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abstract

 

Proton (H

 

1

 

) conductive pathways are suggested to play roles in the regulation of intracellular pH.
We characterized temperature-sensitive whole cell currents in mouse bone marrow–derived mast cells (BMMC),
immature proliferating mast cells generated by in vitro culture. Heating from 24 to 36

 

8

 

C reversibly and repeatedly
activated a voltage-dependent outward conductance with Q

 

10

 

 of 9.9 

 

6

 

 3.1 (mean 

 

6

 

 SD) (

 

n

 

 

 

5

 

 6). Either a decrease
in intracellular pH or an increase in extracellular pH enhanced the amplitude and shifted the activation voltage
to more negative potentials. With acidic intracellular solutions (pH 5.5), the outward current was detected in
some cells at 24

 

8

 

C and Q

 

10

 

 was 6.0 

 

6

 

 2.6 (

 

n

 

 

 

5

 

 9). The reversal potential was unaffected by changes in concentra-
tions of major ionic constituents (K

 

1

 

, Cl

 

2

 

, and Na

 

1

 

), but depended on the pH gradient, suggesting that H

 

1

 

(equivalents) is a major ion species carrying the current. The H

 

1

 

 current was featured by slow activation kinetics
upon membrane depolarization, and the activation time course was accelerated by increases in depolarization, el-
evating temperature and extracellular alkalization. The current was recorded even when ATP was removed from
the intracellular solution, but the mean amplitude was smaller than that in the presence of ATP. The H

 

1

 

 current
was reversibly inhibited by Zn

 

2

 

1

 

 but not by bafilomycin A

 

1

 

, an inhibitor for a vacuolar type H

 

1

 

-ATPase. Macro-
scopic measurements of pH using a fluorescent dye (BCECF) revealed that a rapid recovery of intracellular pH
from acid-load was attenuated by lowering temperature, addition of Zn

 

2

 

1

 

, and depletion of extracellular K

 

1

 

, but
not by bafilomycin A

 

1

 

. These results suggest that the H

 

1

 

 conductive pathway contributes to intracellular pH ho-
meostasis of BMMC and that the high activation energy may be involved in enhancement of the H

 

1

 

 conductance.
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i n t r o d u c t i o n

 

The importance of intracellular pH (pH

 

i

 

)

 

1

 

 regulation
is unquestionable in various cellular functions, and the
pH

 

i

 

 regulatory mechanisms vary considerably among
different types of cells (Hoffmann and Simonsen, 1989).
Recently voltage-activated H

 

1

 

 currents were found in
certain cell types of hematopoietic (DeCoursey and
Cherny, 1993; Demaurex et al., 1993; Kapus et al., 1993;
Holevinsky et al., 1994; Nordström et al., 1995) and
nonhematopoietic origin (Thomas and Meech, 1982;
Byerly et al., 1984; DeCoursey, 1991; Krause et al.,
1993). The H

 

1

 

 conductive pathway is considered to
contribute significantly to pH

 

i

 

 homeostasis, as well as ion
exchangers, H

 

1

 

 pumps and ion cotransporters. However,
permeation mechanisms of the H

 

1

 

 conductance re-
main to be proved, and the putative H

 

1

 

 channel is sug-
gested to be different from the general water-filled ion
channels (DeCoursey and Cherny, 1995).

Bone marrow–derived mast cells (BMMC) are imma-
ture, proliferating mast cells differentiated from multi-

potential hematopoietic stem cells of bone marrow by
in vitro culture in the presence of mast cell growth fac-
tors (Ihle et al., 1983; Razin et al., 1984). These cells
have characteristics of mast cells, secreting histamine
and other chemical mediators upon antigenic stimula-
tion, and also have the potency to differentiate into the
different peripheral phenotypes (Nakano et al., 1985).
BMMC offer an excellent model to study roles of ion
channels in different functional and developmental
states. We recently reported that electrophysiological
properties of BMMC were heterogeneous (Kuno et al.,
1995

 

a

 

) but could not identify H

 

1

 

 conductance. These
recordings were made at room temperature, however,
and a functional significance of the membrane conduc-
tances should be evaluated at physiological temperature.

The present data provide evidence for the presence
of a H

 

1

 

 conductive pathway in BMMC. The H

 

1

 

 conduc-
tance shares common electrophysiological features with
those in other cell types (voltage- and time-dependent
activation, sensitivity to both pH

 

i

 

 and pH

 

o

 

 and blockage
by heavy metals) (Byerly et al., 1984; DeCoursey and
Cherny, 1994) but is distinct in its high sensitivity to
temperature. The presence of a temperature-sensitive
and voltage-dependent H

 

1

 

 efflux is confirmed by mea-
suring pH

 

i

 

 using BCECF. The mean conductance is re-
duced by omitting intracellular ATP, so that ATP may
modulate the current activity at least partly. The H

 

1

 

conductive pathway would contribute to pH regulation
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Abbreviations used in this paper:

 

 BCECF, 2

 

9

 

,7

 

9

 

-bis-(2-carboxyethyl)-
5(and 6)carboxy-fluorescein; BMMC, bone marrow-derived mast
cells; E

 

H

 

, equilibrium potential for H

 

1

 

; pH

 

i

 

, intracellular pH; pH

 

o

 

, extra-
cellular pH; pH

 

p

 

, the pH of pipette solution; V

 

rev

 

, reversal potential.
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1
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of BMMC during metabolic acidosis associated with cell
growth, production of large amounts of chemical medi-
ators, or performance of other cellular functions. A
preliminary account has been made (Kuno et al.,
1995

 

b

 

).

