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Abstract
Acidification of the resorption pits, which is essential for dissolving bone, is produced by secretion of
protons through vacuolar H'-ATPases in the plasma membrane of bone-resorbing cells, osteoclasts.
Consequently osteoclasts face highly acidic extracellular environments, where the pH gradient across the
plasma membrane could generate a force driving protons into the cells. Proton influx mechanisms during
the acid exposure are largely unknown, however. In this study, we investigated extracellular
acid-inducible proton influx currents in osteoclast-like cells derived from a macrophage cell line
(RAW264). Decreasing extracellular pH to < 5.5 induced non-ohmic inward currents. The reversal
potentials depended on the pH gradients across the membrane, and were independent of concentrations of
Na', CI and HCOy', suggesting that they were carried largely by protons. The acid-inducible proton
influx currents were not inhibited by amiloride, a widely-used blocker for cation channels/transporters, or
by DIDS which blocks anion channels/transporters. Additionally, the currents were not significantly
affected by V-ATPase inhibitors, bafilomycin A; and N,N’-dicyclohexylcarbodiimide. Extracellular
Ca®" (10 mM) did not affect the currents, but 1 mM ZnCl, decreased the currents partially. The
intracellular pH in the vicinity of the plasma membrane was dropped by the acid-inducible H™ influx
currents, which caused overshoot of the voltage-gated H' channels after removal of acids. The H' influx
currents were smaller in undifferentiated, mononuclear RAW cells and were negligible in COS7 cells.
These data suggest that the acid-inducible H'-influx (H-leak) pathway may be an additional mechanism

modifying the pH environments of osteoclasts upon exposure to strong acids.
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Introduction

Osteoclasts dissolve bone tissue by acids and proteolytic enzymes which are secreted across the
plasma membrane facing bone tissue (the ruffled membrane) into the resorption pit. As the ruffled
membranes are rich in vacuolar-type H'-ATPases (V-ATPase), osteoclasts could transfer protons uphill
against the electrochemical gradient by using energy produced by ATP hydrolysis. The resorption pit is
reported to be acidified to 6.8 — 4.7 [23], and acidification is required to activate lysosomal enzymes (the
optimum pH = 3 ~ 5) and to degrade hydroxyapatite. Consequently, the ruffled membranes are exposed to
extremely acidic extracellular environments. Under these conditions, the proton secretion through
V-ATPases must decrease [18], and excess extracellular protons may enter the cells passively because of
the large transmembrane concentration gradient for protons. However, the proton influx (proton-leak)
mechanisms are largely unknown.

Some hints as to the mechanisms underlying the proton fluxes in response to the large pH gradients
arise from the findings in intracellular acidic vesicles, such as phagosomes or lysosomes, the lumens of
which are highly acidic (pH <5.5). In the steady state this is achieved by balancing the rates of proton
pumping in by V-ATPases and passive proton leak [4, 24, 26]. Counter-ion conductances also contribute
to the compensation of intravesicular charges generated by proton uptake. As the ruffled membranes are
formed by exocytic fusion of lysosomes/endosomes [25], the two membranes may share common proton
flux mechanisms, at least in part. It is known that the ruffled membranes possess V-ATPases and counter
ion (CI') conductances. However, passive proton leak mechanisms activated by acidification as strong as
that of acidic vesicles have not been reported. If present, the “proton-leak” may be an additional
mechanism which could modify the pH environments of osteoclasts.

This study investigated the extracellular acid-inducible H' influx pathways in plasma membranes
exposed to highly acidic environments in osteoclast-like cells derived from RAW264 cells. We found that

H" influx currents were activated by an extracellular pH (pH,) lower than 5.5. The ambient pH might be



regulated by balancing transmembrane proton fluxes in opposite directions, the pumping out of H" and
the proton influx. The present study provided evidence that the acid-inducible H" influx pathway was
present in the plasma membrane of osteoclasts, suggesting that it may work as a passive H'-leak

mechanism when the extracellular space is highly acidified.



Materials and methods

Cells. Osteoclasts were generated from a mouse macrophage cell line (RAW?264 cells) (Riken Cell
Bank, Tsukuba, Japan) in the presence of a soluble form of receptor activator of nuclear factor kB ligand
(sRANKL) (Peprotec EC Ltd; R & D), as described before [18-20]. RAW264 cells were maintained in the
Dulbecco’s modified MEM containing 100 U ml™ penicillin, 0.1 mg ml" streptomycin, and 10% FCS at
37°C in a 95% air-5% CO, atmosphere. Treatment with 10-50 ng ml”" of sSRANKL in a.-MEM with
5-10% FCS induced differentiation of RAW264 cells into multinucleated cells. One half of the medium
was changed every two or three days. Osteoclast-like cells, identified by phase-contrast microscopy and
TRAP (tartate-resistant acid phosphate) activity, appeared within 4 days and were maintained for 5-16
days. Recordings were made from cells containing > 3 nuclei. The electrophysiological properties of the
plasma membrane V-ATPases and voltage-gated H' channels in the RAW-derived osteoclasts share
features with those in murine osteoclasts developed in primary culture [14-15, 18-20]. Some recordings
were made in undifferentiated, mononuclear RAW cells, which were maintained in Dulbecco’s modified
MEM in the absence of sSRANKL.

COS7 cells were maintained in Dulbecco’s modified MEM and were used to compare the results
with osteoclasts. COS7 cells lack native voltage-gated H' channels. To measure extracellular
acid-induced changes in intracellular pH, as in osteoclasts, COS7 cells were transfected with a bicistronic
vectors carrying cDNAs for a murine H' channel (Hv1/mVSOP) and green fluorescent protein (GFP)
(kindly given by Y. Okamura) by lipofectamine LTX (Invitrogen). Transformed cells (COS/Hv cells) were
identified by the expression of GFP. Electrical recordings were made from GFP-positive cells 36 - 72 hrs
after the transfection. H™ channel currents were recorded in all these GFP-positive cells.

