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Abstract
High [HCO3

−] inhibits and low [HCO3
−] stimulates bone resorption which mediates part of the

effect of chronic acidosis or acid feeding on bone. Soluble adenylyl cyclase (sAC) is a bicarbonate
sensor that can potentially mediate the effect of bicarbonate on osteoclasts. Osteoclasts were
incubated in 0, 12, 24 mM HCO3

− at pH 7.4 for 7–8 days and assayed for tartrate-resistant acid
phosphatase (TRAP) and vacuolar-ATPase expression, and H+ accumulation. Total number and
area of TRAP (+) multinucleated osteoclasts was decreased by HCO3

− in a dose-dependent
manner. V-ATPase expression and H+ accumulation normalized to cell cross-sectional area or
protein were not significantly changed. The HCO3

−-induced inhibition of osteoclast growth and
differentiation was blocked by either 2-hydroxyestradiol, an inhibitor of sAC or sAC knock-down
by sAC specific siRNA. The model of HCO3

− inhibiting osteoclast via sAC was further supported
by the fact that the HCO3

− dose-response on osteoclasts is flat when cells were saturated with 8-
bromo-cAMP, a permeant cAMP analog downstream from sAC thus simulating sAC activation.
To confirm our in vitro findings in intact bone, we developed a one-week mouse calvaria culture
system where osteoclasts were shown to be viable. Bone volume density (BV/TV) determined by
micro-computed tomography (µCT), was higher in 24mM HCO3

− compared to 12 mM HCO3
−

treated calvaria. This HCO3
− effect on BV/TV was blocked by 2-hydroxyestradiol. In summary,

sAC mediates the inhibition of osteoclast function by HCO3
−, by acting as a HCO3

− sensor.
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Introduction
The relationship between acid-base status and bone is well established in humans and
animals (Buclin et al., 2001; Bushinsky, 1995; Bushinsky, 1996; Bushinsky, 2001)
(Goldhaber and Rabadjija, 1987; Kraut et al., 1986; Krieger et al., 1992). Patients with renal
tubular acidosis receiving alkali therapy have increased radial bone mineral density
(Preminger et al., 1985), increased bone formation markers, and decreased bone resorption
markers (Osther et al., 1993). Alkali therapy in combination with thiazides exerts a positive
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effect on bone mineral density in kidney stone formers (Pak et al., 2003). Epidemiologic
data have demonstrated an association of higher alkali content of the diet with higher bone
density (New, 1999; New et al., 2000; Tucker et al., 1999). In general, high [HCO3

−] and
alkali pH inhibit, and low [HCO3

−] and acidic pH stimulate bone resorption.

Bone resorption involves both recruitment and activation of osteoclasts (Rousselle and
Heymann, 2002). Osteoclasts are hematopoietically-derived from monocyte lineage cells
(Osdoby et al., 1982; Roodman, 1999). They differentiate and fuse to form multinucleated
cells influenced by osteoblasts/stromal cells through the RANK (receptor activator of NF-
κβ)/RANKL/OPG system (Khosla, 2001; Lacey et al., 1998; Simonet et al., 1997; Takahashi
et al., 1999; Yasuda et al., 1998). To remove bone matrix, osteoclasts develop a tight
junction on the bone surface and secrete H+ (via the vacuolar-ATPase or V-ATPase) and
lysosomal enzymes onto the bone from the ruffled border (Roodman, 1999). Carbonic
anhydrase II generates the H+ from metabolic CO2 and the HCO3

− is extruded on the
contralateral surface from osteoclasts into the blood. Ambient HCO3

− can decrease H+-
pumping by decreasing the chemical gradient for HCO3

− exit or it can affect osteoclast
function directly. Low [HCO3

−] stimulates and high [HCO3
−] inhibits osteoclastic activity

(Arnett and Dempster, 1990; Goldhaber and Rabadjija, 1987; Kraut et al., 1986; Krieger et
al., 1992). At least part of the regulation of osteoclast function by [HCO3

−] is via biological
means but the signaling pathway remains unclear (Bushinsky, 1996; Bushinsky, 2001).

The recent cloning of the soluble adenylyl cyclase (sAC) as a HCO3
−-sensitive cyclase

provided a way to transduce chemical concentrations of HCO3
− ([HCO3

−]) to the second
messenger cyclic AMP (cAMP) (Buck et al., 1999; Chen et al., 2000). sAC was originally
cloned from rat testis (Buck et al., 1999) and its importance in sperm motility was
documented by sperm immotility in the sAC-null mouse (Esposito et al., 2004). Later, sAC
was found in multiple tissues or cell lines (Geng et al., 2005; Zippin et al., 2003) and is
considered as a HCO3

− sensor in mammalian cells. The human ortholog of sAC (hsAC) was
cloned independently as a candidate gene in a locus tightly linked to the phenotype of
hyperabsorptive hypercalciuria and low bone mineral density (Reed et al., 1999; Zerwekh et
al., 2002). Human sAC exhibits HCO3

− sensitivity and is highly expressed in osteoclasts
(Geng et al., 2005).

