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Summary. Fluctuation analysis of Na current passing the
apical membrane in the skin of Rana ridibunda was used to
study the kinetics of Na-channel blocking by several or-
ganic cations present in the outer solution together with
60 mM Na. The ratios of the apparent off-rate and on-rate
constants (the microscopic inhibition constants) thus ob-
tained for triamterene, triaminopyrimidine (TAP), 5,6-
diCl-amiloride, 5H-amiloride and amiloride itself are
found to be in the mean about sevenfold smaller than the
corresponding inhibition constants obtained from macro-
scopic dose-response curves. The apparent discrepancy is
explicable by competition of the organic blocker with the
channel block by Na ions (the self-inhibition effect). The
type of interaction between extrinsic blockage and self-
inhibition may be purely competitive or mixed. However,
in case of mixed inhibition the competitive component
must dominate the noncompetitive component by at least
seven to one.
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Introduction

In the past, amiloride has been used rather
extensively as an extrinsic blocker of apical Na
channels of amphibian epithelia. By current
fluctuation analysis of extrinsic blockage the
blocking rate constants, channel currents and
channel densities were estimated (e.g. Lin-
demann & Van Driessche, 1976; Van Driessche
& Lindemann, 1979; Li, Palmer, Edelman &
Lindemann, 1982; Palmer, Li, Lindemann &
Edelman, 1982). In the course of this work we
noticed that the macroscopic inhibition con-
stant of amiloride is significantly larger than the
ratio of blocking rate constants (i.e. the micro-
scopic inhibition constant; see Fig. 6C in Li
etal, 1982). In the present paper this obser-
vation is extended to four other organic cations,
which block the Na channels reversibly much in

the fashion of amiloride, but with different rate
constants. In all cases we find the macroscopic
inhibition constant to be larger than the micro-
scopic inhibition constant. The phenomenon is
explicable by competition between the organic
blocker and the Na self-inhibition mechanism.

Our results have been presented at the 1981
fall meeting of the Deutsche Physiologische Ge-
sellschaft (Li & Lindemann, 1981 a).

List of Symbols

Na, Na ion activity in apical (mucosal) solution
(mm]

A, amiloride concentration in apical solution
[nm]

AA, concentration of an amiloride analog [uM or
mm]

TAP triaminopyrimidine

T triamterene

BIG benzimidazolyl-guanidine

PCMPS  parachloromercuri-phenylsulfonate

I, amiloride-blockable component of the macro-

scopic current passing the apical membrane
[namp cm™?]

a membrane area [cm?]

R permeability of the apical ensemble of amil-
oride-blockable Na channels [cm sec™ 1]

F Faraday’s constant [coul mol~']

Ky inhibition constant [mmMm] of Na self-inhibition
obtained macroscopically but in the absence of
added organic blockers

K macroscopic inhibition constant (or Michaelis
Menten constant) [uM or mm] of the extrinsic
blocker AA (amiloride analog) as obtained
from the inflection point of a dose-response
curve

K% microscopic inhibition constant [puM or mm] of
blocker AA as obtained from noise analysis as
the negative intercept of a linear rate-concen-
tration plot with the abscissa (=k/k,,)

K, ratio of the true rate constants (e.g. K,
=kzo/kgz, Kn=kyo/ko1)

K. ratio of blocking rate constants of AA at a
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channel already closed by the self-inhibition, in
the case of mixed inhibition
apparent off-rate constant [sec™'] and on-rate
constant [sec™! umM~!] at room temperature as
obtained by noise analysis from a linear rate-
concentration plot. The values of these rate
constants may include competitive effects and
partition coefficients

kioskgiskag: ko, true off-rate and on-rate constants as
expected in the absence of competition of block-
ers. These constants still include concen-
tration effects due to partitioning but no com-
petitive effects. The subscripts refer to tran-
sition between state O (conducting), state 1
(closed by the Na self-inhibition) and state 2
{blocked by an extrinsic blocker) of the Na
channel _

« kote/ko=K3a/K sa

SAn corner frequency [Hertz] of a Lorentzian cur-
rent power density spectrum induced by block-
er AA. A is used for amiloride, N for the Na
self-inhibition.

T =[2nf]7", relaxation time constant [sec] =in-
verse characteristic rate of blockage close to
equilibrinm

Ay Ay characteristic rates of blockage [sec™!], high
(k) and low (J), due to two competing blockers

S plateau-power of blocker-induced Lorentzian
current power density spectra (one-sided)
[amp? sec]

i Na current [amp] passing a single channel
when not blocked (state 0)

Ny, Ni,N,,N;, area density [cm~?] of Na channels in
state 0 (conducting), state 1 (blocked by Na)
and state 2 (blocked by amiloride or one of its
analog). In state 12 (mixed inhibition) the
channel is blocked at the same time by Na and
amiloride (or one of its analogs). This state is
excluded in pure competitive inhibition. The
total density of electrically detectable channels
is N=Ny+N,+N,+N,

SD standard deviation

kofﬁ k

on

Materials and Methods

Rana ridibunda of Bast European origin were bought from
Firma Stein, Lauingen-Donau, Germany. They were kept
in tanks at 10° to 15°C, unfed but having free access to
running tap water. A few days before the experiment the
frogs were placed into tanks at room temperature (18° to
22°C) and bathed in clean deionized water. Toads (Bufo
marinus, Mexican origin) were obtained from Lemberger
Assoc. (Wisconsin) and kept unfed at room temperature.
After double-pithing, the abdominal skin of R. ridibunda
or the urinary bladder of B. marinus was quickly cut out
and mounted with the serosa backed by a filter paper on a
ring of 3 cm? free cross-sectional area. This ring was then
inserted between two Lucite® half-chambers. A hydrostatic
pressure of 10 cm water column was applied continuously
to hold the preparation against the filter paper, thus re-
ducing microphonics in the noise records. Between the
Lucite and the apical side of the epithelium an undercured
silicon washer was inserted to achieve good sealing with
minimal mechanical force and to minimize edge damage.
When information on the noise components at higher
frequencies was required, a ring of only 0.12 cm* free

cross-sectional area was used. In this case partial covering
of the center area with the sealing material was difficult to
avoid and reduced the effective exposed tissue area further.
With a smaller area and, thereby, a higher absolute im-
pedance value, the background noise introduced by the
voltage clamp at higher frequencies was reduced and the
high frequency limit could be moved from 110 to 400 Hz
by changing filters and sample rate.

If not otherwise stated, skins or urinary bladders were
depolarized with a K,SO, or KCl-sucrose serosal so-
lution, respectively, for more than 1hr before measure-
ments. These serosal K-Ringer’s were of the same com-
position as those used by Fuchs, Hviid Larsen and Lin-
demann (1977) and Palmer, Edelman and Lindemann
(1980). Unless stated otherwise, the apical solution during
noise measurements was a Na,SO, solution of 60 mM Na
activity buffered with 3.5 mm K-phosphate at pH 5.5. This
pH has the advantiage of increasing the concentration of
protonated blocker molecules (see Table for pK, values).
All solutions were used at room temperature. During
noise recordings aeration of the serosal solution was
stoped and perfusion of the mucosal chamber was lower-
ed to about 1 ml/min.

