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Identification of acid-sensing ion channels in bone
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Abstract

Bone balances serum pH variations and both osteoclasts and osteoblasts are regulated by subtle changes in pH. The aim of the current
study was to identify molecules in bone that can sense pH. Interesting candidates are the acid-sensing ion channels (ASICs). In bone,
ASIC2 and ASIC3 were most abundant, while in chondrocytes it was ASIC1. Isolated human monocytes expressed ASIC1, -2, and
-3, which persisted after induction to osteoclast differentiation, albeit to a lower level. In human osteoblasts ASIC1, ASIC2, and ASIC3
mRNAs were shown. Western blot and immunostaining confirmed this at protein level. ASIC4 expression was always very low
abundant. For the first time, we demonstrated ASICs in human skeleton, providing a means to sense and respond to differences in
extracellular pH.
� 2005 Elsevier Inc. All rights reserved.
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A stable physiologic systemic pH is critical for the sur-
vival of mammals. Homeostasis of the intracellular hydro-
gen ion concentration is pivotal to the maintenance of cell
function and viability, but pH fluctuations are present in
both intracellular and extracellular compartments in nor-
mal physiological and pathophysiological conditions [1–
3]. Bone cells, both osteoblasts and osteoclasts, respond
to pH changes in the physiological range [4,5], but the sen-
sor(s) that can mediate these pH changes are largely
unknown.

Candidates are the acid-sensing ion channels (ASICs),
which belong to the epithelial sodium channel (ENaC)/
degenerin gene family, a new class of ion channels with a
high degree of functional heterogeneity [6]. ASICs are al-
most ubiquitous in the mammalian nervous system and
are activated in response to a drop in pH to below 7.0
[7]. To date, four genes encoding the channel subunits
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ASIC1, ASIC2, ASIC3, and ASIC4 have been cloned.
ASICs show 45–60% amino acid sequence identity between
the four genes. ASICs form homo- or heterotetrameric
channels that autoassemble in the membrane, with the sub-
unit composition determining their kinetic characteristics
[6,8]. Knowing the importance of mechanical loading for
bone metabolism, ASICs are the more so interesting as in
various organisms members of the ENaC/DEG gene fam-
ily have been linked to mechanical sensation [9,10] and
degenerin can interact with the extracellular matrix [11].

The aim of our current study was to identify ASICs in
bone to provide a means by which bone can sense changes
in extracellular pH in order to adapt its metabolic activity.
Materials and methods

Cell culture and biochemistry. Immortalized human pre-osteoblast (SV-
HFO) cultures and biochemical assays were performed as described earlier
[12]. Briefly, cells were cultured in aMEM supplemented with 20 mM
Hepes, pH 7.2, 7.5, and 7.7, streptomycin/penicillin, 1.8 mM CaCl2, 2%
charcoal-treated heat-inactivated FCS, 1 lM dexamethasone, and 10 mM
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Fig. 1. pH-dependent mineralization and change in gene expression. (A)
Effects of different extracellular pH-values on mineralization in cultured
human pre-osteoblasts and (B) on relative expression of osteoblast marker
gene osteopontin. Values are means ± SD.
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b-glycerophosphate (Sigma) to facilitate mineralization. Calcium content
was determined colorimetrically with a calcium assay kit (Sigma).
Peripheral blood mononuclear cells (PBMCs) were obtained from healthy
donors and isolated by density centrifugation with Lymphoprep (Axis-
Shield PoC AS, Oslo, Norway). Briefly, the buffy coat preparations were
diluted 1:1 with Hanks� balanced salt solution (HBSS). Twenty milliliters
of diluted PBMCs was overlayered onto 15 ml of Lymphoprep and cen-
trifuged at 1000g for 30 min at ambient temperature. PBMCs were
recovered from the interface and washed twice with HBSS supplemented
with 2% FCS, prior to separation on a Percoll gradient (Pharmacia,
Uppsala, Sweden) consisting of three density layers (1.076, 1.059, and
1.045 g/ml), the middle layer of which contained predominantly mono-
cytes, which were seeded in 96-well culture plates at a density of 105 cells/
well and cultured for 3 weeks in DMEM supplemented with 10% FCS and
1% antibiotic–antimycotic solution containing 30 ng/ml human M-CSF
(R&D systems, Minneapolis, MI, USA) and 20 ng/ml human RANKL
(Peprotech, London, UK), which was replaced twice a week. After 3 weeks
of culture, cells were scraped for gene expression as outlined below.