Although murine RAW264.7 cells have certain characteristics that are different from
primary cultured osteoclasts (Srivastava et al., 2001; Wittrant et al., 2004) and as with all
cell culture models do not exactly represent native osteoclasts in bone, they have been
widely used for the study of osteoclasts (Beranger et al., 2006; Khosla, 2001; Lee et al.,
2005; Yang et al., 2007) although it has In the presence of receptor activator of NF- κβ
ligand (RANKL) and monocyte colony-stimulating factor (M-CSF), RAW264.7 cells can be
transformed into multinucleated osteoclasts that exhibit resorptive function (Rhee et al.,
2006). Using this in vitro system and cultured calvaria, we provide data to show that the
inhibition of osteoclast function by HCO3

− is mediated by sAC.

Materials and Methods
In vitro osteoclastogenesis

RAW264.7 cells derived from mouse monocytes were obtained from the American Type
Culture Collection (Manassas, VA). About 8 ×103 RAW264.8 cells per well were seeded
into the 48-well culture plates or 1.6 × 104 cells per well for 24-well culture plates in
Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37°C in humidified 5% CO2 in air and culture medium was replaced every 48
hours. Induction was achieved with 50 ng/ml RANKL and 5 ng/ml monocyte colony-
stimulating factor (M-CSF). In addition, we also used a second system to confirm some key
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findings. Osteoclasts from bone marrow were harvested by the method of Kawano et al.
(Kawano et al., 2003) with modifications by Wan et al. (Wan et al., 2007). Briefly, marrow
was flushed out with culture medium and plated at 2 × 106 cells/well in 12-well plate in
alpha-MEM containing 10%FBS for 6–8 days (first 3 days with 20ng/ml MCSF, later 3–5
days with 20ng/ml MCSF and 100ng/ml RANKL) with media change every 3 days. TRAP
positivity was confirmed by staining before usage.

HCO3−, 2-hydroxyestradiol, 8-bromo-cAMP treatment
To investigate the HCO3

− effect we kept the media under isohydric conditions by
simultaneously altering the HCO3

− concentration and CO2 tension. Hepes-buffered HCO3
−-

free media were saturated with air bubbled through KOH and adjusted to a final pH of 7.4
for CO2-free conditions. For HCO3

− experiments, cells were maintained in separated
incubators containing the desired percentage of CO2 in air (24 mM HCO3

− at 37°C in
humidified 5% CO2 with pH of 7.4; 12 mM HCO3

− at 37°C in humidified 2.5% CO2 in air
with pH of 7.4). For pharmacologic sAC inhibition, 1 or 5 µM of 2-hydroxyestradiol
(Sigma, St. Louis, MO) in DMSO was added into the media. Equal amount of DMSO (0.1%
v:v) were added into the controls. For permeant cAMP analog treatment, 0.1 mM of 8-
bromo-cAMP (Sigma, St. Louis, MO), +/− 5 µM of 2-hydroxyestradiol were added into the
media. Culture media were replaced every 24 hours.

TRAP staining and activity
After 7–10 days in culture, cells were fixed and stained for tartrate-resistant acid
phosphatase (TRAP) (Kamiya Biomedical, Seattle, WA) according to the manufacturer’s
instructions. TRAP (+) cells with three or more nuclei were counted as multinucleated
osteoclasts under light microscopy. For quantitative and statistical evaluation, cell counting
was done using four randomly selected fields of view per well and pooled to represent the
well. For quantitative TRAP activity assay, 100 µl of the cell culture media was collected on
day 4 and day 5 post-RANKL-induction and TRAP activities were determined by the TRAP
activity kit (Kamiya Biomedical, Seattle, WA).

Effects of sAC-specific siRNA on osteoclast function and differentiation
The 21-nucleotide small interfering RNA (siRNA) targeting sAC (sense, 5'-
CAUCAUCACGGUGGUGAUUUU-3', and antisense, 5'-
AAUCACCACCGUGAUGAUGUU-3', Ambion, Austin, TX) were annealed according to
the manufacturer's instructions. Approximately 24 h before transfection, RAW264.7 cells
were plated in 6-well plates at the appropriate cell density so that they were ~70% confluent
the next day. For the complex formation and transfection, 6 µl of the TransIT-TKO
transfection reagent (Mirus, Madison, WI) were mixed with 250 µl of serum-free medium
and incubated at room temperature for 20 min, and then siRNA (100 nM) was added to the
complex and incubated at room temperature for an additional 20 min. The mixture was
applied to RAW264.7 cells containing 1.25 ml complete growth media (DMEM with 10%
FBS). Cell culture medium was replaced every 24 h, and RAW264.7 cells were collected on
day 3 post-transfection for immunoblot analysis. Silencer negative control #1 siRNA
(Ambion, Austin, TX) was used for the control cells. On day 4 and day 5 of post RANKL
induction, 100µl of the cell culture media were collected and the TRAP activity was
determined. On day 7, cells were fixed and TRAP staining was performed.