For the recording of Na current fluctuations induced
by the organic cations, the chamber was placed inside a
grounded metal box shock-mounted on 4 springs. This
box and the voltage clamp were enclosed by a larger
Faraday’s cage. The low-noise transistor-input clamp de-
scribed by Van Driessche and Lindemann (1978) was used
with a high-pass RC filter set at 0.07 Hz and an anti-
aliasing filter set at 140 Hz. The clamp voltage was set to
0. When the small area preparation was used, the anti-
aliasing filter was set to 500 Hz, the high-pass filter to
0.25 Hz and the sample rate to 1,638 Hz. Both the short-
circuit current and the filtered noise signal were monitored
continuously on a strip chart recorder and an oscilloscope,
respectively. The latter signal was digitized by the 10 bit
A/D converter of the minicomputer (NOVA 1230, Data
General) at intervals of 2.44 or 0.61 msec for a period of
10 or 2.5sec, depending on the frequency range being
investigated. The resulting time series of 4096 data points
were Fourier-transformed, and the current power density
was computed on line and monitored on an X Y-display.
Twenty or more spectra were generally recorded, averaged
and condensed by averaging along the frequency axis as
described before (Li et al, 1982). The mean spectral data
were then stored on disk for further evaluation.

Current power density spectra taken at several block-
er concentrations were fitted with a computer program
which permitted the subtraction of the commonly ob-
served low frequency spectral component (e.g. Lindemann
& Van Driessche, 1978) from the Lorentzian component.
However, this subtraction was seldom necessary. In most
cases it was sufficient to enter the frequency limits for
fitting of the Lorentzian component. Plateau power (S,)
and corner frequency (£, frequency at half plateau power)
were then obtained as fitting parameters of a least-squares
procedure.

The higher relaxation rate 1/t, of extrinsic blockage
was obtained from the corner frequency of the Lorentzian
multiplied by 27, and analyzed with

1/’}:2:27{""chz‘kon'IAt)‘i_kc:)ff (1)

where A, is the amiloride concentration in the outer so-
lution, and k,, and k are the apparent rate constant for
pseudo-first-order kinetics. Corresponding equations were
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used for the other extrinsic blockers. The plots of 2zf,
versus blocker concentration (rate concenfration plots)
were linear (Figs. 2B, 3B, 44, 4D, 6 C, 7B, 8 C), supporting
the assumption of pseudo-first-order kinetics.

The apparent rate constants of extrinsic blockage were
obtained from the rate concentration plots: k,, as the
slope, k. as the ordinate intercept. They are only ‘ap-
parent’ rate constants because k, inclades partition coef-
ficients of the charged blocker between bulk solution and
the vicinity of the receptor at the Na channel, as well as
possible effects of competing higher rate blockers, which
decrease the apparent value. k, includes competition ef-
fects of a lower rate blocker, which increase the apparent
value as discussed below (Eq. 8).

Unless stated otherwise, values reported are the means
+standard deviation.

Theory

The analysis of blocker-induced Lorentzians is
based on a three-state model for apical Na
channels, where the extrinsic blocker and the
Na self-inhibition compete for conducting chan-
nels. Evidence for the existence of this com-
petition phenomenon arises mainly from pub-
lished work on macroscopic dose-response
curves and from the published evaluations of Lo-
rentzian plateaus as summarized in the Dis-
cussion. Further evidence is provided by our
present results. Below we shall review the equa-
tions needed in this study, emphasizing the as-
sumptions used in the derivation and their jus-
tification.

The competition phenomenon may be for-
mulated in terms of channel densities. With the
index 0 designating conducting channels, 1
channels blocked by self-inhibition and 2 chan-
nels blocked by amiloride, we obtain the overall
reaction scheme

Na, A,
N1 kio NO k3o N2

for pure rather than mixed competitive inhi-
bition. The rate constants are indicated in this
scheme. The dissociation constants are

KN:klO/k01’ KA=k20/k02. 2)
The sum
N=N0+N1+Nz (3)

will be called the density of electrically detect-
able channels. The steady-state probabilities to
find a channel in one of the three states are

Py=(1+Na,/Ky+A/K)*

P, =(Na,/Ky)-F,
Py=(A,/K,)-B=(1+K,/4,)" " 4

From them the Michaelis Menten constant of
macroscopic dose-response curves is obtained
as

K=K, (1+Na,/Ky). )

It will be called the macroscopic inhibition con-
stant, in contradistinction to the microscopic
inhibition constant

Kg:i = koff/kon (6)

which is obtained from induced Lorentzians by
means of linear rate concentration plots.

RATE ANALYSIS

The kinetics of two competing reactions are
characterized by the two relaxation time con-
stants 7, and 7,. Their values can be obtained
from the change of N, with time in response to
a small perturbation in Na, or A,. Alter-
natively, 7, and 7, can be retrieved from the
spontaneous fluctuations of N,. The noise gen-
erated by two competing blockers results in
power density spectra with two additive Lo-
rentzian components (Lindemann & Van
Driessche, 1978). Their corner frequencies are
related to the inverse time constants by

Vo, =2n-fN=1,
l/t,=2n-fA=1,. (7)

These are the ‘chemical relaxation rates’ or
‘characteristic rates’ near equilibrium.

Rate analysis is based on the dependence of
the chemical rates on the blocker concen-
trations. The corresponding theoretical relation-
ships are obtained from the kinetic differential
equations by standard algebraic techniques (e.g.,
Hammes, 1968). In full generality the solutions
are complicated and will not be reproduced
here. A simplification is obtained if (1/7,)
<(1/7,). Then the higher characteristic blocking
rate is given by

1ty =koy A, +kos BNy +k5 (la)

where f§ is a constant which converts the chan-
nel density Ny (cm~™?) into the units of A,
Equation (la), in which Nj is a function of A,
and Na, (see Eq. 4), represents second-order ki-
netics near equilibrium. In this case plots of
1/t, versus A, are nonlinear. However, when
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p- N, is negligible with respect to A,, we obtain
1/t =koy A, +kyg (1b)

i.e. pseudo-first-order kinetics and correspond-
ing linear rate concentration plots. The fact that
linear plots are obtained with amiloride justifies
the pseudo-first-order approach (Eq. 1).

If the two relaxation chemical rates are far
apart but not extremely so, one obtains for
negligible f- N,

Uty =kgy A, +kyo+kyy Nag. (1¢)

In this case the rate concentration plot is still
linear. Its ordinate intercept is given by

kose=kyo+ko; Na, (8)

and the slope by k_,=k,,. Therefore

K™=K, ( k1o Na, ): Akoff (6a)
20

PLATEAU ANALYSIS

Of the two Lorentzians expected from the com-
petitive blocking, the one of higher relaxation
rate is found in the 1 to 50 Hz band which is a
convenient frequency range for steady-state
noise recording. We analyze the plateaus of
these induced Lorentzians with the assumptions
that amiloride blocks the Na channels in a one-
to-one and all-or-none manner. These assump-
tions seem reasonable since macroscopically
amiloride blocks cellular Na uptake almost
completely (e.g. Rick, Dorge & Nagel, 1975)
and in the epithelia used the Hill coefficient is
near unity (e.g. Li etal.,, 1982). The one-to-one
assumption is implicit in the kinetic scheme
(Eq. 4) and the all-or-none assumption is need-
ed for the use of Eq. (10) (see below).