RNA isolation, cDNA synthesis, quantitative RT-PCR. RNA extraction
from cells is reported elsewhere [12]. Human osteoarthritic femoral head
biopsies (five donors; 51–70 years of age from whom an informed consent
was obtained) were separated into bone and cartilage. For details on RNA
isolation from tissues, cDNA synthesis, real-time RT-PCR, and relative
quantification of gene expression according to the 2�DCt method see
Mandl et al. [13]. Data are presented as described elsewhere [14] and
statistically analysed using GraphPad InStat. Primer (F, forward; R, re-
verse) and probe (FAM) sequences for Taqman assays with corresponding
accession numbers of REFSEQ nucleotide sequences were as follows:
ASIC1 (NM_020039), F_CTACGCCTACGAGGTCATTAAGC, R_CC
GCACTGCTCCTTTTGG, FAM_AAGCTGTGCCGACGAGGAAAA
TGC; ASIC2 (NM_183377), F_GAGACAGAG-GAAACGACATTTGA
A, R_TGGAGCCACCCCAAAGC, FAM_CACAGTCAGTCT-GAGC
CACCTTTCATCCA; ASIC3 (NM_020322), F_GCTTCCGTGGCCAA
CCTT, R_CCCATCAGCGCCAGAGTTAA, FAM_ACTTCACCACG
ATCTTCACCCGGATG; ASIC4 (NM_182847), F_GGTACCTGGCGA
GGAAGTACAA, R_CAGGGCCTCAAAGAAGACATCT, FAM_CG
CAACGAGACCTACATACGGGAGAACTT; SPP1 (osteopontin,
NM_000582), F_CTCAGGCCAGTTGCAGCC, R_CAAAAGCAAAT
CACTGCAATTCTC, FAM_AAACGCC-GACCAAGGAAAACTCAC
TACC.

Antibodies. Primary antibodies against ASIC subunits were purchased
from ADI (Alpha Diagnostic International, San Antonio, TX 78238,
USA) and used in 1:1000 (ASIC1, ASIC2, and ASIC4) and 1:1500
(ASIC3) dilutions for Western blotting, and in 1:500 (ASIC1, ASIC2, and
ASIC4) and 1:700 (ASIC3) dilutions in immunolocalization experiments.

Immunohistochemistry. Cells were fixed 15 min in 4% (w/v) parafor-
maldehyde in phosphate-buffered saline (1· PBS), blocked in PBSB (1·
PBS, pH 7,4; 10% BSA; 0.05% Tween 20) for 90 min, and incubated with
rabbit anti-ASIC primary antibodies in 0.5· PBSB for 16 h at 4 �C prior to
detection with goat anti-rabbit IgG (AlexaFluor488; Molecular Probes,
1:300). Negative controls included control rabbit IgG (Alpha Diagnostic
International, San Antonio, USA) and omission of primary antibodies.
Specimens were mounted in VectaShield (Vector Laboratories, Burlin-
game, USA) and examined with a Zeiss Axioplan 2.

Protein extraction and Western blotting. SV-HFO cells were harvested
in 2.5 ml hypotonic PEC homogenization buffer (10 mM phosphate buffer,
pH 7.0; 8 mM EDTA); one tablet per 25 ml complete protease inhibitor
cocktail (Roche Diagnostics BV, Almere, The Netherlands) per 75 cm2.
All handlings were at 4 �C with cells and devices pre-chilled on ice. Cells
were homogenized (RW20, IKAWerke GmbH & KG, Staufen, Germany)
and cell extracts were then successively centrifuged at 4 �C: (1) 10 min at
700g to remove cell debris, (2) supernatant was centrifuged for 10 min at
7000g removing the mitochondria, and (3) 90 min at 100,000g giving a
cytosolic (supernatant) and a �microsome� or membrane fraction (pellet).
Protein fractions were mixed 4:1 (v/v) with Roti-Load 1 (Carl Roth
GmbH, Karlsruhe, Germany), denatured 5 min at 95 �C, and separated on
a 12% Laemmli sodium dodecyl sulphate polyacrylamide gel [15] at a
neutral pH. Total protein load per lane was 5 lg (membrane fraction) and
5 lg (cytoplasmic fraction). Separation and blotting on Immobilon-P
(Millipore BV, Amsterdam, The Netherlands) was performed as described
previously [16]. Membranes were blocked in PBSB and incubated with
primary antibodies for 16 h at 4 �C. After washing, secondary antibody
incubation was performed for 2 h at room temperature with a 1:1500-di-
luted goat anti-rabbit HRP-labeled antibody (P0448; DAKO, Carpinteria,
CA). Antibody binding was detected using ECL Western Blotting Anal-
ysis System (RPN2109; Amersham Biosciences, UK) according to sup-
plier�s instructions.

