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pH dependence and inhibition by extracellular calcium
of proton currents via plasmalemmal vacuolar-type
H+-ATPase in murine osteoclasts
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The vacuolar-type H+-ATPase (V-ATPase) in the plasma membrane of a variety of cells serves as
an acid-secreting pathway, and its activity is closely related to cellular functions. Massive proton
secretion often leads to electrolyte disturbances in the vicinity of the cell and may in turn affect
the activity of the V-ATPase. We characterized, for the first time, the proton currents mediated
by plasmalemmal V-ATPase in murine osteoclast-like cells and investigated its activity over a
wide range of pH gradients across the membrane (∆pH = extracellular pH – intracellular pH).
The V-ATPase currents were identified as outward H+ currents and were dependent on ATP and
sensitive to the inhibitors bafilomycin A1 and N ,N ′-dicyclohexylcarbodiimide. Although H+

was transported uphill, the electrochemical gradient for H+ affected the current. The currents
were increased by elevating ∆pH and depolarization, and were reduced by lowering ∆pH
and hyperpolarization. Elevation of extracellular Ca2+ (5–40 mM) diminished the currents in a
dose-dependent manner and made the voltage dependence more marked. Extracellular Mg2+

mimicked the inhibition. With 40 mM Ca2+, the currents decreased to < 40% at 0 mV and
to < 10% at about −80 mV. Increases in the intracellular Ca2+ (0.5–5 µM) did not affect the
current. The data suggest that acid secretion through the plasmalemmal V-ATPase is regulated by
a combination of the pH gradient, the membrane potential and the extracellular divalent cations.
In osteoclasts, the activity-dependent accumulation of acids and Ca2+ in the closed extracellular
compartment might serve as negative feedback signals for regulating the V-ATPase.

(Resubmitted 13 July 2006; accepted after revision 9 August 2006; first published online 10 August 2006)
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The regulation of pH balance in the intracellular and
extracellular environments is one of most important
and ubiquitous mechanisms underlying homeostasis.
The vacuolar-type H+-ATPase (V-ATPase) is an electro-
genic H+ pump that is widely distributed in living
organisms. V-ATPases acidify lysozomes, produce a
proton-motive force and regulate the functions of
organelles (Kawanishi-Nishi et al. 2003). It is now
recognized that V-ATPases are present in the plasma
membrane of various animal cells, including epithelial
cells, kidney cells, phagocytes and osteoclasts (Nelson
& Harvey, 1999). In these cells, the V-ATPase is an
essential proton-secreting pathway and also generates a
driving force for membrane transport. The activity is
closely linked to the specialized functions of these cells,
such as regulation of acid–base balance in kidney cells,

killing of pathogens in phagocytes and bone resorption in
osteoclasts.

The uphill H+ transport by the V-ATPase uses
energy produced by ATP hydrolysis. The activity of
the V-ATPase can be regulated in various ways,
for instance, dissociation/assembly of the constitutive
subunits (Wagner et al. 2004), interaction with the actin
cytoskeleton (Lee et al. 1999; Breton et al. 2000; Holliday
et al. 2000) and exocytotic fusion of vesicles bearing
the enzyme (Nanda et al. 1996). As a consequence of
the diversity of the regulatory mechanisms, the ability
of the pump to transport H+ could vary in response to
changes in cellular conditions. We also must remember
that the V-ATPase would often face extreme ionic
environments as a result of its own activity. For
example, if protons are secreted into a closed extracellular
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compartment, the plasmalemmal V-ATPase may be
exposed to strongly acidic conditions.

For osteoclasts, the large multinuclear cells responsible
for bone resorption, the ambient ionic environment is
more complicated. The plasma membrane facing the bone
surface (ruffled membrane) is rich in V-ATPase (Rousselle
& Heymann, 2002). The pump secretes the protons
generated via carbonic anhydrase II into the resorption
pit isolated from the extracellular fluid, and demineralizes
the calcified bone tissue. Therefore, the V-ATPase might
be exposed not only to an excess of H+ but also to
high concentrations of Ca2+ liberated from bone. The
inhibitory role of elevated extracellular Ca2+ in osteoclast
function is well understood; high extracellular Ca2+

inhibits bone resorption by direct action on osteoclasts,
such as reorganization of actin cytoskeleton, inhibition of
releasing enzymes (Miyauchi et al. 1990: Zaidi et al. 1993)
and apoptosis (Lorget et al. 2000). There is, however, very
little information available concerning effects of Ca2+ on
the action of the plasmalemmal V-ATPase.