For simple open/close kinetics without com-
petition (Ky very large) the power of the amil-
oride-induced plateau of one-sided spectra is
given by

S,=4aNi*P, P, 1, ©)

where i is the current passing a channel when
open, and a the membrane area. With

w=iNP,=iN, (10)

in which I, is the macroscopic amiloride
blockable Na current/cm one obtains

S, =4qiP,T7,= dai
INa_ 2 2—27rfc”‘-(1-1—KA/AD)'

(11)

Since without competition K, is obtained as
K= from f* (rate concentration plot), i can be
computed from

i=(1.57-5,-f4) (1 + K /A,)-(a-T) "

where 1.57-S,-f* is the variance of I,.
With competition (K, small) one obtains
the different expression

(11a)

PZ
Py+P,’ (12)

*=dai-1,-
INa

It may be noted, however, that
P,+P, 1+K,/A,

which makes Eq.(12) identical with Eq.(11).
The difference is merely, that i case of com-
petition a K%' value larger than K, may be
obtained from the rate concentration plot (see
Eq. 6a). For K}'=K, we may state that the
estimation of i from the Lorentzian plateau of
the higher rate blocker will yield the same val-
ue with competition kinetics used or neglected.
The error which results when a K% value larger
than K, is used instead of K,, can be evaluat-
ed by rewriting Eq. (11a) as

i=(1.57-8,-f4)-(1+K®/o- A )-(a-Iy,)" " (11b)

where a=K}/K, =k ;/k,,. The observed value
of f* need not be corrected with « since it
already contains the effect of competition. For
amiloride the exact value of o is not known, but
is expected to range between one and two. It
can be seen that for large A, values, typically 7-
to 45-fold larger than KK‘, the influence of «
tends to vanish.
N, is obtained as the current ratio

(13)

Ny=1,/i (10a)
provided the microscopic blocking event is ‘all-
or-none.” Furthermore, since Fo+P,=F,;-(1

+A,/K,), the density of directly ‘amiloride ac-
cessible’ channels

No+ N, =(Ina/D (1 +A,/K,) (14)

can be calculated. The following, final step of
the analysis requires competition theory. In
case of competition the channel density N, is
given by

N, =N-(Na,/K\)/(1+Na,/K+4,/K,) (15)

and should vanish at saturating A,. Then N
can be estimated as N,+ N, by extrapolating
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this quantity (Eq. 14) to infinite A, (Li etal,,
1982). Thus values for N;, N; and N, are ob-
tained by analyzing the Lorentzian plateaus.

Results

AMILORIDE

The blocking properties of amiloride were rein-
vestigated for mucosal pH values of 5.5 since
amiloride served as a reference for other block-
ers used at this pH in the experiments detailed
below. The macroscopic inhibition constant of
amiloride, K%*, was obtained for the concen-
tration range useful in noise analysis in the
following way. In the presence of 60 mM mu-
cosal Na-activity (Na)), a set of amiloride con-
centrations (A,) between 0 and 10puM was
sequentially employed to reduce the short-cir-
cuit current of K-depolarized skins. From the
steady-state currents thus obtained, the Na-cur-
rent I, was computed by subtraction of the
current component insensitive to 80 uM amil-
oride. Following the reasoning of Fuchs et al.
(1977), Na /I, was then taken as an estimate of
(F-B,)~' and plotted against A, (Fig. 14). A
straight line was fitted to the data points and
its intercept with the abscissa taken to indicate
the macroscopic inhibition constant, K?4. Val-
ues ranging between 1 and 3 um were found in
the presence of 60 mm Na, at pH 5.5. Figure 1B
shows mean data of this kind in the more con-
ventional semilogarithmic dose-response plot.
Note that only A, values in the range of K™ or
larger than K™ were used since only these yield

| —— 30 R SR
0 2 Ay 6 {uM] 10 Ag 1 [pM] 100
Fig. 1. Macroscopic data obtained in the presence of amil-
oride. K-depolarized short-circuited frog skin, Na,
=60 mM, mucosal pH 5.5. A: Plot of reciprocal steady-
state R, versus apical amiloride concentration A, . One
experiment. The macroscopic inhibition constant K™ is
obtained as the intercept of the regression line with the
abscissa. B: Normalized dose-response curve. Mean of 58
experiments like that of panel A. The vertical bars repre-
sent £1sp. The mean K§* was determined to 1.79
+0.97 pm.

+——+—+

evaluable Lorentzians if the off-rate constant is
low, as in the case of amiloride.

Amiloride-induced spectral components of
current power densities obtained in the pre-
sence of 60 mM Na, with a clamp voltage of
zero are shown in Fig.24 for four amiloride
concentrations. For the concentration range in-
dicated each Lorentzian plateau extends over or
beyond one frequency decade. Its power de-
creases with increasing A,. Except for high A,
the rolloff at high frequencies could also be
observed over at least one decade. It has a
slope of —2. The spectra were fitted with Lo-
rentzian functions extending over the frequency
range indicated by the solid lines. At low
frequencies the noise power often exceeded the
plateau values. However, except for a few cases
it was not necessary to include this noise com-
ponent in the fit (see Materials and Methods).
The corner frequencies increased with increas-
ing A, (arrows). Multiplication with 2z yields
the higher characteristic rate of blockage (Eq. 1),
which was plotted against A, (Fig.2B). As be-
fore at pH 7.2 (e.g. Lindemann & Van Dries-
sche, 1977), a linear rate-concentration rela-
tionship was obtained for pHS5.5. The re-
gression line, based on data from 58 skins of R.
ridibunda, yields an apparent on-rate constant,
ko,=13.17+1.88sec ' pum~' (slope), an off-rate
constant, k,;=3.93+147sec™! (ordinate inter-
cept), and a microscopic inhibition constant of
K73'=0.3040.13 um (negative intercept with ab-
scissa). Note that K is about one-sixth of K™
(mean values).

The change of plateau power per ampere of
macroscopic Na current with A, is shown in
Fig. 2C for one experiment. The solid line is a
fit with the theoretical relationship

sure  AJKs _dai  AJK,
21 +A,/K, _kzo (1+A,/K,)

0

In

= (12a)
a

which is valid for competition between A, and
Na,,, provided amiloride is the higher rate block-
er and the two chemical rates are sufficiently
different, such that K%'~ K, (see Theory).

The arrows indicate K%' as derived from the
maximum of the theoretical curve, and the val-
ue of KJ* obtained in this experiment from
macroscopic data.

5,6-DICL-AMILORIDE

This analog differs from amiloride in that in
addition to the chiorine at position 6 a second
chlorine is bound at position 5 of the pyrazine
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Fig. 2. Microscopic data obtained in the presence of amiloride. K-depolarized, short-circuited frog skin of 3 cm?, Na,
=60 mM, mucosal pH 5.5. 4: Current power density spectra (referred to 3 cm? of chamber area) taken at the amiloride
concentrations indicated. The smooth lines are fitted Lorentzians drawn only over the data range used for fitting. B: Rate
concentration plot 1/t=2nfA=k A, +k, is plotted versus A,. The mean fs, from Lorentzians like those of panel 4,
were used (n=358; +sp). The microscopic inhibition constant Kfi=k,../k,.=0.3 uM is sixfold smaller than the mean K3*
of 1.79 um (Fig. 1). C: Least-squares fit of (S,/I,) as a function of A . Data from the experiment of panel 4, but S, referred
to 1 cm? area. The maximum is located at A,=K¥' < K%* (see Eq.12a). K7* was unusually small in this experiment

b ey I (8) (e
w02 = -
T T T T T 2O Y T Y S 4%
1000 So _
"t -1 - 21 !
A2 1.0 1
750 - -
s - Rl
21 _ 500 - i
0 1, _ 5-10721 4
: /
. 2504 ¢/ -
0¥~ -
5.6diCl-Ag = 141 !
[t T D -t 0 + + t
f 10 100 Hz TKgﬁCIO 56diCl-Ac 100 [um] O sgdici-Ae 100 (uM)
]