Electrophysiological recordings. Whole cell recordings were made as described elsewhere [14,
18-20]. Current and voltage signals were recorded with an amplifier (Axopatch 200A, Axon Instruments,

Foster City, CA, USA), digitized at 4 kHz with an analog-digital converter (Digidata 1200, Axon



Instruments) and analyzed using pPCLAMP software (Axon Instruments). The reference electrode was a
Ag-AgCl wire connected to the bath solution through a saline-agar bridge. The pipette resistances were
5-15 MQ.

For separating H' currents, the major cations and anions (K", Na" and CI) in pipette and bath
solutions were replaced by NMDG and aspartate, unless stated otherwise. The pipette solutions contained
(in mM): 1) 120 MES, 65 NMDG-aspartate, 5 MgCl,, 1 BAPTA (pH 5.5), 2) 100 HEPES, 90
NMDG-aspartate, 5 MgCl,, | BAPTA (pH 6.5), and 3) 100 HEPES, 75 NMDG-aspartate, 5 MgCl,, and 1
EGTA (pH 7.0 - 7.3). Na,ATP (5 mM) was added into the pipette solutions immediately before use. The
extracellular solutions contained (in mM): 1) 100 HEPES, 75-90 NMDG-aspartate, 1 CaCl,, 1 MgCl, (pH
7.3 -6.5),2) 100 MES, 75-90 NMDG-aspartate, 1 CaCl,, 1 MgCl, (pH 6.0 — 5.0), and 3) 100 MES, 80-90
NMDG, 90-95 aspartate, 1 CaCl,, 1 MgCl,, 10 Cs-methanesulfonate (pH 4.8 — 4.0). The pH’s were
adjusted by CsOH: final concentrations of Cs” were > 10 mM. Unless stated otherwise, bath solutions
contained 10 mM glucose and 50-100 uM of 4,4'-diisothiocyanato-2,2'-stilbenesulfonate (DIDS), a
blocker for Cl/anion transport: the Cl” channels expressed in osteoclasts were inhibited by DIDS [7,
21-22]. Bovine serum albumin (BSA) (0.1%) was applied in early experiments, but was removed in later
experiments. The results were not affected by the presence of BSA. Most of the currents recorded under
these conditions are carried by protons [14, 18-20]. In some experiments, NMDG-aspartate was replaced
by tetramethylammonium (TMA)-methanesulfonate, Na-aspartate (50 mM) or NaHCO; (10 mM). In the
presence of Na®, 50-100 uM amiloride was added to block Na'-H" exchangers when the pH of pipette
solution was low (pH,, 5.5). The extracellular and intracellular C1" concentrations were 4 and 10 mM
unless stated otherwise. To change the C1” concentrations, NMDG-aspartate was replaced by NMDG-CI.
The CI'-free pipette solutions were prepared by replacing MgCl, by MgSO,. The liquid junction
potentials were examined at the start and the end of the all recordings: the changes in the liquid junction

potentials during recordings lasting 45 — 70 min were 8 = 3 mV (n = 15) with the nominally CI'-free



pipette solutions, not significantly different from those with the solutions containing 10 mM CI" (4 £ 5 mV,
n = 12), with the same reference electrode. The osmolarities of all solutions were 280 — 295 mosmol.

Voltage-steps or voltage-ramps (from -100 to 100 mV or from -100 to 150 mV: 200-250 mV s™)
were applied at holding potentials of 0 to -80 mV every 10-20 seconds. Capacitive currents upon voltage
changes were monitored by applying voltage steps (0 mV for 200 ms) preceding each voltage ramp and
the offset currents during voltage ramps (C,, x dV/dt) were corrected. The whole-cell capacitance (C,,)
was 165 = 6 pF (n=239). The capacitive currents generally terminated within 50 ms, which corresponded
to the range between -100 and -90 mV of voltage ramps. Current amplitudes were measured after the
termination of the capacitive currents. The slopes of the I-V relations for 0-50 mV and -90 - -50 mV
(Slopey.5o and Slope.gg - .59) wWere obtained from linear fits: the latter voltage range was adjusted to exclude
contamination of capacitive currents in cases where they lasted for >50 ms. The background leak currents
were not subtracted, as they were not identified in each trace. To exclude background currents, we
analyzed acid-inducible currents as the differences between before and after activation. The presence of
the acid-inducible currents was detected sensitively by the changes in the slopes or the slope ratios
(Slope_gg - .so/Slopeg.so) (Fig. 1c). The slope ratio was also useful in monitoring the appearance of the late
currents with linear [-V relationships. Cells were exposed to acidic solutions by perfusing the recording
chamber (volume, ~0.8 ml) at a rate of about 1 ml min™. The bath solutions were replaced almost
completely within ~ 1 min. All experiments were conducted at room temperature (22-26°C).

The nominal transmembrane pH gradients were obtained as the differences between the pH’s of
the extracellular solutions (pH,) and the pipette solutions (pH,,). Changes in the intracellular pH (pH;)
during exposure to acid were estimated from the reversal potentials (V,e,.11y) of the voltage-gated H"
channels present in the plasma membranes. The V ...;;,’s were obtained by two methods, one from the tail
current method and the other from current measurements at two different voltages [5, 10]. In the former,

tail currents were recorded at different voltages following 1-2 s long prepotentials (40 - 120 mV). Leak



currents at each voltage, estimated with short (20 ms) depolarization pulses which could not activate H"
channels, were subtracted. The V ,.14,’s were estimated as the zero-current potentials for the I-V
relationships of the corrected tail currents. In the latter method, the V.,.y,’s were estimated from the
current amplitudes at two different potentials: H™ currents measured at the end of depolarization pulses
(80 - 140 mV for 0.5 — 4 s) and the tail currents at repolarization (-80 - 0 mV) were used. The voltages
and the durations were adjusted to the pH gradients across the membrane in each experimental condition.

