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Summary. Inhibition of the Na conductance of the apical mem-
brane of the toad urinary bladder by amiloride, alkali cations and
protons was voltage dependent. Bladders were bathed with a
high K-sucrose serosal medium to reduce series basal-lateral re-
sistance and potential difference. Transepithelial current-voltage
relationships were measured over a voltage range of +200 mV
with a voltage ramp of frequency 0.5 to | Hz. Na channel -V
relationships were obtained by subtraction of currents measured
in the presence of maximal doses of amiloride (10 to 20 uMm). With
submaximal doses of amiloride (0.05 to 0.5 M), the degree of
inhibition of the Na channel current (/y,) increased as the muco-
sal potential was made more positive. The data can be reason-
ably well explained by assuming that amiloride blocks Na
transport by binding to a site which senses ~12% of the
transmembrane voltage difference. Iy, was reduced in a qualita-
tively similar voltage-dependent manner by mucosal K, Rb, Cs
and TI (~100 mm) and by mucosal H (~1 mm). Block by these
cations cannot be explained in terms of interactions with a single
membrane-voltage-sensing site; a model in which there are two
or more blocking sites in series provides a better description of
the data. On the other hand, amiloride block was reduced com-
petitively by mucosal Na and K, suggesting that occupation of
the channel by one cation excludes occupancy by the others.
ADH and ouabain also reduce the apparent affinity of amiloride
for its blocking site. Thus, intracellular Na may also compete
with amiloride for occupancy of the channel.
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Introduction

Permeability to Na of the apical membranes of the
toad urinary bladder and frog skin is thought to be
mediated by ion channels (Lindemann & Van
Driessche, 1977; Li et al., 1982; Palmer, 1982a). A
pharmacological hallmark of these channels is their
sensitivity to the diuretic drug amiloride, which acts
on these tissues from the mucosal side (Bentley,
1968). The active form of amiloride is a monovalent
cation (Benos et al., 1976; Cuthbert, 1976). Other

positively charged ions reduce Na permeability
when present in the mucosal solution, including
protons, K and other large alkali cations, and Na
itself (Leaf, Keller & Dempsey, 1964; Fuchs, Hviid
Larsen & Lindemann, 1977; Benos, Mandel & Si-
mon, 1980).

In this paper, I show that amiloride, K, Rb, Cs
and H block the Na channels in a voltage-dependent
manner. The data suggest that these blockers oc-
cupy sites near the luminal surface which sense 10
to 35% of the total voltage drop across the apical
membrane. I propose that these sites are within the
lumen of the channel, and that occupancy by a
blocking ion obstructs the passage of Na through
the pore.

Materials and Methods

ANIMALS

Female toads (Bufo marinus) were obtained from National Re-
agents (Bridgeport, Conn.) and kept in tanks with access to tap
water prior to use.

SOLUTIONS

Serosal solutions contained (in mm): KCI 85, sucrose 50, CaCl,
1, MgCl, 0.5, glucose 5, and K phosphate 3.5, buffered to pH 7.6.
The standard mucosal solution contained (in mm): NaCl 115,
CaCl, 1, MgCl, 0.5 and K phosphate 3.5, buffered to pH 6.0. In
some experiments NaCl was reduced, being replaced isotoni-
cally with choline Cl, KCI, RbCl, CsCl, or tetraethylammonium
ClL In other experiments, the pH of the mucosal solution was
varied by changing the ratio of monobasic to dibasic K phosphate
at constant K concentration. In experiments where the effects of
Tl were measured, the NO; salt of Na and Tl and the SO, salts of
Ca and Mg were used. N-methyl-d-glucamine (NMDG) base
neutralized with HNO; and was used to replace TINOs.
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ELECTRICAL

Tissues were mounted as flat sheets and voltage-clamped as de-
scribed previously (Palmer, 1982h) except that the current-pass-
ing electrodes were made of platinum and were coated with plati-
num black. Voltage electrodes were placed close to the tissue to
minimize series solution resistance (<40 ohms). These elec-
trodes were in direct contact with the bathing solutions.

To measure current-voltage relationships, tissiues were
maintained at a transepithelial voltage (V) of zero until a steady
state was attained. V7, assumed to approximate the apical mem-
brane voltage, was then changed to —200 mV and swept to +200
mV using a voltage ramp applied to the voltage command input
of the voltage clamp with a function generator (Tektronix FG
501A). All voltages are given as the mucosal voltage relative to
that of the serosal solution. The voltage range varied slightly in
different experiments. The transepithelial voltage and the result-
ing transepithelial current were measured using two channels of
a Nicolet (Model 2090-111) digital storage oscilloscope. The
traces were stored on diskettes for later analysis. The duration of
the voltage ramp was usually one second. This speed was chosen
to be slow relative to the rate of amiloride block, estimated from
the corner frequency measured with noise analysis (20 sec™! at
an amiloride concentration of 1 um (Li et al., 1982)), but to be
sufficiently fast to minimize redistribution of ions. As a check on
whether ion accumulation or depletion was affecting the results,
ramps with durations of 0.5 to 2 sec were used; the results were
independent of ramp speed, except for the capacitative currents.
Furthermore, several ramps could be applied consecutively
without affecting the I-V relationship. These findings suggest that
the voltage displacement was not causing major redistributions
of 1ons across the membrane.

In all cases there was a small offset current due to the
membrane capacitance. This current will be given by I, = C(dV/
dt) and will be constant for a given ramp speed, adding to the
ionic currents flowing across the membrane. All data are cor-
rected for currents measured in the presence of a maximal dose
of amiloride (see below). The capacitative currents, which will be
the same with and without amiloride, will also be subtracted out
by this procedure.