 

m a t e r i a l s  a n d  m e t h o d s

 

Cells

 

Bone marrow cells were obtained from the femoral and tibial
bones of male, 8–10-wk-old mice (Balb/ca). The mice were killed
by an overdose of ether. Pokeweed mitogen–stimulated spleen
cell-conditioned medium (PWM-SCM) was prepared as de-
scribed elsewhere (Nakahata et al., 1982). Briefly, mouse spleen
cells were incubated at 37

 

8

 

C in a 95% air–5% CO

 

2

 

 atmosphere
with pokeweed mitogen (1:300 dilution) (GIBCO BRL Products,
Gaithersburg, MD) in 

 

a

 

-MEM (INC Pharmaceuticals Inc., Irvine,
CA) supplemented with 10% FCS (INC Pharmaceuticals Inc.),
10

 

2

 

4

 

 M 2-mercaptoethanol, streptomycin (0.1 mg/ml), penicillin
(100 U/ml), and amphotericin B (0.25 

 

m

 

g/ml). After 5 d of incu-
bation, the supernatant (PWM-SCM) was filtered with a millipore
filter (0.22 

 

m

 

m) and stored at 

 

2

 

85

 

8

 

C. Bone marrow cells were
plated at 10

 

6

 

/ml in 35-mm petri dishes and were incubated at
37

 

8

 

C in a 95% air–5% CO

 

2 

 

mixture. The culture medium con-
tained 

 

a

 

-MEM, 10

 

2

 

4

 

 M 2-mercaptoethanol, 10% FCS, and 10%
PWM-SCM. Half of the medium was changed every week. Cells
densely stained with alcian blue (Worthington, 1962) were iden-
tified as BMMC. BMMC appeared within 2–4 wk and were main-
tained for more than 6 months. Cells cultured for more than 4
wk were used in this experiment, because the purity of BMMC
was 

 

$

 

90–95%.

 

Solutions

 

The standard pipette solution contained (mM): 150 K-glutamate,
7 MgCl

 

2

 

, 1 EGTA, 1–2 Na

 

2

 

ATP, and 10 HEPES (pH 

 

5

 

 7.3). In
some experiments, K-glutamate was replaced by CsCl. In acidic
intracellular solutions, pH was buffered with 10 or 120 mM Mes.
With 120 mM Mes, K-glutamate or CsCl was reduced to 100 mM
to compensate for the osmolality, and the pH was adjusted to 5.5
by 14–20 mM KOH. The pH of the pipette solutions was desig-
nated as pH

 

p

 

. The standard extracellular solution contained: 145
mM NaCl, 5 mM KCl, 1 mM CaCl

 

2

 

, 1 mM MgCl

 

2

 

, 10 mM HEPES,
10 mM glucose, and 0.1% BSA (pH 

 

5

 

 7.3). Extracellular solu-
tions were buffered with 10 mM Mes for pH 

 

#

 

 6.7 and with 10
mM 2-(cyclohexylamino)ethanesulfonic acid (CHES) for pH 

 

$

 

8.2. NaCl was replaced by KCl to make a K

 

1

 

-rich (150 mM) solu-
tion and by 

 

N

 

-methyl-

 

d

 

-glucamine (150 mM) to make a NMG

 

1

 

-
rich solution. A low Cl

 

2

 

 solution was prepared by replacing NaCl
with Na-isethionate. With 10 mM buffers, the pH was adjusted by
KOH (3–8 mM) in the intracellular or K

 

1

 

-rich external solutions
and by NaOH (3–8 mM) in other external solutions.

 

Recordings

 

Current signals were recorded from the whole-cell voltage clamp
configuration. The reference electrode was an Ag-AgCl wire con-
nected to the bath solution through a Ringer-agar bridge. Pipette
resistance ranged between 5 and 15 M

 

V

 

. The zero-current poten-
tial before formation of the gigaseal was taken as 0 mV. The re-
cording chamber was placed on a heating plate (MT1; Narishige,
Tokyo, Japan), and the bath temperature was changed between
24 and 36

 

8

 

C. The current signals were led into a patch-clamp ampli-
fier (EPC7; LIST, Darmstadt, Germany) without series resistance
compensation, digitized at 1–4 kHz with an analog–digital con-

verter (MacLab/4; Analogue Digital Instruments, Australia) and
stored on a personal computer. Cell capacitance was estimated
with capacitive cancellation circuitry on the amplifier (5.3 

 

6

 

 1.0
pF, 

 

n

 

 

 

5

 

 142). We started to collect data within 1–2 min after the
formation of the whole cell configuration, since the H

 

