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Summary. We have examined the effect of internal and external
pH on Na* transport across toad bladder membrane vesicles.
Vesicles prepared and assayed with a recently modified proce-
dure (Garty & Asher, 1985) exhibit large, rheogenic, amiloride-
sensitive fluxes. Of the total ?Na uptake measured 0.5-2.0 min
after introducing tracer, 80 = 4% (mean * SE, n = 9) is blocked
by the diuretic with a K; of 2 x 10~% M. Thus, this amiloride-
sensitive flux is mediated by the apical sodium-selective chan-
nels. Varying the internal (cytosolic) pH over the physiologic
range 7.0-8.0 had no effect on sodium transport; this result sug-
gests that variation of intracellular pH in vivo has no direct apical
effect on modulating sodium uptake. On the other hand, **Na
was directly and monotonically dependent on external pH. Ex-
ternal acidification also reduced the amiloride-sensitive efflux
across the walls of the vesicles. This inhibition of 22Na effux was
noted at external Na* concentrations of both 0.2 um and 53 mmM.

These results are different from those reported with whole
toad bladder. A number of possible bases for these differences
are considered and discussed. We suggest that the natriferic re-
sponse induced by mucosal acidification of whole toad urinary
bladder appears to operate indirectly through one or more fac-
tors, presumably cytosolic, present in whole cells and absent
from the vesicles.

Key Words sodium channels - pH dependence - mucosal
acidification - intracellular pH - apical Na* entry - Na* perme-
ability

Introduction

Transcellular sodium transport proceeds across
tight epithelia in two steps (Koefoed-Johnsen & Uss-
ing, 1958), apical entry through ion-selective, ami-
loride-inhibitable channels and basolateral extru-
sion through the Na,K-exchange pump. Several
lines of evidence suggest that over time frames of
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seconds to minutes, this transport is primarily regu-
lated at the apical plasma membrane. A great num-
ber of factors have been considered to play possible
roles in this regulation, among them the ionic com-
positions of the intracellular and extracellular fluids
(Civan, 1983). One particularly striking phenome-
non has been the marked stimulation of mucosal-to-
serosal sodium movement across the urinary blad-
der of the toad produced by acidification of the
mucosal medium (Leaf, Keller & Dempsey, 1964).
Whether this stimulation reflects an extracellular or
an intracellular effect, whether the mode of action is
direct or indirect, and the possible physiologic sig-
nificance of the phenomenon have been unclear.
In the present work, we have been concerned
primarily with the question whether mucosal acidifi-
cation increases sodium transport by a direct mem-
brane effect, and secondarily with the sidedness of
the effect, mucosal or intracellular. It is now feasi-
ble to monitor the intracellular pH of tight epithelia
noninvasively with pH-selective microelectrodes
(M. Duffey, E. Kelepouris, K. Peterson-Yantorno &
M.M. Civan, unpublished observations) and with
3P (Bond et al., 1981; Nunnally et al., 1983; Lin,
Shporer & Civan, 1984) and ’F NMR spectroscopy
(Civan et al., 1985). However, it must be empha-
sized that study of whole cell preparations cannot
rigorously establish whether changes in pH or other
single isolated parameters exert direct effects on the
sodium channel or whether such effects reflect com-
plex interactions with other intracellular processes.
We have approached the problem by measuring
amiloride-blockable Na* fluxes in apical mem-
brane vesicles rather than in whole epithelium.
In isolated membrane preparations, the chan-
nels are uncoupled from cytoplasmic factors and
only direct pH effects are expected to influence
their Na* permeability. In order to assess apical
Na* conductance, we have utilized a recently
described procedure permitting measurement of
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amiloride-blockable ?*Na uptake in anatomically
heterogeneous populations of toad bladder vesicles
(Garty, Rudy & Karlish, 1983; Garty, 1984; Garty &
Asher, 1985). With this approach, ?Na uptake pri-
marily by the apical vesicles can be measured by
taking advantage of the selective permeability char-
acteristics of the apical membranes. Specifically,
sodium uptake is measured in the presence of a neg-
ative inside membrane potential imposed preferen-
tially across the apical vesicles by a chemical gradi-
ent either of NaCl or of KCI in the presence of
valinomycin. In contrast, little ??Na is taken up by
the basolateral vesicles since their transmural elec-
trical gradients are dissipated by the relatively large
Cl~ conductances of the basolateral membranes.
The #2Na uptake by these vesicles has been demon-
strated to be ion-selective, rheogenic, and under fa-
vorable conditions largely inhibitable by low con-
centrations of amiloride (K; = 2 x 1078 M) (Garty &
Asher, 1985). The amiloride-blockable flux in vesi-
cles can also be inhibited by Ca’* ions. From the
sidedness of the Ca?* and amiloride effects, it has
been concluded that the membranes of these apical
vesicles are ‘‘right-side out’ with respect to their
cellular orientation (Garty, 1985). In addition to up-
take, it is possible to monitor amiloride-sensitive
tracer efflux from these vesicles induced by mem-
brane depolarization.