To compare I-V relationships with different mucosal solu-
tions, tissues were allowed to reach steady state with one solu-
tion, at V; = 0. An J-V curve was obtained, and immediately
afterward the mucosal medium was replaced by a second solu-
tion. When the solution change was complete and a new steady-
state short-circuit current was achieved (generally within a few
seconds) a second I-V curve was generated. This process was
repeated to produce up to five I-V relationships. All changes in
these relationships were fully reversible. Finally, a second series
of mucosal solutions was used, identical to the first except for the
addition of a maximal dose of amiloride to each solution. The
same protocol was used to generate a second set of I-V curves.
To obtain the amiloride-sensitive current-voltage (Iy,—V) rela-
tionship for any given condition, the I-V curve obtained with
maximal amiloride was subtracted from that measured without
maximal amiloride. The difference curve was computed by sub-
tracting currents obtained at each voltage (Palmer, Edeiman &
Lindemann, 1980).

CHEMICALS

Antidiuretic hormone (ADH) was added as aqueous pitressin
(Park Davis, Detroit, Mich.) to the serosal bath. Amiloride was a
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gift of Merck, Sharp and Dohme (West Point, Pa.). Stock solu-
tions of 1072 or 5 X 10~* M were prepared in deionized water and
added to the mucosal bath as required.

DATA ANALYSIS

All data given as clamp current are corrected for amiloride-insen-
sitive current. When short-circuit current was continuously mon-
itored, current values obtained for any given experimental condi-
tion were corrected by subtracting the short-circuit current
measured under the same conditions except for the addition of
107> m amiloride to the mucosal solution. In current-voltage
plots, all I-V curves were corrected using a second -V relation-
ship in the presence of 10~° M amiloride (see above). Corrected
current values are denoted by Iy, or, when H ion currents were
measured, by Iy.

The effects of a blocking ion B were analyzed assuming a
first-order interaction between the blocker and its site of interac-
tion(s) with the channel:

ky
B+ S =BS.

-1

When the BS complex B is formed, the channel is assumed to be
in a nonconducting state. Thus:

INa

Bo=— M
1+ &
K7

where Iy, and I§, are Na currents in the absence and presence of
B, (B) the concentration of B in the mucosal solution and K7 =
k_\/k, the apparent inhibition constant. If the site S is within the
electric field of the membrane, K¥ will be voltage-dependent.

To assess voltage dependence, Iy,-V relationships were
measured in the presence and the absence of the blocker. The
effect of an impermeant blocker B was analyzed according to a
treatment used previously (Woodhull, 1973; Latorre & Miller,
1983) using the relationship:

Ry =

INa(V)
3 @

1+

ZF
K? exp ( T RT SV)

where Iy, and I%, are now functions of voltage V, K? is the
inhibition constant at zero voltage and § is the fraction of the
membrane voltage sensed at the site of interaction of B with the
channel. A positive V will drive mucosal blocking cations into
the membrane, decreasing the apparent inhibition constant.
Equation (2) can be arranged to give:

n{[%%}*l}=ln[%z]+%-a-v 3

The expression on the left is therefore expected to be a linear
function of the membrane voltage. This simplified treatment ig-
nores effects of competition between permeant and blocking ions
(see Discussion).

A second method of analysis involved a more complex in-
teraction with two blocking sites in series:
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Fig. 1. I\,-V relationships with high and low mucosal Na. Transepithelial current-voltage relationships were obtained in the presence
and absence of amiloride (10 uM). Iy,-V relationships were computed by subtracting the currents measured in the presence of amiloride
from those measured in its absence at the same voltage. The solid lines represent the Iy,-V relationship predicted from the constant field
equation, forced to pass through the data points at V = 0 and Iy, = 0 as described in the text. The dashed line represents the -V
relationship in the presence of amiloride. A. Mucosal Na concentration 115 mMm. Parameters used to generate the solid curve were Py,
= 0.41 x 107 cm/sec and Na, = 6 mM. B. Same hemibladder as in A, with mucosal Na concentration 29 mM. Parameters used to
generate the solid curve were Py, = 1.00 X 1075 cm/sec and Na, = 3.1 mm

ki kiz
B + 8§ = BS: = BS,.
k-t Ka

Thus the channel can be unblocked, blocked at site §;, or
blocked at site §,. Assuming that Iy, is proportional to the num-
ber of channels in which neither §; nor S, is occupied by B,

. INa
8 . 4
INa(V) (B) ( )
K;K’B
where
ZF ZF
i< exp( - R-Tes]v) © Kb exr»( - ﬁ612V)
K8 = SF X 5
1+ Klliz exp( - ﬁﬁ]zV)
5 k-1 s _ ka - ‘e ;
Ky = v and K7, = ™ are the dissociation constants for sites .S,
1 12

and §,, and 8y, = §; — 8; where 8§, and §, are the fractions of V
sensed at S| and S,, respectively.

As discussed previously, the transepithelial voltage was as-
sumed to be a good approximation to the transepithelial mem-
brane voltage in the presence of the KCl-sucrose serosal solu-
tions (Palmer et al., 1980; Warncke & Lindemann, 1981; Palmer,
198256; Palmer & Lorenzen, 1983).

Data are expressed as means * standard errors (SEM). Statis-
tical inferences were made using Student’s -test.

Results
SHAPE OF THE Ins-V RELATIONSHIP

In previous studies, the I,-V relationship of the
toad bladder was well described by the constant

field equation (CFE) over the voltage range be-
tween V = 0 and the reversal potential (Palmer et
al., 1980; Li et al., 1982; Palmer et al., 1980). Iy,-V
relationships over a more extended voitage range,
obtained with 115 and 29 mMm Na in the mucosal
solution, are shown in Fig. 1. The solid lines repre-
sent I-V curves calculated from the CFE with the
free parameters for the Na permeability (Py,) and
the cellular Na activity (Na,) chosen to fit the data
in the upper left-hand quadrant. To obtain these
parameters, Ina(0), the current at V = 0, and Ey,,
the reversal potential or voltage at Iy, = 0, were
obtained by linear interpolation of the data points
near the intersections with the V and I axes. Na.
was computed directly from Ex, = —(RT/F)In
(Na,/Na.), where Na, is the Na activity in the mu-
cosal solution. Py, was computed from the relation-
ship In.(0) = FPy,(Na, Na.). With these
parameters, the CFE describes the data reasonably
well at negative voltages. At positive voltages, cur-
rents are smaller than those predicted from the
CFE.

