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Abstract. The pH-sensitivity of transepithelial K + trans- 
port was studied in vitro in isolated vestibular dark cell 
epithelium from the gerbil ampulla. The cytosolic pH 
(PHi) was measured microfluorometrically with the pH- 
sensitive dye 2' ,7 '-bicarboxyethyl-5(6)-carboxyfluo- 
rescein (BCECF) and the equivalent short-circuit current 
(l~c), which is a measure for transepithelial K + secretion, 
was calculated from measurements of the transepithelial 
voltage (V,) and the transepithelial resistance (Rt) in a 
micro-Ussing chamber. All experiments were conducted 
in virtually HCO~-free solutions. Under control condi- 
tions, pH; was 7.01 + 0.04 (n = 18), V t was 9.1 + 0.5 mV, 
Rt 16.7 + 0.09 ~ c m  2, and 1~c was 587 + 30 gA/cm 2 (n = 
49). Addition of 20 mM propionate- caused a biphasic 
effect involving an initial acidification o f  pHi ,  increase in 
V t and Isc and decrease in R t and a subsequent alkalin- 
ization of p H  i, decrease of V t and increase of R r Re- 
moval of propionate- caused a transient effect involving 
an alkalinization of p H  i, a decrease of V t and Isc and an 
increase in R t. p H  i in the presence of propionate- ex- 
ceeded p H  i under control conditions. Effects of propi- 
onate- on V t, R t and Isc were significantly larger when 
propionate- was applied to the basolateral side rather 
than to the apical side of the epithelium. The p H  i - 

sensitivity of Isc between pH 6.8 and 7.5 was -1089 
gA/(cm 2- pH-unit) suggesting that K + secretion ceases 
at about p H  i 7.6. Acidification of the extracellular pH 
(PHo) caused an increase of V t and Isc and a decrease of 
R t most likely due to acidification of p H  i. Effects were 
significantly larger when the extracellular acidification 
was applied to the basolateral side rather than to the 
apical side of the epithelium. The p H  o sensitivity of I~c 
between pH 7.4 and 6.4 was -155 gA/(cm 2 �9 pH unit). 
These results demonstrate that transepithelial K + trans- 
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port is sensitive to p H  i and p H  o and that vestibular dark 
cells contain propionate- uptake mechanism. Further, 
the data suggest that cytosolic acidification activates and 
that cytosolic alkalinization inactivates the slowly acti- 
vating K + channel (IsK) in the apical membrane.  
Whether the effect o f p H  i on the I~K channel is a direct or 
indirect effect remains to be determined. 
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- -  IsK channel - -  MinK channel - -  pH 

Introduction 

Changes in the pH between -0.3 and 0.2 pH-units occur 
during pathological conditions of acidosis and alkalosis 
in the blood plasma and can be expected to occur in 
perilymph since the blood-perilymph barrier is perme- 
able to many small ions (Sterkers et al., 1982, 1987). 
A variety of ion transport mechanisms are known to be 
pH-sensitive but the question whether transepithelial K + 
transport in vestibular dark cells is sensitive to changes 
in the extracellular or cytosolic pH has so far not been 
addressed. Recent observations demonstrated that ves- 
tibular dark cells and strial marginal cells have many ion 
transport mechanisms in common (Wangemann, Liu & 
Marcus, 1995; Wangemann, 1995). Indirect evidence 
based on measurements of the endocochlear potential 
during vascular perfusion suggested that transepithelial 
K + transport by strial marginal cells is sensitive to 
changes in the extracellular and cytosolic pH (Arakawa, 
Marcus & Thalmann, 1987). Based on these observa- 
tions it is conceivable that transepithelial K + transport in 
vestibular dark cells is pH-sensitive as well. The aim of 
the present study was to determine whether changes in 
the cytosolic or the extracellular pH affect transepithelial 
K + transport in vestibular dark cell epithelium. 
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Table 1. Solutions (in mM) 

P. Wangemann et al.: pH-Sensitivity of K + Transport 

Name 1 2 3 4 5 6 7 

NaC1 150.0 130.0 150.0 150.0 150.0 150.0 
KCI 3.6 3.6 3.6 3.6 150.0 
Na-propionate 20.0 

KzHPO 4 1.6 1.6 
KHzPO 4 0.4 0.4 
NazHPO 4 1.71 1.43 1.13 0.57 
NaH2PO 4 0.29 0.57 0.87 1.43 
CaC12 0.7 0.7 0.7 0.7 0.7 0.7 0.7 
MgC12 1.0 1.0 1.0 1.0 1.0 1.0 1.0 
Glucose 5.0 5.0 5.0 5.0 5.0 5.0 5.0 
HEPES 10.0 
pH ~ 7.4 7.4 7.4 7.1 6.8 6.4 6.5-7.7 b 

a pH at 37~ bThe pH of the calibration solution was adjusted to different pH values using HC1 and NaOH. 