Fig. 3. Microscopic data obtained in the presence of 5,6-diCl-amiloride, analog 1.592,272-01U01. K-depolarized short-
circuited frog skin, Na,= 60 mm, mucosal pH 5.5. An exposed membrane area of about 0.1 cm? was used, the anti-aliasing
filter set to 500 Hz and the sample frequency increased to 1638 Hz. A: Current power density spectra at blocker
concentrations of 5,6-diCl-A =14.1, 28.2, 56.3, 84.5 and 140.8 um. Since the plateaus are all close to 102 A% sec (see
panel C), each spectrum was shifted upward with respect to its lower neighbor by a factor of 3. The ordinate scale was
drawn only for the uppermost and the lowest spectrum. B: Rate-concentration plot. For comparison the amiloride rate
concentration plot is indicated by a dashed line (from Fig. 2B). 5,6-diCl-amiloride as a smaller on-rate (slope) and a larger
off-rate constant (ordinate intercept) than amiloride. The value of K5, is 37.4 uM. C: Plateau power-concentration plot.
Note that, similar to the triamterene spectra (Fig. 6B), the plateau of the Lorentzian increases with the blocker
concentration as long as the latter is smaller than 0.5 K™. The drawn-out curve is a least-squares fit with Eq.(12b), in
which the following values were used: aN =229 x 108, i=0.10pA, Ky=5mm, k,oxk=141.74sec™" and K~ Ky
=374 M

ring, replacing the NH, group. The macroscop-  tration plot of this experiment (Fig.3B)
ic dose-response curve, obtained like that for  yielded a straight-line relationship with &k,

amiloride at 60 mM Na, and pH 5.5, yielded a =3.8sec” ' um~! (not corrected for incomplete
high K@, of 270 uM. The power density spec-  protonation at pH5.5), k;=141.74 sec™' and
trum contains blocker-induced Lorentzians Hci=37.4 uM. The means of 6 small arca ex-

(shown for 5 analog concentrations of a small  periments are given in the Table. Note that
area experiment in Fig. 34). The rate-concen- again K™ is clearly larger than K™.
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Table. Rate constants and inhibition constants of amiloride, triamterene, TAP and two structural analogs of amiloride®

Tissue Drug pK.? pH k. ko, ke K= n K= n
(sec™Tpum—1) org cation (sec™?) {um) (M)
(sec™tum~!

FS4  amiloride 87 55 13.17+1.887 13.18+1.88 393+147  030+0.13 58 1.794+097 58
FS 7.5 12254066 13.02+0.70 441+096 036+009 4 428+248 4
TB*® 75 1686+1.86 1792+198  266+240 0174017 9 043+033 10
FS triamterene 62 55 13354148 16.02+1.78 36.20+6.73 2.784+0.78 6 18.15+1395 12
FS 7.0 506+091 36.99+6.65 34024225 694+152 6 54.44+1343 6
TB 70 881+1.20 6440+8.77 2529+1.86 303+186 5 790+2.74 5
FS 5H-amiloride 70 55 3324124 3434128 10.89+3.82 4.02+264 9 329 +107 9
FS 5,6-diCl-amiloride 6.6 5.5 51641.03 557+1.11 151 4369 296 +28 6 216 4112 4
FS TAP 6.7 55 - - - 330 +80 4 4150 +133 11

The K™ of all these reversible Na channel blockers is found to be smaller than the respective K™,

Values from the literature.

c

Values of pK, listed in column 3 were used in the calculation; a correction of the on-rate for incomplete protonation is

not necessary if the compared values of K™ and K™ were obtained at the same pH. Values shown for K™ and K™ are

also uncorrected.
4 FS=abdominal skin of R. ridibunda.

e

£ Means +SD.

The power densities of the Lorentzian pla-
teaus increased with analog concentration at
low concentrations, but decreased at higher
concentrations (Fig. 3C). In principle this be-
havior is always expected (compare theoretical
curve of Fig. 2 C) because the product of proba-
bilities for a channel to be open and blocked,
which 1s contained in the expression for the
Lorentzian plateau (Eq.9), passes through a
maximum when the blocker concentration is
increased. However, Lorentzians corresponding
to the low concentration part of the convex
curve will be observed only when the corner
frequency of the extrinsic blocking process is
sufficiently high. The 5,6-diCl-amiloride, by vir-
tue of its high off-rate, provides an example.
The solid line of Fig.3C was obtained by a
least-squares fit of

_4aNi? AJK,

* ke (1+Na/Ky+A/K)(1+AK,)
(12b)

to the data points. The equation is obtained
from Eq. (12a) by combination with

Iy, =iNy=iN-(1+Na,/Ky+A/K,) "

(10b)

The maximum of S, is expected between
0.5-K, and K,, depending on the numerical
value of Na,/Ky. In the fit we used K, =Ko
and k,, =k . K\, was the adjustable parameter.
It appears that with Ky=5mMm the theoretical

TB=urinary bladder of B. marinus. Data are from Li et al. (1982).

equation for competitive blocking by 5,6-diCl-
amiloride and Na jons fits the data reasonably
well.

5SH-AMILORIDE

In this analog the —NH, group at position 5
of the pyrazine ring is replaced by hydrogen.
K%i was estimated in nine experiments in the
presence of 60 mM Na, (pH 5.5), yielding a mean
value of 329+10.7um. The concentrations
needed to obtain 5H-amiloride induced Lorentz-
lans in the presence of 60mm Na, (pHS5.5)
were about 5 times larger than those of amil-
oride. The corner frequencies were also larger
and the rate-concentration plot (Fig 44)
showed this to be due to a high off-rate. The
apparent rate constants, determined from this
plot, are k,,=3.32+124sec ' pMm~* (not cor-
rected for incomplete protonation at pH 5.5)
and k. =10.89+3.82sec™!. Thus the on-rate
constant is Jower and the off-rate constant high-
er than that of amiloride (Table). The micro-
scopic  inhibition constant of KT =4.02
+2.64 um 1s significantly smaller than the mac-
roscopic inhibition constant.

COMPETITION OF Two ORGANIC BLOCKERS

To study competition between amiloride and its
SH-analog we used the latter at a fixed con-
centration of 10pum and added amiloride in
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concentrations between zero and 7.2uMm
(Fig. 4B). In spite of the presence of two species
of blocking molecules, only one blocker-in-
duced Lorentzian was clearly discernable in the
frequency band 0.1 to 110Hz. To find a
theoretical basis for this observation we calcu-
lated double-Lorentzian spectra using compe-
tition kinetics and the rate constants of amil-
oride and 5SH-amiloride. The calculations were
conveniently done with the matrix method of
Chen (1975). The result (Fig. 4 C) shows that the
difference between the two expected plateaus is
at this combination of rate constants small and
will hardly be resolved.

On increasing A, in the presence of 10 pm
5H-amiloride, the plateau power decreased and
the corner frequency increased. The corner
frequencies were at all A, clearly larger than
those observed with amiloride alone, as shown
in the rate-concentration plot of Fig.4D. The
data of the upper plot (amiloride plus analog)
indicate a high valued ordinate intercept and a
slightly smaller slope than the rate-concen-
tration plot of amiloride in the absence of its
analog (dashed line). Using unsimplified com-
petition kinetics and the measured rate con-
stants of amiloride and 5H-amiloride obtained
from the same skin with only one of the or-
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ganic blockers present, we calculated the chemi-
cal rate as a function of amiloride concen-
tration for the presence of 10 um SH-amiloride
(Fig. 4D, solid lines labeled 1,). Good agree-
ment with the measured values (open circles)
was found.

The plateaus of the expected double Lorentz-
ian should separate better if the analog com-
peting with amiloride had a higher chemical
rate than 5H-amiloride. For instance, the 6H-
analog, which has an off-rate constant 30-fold
larger than that of amiloride, should allow the
plateaus to separate very well. This, too, was
confirmed by spectra computed from compe-
tition kinetics. Power density spectra obtained
in the presence of amiloride and 6H-amiloride
showed the expected double-Lorentzians with
separated plateaus (Fig. 5).