Mean values of Py, and Na, obtained in this
way in the absence of mucosal blocking ions were
P, =022 2013 x 1077 cm/secand Na, = 13 £ 7
mM (means * sD, # = 18) for 115 mmM mucosal Na,
and Py, = 0.57 £ 0.32 x 107 cm/sec and Na, = 2.8
+ 0.9 mM (7 = 13) at 29 mM mucosal Na. The latter
values are in good agreement with those reported
previously for similar conditions (Palmer et al.,
1980).

The I-V relationship in the presence of a maxi-
mal dose of amiloride is also shown. This relation-
ship is approximately linear at positive voltages,
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and becomes steeper at voltages more negative than
~50 mV, as reported previously (Palmer et al.,
1980).

EFFECTS OF AMILORIDE ON [In,-V

Ina-V relationships with and without a submaximal
dose of amiloride (0.4 um) are shown in Fig. 2.
Compared with the control curve, the amiloride-
blocked Iy,-V relationship shows a reduced short-
circuit current (intersection with the 7 axis), a more
negative reversal potential (intersection with the V
axis), reflecting a reduced intracellular Na activity,
and, most strikingly, at high positive potentials, a
greatly reduced slope, becoming nearly flat at po-
tentials greater than 150 mV.

These data, and those for three other In,-V
curves obtained in the same experiment using dif-
ferent amiloride concentrations, are plotted accord-
ing to Eq. (3) in Fig. 3. The linearized fractional inhi-
bition relationships were fitted with straight lines
using least-squares linear regression on the data
points at voltages between 100 and 200 mV., In this
experiment, and in general, correlation coefficients
were >0.99. Below 100 mV the data fell near
the regression line but showed considerably more
scatter.

In principle, Eq. (3) should be applicable to data
in the negative voltage range as well. Currents in
this range, however, are quite sensitive to changes
in intracellular Na activity; at V = —200 mV inward
Na flux should be small, implying that Iy, is carried
mainly by an outward Na flux. This flux should in-
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Fig. 2. Iy,-V relationships of a hemibladder under control condi-
tions and with 0.4 uM amiloride in the mucosal solution. Mucosal
Na concentration was 115 mM. Transepithelial I-V relationships
were measured sequentially with 0, 0.1, 0.2, 0.3 and 0.4 uM
amiloride. Currents in the presence of 10 um amiloride were
subtracted from each of the other I-V relationships to generate
the Ina-V plots. Only data from control (@) and 0.4 uM amiloride
(O) traces are shown
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crease as intracellular Na increases. Since intracel-
lular Na generally decreases with amiloride, as evi-
denced by the shift in the reversal potential to the
left in Fig. 2, outward currents cannot be reliably
used in this protocol to test for voltage dependence
of ionic blockers. _

Calculated values of K¢™! and & were essentially
independent of amiloride concentration. Mean val-
ues of these parameters from six experiments with
115 mMm Na were 0.36 + 0.12 uM and 0.122 = 0.003,
respectively. The value for K¥™!' obtained from the
linear regression analysis is in good agreement with
the value calculated from the decrease in amiloride-
sensitive short-circuit current according to Eq. (1)
(0.38 = 0.07 uMm; Table 1).

EFFECTS OF K, Rb AND Cs ON In,-V

Figure 4 shows Iy,-V curves from the same
hemibladder with three different mucosal solutions:
(1) (control) Na 29 mwm, choline 8 mm; (2) (ami-
loride-blocked) Na 29 mM, choline 86 mm and ami-
loride 0.08 um; (3) (K-blocked) Na 29 mm, K 86

amiloride]
Lo
0.4

0.05

I
o] 100 200
VT (mV)

Fig. 3. Voltage dependence of amiloride block. Data are from
the experiment shown in Fig. 1. The mucosal concentration was
115 mM. At each amiloride concentration, the fractional inhibi-
tion of current was calculated and plotted as a function of voltage
as in Eq. (3). The straight lines show linear least-squares fit of the
data between 100 and 200 mV. Values of K; and & for amiloride
computed from the fitted lines are:

(amiloride) (uM) K; (uM) 8

0.05 0.42 0.13
0.10 0.46 0.12
0.20 0.42 0.13
0.4 0.40 0.14
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mM. The K and amiloride solutions fortuitously
produced very similar reductions in Iy,. From the
general shape of the In,-V curves it is evident that
amiloride and K blocks had similar voltage-depen-
dencies. When analyzed according to Eq. (3), how-
ever, {Fig. 5), and K block showed somewhat
steeper voltage dependence at high voltages.

This analysis assumes that choline ions, which
are present in the mucosal solutions when the con-
trol I-V relationships in these experiments were
measured, do not themselves block the Na channel.
This cannot be shown rigorously. However, re-

Table 1. Values of K, and &, for blocking ions*

oy K;
amiloride (6) 0.122 + 0.003 0.38 = 0.07 um
K @) 0.155 = 0.007 200 +40 mMm
H 9 0.059 = 0.007 32 £0.8 mM
K ) 0.168 = 0.005 1700 =20 mMm
Rb () 0.152 + 0.018 250 =20 mM
Cs %) 0.130 = 0.007 500 =50 mM
Tl )] 0.154 = 0.006 74 *= 9 mMm