Results and discussion

It is well known that the skeleton participates in pH
homeostasis as buffering organ to ensure a stable physio-
logic systemic pH. The activity of both osteoclasts and
osteoblasts can be regulated by changes in pH [17]. The lat-
ter is exemplified by our studies: when human osteoblasts
were cultured in the presence of media with only small dif-
ferences in pH (i.e., pH 7.2, 7.5, and 7.7), a pH-dependent
mineralization was observed (Fig. 1A). At increasing pH,
the onset of mineralization was earlier and reached higher
levels. In addition, changes in extracellular pH (pHo) also
affected gene expression of human osteoblasts. A clear
pH-dependent differential osteopontin transcription was



Fig. 3. Expression of ASICs in human monocytes and osteoclasts.
Transcript abundances in human osteoclast precursors (monocytes) and
mature osteoclasts. Arbitrary units show relative expression quantified to
GAPDH. Values are means ± SD.
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observed (Fig. 1B) with a higher expression at increasing
pH throughout osteoblast differentiation. Actually, knowl-
edge on the means by which osteoblasts can sense pH is vir-
tually absent.

In the mammalian nervous system, several pH sensors
have recently been identified. In this study, we demonstrate
that these sensors, the H+-gated Na+-channels ASICs, are
also present in skeletal cells. ASIC transcripts were detect-
ed in bone and cartilage from human skeletal biopsy spec-
imens. As demonstrated by quantitative real-time PCR, in
bone expression of ASIC2 and ASIC3 was highest (Fig. 2),
while in cartilage ASIC1 mRNA was most abundant
(Fig. 2). In contrast to cartilage, bone is composed of var-
ious cell types and ASIC expression in bone biopsy materi-
al cannot directly be attributed to a distinct cell type.
Therefore, we studied the two major cell types involved
in bone metabolism separately in vitro: the osteoclast and
the osteoblast. Human osteoclasts were generated from
monocytes by treatment with M-CSF and RANKL.
ASIC1, ASIC2, and ASIC3 were expressed in both mono-
cytes and differentiated osteoclasts with ASIC2 being most
abundant, while ASIC4 mRNA was virtually absent in
both cell types (Fig. 3).

In general, expression of ASICs was higher in mono-
cytes than in osteoclasts, about 4-fold for ASIC2 and 2-
fold for ASIC1 and ASIC3. These data show that cells of
the hematopoietic lineage express ASICs and may be regu-
lated by pH. This is of interest as also macrophage activity
can be changed by extracellular pH [18] and as inflamma-
tion facilitates ASICs expression [7,19]. The strong de-
crease in ASIC2 expression during differentiation from
monocyte to osteoclast is intriguing. Functional ASICs
are homo- or heterotetramers, with subunit composition
determining channel kinetics [8]. Therefore, presently we
can only speculate about the functional significance, but
it may imply differences in pH-sensing characteristics.
Environmental pH may regulate monocyte differentiation
and osteoclast lifespan mediated by ASICs. Interestingly,
Karsdal et al. [20] recently published a model for the role
of pHo in the coupling of bone formation and resorption
Fig. 2. Expression of ASICs in human skeletal tissues. Relative transcript
abundances in human bone (black bars) and cartilage (white bars) in
arbitrary units normalized to GAPDH. Values are means ± SD.
involving acidification attenuated osteoclastic resorption
due to decreased release of proapoptotic factors.

In addition to osteoclasts, we also examined ASIC
expression in human osteoblasts and also whether this re-
lates to osteoblast differentiation. We cultured human
Fig. 4. ASIC expression in mineralizing pre-osteoblast culture. (A)
Relative changes in alkaline phosphatase (ALP) activity during culture
next to calcium incorporation in the extracellular matrix per amount of
DNA. Typical time points (day 7, 14, and 21 at, pH 7.5) are depicted. (B)
Fold changes in relative ASIC expression (normalized to GAPDH) in
arbitrary units depicted as changes in expression relative to day 7. Means
(n = 6) ± SD. *p < 0.005; #p < 0.0001 versus day 7.
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pre-osteoblastic cells (SV-HFO) for three weeks to induce
differentiation and mineralization [12]. This resulted in a
peak in alkaline phosphatase (ALP) activity at day 14 at
which mineralization of the extracellular matrix started
(Fig. 4A). During osteoblast differentiation ASIC1 gene
expression appears to peak around day 14 while expression
of ASIC 2 and 3 is significantly lower during mineralization
at day 21 (Fig. 4B).