Dissolution of hydroxyapatite. Hydroxyapatite particles (apamicron) were suspended in Ringer
solution (0.1 -0.5 mg ml™"). Absorbance of the suspensions, which were stirred continuously, was
measured at 550 nm with the spectrophotometer in triplicate for each preparation (UV3100RL, Shimadzu,
Kyoto, Japan).

Statistics. Data were expressed as means + s.e.m. The statistical significances (p < 0.05) were
evaluated using the unpaired Student’s z-test.

Substances. MES and BAPTA were purchased from Dojindo Laboratories (Kumamoto, Japan)
and bafilomycin A; from Apollo Scientific (Cheshire, UK). Hydroxyapatite (apamicron) was kindly given
by Sekisui Chemical Co. Ltd (Osaka, Japan). All other chemicals were obtained from Sigma (St. Louis,
MO, USA) unless specified otherwise. A concentrated stock solution of Na,ATP was prepared in 1 M
Tris-Cl. DIDS, and bafilomycin A; were dissolved in DMSO, N,N’-dicyclohexylcarbodiimide (DCCD) in
dichloromethane, and amiloride in distilled water. The final concentrations of DMSO and

dichloromethane were < 0.1%, which did not affect the results.



Results
Extracellular acid-induced changes in proton currents in osteoclasts

First, we examined changes of the H" currents following extracellular acidification. When Na*, K"
and CI" were replaced by NMDG " and aspartate’, major contributors to the plasma membrane proton
currents in osteoclasts are the V-ATPases [18, 20] and the voltage-gated H' channels [14-15, 19]. Both H'
currents are generally outward, and are identified by their distinct electrophysiological and
pharmacological properties. The current-voltage (I-V) relationships obtained by voltage ramps applied at
a holding potential (-80 mV) were a mixture of these H' currents. With an acidic pipette solution (pH,
5.5), the outward H' currents were prominent at pH, 7.3 (Fig. 1a) [14, 18]: the linear currents at <50 mV
were mediated mostly by V-ATPases and, the outwardly rectifying currents at large depolarization, mostly
by the H' channels. These outward H™ currents were decreased by acidifying the extracellular medium
and vanished at pH, ~5. Further acidification (pH, 4) increased inward currents. With more alkaline
pipette solutions (pH, 7.3), the outward H' currents, particularly the H' channel currents, were small at
pH, 7.3 (Fig. 1b). Lowering pH, to 5.5 decreased these outward currents, and exposure to pH, 4.5
increased the inward currents.

The time courses of the changes in the current amplitudes at different voltages (-80, 0 and +80 mV)
showed that, following the reductions in the outward currents at pH, 5.5, the inward currents appeared
after exposure to pH, 4.5 (Fig 1c, top). The slopes of the I-V relationships calculated for two voltage
ranges, 0-50 mV (middle, closed squares; Sy.50) and -90 - -50 mV (open squares; S_o. .5o) were slightly
decreased during exposure to pH, 5.5, due to decreases in the outward currents. After exposure to pH, 4.5,
the slopes increased with the appearance of the inward currents. It is noteworthy that the slope ratios (S.g9
-.50/S0.50) also increased sharply with activation of the inward currents (Fig. 1c, bottom), indicating that
the acid-induced currents were inwardly rectified. The acid-induced inward currents were also observed

in the presence of 200 uM DCCD, a non-specific proton pump inhibitor, which blocked the plasma



membrane V-ATPase currents in osteoclasts completely [18] (Fig. 1d): the cell was exposed to pH, 4.4
three times (pH,, 7.0). The acid-induced inward currents were reversible and were activated repeatedly.

Thus strong extracellular acidification activated inward currents over a wide range of pH,, (5.5 - 7.3).
The currents recorded by applying depolarizing voltage-steps at a holding potential of -80 mV showed the
reduction of the outward currents and the appearance of the inward currents by exposure to acid (Fig. 2a
with pH,, 5.5 and Fig. 2b with pH,, 7.3). The inward currents were also recorded by applying
hyperpolarizing voltage-steps at a holding potential of 0 mV (Fig. 2¢ with pH,, 6.5). These acid-induced
inward currents did not display time-dependent kinetics following either depolarization or
hyperpolarization.

The acid-inducible inward currents were seldom observed at pH, > 6.0. At pH, 5.5, the
acid-inducible currents were present in ~20% of cells with pH,, 7.3 (n = 14) but were negligible with pH,
5.5 (n=23). At pH, 4.5, the inward currents were found in 90% (17/19) of cells with pH, 7.3, 94%
(17/18) with pH,, 6.5 and 89% (8/9) with pH,, 5.5. The amplitudes of the inward currents were measured
under different pH,’s at two potentials, -80 and 0 mV: the former fell on the part of the IV relationships
representing the slope range, S.gg. .50, and the latter, on the part of Sy_5o. The mean current-densities at -80
and 0 mV, normalized by the cell capacitance, were increased by decreasing pH,, (Fig. 2d). At both
voltages, the inward currents appeared at pH, lower than ~5.5 over a wide range of pH,’s from 5.5 to 7.3,
suggesting that the pH,, and not the pH gradient, was essential for activating the inward currents. The
inward currents appeared when the pH, was lowered than ~5.5.

In some cells, the inward currents were followed by increases of currents in both inward and
outward directions during prolonged (> 5-10 min) exposure to pH, < 4.5, particularly in recordings with
higher pH,, (>7.0). These late currents had linear I-V relationships and were partially reversible after
washout. In the present study, we focused on the early response, which will be designated hereafter as the

acid-inducible inward current.
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Acid-inducible inward currents were mediated by protons.