2 Values of K; were obtained from the fractional inhibition of Iy,
at Vr = 0, according to Eq. (1). Values of 6. were obtained from
the slope of the blocking vs. voltage curves as plotted in Figs. 3,
5, 6 and 12 using linear regression analysis of the data between
100 and 200 mV. Mucosal Na concentrations were 115 mM in the
case of amiloride and H, 29 mm for K, Rb and Cs and 86 mm for
Tl. Blocker concentrations were 0.05 to 0.5 um for amiloride,
0.63 mmM for H, 86 mm for K, Rb and Cs and 29 mM for T1. Data
are expressed as mean *= SEM. The number of observations is
given in parentheses.
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Fig. 4. The effects of amiloride and K on In,-V relationships.
Mucosal Na concentration was 29 mM throughout. I-V relation-
ships were measured sequentially with 86 mm choline Cl and 0,
0.08, 0.16 and 10 uM amiloride, as in Fig. 1. The amiloride was
then washed off, and the I-V relationships measured with choline
Cl, KCl replacing choline Cl, and KCl and 10 uM amiloride. Iy,
curves for control (i.e., choline Cl, no amiloride), (@), 0.8 umMm
amiloride (O) and K (A) are shown
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placement of choline with tetramethylammonium,
tetraethylammonium or NMDG at constant Na con-
centration had no effect on the I-V relationship.
This implies that all four of these ions block the
channel to the same extent. The simplest interpreta-
tion is that they do not block at all, possibly due to
their large ionic radii.

Similar voltage dependencies were observed for
blocks by K, Rb and Cs. Figure 6 shows a typical
experiment plotted as blocking affinity vs. Vr as in
Fig. 3. The Figure indicates the relative apparent
affinities of the inhibitory site are in the sequence K
> Rb > Cs, the order being independent of voltage.
Fitting these curves with Eq. (3) was not satisfac-
tory, as the data did not fall on a straight line. Nev-
ertheless, the slopes of these curves between 100
and 200 mV, denoted by 6., give a rough indication
of the voltage dependence of the block (see Discus-
sion), and by this index, the voltage dependence
was similar for the three ions. Mean values of &,
along with values of the apparent inhibition con-
stants measured at Vy = 0, are given in Table 1.

[Amiloride]
(uM)

0.24

0.16

0.08
gomm K

0 100 200

Fig. 5. Voltage-dependence of amiloride and K inhibition. Data
are from the experiment shown in Fig. 4. The Na concentration
was 29 mM throughout. Data are plotted as in Fig. 2. Values of X,
and & for amiloride obtained from the regression lines are:

(amiloride) (uM) K2l (um) (8)

0.08 0.23 0.13
0.16 0.20 0.15
0.24 0.14 0.16

The line drawn through the K data was obtained from Eq. (5)
with K, = 260 mMm, K;, = 7,8, = 0 and 8, = 0.3
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Fig. 6. Voltage dependence of K, Rb, and Cs block. I-V relation-
ships were obtained with 29 mm Na and 86 mum choline, K, Rb
and Cs in the mucosal solution. Iy,-V relationships were obtained
by subtracting currents obtained with the same solutions but with
10 puM amiloride. Data plotted as in Figs. 2 and 4. The solid lines
were drawn according to Eq. (5) with the following parameters:

8] 62 K& (mMm) l{u
K 0 0.35 155 6.5
Rb 0 0.35 246 8.5
Cs 0 0.35 551 10.0

A more satisfactory fit to the data could be
made with Eq. (5), assuming that the cations inter-
acted with two sites in series within the electric field
of the membrane. This involves four free parame-
ters, the binding constants and & values for binding
to the first and second sites. In order to reduce the
number of free parameters, the first site was as-
sumed to be near the outer end of the electric field,
and &; was arbitrarily assigned a value of zero. The
curve for K was fitted by trial and error, and the
other curves were fitted using the same values for &,
= §y2, the fraction of the electric field sensed at the
second site. In general, all three curves could be
described using values of 8, between 0.30 and 0.35.
In Fig. 6, the three curves are fitted using 8, = 0.35
and values of K, of 6.5 for K, 8.5 for Rb and 10 Cs.
Because of the simplifying assumptions made, these
are not unique fits to the data, but are merely meant
to show that the two-site model, from which Eq. (5)
was derived, offers a reasonable explanation of the
data.

In a separate series of experiments, the voltage
dependence of block by TINO; (replacing NMDG
NO;) was measured. The results were similar to
those obtained with K, Rb and Cs, except that K; at
Vr = 0 averaged 74 * 9 mM, implying that Tl is a
more potent blocker than is K. Values of the slope
(64) at Vy > 100 mV were similar to those for the
other cations. NMDG itself apparently had no ef-
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Fig. 7. Effects of Na and K on amiloride dose-response relation-
ships. Short-circuit current was measured with amiloride con-
centrations of 0, 0.1, 0.2, 0.3, and 10 uM in the mucosal solutions
under three different conditions in the same hemibladder. (O) 29
mm NaCl, 86 mm choline Cl; (@) 115 mm NaCl; and (A) 29 mm
NaCl, 86 mM KCl. Each current value was corrected by sub-
tracting the current at 10 uM amiloride. The data were analyzed
]Na

according to Eq. (1) by linear regression of —1 vs. amiloride

B

concentration. Values of Iy,, the Na current in the absence of
amiloride, were 7.8, 14.8, and 6.0 pA/cm?, respectively. Values
of K™ obtained from the linear regression analysis were 0.118,
0.213 and 0.157 um

fect on the Na channels, as replacement of choline
Cl with NMDG did not detectably alter the In,-V
relationship.

