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Abstract

Following a jump in the sodium concentration of the solution bathing the apical surface of frog skin, the inward sodium
current rises rapidly to a peak and then falls to a steady-state plateau. Lindemann suggested that this fall is due to rapid closing
(in 2 to 3 s) of Na channels. However, the lack of a corresponding corner frequency in the sodium-noise spectrum indicates a
much slower closing. We propose a compartmental mechanism for the overshoot: the inward Na current causes Na to
accumulate in the intracellular region adjacent to the sodium channel - a virtual compartment — thereby decreasing the
outside /inside [Na] ratio. As that ratio falls with rising [Na] in the virtual compartment, the force driving the current falls. The
predictions of such a model have been curve-fitted to the time-course of the current overshoot. The differential equation
describing the rate of change of [Na] in the virtual compartment has several time constants: a filling time for the compartment, a
leakage time for escape of Na into the larger intracellular space, a mixing time in the apical bathing solution, and, of course, the
channel-closing time. This curve fitting shows that channel closing becomes important only in the tail of the overshoot (> 15 s)
with mean open times in a range from 7 s to 3 min. Similarly, the time-course of the current after washout of apical [Na] was
fitted using the same differential equation, with the channel-closing time replaced with a channel-opening time. Other
phenomena explainable by this compartmental model but not by fast channel closing include the open-circuit-potential
overshoot, current overshoot through nystatin channels, and the less-than-59-mV-per-decade slopes of semilog plots of
open-circuit potential vs. [Nal.
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1. Introduction current saturation. To test this possibility, Lindemann

et al. [4] and Fuchs et al. [5] devised the apical-

The regulation of epithelial [Na] uptake has been
studied extensively in isolated amphibian epithelia.
Ussing [1] showed that active Na uptake saturates as
apical [Na)] is increased. The saturation effect was
attributed by Kirschner [2] to an active carrier-trans-
port mechanism. However, the Na permeability barrier
was shown to be located in the apical membrane (for
review see Hoshiko Ref. [3]), whereas active transport
was thought to occur in the basolateral border. This
suggested that a decreasing apical Na permeability
with increasing apical [Na] was responsible for the
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sodium-jump experiment. They observed a fast rise to a
peak followed by a slower decay (dubbed ‘recline’) to a
steady state. The shape of the decay curve implied at
least two characteristic times: a fast-fall time of 1-2 s
and a slow tail of a few minutes. Lindemann and
Gebhardt [6] hypothesized that the decay was due to
channel-closing in response to high [Na].

But the channel-closing hypothesis for current over-
shoot posed a paradox: the observed sodium-noise
spectrum did not give any hint of a corresponding
corner frequency. The sodium current fluctuates, even
in the absence of any channel blocker, indicating that
the sodium channels open and close spontaneously
(Van Driessche and Borghgraef Ref. [7]). If the open-
ing and closing events represent random transitions
between a closed and an open state of the channel,
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then the power spectrum of the current fluctuations
should be Lorentzian [8]

So/(l + wz/wg)

with corner frequency w./27 separating the high-
frequency inverse-square behavior from the low-
frequency plateau S,. A mean decay time of 2 s should
give a corner frequency of (272 s)~! = 0.08 Hz. But
even well below that frequency, the measured power
spectra of sodium noise still look inverse-square, with
no sign of a plateau [9-11]. The noise is really sodium
noise, because it disappears when another cation is
substituted. This absence of the expected corner is
even more dramatic in urinary bladder. Gebhardt and
Lindemann [12] reported a time constant for the cur-
rent decay in frog bladder of 50 ms, corresponding to a
corner frequency at 3 Hz. In toad urinary bladder, Na
noise spectra show no sign of a plateau down to 0.1 Hz
([13], Fig. 4a). Nevertheless, we know from blocker
noise measurements [14] that Na-channel density de-
creases with increased apical [Na], so that channel
closing must play a role. Steady-state-current measure-
ments show apical sodium permeability decreasing with
increasing apical [Na] with 50%-inhibition constants in
the 5 to 33 mM range [15,16].