The V,.,’s of the acid-inducible influx currents were obtained from the intersections of the I-V
relationships before and after activation of the acid-inducible inward currents (Fig. 3a-b). The activation
was confirmed from the changes in the slopes of the I-V curves. Large depolarizations, however, often
destabilized recordings or activated outwardly-rectifying currents. In these cells, the slopes of the I-V
relationships at greater than 50 mV behave differently from S¢_so and S_g¢ . 5o (data not shown), suggesting
that at large depolarizations the acid-inducible influx currents might be contaminated with the other
current, possibly the acid-sensing, outwardly rectifying Cl” channels [7]. As the inhibition of the CI’
channels by 100 uM DIDS was incomplete at high voltages under pH, 4.5 (by 93 £+ 3% at 100 mV, n =4),
the data with significant contamination of the outwardly rectifying currents were excluded from the
estimation of the V.. The measured V.., values were dependent on both pH,, and pH,, and were close to
the equilibrium potentials for H' (£) calculated from the Nernst equation for each pH,/pH,, (dashed
lines) (Fig. 3c). The V,.,’s were not significantly affected by DCCD, a proton pump inhibitor: 71 £ 5 mV
(n=6) at pH,/pH,, 4.4/5.5 with DCCD and 64 £ 5 mV (n = 4) without DCCD. The equilibrium potentials
for NMDG " and aspartate” were -10 - + 10 mV and those for CI" were 23 mV for all combinations of
pHo/pH,.

Similar acid-inducible inward currents were observed in the presence of Na': the currents were
measured in the presence of 100 uM amiloride, a blocker of the Na"™-H" exchanger which could be
activated at low intracellular pH. When both extracellular and intracellular solutions contained 50 mM
Na', the V,.,’s were measured from the intersections of the I-V relationships before and after activation of
the acid-inducible inward currents (Fig. 3d). The V., was 76 = 6 mV (n= 3) under pH,/pH,, 4.5/5.5, which
is far from Ey, (0 mV), and were not affected significantly by the transmembrane concentration gradients

for Na" (Fig. 3e). The solutions were nominally free of HCO;". An addition of 10 mM HCOj5’ into both
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extracellular and intracellular solutions did not change the V..,’s (Fig. 3e, rightmost). These data
suggested that the acid-inducible inward currents were mediated mainly by H".

To investigate the effects of other ions on the amplitudes of the acid-inducible inward currents, the
current-densities activated by exposures to pH, 4.5 were measured at two potentials, 0 and -80 mV (Fig.
4). The acid-inducible influx currents were not affected by different combinations of extracellular and
intracellular CI” concentrations, and also by the presence of Na' (50 mM) or HCO5™ (10 mM) in both
solutions (pH,, 7.3) (Fig. 4a). Major ions in the solutions, NMDG-aspartate, were weak bases and weak
acids, which might affect the results through their proton-shuttle effects across the membranes. However,
when NMDG-aspartate was replaced by TMA-methanesulfonate (strong base/strong acid), the densities
of the acid (pH, 4.5)-inducible inward currents were not significantly different from those recorded with
NMDG-aspartate (pH,, 6.5) (Fig. 4b).

The acid-inducible H'-influx currents were observed in 4/10 undifferentiated, mononuclear RAW
cells cultured in the absence of sSRANKL, and only in 1/10 wild COS7 cells (pH,/pH,, 4.5/7.3). These
incidences were lower than those of osteoclasts. Consequently, the mean current-densities in RAW cells

and COS7 cells were significantly smaller than osteoclasts (Fig. 4c).

Effects of channel/transporter modulators on the acid-inducible H' influx currents

The effects of several widely-used channel/transporter modulators, which were reported to be
effective under pH, as low as 4.5, on the acid-inducible inward currents were examined (Fig. 5a). Neither
DIDS (50 -100 uM), a non-specific blocker for anion channels/transporters, nor amiloride (100 uM), a
blocker for Na” channels (ENaC and ASIC channels) or Na'-H" exchangers, affected the currents at 0 and
-80 mV. The current-densities of the H' influx activated in the presence of bafilomycin A; (200 nM), a
selective blocker for V-ATPases or DCCD (100-200 pM), a non-specific proton pump inhibitor, were not

significantly different from the controls.
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Next, we examined the effects of divalent cations, calcium and zinc. There were no significant
effects of CaCl, (10 mM) on the current densities (Fig.5a, rightmost). The acid-inducible inward currents
were not affected by 0.2 mM ZnCl,, but the current densities decreased slightly in the presence of 1 mM
ZnCl, (Fig. 5b). When 1 mM ZnCl, was applied after the acid-inducible H" currents appeared, the
currents were decreased (Fig. Sc, upper) without apparent changes in the slope ratio (lower). The
inhibition by 1 mM ZnCl, was 14 + 10% (n = 3) with pH,, 6.5 and 23 + 7% (n = 5) with pH,, 7.3 (Fig. 5d).
The inhibition seemed to be reversible, as removal of 1 mM ZnCl, increased the inward currents in 6

cells: the currents were recovered to 100 & 4% of the amplitudes before additions of ZnCl,.