Low expression levels of membrane proteins often do
not allow their detection by Western blotting. Therefore,
we enhanced sensitivity by isolating cell membranes, a tech-
nique similar to that of Wemmie et al. [21]. Unfortunately,
we were unable to obtain sufficient protein in the mem-
brane fraction from osteoclasts for these experiments. In
human osteoblasts we got a relatively weak signal for
ASIC1 and ASIC3 while ASIC2 and ASIC4 signals were
prominent (Fig. 5). ASIC1 and ASIC4 were determined
to about 80 and 75 kDa, respectively. ASIC2 and ASIC3
subunits were smaller with 55 and 60 kDa, respectively.
Database entries of ASIC subunit polypeptides give theo-
retical values from 50 to 70 kDa, depending on channel
subunit and isoform. ASIC1-specific signals of 55 and
90 kDa, and 55 and 75 kDa for ASIC2, and 80 or
90 kDa for ASIC3 are known [22], while an in vitro trans-
lated, non-glycosylated human ASIC3 product of 59 kDa
was also reported [23]. In human intestine, ASIC subunits
Fig. 5. Western blots showing ASIC expression in mineralizing human
pre-osteoblasts at day 14. Immunosignals of ASIC1 (1), ASIC2 (2), ASIC3
(3), and ASIC4 (4) in membrane fraction and cytoplasm. Ruler indicates
MW in kiloDalton.

Fig. 6. Immunolocalization of ASIC expression in human pre-osteoblasts. M
ASIC3 (3), and ASIC4 (4), and nuclei were counterstained with DAPI. On lef
have been reported with 54–56 kDa [24], whereas glycosyl-
ated ASIC subunits from rats in transfected HEK293 cells
are 70–80 kDa [25]. Apparently there is quite a variation in
reported sizes of ASIC subunits. Though the subunit-spec-
ificity of our antibodies has been proven [26], we cannot ex-
clude a possible cross-reactivity with isoforms or
alternative glycosylation products. ASIC1 was the most
abundant transcript in osteoblast culture (Fig. 4B) but re-
vealed only a weak signal on Western blots (Fig. 5) while
the opposite holds true for ASIC4. This discrepancy may
be explained by posttranslational regulation, but signal
intensities may also vary due to different antibody qualities
and quantitative conclusions should be drawn with precau-
tion. Interestingly, besides in membrane fractions all ASIC
subunits were also detected in the cytoplasm (Fig. 5). The
immunosignal of ASIC3 is even stronger in the cytoplasmic
fraction than in the membrane preparation. A prominent
ASIC2, ASIC3, and ASIC4, and a weaker ASIC1 immuno-
histochemical staining in SV-HFO confirmed the presence
of ASIC subunits in human osteoblasts. The evenly spread
immunosignals in these cells (Fig. 6) may support that
ASIC are also present in the cytoplasm. Remarkably, Hil-
debrand et al. [27] recently identified ASIC3 in the cyto-
plasm of mouse ganglion cells, too. It is tempting to
hypothesize a yet unidentified intracellular function for this
subunit.

Besides in bone cells, ASICs were also detected in carti-
lage from osteoarthritic patients (Fig. 2B). As we were not
able to obtain undiseased cartilage we do not yet know
whether ASICs are also expressed in healthy cartilage.
Chondrocytes exist in an avascular, hypoxic environment,
and produce large amounts of lactate [28,29], resulting in
an extraordinary low pHo (pH 6.9) even in healthy carti-
lage [30]. Lactate, in turn, enhances the sensitivity of ASICs
to pH by lowering the extracellular concentration of biva-
lent ions such as Ca2+ [31]. Maintenance of chondrocyte
pH is an important parameter controlling cartilage matrix
turnover rates [30] and ASICs may thus be involved in reg-
ulation of chondrocyte function.

The physiological role of ASICs, particularly in bone, is
still unclear and no inherited human diseases caused by
mutations in ASICs have yet been identified to elucidate
this question. Although ASIC1a, ASIC2, and ASIC3 [32]
onolayer cultures were stained at day 14 against ASIC1 (1), ASIC2 (2),
t: representative pre-immune serum negative control (NC); (650·).
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as well as ASIC2/3 double knockout mice [33] have been
generated, in general these mice show no obvious pheno-
type in unchallenged situation. Nevertheless, using ASIC1a
knockout mice an important role in acid induced ischemic
brain injury was recently demonstrated [34]. So far, no
attention has been paid to the skeletal phenotype of these
mice, especially not to ultrastructural changes at the bone
level, neither in unchallenged nor challenged (e.g., ovariec-
tomy) situations.

In conclusion, the present study demonstrates for the
first time the presence a new family of pH sensors in skel-
etal tissues. The pH-sensing ASIC channels are present in
both osteoblasts and osteoclasts, and may explain how
bone cell function can be modulated by environmental
pH under physiological (e.g., bone resorption) and patho-
logical (e.g., metabolic acidosis) conditions.
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