COMPETITION BETWEEN AMILORIDE AND K

The similar voltage-dependence of K block and
amiloride block suggests that the two ions may
interact with the same site, or closely related sites,
within the channel. If this were the case, the two
blockers should interact competitively. This point
was tested in the experiment shown in Fig. 7. Ina
was measured under short-circuit conditions with
29 mM Na in the mucosal medium and 86 mm
choline or K. K™ was assessed according to
Ilgﬂ — 1 against amiloride con-
centration. The apparent inhibition constant for
amiloride was increased in the presence of K, as
indicated by the decreased slope of this plot. As-
suming that this increase is due to a competitive in-
teraction between K and amiloride, an estimate of
K¥ can be obtained from the relationship:

Eq. (1) by plotting

Ki™(K) = Ki™'(0) [1 + [KVKF].
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Table 2. Effects of Na, K, ADH and ouabain on X, for ami-
loride®

Control Experimental Exp/Control wa (mm)
1. K vs. choline (5) 0.097 £ 0.009 0.135 = 0.010 1.40 % 0.03 166 = 14
2. Na vs. choline (7) 0.100 = 0.008 0.169 = 0.012 1.70 = 0.05 104 % 10

3. ADH 20 mU/ml) (5) 0.18 = 0.02
4, Quabain (0.5 mM) (5) 0.26 = 0.07

0.26 =+ 0.02
0.38 +0.10

1.46 = 0.10
1.44 + 0.09

2 Values of K?mﬂ were obtained from amiloride dose-response relationships as shown
in Fig. 6. Conditions for K vs. choline and Na vs. choline were as in Fig. 7. In row 3,
K5 was measured before and 30 to 45 min after addition of ADH. In row 4, K was
measured before and 20 to 30 min after addition of ouabain to the serosal solution. The
increase in Iy, after addition of ADH was 2.0 = 0.3-fold. The decrease in Iy, after
addition of ouabain was 0.57 * 0.05-fold. The column on the right gives the calculated

values for K; for K and Na based on the reduction of K{™! assuming competitive

interactions (see texf).

From the measured values of Kj™ at two different
K concentrations, Ki™! the apparent inhibition
constant in the absence of K, and KX can be calcu-
lated. In 5 experiments, the value of K¥ determined
in this way was 166 = 14 mmM. In the same set of
experiments, KX values obtained more directly
from the reduction in Iy, when K replaced choline
using Eq. (1) was 180 = 13 mm (Table 2).

If the site occupied by amiloride is within the
lumen of the channel, in the pathway normally
taken by Na ions as they traverse the membrane,
then the block by amiloride should also be competi-
tive with mucosal Na. As shown in Fig. 7, increas-
ing the mucosal Na concentration from 29t 115 mm
increased the apparent inhibition constant for ami-
loride. From this increase, an apparent dissociation
constant (K}'*) for Na binding to the amiloride site
(or to a site where Na binding displaces amiloride
binding) was calculated to be 104 * 10 mm. Thus Na
was somewhat more effective than K at displacing
amiloride.

In a separate series of experiments, amiloride
dose-response relationships were obtained at four
different Na concentrations. The apparent K™! in-
creased with increasing Na as shown in Fig. 8. The
data are reasonably well described by a straight line
with a positive slope, consistent with competitive
interaction between Na and amiloride. Linear re-
gression analysis of the data gave values of K}™' =
0.059 umM and K}'* = 59 mm. Averaging values of
K} obtained from individual experiments gave a
mean value of 68 + 15 mM. Averaging all individual
values of K} from both sets of experiments gives 86
+ 10 mMm.

Itis also of interest to calculate the apparent K,,
for Na transport, based on the saturation of Iy, with
increasing mucosal Na, using the equation:

I = Inax -+ (Na)
M (Na) + K,

(M)

amil

i

0.10

| 1
0 50 100

[Na] (mMm)

Fig. 8. Effects of Na on amiloride dose-response relationship.
Short-circuit current was measured with amiloride concentra-
tions of 0, 0.1, 0.2, 0.3, and 10 uM in the mucosal solution with
Na concentration of 115, 86, 57.5 and 29 mwm. lonic strength was
maintained constant with choline Cl. Values of K™ were ob-
tained as in Fig. 6, and plotted vs. the mucosal Na concentration.
The straight line was obtained by linear regression, and gave
values of 0.059 uM for the apparent K3™ (in the absence of Na)
and 59 mm for the apparent K3, Data are presented as mean =
seM for six experiments

(Frazier, Dempsey & Leaf, 1962). Assuming that
this relationship holds, a value of K, can be esti-
mated from measurements of Iy, at 115 and 29 mm
Na. In 7 experiments, the mean value was 32 = 3
mM. This is somewhat higher than that reported
previously (17 mm activity, Li et al., 1982) using a
lower concentration range. It is nonetheless signifi-
cantly lower than that obtained in the same tissues
from the decrease in the apparent affinity of ami-
loride.

INHIBITION OF In, BY LOow pH

Figure 9 shows the inhibition of I, as mucosal pH
was reduced. Figure 94 is a retracing of a record of
short-circuit current as the mucosal pH was
changed rapidly in steps from 6.0 to 3.2 and back.
The effects of these brief exposures to low pH were
usually reversible. The fractional inhibition of I,
relative to the value at pH 6.0 is shown in Fig. 95.
These data could be fitted only roughly with a sim-
ple titration curve. The two curves drawn in Fig. 7B
correspond to titrations of sites with pK,’s of 3.2
and 3.0. The latter was obtained by linear regression
using all of the data points. The point at pH 3.2 was
heavily weighted in this regression. The other curve
was obtained by omitting the point at pH 3.2 from
the regression analysis.