Intracellular acidification induced by acid-inducible H" influx currents

In the whole-cell configuration, the interior of the cell is buffered with high concentrations of pH
buffers in the pipette solutions. Still, the intracellular pH near the plasma membrane (pH;) could be
altered as a consequence of transmembrane H' fluxes [12, 19]. We estimated the changes in the pH;
during acid-exposures using the V,.,’s of voltage-gated H" channels (V,,.;;y) (see methods) in cells
exhibiting sufficient H" channel currents. The I-V relationships of the tail currents showed a shift of
Vievirv’s to more positive potentials by lowering pH, (Fig. 6a-b). The mean V,,.;, values plotted against
pH, (Fig. 6¢) deviated clearly from the £}, values calculated from the nominal ApH (pH, - pH,) (the
dotted line) at low pH,’s (< 5.5). The pH;’s calculated as pH, + V .11y /58 from the Nernst equation
decreased steeply at < pH, 5.5, for all pH,’s examined (Fig. 6d; triangles for pH, 5.5, squares for pH, 6.5
and circles for pHy, 7.3). The decreases in pH; during acid exposures were supported by the findings that
the H' channel currents showed an overshoot after removal of acids (Fig. 6e). During exposure to acids,
the H" channel current amplitudes decreased and the V.,.ii,’s, monitored continuously using current
measurements at two voltages (see methods), shifted toward more positive voltages. Upon returning the

pH, to 7.3, the H™ channel currents became larger and the V.1, values were lower than the controls

13



(arrows). The current amplitudes (80-100 mV for 0.5 s) were increased to more than 200% of the controls
at the maximum after washing acids (pH, 4.5) (Fig. 6f, left). The H' channel currents decreased gradually
along the recovery of pH;.

We examined the changes in the pH; during acid-exposures in COS7 cells in which the
acid-inducible inward H' currents were marginal. As wild type COS7 cells do not express native H"
channels, the cells were transfected with a murine H' channel gene (Hv1/VSOP), which enabled us to
evaluate the pH;’s in COS7 cells from the V .,.yy’s. The acid-inducible H™ influx currents were hardly
detected in the transformed COS7 (COS/Hv) cells, in none of 8 cells tested, under pH,/pH;, 4.5/6.5. The
decreases in pH; in COS/Hv cells in the presence of extracellular acids (pH, 4.5 and 5.5) were small (pH,,
6.5) (Fig. 6d, closed squares). The overshoots of the H' channel currents upon returning the pH, from 4.5
to 7.3 were also small and transient in COS/Hv cells (Fig. 61).

Whether the pH; was affected by proton shuttle effects of NMDG-aspartate was also examined. At
pHo/pH, 7.3/6.5, the pH; estimated from the V ¢,.uy was 6.75 £ 0.05 (n = 42) in the presence of
NMDG/aspartate and was 6.79 + 0.04 (n = 15) when NMDG-aspartate were replaced by
TMA-methanesulfonate. Exposure to acid (pH, 4.5) decreased the pH; to 5.41 + 0.10 (n = 12) with
NMDG-aspartate and to 5.37 = 0.13 (n = 9) with TMA-methanesulfonate. Thus the pH;’s at pH,, 7.3 and
pH, 4.5 were not significantly different between the solutions containing NMDG-aspartate and
TMA-methanesulfonate, suggesting that, under the present experimental conditions, proton-shuttle effects

of NMDG/aspartate on the acid-induced pH; changes were small if present at all.

Acid-inducible H" influx currents versus V-ATPase currents.
In the plasma membranes of osteoclasts, V-ATPases are essential to secrete protons into the
extracellular space. We compared the current-densities of the acid-inducible H™ influx currents (H-leak)

with those of the H' efflux currents through the V-ATPases at different pH,’s (Fig. 7a). The V-ATPase

14



currents were identified as bafilomycin A; (200 nM)-sensitive currents [18]. V-ATPase currents were
observed over a wide range of pH,’s (4.5 — 7.3) (open squares), while the H'-leak currents were evident
only at pH, < ~5.5 (closed squares). Depolarizations increased V-ATPase currents and decreased the
H'-leak currents (-80 mV in left and 0 mV in right). The net H' currents, estimated from these H" fluxes

in opposite directions, seemed to depend on pH,’s and voltages.
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Discussion

Abundant H' efflux pathways are expressed in the plasma membrane of osteoclasts, such as
V-ATPases, voltage-gated H' channels, and Na'-H" exchangers. However, the H' influx pathways have
not been investigated so far. In this study we provide evidence that exposure to strong extracellular acid
(< pH, 5.5) activates an electrogenic H" influx pathway in the plasma membrane of RAW-derived
osteoclasts. This acid-inducible H influx is suggested to be a H'-leak mechanism in the plasma
membranes of osteoclasts upon exposure to highly acidified extracellular environments.

Properties of the acid-inducible H' influx currents. The acid-inducible inward currents were
characterized by a slight inward rectification and by time-independent kinetics for activation and
inactivation following hyperpolarization. The V.,’s were dependent on the pH gradients across the
membrane, and agreed well with the theoretical Ey values. The V.., values were not dependent on the
concentrations of other ions (NMDG", aspartate’, CI, Na" and HCO5"). The current amplitudes became
larger after increasing the electrochemical driving force for the H' influx, but were not affected by
changes in the concentrations of either CI,, Na" or HCO;". Additionally, the intracellular pH was
decreased by exposure to pH, <5.5 which induced the inward currents. All these results suggest that the
acid-inducible influx currents observed in the present recording conditions were largely mediated by
protons.

Theoretically, it is difficult to distinguish between currents mediated by H" and OH" in the opposite
directions. The inward currents were increased by decreases in pH,, which may be explained more easily
by increases in the extracellular concentrations of H' rather than decreases in the extracellular
concentrations of OH". Although we cannot rule out involvement of the proton equivalents, protons are
the most likely candidate for mediating the influx currents at this moment.

The H" influx currents were not induced at pH, > 6.0 for the pH,’s ranging from 5.5 to 7.3. At pH,

5.5, the acid-inducible currents were present in ~20% of cells with pHy, 7.3 but were negligible with pH,
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5.5. The lower incidence at pH,, 5.5 might be partly due to an underestimation of the appearance because
of the small amplitudes of the currents. At pH, 4.5, the currents were present in ~90% of the cells with
pH,’s ranging from 5.5 to 7.3. The activation threshold for the acid-inducible currents was thus likely to
be pH, <~5.5.