Materials  and Methods  

PREPARATION 

25 

20 
The method of dissection of vestibular dark cell epithelium has been -~ 
described earlier (Wangemann & Marcus, 1990). The procedures con- > 
cerning animals reported in this study were approved by Boys Town 
National Research Hospital Animal Care and Use Committee. Briefly, 
gerbils were anesthetized with pentobarbital (50 mg/kg i.p.) and de- ~ | 6 E 
capitated. The temporal bone containing the inner ear was removed i :  
and quickly transferred into cold (4~ dissection solution (solution 1, ~ 
Table 1). Under microscopic observation the ampullae were dissected ~:~ 
free and a patch of epithelium containing a domain of dark cell epi- ,_~ i 0 
thelium was carefully cut out. Melanocytes in the connective tissue * 
beneath the dark cell population aided orientation. The tissue was 
folded in a loop so that an optical section of vestibular dark cells .-,c 

o exclusive of the underlying connective tissue was accessible for fluo- r 
rescence measurements or microelectrode impalements under visual 5 
control. Alternatively, the tissue was left as a flat sheet for measure- 
ments in the micro-Ussing chamber. 

MEASUREMENT OF THE CYTOSOLIC pH (pHi) 

p H  i was measured using the fluorescent dye 2',7'-bicarboxyethyl-5(6)- 
ca rboxyf luo resce in  (BCECF) loaded into cells as BCECF-  
acetoxymethylester (BCECF-AM) as described earlier (Wangemann & 
Shiga, 1994). Briefly, the folded tissue was incubated on the stage of 
the microscope with 7 ~tM BCECF-AM (in solution 1) at room tem- 
perature for about 30 min. During experiments, the preparation was 
alternately illuminated at wavelengths of 442 and 502 nm. The emitted 
light passed a 516 nm dichroic mirror and a 531 _+ 10 nm band-pass 
filter (Omega Optical, Brattleboro, VT) and a rectangular area encom- 
passing about 10 vestibular dark cells exclusive of the connective tissue 
was viewed by photomultiplier. 

The optimal wavelengths for the excitation of BCECF in vestib- 
ular dark cells was determined from scans at different extracellular pH 
values (solution 7) in the presence of 10 gM nigericin (Fig. 1). The 
isosbestic point was chosen as the lower wavelength and the average of 
the emission maxima at pH 6.8 and pH 7.2 was chosen as the upper 
wavelength. 

The intensity of emission in response to the two excitation wave- 
lengths was recorded, the ratio (502/442) was computed and calibrated 

440  445  /I I/ 
' I . . . .  l . . . .  I ' ' ' / /  

." ... . . . . . . . . . . . . . . .  q fir../,/ . . . . . .  : /.U"" r - ,  
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Fig. 1. Determination of the optimal excitation wavelengths. Wave- 
length scans of emissions were performed in the presence of different 
p H  i established via nigericin. Upper insert: Enlargement of the isos- 
bestic point. Lower insert: Enlargement of the maxima. 

against p H  i using the high-K+/nigericin method (Thomas et al., 1979). 
During calibration the tissue was perfused with a solution (solution 7) 
containing 150 mM KC1 and t0 gM nigericin which was adjusted to 
different pH values at 37~ (Fig. 2). 

A linear regression between the ratio (R) andpH i was used for the 
calibration. To verify this method, the averaged calibration data were 
either fitted to a linear relationship or to the Henderson-Hasselbalch 
equation describing the fluorescence of BCECF p H  i = p K  a - log((rma x 
- R ) / ( R  - Rmin) ) where Rmi n and R . . . .  are the minimal and maximal 
fluorescence. The fit to the Henderson-Hasselbalch equation yielded 
Rmln = 1.7 + 0.2, Rm~ , = 9.0 + 0.6, and a p K o  for BCECF in vestibular 
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Fig. 2. Calibration of the ratio between the fluorescence intensity 
evoked by excitation at 442 nm and 502 nm. (A) Protocol performed at 
the end of experiments. The fluorescence ratio was measured at various 
phi which were established by the presence of 10 mM nigericin and 150 
m g  KCI (arrow). (B) The relationship between the fluorescence ratio 
and pH i was fitted with a linear regression (continuous line) and with 
a nonlinear regression algorithm to the Henderson-Hasselbalch equa- 
tion (broken line). 

dark cells of 7.22 + 0.05 (n = 5). As shown in Fig. 2B, there was little 
deviation between the two methods, suggesting that within this pHz 
range a linear calibration is a valid approximation. Linear calibrations 
have been used for pH  i measurements in many other cells, e.g., (Wein- 
traub & Machen, 1989; Vilella et al., 1992; Wangemann & Shiga, 
1994). 

MEASUREMENT OF TRANSEPITHELIAL PARAMETERS 

For the measurement of the transepithelial voltage (11,) and resistance 
(Rt) under open circuit conditions the epithelium was sealed with the 
apical membrane onto the aperture of the micro-Ussing chamber as 
described earlier (Marcus, Liu & Wangemann, 1994). Briefly, V t was 
measured with calomel electrodes connected to the chamber via agar 
bridges made with solution 1. Transepithelial current pulses were 
passed via Ag/AgC1 wires. Sample-and-hold circuitry was used to ob- 
tain a signal proportional to R t from the voltage response to the current 
pulses (50 nA for 34 msec at 0.3 Hz). V, and R t were recorded on a 
2-pen chart recorder. Representative traces were digitized omitting, for 
clarity, the responses to the current pulses (Figs. 4 and 5). The equiv- 
alent short-circuit current (Iso) was obtained according to Ohm's  law 
from measurements of V~ and R, (Iso = Vt/R~). I~c and R t were normal- 
ized for the area defined by the aperture of the micro-Ussing chamber 
(diameter of aperture: 80 gm). 