V-ATPase and sAC immunoblotting
For immunoblots, cells were washed twice with ice-cold phosphate-buffered saline (PBS),
scraped, suspended in 1 ml of lysis buffer (10 mmol/l Tris, pH 7.4, 1 mmol/l EDTA, 1%
glycerol, 1 µg/ml leupeptin, 1 µg/ml pepstatin, 50 µg/ml aprotinin, and 0.5 mmol/l
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phenylmethylsulfonyl fluoride) on ice, and disrupted by two 10-s bursts from a Tekmar
sonic disrupter (Fisher Scientific, Hampton, NH) at power setting 60. Protein concentrations
were determined by a bicinchoninic acid protein assay (Pierce, Rockford, IL). Equal
amounts of proteins were electrophoretically separated on 10% sodium dodecyl sulfate-
polyacrylamide gel, transferred to nitrocellulose membrane, blocked (10% nonfat dry milk
in PBS, pH 7.4), and labeled with primary antibody. After washing in PBS-Tween 20,
membranes were incubated with a 1:5,000 dilution of goat anti-mouse IgG horseradish
peroxidase-conjugated secondary antibody (Amersham, Piscataway, NJ) in PBS containing
5% nonfat dry milk. Reactive bands were visualized using enhanced chemiluminescence
(Amersham, Piscataway, NJ). Monoclonal anti-hsAC antibody was custom manufactured
(Promab Biotechnologies, Albany, CA) by using our purified catalytic domain of hsAC
aa1-483 from Sf9 insect cells. The specificity of the anti-hsAC antibody was validated by a
combination of methods: Reaction with purified hsAC, detection of overexpression of hsAC,
competitive blocking with the purified hsAC protein, and knock-down with the hsAC-
specific siRNA (data not show). Anti V-ATPase a3 antibody (Manolson et al., 2003) was
kindly provided by Dr. Beth S. Lee (Ohio State University, Columbus, OH). Anti-β actin
antibody was purchased commercially (Sigma, St. Louis, MO).

V-ATPase confocal immunofluorescent microscopy
After induction, osteoclasts were fixed with 3.7% paraformaldehyde for 10 min at room
temperature, quenched with 100 mM glycine for 5 min at room temperature, permeabilized
in 0.1–0.3% Triton X-100 for 5 min on ice, blocked with PBS-10% milk for 30 min at room
temperature, incubated in anti-B subunit of the V-ATPase (“pan-B” antibody was kindly
provided by Dr. Xiao-Song Xie, UT Southwestern, Dallas, TX) for 4°C overnight, and then
incubated in FITC-labeled goat anti-rabbit IgG (Molecular Probes, Eugene, OR) for 30 min
at room temperature. Immunofluorescence microscopy was performed with a Zeiss LSM
510 confocal microscope using a krypton/argon laser. Images were analyzed and quantitized
for each osteoclast using LSM 5 Image software.

Acridine orange staining
RAW264.7 cells were seeded into six-well culture plates with bottom glass coverslips. At
day 7–8, 10 µM of acridine orange (AO) (Sigma, St. Louis, MO) was added into the culture
media and equilibrated with cells for 20 minutes. Extracellular acridine orange was then
removed by washing three times with PBS solution. Live cell images were obtained with a
Zeiss LSM510 confocal microscope using a krypton/argon laser (λex 488 nm, λem 510–540
nm for un-protonated AO that binds to DNA and RNA, λem 590–650 nm for protonated
AO). A series of z stack images (z scaling 0.70 µm) were collected for each osteoclast.
Images containing the acid granules were combined to determine the H+ accumulation.
Quantization for the protonated AO from each osteoclast was measured individually. For
comparison of fluorescent intensities, images were collected at identical optical settings for
each independent experiment.

Mouse calvaria culture
A total of 32 calvaria from 10 male and 6 female C57Bl6 mice (Charles River Laboratories,
Wilmington MA, age of 8–9 weeks old) were used. Mice were sacrificed and calvaria were
dissected under sterile condition and soft tissue was removed as much as possible. Samples
were rinsed with sterilized Hank's Buffered Salt Solution (HBSS) and placed into six-well
culture plate containing 50 ng/ml RANKL, 5 ng/ml M-CSF, and 10% fetal bovine serum.
Calvaria were paired into four groups: 12 mM vs. 24 mM HCO3

− and with or without 5 µM
2-hydroxyestradiol. For each 12 vs. 24 mM HCO3

− pair, one calvarium was used for the 12
mM HCO3

− treatment, the other calvarium from the same mouse was used for the 24 mM
HCO3

− treatment. The ambient CO2 setting was identical to the osteoclast study. For 2-
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hydroxyestradiol treatment, 5 µM of 2-hydroxyestradiol in DMSO were added into the
media. Equal amount of DMSO were added into the controls. Calvaria were cultured for
seven days and culture media were replaced every 24 hours.

Calvaria histology
At the end of the seven days culture, calvaria were placed into 70% ethonol for 72 hours.
The specimen was then dehydrated in a graded series of alcohol and processed undecalcified
in methylmethacrylate as previously described (Zerwekh et al., 2002). Ten µm sections were
obtained in the coronal plane and were stained with toluidine blue. The histological images
were captured from an Aus Jena microscope with an Optiplex video camera attachment.