Effects of channel/transporter inhibitors on the acid-inducible H' influx currents. At this moment,
blockers for the acid-inducible H' influx currents remain unknown. Amiloride is known as a general
blocker for Na' channels including ENaC and ASIC channels, and for Na'-H" exchangers. The
effectiveness of amiloride for ASIC channels under pH,, as low as 4.5 was reported [1, 11]. DIDS is a
general blocker for anion channels/transporters and blocked the acid-sensitive Cl currents in osteoclasts
almost completely at <50 mV at pH, 4.5. The acid-inducible H" influx currents were not affected by
amiloride and DIDS. We also examined the effects of extracellular divalent cations, Zn>" and Ca”".
Neither Ca”* (up to 10 mM) nor 200 uM Zn®>" affected the acid-inducible H' influx currents. One mM
Zn*', however, decreased the acid-inducible currents partially. Higher concentrations of these divalent
cations have not been tested as they often activated Cl” channels [21-22].

The proton fluxes through V-ATPases and the voltage-gated H' channels are generally
one-directional, from inside to outside of the cells. Could reversed currents through these pathways
mediate H' influxes during exposure to strong acids? This is an intriguing idea and might be worth
investigation. The membrane sector of V-ATPases (V,) has a passive proton conductance at pH 4.2, which
is blocked by bafilomycin A, [3]. Proton shunts (reversed currents) at pH 3.0 have been reported in yeast
V-ATPases [9]. However, in the present study, bafilomycin A; and DCCD, proton pump blockers, did not
significantly inhibit the acid-inducible H" influx currents at pH, 4.5. Also the voltage-gated H" channels
did not seem to contribute to the acid-inducible H' influx currents, as the currents were not activated in
COS7 cells expressing the H' channels. Thus both V-ATPases and voltage-gated H™ channels are unlikely

to mediate the acid-inducible H™ influx currents described herein.
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The molecular identity of the acid-inducible H" influx currents is presently unknown. The plasma
membrane of osteoclasts express various acid-sensing cation channels (ASIC, TRP and HCN channels) [6,
8, 13, 16, 17] and acid-sensing anion channels (CIC7) [7]. However, these channels are unlikely to be
responsible for the H' influx, as Na" and CI” did not affect the currents, although their contribution to the
late currents remains to be resolved. Chang et al. [2] reported inward proton currents activated by strong
acids (pH ~5) in sour taste cells. The currents are selective to protons, and are insensitive to bafilomycin
A, amiloride and DIDS. Differently from the acid-inducible currents in osteoclasts described in this study,
the currents in taste cells have higher sensitivity to Zn>": 1 mM Zn”" blocks the currents nearly completely.
They also do not display inward rectification. There are not sufficient data to compare these H' influx
currents in more detail. It is intriguing, however, that these cells, which are exposed to strong acids, have
the H' influx pathways.

Intracellular acidification by exposure to extracellular acids. We estimated the acid-induced
changes in the pH; in the vicinity of the plasma membrane from the V..,’s of co-existing voltage-gated H"
channels (Ve,-nv) [12, 19]. The pH; was decreased steeply by exposure to pH, < 5.5, near the threshold
pH, for activating the H" influx currents. The pH; did not seem to be affected by the proton-shuttle with
weak acid/base in solutions, as there were no significant differences between the acid-induced changes in
pH; in the presence of NMDG-aspartate (weak base/acid) and those in the presence of
TMA-methanesulfonate (strong base/acid). In COS7 cells, in which acid-exposures hardly induced the
acid-inducible H" influx currents, the pH; decreases were small. These results suggested that the pH;
decreases in the vicinity of the plasma membrane exposed to pH, <5.5 were produced mainly by the
acid-inducible H" influx currents.

It is noted that the voltage-gated H™ channel currents were potentiated greatly upon removal of acids.
The decreases in pH; during acid exposures shifted the V .,-1;,’s to more negative potentials than the

controls. The lowered pH; was maintained for a while after the pH, returned to the control level, which
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increased the driving force for proton efflux through the H' channels. The overshoot of the H' channels
was small and transient in COS7/Hv cells. The data suggested that the voltage-gated H' channels might
contribute to reverse the intracellular acidification after the removal of extracellular acids in osteoclasts.

A consequence of the H' influx must be intracellular acidification. However, the measurements of
pH,’s were made in the absence of major ions (Na", K*, and CI) which contribute to regulation of pH;.
Also there are limitations in estimating pH; using the V,.,-,’s: the values indicate the pH nearby the H"
channels, but may not represent the mean pH; of the whole cytosol. Although the H'-influx currents could
acidify osteoclasts, the net effects on pH;’s and osteoclast functions should be evaluated under more
physiological conditions.

“H"-leak” at the plasma membrane of osteoclasts. We started the present study, after being
inspired by regulation mechanisms of intravesicular pH’s of acidic vesicles. Intriguingly, the threshold
pH, for the acid-inducible H" influx currents is close to the vesicular pH of phagosomes or lysosomes (<
5.5). The vesicular pH is considered to be regulated by balancing the H" accumulation by V-ATPases and
H'-leaks [4, 24, 26]. On the other hand, the H" fluxes in the plasma membranes of osteoclasts have been
studied focusing on H' efflux mechanisms, that is, the proton pump (V-ATPases) activities of the plasma
membrane. The present study provided evidence that the acid-inducible H' influx (H" leak) mechanism is
also present in the plasma membrane. Along with extracellular acidification, the H" efflux through
V-ATPases decreases and the H' influx increases. Amplitudes of both currents were also
voltage-dependent: the pump currents were increased and the H' leak currents were decreased by
depolarization. Thus the balance between the two currents varies according to ambient pH and voltages
and also might be affected by the cellular conditions in individual cells. Importantly, the working range of
pH, was wide for the V-ATPase currents but was limited (pH, < 5.5) for the H" leak currents.