Using these procedures, we have succeeded in
measuring the effects of separately varying intra-
(pH;) and extravesicular pH (pH,) on radioactive
sodium uptake. We have found that alterations in
cytosolic and external pH exert direct membrane
effects which are different both from each other and
from the observations reported for whole toad uri-
nary bladder.

Materials and Methods

PREPARATION OF VESICLES

Specimens of the toad Bufo marinus of mixed sex and Mexican
origin (Lemberger, Oshkosh, W1) were doubly pithed and de-
blooded by transventricular perfusion with approximately 500
ml of a Ringer’s solution consisting of (in mm): NaCl, 110.0;
CaCl,, 1.0; MgCl,, 0.5; KH,PO, and K,;HPO,, 3.5;ata pH of 7.5.
The urinary bladders were excised and rinsed several times in an
ice-cold homogenizing medium containing (in mm): KCl, 90; su-
crose, 45; MgCl,, 5; EGTA [ethyleneglycol-bis(8-aminoethyl
ether)-N,N,N’,N'-tetraacetic acid], 1; and Tris-HCl, 5 or 20; at a
pH of 7.8.

The epithelium was scraped off the underlying connective
tissue with a glass slide, and the cells were dispersed in the
homogenizing medium by rapidly drawing them in and ejecting
them out from a Pasteur pipette. The cell suspension was washed
twice in the homogenizing medium at 0°C and then incubated for
30~45 min at 25°C, after which the cells were broken by applying
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6 sec of shear forces with a polytron homogenizer (Ystral
GmbH, Géttingen, FRG). Intact cells and nuclei were separated
into a pellet by centrifuging the homogenates at 1,000 x g for §
min, following which the supernatant solutions were centrifuged
for a further hour at 0°C at 27,000 x g. The microsomal pellets
were resuspended in minimal volumes of the homogenizing solu-
tion for experimental study within 24 hr.

ASSAY OF ?Na TRANSPORT

Influx and efflux measurements of 22Na transfer were conducted
at 25°C as previously described (Garty, 1984; Garty & Asher,
1985). The microsomal preparation, containing 50-100 ug pro-
tein, was first eluted through short Dowex (50 WX8) columns
(50-100 mesh, Tris form) with 0.7-1.4 ml 175 mM sucrose. This
initial step established a chemical gradient for potassium across
the vesicular walls by exchanging external cation for Tris and
diluting the external medium with isotonic sucrose solution. The
pH of the eluent was adjusted with small volumes of Tris buffer,
and valinomycin was added to a final concentration of 3 um.
Aliquots were thereupon immediately distributed among vials
containing approximately 4 uCi ml™! 22Na (0.2-0.4 uM Na*), 20
mM buffer (Tris or MES), and either 1.5 M amiloride or the pure
sucrose. Unless otherwise specified, the total and amiloride-in-
sensitive 2Na uptakes were measured by taking one (at 1 min) or
more (at 0.5 and 2 min) timed aliquots (150 ul, 4-25 ug protein)
from the radioactive suspensions, transferring them to Dowex
columns precoated with bovine serum albumin, and eluting the
vesicles with 1.5 ml ice-cold sucrose solution into counting vials.
The initial rate of sodium uptake was calculated as pmol 2Na -
mg protein~! - min~!. In efflux measurements, the vesicles were
first allowed to accumulate 2?Na for 10-15 min. After removing
one aliquot, the residual vesicle suspension was diluted 1:2 with
a medium containing 110 mM of either NaCl or KCI and either
amiloride or diluent and sampled again {~2 min later. The protein
content of the sample was determined (Bradford, 1976) with a
separate aliquot of the eluted vesicles. The Na was assayed
with a B-counter.