Our focus for this study was to investigate the activity of
the plasmalemmal V-ATPase in response to perturbations
of the ion environments, especially of H+ and Ca2+.
Proton currents through the native V-ATPase at the
plasma membrane of mammalian cells have not yet
been characterized. Here we used whole-cell clamp
recordings to identify the pump currents in mammalian
osteoclast-like cells expressing plasmalemmal V-ATPases.
This electrophysiological method permits the control of
intracellular/extracellular ionic conditions and membrane
voltages over wide ranges and therefore the evaluation of
the V-ATPase activity in real time. A preliminary account
of part of this study has been reported (Sakai et al.
2006).

Methods

Cells

A mouse macrophage cell line (RAW264 cells; Riken
Cell Bank, Tsukuba, Japan) that differentiates into
osteoclast-like multinucleated cells was maintained in
Dulbecco’s modified Eagle’s medium (DMEM) containing
100 U ml−1 penicillin, 0.1 mg ml−1 streptomycin,
0.25 ng ml−1 amphotericin B and 10% fetal calf serum
(FCS) at 37◦C in a 95% air–5% CO2 atmosphere.
Treatment with 50–75 ng ml−1 of the soluble form of the
receptor activator of nuclear factor κB (NF-κB) ligand
(sRANKL; PeproTech EC, London, UK) in α-minimum
essential medium (α-MEM) with 10% FCS induced
differentiation of RAW264 cells into multinucleated
cells. Osteoclast-like cells, identified using phase-contrast
microscopy and tartrate-resistant acid phosphatase
(TRAP) activity, appeared within 4 days and were
maintained for 10–12 days.

Electrophysiological recordings

Whole-cell recordings were made as described elsewhere
(Shibata et al. 1997). Hydrogen currents were recorded
from differentiated cells containing four to 10 nuclei.
The pipette solutions contained (mm): (1) 120 Mes,
65 NMDG-aspartate, 3 MgCl2 and 1 BAPTA (pH 5.5);
(2) 120 Mes, 35 NMDG-aspartate, 3 MgCl2 and 1 BAPTA
(pH 6.5); and (3) 100 Hepes, 75 NMDG-aspartate,
3 MgCl2 and 1 EGTA (pH 7.3). Na2ATP (0–10 mm) was
added immediately before use. The extracellular solutions
contained (mm): (1) 100 Hepes, 75 NMDG-aspartate,
1 CaCl2 and 1 MgCl2 (pH 7.3); (2) 100 Hepes,
75 NMDG-aspartate, 1 CaCl2 and 1 MgCl2 (pH 6.7);
and (3) 120 Mes, 65 NMDG-aspartate, 1 CaCl2 and
1 MgCl2 (pH 5.5). The pH was adjusted using CsOH.
Ten millimolar glucose, 0.1% bovine serum albumin
and 50 µm 4,4′-diisothiocyanato-2,2′-stilbenesulphonate
(DIDS), a blocker for Cl−–anion transport, were added
to the bath solution. Most of the currents recorded under
these conditions are carried by protons (Mori et al. 2002,
2003). Two hundred micromolar ZnCl2 was also added
to block the voltage-gated proton (H+) channel that is
expressed in osteoclasts (Nordström et al. 1995; Mori et al.
2002, 2003). The high-Ca2+ (5–40 mm) or high-Mg2+

(10–40 mm) extracellular solutions were prepared by
replacing NMDG-aspartate with CaCl2 or MgCl2. Pipette
solutions containing 0.5–5 µm Ca2+ were made with
mixtures of Ca2+ and BAPTA (Sakai et al. 1999). The
osmolarity of all solutions was 280–290 mosmol l−1. The
reference electrode was a Ag–AgCl wire connected to
the bath solution through a Ringer–agar bridge. The
pipette resistances were 5–15 M�. The cell capacitance
was 151 ± 7 pF (n = 165). Current signals were recorded
with an amplifier (Axopatch 200A; Axon Instruments,
Union City, CA, USA), digitized at 4 kHz with an
analog-to-digital converter (Digidata 1200, Axon
Instruments) and analysed using pCLAMP software
(Axon Instruments). Voltage steps or voltage ramps
(200 mV s−1) were applied at a holding potential of
−80 mV every 10–20 s.

Cells were exposed to inhibitors, acids or high Ca2+

by perfusing 10 ml of the bath solutions containing these
substances at about 0.1 ml s−1 (volume of the recording
chamber, 2 ml).