1

 

 current
appeared within 10–30 s after the rupture of the patch mem-
brane and usually did not further increase at 32–36

 

8

 

C. Leak cur-
rent was determined from the linear portion of the current-volt-
age (I-V) relation when either inward or outward current was ab-
sent or when the currents were eliminated by the blockers. The
inward and outward conductances were obtained from the I-V re-
lation between 

 

2

 

110 and 

 

2

 

80 mV and between 

 

1

 

50 and 

 

1

 

100
mV, respectively, after subtraction of the leak current. To obtain
the I-V relation, voltage pulses were applied at an interval of 3
min. All data were expressed as mean 

 

6

 

 SD. Statistical signifi-
cance was evaluated with Student’s unpaired 

 

t 

 

test. The goodness
of fit of single exponential distribution to the activation kinetics
and tail currents was determined by the 

 

x

 

2

 

 test. In most cases, 

 

P

 

values for the fit were greater than 0.95.

 

Measurements of pH

 

i

 

 by BCECF

 

Macroscopic pH

 

i

 

 was determined by loading populations of
BMMC (3–6 

 

3

 

 10

 

5

 

 cells/ml) with a pH-sensitive fluorescent dye,
2

 

9

 

,7

 

9

 

-bis-(2-carboxyethyl)-5 (and -6) carboxyfluorescein (BCECF).
Cells were incubated with the acetoxymethyl ester form of
BCECF (BCECF-AM) (1 

 

m

 

M) for 30 min and then, after washing
the dye, with 40 mM NH

 

4

 

Cl for 15 min at 36

 

8

 

C. Washing cells by
ammonium-free solutions rapidly acidified cells (Roos and Bo-
ron, 1981). Recovery of pH

 

i

 

 in the acid-loaded cells was mea-
sured by a spectrofluorometer (650-60; Hitachi, Tokyo, Japan).
The ratio of fluorescences excited at two wavelengths, 490 and
450 nm (bandwidth; 3–5 nm), was obtained at an interval of 1
min. The emission wavelength was 530 nm (bandwidth; 6–10
nm). Calibration of pH

 

i

 

 was carried out by dissipating plasma
membrane pH gradient with 10 

 

m

 

M nigericin in a K

 

1

 

-rich solu-
tion with known pH values (Thomas et al., 1979; Grinstein and
Furuya, 1988). To eliminate contamination with nigericin (Rich-
mond and Vaughan-Jones, 1993), the cuvette and teflon-coated
spin bar were rinsed by ethanol before use. The rate of the pH

 

i

 

recovery was estimated by differentiating the pH

 

i

 

 recordings.

 

Substances

 

A condensed stock solution of Na

 

2

 

ATP (500 mM) was prepared
in 1 M Tris Cl, stored in a freezer, and added to the internal me-
dium before use. Condensed stock solutions of 4,4

 

9

 

-diisothiocy-
ano-2,2

 

9-stilbenedisulphonate (DIDS) and ZnCl2 were dissolved
in distilled water. The free concentration of Zn21 was not deter-
mined and the concentration described herein is only nominal,
since Zn21 forms complexes with anions. Bafilomycin A1 was pre-
pared in ethanol. The final concentration of ethanol was #0.5%.
BCECF-AM, CHES and Mes were obtained from Dojindo Labora-
tories (Kumamoto, Japan), and other chemicals were obtained
from Sigma Chemical Co. (St. Louis, MO).

r e s u l t s

Elevation of Temperature Activates an Outward Current

Fig. 1 A illustrates a representative time course of changes
in the whole cell current when temperature of the re-
cording chamber was altered (top). Upward and down-
ward vertical lines in the bottom trace represent out-
ward and inward currents evoked by voltage ramps
(200 mV/s) applied at a holding potential of 0 mV
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Figure 1. Effects of changes in temperature on whole cell cur-
rent. (A) Temperature (top), voltage (middle), and current (bottom)
recordings during changes in bath temperature between 24 and
368C. Vertical lines in the bottom indicate currents associated with
voltage ramps applied at 0 mV. The cell was suspended first in the
K1-rich (150 mM) solution and then in the standard (5 mM K) so-
lution (pHo 5 7.3). (B and C) Current-voltage relations obtained
by voltage ramps during heating in 150 and 5 mM K1 solutions.
*Denotes data at 248C. A–C were obtained from the same cell. The
pipette contained K-glutamate (pHp 5 7.3).

Figure 2. Temperature-conductance relationships. (A and B)
Outward (A) and inward (B) conductances of three cells plotted
against temperature. Conductances were estimated from I-V
curves obtained by voltage ramps applied at 0 mV, between 150
and 1100 mV for outward currents and between 2110 and 280
mV for the inward currents. Curves are the second order polyno-
mial fit for data. (C) Semilogarithmic plots of the outward conduc-
tance against temperature. Data were normalized as the partition
of the amplitude at 368C. Different symbols indicate data from dif-
ferent cells (n 5 6). The external solution contained the standard
Ringer and the internal solution contained K-glutamate (pHp/
pHo 5 7.3/7.3). The line is a least square’s fit for all data.