Micro-computed tomography (µCT) determination of bone mass
For µCT imaging, fixed calvaria were imaged and analyzed using a compact fan-beam-type
tomograph (µCT 40, Scanco Medical AG, Brüttisellen, Switzerland) as previously described
(Battaglino et al., 2007). Samples were located in an airtight cylindrical sample holder filled
with formalin. The sample holders were marked with an axial alignment line to allow for
consistent positioning of the specimens. The X-ray tube was operated at 50 kVp and 160 µA
with an integration time set to 200 ms and projections were taken three times and then
averaged (frame averaging). Scans were performed at an isotropic, nominal resolution of 8
µm (high resolution mode). For each sample, approximately 200 micro-tomographic slices
were acquired, covering the entire width of the bone. A constrained 3D Gaussian filter (σ =
1.2, support of one voxel) was used to partly suppress the noise in the volumes and the
mineralized tissue was segmented from soft tissues by a global thresholding procedure. The
threshold was set to 40.0% of the maximum grayscale value. Three-dimensional analyses
were performed to calculate morphometric indices including metric parameters such as total
volume (TV), bone volume (BV), marrow volume (MV), bone surface (BS), and bone
volume density (BV/TV). All indices were calculated using direct three-dimensional
morphometry (Hildebrand et al., 1999).

Statistics
Data are presented as means ± SEM. Comparisons were performed using ANOVA followed
by Student-Newmann-Keuls post-hoc analysis for all of the studies except the paired
Student’s t-test for the calvaria studies. P < 0.05 was considered statistically significant in
all analyses.

Results
HCO3− Inhibits osteoclast formation in vitro

In HCO3-free medium, 215 ± 43 TRAP(+) multinucleated osteoclasts formed and more than
25% were giant (> 50 nuclei per cell) TRAP(+) multinucleated osteoclasts (Fig. 1A, top
panel; Fig. 1C, open bar). In contrast, 120 ± 14 TRAP (+) multinucleated osteoclasts were
formed in 12 mM HCO3

− media and less then 10% were giant TRAP (+) multinucleated
osteoclasts (Fig. 1A, top panel; Fig. 1C open bar). In 24 mM HCO3

− media, only 60 ± 17
TRAP(+) multinucleated osteoclasts were formed and no giant TRAP (+) multinucleated
osteoclasts were observed (Fig. 1A, top panel; Fig. 1C open bar). Increasing [HCO3

−]
significantly reduced the total osteoclast area, 0.619 ± 0.06; 0.237 ± 0.012; 0.043 ± 0.004
mm2 per well for 0 mM; 12 mM; 24 mM HCO3

− respectively (Fig. 1B, open bars).

Inhibition of osteoclast formation by HCO3− is mediated by sAC
When 1 µM 2-hydroxyestradiol was added into cells in the absence of HCO3

−, TRAP(+)
osteoclasts still formed but the total area of the TRAP(+) multinucleated osteoclast was
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significantly decreased from 0.619 ± 0.06 to 0.195 ± 0.042 mm2 per well (Fig. 1B). The
reduction in total TRAP (+) multinucleated osteoclast area with 5 µM 2-hydroxyestradiol is
about the same as 1 µM (Fig. 1B). The effect of 2-hydroxyestradiol in the absence of
HCO3

− was somewhat surprising but was very consistent. Under the non-physiologic
condition of absence of HCO3

−, 2-hydroxyextradiol inhibited osteoclasts. Without 2-
hydroxyestradiol, 12 mM and 24 mM HCO3

− inhibited TRAP(+) multinucleated osteoclast
by 61.65% and 93.11% respectively compared to 0 mM HCO3

− (open bars Fig. 1B). With 1
µM 2-hydroxyestradiol, 12 mM and 24 mM HCO3

− inhibited TRAP(+) multinucleated
osteoclast by 57.42 % and 87.55% respectively (grey bars Fig. 1B). With 5 µM 2-
hydroxyestradiol, 12 mM and 24 mM HCO3

− inhibited TRAP(+) multinucleated osteoclast
by only 17.22% and 37.52% respectively (black bars Fig. 1B). Overall, HCO3

− retains some
inhibitory effects on osteoclast formation even with sAC inhibition but the effects were very
much blunted. Similar results were observed for total numbers of TRAP (+) multinucleated
osteoclasts (Fig. 1C) but in contrast to TRAP (+) area, number of TRAP (+) osteoclasts was
still inhibited by HCO3

− at 1µM 2-hydroxyestradiol. However, the HCO3
− inhibitory effect

was blocked by 5 µM 2-hydroxyestradiol. To rule out whether the effect is simply due to
reduction in number of cells, we measured protein content per plate. Under the following
four experimental conditions, the protein content per well were: 80 ± 12 µg (12 mM HCO3

−,
0 2OH-E) 75 ± 20 µg (24 mM HCO3

−, 0 2OH-E) 71 ± 21 µg (12 mM HCO3
−, 5µM 2OH-E)

84 ± 10 µg (24 mM HCO3
−, 5 µM 2OH-E); mean ± SE, all non-significant by ANOVA.

Normalization of study parameters per well or per protein yielded similar results (data not
shown).