Data analyses

All experiments were conducted at room temperature
(22–25◦C). Data are expressed as means ± s.e.m. Leak
currents were not subtracted in each recording, since
the V-ATPase current was small and showed linear I–V
relationships. To exclude leak and unidentified currents,
we analysed the blocker-sensitive difference currents. The
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statistical significances (P < 0.05) were evaluated using
Student’s t unpaired test.

Materials

Mes and BAPTA were purchased from Dojindo
Laboratories (Kumamoto, Japan), and bafilomycin A1

from WAKO Chemicals (Osaka, Japan). All other
chemicals were obtained from Sigma (St Louis, MO,
USA) unless otherwise specified. A concentrated stock
solution of Na2ATP was prepared in 1 m Tris-Cl and stored
in a freezer. Bafilomycin A1 and DIDS were dissolved in
DMSO, and N ,N ′-dicyclohexylcarbodiimide (DCCD)
in dichloromethane. The final concentrations were< 0.1%
for DMSO and dichloromethane. These levels of the
solvents did not affect the results.

Results

Proton currents mediated by the plasmalemmal
V-ATPase

To identify the H+ currents transported by the
plasmalemmal V-ATPase, whole-cell clamp recordings
were made on osteoclast-like cells in solutions without
the major ions, Na+, K+ and Cl−, and to which were
added DIDS (50 µm), an inhibitor of Cl−–anion transport,
and 200 µm Zn2+, a blocker of the H+ channel. The pH
gradient across the membrane (�pH = pHo − pHi) was
set at 1.8 (pHo/pHi = 7.3/5.5), to increase the H+ efflux.
More than 85% of the cells tested (n = 26) developed
outward H+ currents at 0 mV during intracellular dialysis
with the 5 mm ATP-containing solution (Fig. 1A, �). In
contrast, in cells dialysed with the ATP-free solution, the
currents in all of the cells (n = 17) were decreased (Fig. 1A,
�). The shift with 1.25 mm ATP was slight (Fig. 1A, ❡).

The shift of the H+ current measured at the steady
state was increased by ATP in a dose-dependent manner
(Fig. 1B). The current shift was reduced to nearly zero
(Fig. 1B, �) in the presence of 200 nm bafilomycin A1, a
selective blocker of V-ATPases. Therefore, the major part
of the ATP-dependent H+ currents seemed to be mediated
by the V-ATPase in the plasma membrane. Similar
ATP-dependent shift of the H+ current was observed under
more physiological pHi (pHo/pHi = 7.3/6.5; Fig. 1C).
Later experiments were conducted on the currents
recorded in the presence of 5 mm ATP.

Bafilomycin A1 (200 nm) diminished the H+ currents
at different potentials (Fig. 2A, left and middle panels).
The H+ currents at 0 mV were decreased slowly, and the
steady state was reached within 5–15 min (Fig. 2B). The
subsequent addition of another blocker for V-ATPases,
N ,N ′-dicyclohexylcarbodiimide (DCCD; 100 µm),
decreased the current more in half of the cells tested
(n = 14), but this further reduction was only slight

(by ∼5% of the bafilomycin-sensitive current).
Consequently there was no significant difference between
the bafilomycin-sensitive and the DCCD-sensitive
currents, normalized to the cell capacitance, among
different cells (Fig. 2C). Amiloride (0.2 mm)-sensitive
currents were negligible in the present experimental
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Figure 1. ATP-dependent H+ currents in osteoclast-like cells
Whole-cell currents were recorded with a pHo/pHi of 7.3/5.5. A, shift
in the current amplitudes (�H+ current) at 0 mV developed following
the rupture of the patch membrane (time 0). The data were obtained
from 3 different cells intracellularly dialysed with 5 mM ATP (�,
115 pF), 1.25 mM ATP ( ❡, 84 pF) or ATP-free solution (�, 137 pF). The
curves are single exponential fits for the data (time constant, τ = 240,
129 and 96 s). B, the dose–response relationship of �H+ current
densities for ATP at a pHo/pHi of 7.3/5.5. Data (means ± S.E.M.) were
obtained from the steady-state current amplitudes (0 mV) normalized
to the cell capacitances, after intracellular dialysis for 10–20 min with
different concentrations of ATP (�): −0.070 ± 0.007 pA pF−1 (n = 17)
for no ATP; 0.014 ± 0.045 pA pF−1 (n = 9) for 1.25 mM;
0.039 ± 0.032 pA pF−1 (n = 8) for 2.5 mM; 0.094 ± 0.021 pA pF−1

