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   Osteoclasts secrete a large amount of proton (H+) ions and proteolytic enzymes into 
bone resorption pit to degrade bone matrix. In addition to H+ pumps and exchangers, 
voltage-gated H+ channels, which are H+ conductive pathways, are expressed in 
osteoclasts. H+ channels are distinct in their strong H+ extrusion ability, but the 
functional role is not clear. This is the first study of H+ channels in murine osteoclasts 
generated from mononuclear precursors in the presence of a soluble form of receptor 
activator of nuclear factor kappa B ligand (RANKL) and macrophage colony 
stimulating factor (M-CSF). The H+ channel was characterized by voltage- and 
pH-dependent activation, slow activation kinetics, and outward rectification. The 
reversal potential (Vrev) was shifted to more positive potentials by decreasing the pH 
gradient across the plasma membrane (∆pH). Employing Vrev as a real time monitor of 
pH in clamped cells, it is revealed that the H+ channel activation could decrease ∆pH by 
~0.43 unit/s. Decline in the current during prolonged depolarizations was accompanied 
by a positive shift in Vrev. This implies that the H+ channel activity is auto-regulated by 
sensing ∆pH, to compensate for pH imbalance. The H+ current-density in cells with ≥6 
nuclei was significantly smaller than that in cells with ≤5 nuclei, although the activation 
rate was unaltered. Thus, the H+ channel activity may alter during osteoclastogenesis. 
These data suggest the H+ channel is a powerful mechanism for pH homeostasis of 
osteoclasts that are exposed to drastic change in pH environments during the bone 
resorption cycle.  
 
   Osteoclasts adhere to bone surface and degrade bone matrix by secreting proton ions (H+) 
and proteolytic enzymes into a sealed compartment formed between osteoclast and bone 
surface. During the bone-remodeling process, osteoclasts are exposed to drastic changes in 
the pH of the intracellular and extracellular microenvironments. Diverse mechanisms, such 
as, vacuolar type H+-ATPases (V-ATPases), Na+/H+ exchangers and Cl-/HCO3

- exchangers 
are involved in H+-secretion and regulation of intracellular pH (pHi) in osteoclasts (24). In 
addition to the pumps and ion exchangers, a voltage-gated H+ channel was found in rabbit 
osteoclasts (22). Voltage-gated H+ channels possess strong H+-extruding ability and have 
been considered to be a potent regulator of pHi and the membrane potential in many types of 
cells (4). The H+ current activity is high in phagocytic cells, like neutrophils (2), 
macrophages (11) and microglia (6,19). As osteoclasts are originated from 
granulocyte-macrophage lineage of hematopoietic stem cells in bone marrow (GM-CFU), it 
is no wonder that H+ channels may play specific roles in regulating osteoclast function. 
However, literature on H+ channels in osteoclasts is scarce, and their functional role remains 
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unclear.  
   The purpose of the present study was to investigate properties and activities of the H+ 
channel in murine osteoclasts during osteoclastogenesis. The difficulty in using freshly 
isolated osteoclasts is associated with the paucity and cell damages caused by the isolation 
procedures. In addition, osteoclastogenesis are influenced by various factors, some of which 
might differ from preparation to preparation. To overcome these problems, we used an in 
vitro culture system in which mononuclear osteoclast precursors fuse with each other into 
multinuclear osteoclasts in the presence of a soluble form of receptor activator of nuclear 
factor kappa B ligand (RANKL) and macrophage colony stimulating factor (M-CSF) (21,31). 
We found that murine osteoclasts expressed a H+ channel that shared the electrophysiological 
features with �type p� H+ channels in phagocytes. The H+ channel could contribute to rapid 
compensation for pH imbalance across the plasma membrane, and the activity may alter 
during the bone resorption cycle and osteoclastogenesis. A preliminary account has been 
made (17).  
 