TRIAMTERENE

This is a Na-channel blocking diuretic like
amiloride, but of rather different structure (6-
phenyl-2,4,7 triaminopteridine) and less potent
(Cuthbert & Shum, 1974). Hoshiko and Van
Driessche (1981) used this compound to induce
Na transport noise in frog skin epithelium.
Christensen and Bindslev (1982) also used it as
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Fig. 4. Competition between amiloride and 5H-amiloride, analog 1.590,481-01H06. K-depolarized short-circuited frog skin,
3 cm?, Na,=60 mM, mucosal pH 5.5. A: Rate-concentration plot of 5H-amiloride obtained in the absence of amiloride.
For reference, the dashed line shows amiloride data from Fig. 2B. Note that the two lines cross. B: Current power density
spectra obtained in the presence of 5H-amiloride (10 pm throughout) together with amiloride at the concentrations
indicated. The data points for A,=4.8 pm were omitted for clarity. According to panel 4, 5SH-A is at low A, the blocker
of higher, but at high A, the blocker of lower chemical rate. In the presence of two organic blockers double Lorentzian
spectra were expected, but in the data only the higher frequency parts of the double Lorentzians are clearly discernable.
The plateau decreases and the corner frequency increases (right group of arrows) when the amiloride concentration is
raised. The left group of arrows marks the corner frequencies expected for the low frequency Lorentzians. For their
calculation see panel D. C: Theoretical power-density spectra for two competing blockers. The set of curves simulates the
data of panel B. Ordinate scale arbitrary. Parameters used: 5SH-A =10 pm throughout, with the rate constants k,
=17.83sec™ !, ko, =4.82sec™'pMm~'; A =0 to 9uM in steps of 1M, with the rate constants k,o=3.6sec™", ko,
=12-sec ! pm~'. The curved vertical lines indicate the corner frequencies of the component Lorentzians. The calculations
show that the double Lorentzians expected for panel B will have well separated corner frequencies but poorly separated
plateaus. D: Rate-amiloride concentration plot. The theoretical (solid) lines represent 4, and A,, calculated for the presence
of two extrinsic blockers from competition kinetics (Eq. 8b and 12 of Lindemann & Van Driessche, 1977). 4, fits the data
well. The apparent on- and off-rate constants of amiloride and of the 5H-analog, which are needed for this calculation,
were determined separately for this skin. The dashed line (from Fig. 2B) is valid for amiloride in the absence of SH-
amiloride
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an extrinsic blocker in their study of intestinal
Na channels. Taking advantage of the reduced
potency, we have used triamterene to study the
natriferic response of apical Na channels to
hormonal stimulation in the urinary bladder of
B. marinus (unpublished). In the bladder, triam-
terene had a 10-fold higher off-rate constant
than amiloride (see Table). As a consequence its
Lorentzian spectra could be obtained at lower

Jod (B}

wed 1y

Fig. 5. A: Theoretical current power density spectra for com-
petition of amiloride with 6 H-amiloride. Parameters used:
A, =3.6um, k,,=532sec™?, ko, =148 sec * pm—*; 6H-A,
=1223 um, k,,=162.11sec™?, ko, =13.8sec” ! um 1. The
calculation shows that because of the high off-rate of the
6H-analog the plateaus of the double Lorentzian should
separate very well. B: Power-density spectra [4?-sec]
recorded in the presence of amiloride and 6H-amiloride.
Nondepolarized short-circuited frog skin of 3cm? area,
Na,=60mM, mucosal pHS.5, 6H-A,=1223um for both
spectra; A, =1.8uM for spectrum (a} and 3.6 um for spec-
trum (b). The Lorentzian components found by fitting are
drawn in and their corner frequencies marked by arrows.
In accordance with theoretical expectations (panel A4), the
plateaus separate well in both cases
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levels of blockage than are required when using
amiloride. To compare the blocking kinetics of
triamterene with those of amiloride in more
detail, further experiments were done with the
skin of R. ridibunda, for which a large number
of data for amiloride and its structural analog
have already been accumulated. Even higher
off-rate constants of t{riamterene were found in
this tissue.

Since triamterene (T) is a weaker base than
amiloride, with a pK, of 6.2 rather than 8.7
(Cuthbert, 1976), most triamterene experiments
were performed at pH 5.5 in order to increase
the concentration of the charged species (to
about 839, of the total triamterene concen-
tration, see below). Macroscopic dose-response
curves, obtained in the presence of 60 mM Na,
from 12 preparations, yielded a mean K7* of
18 uM. The data show considerable variation
(Table). One example, where a K5 of only
8.8 uM was found, is given in Fig. 6 4. Note that
due to the high off-rate constant the triam-
terene concentrations useful for noise analysis
are on the low inhibition branch of the dose-
response curve.

Sodium current fluctuations, observed in the
presence of 1 to 10 uM triamterene, contained
blocker-induced spectral components of Lorentz-
ian shape (Fig. 6B). The plateau-power versus
concentration plot is convex like that of 5,6-
diCl-amiloride and the rate-concentration plot
is linear (Fig. 6C), yielding the apparent rate
constants listed in the Table. At pHS5.5 k_ is
comparable to that of amiloride (dashed line),
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Fig. 6. Macroscopic and microscopic data obtained for 3 cm? of K-depolarized short-circuited frog skin in the presence of
triamterene (T) and 60 mm Na,, pH 5.5. 4: Normalized macroscopic dose-response curve of one experiment. K7?=28.8 um.
When the data point at 1M triamterene is excluded from the fit, K2* changes insignificantly. B: Current power density
spectra at T,=1, 2.5, 5, 7.5 and 10 pM. Preparation of panel 4. Note that — in contrast to the amiloride spectra (Fig. 2 4) -
the maximum of the S, versus concentration curve is covered by the data (inset). C: Rate-conceniration plot 1/z,
=2nfT~k, T,+ky is plotted versus T,. Preparation of panel A4 and B. The first data point was not included in the
fitting of the regression line. Pooled data of 6 experiments gave a straight line relationship (see Fig. 7B). Note that again
KT =kyge/kon < KT*. The dashed line is the amiloride rate-concentration relationship (Fig. 2B) given for comparison
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while the off-rate constant is nearly 10 times
larger than k. of amiloride. From Fig. 6 C K&
was estimated to 2.7 um. While the values of
KT* show considerable scatter (Table), each of
them is larger than the KP' obtained from the
same epithelial preparation.

Experiments where amiloride and triam-
terene were used simultaneously showed that
these two blockers also compete. The Na-chan-
nel currents (i) calculated from triamterene-in-
duced Lorentzians were typically smaller (mean
value 0.07+0.01 pA; n=14) than those ob-
tained with amiloride (0.10+0.02 pA; n=42).
The barely significant difference is understand-
able when considering that the triamterene
concentrations used cause less inhibition of the
macroscopic Na current than the amiloride
concentrations used. The cellular Na activity
may then be larger, decreasing the driving force
for i. In addition i may in this case be some-
what underestimated, because the resistance of
the K-depolarized basolateral membrane can be
expected to increase with the cellular Na ac-
tivity (see Fuchs et al., 1977).