PH CLAMPING

In experiments assessing the effects of pH, on 2Na transport,
the vesicles were prepared to contain 20 mM Tris-HCl at a pH of
7.7--7.8, unless otherwise specified. Elution of the microsomes
through the Dowex columns acidified the external medium by
exchanging Tris for K*. Therefore, the pH of the eluent was then
readjusted to 7.8 by adding a minimal volume of Tris base. At
zero time, the external pH was clamped to the desired value with
the 20 mm buffer (Tris or MES) present in the radioactive solu-
tion. In this way, the pH gradient was established at the same
time that the radioactive tracer was introduced.

In experiments that assessed the effects of pH;, the vesicles
were prepared to contain 5 mm Tris-HCI, divided into several
aliquots and incubated for at least 2 hr at different pH values.
The external pH was readjusted to 7.8-8.0 after eluting the vesi-
cles through the Dowex column, i.e., approximately 30 sec be-
fore initiating the experiment.

F1L.UORESCENCE MEASUREMENTS

Measurements of intracellular pH were conducted with the pH
indicator pyranine (8-hydroxy-1,3,6-pyrenetrisulfonate) (Kano &
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Fendler, 1978; Clement & Gould, 1981). The sample was excited
at 465 nm and the fluorescence measured at 510 nm with a lumi-
nescence spectrometer (LS-5, Perkin Elmer Corp., Norwalk,
CT).

CHEMICALS

Valinomycin, EGTA, FCCP (carbonyl cyanide p-trifluoro-
methoxyphenyl hydrazone) and bovine serum albumin (fraction
V) were obtained from the Sigma Chemical Company (St. Louis,
MO), Dowex beads from Fluka AG (Buchs, Switzerland),
pyranine from Kodak (Rochester, NY), and ?NaCl (carrier-free,
1.66 mCi - ml™!) from Amersham Radiochemicals (Buckingham-
shire, UK). The amiloride was a gift from Merck, Sharp and
Dohme (GmbH, Munich, FRG).

Results

TiME COURSE OF PROTON EQUILIBRATION

One aim of the present study was to determine the
effects on ??Na transport induced by separately
clamping the pH of the intra- and extravesicular
phases. Such measurements are meaningful only if
the rate of proton equilibration across the walls of
the vesicles is no faster than the rate of experimen-
tal sampling. The feasibility of the study with the
current vesicles was indicated by the data of Fig. 1.
The fluorescent dye pyranine was entrapped at a
concentration of 1 mm within vesicles at the time of
their formation. The molecule’s fluorescence is de-
pendent upon pH. When the external pH was re-
duced, the measured fluorescence underwent an ini-
tial abrupt fall, presumably reflecting the effect of
acidification on dye adsorbed onto the external ve-
sicular surface. Subsequently, the fluorescence un-
derwent a second slower phase of decline. We inter-
pret this slower rate of change of fluorescence as
reflecting the rate of proton transfer and pH change
of the intravesicular fluid. This interpretation is sup-
ported by the observation that adding FCCP, a pro-
ton ionophore, abruptly accelerated the rate of
change of fluorescence. The combined presence of
the proton ionophore (FCCP) and the potassium
ionophore (valinomycin) abolished the second slow
phase of pH equilibration but not the initial rapid
response to subsequent alkalinization and acidifi-
cation of the extravesicular medium.