MATERIALS AND METHODS 
 Cells. Osteoclasts were generated from bone marrow cells of male, 5 to 8-week-old 
C3H/HeN mice as described elsewhere (21, 31). Bone marrow cells were obtained from the 
tibias and femurs, centrifuged at 700 g for 7 min at 4°C, and suspended in 1 ml of 
α-minimum essential medium (α-MEM) supplemented with 15% fetal calf serum (FCS), 0.1 
mg/ml streptomycin and 100 U/ml penicillin. The cell suspension was then placed on a 
chromatography column filled with 5 ml of Sephadex G10 gel (Amersham Pharm Biotech) 
and was incubated at 37°C in a 95% air-5% CO2 atmosphere for 45 min. After removing 
adherent cells by means of gel filtration, non-adherent cells were centrifuged at 700 g for 7 
min at 4°C and plated on glass coverslips at 2 x 107 cells/ml in a fresh medium containing 10 
- 20 ng/ml of macrophage colony stimulating factor (M-CSF) (Peprotec) and 50 - 100 ng/ml 
of a soluble form of receptor activator of nuclear factor kappa B ligand (RANKL) (Peprotec). 
Coverslips were coated with M-CSF (10 � 20 ng/ml). Half of the medium was changed every 
two - three days. Multinuclear cells appeared within 5 days in culture and were maintained 
for 10-15 days. Osteoclasts were identified with the phase-contrast microscopy as 
multinucleated cells with tartrate-resistant acid phosphatase (TRAP) activity (28,29).  
 Electrophysiological recordings. Whole cell currents were obtained as described 
elsewhere (28, 29). Briefly, current signals were recorded with an amplifier (Axopatch 200A, 
Axon Instruments), digitized at 2 kHz with an analog-digital converter and analyzed using 
pCLAMP software at room temperature (20-24°C). The borosilicate glass pipettes had a 
resistance of 5-8 MΩ. The series resistance compensation (60-80%) was conducted to reduce 
the voltage error. The reference electrode was a Ag-AgCl wire connected to the bath solution 
through a Ringer-agar bridge. The zero current potential before formation of the gigaseal was 
taken as 0 mV. Data were expressed as means ± S.E.M., and tested using Student�s unpaired 
t-test.  
   The external solution contained (mM): 75 N-methyl D-glucamine (NMDG)-aspartate, 1 
CaCl2, 1 MgCl2, 10 glucose, 0.1% BSA, 80-100 Hepes (pH = 6.8 � 7.8). To block Cl- 
channels, 100 µM of 4,4'-diisothiocyanato-2, 2�-stilbenesulfonate (DIDS) was added to the 
bath (28,29). The pipette solutions contained (mM): 65 NMDG-aspartate or 75 
Cs-methanesulfonate, 3 MgCl2, 1 BAPTA or 1 EGTA, 5 Na2ATP, 120 Mes or 100 Hepes (pH 
= 5.5 � 7.8). The pH buffers, Mes and Hepes, were used to make the pipette solutions of 
pHp<7.0 and ≥7.0, respectively. The calcium buffer, BAPTA, was substituted by EGTA when 
the pH of the solutions was ≤6.8. The pH of the bath and pipette solutions (pHo and pHp) was 
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FIG. 1. pH-dependence of whole cell currents in murine osteoclasts. (A) a family of currents 

evoked by voltage steps (1 s) in 20 mV increments applied at �60 mV. The pHp/pHo was 
5.5/7.8 (upper) and 5.5/6.8 (lower). (B) current-voltage (I-V) relationships for the current 
amplitudes measured at the end of 1 s-long voltage steps in A. Decreasing pHo shifted the I-V 
curve to more positive potentials. (C) instantaneous tail currents at -80 - -50 mV following a 
depolarization prepulse (+40 mV, 500 ms). pHp/pHo = 5.5/7.3. Cells were bathed in the 
external solution containing NMDG-aspartate and 100 µM DIDS. The pipette solution 
contained Cs-methanesulfonate. 

adjusted by CsOH. The osmolality of the solutions was maintained between 280-300 
mosmol/l. 
 Chemicals. Mes and BAPTA were purchased from Dojindo Laboratories. All other 
chemicals were obtained from Sigma Chemical Co. A condensed stock solution of Na2ATP 
(500 mM) was prepared in 1 M Tris Cl, stored in a freezer, and added to the internal medium 
before use. A stock solution of DIDS was dissolved in dimethyl sulphoxide (DMSO). The 
final concentration of DMSO (≤0.1%) did not affect the membrane currents. 
 