PH-DEPENDENCE OF THE APPARENT ON-RATE

From macroscopic dose-response curves Benos,
Simon, Mandel and Cala (1976) concluded that
the positively charged form of amiloride is the
active blocker. The same conclusion was reach-
ed by Cuthbert (1976) with respect to several
Na-channel blockers, including triamterene.
Based on these results one would expect that a

decrease in pH will have the same effect on the
Lorentzian blocking spectra as an increase in
the total chemical concentration of the blocker,
1e. a downward shift of the plateau power and
an increase in corner frequency. As shown in
Fig. 74 this expectation was confirmed for tri-
amterene. The rate-concentration plot changed
when the pH was lowered (Fig. 7B) such that
the apparent on-rate constant (slope) increased
while the off-rate constant remained unaffected
(Table). The latter observation agrees with our
previous conclusion (Li & Lindemann, 1981b)
that the receptor properties are not pH-depen-
dent in the pH range 7 to 5.5. Comparing k_,
values obtained from the same preparation at
pH 7 and 5.5, we found a ratio of 0.374+0.07 (n
=8). This value is about 209, smaller than
expected from the reported first pK, of triam-
terene (6.2, see Cuthbert, 1976). A better agree-
ment can hardly be expected since triamterene
has more than one ionizable group, the doubly
charged compound possibly being ineffective as
a blocker. In addition, the concentration of the
monovalent free base may have been lowered
further by complex-formation (see Dittert, Hig-
uchi & Reese, 1964).

In conclusion, compared to amiloride, a
lower basicity and a shorter blocking time based
mainly on a higher off-rate constant account for
the poorer blocking efficacy of triamterene.

TRIAMINOPYRIMIDINE (TAP)

While this molecule was first used as a blocker
of the paracellular pathway of leaky epithelia
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Fig.7. The pH dependence of the channel blocking kinetics of triamterene (T) in K-depolarized short-circuited frog skin,
3cm?, Na,=60mM. 4: Current power density spectra at T,=35 (left panel) and at T,=10puM (right panel) for an apical
pH 7.0 (upper) or pH 5.5 (lower spectra). At the same triamterene concentration the corner frequency of the Lorentzian is
higher and the plateau lower at pH 5.5 compared to pH 7.0. Thus, at low pH more blocker molecules seem to be present.
B: Upper characteristic rate versus total triamterene concentration at two apical pH values. Mean values (+£SD) are
shown. The number of measurements n at pH 7.0 was 6; that at pH 5.5 was also 6 for T,=5, 7.5 and 10umM, but for T, =1
and 2.5um, n=>5 and for T,=20pM, n=3. The increased on-rate (slope) at lower pH indicates that the positively charged
molecule is the blocking species
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(Moreno, 1974), it is also a reversible blocker of
apical Na channels (Zeiske, 1975). Using macro-
scopic methods, Balaban, Mandel and Benos
(1979) established that TAP and amiloride are
competitive blockers. The first pK, value is 6.72
(Roth & Strelitz, 1969). At pH 5.5, therefore,
about 949 of the TAP molecules should be
charged. At this pH a mean KF3, of 4.15 mMm
was obtained in the presence of 60 mm Na,
from 11 macroscopic dose-response curves. The
current fluctuations observed with 60 mm Na,
showed in the presence of 1 mM TAP a uniform
depression of power densities between 0.1 and
110 Hz, but no blocker-induced Lorentzian
components (Fig. 84). It may be suspected that
the off-rate of TAP is high, such that the
chemical rate of channel blocking considerably
exceeds 110 Hz. Provided TAP would compete
with amiloride, we should then see systematic
changes in amiloride-induced Lorentzian pla-
teaus and corner frequencies. This turned out to
be the case. Figure 8 B shows that the induced
Lorentzian observed with 9.6 uM amiloride at-
tains a smaller corner frequency when
100 um TAP is added to the solution. This de-
pression of corner frequency is expected for the
Lorentzian of an extrinsic blocker when a com-
petitive blocker of higher chemical rate is ad-
ded (see Lindemann & Van Driessche, 1978).
As a consequence, the linear rate-concentration
plot of amiloride (Fig.8C) shows in the pre-
sence of TAP a clear decrease in slope (ap-
parent on-rate). For the case of a very fast
blocker like TAP being present together with
amiloride, it can be shown that the slopes of
the amiloride rate concentration plot obtained
in the absence and presence of the faster block-
er obey the relationship

slope (TAP,=0)
slope (TAP,>0)

TAP

=1+ =2 16
KTAP ( )

From four experiments a value of K ,,~KTi,
=0.33+0.08 mM was thus calculated. Note that
again the microscopic inhibition constant turns
out to be smaller than the macroscopic inhi-
bition constant. The ratio of these constants
remains the same after correction for incom-
plete protonation. The correction lowers K@i,
to 0.31 mm and KT3p to 3.90 mm.

Alternatively, the microscopic inhibition
constant of TAP can be calculated based on the
change of K%* of amiloride estimated from
macroscopic dose-response data obtained in the
presence and absence of TAP. However, due
to the self-mmhibition effect this change is less
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Fig. 8. Competition between amiloride and triaminopyr-
imidine (TAP). K-depolarized short-circuited frog skin.
3cm?® area, Na,=60mM, mucosal pHS5.5. A: Current
power density spectra in the absence and presence of
TAP. At TAP=0.1 mM, the spectrum is nearly identical to
the one taken in the absence of TAP. At TAP=1 mm, the
power is reduced but no clear Lorentzian components are
visible in the frequency range used. B: Current power
density spectra in the presence of 9.6 uM amiloride alone
(upper) and together with 0.1 mM TAP (lower curve). At
this low concentration of TAP no significant inhibition of
the macroscopic Na current occurred, but a decrease of
the corner frequency {(arrows) of the amiloride-induced
Lorentzian is already discernible. C: Rate-amiloride con-
centration plot. Note that the apparent on-rate (slope)
becomes smaller as the concentration of the higher rate
competitor, TAP, is increased. Evaluation of the slope
ratio with Eq. (16) yields K5i,=0.32 and 0.29 mm, respec-
tively. D: Normalized dose-response curve of amiloride in
the absence (o) and presence of 0.1 mM (o) and 1 mMm (e)
TAP. The change in K}* is seen to be much less sensitive
to the presence of TAP than the change in slope of the
rate-concentration plot (panel C). At 0 and 0.1 mM of
TAP, the K7* was practically identical, being 1.27 uMm. At
1 mM TAP, the K7* was 1.88 pm

sensitive to the presence of TAP than the change
in the apparent slope of the rate-concentra-
tion plot. As shown in Fig.8 D, at TAP,=0.1 mm
there was no noticeable change in the K3* of
amiloride (open squares), but when the TAP
concentration had been increased to 1mwm
the K3* increased from 1.27 to 1.88pum (filled
squares). Using the K§'=0.12um of amiloride,
derived from the rate-concentration plot data of
the same skin, we calculate a value of 0.20 mm
for the KTip, which is to be compared with
the value of 0.33mmM obtained from noise data.
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Discussion

RATE CONSTANTS

Of the 5 organic cations, 4 could be analyzed
with respect to blocking rate constants. We
found for 5,6-diCl-amiloride, SH-amiloride and
triamterene, just as for amiloride, the higher
chemical rate of block to be a linear function of
blocker concentration (pseudo-first-order). The
off-rate constants range between 4 and
150sec™*, the mean time of channel blockage,
therefore, between 6 and 250 msec.

The off-rate constants of amiloride and tri-
amterene do not show a significant pH depen-
dence (between pH 5.5 and 7.5), but the (ap-
parent) on-rate constants do, provided the block
er has a low pK, as in the case of triamterene
(Table). Here the on-rate increases when the pH
is lowered from 7 to 5.5, indicating that the
positively charged drug species is the active
blocker, as proposed by others (Benos etal,
1976; Cuthbert, 1976). This conclusion is
strengthened by the observation that blockers of
high pK,, like amiloride, show only a weak pH-
dependence of k, (Li & Lindemann, 1981b).
Since the off-rates were found insensitive to pH,
it appears that the structure at the Na channel
which controls binding and release of the
blocking molecule does not change properties
significantly between pH 5.5 and 7. (However,
at pH 5.5 more Na channels are made available
for transport (Li & Lindemann, 1981b).)