A challenging feature of the work of the Lindemann
group is the measurement on the same piece of skin of
the time-course of both short-circuit current and
open-circuit voltage following the Na jump. The two
decay curves have very similar shapes. That suggests an
explanation based on what Lindemann has called
‘sodium loading’, an increase in [Na] in some intra-
cellular compartment during the decay. The diffusion
potential associated with the applied Na gradient (high
outside, low inside) would decrease as the inside loads
up with Na. A compartmental mechanism has the
feature that its rate constants do not show up as
corners in the fluctuation spectrum. Simply put, the
concept of ‘filling a compartment’ has no small-signal
equivalent, resolving the paradox [17]. (On the other
hand, compartment concentrations can affect the am-
plitude of other noise mechanisms.) In this paper we
show that a compartmental model can quantitatively
explain the overshoot response to a jump in apical
[Na], as well as the fall in current after apical [Na] is
suddenly washed out. The tail of the overshoot curves
— the asymptotic approach to the steady state — repre-
sents channel closing, with mean closing times in a
range from 10 s to 4 min, corresponding to corner
frequencies well below the range of practical noise
measurements, i.€., well below 0.05 Hz.

Varying the incubation time in low (0.5 mM) [Na]
before the [Na] jump affects the height of the current
peak attained [18]. The longer the incubation, the
higher the peak. This is what our compartmental model
predicts. Overshoot response following a jump in apical

[Na] is also exhibited by nystatin-treated frog skin [19],
but is not easily attributable to channel closing. An-
other phenomenon exhibited by epithelia, the shallow
slope of the semilog plot of open-circuit voltage versus
log[Na] [20] can be explained by intracellular [Na]
increasing with apical [Na], but not by channel closing.

The sodium-loading hypothesis was tested by two
experiments by Lindemann and Gebhardt [6], and dis-
missed as implausible. Their argument is dealt with in
Section 5 (Discussion) and shown to be inconclusive.

Section 2 of this paper presents some innovations in
the technique of the ‘overshoot’ experiment, which
gave us some current records well suited for curve
fitting. Section 3 analyzes a simple one-compartment
model and derives the time-course of the short-circuit
current it predicts. In Section 4 the results of curve-fit-
ting short-circuit-current overshoot data with these
theoretical curves are presented, and the parameter
values are discussed. Of the various channel parame-
ters, the channel-closing rate constant (= 1 /mean open
time) has perhaps the greatest experimental uncer-
tainty, but is less than 0.1 per s at 120 mM Na,
sometimes as low as 0.004 per s. That corresponds to a
mean open time in a range from 10 s to more than 200
s. Channel closing is not the mechanism of the fast
decay.

With the new interpretation of the early decay of
short-circuit current, the experiments here reported
give an estimate of the closing times of epithelial
sodium channels in response to high [Na].

Preliminary results were reported in Abstracts of
the 10th International Biophysics Congress, Vancou-
ver, B.C., August 1990, p. 326.

2. Methods

Isolated abdominal skins of Rana pipiens were
mounted using a modified Helman-type chamber [22].
The corium surface was glued to lucite rings and the
apical surface sealed against another lucite ring with
grease (Lubriseal, A.H. Thomas). The exposed area
was 1 cm in diameter. Agar-3 M-KCI bridges and
Ag-AgCl electrodes were used to connect to a four-
electrode voltage-clamp system. Solutions used were
120 mequiv. /1 Na/K mixtures containing 1 mequiv. /1
Ca with sulfate as the anion, and buffered to pH 8.0
with 5 mM THAM. »

Skins were ‘depolarized’ with 120 mM basolateral
potassium in order to allow a more complete voltage
clamp of the apical membrane [23]. After a 15-min
equilibration in 0.1 mM [Nal, ., the replacement cation
being potassium, the apical surface was suddenly ex-
posed to 120 mM [Na). The apical chamber was drained
just before the new solution was injected. A 1-M{2
resistor shunting the skin was used to avoid any possi-
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ble open-circuit condition due to this step. Injection of
about 20-30 ml was accomplished within less than 2 s
with a 50-ml syringe fitted with a short piece of large-
diameter tubing. The excess fluid simply overflowed
from the open chamber. Baffles served to prevent
splashing. Slow, constant perfusion (gravity-fed) of the
appropriate solution into each chamber was main-
tained before and after the injection. The short-circuit
current, negative with low apical [Na], changed sign
(became positive) shortly after this sudden exposure to
increased sodium concentration, rose to a peak in a
fraction of a second, then fell, rapidly at first, more
and more slowly later.