To confirm that the inhibition of osteoclast by HCO3
− and reversal with sAC inhibition was

tested in osteoclasts harvested and cultured from mouse bone marrow. TRAP activity was
inhibited by 24 mM [HCO3

−] compared to 12 mM and this effect was blocked by 5 µM 2-
hydroxyestradiol.

Soluble AC-specific siRNA decreased sAC expression by about 70% in RAW264.7 cells
(Fig. 2B). In 0 mM HCO3

−, sAC siRNA decreased total TRAP (+) multinucleated osteoclast
area (Fig. 2A) and TRAP activity (Fig. 2C) by about 60%. However, with sAC knock-down,
osteoclast area and TRAP activity were not further decreased with 12 mM and 24 mM
HCO3

− treatment (black bars Fig. 2C). Therefore, knock-down of sAC completely blocked
the effect of HCO3

− inhibition.

Effects of HCO3− and sAC on V-ATPase expression in osteoclast
V-ATPase expression in osteoclasts was quantified by both immunofluorescence with anti
V-ATPase B subunit antibody in single osteoclast and immunoblot with anti-a3 subunit
antibody in total cell lysate. No fluorescence was detected if B antibody was omitted (Fig.
3A, right panel, arrows, Fig. 3A, left panel). When [HCO3

−] was increased from 0 to 24mM,
cell size was significantly decreased (Fig. 3B, top panel). In the presence of 5 µM 2-
hydroxyestradiol, there was no discernible difference from 12, 24 HCO3

− (Fig. 3B. bottom
panel), a finding consistent with the previous TRAP study (Fig. 1A). There was noticeable
variation of the brightness of fluorescence in some osteoclasts. For example, stronger
fluorescence was observed in the peripheral region (Top panel, left, Fig. 3B) or perinuclear
region (Top panel, middle, Fig. 3B) in some giant osteoclasts. A total of 150 osteoclasts
were randomly selected and the mean fluorescence intensity per µm2 area of osteoclast was
determined. When [HCO3

−] was increased from 0 to 24 mM, mean V-ATPase per µm2

cross-section area was not significantly altered (94.27 ± 12.04, 85.86 ± 12.77, 105.02 ±
22.97 arbitrary unit for 0, 12, 24 mM HCO3

− respectively) (open bars Fig. 3C). When the
cells were treated with 5 µM 2-hydroxyestradiol, mean V-ATPase per µm2 osteoclast area
were not significantly different compared to non 2-hydroxyestradiol treated cells (black bars
Fig. 3C). Osteoclasts induced from RAW264.7 cells usually consists of a mixture of
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multinucleated osteoclast and single RAW cells so lysates from a whole plate can be
difficult to interpret. Nonetheless, we observed in total cell lysate a single band about 120
kD using the anti-a3 subunit antibody (Fig. 3D) which is consistent with previous
publication (Manolson et al., 2003). Neither HCO3

− nor 5 µM 2-hydroxyestradiol treatment
had significantly altered the a3 protein level (Fig. 3D).

Effects of HCO3− and sAC on H+ accumulation in live osteoclast
H+ production in osteoclast was measured by acridine orange (AO) trapping in live
osteoclast. Osteoclasts were visualized with a series z stack live cell images using laser
confocal microscope. In Fig. 4A, a large multinucleated osteoclast in the middle of the
image displayed polarized distribution of acid granules. Acid granules in orange color
(arrows) mainly resided at the bottom part of the cells (left panel). Many hollow circles or
irregular shape regions were seen. Multiple nuclei in green color (open arrows) were located
from middle to top part of the cell (Fig. 4A, right panel). Several small RAW264.7 cells also
contained some orange granules. We took advantage of the polarized distribution of the acid
granules to visualize H+ accumulation in single live osteoclast by only measuring the stacks
of x–y planes that contained the orange granules. These planes usually did not have nuclei
that avoided the potential false positive results caused by RNA-bound AO. Increasing
[HCO3

−] from 0 to 24 mM did not significantly alter the density and brightness of the acid
granules (Fig 4B. top panel). In the presence of 5 µM 2-hydroxyestradiol, there was no
noticeable difference for the density and brightness of the acid granules (Fig. 4B, bottom
panel). In the absence of 2-hydroxyestradiol, 12 mM and 24 mM HCO3

− did not
significantly change the mean H+ accumulation per µm2 osteoclast area (open bars Fig 4C).
With 5 µM 2-hydroxyestradiol, 12 mM and 24 mM HCO3

− inhibited mean H+ accumulation
per µm2 osteoclast area by 35.65% and 28.20% respectively (black bars Fig. 4C) but it was
not statistically significant.