EFFECT OF PH,

ZNa uptake was measured in two parallel aliquots
of vesicles containing either no amiloride or 1.5 uM
amiloride. The uptake through the amiloride-sensi-
tive channels was calculated as the difference in
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Fig. 1. Effect of external pH on internal pH of vesicles prepared
from toad urinary bladder. The preparation consisted of 130 ul of
vesicles containing 1 mM pyranine in the homogenization solu-
tion, 750 ul of 6% sucrose solution, and 3 ul of a 1 mM valinomy-
cin solution at an external and internal pH of 7.9. Following
external acidification by adding 20 wl of 0.5 M MES solution
(first arrow labeled MES), the extravesicular pH fell to 6.5
and the fluorescence sharply fell. Thereafter, a slower phase
was noted in which the fluorescence continued to decline. This
rate of fall of fluorescence was slightly reduced by the addition of
50 ul of amiloride solution (2 mMm, AMI). However, following the
subsequent addition of 3 ul of [ mMm FCCP, the fluorescence
promptly declined to a minimal stable value. At the arrow la-
beled NaOH, 0.5 M NaOH was added in two steps; the first was
the addition of 10 wl, and the second (not shown) was the addi-
tion of 3 ul solution. In the presence of valinomycin and FCCP,
changes in external pH induced rapid changes in fluorescence
without the appearance of the second slow phase noted earlier in
the trace; at the second and third arrows labeled MES, two vol-
umes of 20 ul each of 0.5 M MES were added sequentially

2ZNa content between the two aliquots. In our early
experiments, the magnitude of the amiloride-sensi-
tive uptake was low and variable with respect to the
background amiloride-insensitive level. In the later
series of 12 experiments, the modified procedure of
Garty and Asher (1985) was used to prepare the
vesicular suspensions. When care was exercised to:
(i) reduce the extracellular free calcium concentra-
tion to well under 107% M before scraping the epi-
thelial cells from the mucosal surface, and (ii) prein-
cubate the scraped cells at 25°C for 30—45 min, the
assays were far more reproducible, and uptake
through the high-affinity channels accounted for 80
+ 4% (mean * SE, n = 9) of the total measured *Na
uptake. The data of Figs. 1, 3, 4C and 5, and those
obtained while changing pH; in one preparation,
were collected during the early phase of the study.
All of the other results presented were obtained
during the course of the later series of experiments.

Figure 2A and Table 1 present the effect of ex-
ternal pH on ?Na uptake through the amiloride-
sensitive channels, obtained from measurements of
aliquots of vesicles at six different values of pH,,
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Table 1. Dependence of initial *Na uptake on external and internal pH

Variable pH “Na content (cpm/sample)
Without amiloride With amiloride
Intravesicular Total suspension Intravesicular Total suspension
pH, 8.25 4447 76,004 834 74,166
7.9 3005 87,739 770 80.210
7.45 2043 89,217 467 89,345
7.1 1059 82,899 331 95,930
6.6 765 92,489 214 101,579
6.1 401 98,621 158 106,240
pH; 9.0 2418 82,523 418 94,457
8.5 2809 98,854 427 94,386
8.0 8538 96,543 596 89,970
7.0 8306 90,111 546 102,981
6.5 6237 98,462 499 92,553
6.0 2269 96,544 352 97,685

Unreduced results from which the data points of Fig. 2 were calculated. Counting time was 1 min for
all samples. The volumes were 150 and 15 ul for the samples of vesicles and total suspensions,

respectively.

-
o
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Fig. 2. Dependence of initial amiloride-sensitive ?Na uptake on
external and internal pH. (A) Dependence on external pH (closed
circles): The internal pH was fixed at 7.8, and the external pH was
varied from 6.1 to 8.25 in six separate aliquots of vesicular
suspensions. The data were obtained 1 min after exposure to
2Na and have been normalized to the uptake measured at pH, =
8.25, 11.0 pmol - min~! - mg protein~'. (B) Dependence on inter-
nal pH (open circles): The external pH was clamped at 7.8 and
the internal pH was varied from 6.0 to 9.0 in six separate aliquots
of vesicles. The results were obtained 0.5 min after adding ?Na
and have been normalized to the value of absolute uptake mea-
sured at pH; = 7.0, 19.1 pmol - min~! - mg protein~!