(n = 36) for 5 mM; and 0.164 ± 0.043 pA pF−1 (n = 9) for 10 mM ATP.
The open square represents the data obtained from cells pretreated
with 200 nM bafilomycin A1 (Bafilo; 0.006 ± 0.010 pA pF−1, n = 6;
∗P < 0.05 compared with the data for 5 mM in the absence of
bafilomycin). C, the dose–response relationship of ATP-dependent
�H+ current densities at a pHo/pHi of 7.3/6.5: −0.026 ±
0.010 pA pF−1 (n = 7) for no ATP; 0.027 ± 0.025 pA pF−1 (n = 19)
for 1.25 mM; and 0.071 ± 0.043 pA pF−1 (n = 10) for 5 mM.
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conditions (data not shown). Bafilomycin A1 inhibited
the H+ current in a dose-dependent manner (Fig. 2D).
A transient increase in the current often appeared
immediately after the onset of perfusion (Fig. 2B).
The mechanism has yet to be identified, but was
unlikely to result from actions of bafilomycin A1

because it did not depend on the dose and was
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Figure 2. V-ATPase currents in osteoclast-like cells
A, whole-cell currents in a cell before (left panel) and 10 min after
application of 200 nM bafilomycin A1 (middle panel) and with addition
of DCCD (100 µM; right panel). Leak currents were not subtracted.
Capacitive currents at the onset and the end of the depolarization
pulses are truncated. B, a representative time course for changes in
the H+ currents at 0 mV during subsequent application of
bafilomycin A1 (200 nM) and DCCD (100 µM). The abscissa represents
the time after rupture of the patch membrane. Bafilomycin A1 was
added after the currents reached a steady state. A and B were
obtained from different cells. C, bafilomycin A1 (200 nM, n = 25) and
DCCD (100 µM, n = 11)-sensitive currents. The data are the current
densities at 0 mV obtained from different cells: 0.104 ± 0.012
(n = 25) and 0.104 ± 0.024 pA pF−1 (n = 11), respectively.
D, dose–response relationship of inhibition of V-ATPase currents by
bafilomycin A1 (6.25–200 nM). The inhibition at different
concentrations was normalized to the value at 200 nM in each cell and
averaged (n = 2–5). In A–D, the pipette contained 5 mM ATP; pHo/pHi
was 7.3/5.5. Data in C and D are means ± S.E.M.

seen with perfusion of other solutions (Figs 3A, 4A
and 5A). Inhibition of the H+ efflux by 200 nm
bafilomycin A1 or 100 µm DCCD was accompanied
by a depolarization of 10–60 mV, implying that the
activity of the plasmalemmal V-ATPase contributes to
the regulation of the membrane potential. We hereafter
investigated the features of V-ATPase-mediated H+

currents from the bafilomycin (200 nm)-sensitive or
DCCD (100 µm)-sensitive components.

pH dependence and voltage dependence
of the V-ATPase activity

At a membrane potential of 0 mV, the H+ current
was diminished by decreasing pHo from 7.3 to 6.7
and then to 5.5 (Fig. 3A). The pHi was kept constant
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Figure 3. The pH dependence of the V-ATPase currents
A, time courses for changes in the H+ currents at 0 mV after rupture
of the patch membrane and subsequent application of acidic solutions
(pHo = 7.3, 6.7 and 5.5) and bafilomycin A1 (200 nM). pHi was 5.5.
B, the V-ATPase current densities at 0 mV at different combinations of
pHo and pHi: 0.104 ± 0.012 pA pF−1 (n = 25) for 7.3/5.5;
0.050 ± 0.008 pA pF−1 (n = 8) for 5.5/5.5; 0.047 ± 0.019 pA pF−1