The data show, furthermore, that the ap-
parent on-rate constant of the protonated block-
er is smaller than expected for a diffusion-
limited approach to the blocking site, and de-
pends strongly on the structure of the blocker.
However, since the rate concentration plots are
linear, k,, does not depend on the concen-
tration of the blocker. The lowest k , was found
with 5H-amiloride in frog skin (3.4 sec™* um—1),
the highest with triamterene in toad bladder
(64 sec— ! um~!'; see Table). The structure de-
pendence of the on-rate constant could result
from steric hindrance or from a brief interac-
tion of blocking molecule and channel, which
would have to occur before a blocking position
of longer lifetime is attained. This point will be
discussed in detail in a following paper (Li
Cragoe & Lindemann, in preparation).

COMPETITION BETWEEN
Two EXTRINSIC BLOCKERS

Model calculations based on unsimplified ki-
netics of three competing reactions have shown

that in the presence of two organic blockers the
corner frequencies of their spectra may be in-
creased by self-inhibition. However, provided
their blocking rates are comparable to those of
amiloride, the effect will be no larger than with
amiloride, where it may be considered small
(see below). Therefore spectra of two competing
high rate blockers were in first approximation
analyzed neglecting the self-inhibition.

The case of amiloride plus SH-amiloride
was studied in more detail. Keeping the con-
centration of 5H-amiloride constant and vary-
ing that of amiloride, we expected power densi-
ty spectra of double-Lorentzian shape. Howev-
er, in the recorded spectra (Fig. 4B) only the
Lorentzian component predicted at higher
frequencies could be clearly distinguished. Nev-
ertheless, its change with amiloride concen-
tration conformed well to competition theory
(Fig. 4D). It may be suspected that with the
given set of rate constants the Lorentzian com-
ponent of lower corner frequency cannot rise
clearly above the plateau of the higher fre-
quency component. To check this point we cal-
culated double-Lorentzian spectra for compe-
tition of two blockers, using the rate constants
of amiloride and 5H-amiloride obtained experi-
mentally. The result (Fig. 4 C) verifies that the
two plateaus will not separate very well, since
the corner frequencies differ by less than one
decade. However, if the chemical rates of the
two blockers are further apart, as in the case of
amiloride and 6H-amiloride, a good separation
of the plateaus is found (Fig. 5).

In conclusion, then, the expected effects of
competition were found in the recorded spectra.
A more detailed analysis will require more ana-
log material than was available to us in the
course of this study.

CoMPETITION BETWEEN NA SELF-INHIBITION
AND ORGANIC BLOCKERS
IN MACROSCOPIC STUDIES

Evidence for competition between Na, and
amiloride in their blocking effects on Na trans-
port has been accrued from steady-state dose-
response curves in a variety of studies. The
question usually discussed is, whether the com-
petition is kinetically pure, or to which extent it
is mixed. Pure competition has already been
formalized (see Theory, Eq.5). In mixed inhi-
bition the reaction scheme includes the ad-
ditional state N, , in which the channel is simul-
taneously closed by the self-inhibition and
blocked by amiloride
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The transitions N,=N,, and N,=N,, are elec-
trically silent. There are two additional dissoci-
ation constants
k. k!
K\,=-—" and Ky=-*

km kﬂ

of which one needs to be known. The other is
then obtained from the principle of microscopic
reversibility. The macroscopic inhibition con-
stant is given by

1+Na°
KN
Na, K,

1 .
Ky K,

Km=K,. (5a)

K, =K, means pure noncompetitive inhibition,
where K3* equals K, at all Na . With Ky > K,
pure competitive inhibition results, where K3*
is a linear function of Na,. For intermediate
values of K, mixed inhibition will ensue, with
K™2 being a saturating function of Na,. In the
latter case, the larger the degree of competitive
behavior, the more will Ki* exceed K ,.

The early demonstration by Cuthbert and
Shum (1974) of seemingly pure competitive be-
havior in skins of R. temporaria was confirmed
for R. esculenta (ridibunda) (Zeiske & Lin-
demann, 1974; see also Lindemann, 1977, Fig. 6,
and Cuthbert, 1981). It was also confirmed for
toad urinary bladder (Sudou & Hoshi, 1977).
Aceves and Cuthbert (1979) found pure com-
petition between Na and the amiloride analog
benzamil in skins of R. temporaria. While Be-
nos, Mandel and Balaban (1979) described non-
competitive inhibition for the skins of R. cates-
beiana and R. pipiens, they found mixed in-
hibition for the skin of R. temporaria. In con-
trast, Takada and Hayashi (1980) observed
mixed inhibition with the skin of R. catesbeiana.
Mixed inhibition was also described for the
rabbit descending colon (Turnheim, Luger &
Grasl, 1981). In the hen coprodacum weak
competitive inhibition was found (Bindslev,
Cuthbert, Edwardson & Skadhauge, 1982).

Microsomes derived from toad urinary bladder
also show competition (Labelle & Valentine,
1980). Finally, amiloride is also competitive
with Na in its blocking effect on the Na/H
exchange (Vigne, Frelin & Lazdunski, 1982). In
short, the type of interaction between blockage
by Na and amiloride appears variable among
species and tissues, but for skins of R. tempo-
raria and R. esculenta (ridibunda) only pure
competition or, in one instance, mixed inhi-
bition has been found.

All these steady-state studies do not clearly
distinguish between inhibition by Na ions from
the mucosal side of the membrane (self-inhi-
bition) and from the cellular side (feedback in-
hibition, e.g. Taylor & Windhager, 1979). The
existence of the self-inhibition as such was de-
duced from the timecourse of I, following a
rapid increase of Na,. While the inhibition de-
veloped, Na, remained small and nearly con-
stant (Fuchs etal, 1977). The observed inhi-
bition time constants in the order of seconds
imply that the corner frequency of a ‘Na-in-
duced Lorentzian’ representing the self-inhi-
bition will be difficult to demonstrate by
steady-state noise analysis, as discussed below.

EVIDENCE FOR COMPETITION
FROM NOISE ANALYSIS

A clear demonstration of Na-induced Lorentz-
ians in current power density spectra has so
far failed, in part because of superposition of
drift effects. Other interfering effects have been
discussed (Lindemann & Van Driessche, 1978;
Lindemann, 1980). However, in voltage power
density spectra of frog skin a Na-induced Lo-
rentzian of low corner frequency was found (Van
Driessche & Borghgraef, 1975).

By analysis of amiloride-induced Lorentz-
ians it was found that N, decreases when Na,
is increased (Van Driessche & Lindemann,
1978). While this result is expected from self-
inhibition, it is also explicable by Na dependent
noncompetitive inhibition, as in the case of the
hen coprodacum (Christensen & Bindslev,
1982). However, in toad urinary bladder the
sum N,+N, (Eq.14) increased with A, (Li
et al., 1982), just as in skins of R. esculenta (Li
& Lindemann, 1983). This indicates competition
with Na, or, perhaps, release from an Na de-
pendent block. However, with the high A used,
Na, must have been small and, therefore, feed-
back effects from Na, minimal.