DETERMINATION OF pH-NENSITIVITIES 

The sensitivities of Vt, R t and Iso to pH i and to the extracellular pH 
(PHo) were obtained as slopes from linear regressions (Figs. 6 and 7). 

For the determination of the pHi-sensitivity of V,, AV t during the initial 
acidification was corrected (reduced by 1.7 mV) for a transient voltage 
deflection due to the basolateral CF  concentration from 153 to 133 mM 
during the addition of propionate. The V~ transient due to a CF step 
from 153 to 133 mM was estimated to be 1.7 mV according to a 
transference number of 0.46 obtained from the experiments involving 
C1 concentration steps from 153 to 15 mM which resulted in a V, 
transient of 28 mV (Wangemann, 1995). 

MATERIALS 

2',7'-biscarboxyethyl-5(6)-carboxyfluorescein acetoxymethyl ester 
(BCECF-AM) was purchased from Molecular Probes (Eugene, OR). 
Nigericin was obtained from Sigma (St. Louis, MO) and all other 
chemicals were either purchased from Fluka (Ronkonkoma, NY) or 
Sigma. 

SOLUTIONS 

The compositions of solutions are listed in Table 1. BCECF-AM was 
predissolved in DMSO to a final concentration of 0.1%. Nigericin was 
predissolved in ethanol to a final concentration of 0.1%. 

STATISTICS 

Data are presented as arithmetic means + SEM. The number of obser- 
vations (n) is the number of tissues. Statistical analysis was performed 
using the Student's t-test for paired samples. Differences were as- 
sumed to be significant when P < 0.05. 

Results 

Under control conditions (solution 1, on both sides of  the 
epithelium), p//~ was 7.01 + 0.04 (n = 18) and, as re- 
ported earlier (Marcus et al., 1994), V t, R t and Isc were 
9.1 + 0.5 mV, 16.7 + 0.9 ~ c m  2 and 587 + 30 gA/cm a (n 
= 49), respectively. 

EFFECT OF PROPIONATE- ON pH i 

Changes in pH/were  induced by addition and removal of 
20 mM propionate- (solution 2). Addition of propionate- 
to both the apical and basolateral perfusate caused an 
initial acidification from pH 6.94 + 0.04 to pH 6.81 + 
0.03 (a-b, Fig. 3) and a subsequent alkalinization to pH 
7.14 + 0.05 (n = 13; b-c,  Fig. 3). Removal  of  propionate 
caused a transient alkalinization to a peak of pH 7.51 + 
0.07 (n = 13; c-d, Fig. 3) after which p H  i returned to 
control values. 

EFFECT OF PROPIONATE- ON V t, R t AND Isc 

V t across vestibular dark cell epithelium is generated by 
the electromotive force (EMF) associated with the K § 
conductance in the apical membrane and the EMF asso- 
ciated with the C1- conductance in the basolateral mem- 
brane. If  any conductive pathway would be pH sensi- 
tive, it would be expected that propionate- has an effect 
on V, and Isc. Addition of propionate- to the apical or 
basolateral perfusate caused a biphasic response of Vp R t 
and Isc- This biphasic response involved an initial in- 
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Fig. 3. Effect of 20 mM propionate (P) on the cytosolic pH (pHi) of 
vestibular dark cell epithelium. Compare a-d to Figs. 4 and 5. 

crease of V t and Isc and decrease of R t (a-b or a'-b' ,  Fig. 
4, Table 2) and a subsequent decrease of V t and Iso and 
increase of R t ( b - c  or b ' -c ' ,  Fig. 4 and Table 2). Re- 
moval of propionate- caused a transient decrease in V t 

and I~ and a transient increase in R t ( c - d  or c ' -d ' ,  Fig. 
4, Table 2). Propionate- exerted a significantly larger 
effect from the basolateral side than from the apical side 
(Fig. 4, Table 2). 

EFFECT OF THE EXTRACELLULAR pH (pHo) ON Vo R t 

AND Isc 

Reduction of p H  o of the basolateral perfusate from pH 
7.4 to either pH 7.1, pH 6.8 or pH 6.4 (solutions 3-6) 
caused a biphasic response of V t, R t and Isc. This bipha- 
sic response involved an initial increase of V, and Iso and 
decrease of R t (a'-b' ,  Fig. 5, Table 3) and a subsequent 
decrease of V t and Iso and increase of R t (b'-c ' ,  Fig. 5, 
Table 3). Return to control pH caused a transient de- 
crease in V t and Is~ and a transient increase in R t (c ' -d ' ,  

Fig. 5, Table 3). A reduction of p H  o of the apical per- 
fusate from 7.4 to 6.4 caused a monophasic increase in V t 
and Isc but had no significant effect on R t (a-b ,  Fig. 5, 
Table 3). 