while clamping pH; at 7.8. Qualitatively similar
results were obtained in five other experiments con-
ducted at two to four different values of external
pH. Over the pH range studied, the initial *?Na up-
take was strongly and monotonically dependent on
pH,; the highest uptake was noted at the highest
external pH applied. In principle, the decreased up-
take observed at acidic pH could reflect either a
decrease in the Na* channel conductance or a depo-
larization of the electrical membrane potential driv-
ing the tracer uptake (e.g., by opening nonspecific
conductive pathways). The second possibility can
be excluded by comparing efflux measurements
conducted after external acidification with those
carried out after depolarizing the vesicle mem-
branes (Fig. 3). Increasing the pH of the external
fluid bathing preloaded vesicles from 6.7 to 7.9 trig-
gered an increased rate of 2Na uptake (Fig. 34). If,
however, the microsomes were preincubated at a
pH, of 7.9 and then acidified, net tracer accumula-
tion ceased but did not reverse sign (Fig. 3B). This
behavior is in striking contrast to the large ami-
loride-sensitive ejection of intravesicular ?Na in-
duced by depolarizing the driving membrane poten-
tial with high external Na' (Fig. 3C). These
differences clearly indicate that the dependence of
flux on pH, shown in Fig. 2 reflects changes in Na*
permeability and not in membrane potential.

EFFECT OF INTERNAL PH

Changing the intravesicular pH had different effects
on the 22Na uptake through the amiloride-sensitive
channels from those induced by varying pH,. In
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Fig. 3. Dependence of 2Na efflux on ionic composition of exter-
nal medium. Sodium was first accumulated by the vesicles during
a period of 15 min in the presence of valinomycin and a chemical
gradient for K*. (A.B) The preincubation was conducted at a pH
of either 7.7 (A) or 6.7 (B) before changing the external pH either
to 7.9 (triangles) or to 6.5 (circles). (C) The preincubation was
conducted at 7.9, following which the suspensions were adminis-
tered with either § mm NaCl [with (triangles) or without (circles)
175 uM amiloride] or an equal volume of 6% sucrose (squares)

these experiments, the intravesicular pH was
changed by preincubating the vesicles for at least 2
hr in buffers at the desired pH before clamping the
external pH to 7.8-8.0 and initiating the assay. The
results of one experiment conducted at six different
pH values are presented in Fig. 2 and Table 1. Simi-
lar results were obtained with three other prepara-
tions studied at three to five values of internal pH.
In these additional experiments, measurements
were also conducted with the pH;, fixed at 7.1, 7.2,
7.7 and 7.9. Over the pH range from approximately
6.8 to 8.0, a peak uptake of ??Na was observed,
measured 0.5 min after exposing the suspension to
radioactive sodium. At pH values above or below
this range, the intravesicular Na*® content was
lower at the same time point. However, the mecha-
nisms responsible for the reduced ?Na content at
the lower and higher ends of the pH spectrum were
different. At very low values of internal pH, the
amiloride-sensitive sodium uptake was appreciably
greater after 2.0 min incubation than after 0.5 min,
as was generally noted in all other experiments of
the present study. The ratio of the amiloride-sensi-
tive 2Na uptake at 2.0 min to that at 0.5 min varied
from 1.75 to 1.97 at four values of pH, over the pH
range 6.0 to 8.0, with a mean ratio (= sg) of 1.85 =
0.04. In contrast, at internal pH values of 8.5 and
9.0, the corresponding ratios were considerably re-
duced, to 1.23 and 1.30, respectively. The more
rapid attainment of a stable reduced plateau of ami-
loride-sensitive ?Na uptake is consistent with the
concept that intravesicular alkalinization above a
pH of 8 induced nonspecific shunting across the
walls of the vesicles. The fact that this phenomenon
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Fig. 4. Initial amiloride-insensitive uptake of 2Na as a function
of internal pH. The symbols A-D identify data from four differ-
ent preparations. In each case, the vesicles were preincubated for
at least 2 hr in a suitable buffer solution in order to fix pH; at the
desired value. The experiment was then initiated when the exter-
nal pH was clamped to 7.8-8.0. The sodium uptake was assayed
0.5 min after exposing the vesicles to “*Na in experiments A,B
and D, and after 1.5 min in experiment C. The results have been
normalized to the maximal rates of measured uptake (in pmol -
min~! - mg protein~!): (4) 0.72, (B) 1.58, (C) 1.25 and (D) 1.21

was not observed in response to extravesicular al-
kalinization is a further indication that protons
equilibrate relatively slowly across the vesicular
walls; i.e., measurements of 2?Na uptake taken ap-
proximately a minute after changing external pH
are indeed meaningful.