(middle). Heating from 24 to 368C reversibly and re-
peatedly activated outward currents both in the K1-rich
(150 mM K1) and the standard Ringer (5 mM K1) solu-
tions. Fig. 1, B and C, show superimposed current-volt-
age (I-V) relations obtained by the voltage ramps dur-
ing heating in the K1-rich (B) and the standard Ringer
(C) solutions.

Temperature-conductance relationships (see mate-

rials and methods) in three cells show that heating
from 24 to 368C gradually increased the outward con-
ductance, although the magnitude varied greatly among
cells (Fig. 2 A). The inward conductance of these cells
remained unchanged or increased only slightly by the
heating (Fig. 2 B). Fig. 2 C summarizes semilogarithmic
plots of the outward conductance against temperature
in six cells with a linear regression for all data. The con-
ductance was normalized to that measured at 368C. The
factor by which the conductance changes per 108C ele-
vation (Q10) was 9.9 6 3.1 (n 5 6).

Although the outward current described above was
recorded at pHp (pH of the pipette solution) 7.3, the
current larger than 10 pA at the end of a 500-ms volt-
age pulse of 1100 mV was evident only in 7 of 19 cells
at 328C. The current was seen more frequently at lower
pHp. At pHp 5.5, 80 of 103 cells exhibited the outward
current, although the percentage of cells with the cur-
rent varied among different cell batches from 70 to

92%. The magnitude normalized by cell capacitance
was generally much smaller at pHp 7.3 (2.4 6 7.3 pA/
pF, n 5 19) than that at pHp 5.5 (9.6 6 9.5 pA/pF, n 5
103). At pHp 5.5, the outward current was detected in
some cells even at 248C and was enhanced by heating
with Q10 of 6.0 6 2.6 (n 5 9). In later experiments, the
heating-activated outward current was analyzed at pHp

5.5 to optimize the detection of the current unless de-
scribed otherwise.

Fig. 3 A shows a family of currents activated by depo-
larization pulses in 120-mV increments applied at 240
mV at 328C. The outward current was characterized by
slow activation kinetics at depolarization, differing from
the rapidly activating, outwardly rectifying Cl2 current
that we reported previously (Kuno et al., 1995a). Activa-
tion followed a single exponential time course (thin lines)
after a small delay and was facilitated at more positive
potentials. The activation time course was also greatly
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affected by temperature. Fig. 3 B illustrates superim-
posed outward currents evoked by a depolarizing pulse
to 1100 mV applied at 240 mV when temperature was
elevated from 24 to 348C in a cell. Relationships be-

tween the activation time constant and the membrane
potential at different temperatures in this cell indicate
that at any given potential the time constant becomes
shorter at higher temperatures (Fig. 3 C). Similar re-
sults were obtained from five cells tested. Further ex-
periments were performed at 328C, as recordings at
368C were often unstable.

The Heating-activated Outward Current Is Mediated
Mainly by Proton (H1)

Averaged I-V plots obtained from different cells at
three pHp (5.5–7.3) are presented in Fig. 4 A. The pHo

was the same (7.3) in all cases. The currents were mea-
sured at the end of 500-ms voltage pulses. The acidic in-
tracellular solutions were buffered either with 10 or
120 mM Mes. Little current was detectable at potentials
more negative than 0 mV. Although there was cell-to-
cell variability in the potential at which activation oc-
curred, lowering pHp shifted the voltage dependency
to a more negative direction. On the other hand, ele-
vating pHo from 7.3 to 8.7 reversibly shifted the I-V curves
to a more negative direction in all cells tested (n 5 12)
(Fig. 4 B). This shift by extracellular alkalization was
observed even in cells recorded with the pipette con-
taining CsCl (Fig. 4 C). The time course of activation
was accelerated by increasing pHo. At 180 mV with pHp

5.5, the time constant at pHo 8.2–8.7 was 327 6 61 ms
(n 5 5), significantly faster than that at pHo 7.3 (625 6
255 ms, n 5 11; P , 0.05).

The outward currents appeared within 10–30 s after
the rupture of the patch membrane to form the whole
cell configuration with the acidic pipette solutions buff-
ered by either 10 or 120 mM Mes. Thus BMMC seemed
to be acidified quickly, probably because of the small
cell size (radius; 5.1 6 0.7 mm, n 5 142). The current
amplitude at the end of a 500-ms voltage pulse of 1100
mV at pHo 5.5 was 8.9 6 10.0 pA/pF (n 5 63) with 10

Figure 3. Characteristics of heating-activated outward current.
(A) A family of currents obtained by voltage steps in 20-mV incre-
ments applied at 240 mV and superimposed single exponential
fits. The currents were recorded at 328C. (B) Outward currents
evoked by a depolarization pulse of 1100 mV applied at 240 mV
when temperature was elevated from 24 to 348C. (C) Activation
time constant at different potentials. B and C are obtained from
the same cell. The pHp/pHo was 5.5/7.3. The internal buffer was
120 mM Mes.