D i s c u s s i o n  

Propionate- has been used in a variety of preparations as 
a tool to induce a cytosolic acidification (Cala & Mal- 
donado, 1994; Rowe, Lesho & Montrose, 1994, Wange- 
mann & Shiga, 1994). As a first step, propionic acid 
enters the cell by nonionic diffusion since a propionate- 
containing solution at pH 7.4 contains 0.3% undissoci- 
ated propionic acid (pK a 4.87) which is highly lipid sol- 
uble and equilibrates readily across cell membranes 
(Walter & Gutknecht, 1984). At least in some epithelial 
cells such as kidney proximal tubule, additional propi- 
onic acid uptake occurs via a H§ - 
cotransport (Siebens & Boron, 1987; Nakhoul & Boron, 
1988). As a second step, cytosolic propionic acid disso- 
ciates into propionate- and H § which causes the observed 
cytosolic acidification (a-b,  Fig. 3). Removal of propi- 
onate- from the perfusate has the reverse effect. Cyto- 
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Fig. 4. Effect of apical (a:) and basolateral (bl:) 20 mM propionate- (P) 
on A, the transepithelial voltage (Vt) B, the transepithelial resistance 
(Rt) and C, the equivalent short circuit current (I~c). Compare a-d to 
Figs. 3 and 5. 

solic propionate- associates with H § and forms the lipid 
soluble propionic acid which leaves the cell via nonionic 
diffusion, thereby causing the observed alkalinization of 
the cytosol (c-d ,  Fig. 3). 

The magnitude of the propionate--induced cytosolic 
acidification depends mostly on the presence or absence 
of acid extrusion mechanisms or base uptake mechanism 
and on the cytosolic buffer capacity. For example, the 
propionate--induced cytosolic acidification was signifi- 
cantly larger in vestibular transitional cells than reported 
here in vestibular dark cells (Wangemann & Shiga, 
1994). The observation that the propionate--induced 
acidification was only transient suggests that vestibular 
dark cells contain an acid extrusion and/or a base uptake 
mechanism. Indeed, pharmacological evidence suggests 
that vestibular dark cells contain for the extrusion of acid 
a basolateral Na§ § exchanger (P. Wangemann, J. Liu 
and N. Shiga, submit ted) .  In addition, they contain an 
uptake mechanism for the base propionate- which might 
be similar to the Na § or CI- coupled monocarboxylate 
transporters described in kidney proximal tubules (Sie- 
bens & Boron, 1987; Nakhoul & Boron, 1988; Schild, 
Aronson & Giebisch, 1990). Uptake of propionate- re- 
sults in an alkalinization of the cytosol since cytosolic 
propionate- associates with cytosolic H § and forms the 
lipid soluble propionic acid which leaves the cell via 
nonionic diffusion. Evidence for the presence of a pro- 
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Table 2. Data snmmary of the effects of apical and basolateral propionate- on the transepithelial voltage (1/,), transepithelial resistance (Rt) and the 
equivalent short-circuit current (ls~) 

Apical Control Propionate- Control n 

a b c d 
V t (mV) 8.0+ 1.4 9.7 _+ 1.4" 7.3 _+ 1.5" 6.0 + 1.5" 2 
R t (~cm 2) 12.7_+ 2.0 12.4 _+ 1.9 ~ 12.0 • 1.5 ns 12.1 _+ 1.5 n~ 6 
1~o @tAJcm 2) 636 -+ 86 790 _+ 75* 591 -+ 93* 484 -+ 96* 6 

Basolateral Control Propionate Control n 
a' b' c' d 

V, (mV) 10.5_+ 0.7 15.9 _+ 0.9* 8.8 -+ 0.6* 3.0 + 0.3* 27 
R t (~cm z) 17.1 _+ 1.2 15.4 _+ 1.1" 18.5 + 1.4" 20.0 _+ 1.6" 27 
I~ (p.A/cm 2) 653 _+39 1107 _+ 61" 505 -+ 32* 156 _+ 13" 27 

Compare a-d and a' d' to original recordings shown in Fig. 4 and to measurements of pH e shown in Fig. 3. Significant (*) and insignificant ("~) 
changes are labeIed. The number of experiments (n) is given. 
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Fig. 5. Effect of apical (a:) and basolateral (bl:) changes in the extra- 
cellular pH (PHo) on A, the transepithelial voltage (14) B, the transep- 
ithelial resistance (Rt) and C, the equivalent short circuit current (Is~). 

p ionate-  uptake mechanism comes from the observation, 
that p H  i in the presence of propionate-  exceeded p H  i 
under control conditions (a vs. c, Fig. 3). Similar obser- 
vations have been made in kidney proximal tubules (Sie- 
bens & Boron, 1987; Nakhoul & Boron, 1988). An al- 
kalinization where p H  i exceeds pHi under control con- 
ditions cannot be explained by a Na+/H + exchanger since 
cytosolic alkalinization is known to down regulate the 
Na+/H + exchanger  (Aronson,  1985; Grinstein et al., 
1985; Wangemann,  Shign & Marcus, 1993). 