The precise nature of the shunting produced by
large alkalinizations of the intravesicular fluid can-
not be specified from the current data. However,
three observations suggest that raising pH; above
8.0 reduces the ionic selectivity of the amiloride-
sensitive channel, permitting shunting through this
channel. First, unlike the amiloride-sensitive 22Na
uptake, the amiloride-insensitive uptake does not
display relative saturation after short times at high
internal pH. For the experiment of Fig. 2 (curve B),
the ratio of the amiloride-insensitive uptake at 2.0
min to that at 0.5 min at an internal pH of 8.5 and of
9.0 were 2.51 and 2.42, respectively, insignificantly
different from the values (2.44-2.64, mean * Sg =
2.56 £ 0.04) measured at the four values of pH; over
the range 6.0 to 8.0. Second, the amiloride-insensi-
tive sodium uptake does not appear to be dependent
upon internal pH (Fig. 4). Both of these observa-
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Fig. 5. Initial amiloride-sensitive (A,B) and amiloride-insensitive
(C,D) uptakes in the presence or absence of transmembrane gra-
dients of pH. In this early experiment (conducted before the
preparative modifications discussed in the test were initiated),
2Na uptake through the amiloride-sensitive and amiloride-insen-
sitive pathways were similar in magnitude. This permitted a
meaningful comparison of the pH-dependence of the two uptakes
in the same preparation. The data of A and C were carried out by
initially incubating the vesicles at a pH of 7.2, and then rapidly
changing the external pH to one of three values, thus establishing
a pH gradient across the walls of the vesicles. The results identi-
fied as B and D were collected 5.5 hr after incubating the aliquots
at the new values of external pH; in this case, pH; and pH,
should have been equal when tracer was added. Each sample for
radioactive assay was taken 1.5 min after exposing the vesicles
to 2Na. The data have been normalized to the maximal measured
rates of uptake, which were (in pmol - min~! - mg protein™'): (A)
1.20, (B) 0.60, (C) 1.12 and (D) 1.07

tions suggest that the amiloride-insensitive uptake
of 22Na takes place in a minor population of vesicles
and that changes in the magnitude of this back-
ground uptake cannot explain the development of
significant transvesicular shunting in the vesicle
population containing the amiloride-sensitive so-
dium channels. The third observation is that simul-
taneous changes in both pH; and pH, produce
changes in 22Na uptake similar to those induced by
changing pH, alone (Fig. 5). If internal alkaliniza-
tion had resulted in the development of new shunt
pathways across the walls of the vesicles, this depo-
larization would be expected to persist, irrespective
of the effects of external alkalinization on the ami-
loride-sensitive pathways. It seems more plausible
that, in the presence of external alkalinization, the
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selectivity of the physiologic Na* channels is re-
tained.

DEPENDENCE ON EXTERNAL Na*
AND COMPETITION WITH EXTERNAL HT

The dependence of 22Na transfer across the walls of
the vesicles both upon internal and external pH is
different from that reported for whole toad bladder
(Leaf, Keller & Dempsey, 1964; Park & Fanestil,
1983). One possible basis for these differences could
have been the low concentration of external Na™*
used in most of the current studies. As pointed out
by Li and Lindemann (1981), the effect of mucosal
acidification could be to reduce the degree of inhibi-
tion of apical Na* entry produced by higher concen-
trations of mucosal Na* (of the order of 20-30 mm;
Fuchs, Larsen & Lindemann, 1977).

The most direct approach to examine this possi-
bility would be to measure 2?Na uptake in the pres-
ence of large mucosal concentrations of Nat. This
tack is not practicable because of the high intrinsic
Na* permeability of the vesicles through the ami-
loride-sensitive channels. Addition of less than 1
mM of either Na* or K* to the valinomycin-treated
vesicles inhibits ?Na uptake substantially; in both
cases, 50% inhibition is reached at approximately
50 uMm external cation. This inhibition appears to
reflect depolarization of the membrane, which can
be observed at such low external cation concentra-
tions because of the very much higher permeability
of the membranes of interest to Na™® and to K* (with
valinomycin present) than to Cl~ and Tris. Because
of this technical limitation, ?Na influx measure-
ments could not be meaningfully conducted at ex-
ternal Na* concentrations above 50 um. However,
at this concentration, ??Na uptake was examined at
external pH values of 8.3 and 7.2 and compared
with the results obtained in the same experiment in
the absence of added Na*. Despite the partial abso-
lute inhibition of amiloride-sensitive uptake at the
higher external sodium concentration, mucosal
acidification produced the same fractional inhibition
(ca. 35%) in both cases.