Effects of cAMP on osteoclast function and differentiation
sAC converts ATP to cyclic adenosine monophosphate (cAMP) that serves as the second
messenger to downstream effectors. If the inhibitory effect of HCO3

− on osteoclast is
mediated by sAC, it is reasonable to assume that cAMP is involved in this pathway. To test
this hypothesis, we studied the effects of 8-bromo-cAMP, a cell permeant cAMP analog, on
osteoclast function and differentiation. The effects of increasing [HCO3

−] (open bars Fig.
5B) and 5 µM 2-hydroxyestradiol (light gray bar Fig. 5B) were similar to that described in
the previous experiment. When 0.1mM 8-bromo-cAMP was added in the absence of
HCO3

−, total area of the TRAP (+) multinucleated osteoclast was significantly decreased
from 0.345 ± 0.024 to 0.059 ± 0.013 (black bar Fig. 5B). When both 5 µM 2-
hydroxyestradiol and 0.1 mM 8-bromo-cAMP was added into cells in the absence of
HCO3

−, total area of the TRAP(+) multinucleated osteoclast was significantly decreased
from 0.345 ± 0.024 to 0.024 ± 0.003 (dark gray bar Fig. 5B) so sAC inhibition did not block
the inhibitory effect of cAMP. For total cell numbers of the TRAP (+) osteoclasts, we saw a
trend that cell numbers were reduced by increasing the [HCO3

−] from 0 to 24 mM. This
effect was blocked by 8-bromo-cAMP (data not shown). These results are compatible with
the model of cAMP being downstream of sAC and the sAC mediates the effect of HCO3

−

on osteoclasts.

HCO3− effect on calvaria bone mass in vitro
To confirm the in vitro cell culture effect is reproducible in intact bone, we used a one week
mouse calvaria culture system. To minimize the inter-individual variation, we used paired
calvaria from the same mouse for comparison of two different ambient HCO3

−

concentrations. Following one week culture, multinucleated osteoclasts were observed
attached to the trabecular bone surface in the non-decalcified and toluidine blue stained bone
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section (Fig. 6A arrows) indicating viability. Total volume (TV), bone volume (BV),
marrow volume (MV), bone surface (BS), and bone volume density (BV/TV) were
measured by µCT analysis. Parameters for trabecular bone such as trabecular bone
thickness, trabecular space, trabecular bone volume could not be determined due to under-
developed trabecular bone in these young mice (Fig. 6B). BV/TV of the 24mM HCO3

−

treated calvaria (80.49 ± 3.64%) was higher than BV/TV of 12mM HCO3
− treated calvaria

(75.18 ± 4.89%) (Fig. 6C left panel). In this group, seven out of nine pairs of calvaria in
24mM HCO3

− treated group had higher BV/TV (Fig. 6C left panel). One pair of calvaria
had significantly low BV/TV likely due to the much younger age and smaller body mass.
Nevertheless, it still demonstrated higher BV/TV with 24 mM HCO3

−. In the presence of 2-
hydroxyestradiol, BV/TV of the 24mM HCO3

− treated calvaria (84.54 ± 2.21%) was not
significantly different from that of 12mM HCO3

− treated calvaria (85.45 ± 1.25%) (Fig. 6C,
right panel). In this group, there was no consistent difference between 12 and 24 mM
HCO3

−. This data suggest that inhibition of bone resorption by HCO3
− is dependent on

intact sAC.

Discussion
Osteoclasts are formed by fusion of precursors into multinucleated large cells under the
control of RANK/RANKL/OPG system (Khosla, 2001; Lacey et al., 1998; Simonet et al.,
1997; Takahashi et al., 1999; Yasuda et al., 1998). Osteoclast-mediated bone resorption
starts with attachment to bone surface, formation of ruffled border and sealing zone, H+ and
lysosomal enzymes secretion, and resorption of bone matrix (Roodman, 1999). V-ATPase
provides the primary H+-translocation mechanism on the ruffled border of the osteoclast to
deliver H+ to the bone surface (Roodman, 1999). Generation of H+ and HCO3

− is catalyzed
by carbonic anhydrase II and HCO3

−/Cl− exchange mediates HCO3
− exit. Whereas ambient

[HCO3
−] can theoretically regulate osteoclast H+ secretion by a kinetic effect on the base

exit step, another possibility is a direct effect on osteoclast formation and function.

We demonstrated that reducing [HCO3
−] from 24 towards 0 mM, osteoclast number and

size significantly increased. In 0 mM [HCO3
−], there were clearly larger cells with more

nuclei in the large multinucleated osteoclasts likely due to more precursors fused together
rather then osteoclast spreading. Increased precursor fusion would result in larger osteoclasts
covering a larger area of the bone matrix and results in higher bone resorption (Rhee et al.,
2006). Mean V-ATPase per µm2 area of osteoclast or mg cell protein and mean H+

accumulation per µm2 area of osteoclast were not changed indicating that once an osteoclast
is formed, HCO3

− does not directly regulate V-ATPase expression, distribution, or activity.
It appears that total V-ATPase expression and its activity are simply proportional to the size
of the osteoclast. This observation in osteoclasts is quite different from the finding in
epithelial cells from rat cauda epididymidis where sAC mediates the V-ATPase (Pastor-
Soler et al., 2003). sAC co-localizes with V-ATPase in the clear cells of the rat testis and the
intercalated cells of the rat kidney The HCO3

−-regulated V-ATPase recycling between
intracellular vesicles and apical membrane was blocked by sAC inhibitor (Pastor-Soler et
al., 2003). This represents a fundamental difference in sAC action between these organs. In
the osteoclast, sAC mediates a more chronic effect of HCO3

− on osteoclast size whereas in
the testis and collecting duct, it mediates the acute effects of HCO3

− on H+ translocation and
pumping by the V-ATPase.