Unlike K and amiloride, protons appear to be
quite permeant through the amiloride-sensitive Na
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channel (Palmer, 19825). It was therefore of interest
to compare the pH dependence of H transport to
that of H block of Na transport. Bladders were
equilibrated with mucosal solutions in which all the
Na had been replaced by K, and which were buf-
fered to different pH values. Short-circuit current
was continuously monitored. The mucosal solution
was then exchanged for one with identical composi-
tion except for the addition of 10~° M amiloride.
Figure 104 shows the response to amiloride at vari-
ous values of pH in a representative experiment. At
pH 5 to 6, the responses were usually small and
often positive, i.e., in a direction opposite to the
normal effect of amiloride on Na current. These
positive responses, whose origins are unclear, were
also observed previously (Palmer, 19826). Under
the assumption that these current changes are unre-
lated to proton movements, they are subtracted
from those at lower pH to calculate the amiloride-
inhibitable proton current. At lower pH, the re-
sponse was always negative, consistent with the in-
hibition of amiloride of a proton current from
mucosa to cell. Figure 10B summarizes the mean
changes in current after amiloride application as a
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function of mucosal pH. The data can be reasonably
well described by a hyperbolic saturation curve of
the form described in Eq. (6) with a K,, for protons
of 0.13 mm.

Further evidence that protons and Na may be
using the same amiloride-blockable channel is pre-
sented in Fig. 10C, in which the value of Iy, ob-
tained as described above, is plotted against a value
of Ins from the same bladder. The solid line was
obtained with linear regression, and was forced to
pass through the origin. The regression coefficient
is 0.93, indicating a significant correlation between
Iy and Ixa. The slope of the regression line is 0.012.
Assuming intracellular Na activity of 10 mmM, intra-
cellular pH 7.0, and estimating the mucosal Na ac-
tivity to be 86 mmM, the permeability ratio for H and
Na can be calculated from:

_Ii - PH . (H)m - (H)cell
INa PNa (Na)m - (Na)cell

to be about 5. This is in reasonable agreement with
the value of 6 reported previously (Palmer, 19825).

6.0

Fig. 9. Effect of mucosal pH on Iy,. A. Short-circuit current
recording. After the short-circuit current stabilized with 115 mm
Na at pH 6.0 in the mucosal solution, the pH was lowered in
steps of approximately 0.5 pH units to 3.2, and then raised in
steps back to 6.0. B. Values of Iy, were obtained by subtracting
the short-circuit current measured in the presence of 10 um ami-
loride at each mucosal pH. When two values of current were
obtained for the same pH (with increasing and decreasing pH)
they were averaged. Each value of Iy, was normalized by divid-
ing by the value of Iy, at pH 6.0. Data represent means * SEM of
6 to 10 determinations
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The voltage dependence of the proton block of
In. 1s shown in Figs. 11 and 12. As was the case for
K, the linearized fractional inhibition plot is nonlin-
ear, and showed a significant positive slope only at
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&, obtained by fitting the data between +100 and
+200 mV to a straight line is 0.059, substantially
lower than that for the other blockers (Table 2). A fit
using the two-site model with 6, = 0 and §; = 0.20 1s

large positive voltages (Fig. 12). The mean value of  shown in Fig. 12.
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Fig. 10. Amiloride-sensitive H currents. A. Changes in short-circuit current after addition of 10 M amiloride at various mucosal pH
values in the absence of Na. At each pH, short-circuit current was allowed to reach a steady level. The mucosal solution was then
exchanged for one containing amiloride. The absolute values of short-circuit current before the addition of amiloride were: pH 6.0:
—0.8 uA; pH 5.0: —0.1 uA; pH 4.5; +0.4 uA; pH 4.1: +2.4 uA; pH 3.6: + 2.8 nA. B. Values of amiloride-sensitive H current (Iy)
plotted as a function of mucosal pH. Iy was calculated as the difference observed after addition of amiloride, minus the current
difference observed at pH 6.0. Data are given as means = SEM for 14 experiments. The solid line is a linear least-squares fit to the data,
assuming a relationship of the form in Eq. (6). Parameters derived from this analysis were I, = 0.29 pA/cm? and Ky = 124 pum. C.
Correlation of Iy and Iy,. Iy values were obtained as in part B at pH 3.6. Value of I, were obtained as the amiloride sensitive short-
circuit current in the presence of 115 mm mucosal Na. The solid line represents a linear regression analysis of the data, constrained to
pass through the origin. The slope of the regression line Iy/Iy, = 0.012. The correlation coefficient is 0.93
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Fig. 11. Effect of reduced mucosal pH on Iy,-V relationship.
Mucosal Na concentration was 115 mm. I-V relationships were
measured at pH 6.0 and pH 3.2, and then at the same pH values
in the presence of 10 uM amiloride. Iy,-V curves were con-
structed for pH 6.0 (@) and 3.2 (O)

Fig. 12. Voltage dependence of proton block. Data from Fig. 9
are plotted as in Figs. 2, 4 and 5. The line drawn through the data
points was obtained from Eq. (5) with K, = 1.16 uM, K, = 13, 8,
=0and §, = 0.2



162

VARIATION IN BLOCKING JON AFFINITIES

One puzzling aspect of these studies was the varia-
tion from tissue to tissue in the apparent K; for ami-
loride, which, measured under identical conditions,
ranged from 0.21 to 0.42 uM, while the apparent K;
for K ranged from 116 to 369 mmM. This variability
cannot be accounted for by experimental errors.

One source of variation might be differences in
the intracellular milieux. In support of this idea,
both ADH, which increases intracellular cAMP,
and ouabain, which increases intracellular Na, al-
tered K3™! when added to the serosal bath. Ami-
loride dose-response curves, similar to those shown
in Fig. 6, were obtained before and during stimula-
tion with 20 mU/ml ADH, and before and during
inhibition by 0.5 mM ouabain. As shown in Table 2,
both of these maneuvers significantly increased
K™l While these tests are obviously far from ex-
haustive, they do indicate that interactions of block-
ing ions with the channel can be affected by intra-
cellular events.

Discussion

SHAPE OF THE In,~V RELATIONSHIP

The CFE has been used to describe the In,-V rela-
tionship of the apical membranes of a number of
tight epithelia including frog skin, toad urinary blad-
der, rabbit descending colon and Necturus urinary
bladder (Fuchs et al., 1977; Palmer et al., 1980;
Thompson, Suzuki & Schultz, 1982; Thomas et al.,
1983). In the present study, a systematic deviation
from the CFE was found at positive voltages, the
measured values of Iy, being smaller than those pre-
dicted from the CFE.