Hydroxyapatite, a major component of bone minerals, was dissolved by a 3 min-exposure to pH 5.5

only slightly (~5%) (Fig. 7b, left). The dissolution at pH 5.5, however, became significant when the
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exposure period was prolonged (right) (~30% for 3 h). The pH in the resorption pit is reported to be
ranged from 4.7 — 6.8 [23]. It is suggested that protons secreted by V-ATPases acidify the pit and then the
H'-leak pathway will be activated when the pH, is decreased sufficiently (Fig. 7c): the resultant pH,
depends on the amounts of these H' fluxes in opposite directions. It is conceivable that the two-way H"
flux mechanisms, which are pumping out of protons by V-ATPases and uptake of protons by the H'-leak
pathway, may have advantages in fine regulation of ambient pH. It remains to be clarified whether the
H'-leak pathway is also expressed in the ATPase-rich membranes of acidic vesicles or not. Identification
of the molecular mechanism behind the acid-inducible H' currents would advance our understanding of

the physiological/pathological relevance of the novel H'-leak pathway to cellular functions.
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Figure legends

Fig. 1 Acid-induced changes in H' currents
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a, I-V relationships of whole-cell H™ currents evoked by voltage ramps applied at a holding potential of
-80 mV. The pH, was lowered stepwise from 7.3, to 6.7, 6.0, 5.0 and 4.0. The pH, was 5.5. b, I-V
relationships for the currents in a cell exposed to pH, 7.3, 5.5 and 4.5. The pH,, was 7.3. ¢, time courses of
the acid inducible currents at three potentials (-80, 0 and +80 mV) (top), slopes of the I-V relationships
over -90 - -50 mV (open squares, S.go._50) and 0 — 50 mV (closed squares, S.5o) (middle), and the slope
ratio (S.g9- .50/ So.50) (bottom). The data from b and ¢ were obtained from the same cell. The current traces
in 1-3 in b were recorded at time 1-3 indicated in c. The abscissa represents time after the whole-cell
configuration was made. d, the time courses of the changes in the current amplitudes (0 and -80 mV) in
the presence of 200 uM DCCD, a proton pump inhibitor. The pH, was lowered from 7.3 to 4.4
repeatedly: the exposure periods were 6, 3 and 5 min for each. The inset records represent the I-V

relationships obtained at time-1 and -2 during each trial. The pH,, was 7.0.

26



Fig. 2 Effects of acids on the whole-cell currents
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a-b, whole cell currents evoked by depolarization pulses applied at a holding potential of -80 mV with
pH, 5.5 (a) and 7.3 (b). The pH, was decreased from 7.3 to 4.0 in a and, to 4.3 in b. ¢, whole cell currents
evoked by hyperpolarization pulses applied at a holding potential of 0 mV (pH, 6.5). The pH, was
decreased from 6.5 to 5.5 and 4.1, and then returned to 6.5. The dotted line indicates the zero current level.
d, the densities of the acid-inducible currents under different pH’s (5.5, 6.5 and 7.3). The data at -80 mV

(left) and 0 mV (right) are plotted against pH, (n = 8 - 23). Data are means + sem.
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Fig. 3 The reversal potentials for the acid-inducible inward currents
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a-b, the I-V relationships before (1) and after (2) activation of the acid-induced inward currents (pH,/pH,,
4.4/5.5 in a and 4.5/6.5 in b). Each trace is average of 2-5 recordings. The background currents were not
subtracted. The voltage ramps up to 100 mV (a) or 150 mV (b) were applied at the holding potential (-80
mV). Arrows indicate the reversal potentials (V,.), 73 mV for a and 114 mV for b. ¢, the V.., — pH, plots
of the acid-inducible inward currents (triangles for pH,, 5.5, circles for pH,, 6.5 and squares for pH, 7.3) (n
= 3 - 21). The dotted lines indicate equilibrium potentials of H" for the different pH,’s. d, the I-V
relationships recorded before (1) and after (2) activation of the acid-inducible currents in the presence of
Na' (pHo/pH,, 4.5/5.5). Both bath and pipette solutions contained 50 mM Na'. The V., was 70 mV
(arrow). e, the Vi’s of acid-inducible currents (pH,/pH, 4.5/5.5) for different transmembrane
concentration gradients of Na" (n = 3 - 5). The right most represents the V,,’s in the presence of 10 mM
NaHCO; in both bath and pipette solutions (n = 3). There was no significant difference in the V,’s. In ¢

and e, data are means + sem.
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Fig. 4 Effects of ions on the amplitudes of the acid -inducible H" influx currents
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a, the current-densities at 0 and -80 mV, in the presence of different combinations of extracellular and
intracellular CI concentrations ([Cl]/[Cl],) (in mM) (n = 4 - 19). In the right columns, 50 mM Na' or 10
mM NaHCO; was present in both extracellular and intracellular solutions (n = 5). b, the current-densities
at 0 and -80 mV when NMDG-aspartate was replaced by TMA-methanesulfonate (TMA-MeSO;). ¢, the
current-densities in osteoclasts (n = 19), undifferentiated mononuclear RAW cells (n = 10) and in
wild-type COS7 cells (n = 10). *p < 0.05, ** p < 0.005 and ***p <0.001, compared with osteoclasts. In
a-c, all solutions contained 50 — 100 uM DIDS and the pH, was 4.5. The pH,, was 7.3 for a and c, and 6.5