An alternative approach to examine the pH de-
pendence of the Na™ permeability at high external
sodium concentrations was to measure the 2 ?Na ef-
flux from vesicles suspended in solutions containing
different values of pH. As documented by Fig. 3C,
efflux measurements are entirely practicable under
conditions of partial membrane depolarization. Ta-
ble 2 presents the amiloride-sensitive sodium efflux
measured in the presence of 53 mm external Na* or
K* at an external pH of either 8.3 or 6.1. Irrespec-
tive of the major external cation, acidification pro-



H. Garty et al.: Effect of pH on Apical Na~ Transport

Table 2. ¥Na efflux from preloaded vesicles as a function of
external cation and external pH

Cation pH Rates of efflux (pmol - min~! - mg protein™!)
Amiloride-sensitive Amiloride-insensitive
Na* 8.3 2.2 0.9
6.1 1.4 1.4
K+ 8.3 2.8 1.2
6.1 1.5 1.3

After preloading the vesicles for 10 min with 2Na at external and
internal pH values of 7.8, pH, was changed to either 8.3 or 6.1,
and 53 mM Na* or K* was added to the external medium. Mea-
surements of ?Na content were obtained just before and 2 min
after the experimental perturbations.

duced a large decrease in amiloride-sensitive efflux,
qualitatively similar to that noted in the absence of
added external cation. Therefore, the observed pH
dependence in the present work is not simply a re-
flection of the specific experimental conditions un-
der which most of the current assays were con-
ducted.

Discussion

Leaf and coworkers (1964) were the first to docu-
ment that acidification of the mucosal fluid selec-
tively increases the short-circuit current and trans-
epithelial mucosal-to-serosal flux of 2?Na across the
urinary bladder of the toad. This stimulation of
short-circuit current has been confirmed both in
toad bladder (Park & Fanestil, 1983) and in skins
from some (Li & Lindemann, 1981), but not all
(Ussing, 1949; Linderholm, 1952; Schoffeniels,
1955; Snell & Mclntyre, 1960; Funder, Ussing &
Wieth, 1967; Cuthbert, 1976; Mandel, 1978) species
and subspecies of frogs. The rapid onset of the ef-
fect (within seconds) has suggested that the site of
action is indeed at the apical permeability barrier
(Li & Lindemann, 1981). Studies of the distribu-
tion of DMO (5,5-dimethyl-2,4-0xazolidine-'“C) be-
tween whole urinary bladders and the extracellular
bath had suggested that mucosal acidification is un-
accompanied by any shift in intracellular pH (Leaf,
Keller & Dempsey, 1964); however, the signifi-
cance of these early analyses is limited because of
the large contributions of the subepithelial cellular
components to the total values measured with
whole tissues (Macknight, Civan, & Leaf, 1975).
The mechanism of action has also been uncertain.
Park and Fanestil (1983) have suggested that the
phenomenon reflects the protonation of two sites on
the sodium channel, while Li and Lindemann (1981)
have suggested that the effect arises from a de-
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crease in the self-inhibition of mucosal Na* effected
at a single regulatory site. Thus, the precise site
(intra- or extracellular) and mode of action (direct
or indirect) of mucosal acidification have been un-
clear.

The present manuscript presents measurements
of the amiloride-blockable Na* fluxes across the
walls of vesicles obtained from toad urinary biad-
der, conducted at different values of internal and
external pH. Over the physiologic range of cytoso-
lic pH in toad bladder and frog skin (Bond et al.,
1981; Nunnally et al., 1983; Lin et al., 1984; Civan
et al., 1984) of 7.0-8.0, the channel conductance is
independent of internal (cytosolic) pH; only above
and below this physiologic range were effects of
changing pH; noted. Thus, it seems that in vivo vari-
ations of the intracellular pH do not play a direct
role in regulating apical sodium permeability. In
contrast to the trapezoidal dependence of Na* flux
on pH; (Fig. 2), the rate of 22Na uptake was directly
and monotonically dependent upon external pH
over the entire range of values examined (Fig. 2).
This behavior is altogether different from the pH
dependence of Na* transport across the intact toad
bladder described above. This difference in behav-
ior does not arise from a membrane depolarization
elicited by external acidification, reducing the driv-
ing force for ?Na uptake. This possibility has been
excluded by measuring ??Na efflux as a function of
external pH. Acidification of the external phase sta-
bilized the intravesicular #Na content (Fig. 34 and
B). In contrast, membrane depolarization produced
by adding external Na* (Fig. 3C) or external K+
induces a rapid amiloride-blockable tracer efflux.