In frog skin PCMPS and BIG, agents which
abolish the Na self-inhibition to a large extent
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(Zeiske & Lindemann, 1974; Dick & Lin-
demann, 1975) were found to diminish the in-
crease of Ny+N, with A, (Li & Lindemann,
1983). For the presence of BIG or PCMPS one
would expect that k, is lowered towards k,,
(Eq. 8). With PCMPS this was actually ob-
served. With 60 mm Na, k., decreased from
3134033 to 209+027sec”! (Li & Lin-
demann, 1983). This result indicates that
kye>k,o and K~ K, 1.5, due to the self-in-
hibition effect. Using Eq.(8) we find that k;
must be in the order of 0.017 sec™* mm~*. This
is a small value, but numerically significant be-
cause k,, is also small. With BIG a decrease of
K%' was not observed.

Van Driessche and Lindemann (1979) ob-
tained the apparent rate constants of amiloride
at different Na, in K-depolarized skins of R.
esculenta. They found k_, to be independent of
Na, while k. seemed to increase when Na, was
raised from 6 to 60 mM. However, in terms of
corner frequencies this effect was very small,
only 1 Hz or a 109 increase. It can be debated
whether this was a significant change. Hoshiko
and Van Driessche (1981) recently found that
ke of triamterene, which is larger and therefore
more easily measured, did not significantly
change with Na,.

A small ky, is of course difficult to estimate
from corner frequencies and may be more easily
obtained from macroscopic experiments. Using
fast concentration jumps, Lindemann and Geb-
hardt (1973) estimated the time constant of the
Na self-inhibition with increasing steps of Na,
for skins of R. esculenta. A value of 3.6 sec was
found for a concentration step from 0 to 74 mm
activity. This implies the very low corner fre-
quency of fN=0.044 Hz for the self-inhibition.
From

1/, =2nfN=k,,-(1+Na,/Ky) (7a)

the rate constants may be calculated. For Ky
=10mM and Na,=60mM we obtain k,,
=0.033sec? and ko, =0.0033sec” ' mm~*,
This value of k,; implies that ky, -Na, makes a
nearly insignificant contribution to k. of 7_,.
In short, the analysis of Lorentzian plateaus
indicates a competitive component in the block-
ing of channels at 60 mm Na,. The analysis of
blocking rate constants indicates tentatively
that k  may exceed k,, by a factor between 1
and 2. Of course, even if better data will in the
future show that kg equals k,,, this is entirely

compatible with a competition mechanism, and,
in fact, expected from the high value of 7, ob-
served with concentration jumps.

THE RELATIONSHIP OF K™ AND K™
By combining Eq. (6a) with Eq. (5a) we obtain
K™  (1+Na,/Ky)

Kk 1 T, K
k20 KN K;&

The relationship shows that in the case of pure
competition K™ will be significantly larger
than K™, provided kg does not exceed k,, too
much. For Na ,=60mM, Ky=10mM and kg
=k,o, K™ will exceed K™ by a factor of 7. In
the case of mixed inhibition and the same Ky
the factor will be smaller and for noncompe-
titive inhibition the ratio will be unity. In this
case k., will be identical with k,,,.

Experimentally we found for all blockers in-
vestigated K™ /K™ significantly larger than uni-
ty. The smallest ratio of about 2 was found for
amiloride and triamterene in toad bladder, the
largest (~12) for TAP in frog skin. Excluding
TAP, for which K™ was estimated rather in-
directly, we find with frog skin and 60 mM Na,
that the values of this ratio are, for the remain-
ing four molecules, reasonably close together,
ranging between 6 and 8.3 (Table).

In Fig. 94, the K™ values found for the five
blockers are plotted against the corresponding
K™ values in double-logarithmic coordinates.
The dashed line is the expected relationship
K™ =K™ for noncompetitive inhibition. The
drawn-out line corresponds to K™=7.0- K™, It
can be seen that within the experimental error a
proportionality constant of 7.0 fits the data rea-
sonably well, particularly when the TAP data,
where K™ is least reliable, are excluded.

According to Eq.(17) this result is compat-
ible with pure competitive or with mixed in-
hibition. For k_=k,, and pure competition a
Ky value of 10 mM would be implied. It is well
within the range of apparent K values found
previously (5 to 25 mM, see Fuchs etal., 1977,
Fig. 11). In the case of mixed inhibition the real
Ky value would be smaller than 10 mm.

Should mixed inhibition be present, it would
be interesting to estimate the proportion of
competitive and noncompetitive behavior as ex-
pressed by the relative values of K, and K.
Rearrangement of Eq. (17) yields

: 17)
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Fig. 9. A: Relationship of K™ and K™ for the five organic blockers used at pH 5.5 and 60 mM Na,. Frog skin data of the
Table; the values were not corrected for pK,. The bars denote standard deviations. The dashed line is the expected
relationship for K™= K™ ie. for noncompetitive inhibition, The solid line was drawn for K™*/K™=7.0 (pure competitive
or mixed inhibition, Eq. 17). B: Theoretical dependence (Eq. 17a) of the relative values of K, and K on Ky, drawn for
K™#/K™ =70 (see panel A). For typical values of K >5 mM, the diagram indicates K} >K,, ie. that the noncompetitive

component is negligible
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In Fig. 9B the theoretical dependence of K /K
on K, is plotted for K™*/K™=7.0. The param-
eter kg/k,, was set to 1.0 or 2.0. It can be seen
that Ky values <10 mM and ratios K,/K,=7.0
are compatible with the observed K™ /K™.
Therefore, although the competition may be
mixed, the competitive behavior must be dominat-
ing. For the expected K values, which range
above 5 mM (see Fuchs et al,, 1977), Fig. 9B sug-
gests that the noncompetitive component is
negligible in the skin of R. esculenta. Interest-
ingly, in the hen coprodaeum, where the com-
petitive component is not as dominant (Binds-
lev etal, 1982), K™ barely exceeds K5
(Christensen & Bindslev, 1982).

In summary, then, the low chemical rate of
the self-inhibition effect precludes a clear dem-
onstration of its competition with extrinsic
blockage by amiloride, by means of rate analy-
sis alone. However, the competition becomes
apparent in the plateau analysis and by com-
bination of rate analysis with macroscopic tech-
niques. Pure competition or the competitive
component of mixed inhibition will be evident

from K™ increasing with Na, and being larger
than K™ (Fig.9). In the system investigated,
competitive behavior exceeds noncompetitive
behavior by a factor of 7 or more.

WHICH EXTRINSIC BLOCKER 1S SUITED BEST?

Given a set of extrinsic blockers of different
chemical rates, which one will be most suitable
to be used in the analysis of single-channel cur-
rents and the area density of channels? With
single membrane preparations it is sufficient to
select a blocker of a chemical rate which match-
es the frequency band to be used. In ad-
dition, the off-rate should not be too small to
be estimated with accuracy. In cases where
competition prevails, a large difference of the
chemical rates of the competitors will simplify
the analysis. In those cases where the noise
current passes two membranes it is advisable to
select a blocker which meets the above require-
ments and, in addition, yields analyzable Lorentz-
ians at a high level of fractional inhibition.
Thereby, the cellular Na-activity will be kept
low, and in consequence the single-channel cur-
rent will not change very much with the block-
er concentration. Furthermore, changes of
channel density mediated by the cellular Na
activity (feedback inhibition; see Grinstein &
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Erlij, 1978; Taylor & Windhager, 1979; Chase
& Al-Awqati, 1981) will then be minimal. Fi-
nally, if the basolateral membrane is K-depola-
rized, its resistance and, therefore, its filter effect
(Van Driessche & Goegelein, 1980; Lindemann
& DeFelice, 1981) will remain tolerably small for
all blocker concentrations used.
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