Figure 4. Effects of pHp and pHo

on heating-activated outward cur-
rent. (A) Averaged I-V plots with
pHo 7.3 at pHp 5.5 (squares, n 5 9),
6.6 (triangles, n 5 3), and 7.3 (cir-
cles, n 5 7). The current was mea-
sured at the end of 500-ms voltage
pulses. The internal buffer (Mes)
was 10 mM in seven of nine cells at
pHp 5.5 and 120 mM in two cells at
pHp 5.5 and in three cells at pHp

6.6. B, I-V relations obtained from
voltage ramp applied at 0 mV when
the pHo was changed from 7.3 (1)
to 8.7 (2) and then returned to 7.3
(3). The internal medium con-

tained K-glutamate. (C) I-V relations recorded with the pipette solution containing CsCl when the pHo was increased from 7.3 to 9.0. B and
C were obtained from different cells at pHp 5.5 with 10 mM Mes. Leak current was subtracted. A–C were obtained at 328C.
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mM Mes, not significantly different from that with 120
mM Mes (10.8 6 8.7 pA/pF, n 5 40). I-V relations ob-
tained by 500-ms voltage pulses from 2100 to 1100
mV, and intermittent voltage ramps were not affected
by the buffering power. However, when a 1-s depolariz-
ing pulse (1100 mV) was repetitively applied at an in-
terval of 3 s, a gradual rundown of the outward current
was observed with 10 mM Mes (by 19.1 6 18.6% per 10
pulses, n 5 16) but not with 120 mM Mes (by 21.5 6
11.0% per 10 pulses, n 5 14). In addition, when the
cells were exposed to an 8-s depolarization (160 mV),
the current amplitude gradually increased to a peak

and then reduced to 87.0 6 9.3% (n 5 11) of the maxi-
mum at the end of the depolarization with 10 mM Mes
and 95.2 6 5.6% (n 5 11) with 120 mM Mes. The de-
cline was greater with the lower concentration of Mes
(P , 0.05). Thus a high buffering power in pipette so-
lutions was needed to maintain the current.

To determine ion species carrying the current, the
currents were studied under various experimental con-
ditions. The outward current was observed both when
the extracellular Cl2 ([Cl2]o) was totally replaced by
isethionate2 (Fig. 5 A) and when the intracellular K1

was totally replaced by Cs1 (Fig. 5 B). Tail currents at 0
mV after the depolarizations were directed outwardly
(arrow) and were fit by single exponential curves as in-

Figure 5. Heating-activated outward current recorded in various
internal and external solutions. Whole cell currents evoked by volt-
age pulses up to 1100 (A) or 1120 mV (B and C) in 110-mV in-
crements at pHp 5.5 (328C). The holding potential was 0 mV. The
internal solution was buffered with 120 mM Mes. Selected traces of
tail currents (arrows) were magnified with superimposed single ex-
ponential fits (right). (A) The internal and external media con-
tained K-glutamate and Na-isethionate, respectively. Tail currents
induced by prepulse of 110, 130, 150, 170, and 1100 mV are su-
perimposed. (B) The internal and external media contained CsCl
and Na-isethionate. Tail currents with prepulse of 110, 130, 140,
160, and 1100 mV are superimposed. (C) The internal and exter-
nal media contained K-glutamate and NaCl. Tail currents at 110,
170, 190, 1100, and 1120 mV are superimposed. 50 mM of DIDS
was added into all external media. pHo: 7.3 (A and B) and 6.0 (C).

Figure 6. Reversal potential of heating-activated outward cur-
rent. (A) Tail currents after a depolarization prepulse (180 mV) at
pHp 5.5. The outward current evoked by the prepulse is truncated.
(B) Relationships between pHo and the reversal potential (Vrev) es-
timated from tail currents following a prepulse of either 180 or
1100 mV (1 s). Open and closed circles represent mean and SD of
data recorded with 10 and 120 mM Mes. The solid curves are fitted
by eye and the dotted line, a linear regression for data at pHo 6.0,
6.7, and 7.3 with 120 mM Mes. Figures attached with data indicate
the number of cells. (C) Vrev plotted against the ratio between ex-
tracellular and intracellular Cl2 concentrations ([Cl2]o/[Cl2]i) on
a semilogarithmic scale. Open and closed squares represent data
recorded with K-glutamate and CsCl in the internal solution, re-
spectively. B and C were obtained from the same data. The exter-
nal medium was same (standard Ringer) except for pHo.
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dicated by superimposed thin lines in the magnified
record (right). In these recordings, the external me-
dium contained a Cl2 channel blocker, DIDS (50 mM),
which blocks the Cl2 current in BMMC (Kuno et al.,
1995a). Addition of a K1 channel blocker, Ba21 (1 mM)
did not affect the current. When the pHo was 6.0, the
outward current was small in most cells, but sizable cur-
rents were observed in a few cells (Fig. 5 C). Tail cur-
rents in these cells were going inwardly at 0 mV, sug-
gesting that lowering pHo from 7.3 to 6.0 shifted the re-
versal potential (Vrev) to a more positive level.