It should be stressed that there is no a priori
reason why the Iy,-V relationship should follow the
CFE. Ion diffusion through narrow biological chan-
nels is likely to involve significant interactions
among ions and between ions and the pore itself,

violating the assumptions of independent ion diffu--

sion used to derive the CFE. On the other hand,
Henrich and Lindemann (1983) have recently found
a decrease in the apparent number of conducting
channels at positive voltages using fluctuation anal-
ysis. This phenomenon would reduce Iy, at positive
voltages, even if the single-channel I-V relationship
were to obey the CFE. Finally, the existence of a
finite series resistance imposed by the basal-lateral
membrane would tend to reduce the slope of the
measured In,-V curve.
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The main conclusion of this work is that a num-
ber of univalent cations block Na conduction
through the apical Na channel in a voltage-depen-
dent manner. This voltage dependence is similar for
amiloride, which blocks Na transport at micromolar
concentrations, and for alkali cations K, Rb and Cs
which block at concentrations of hundreds of milli-
molar. The direction of the voltage dependence is
consistent with the idea that these ions bind to sites
within the channel itself, and that these sites sense a
portion of the transmembrane electrical potential.

The estimate of 12% for the fraction of the elec-
trical potential sensed by the amiloride binding site
refers, strictly speaking, to the transepithelial po-
tential difference. As this potential is increased,
some part of the voltage change must occur across
the basal-lateral membrane in series with the apical
Na channels. Thus 12% may be an underestimate of
the fraction of the apical membrane voltage sensed
at the site. Under the conditions used, the apical/
basal-lateral resistance ratio at short circuit is prob-
ably large (Paimer et al., 1980; Warncke & Linde-
mann, 1981; Palmer & Lorenzen, 1983). Whether
this ratio is different at large positive voltages such
as those used in this study is not known. A decrease
in the resistance ratio in this range would also cause
8 to be underestimated.

The voltage-dependence of the amiloride block
could also be affected by the competitive interac-
tion between Na and amiloride, providing that Na
binding is also voltage-dependent. Assuming that
Na and amiloride bind to the same site within the
Iumen of the pore, at which a fraction of the mem-
brane voltage is sensed, and that Na can subse-
quently be translocated through the pore, model
calculations show that values of 8 calculated from
Eq. (3) can either underestimate or overestimate the
true value of 8. The magnitude and direction of the
discrepancy depends upon the rate constants for Na
entering and leaving the site, and on their voltage-
dependence. Available information is insufficient to
predict these effects. However, they are probably
fairly minor under the conditions used, as changing
the mucosal Na concentration from 29 to 115 mm
had little influence on the voltage-dependence of the
amiloride block (compare Figs. 2 and 5).

In a number of studies of channels from excit-
able tissues, voltage-dependent ionic block has
been interpreted as indicating that the blocking ions
interact with the channel at sites within the lumen of
the pore (Woodhull, 1973; Hille, 1975; Eaton &
Brodwick, 1980; French & Shoukimas, 1981; La-
torre & Miller, 1983). This is an attractive explana-
tion for the data presented in this paper. It is consis-
tent with the conclusion of Cuthbert (1976) that the
guanidinium moiety of the amiloride molecule inter-
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acts with negatively charged sites within the mem-
brane, perhaps acting as a molecular plug. Thus the
positive charge of the guanidinium may penetrate
the channel far enough to cross a portion of the
transmembrane electric field.

A number of questions arise from this interpre-
tation of the data, which cannot be fully answered
at this time, and are discussed below:

1. Is a one-site model adequate to describe
block by various cations?

The obvious nonlinearity of the plots in Figs. 5,
6 and 12 indicates that the simple model of one
blocking site within the membrane electric field, and
the predicted voltage-dependence of block de-
scribed in Eq. (3}, do not adequately describe the
data obtained with K, Rb, Cs and H. A more com-
plex model which does account for these findings is
one in which the blocking ions can bind to two or
more sites within the channel. The second site is
assumed to be in series with the first, and binding to
one site is assumed to exclude binding to the other.
The predicted voltage-dependence of block in such
a system is given in Eq. (5). The concave upward
shapes of the curves in Figs. 5, 6 and 12 can be
explained if one site senses a relatively small frac-
tion of the field and has a relatively high affinity for
the ion. The curve in Fig. 5 drawn through the data
for K block was generated by assuming that the two
sites sense 0 and 30% of the electric field, and that
the affinity of the first site for the ion is seven times
that of the second. Other fits are shown in Figs. 6
and 12.

At very high voltages, only the inner site will be
occupied, and the voltage-dependence will ap-
proach that of the simple one-site model. Thus the
slope of the plots in the high voltage range (100 to
200 mV) will estimate the voltage-dependence, and
the location within the electric field of inner site.
For K, Rb, Cs and TI this is about 15% of the way
through the field (Table 1). This will in general be an
underestimate as the voltage range may be insuffi-
cient to achieve the limiting case. Other estimates
of the farthest point of penetration of the ions can
be made from the values of 8, obtained from apply-
ing Eq. (5) to the data. For K, Rb and Cs fits were
achieved for 6; = 0 and 5, = 0.30 to 0.35. Thus a
more precise, albeit more model dependent, esti-
mate for the maximum point of penetration of these
ions is 30 to 35% of the electric field.

The fits generated with the two-site model are
not unique, but merely illustrate the plausibility of
this type of explanation. For example, somewhat
different parameters could be obtained by assuming
that the first site sensed a small fraction of the elec-
tric field. Furthermore, a model with three sites, or
a continuum of sites, seems equally likely. Until
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direct evidence for a two-site or other model is ob-
tained, more elaborate treatments of the data will be
inappropriate.