The rate of  K + secretions across vestibular dark cells 

can be estimated from the Isc to be about 6 nmol/(s - cm 2) 
since the t~c (587 gA/cm 2) is related via the Faraday 
constant (9.45 x 104 A �9 s/mol) to the transepithelial K + 
secretion (Marcus & Marcus, 1987). Vestibular dark 
cells take up K + across the basolateral membrane via the 
Na+/C1-/K + cotransporter and the Na,K-ATPase (Wange- 
mann & Marcus, 1990; Marcus et al., 1994). C1- taken 
up via the Na+/C1-/K + cotransporter recirculates mostly 
via a 95 pS C1- channel (Marcus et al., 1993) and K + is 
released across the apical membrane via the slowly ac- 
tivating K + (IsK) channel (Marcus & Shen, 1994). Due to 
the electromotive forces associated with the K + conduc- 
tance in the apical membrane and the C1- conductance in 
the basolateral membrane, vestibular dark cells generate 
a positive V t when bathed in symmetrical  NaC1 solutions 
(Marcus et al., 1994). 

A pH-dependency of  V, Re or Isc would be expected 
if  the K + and/or the C1- conductance would be pH- 
sensitive or if any ion transport mechanism which is 
involved in maintaining the cytosolic K + and C1- con- 
centrations would be pH-sensitive. The observation that 
the time course of V, was nearly a mirror image of  the 
time course of p H  i and that the time course of  R t was 
parallel to that of  p H  i suggests that the effects on Vo R,  
and Isc were correlated to the changes in p H  i (Figs. 3 and 
4). Small  deviations from these correlations occurred 
during and after basolateral propionate-  steps (Fig. 4). 
During basolateral propionate-  steps V t and Iso increased 
slowly whereas R~ decreased slowly (between b" and c'). 
Further, after the removal  of  basolaterat propionate-  a 
small and transient increase in V t and I~  and decrease in 
R t was observed (after d', Fig. 4). The pHi-sensitivities 
of Vp Rr and Iso between pH 6.8 and pH 7.5 were - 1 5  
mV/pH-unit  (r = 0.99), 6.2 C2cm2/pH-unit (r = 0.97) and 
-1089  gA/cm 2- pH-unit  (r = 0.97; Fig. 6). The p H  i- 
sensitivity of transepitheliaI K + secretion can be esti- 
mated to be - 1 2  nmol / (s ,  cm 2- pH-unit). Linearity of  
this correlation exceeding the tested range, however, is 
unlikely. On the one side, linear extrapolation leads to a 
cessation of transepithelial K + secretion at about p H  i 7.6. 
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Table 3. Data summary of the effects of changes in the pH of the apical and basolateral perfusate on the transepithelial voltage (V~), transepithelial 
resistance (R~) and the equivalent short circuit current (I~o) 

Apical pH 7.4 pH 6.4 pH 6.4 pH 7.4 n 

a b c d 

V r (mV) 7.3+ 0.68 8.0 + 0.7* 7.3 _+ 0.5* 6.5 + 0.5* 9 
R t (~2cm 2) 15.1_+ 1.0 15.0 _+ 1.0 n~ 15.0 _+ 1.1 n~ I5.2 _+ 1.1 ns 9 
I~ (gA/cm 2) 494 _+47 546 + 50* 508 + 48* 446 _+ 45* 9 

Basolateral pH 7.4 pH 6.4 pH 6.4 pH 7.4 n 
a' b' c' d' 

V~(mV) 6.6_+ 0.5 8.9 + 0.7* 6.6 _+ 0.6* 3.4 _+ 0.4* 14 
R~(f2cm 2) 16.3_+ 2.1 16.2 _+ 2.2 n~ 17.5 _+ 2.2* 18.7 _+ 2.3* 14 
I~ (gA/cm ~) 460 _+44 621 _+ 59* 428 _+ 45* 222 _+ 36* 14 

Basolateral pH 7.4 pH 6.8 pH 6.8 pH 7.4 n 
a' b' c' d 

V t (mV) 7.7_+ 0.8 9.2 _+ 0.8* 7.6 + 1.0" 5,4 -+ 0.9* 6 
R t (f~cm z) 22.4+ 2.9 21.7 _+ 2.9* 23.1 _+ 3.4 ns 24.4 _+ 3.9 n~ 6 
I~c (gA/cm 2) 374 _+69 466 + 83* 364 _+ 73* 250 _+ 58* 6 

Basolateral pH 7.4 pH 7.1 pH 7.1 pH 7.4 n 
a' b' c' d 

Vt(mV) 8.4+ 1.0 9.3 + 1.1" 8.4 _+ l . l*  7.2 + 0.9* 6 
Rt(f2cm 2) 19.0+ 2.4 18.6 + 2.5* 19.5 _+ 3.0 ns 20.1 _+ 3.1 ns 6 
I~c(IxA/cm 2) 467 _+73 529 _+ 81" 465 _+ 82* 386 _+ 67* 6 

Compare a-d and a'-d' to original recordings shown in Fig. 5. Significant (*) and insignificant (ns) changes are labeled. The number of experiments 
(n) is given. 