(n = 7) for 7.3/7.3; and 0.027 ± 0.015 pA pF−1 (n = 8) for 5.5/7.3.
Data are compared to those at a pHo/pHi of 7.3/5.5 (left column):
∗P < 0.05; ∗∗P < 0.005; N.S., not significant. C, current–voltage (I–V )
relationships for the V-ATPase current at three values of �pH: 1.8
(�, n = 6), 0 (� for 7.3/7.3, n = 4; � for 5.5/5.5, n = 4) and −1.8 (�,
n = 5). The pipette contained 5 mM ATP.
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at 5.5 throughout the experiment. Addition of 200 nm
bafilomycin A1 decreased the current further, implying
that the V-ATPase current was still present even in the
very acidic environment. In measurements of the current
density at 0 mV with different values of �pH and with
variable combinations of pHo and pHi values (Fig. 3B), the
current amplitudes varied greatly among cells, but were
reduced by decreasing �pH. There were no significant
differences in the values with symmetric values of pH
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Figure 4. Effects of extracellular Ca2+ on the V-ATPase current
A, time courses of the changes in the H+ currents at 0 mV in the
presence of 10–40 mM Ca2+ and subsequent application of 200 nM

bafilomycin A1 (upper panel) and the recovery following washing of
40 mM Ca2+ (lower panel). The abscissa shows the time after rupture
of the patch membrane. B, Ca2+-sensitive currents. The current
densities (at 0 mV) were 0.025 ± 0.006 pA pF−1 (n = 7) for 10 mM

Ca2+ and 0.058 ± 0.017 pA pF−1 (n = 8) for 40 mM Ca2+. In cells
treated with 200 nM bafilomycin A1 (+ Bafilo), Ca2+-sensitive currents
were reduced significantly, to 0.009 ± 0.012 pA pF−1 (n = 5)
∗P < 0.05. C, bafilomycin A1 (200 nM)-sensitive currents in the
presence of different concentrations of extracellular Ca2+:
0.104 ± 0.012 pA pF−1 (n = 25) for 1 mM; 0.068 ± 0.011 pA pF−1

(n = 4) for 5 mM; 0.055 ± 0.019 pA pF−1 (n = 5) for 10 mM; and
0.036 ± 0.008 pA pF−1 (n = 8) for 40 mM Ca2+. pHo/pHi was 7.3/5.5.
The pipette contained 5 mM ATP. ∗∗P < 0.01 compared with the data
at 1 mM Ca2+.

(�pH, 0) with pHo/pHi ratios of 5.5/5.5 and 7.3/7.3.
Although the difference between pHo/pHi ratios of 7.3/7.3
and 5.5/7.3 was not significant, lowering pHo from 7.3 to
5.5 always decreased the current in single cells with a pHi of
7.3 (n = 3). Therefore, extracellular acidification is likely
to decrease the H+ efflux over a wide range of values of pHi

(5.5–7.3). It should be noted that the outward H+ currents
remained even when the �pH was reversed (�pH, −1.8;
pHo/pHi = 5.5/7.3). Thus, the V-ATPase could carry out
uphill H+ transport against this large negative �pH.

The current–voltage (I–V ) relationship shows the
voltage dependence of the V-ATPase activity (Fig. 3C). The
currents were increased by depolarization and decreased
by hyperpolarization. With a �pH of 1.8, there were
sizable outward currents even at −100 mV, near to the
equilibrium potential for H+ (EH; −104 mV; � in Fig. 3C).
When �pH was decreased to 0 (� and in Fig. 3C) or to
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Figure 5. Effects of extracellular Mg2+ on the V-ATPase current
A, a time course of the changes in the H+ currents at 0 mV in the
presence of 10–40 mM Mg2+ and subsequent application of 200 nM

bafilomycin A1. The abscissa shows the time after rupture of the patch
membrane. B, Mg2+-sensitive currents. The current densities (at 0 mV)
were 0.038 ± 0.015 pA pF−1 (n = 7) for 10 mM Mg2+ and
0.070 ± 0.018 pA pF−1 (n = 5) for 40 mM Mg2+. Pretreatment with
200 nM bafilomycin A1 (+ Bafilo) significantly decreased the 40 mM

Mg2+-sensitive currents, to 0.014 ± 0.017 pA pF−1 (n = 5).
C, bafilomycin A1 (200 nM)-sensitive currents in the presence of
different concentrations of extracellular Mg2+ (�) and Ca2+ (�). The
data are normalized to the values at 1 mM and averaged: for Mg2+,
0.61 ± 0.11 (n = 10) at 10 mM and 0.39 ± 0.08 (n = 8) at 40 mM; for
Ca2+, 0.65 ± 0.10 (n = 4) at 5 mM, 0.53 ± 0.18 (n = 5) at 10 mM and
0.35 ± 0.08 at 40 mM. pHo/pHi was 7.3/5.5. The pipette contained
5 mM ATP. ∗P < 0.05. ∗∗P < 0.05. In C, ∗ and ∗∗ denote P values for
10–40 mM Mg2+ compared to the control (1 mM Mg2+).
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−1.8 (� in Fig. 3C), the currents were greatly reduced
over the entire voltage range, but the voltage dependence
was conserved. The currents with �pH = 0 were still
outward at about −80 mV, which was greatly negative to
EH (0 mV). When the �pH was reversed, that is, when
the extracellular space was more acidic than the cytosol
(�pH, −1.8), depolarization to approximately −40 mV
was required to extrude H+ against this large pH gradient;
the currents were negligible below −40 mV in five of seven
cells tested. Proton secretion mediated by the V-ATPase
was thus dependent on both pH and voltage. Extracellular
acidification and hyperpolarization seem to diminish the
pump currents. Therefore, depolarization might play a
crucial role in maintaining efficient H+ efflux when the
cells are exposed to strong acids (pHo � pHi).