for b. Data are means + sem.
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Fig. 5 Effects of channel/transporter blockers on the acid-inducible H" currents
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a, the current-densities of the acid (pH,, 4.5)-inducible H' currents at 0 and -80 mV under pH, 7.3, in the
absence of blockers (none, n = 6), in the presence of 50-100 uM DIDS (n = 18), 100 uM amiloride (n =
8), 200 nM bafilomycin A; (n = 11), 100 uM DCCD (n = 6) and 10 mM CaCl, (n = 4). b, the
current-densities of the acid-inducible H" currents (pH,/pH, 4.5/7.3) activated in the presence of 0, 0.2
and 1.0 mM ZnCl, (n = 12-17). All extracellular solutions contained 100 uM DIDS. *p < 0.05. p = 0.06.
¢, the time courses of the changes in the current amplitudes at -80 mV (upper) and the slope ratios of the
I-V relationships (lower) of the acid-inducible H" currents (pHo/pH,, 4.5/6.5). ZnCl, (1 mM) was added
after the acid-inducible currents reached the steady-state. d, the inhibition of the acid (pH, 4.5)-inducible

currents (-80 mV) by 1 mM ZnCl, pH,’s were 6.5 or 7.3 (n = 3-5). Data are means + sem.
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Fig. 6 Extracellular acid-induced intracellular acidification

Fig. 6

a 120mvV b
. D L o pH, 7.3
50 : € 400 0 pH, 4.5
pH, 7.3 pH, 4.5 5% 1
s00pA o o’
1s s, T 0 gs0 | 100
b ] s ' 0 mV
F T & ]
&0 pH 5.5
C d ; PH. 6.5
120, O pH 7.3 o
3 OO
™ pH 65/COST
a0 [& o
= £ El - z |
E |zl s | T
= 40 N T QLT =
3 B, Q6 A A &
g : ' :
> 0 b B
5
pH_ 6 5 4
-40- .
4 5 6 7 4 5 6 7
PH, PH,
e f
7.3
pH, "3 65 ¢,
55 590
L 4.3 o . 250
T < . & X
S £ 400 100 mv-05s '\ £ =
m e | : =
58 20 ™ E
+ S L—-\_.—-l c ““E
T3 o - £
: 5 & 150
5 — BD ‘,p-—-f."—-""'“‘; "'I ,?_, *
E | l
i SGE""‘-" Vo 100
1500 2000 2500 3000 o &
; O 9]
Time (s) G

35




a-b, estimation of the reversal potentials for the H' channel (Vyey.iy) With the tail current method. Tail
currents were recorded at different voltages following 1 s-long prepotentials (80 mV for pH, 7.3 and 120
mV for pH, 4.5) (a). After subtraction of leak currents at each voltages, the net tail currents were plotted
against the voltages (b). The Vi,.n,’s were indicated by arrows. The pH,, was 6.5. ¢, a plot of the V ¢,y
values against the pH, (n = 3 - 25). The dotted line indicates the £ estimated from the pH, and pH,,(6.5).
d, the intracellular pH (pH;) calculated from the V..., values using the Nernst equation at each pH,.
pH,’s were 5.5 (triangles, n = 2 - 42), 6.5 (squares, n = 3 — 25) and 7.3 (circles, 2 — 42). The pH; in COS7
cells transfected with a H' channel gene were indicated by closed squares (pH, 6.5) (n =5 — 10). e, the
changes in the H™ channel current amplitudes (middle) and the V,e.;,’s (bottom) in an osteoclast (pH,
6.5). The pH, was decreased stepwise, from 7.3 to 4.5, and then was returned to 7.3. The
current-amplitudes (upper) were measured at the end of the depolarization pulses (100 mV — 0.5 s)
applied at a holding potential (-40 mV) and the V,,.;5y (lower) were estimated from the current amplitudes
at two voltages, either 100 and 40 mV or 40 and -40 mV. f, overshoot of the H" channel currents after
removal of acid (pH, 4.5) in osteoclasts and COS7 cells transfected with a H" channel gene. The currents
(100 or 80 mV for 0.5 s) were measured under pH,/pH, 7.3/6.5. The maximal current-densities after

washing acids were expressed as percent of the controls. In ¢, d and f, data are means + sem.
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Fig. 7 V-ATPase currents versus H'-leak currents

Fig. 7
V-ATPase
c H = H'-leak H
pH, -lea pH,
S 00l —oogi—a 00— e I
{ L | - L
c
3 04 0.41
5
-
=
T 50 -80 mV 0al OV
b 010y ,
=2 o = 2 [
<E =
9 8 S
S To05 2 £
S ; g 80,
20 5
o o 5 .4.\ i |
ol — 60
0.00 sl R
pH Time (h)
V-ATPase
C
in H*-leak :
O®  OQPm
out v
PH,!

37



a, current-densities of outward H' currents through V-ATPases (open squares; n = 3-19) and the
acid-inducible inward H' currents (closed squares; n = 9-21) recorded at -80 mV (left) and 0 mV (right).
The pH, was set at 6.5. V-ATPase currents were identified as bafilomycin-sensitive currents. b,
dissolution of hydroxyapatites by acids. Left, absorbance of the Ringer solutions containing
hydroxyapatite particles exposed to different pHs for 3 min (n = 3) (in arbitrary units, AU). The
suspensions contained hydoxypatate at 0.1 (triangles), 0.25 (circles) and 0.5 (squares) mg/ml. Right, the
time course of dissolution of hydroxyapatite (0.5 mg/ml) at pH 5.5 (n = 3). ¢, a simplistic cartoon of the
proton fluxes at the plasma membrane of osteoclasts. The plasma membranes are rich in proton pumps,
vacuolar H'-ATPases. Protons are secreted by V-ATPase, and then acidify the extracellular space. When
the pH, is sufficiently decreased, the proton extrusion decreases and the H'-leak (acid-inducible H"

influx) pathway will be activated. In a and b, data are means + sem.

38