On the other side, elevation of transepithelial K § secre- 
tion might be limited by the maximal transport rates of 
the mechanisms involved in basolateral K + uptake and 
apical K + release. Basolateral K + uptake is most likely 
rate limiting considering that ion channels in general 
saturate at higher transport rates than cotransporters or 
ATPases such as the Na+/CI-/K + cotransporter and the 
Na,K-ATPase. 

The observation that cytosolic acidification caused 
an increase in Vt and Iso and a decrease of R t cannot be 
explained with a primary pH-effect on the basolateral CI- 
conductance. Opening of the CI- conductance would de- 
crease R t as observed (a'-b', Fig. 4), however, the mem- 
brane potential of vestibular dark cells was found in 
preliminary experiments to hyperpolarize during the cy- 
tosolic acidification induced by the addition of propio- 
nate- (unpublished results). If the primary effect of the 
cytosolic acidification was due to the basolateral CI- 
conductance, a depolarization rather than a hyperpolar- 
ization of the membrane potential would have been ex- 
pected. Further, a primary effect on the C1- conductance 
is unlikely since the 95 pS CI- channel which is the 
major component of the basolateral CI- conductance has 
been found to be insensitive to pH-changes (Marcus et 
al., 1993). The observed effects on V t, R t and V c are 
consistent, however, with the hypothesis that acidifica- 
tion caused an increase in the apical K-- conductance. 
Two K § conductive pathways have recently been found 
in the apical membrane of vestibular dark cells, the IsK 

channel which is the major K + conductive pathway and 
responsible for K § secretion (Marcus & Shen, 1994) and 
the maxi-K + channel which might not play a significant 
role under unstimulated conditions (Takeuchi, Marcus & 
Wangemann, 1992). A direct stimulatory effect of acid- 
ification on the maxi-K + channel is unlikely since the 
maxi-K + channel has been found in a variety of prepa- 
rations to be inhibited by cytosolic acidification (Stampe 
& Vestergaard Bogind, 1985; Copello, Segal & Reuss, 
1991). Also most other K § channels are known to be 
inhibited by a cytosolic acidification (Ohno-Shosaku et 
al., 1990; Fan, Tokuyama & Makielski, 1994; Schlatter 
et al., 1994). In contrast, cytosolic acidification in ves- 
tibular dark cells caused most likely a transient stimula- 
tion of the apical IsK channel. Whether this stimulation 
occurred directly or indirectly, i.e., via a mediator, re- 
mains unknown, since the pH-sensitivity of the Is~: chan- 
nel has not yet been studied in a cell-free system where 
the distinction could be made between a direct and an 
indirect pH effect. 

A mediator between pH i and the lsK channel could 
conceivably involve the cytosolic Ca 2+ concentration but 
less likely the membrane potential. The cytosolic Ca 2+ 
concentration as a mediator between the cytosolic acid- 
ification and the activation of the IsK channel is conceiv- 
able since it has been shown in preparations other than 
vestibular dark cells that an extracellular or cytosolic 
acidification causes an increase in the cytosolic Ca 2+ 
concentration (Sato, 1994) and that an elevated cytosolic 
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Fig. 6. Sensitivity of A the transepithelial voltage (Vt), B the transep- 
ithelial resistance (R,) and C the equivalent short circuit current (I~o) to 
changes in the cytosolic pH (pHi) induced by 20 mM propionate- ap- 
plied to the basolateral perfusate. The values for pHi were obtained 
from experiments as shown in Fig. 3 and the values for V t, R t and I~  

were obtained from experiments as shown in Fig. 4. The pHi-  

sensitivities were obtained as slopes of the linear regressions between 
changes in p H  i and changes in V t, R t and I~c. 

Ca 2§ concentration possibly via a calmodulin-dependent 
protein kinase activates the IsK channel (Honore et al., 
1992). The membrane voltage, however, is an unlikely 
mediator between acidification and activation of the IsK 
channel since cytosolic acidification coincided with a 
hyperpolarization of the membrane potential and since 
hyperpolarizations are known to inactivate the IsK chan- 
nel (Marcus & Shen, 1994). 