The Vrev was estimated from the I-V plots for instanta-
neous tail currents recorded in cells with larger cur-
rents. The voltage protocols were made of test pulses af-
ter the 1-s prepulse (either 180 or 1100 mV) (Fig. 6
A). The amplitudes of tail currents at the start of each
test pulse were determined from the single exponential
fit as shown in Fig. 5. Closed circles in Fig. 6 B repre-
sent the averaged Vrev at pHp 5.5 recorded with 120 mM
Mes in the pipette solutions. The Vrev became more
negative in alkaline media. The dashed line represents
a linear regression for data at pHo 6.0–7.3 with 120 mM
Mes, having a slope of 45.5 mV per DpHo of 1. Data at
higher pHo deviated from the regression line. Depar-
tures from the line were more prominent with 10 mM
Mes (open circles). When the Vrev was replotted against
the ratio between extracellular and intracellular Cl2

concentrations ([Cl2]o and [Cl2]i) on a semilogarith-
mic scale (Fig. 6 C), the Vrev did not depend on the Cl2

gradient. Open and closed squares represent data re-
corded with pipette containing K-glutamate and CsCl,
respectively, showing that the Vrev did not depend on
the K1 concentration. These results suggest that the
heating-activated outward current is carried primarily
by H1 (equivalents).

Effects of Zinc, Bafilomycin A1, and ATP on the H1 Current

A blocker for H1 conductances, ZnCl2 (0.25–0.5 mM),
reversibly suppressed the outward current to 10 6

10.3% (n 5 8) of the controls (Fig. 7). On the other
hand, the current amplitude in the presence of bafilo-
mycin A1 (100 nM), a potent and selective inhibitor for
the H1-ATPase (Bowman et al., 1988), was 47.1 6 37.5
pA at the end of a 500-ms pulse of 100 mV (n 5 20),
not significantly different from the controls (56.2 6
41.0 pA; n 5 22). It seems that the H1 current is not
mediated via an electrogenic vacuolar type H1-ATPase.

As high sensitivity to temperature implicated that a
high activation energy would be involved in the current
activity, we examined the effects of intracellular ATP
on the H1 current. Fig. 8 shows I-V plots from cells re-
corded with ATP-containing (A) and ATP-omitting (B)
pipette solutions. The data were obtained from the same
batch of cells, to avoid batch-to-batch variation. The H1

conductance recorded without ATP was 104 6 54 pS/pF
(n 5 10), significantly smaller than that observed with
ATP (216 6 143 pS/pF; n 5 10) (P , 0.05). Thus, ATP
might be involved in potentiation of the H1 current.

Figure 7. Blockade of H1 current by Zn21. Whole cell currents
evoked by voltage pulses from 280 to 1100 mV in 20-mV steps ap-
plied at 240 mV at 328C (pHp/pHo 5 5.5/7.3). The outward cur-
rent was reversibly inhibited by 0.25 mM ZnCl2. The internal solu-
tion contained K-glutamate and 120 mM Mes and the external so-
lution, Na-isethionate.

Figure 8. Effects of intracellular ATP on H1 current. I-V plots
normalized by the cell capacitance for each 10 cells recorded with
ATP (1 mM)-containing (A) and ATP-omitting (B) intracellular
solutions. The current amplitude was measured at the end of 500-
ms voltage pulses applied at 240 mV at 328C (pHp/pHo 5 5.5/
7.3). The pipette solution was buffered with 120 mM Mes.
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Measurements of Macroscopic pHi Recovery in
Acid-loaded Cells

To assess the role of the H1 conductance in regulation
of pHi, pHi recovery from acid-load in populations of
BMMC was measured using a fluorescent pH-sensitive
dye, BCECF (Fig. 9). Washing cells preincubated with
NH4Cl by ammonium-free solutions induced intracellu-
lar acidification (Roos and Boron, 1981), followed by a
pHi recovery in an Na1-free K1-rich solution at 368C
(Fig. 9, closed circles) (see materials and methods). Al-
though the time course and the resultant pH level at
z20 min differed among preparations, the pHi recov-
ery was characterized by an initial rapid phase within
5–10 min. The Na1-independent pHi recovery was re-
duced at 248C (Fig. 9 A). In an Na1-free NMG1-rich
medium (Fig. 9 B), which would hyperpolarize cells,
the pHi recovery was greatly inhibited, suggesting that
depolarization is required for the rapid H1 efflux. Addi-
tion of 0.5 mM ZnCl2 attenuated the pHi recovery (Fig. 9
C), but bafilomycin A1 (100 nM) did not (Fig. 9 D).