Using a sAC inhibitor, 2-hydroxyestradiol (Pastor-Soler et al., 2003), and sAC-specific
siRNA, we showed that sAC is involved in the regulation of osteoclast formation and
function by HCO3

−. Increasing [HCO3
−] isohydrically from 0 to 24 mM decreased the

osteoclast number and size. Both sAC-specific inhibitor and sAC-specific siRNA blocked
most but not all of the HCO3

− effect. In addition, 8-bromo-cAMP, a permeable analog of

Geng et al. Page 8

J Cell Physiol. Author manuscript; available in PMC 2011 February 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



cAMP representing a downstream effector of sAC, inhibited osteoclasts to a similar degree
as HCO3

−. Moreoever, in the presence of 8-bromo-cAMP, neither HCO3
− nor sAC

inhibition has much effect on TRAP. In the calvaria culture system, lowering [HCO3
−] from

24 to 12 mM decreased the bone mass that was also blocked by sAC inhibitor. It is
important to note that in whole organ culture, the change in bone mass can be due to
osteoclast or osteoblast effects. These findings in concert strongly support that the effect of
HCO3

− on bone is through modulating osteoclast formation mediated by sAC.

An unexpected finding was that in the absence of HCO3
−, inhibition of sAC by either 2-

hydroxyestradiol or sAC knock-down significantly inhibited osteoclast formation. This is
clearly not a HCO3

−dependent effect of sAC. The significance of this effect is not clear
because in physiologic conditions, osteoclasts never exist in total absence of ambient
HCO3

−. One possibility is that 2-hydroxyestradiol may have a direct inhibitory effect on
osteoclast independent of sAC. However, the parallel finding of sAC siRNA suggests that
sAC may have some functions other than HCO3

−-stimulated cyclase activity on osteoclast
and the zero HCO3

− simply unmasked this effect. The sAC protein spans over 1610 amino
acids and only the 483 amino acid N-terminal domains is required for HCO3

− stimulated
cyclase activity (11). It is conceivable that other functional domains exist that can
potentially regulate osteoclast function.

In summary, low [HCO3
−] can increase bone loss by physico-chemical effects on the bone

matrix and by biologic pathways via bone forming and resorbing cells. One such mechanism
is that low [HCO3

−] activates osteoclast formation and function mediated largely by sAC.
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Fig. 1. Effects of HCO3
− and sAC inhibitor on osteoclast formation

A: RAW264.7 cells were seeded into the 24-well cell culture plates in DMEM media
containing 50ng/ml RANKL and 5ng/ml M-CSF for induction of osteoclast differentiation.
0 mM NaHCO3, 12mM NaHCO3, 24 mM NaHCO3, +/− 1 µM, and 5 µM 2-
hydroxyestradiol (all pH 7.4) were added for 7 days and cells were fixed and stained for
TRAP (pink). Images show representative field from one of a total of four independent
experiments. B: Effects of HCO3

− on osteoclast size with 0 µM (open bar), 1 µM (gray bar),
and 5 µM (black bar) 2-hydroxyestradiol. Four independent experiments were performed
and in each one, four areas from each well were randomly selected for imaging. The area of
TRAP (+)-multinucleated osteoclasts was determined using Image J software. Bars and error
bars represent Means ± SEM from four separate experiments. C: Effects of HCO3

− on
osteoclast number with 0 µM (open bar), 1 µM (gray bar), and 5 µM (black bar) 2-
hydroxyestradiol. Four independent experiments were performed and in each one, four areas
from each well were randomly selected for imaging and TRAP (+)-multinucleated
osteoclasts were counted and added together. * Significant difference compared to 0 mM
HCO3

− treated cells (p<0.05). # Significant difference compared to non 2-hydroxyestradiol
treated cells (p<0.05)
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Fig. 2. Effect of sAC siRNA on osteoclast formation
A: RAW264.7 cells were seeded into the 48-well cell culture plates in DMEM media
containing 50ng/ml RANKL and 5ng/ml M-CSF for induction of osteoclast differentiation.
Then 0 mM NaHCO3, 12mM NaHCO3, 24 mM NaHCO3 (all pH 7.4) were added into the
media. On day 2, 100 nM of siRNA of sAC were transfected into the cells. 100 nM of the
control siRNA were transfected into the control cells. Cells were cultured for 7 days and
then fixed and stained for TRAP (pink). Images show representative cells collected from one
of three independent experiments. B: Immunoblot validating siRNA treatment decreased
sAC expression in RAW264.7 cells. RAW264.7 cells were transfected with 100nM of either
control or sAC siRNA and equal amounts of total cell lysate from two separate wells were
analyzed with anti-sAC antibody and the membrane was stripped and reprobed with anti β-
actin antibody to verify equal loading. Two independent experiments showed identical
results. C: Effect of control siRNA (open bar) and 100 nM siRNA of sAC (black bar) on
TRAP activity in osteoclasts. RAW264.7 cells was induced and treated with siRNA on day
2. Cell culture media was collected on day 4 and day 5 and TRAP activity was determined.
Bars and error bars represent means ± SEM of four independent experiments. * Significant
difference compared to 0 mM HCO3