In principle, at least four classes of mechanisms
could be responsible for the stimulation of trans-
epithelial Na* transport induced by mucosal acidifi-
cation of whole urinary bladders. Not all of these
mechanisms would be operative in the vesicle prep-
aration studied, leading to differences in the results
obtained with the two preparations.

First, mucosal acidification could cause direct
titration of fixed charges near or within the Na*
channels, as suggested by Leaf and coworkers
(1964) and by Park and Fanestil (1983). This mecha-
nism should be operative both in the vesicles and in
the whole cell preparation. However, the pH de-
pendences observed in the two cases are very dif-
ferent. We conclude that, unless the channels in the
intact cells have been modified in preparing the iso-
lated vesicles, direct protonation of the Na* chan-
nel cannot account for the natriferic effect of muco-
sal acidification. ‘

A second possible mechanism of action would
be a direct competition between protons and Na*
for sites within the sodium-selective channels of the



74

apical membrane. This concept receives some sup-
port from the observation of Palmer (1982) that the
amiloride-sensitive channels of whole toad bladder
display an order of magnitude greater affinity for H*
than for Na*. Again, this mechanism should be op-
erative both in vesicles and in whole cells. How-
ever, were this effect actually operative in the
present preparation, we would have expected that
increasing the extracellular Na* concentration 250-
fold from 0.2 to 50 um should have abolished the
influx inhibition effected by increasing the external
H* concentration 13-fold [from 5 nMm (pH 8.3) to 63
nM (pH 7.2)], contrary to observation. The unten-
ability of this interpretation is even more strikingly
evident from the measurements of 2Na efflux. In
this case, raising the external Na* concentration
five orders of magnitude (from 0.2 uMm to 53 mm) did
not prevent external acidification from blocking so-
dium movement through the amiloride-sensitive
pathways.

A third possible basis for the stimulation of Nat
transport across whole tissues could be the proton-
ation of gating sites on cither side of the membrane.
The best-documented such site is that responsible
for sodium self-inhibition, located at the external
surface of the apical membrane (Fuchs et al., 1977).
Li and Lindemann (1981) have actually suggested
that mucosal acidification stimulates sodium trans-
port by reducing sodium self-inhibition. This con-
cept was supported by their observation that muco-
sal acidification increases the affinity of the apical
sodium channels to mucosal Na*. However, direct
measurements of the dependence of acid stimula-
tion on mucosal sodium concentration have not yet
been reported for whole tissues. This specific mech-
anism was certainly not operative in the current
vesicle preparation. As noted above, external acidi-
fication reduced the rate of ?Na effiux both in the
presence of 53 mM external Na* and in the absence
of added external Na*. However, it should be ap-
preciated that this entire class of mechanisms of
action cannot be rigorously excluded as being possi-
bly operative in vivo. Although the amiloride-sensi-
tive, rheogenic Na* channels of the vesicles pre-
pared are functionally similar to those of whole
tissues, the preparative procedures may conceiv-
ably have produced disruption or dissociation of
gating sites normally present.

Subject to the forestated caveat, the data sug-
gest that mucosal acidification exerts its natriferic
effect across whole epithelia by stimulating an addi-
tional chemical event, such as phosphorylation of a
regulatory site (Jard & Bastide, 1970; Kirchberger,
Schwartz & Walter, 1972; Schwartz et al., 1974).
Such a process would not have been observed with
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the current suspensions of vesicles. Ir vivo, the trig-
gering of this putative event could proceed by titra-
tion of an external membrane site or by the rapid
influx of protons altering the local pH of an intracel-
lular site.
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