Extracellular Ca2+ inhibits V-ATPase currents

Calcium is an important signalling ion which regulates
a variety of cellular functions. Intriguingly, increases in
the extracellular Ca2+ concentration from 1 to 10–40 mm
decreased the H+ currents (Fig. 4A, upper panel). When
cells were exposed to 40 mm Ca2+ for 10–15 min, the
current recovered to 79 ± 15% (n = 7) of the control
level within 30 min after the washout (Fig. 4A, lower
panel). Recovery was less (29 ± 14%, n = 7) after longer
(> 25 min) exposure to 40 mm Ca2+.

The current (at 0 mV) inhibited by 10 and 40 mm
Ca2+ is summarized in Fig. 4B (pHo/pHi = 7.3/5.5). The
Ca2+-sensitive components were significantly smaller in
the cells pretreated with 200 nm bafilomycin A1 (right
column in Fig. 4B), indicating that Ca2+ is likely to inhibit
the V-ATPase current. The Ca2+-induced inhibition was
also observed under more physiological values of pHi

(0.049 ± 0.020 pA pF−1 for pHo/pHi = 7.3/6.5, n = 4).
The inhibition of the H+ current by 40 mm Ca2+
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Figure 6. Effects of extracellular and intracellular
Ca2+ on the I–V relationship of the V-ATPase
current
The pipette contained 5 mM ATP. pHo/pHi was 7.3/5.5.
A, I–V curves for relative bafilomycin A1

(200 nM)-sensitive currents recorded with various
combinations of extracellular and intracellular Ca2+
concentrations, respectively, in 6 cells: 1 mM and
< 0.05 µM (�); 40 mM and < 0.05 µM (�); and 1 mM

and 0.5–5 µM (�). Data in each cell were normalized to
the values at 0 mV and averaged. B, the bafilomycin-
sensitive current densities at 0 mV with different
intracellular Ca2+ levels: 0.104 ± 0.012 pA pF−1

(n = 25) for < 0.05 µM; 0.091 ± 0.031 pA pF−1 (n = 6)
for 0.5 µM; and 0.126 ± 0.011 pA pF−1 (n = 4) for
5 µM Ca2+. The extracellular Ca2+ was 1 mM. Data are
means ± S.E.M.

depolarized the cells by 20 ± 4 mV (n = 7). We examined
the V-ATPase activity in the presence of high Ca2+

(5–40 mm). Although the amount of inhibition varied
widely among cells, the bafilomycin A1-sensitive current
was decreased by elevating the extracellular Ca2+ in a
dose-dependent manner (Fig. 4C). Forty millimolar Ca2+

reduced the current amplitude to < 40% of the control
value at 0 mV.

The inhibitory action of Ca2+ was mimicked by Mg2+.
A rise in extracellular Mg2+ from 1 to 10–40 mm decreased
the H+ currents (Fig. 5A and B). Pretreatment with 200 nm
bafilomycin A1 significantly reduced the Mg2+-sensitve
currents (Fig. 5B, right column). Relative amplitude of the
bafilomycin A1-sensitive current was plotted against the
concentration of extracellular Mg2+ (Fig. 5C, �). Calcium
(Fig. 5C, �) seemed to be slightly more potent than Mg2+,
but the difference was not significant.

In the presence of 40 mm Ca2+, the voltage dependence
of the bafilomycin-sensitive currents with a�pH of 1.8 was
intensified (� in Fig. 6A) compared to the control (1 mm
Ca2+; � in Fig. 6A). At −80 mV, the current amplitude was
< 15% of that at 0 mV. Therefore, H+ secretion through
the V-ATPase was greatly suppressed by hyperpolarization,
probably to less than 10% of the control values, when the
cell was exposed to high Ca2+.