− treated cells (p<0.05).
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Fig. 3. sAC and HCO3
− regulate V-ATPase on osteoclasts

Osteoclasts were induced from RAW264.7 cells (50ng/ml RANKL and 5ng/ml M-CSF),
fixed, permeablized, stained with anti-B subunit antibody, and visualized under confocal
microscopy. A: V-ATPase is expressed throughout the cell in the cytosol but not in the
nuclei (negative staining) of the multinucleated osteoclasts as well as the smaller RAW
cells. No fluorescence signal was detected with secondary antibody alone (left panel). B:
RAW264.7 cells were seeded into the cell culture plates with glass cover slips and induced
with 50 ng/ml RANKL and 5 ng/ml M-CSF. 0 mM HCO3

−, 12mM HCO3
−, 24mM HCO3

−,
and +/− 5 µM 2-hydroxyestradiol were added into media for seven days. Cells were then
fixed, permeabilized, stained with anti-B subunit antibody and visualized with confocal
microscopy. Bar = 10 µm. C: Effects of HCO3

− and 2-hydroxyestradiol on V-ATPase (B
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subunit) expression in single multinucleated osteoclast. Mean fluorescence intensity per µm2

area in osteoclasts was determined by Zeiss LSM image analyzer software. Bars and error
bars represent means ± SEM. A total of 150 osteoclasts were randomly selected from 3
independent experiments. D: Effects of HCO3

− and 2-hydroxyestradiol on osteoclast-
specific a3 subunit expression in the total cell lysate of osteoclast. Induced osteoclasts were
collected and 10 µg of total cell lysate was immunoblotted. β-actin served as loading
control. One representative blot is shown; total of three showed similar results.
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Fig. 4. Effect of sAC and HCO3
− on H+ accumulation in osteoclasts

Osteoclasts were induced from RAW264.7 cells (50 ng/ml RANKL and 5 ng/ml M-CSF).
Acridine orange was added into the culture media for 20 minutes, cells were washed with
PBS, and live cell images were collected with a Zeiss LSM510 confocal microscope
(krypton/argon laser λex 488nm, λem 510–540nm for un-protonated AO, λem 590–650nm
for protonated AO). A: xy-plane of lower part of cell (left panel) and upper part of cell (right
panel) of a typical osteoclast. Proton granules (arrows in z cut) in orange are mainly located
in the lower part of the cell. xy, x–y section; z, z section; dotted line outlines the osteoclast;
white line, position for x–y plane; green line, z section for the top panel; red line, z section
for the right panel. B: RAW264.7 cells were exposed to 0 mM HCO3

−, 12 mM HCO3
−, and

24 mM HCO3
− and +/− 5 µM 2-hydroxyestradiol. Cells took up acridine orange and live z-

stack confocal images were collected of the proton granules. Bar = 10 µm. C: Quantitation
of protonated AO. Bars and error bars represent means ± SEM for the effects of HCO3

−

(open bar) and 2-hydroxyestradiol (solid bar) on H+ per osteoclast from three separate
experiments. A total of 90 osteoclasts were randomly selected and analyzed from each of
three independent experiments.
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Fig. 5. Effects of 8-bromo-cAMP on osteoclasts
RAW264.7 cells were seeded into the 48-well cell culture plates and induced with 50ng/ml
RANKL and 5ng/ml M-CSF. Three variables were examined- [HCO3

−] (0, 12, and 24 mM),
2-hydroxyestradiol (5 µM) and 8-Br-cAMP (0.1 mM) A. Cells were cultured for 7 days,
fixed and stained for TRAP (pink). Images show representative cells collected from one of
four independent experiments. B: Effects of HCO3

− on osteoclast size in the background of
vehicle (open), 5 µM 2-hydroxyestradiol (light gray), 0.1 mM 8-bromo-cAMP (black), 5 µM
2-hydroxyestradiol & 0.1 mM 8-bromo-cAMP (dark gray). Four images from each well
were randomly selected from each of four independent experiments. The area of each
TRAP(+)-multinucleated osteoclast was determined using ImageJ software. Bars and error
bars represent means ± SEM. * Significant difference compared to 0 mM HCO3

− treated
cells (p<0.05).
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Fig. 6. Effect of HCO3
− and sAC on bone mass in cultured mouse calvaria

A: Toluidine blue staining of coronal section of mouse calvaria at low (left panel) and high
(right panel) magnification from 8–9 week old mouse following one week culture.
Osteoclasts (arrow) are attached to the trabecular bone surface. Image is one representative
from eight calvaria analyzed. B: Three dimensional reconstructions of the partial mouse
calvaria from µCT. Calvaria are cultured with 12mM or 24 mM HCO3

− +/− 2-
hydroxyestradiol for one week, then fixed with ethanol and µCT was performed. Images are
representative of 16 mice. C: Line graphs summarize the HCO3

− effect on the BV/TV% of
mouse calvaria without (left panel) and with 2-hydroxyestradiol (right panel). Each line
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connects the two paired calvaria from the same mouse. Solid circles: mean ± SEM. P value
is from paired t test.
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