RESULTS 
Voltage-gated H+ currents of murine osteoclasts.  
   Murine osteoclasts have been reported to possess K+ and Cl- channels (25,26,27,28,29). 
To block these channels, major ions (Na+, K+, Cl-) were replaced by the impermeable 
substitutes (NMDG+, Cs+, aspartate-) and a Cl- channel blocker, DIDS (100 µM), was added 
to the external solution. Figure 1A shows representative whole cell currents in osteoclasts 
generated in the presence of sRANKL and M-CSF under a large pH gradient across the 
plasma membrane (∆pH) (pHp/pHo = 5.5/7.8 and 5.5/6.8). Slowly-activated outward currents  



H. MORI et al. 

90 

 

 
FIG. 2. Decline of H+ currents during long-lasting depolarization. (A) H+ currents evoked by 60 

s-long depolarizations from -50 to -30 mV. Small outward currents were activated slowly even 
at -60 mV (gray trace with an arrow). At more positive potentials, the current decreased after 
the peak. (B) current amplitudes at the end of long depolarizations were expressed as percent 
of its peak amplitude and plotted against the membrane potential. Data were obtained from 
two cells stimulated by either 30 s- or 60 s- long depolarizations. pHp/pHo = 5.5/7.3.  

 

FIG. 3. Shift of the reversal potential accompanying activation of H+ currents. (A) H+ currents 
recorded with a ramp-repolarization method. A 20 ms-long repolarizing voltage ramp from 
+40 to -140 mV was applied following 250, 500, 750 and 1000 ms-long prepotentials (+40 
mV). In a1, the current trace with a 250 ms-long prepotential is magnified. As the H+ current 
has slow activation kinetics, leak and capacitative currents were obtained with a short 
prepotential (+40 mV, 10 ms) (a2). Subtraction (a1 � a2) yields the net H+ current flowing 
during the voltage-ramp. (B) I-V relationships for the net H+ currents along the repolarization 
ramp pulse. The reversal potential (Vrev, arrows) shifted from -96 mV (250 ms) to -83 mV 
(1000 ms). pHp/pHo = 5.5/7.3. 
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FIG. 4. H+ currents during different stages of osteoclastogenesis.  (A) distributions of the H+ 
current-density in cells with ≤ 2 nuclei (top), 3-5 nuclei (middle) and ≥ 6 nuclei (bottom). Bin 
size: 10 pA/pF, except for data ≤ 10 pA/pF. Data ≤ 10 pA/pF were divided into two groups, <1 
and ≥1 pA/pF. (B and C) averaged current-density (B) and activation time constant (τact) (C) 
in cells with ≤ 2, 3-5 and ≥ 6 nuclei. Data (means ± S. E. M.) were obtained by 1 s-long 
depolarization (+100 mV) applied at �60 mV. pHp/pHo = 5.5/7.3. * p <0.01. 

 
were evoked by depolarizing voltage steps applied at a holding potential of -60 mV. 
Decreasing pHo reduced the current amplitude and activation rate at any given voltage (FIG. 
1A, lower), and shifted the current-voltage (I-V) relationship to more positive potentials (FIG. 
1B). The reversal potential (Vrev) estimated from instantaneous tail currents at different 
potentials (FIG. 1C) was �58 ± 6 mV (n = 4) at ∆pH of 1.8. Decreasing ∆pH by 0.5 unit 
shifted Vrev to more positive potentials by 21 ± 8 mV (4) without changes in concentrations 
of other ions, suggesting that H+ was a major charge carrier for the outward current. 