In the case of amiloride, the voltage-depen-
dence of block is closer to that predicted from a
one-site model. This might be expected from the
much stronger and presumably more specific bind-
ing of amiloride to its blocking site. Nevertheless,
small deviations from the one-site model, which are
seen for example at low voltages in Fig. 5, could
also be accounted for by a multiple site interaction
with the channel.

2. Does Na interact with the blocking ion sites?

If cations such as amiloride and K bind to sites
within the lumen of the channel, exciuding, by
steric and/or electrostatic interactions, the occupa-
tion of the channel by Na, it is likely that Na ions
themselves interact with these sites on their way
through the channel.

This interpretation leads to the prediction that
the rate of Na transport through the channels
should reach a limiting value as the mucosal Na
concentration is increased, reflecting saturation of
the cation binding site within the pore. Indeed, satu-
ration of this transport system has been observed,
with half-maximal rates of transport at around 20
mM mucosal Na (Frazier et al., 1962; Li et al.,
1982). Using fluctuation analysis of Na transport in
frog skin, however, Van Driessche and Lindemann
(1978) observed that the transport rate through sin-
gle open channels did not show saturation behavior
at mucosal Na activities of up to 60 mm. Thus the
saturation could be explained by a down regulation
of the number of conducting channels as mucosal
Na is increased.

An independent estimate of the affinity of Na
for the external cation blocking sites can be made
from measurements of Na-amiloride competition.
The apparent dissociation constant for Na binding
which is competitive with amiloride inhibition was
about 100 mM, considerably higher than the Na con-
centration required for half-maximal Na transport.
This implies that the amiloride binding site and the
high affinity Na self-inhibition site are distinct.
Benos, Mandel and Balaban (1979) reached a simi-
lar conclusion in studies of amphibian skin prepara-
tions.

In my current working hypothesis, amiloride
binds relatively tightly to a specific site within the
[umen of the Na channel, within the transmembrane
electrical field but to the outside of the region of
high Na selectivity. K also binds, although with
much lower affinity, to sites near that for amiloride.
Occupation of the lumen of the pore by K and ami-
loride are mutually exclusive. Na interacts with this
part of the channel in much the same way that K
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does, but the affinity for Na is about twice as high.
Thus most of the very high selectivity for Na over K
in the overall transport process occurs downstream
from this site.

The selectivity sequence for binding to the
outer site appears to be Na > Tl > K > Rb > Cs.
The same sequence was reported by Benos et al.
(1980) for reduction of tracer Na permeability
across the short-circuited frog skin. The sequence
corresponds to that expected of a high field strength
anionic site (Eisenman, 1962).

3. Why is the block by protons less voltage-
dependent than that made by amiloride or K?

The voltage dependence of proton block illus-
trated in Figs. 11 and 12 can be explained by the
same sort of two-site model used to describe K
block. The apparent value of &, measured as the
slope in Fig. 12 between 100 and 200 mV, is less for
H block than for K block, implying either that the

innermost binding site is not as far into the chan-

nel as that for K, or that the affinity of the outer
site relative to the inner site is larger for K than
for H.

The analysis of proton block is complicated,
however, by at least two additional factors. First,
protons appear to be conducted through the Na
channel (Fig. 9). The voltage dependence of a per-
meable blocker can be reduced, as the membrane
potential difference can promote both ion entry into
and exit from the channel (Woodhull, 1973). Sec-
ond, changes in mucosal pH could lead to changes
in the charge density at the outer surface of the
apical membrane, which can in turn alter the instan-
taneous current-voltage relationship (Franken-
hauser, 1960; Lindemann, 1982).

If a single fixed negative charge within the pore
controlled both Na and H movement through the
channel, then the apparent pK, for proton block of
Na transport should be lower than that for proton
translocation itself due to ion competition for the
fixed site. The difference between these pK, values
(about 1 pH unit, Figs. 8 and 9) was larger than
expected. The evaluation of the discrepancy is diffi-
cult, however, due to the uncertainties involved in
measuring the proton currents quantitatively and
assigning a K,, value for proton transport from the
data in Fig. 9.

4. What accounts for the variation in blocking
ion affinity?

Variations in the apparent K; for the blocking
ions were observed both from tissue to tissue, and
in a given tissue upon perturbation with ADH or
with ouabain (Table 2). An increase in the apparent
K; for amiloride during ADH stimulation was also
reported by Cuthbert and Shum (1975). Li et al.
(1982), using much larger amiloride concentrations,
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found a smaller and statistically insignificant in-
crease in K.

The change in amiloride affinity with ADH
could reflect the recruitment of additional Na chan-
nels with different binding properties. Alterna-
tively, it might result from any number of possible
changes in the intracellular milicu. One interesting
possibility is that the effect might be mediated by an
increase in intracellular Na activity which was dem-
onstrated previously under similar conditions (Li et
al., 1982). This might explain why no significant
changes in the microscopic rate constants were ob-
served after ADH stimulation (Li et al., 1982}, as
those measurements were made using high ami-
loride concentrations. The resulting reduction in Na
permeability might minimize the increase in intra-
cellular Na. The increase in Ki™! observed after
ouabain treatment is also consistent with an effect
of intracellular Na on amiloride binding.

Such an effect could be easily incorporated into
a model of the epithelial Na channel proposed re-
cently by Edmonds (1982). Here a binding site for
Na, or other cations, near the inner mouth of the
pore, is invoked to account for decreased Na per-
meability when intracellular Na is increased (Erlij &
Smith, 1973; Cuthbert & Shum, 1977; Turnheim,
Frizzell & Schultz, 1978). When such a site is occu-
pied, external ions (Na itself or a blocking ion)
would be excluded electrostatically from the chan-
nel. As pointed out by Edmonds (1982), such a
multisite pore which can be occupied by at most one
ion is consistent with measurements of flux ratio
exponents near 1 for this transport system (Palmer,
19824).
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