By contrast, an increase in intracellular Ca2+ (0.5–5 µm)
did not seem to perturb the V-ATPase current very much.
The current (at 0 mV) was unchanged over the wide range
of intracellular Ca2+ levels (Fig. 6B), although the slope
of the I–V curve was a little less steep than the control
(Fig. 6A, �).

Discussion

The V-ATPase is an electrogenic H+ pump which
combines enzymatic and electrogenic actions. The present
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study revealed, for the first time, fundamental electro-
physiological properties of the plasmalemmal V-ATPase
in mammalian cells, and how its functioning is affected
by the ambient pH, the membrane potential and Ca2+

concentrations. These are crucial signals for regulating
cellular functions.

The V-ATPase currents at the plasma membrane

It is not easy to separate the tiny H+ currents mediated
by the plasmalemmal V-ATPase from the much larger
currents through ion channels located in the plasma
membrane. The osteoclast-like cells used in this study
express sufficient plasmalemmal V-ATPase current to
be analysed. Omission of major ions (Na+, K+ and
Cl−) and addition of DIDS eliminated most of the
currents through other ion channels. In addition, Zn2+

inhibited the H+ channels significantly over the voltage
range examined. Under these experimental conditions,
we could identify the plasmalemmal V-ATPase current
consistently. The V-ATPase current was characterized
by several specific features, such as ATP dependence,
sensitivity to bafilomycin A1 (Crider et al. 1994; Zhang
et al. 1994; Bowman & Bowman, 2002) and DCCD
(Arai et al. 1987; Sze et al. 1992; Mattsson &
Keeling, 1996), insensitivity to amiloride, outward uphill
transport against large negative electrochemical gradients
and a contribution to hyperpolarization. The enzyme
activity was detected over a wide range of pHi

values (5.5–7.3). Here we analysed the blocker-sensitive
difference current, to exclude contamination with other
currents, if any.

The current density was ∼0.1 pA pF−1 at 0 mV with
5 mm ATP at a �pH of 1.8. Remember that this represents
the average value over the whole cell surface. V-ATPases
are recruited by exocytotic fusion of vesicles bearing the
enzyme (Nanda et al. 1996; Nelson & Harvey, 1999), often
to specific regions of the plasma membrane while the cells
fulfil their specialized functions. In osteoclasts carrying
out bone resorption, the V-ATPase is exceptionally rich at
the ruffled membrane (Arai et al. 1987; Laitala-Leinonen
et al. 1996). Therefore, the efficacy of H+ secretion may
be significantly higher in the hot spot. It should also be
noted that the current amplitude is likely to be increased
at physiological temperatures (∼37◦C), probably by more
than twofold (Kuno, M, preliminary observation).

Effects of the electrochemical gradient of H+ on the
V-ATPase current

The availability of energy is, of course, an essential
requirement for pump action. The intracellular ATP level
would affect the V-ATPase activity. The cytosolic ATP
concentration may vary from cell to cell and may change

in single cells under different conditions. In the presence
of 5 mm ATP, the V-ATPase could secrete H+ at potentials
greatly negative to EH. Current reversal (H+ influx) was not
apparent over the wide rage of voltages (−100 to +40 mV)
and �pH (−1.8 to 1.8) studied.

The V-ATPase can transport H+ uphill, but the electro-
chemical gradient across the plasma membrane could
modulate the H+ efflux. Depolarization facilitates the
secretion of H+ and, in contrast, hyperpolarization
suppresses it. This voltage dependence was conserved over
a wide range of �pH values. Also, the H+ efflux was
potentiated by increasing �pH and reduced by lowering
�pH. The acute effects of pHo and pHi were almost
reciprocal. That is, there was no apparent difference in
the effects of intracellular alkalinization and extracellular
acidification, and vice versa. Extracellular acidification
decreased the H+ secretion at pHi values of both 5.5
and 7.3. Massive H+ secretion would in turn lead
to decreases in �pH and hyperpolarization. In cells
expressing plasmalemmal V-ATPases, the �pH and the
membrane potential could be common self-regulatory
signals to ensure the homeostasis of the pH around cells
having this powerful H+-secreting pathway.

If sufficient ATP is available, acids could be secreted
even at the resting potential at physiological values of pHi

(∼7.3). However, a certain depolarization may be required
to maintain H+ secretion when the extracellular space is
highly acidic.