Quick compensation of pH imbalance by H+ channels. 
   As the activation rate was slow at low voltages (FIG. 1A), outward H+ currents were 
often recognized only at large depolarizations when the short (1 s-long) voltage-pulse 
protocol was used (FIG. 1). When long-lasting (60 s) depolarizations were applied, the H+ 
current was detected at the lower potentials, < -30 mV under pHp/pHo 5.5/7.3 (FIG. 2A). 
Even at the holding potential, -60 mV, the H+ channel was activated, although it was very 
slowly (the bottom trace with an arrow).  
   The long-pulse protocol also revealed that the current amplitude declined after a peak 
during the depolarization (FIG. 2A). Figure 2B shows the ratio between the current amplitude 
at the end of depolarization (Iend) and that at its peak (Ipeak) in two cells stimulated with 30 s- 
and 60 s-long voltage-steps: the inhibition was enhanced by prolongation of the 
depolarization. The Iend/Ipeak was smaller at more depolarized voltages, but maintained to be 
constant at ≥ -30 mV. Although this relaxation of the H+ current was not evident within the 
short (≤1 s) voltage-pulse protocol (FIG. 1A, C), amplitudes of the H+ current decreased 
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gradually when the depolarization was repeated at short intervals (FIG. 3A, top). Therefore, 
neither voltage nor duration of depolarization was primary to this phenomenon. 
   It has been thought that H+ channels do not inactivate during depolarization (4). The 
rundown may be due to decreases in the electromotive force for H+ by preceding H+ efflux 
through the H+ channel. To confirm this hypothesis, Vrev following depolarizations of 
different durations was measured using a ramp repolarization method (7): 20 ms-long 
repolarization voltage-ramps were applied following sequential depolarizations (+40 mV) of 
250, 500, 750 and 1000 ms (FIG. 3A, top). Subtraction of the capacitative and leak currents 
yielded the net H+ current passing through the open channel (a1 - a2). Vrev, determined by 
zero-current potential from I-V curves for the net current, was shifted to more positive 
potentials by extending the depolarization period (FIG. 3B arrows). The amount of the shift 
of Vrev within 1 s varied greatly among cells: 12 ± 3 mV (n = 7; 4 ~ 25 mV). This positive 
shift in Vrev corresponded to a decrease in ∆pH of 0.21 ± 0.05 unit (n = 7; 0.07 � 0.43). 
Therefore, the H+ channel could compensate for pH imbalance across the plasma membrane 
very rapidly. The resultant decrease in ∆pH would lead to the decline of the H+ current. The 
H+ channel activity seems to be regulated exquisitely in response to changes in ∆pH. 

H+ channel activity during osteoclastogenesis. 
   Each culture dish contained cells with nuclei from one to >20. Figure 4A shows 
distributions of the current-density under pHp/pHo 5.5/7.3 (100 mV, 1 s) in cells cultivated for 
5-6 days in vitro: cells were classified into three groups with ≤2, 3-5 and ≥6 nuclei. The H+ 
current varied greatly among cells: there was no apparent change between the former two 
groups, but, in 8 of 19 cells (45%) with ≥6 nuclei, the H+ current was negligible or only 
slight (leftmost column; < 1 pA/pF). The averaged H+ current density (+100 mV, 1 s) was 51 
± 13 pA/pF (n = 5) in cells with ≤2 nuclei, 48 ± 13 pA/pF (n = 8) with 3-5 nuclei, and was 
significantly smaller than the other two groups in cells with ≥6 nuclei, 13 ± 5 pA/pF (n = 19) 
(p < 0.01) (FIG. 4B). The high H+ current-density in cells with ≤2 nuclei was confirmed 
under different experimental conditions: ≥25 pA/pF at lower ∆pH (pHp/pHo 6.0/7.3) or at 
more negative voltages (+20 mV) (n = 3). The cell capacitance in cells with ≤2, 3-5 and ≥6 
nuclei was 44 ± 5 pF (n = 8), 50 ± 6 pF (n = 8) and 140 ± 25 pF (n = 19), respectively, 
indicating that on the average, cell size increased accompanying osteoclastogenesis. 
However, an increase in the cell area was unlikely to be the determinant for the low 
current-density: although a subpopulation of osteoclasts with ≥6 nuclei had cell capacitance 
similar to cells with ≤5 nuclei, the current-density was significantly smaller than that in cells 
with 3-5 nuclei (20 ± 11 pA/pF, 57 ± 8 pF, n = 7) (p < 0.05).  
   The activation time constant (τact), estimated from the single exponential fit for the 
activation time course at 100 mV, did not alter among the three groups: 420 ± 130 ms at 100 
mV (n =5) with 1-2 nuclei, 520 ± 70 ms (n = 8) with 3-5 nuclei and 410 ± 120 ms (n = 8) 
with ≥6 nuclei (FIG. 4B). Therefore, the gating property of the H+ channel was preserved 
during maturation of osteoclasts, suggesting that either the number of available channels or 
the single channel conductance may decrease during osteoclastogenesis. 
 