The inhibitory effect of low temperature and Zn21

seemed to be more prominent during the initial phase
of pHi recovery. The rate of the pHi change per time
(DpH/min), obtained by differentiating the pHi re-

cordings, was attenuated by lowering temperature
(open circles) and was greatly inhibited by 0.5 mM
Zn21(squares) (Fig. 10). The rate at 0 min was 0.049 6
0.029 pH U/min (n 5 7) at 248C, 0.010 6 0.010 pH
U/min (n 5 5) in the presence of Zn21, and 0.110 6
0.068 pH U/min (n 5 12) in their controls. These re-
sults support an idea that a temperature- and Zn21-sen-
sitive H1 conductive pathway is responsible for a rapid
pHi regulation during intracellular acidification. The
slow pHi recovery remaining in the presence of Zn21

may be mediated by unidentified H1 efflux mecha-
nisms other than the H1 conductance.

d i s c u s s i o n

A Temperature-sensitive H1 Conductance

We recently reported that an electrophysiological pro-
file of BMMC was heterogeneous at room temperature,
such that an inwardly rectifying K1 current and an out-
wardly rectifying Cl2 current were exhibited in subpop-
ulations (Kuno et al., 1995a). The present study de-
scribed a voltage-activated outward current which was
negligible or small at room temperature but was re-
markably augmented by heating up to 368C. H1 (equiv-
alents) was suggested to be an ion species primarily re-
sponsible for the heating-activated current from several
lines of evidence. First, either a decrease in pHp or an
increase in pHo increased the current amplitude and
shifted the activation voltage to more negative poten-

Figure 9. Macroscopic measurements of pHi recovery in acid-
loaded cells. Populations of cells were loaded with BCECF-AM and
incubated in the presence of 40 mM NH4Cl for 15 min. The ordi-
nate indicates averaged pHi in these cells after washings with am-
monium-free solutions. Closed circles in A–D represent data re-
corded at 368C in the Na1-free, K1-rich solution (control). Open
circles represent averaged pHi at 248C in the K1-rich medium (A,
n 5 7), in the Na1-free NMG1-rich solution (B, n 5 4), in the pres-
ence of 0.5 mM ZnCl2 (C, n 5 5), and 100 nM bafilomycin A1 (D,
n 5 4) in the K1-rich solution. Symbols with bars at right are
mean 6 SD for data at 20 min; * and ** indicate P , 0.05 and P ,
0.01, respectively. Changes in pHi in B–C were measured at 368C.

Figure 10. The rate of pHi recovery from acidification. The rate
of pHi change per time (DpH/min) during the recovery from
acidification was obtained by differentiating individual pHi record-
ings averaged in Fig. 9, A and C. Open circles, squares, and closed
circles represent mean and SD of the DpH/min at 248C (n 5 7) in
the presence of 0.5 mM Zn21 (n 5 5) and their controls (n 5 12).
The acid-loaded cells were suspended in the K1-rich medium. The
pHi in the Zn21-containing or control solutions was measured at
368C.
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tials. Second, the current was observed even when the
extracellular Cl2

 was replaced by an impermeable an-
ion, isethionate2, and when the intracellular K1 was re-
placed by Cs1. Third, the Vrev was dependent on the H1

gradient but was unaffected by the substitution of other
major ion constituents (Cl2, K1, Na1). Fourth, the cur-
rent was not inhibited by K1 or Cl2 channel blockers
(Ba21 and DIDS) but by Zn21, a blocker for voltage-acti-
vated H1 currents (Kapus et al., 1993).

The H1 current in BMMC shares major properties of
that in other cell types (voltage- and time-dependent
activation, outward rectification, sensitivity to both pHo

and pHi, and a blockage by heavy metals) but is distinct
in its high sensitivity to temperature. Although H1 cur-
rents of snail neurons have a stronger temperature sen-
sitivity than K1 currents over a temperature range of
10–258C (Byerly and Suen, 1989), sizable H1 currents
were described in many mammalian cells at room tem-
perature. It is possible that the H1 conductive pathway
comprises a diverse family of related types whose char-
acteristics may be tissue specific and that activation
mechanisms of the H1 current in BMMC may differ
from that in other cells. However, literature on the sen-
sitivity of voltage-activated H1 currents to temperature
is too scarce to draw this conclusion at this moment.

Characteristics of the H1 Current in BMMC

Although H1 (equivalents) was estimated to be a pri-
mary constituent for the heating-activated outward cur-
rent in BMMC, the Vrev deviated from the EH predicted
by the Nernst formula especially at high pHo, even
when the current was recorded with a high buffering
power (120 mM Mes) in the pipette solutions. Prepulse
protocols consisted of different durations (0.5–4 s),
and the holding potentials (0 and 260 mV) did not af-
fect the result. Similar deviation of the Vrev was often
described with H1 currents in other cell types (Mahaut-
Smith, 1989; DeCoursey, 1991; Bernheim et al., 1993;
Demaurex et al., 1993; Kapus et al., 1993), and some in-
trinsic buffering action or diffusion limitation sug-
gested a deviation from the nominal pHp value (De-
Coursey, 1991; Kapus et al., 1993; Holevinsky et al.,
1994). The deviation of the Vrev from the expected
value was greater with 10 mM Mes, although the buffer-
ing power of the pipette solutions (10 or 120 mM Mes)
did not significantly affect the current amplitude ob-
tained by 500-ms step pulses or ramp pulses from 2100
to 1100 mV. This may result from depletion of the in-
tracellular H1 concentration during repetitive prepulses.
Decline of voltage-activated H1 currents during long-
lasting depolarization has been reported (Barish and
Baud, 1984; DeCoursey, 1991; Demaurex et al., 1993;
Kapus et al., 1993) and is explained by depletion of H1

currents caused by preceding H1 efflux (Kapus et al.,
1993). It seems that a high intracellular buffering

power is needed to maintain the H1 current during
long-lasting or repetitive depolarization.