Inhibitory effects of extracellular divalent cations on
the activity of V-ATPase

The present data show that a rise in extracelluar Ca2+

inhibited the V-ATPase current. Extracellular Mg2+

mimicked the inhibition. The mechanisms underlying the
inhibition of the V-ATPase activity by divalent cations
remain unresolved. The effect of surface potential on
the H+ transfer across the membrane is not sufficient
to explain the phenomenon, since 40 mm Ca2+ or Mg2+

further reduced H+ current compared with 10 mm of
each. In addition, although the inhibition was reversible,
prolonged exposure to high Ca2+ seemed to impair or delay
the recovery. At this moment, there is little information
available for interaction between divalent cations and the
V-ATPase molecule per se. Otherwise, the inhibition of
the V-ATPase activity might be secondary to a variety of
cell responses triggered by high concentrations of divalent
cations.

Whether this extracellular divalent cation-induced
inhibition is common among many cell types or specific
to osteoclasts remains to be resolved. An increase in the
extracellular Ca2+ is known to inhibit bone resorption
by direct action on osteoclasts. It is widely recognized
that osteoclasts and their precursors possess Ca2+-sensing
mechanisms and that polyvalent cations serve as the
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agonists (Brown & Brown, 2001). For example, both Ca2+

and Mg2+, at 10–15 mm, inhibit bone resorption and
enzyme release (Zaidi et al. 1991). The Ca2+-sensitive
response in osteoclasts is accompanied by a rise in the intra-
cellular Ca2+ to ≥ 200–300 nm by a release of Ca2+ from
the internal stores and/or Ca2+ influx through the plasma
membrane (Malgaroli et al. 1989; Miyauchi et al. 1990;
Zaidi et al. 1993; Grano et al. 1994; Bennett et al. 2001).
Magnesium, however, does not mobilize intracellular Ca2+

stores (Malgaroli et al. 1989). Our present data showed
that levels of intracellular Ca2+ up to 5 µm did not inhibit
the V-ATPase, implying that the divalent cation-induced
inhibition is not mediated by an increase in cytosolic free
Ca2+.

A rise in external Ca2+ or polyvalent cations is
also known to affect transmembrane ion transport in
osteoclasts, such as activation of Cl− channels (Fujita et al.
1996; Shibata et al. 1997; Sakai et al. 1999; Sakuta et al.
2002) and inhibition of K+ channels (Arkett et al. 1994;
Hammerland et al. 1994; Yamashita et al. 1994; Shibata
et al. 1997). The Ca2+- or Mg2+-induced inhibition of
the V-ATPase was shown in the absence of K+ and Cl−,
implying that disturbances of these ion channels are not
essential for this inhibition.

Osteoclasts may produce a remarkable reorganization
of the cytoskeleton in high Ca2+; the responses include
retraction of lammelipodia, decrease in podosomes and
de-adhesion (Miyauchi et al. 1990). Some subunits of the
membrane sector of the V-ATPase are known to bind to
actin microfilaments (Breton et al. 2000; Holliday et al.
2000; Vitavska et al. 2003). Perturbations of the interaction
between the V-ATPase and the cytoskeleton may lead to a
decrease in the activity of the plasmalemmal V-ATPase.
Further studies are needed to elucidate the inhibitory
mechanisms.

Roles of extracellular Ca2+ and acid in osteoclasts

The concentration of either Ca2+ or Mg2+ in tissue is
generally maintained within a narrow range. Therefore,
the high levels of divalent cations in these experiments
(10–40 mm) may be unusual except for specialized cells
like osteoclasts. In osteoclasts, the accumulation of Ca2+

in the closed extracellular compartment (resorption pit)
is an additional outcome of their own V-ATPase activity.
The Ca2+ concentration during the resorption process may
rise up to 40 mm (Silver et al. 1988). It was noted that the
voltage dependence of the H+ currents was potentiated by
Ca2+; the inhibitory effect was more marked when cells
were hyperpolarized. Consequently, elevating Ca2+ from
1 to 40 mm reduced the H+ efflux at 0 mV to < 40% and
at −80 mV to < 10%. Thus, both extracellular H+ and
Ca2+ may work as negative feedback signals to control the
bone-resorbing function of osteoclasts.

The V-ATPases at both the plasma membrane and the
intracellular vesicles may share basic H+-translocating
properties and at least part of the regulatory mechanisms.
The present study suggests that whole-cell clamp
recordings of the plasmalemmal V-ATPase in
osteoclast-like cells can be a promising strategy to
resolve actions of the V-ATPases under variable cell
conditions.
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