Acidification of the basolateral perfusate most likely 
caused at least a transient acidification ofpHz. This acid- 
ification could be mediated via the basolateral Na+/H § 
exchanger due to the reduction in the proton gradient in 
the presence of continuous metabolic acid production. 
The observed initial increase in V t and Is~ and decrease in 
R t were most likely due the pHi-sensitivity of  the apical 
membrane, i.e., the IsK channel. Support for the hypoth- 
esis comes from the observation that acidification of the 
apical perfusate caused a similar but faster effect on V t 
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Fig. 7. Sensitivity of A the transepithelial voltage (V~), B the transep- 
ithelial resistance (R) and C the equivalent short circuit current (Isc) to 
changes in the extracellular pH (PHo) of the basolateral perfusate. The 
values for V. R t and I~o were obtained from experiments as shown in 
Fig. 5. The pHo-sensitivities were obtained as slopes of the linear 
regressions between changes in p H  o and changes in V~ R t and I~o. 

and Isc (Fig. 5). The reason for the observation that the 
response was larger when the change in p H  o was applied 
to the basolateral side might be related to the fact that the 
area of the basolateral membrane is about 40 times larger 
than the apical membrane area (W. ten Care, personal com- 
munication). Similar reasoning applies also to the obser- 
vation that propionate- caused a larger effect on V t and Iso 
when applied basolaterally than when applied apically. 

The PHo-sensitivites of V,, R t and Isc obtained from 
the initial responses (a ' -b ' ,  Fig. 5, Table 3) to basolateral 
p H  o steps between pH 7.4 and pH 6.4 were -2 .2  mV/ 
pH-unit (r = 0.99), -0 .2  f2cm2/pH-unit (r = 0.12) and 
-155 mA/cm 2- pH-unit (r = 0.99; Fig. 7) and the p H  o- 
sensitivity of transepithelial K § secretion was estimated 
to be -1 .6  nmol/(s �9 cm 2 �9 pH-unit). Comparison of the 
p H  i- and the pHo-sensitivity of I~o suggests that an ex- 
tracellular acidification caused a cytosolic acidification 
which was smaller by about a factor of  7, thus a change 
in p H  o e.g., from 7.4 to 7.2 would cause a change in p H  i 
from 7.00 to 6.97. 
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The observed decline in V~ and Isc and increase in R t 
observed during the extracellular acidification (b'-c ' ,  
Fig. 5, Table 3) cannot be explained by a change in pHi 
since p H  i most likely declined monophasically rather 
than transiently in the presence of an extracellular acid- 
ification. The observed secondary phase was most likely 
related to some kind of cross-talk between the apical IsK 
channel and the K + uptake mechanisms in the basolateral 
membrane. Indeed, the Na,K-ATPase which is part of 
the basolateral K + uptake mechanism has been shown to 
be inhibited during a cytosolic acidification (Kuijpers & 
Bonting, 1969) and inhibition of the Na+/C1-/K + cotrans- 
porter which is the other basolateral K + uptake mecha- 
nism has been shown to cause via cross-talk inhibition of 
the I~K channel (Marcus & Shen, 1994). Accordingly, 
cytosolic acidification would initially result in a stimu- 
lation of the IsK channel which would be subsequently 
overridden by the inhibitory cross-talk effect. 

In conclusion, the present data demonstrate that 
transepithelial K + transport across vestibular dark cell 
epithelium is sensitive to p H  i and p H  o and suggest that 
cytosolic acidification activates and that cytosolic alka- 
linization inactivates the IsK channel in the apical mem- 
brane. Whether the effect of p H  i on the I~K channel is a 
direct or indirect effect remains to be demonstrated. 

The authors wish to thank Drs. Daniel C. Marcus, Zhjiun Sheu and 
Hiroshi Sunose for helpful discussions. This work was supported by 
grants NIH-R29-DC01098 and NIH-R01-DC00212. 

References 

Arakawa, E., Marcus, D.C., Thalmann, R. 1987. Dependence of endo- 
cochlear potential on vascular pH. Hear. Res. 31:1-7 

Aronson, P.S. 1985. Kinetic properties of the plasma membrane Na +- 
H + exchanger. Annu. Rev. Physiol. 47:545-560 

Cala, P.M., Maldonado, H.M. 1994. pH regulatory Na/H exchange by 
Amphiuma red blood cells. J. Gen. Physiol. 103:1035-1053 

Copello, J., Segal, Y., Reuss, L. 1991. Cytosolic pH regulates maxi K + 
channels in Necturus gall-bladder epithelial cells. J. Physiol. 
434:577-590 

Fan, Z., Tokuyama, Y., Makielski, J.C. 1994. Modulation of ATP- 
sensitive K § channels by internal acidification in insulin-secreting 
cells. Am. J. Physiol. 267:C1036-C1044 

Grinstein, S., Goetz, J.D., Cohen, S., Rothstein, A., Gelfand, E.W. 
1985. Regulation of Na+/H + exchange in lymphocytes. Ann. N.Y. 
Acad. Sci. 456:207-219 

Honore, E., Attali, B., Lesage, F., Barhanin, J., Lazdunski, M. 1992. 
Receptor-mediated regulation of I~K, a very slowly activating, volt- 
age-dependent K + channel in Xenopus oocytes. Biochem. Biophys. 
Res. Commun. 184:1135-1141 

Kuijpers, W., Bonting, S.L. 1969. Studies on (Na+-K+)-activated 
ATPase. XXIV. Localization and properties of ATPase in the inner 
ear of the guinea pig. Biochim. Biophys. Acta 173:477-485 

Marcus, D.C., Liu, J., Wangemann, P. 1994. Transepithelial voltage 
and resistance of vestibular dark cell epithelium from the gerbil 
ampulla. Hear. Res. 73:101-108 

