family that nevertheless contains
the Ab '29-binding sequence. This seems very unlikely in view
of the comprehensive nature of the evidence we provide for an
RyR-like entity. Further investigations are thus urgently re-
quired to enable a structural characterization of this molecule.
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