So far, direct electrophysiological evidence that the
H1 currents are mediated by channels is not available
(Lukacs et al., 1993), as the current noise is small and
single channel current is hardly seen even in isolated
patches (DeCoursey and Cherny, 1995). Noise analysis
estimated that the single channel conductance is ,10
fS (Byerly and Suen, 1989; Bernheim et al., 1993; De-
Coursey and Cherny, 1993). In isolated patches of alve-
olar epithelial cells, H1 permeation mechanisms through
voltage-activated H1 channels suggest a difference
from those permeated through water-filled ion chan-
nels (DeCoursey and Cherny, 1995). The current noise
was small and was not augmented by depolarizations in
BMMC as well. Little noise, high sensitivity to tempera-
ture, and a slow activation rate raises a possibility that
H1-conducting molecules in BMMC may be intermedi-
ate between channel and carrier proteins, although
this is only conjecture.

Effects of ATP on the H1 Current

A vacuolar type H1-ATPase is known as an electrogenic
H1 transport system. The H1-ATPase, generally local-
ized in membranes of intracellular organelles, is found
in the plasma membrane of osteoclasts (Väänänen et
al., 1990) and macrophages (Swallow et al., 1988). The
Fo component of the H1-ATPase in osteoclasts forms a
channel protein to secrete H1 (Junge, 1989). As osteo-
clasts generate from bone marrow cells, it is conceiv-
able that BMMC would possess a similar plasmalemmal
H1-ATPase. However, the H1 current in BMMC cannot
be well explained by a vacuolar type H1-ATPase for the
following reasons: First, the current is recorded in
some cells even when ATP is omitted from the intracel-
lular milieu. Second, bafilomycin A1, a selective and po-
tent blocker for the vacuolar type H1-ATPase (Bowman
et al., 1988), does not block the current. Third, immu-
nohistochemical studies documented that the antibody
for the vacuolar H1-ATPase labels osteoclasts but not
other cell types of bone marrow (Väänänen et al.,
1990). Fourth, the ATPase can pump H1 against a
10,000-fold uphill concentration gradient (Heldrich et al.,
1989), but only outward currents are activated at poten-
tials positive to EH in BMMC. On this basis and together
with the electrophysiological properties (steep voltage-
dependence, gating kinetics, the Vrev), the H1-ATPase
is unlikely to mediate the H1 current.

In many cell types, H1 currents are recorded in the
absence of ATP (Byerly and Suen, 1989; DeCoursey,
1991; DeCoursey and Cherny, 1993; Kapus et al., 1993),
and a dependency on ATP has not been described. Al-
though the H1 current was activated in some BMMC
even without ATP, the current amplitude was smaller
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than that in the presence of ATP. Thus ATP may en-
hance the current activity either directly or indirectly:
the H1 currents are reported to be amplified by cytoplas-
mic factors, such as arachidonate (Decoursey and Cherny,
1993), an elevation of intracellular Ca21 (Holevinsky et
al., 1994) or phorbol esters (Henderson et al., 1988;
Nanda and Grinstein, 1991; Kapus et al, 1992). A direct
action of ATP on the molecule mediating the H1 con-
ductance is an alternative explanation for the ATP de-
pendency. The mechanisms responsible for enhance-
ment by ATP remain to be clarified.

Implications of the H1 Current in BMMC Functions

Measurements of pHi using BCECF provide evidence
that the H1 conductive pathway is indeed responsible
for the rapid pHi recovery from acid-load in BMMC, al-
though other unidentified mechanisms may be in-
volved in the slowly developed pHi recovery. The cur-
rent amplitude (9.3 6 9.8 pA/pF at 1100 mV and 328C
with pHp/pHo of 5.5/7.3) of BMMC is smaller than
that in some phagocytes but is roughly comparable to

that reported in various cell types (DeCoursey and
Cherny, 1994). It is conceivable that metabolic acidosis
accompanies cell growth of BMMC as reported in other
cell types (Gerson and Kiefer, 1982; Grinstein and
Dixon, 1989). Otherwise, maintenance of pHi may be
challenged by releasing large quantities of chemical
mediators during anaphylactic actions or in bacterial
infection (Echtenacher et al., 1996; Malaviya et al.,
1996). The H1 efflux mechanism dissipates metabolic
acids generated during these cellular activities (Lukacs
et al., 1993). In addition, many mast cell activities are
pH dependent: for example, exocytosis is influenced by
pHi (Alfonso et al., 1994), and enzymes, such as chi-
mases, are strongly pH dependent (McEuen et al.,
1995). Thus the H1 conductance may play a significant
role in pHi regulation of mast cells in various func-
tional states, as in other cells (Hoffman and Simonsen,
1989).

Electrophysiological studies are often conducted at
room temperature, which may cause one to overlook
the H1 current. Our results imply that H1 conductive
pathways are expected to exist more widely.
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