Marcus, D.C., Shen, Z. 1994. Slowly activating, voltage-dependent K + 
conductance is apical pathway for K § secretion in vestibular dark 
cells. Am. J. Physiol. 267:C857-C864 

Marcus, D.C., Takeuchi, S., Wangemann, P. 1993. Two types of chlo- 
ride channel in the basolateral membrane of vestibular dark cell 
epithelium. Hear. Res. 69:124-132 

Marcus, N.Y., Marcus, D.C. 1987. Potassium secretion by nonsensory 
region of gerbil utricle in vitro. Am. J. Physiol. 253:F613-F621 

Nakhoul, N.L., Boron, W.F. 1988. Acetate transport in the $3 segment 
of the rabbit proximal tubule and its effect on intracellular pH. J. 
Gen. Physiol. 92:395-412 

Ohno-Shosaku, T., Kubota, T., Yamaguchi, J., Fujimoto, M. 1990. 
Regulation of inwardly rectifying K + channels by intracellular pH 
in opossum kidney cells. Pfluegers Arch. 416:138-143 

Rowe, W.A., Lesho, M.J., Montrose, M.H. 1994. Polarized Na+/H + 
exchange function is pliable in response to transepithelial gradients 
of propionate. Proc. Natl. Acad. Sci. USA 91:6166-6170 

Sato, M. 1994. Effects of CO z, acetate and lowering extracellular pH 
on cytosolic Ca 2+ and pH in cultured glomus cells of the newborn 
rabbit carotid body. Neurosci. Letf. 173:159-162 

Schild, L., Aronson, P.S., Giebisch, G. 1990. Effects of apical mem- 
brane C1--formate exchange on cell volume in rabbit proximal tu- 
bule. Am. J. Physiol. 258:F530-F536 

Schlatter, E., Haxelmans, S., Hirsch, J., Leipziger, J. 1994. pH depen- 
dence of K + conductances of rat cortical collecting duct principal 
cells. Pfluegers Arch. 428:631-640 

Siebens, A.W., Boron, W.F. 1987. Effect of electroneutral luminal and 
basolateral lactate transport on intracellular pH in salamander prox- 
imal tubules. J. Gen. Physiol. 90:799-831 

Stampe, P., Vestergaard Bogind, B. 1985. The Ca2+-sensitive K +- 
conductance of the human red cell membrane is strongly dependent 
on cellular pH. Biochim. Biophys. Acta 815:313-321 

Sterkers, O., Ferrary, E., Sanmon, G., Amiel, C. 1987. Na and non- 
electrolyte entry into inner ear fluids of the rat. Am. Z Physiol. 
253:F50-F58 

Sterkers, O., Saumon, G., Tran Ba Huy, P., Amiel, C. 1982. K, C1, and 
H20 entry in endolymph, perilymph, and cerebrospinal fluid of the 
rat. Am. J. Physiol. 243:F173-F180 

Takeuchi, S., Marcus, D.C., Wangemann, P. 1992. Maxi K + channel in 
apical membrane of vestibular dark cells. Am. J. Physiol. 
262:C1430-C1436 

Thomas, J.A., Buchsbaum, R.N., Zimniak, A., Racker, E. 1979. Intra- 
cellular pH measurements in Ehrlich ascites tumor cells utilizing 
spectroscopic probes generated in situ. Biochemistry 18:2210-2218 

Vilella, S., Guerra, L., Helmle-Kolb, C., Murer, H. 1992. Character- 
ization of basolateral NaJH exchange (NaJH-I) in MDCK cells. 
Pfluegers Arch. 420:275-280 

Walter, A., Gutknecht, J. 1984. Monocarboxylic acid permeation 
through lipid bilayer membranes. J. Membrane Biol. 77:255-264 

Wangemann, P. 1995. Review: Comparison of ion transport mecha- 
nisms between vestibular dark cells and strial marginal cells. Hear. 
Res. (in press) 

Wangemann, P., Liu, J., Marcus, D.C. 1995. Ion transport mechanisms 
responsible for K + secretion and the transepithelial voltage across 
marginal cells of stria vascutaris in vitro. Hear. Res. 84:19-29 

Wangemann, P., Marcus, D.C. 1990. K+-induced swelling of vestibular 
dark cells is dependent on Na + and CI- and inhibited by piretanide. 
Pfluegers Arch. 416:262-269 

Wangemann, P., Shiga, N. 1994. Ba a+ and amiloride uncover or induce 
a pH-sensitive and a Na + or non-selective cation conductance in 
transitional cells of the inner ear. Pfluegers Arch. 426:258-266 

Wangemann, P., Shiga, N., Marcus, D.C. 1993. The Na+/H + exchanger 
in transitional cells of the inner ear. Hear. Res. 69:107-114 

Weintraub, W.H., Macheu, T.E. 1989. pH regulation in hepatoma cells: 
roles for Na-H exchange, C1-HCO 3 exchange, and Na-HCO 3 
cotransport. Am. J. Physiol. 257:G317-G327 