DISCUSSION 
   The present study provides the first description of the voltage-gated H+ channel in murine 
osteoclasts. The electrophysiological features, such as, voltage-dependent activation, slow 
activation kinetics, pH-dependency and outward rectification, are common with those 
reported in rabbit osteoclasts (22) and in other types of macrophage lineage (4). Based on 
classification of H+ channels by gating properties, the H+ channel in murine osteoclasts 
resembles type p channels expressed in phagocytes (1).  
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   Potent pH regulating ability of H+ channels. H+ channels are considered to be >106 
�108 times more permeable to H+ than to other ions (4). The H+ channel in murine osteoclasts 
preserved this high selectivity for H+. That is, the Vrev was shifted only by changing ∆pH, 
while the concentration of H+ was as low as <1 µM. In addition, the Vrev values were far 
from those for other ions (Na+, K+, Cl- and Ca2+). The Vrev of the H+ current, however, 
deviated somewhat from the equilibrium potential for H+ (EH) predicted by the Nernst 
equation, partly due to imperfect control of pHi with the buffer action of the pipette solutions 
(4). In addition, the inherent nature of the H+ channels may affect the measurement: ∆pH 
decreases by H+ efflux during the voltage-pulse protocols used to determine Vrev. In general, 
the deviation of Vrev from EH was larger with the instantaneous tail method than the ramp 
repolarization method, probably because repeated depolarizations in the former method 
would result in more H+ efflux.  
   The Vrev of the H+ channel could work as a real time monitor of pH changes in clamped 
cells. The ramp repolarization method has revealed that the H+ channel could change pH 
greatly even within a short period < 1 s. The decrease in ∆pH during 1 s-long depolarization 
of +40 mV, estimated from the shift of Vrev, was 0.07 ~ 0.43 unit at room temperature. This 
remarkable pH regulating ability of the H+ channel may be enhanced at physiological 
temperature, as H+ channels are highly sensitive to temperature (3,14). Decreases in ∆pH 
would lead to a reduction of the current amplitude, slow the activation rate and shift the 
activation threshold to more positive potentials. Decline of the current during prolonged or 
repetitive depolarizations was caused by the decrease in ∆pH. Neither voltage nor time 
seemed to be primary to the decline in the H+ current: it was observed even at low potentials 
near the holding potential (-60 mV) and after repetition of short (1 s) depolarizations, as 
reported in microglia (18). The H+ channel activity seems to be under feedback control by its 
intrinsic nature, that is, ∆pH dependency of the channel activity.  
   When is the H+ channel activated?  Threshold potential for activation of H+ channels 
is considered to be as follows: Vthreshold = 20 mV � 40 mV x ∆pH (4). In general, H+ channels 
are apt to open when cells were intracellularly acidified and/or depolarized. Intracellular 
acidification is induced when osteoclasts are exposed to high concentrations of extracellular 
Ca2+ during bone resorption (8). High extrtracelluar Ca2+ inhibits the inwardly rectifying K+ 
channel, a major resting conductance of osteoclasts, which causes depolarization (29). In 
phagocytes, H+ channels are activated during respiratory bursts due to the excess H+ liberated 
at the intracellular surface in association with electron transfer from inside to outside of cells 
via NADPH oxidases (9). Osteoclasts that originate from granulocyte-macrophage lineage 
(GM-CFU) express the NADPH oxidase complex at the ruffled membrane (30). H+ channels 
in osteoclasts would be activated with the actions of the oxidases, as generation of 
superoxide has been reported to be involved in bone resorption (13,32). Thus, osteoclasts 
may encounter favorable conditions to activate the H+ channel during the resorption cycle.  
   In addition, the channel activity is controlled by diverse mechanisms both directly and 
indirectly. For examples, Vthreshold shifts to more negative potentials by cell swellings and 
phorbol esters (5), and the H+ channel activity is enhanced by protein kinase C (5,12,20), 
arachidonates (2,10) and cell swellings (19). Interactions between these factors may diversify 
the channel regulation: cell acidosis induces cell swellings (27), which potentiates the H+ 
channels (19), although the current-density decreases after chronic acidosis in rabbit 
osteoclasts (23). 
   Osteoclasts produce a large amount of H+ by catalyzing H2O and CO2 with carbonic 
anhydrase type II (CA II). This specialized H+ metabolism may affect the pH environment, 
but it is little known about the functional roles of H+ channels in osteoclasts. In the present in 



H. MORI et al. 

94 

vitro culture system, the H+ current-density was high in cells with 1-5 nuclei, but was only 
slight in ~45% of cells with ≥6 nuclei. In rabbit osteoclasts, the pHi regulatory mechanisms 
differ between small and large cells (15). Considering that many intracellular and 
extracellular factors modulate pHi regulatory mechanisms (16,24), the contribution of the H+ 
channel to osteoclast functions may vary with their cellular conditions (22). We hypothesize 
that the H+ channels can operate as a potent regulator of pH homeostasis of osteoclasts when 
they are exposed to drastic changes in the pH environments during the bone resorption cycle.  
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