The short-circuit current was digitized at 5-ms or
10-ms intervals for 10 or 20 s before the [Na] jump and
then followed for up to 5 min after the [Na] jump using
CLAMPEX or FETCHEX (Axon Instruments). In ad-
dition, the current was monitored on a strip-chart
recorder (Leeds & Northrup, Speedomax Model W)
modified to record continuously. Full-scale response
time of this recorder is 1 s. The data were compressed
by averaging successive points up to a maximum of 256
consecutive points (to give one averaged point), start-
ing a new average whenever the next value deviated by
more than 2% from the ‘going’ average.

The rapidity of the concentration change resulting
from this procedure was tested using a chloride elec-
trode. A lucite ring with a sintered Ag-AgCl electrode
embedded in its center replaced the frog-skin mount-
ing ring in the chamber. The solutions used were 0.12
mM KCl in 120 mM KNO, before and 120 mM KCl
after, respectively. The potential was digitized at 100-us
intervals using FETCHEX (Axon Instruments). The
potential change was found to be complete in less than
3 ms. Since the exposed surface of the sensor was only
2 mm in diameter, the time to cover the total area of
skin normally exposed may be somewhat longer, but
most probably under 10 ms, the sampling interval used

" in tracking current responses of the skin.

3. Theory: apical membrane kinetics

3.1. Model of the sodium channel

Assume that most of the electrochemical potential
difference driving the sodium current occurs across the
selectivity barrier. Then the responsible structure is the
amiloride-inhibitable apical sodium channel. Further
assume that the channel is ohmic. Call its conductance
g, and assume g proportional to the Na concentration
in the channel [14]. The significance of [Nal,, in a
structure with perhaps only one or two binding sites is
discussed below.

The driving voltage is the Nernst potential associ-

ated with the Na concentration ratio across the chan-
nel,

[Na]prOX/[Na]dist-

In most of our experiments the apical [Na] starts at 0.1
mM and ends up at 120 mM after the jump. The
intracellular [Na] is subject to biological regulation and
may be thought of as unchanged by the jump, say, at 12
mM. So we meet a problem of definition. It takes a few
milliseconds after the sodium jump before [Na]pmx be-
comes equal to [Na], ;. by diffusion of Na through the
unstirred layer. At the distal end of the channel, how-
ever, [Na],, may be different from [Nal, i aceimuiar @S
long as current is flowing. In order to give meaning to
the Nernst potential we need to think about a finite
volume of solution characterized by [Naly,, so we
postulate that the channel empties into an intracellular
compartment or subcompartment having a virtual vol-
ume V of well-mixed solution. This region, anatomi-
cally not well defined, may have somewhat restricted
access, since it may accommodate the cellular machin-
ery for servicing channels. The assumption that the
Nernst potential involves the [Na] ratio only at the
apical membrane implies that the basolateral mem-
brane potential and resistance have been eliminated by
potassium depolarization [23).

Early in the history of this curve-fitting project [24],
the assumption was made that most of the length of
the channel quickly comes to equilibrium at [Na], ;..
How else can we explain the rapid rise of positive
(inward) current a few tenths of a second after the Na
jump has reversed the current? By the same logic,
during the negative-current steady state preceding the
jump, the sodium moving from the intracellular com-
partment into the channel keeps the channel in equi-
librium with [Na]_,,,. To talk about a Na concentra-
tion in the channel, which contains no Na ion much of
the time and only one or two the rest of the time, does
require a statistical outlook. It is the price we pay for
assigning the channel a conductance.

For clarity of exposition, the derivation of the differ-
ential equation which is the equation of continuity for
sodium in the compartment is presented in three stages.
The first stage assumes that, during positive current,
[Na]g,, is equal to [Na],;., which is equal to its final
value [Nal,;.,. So the initial focus is on the decay of
the current from its positive peak, as though the rise
were instantaneous. The second stage, in the section
called ‘finite rise time’, looks quantitatively at the
effect of diffusion delay in the first second. The third
stage brings in channel closing, after noting that it was
not needed to fit the data for the first few seconds.

3.2. Construction of a differential equation

The selectivity of the apical channel results in a
sodium diffusion potential between its apical (prox-
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imal) end and its intracellular (distal) end, a potential
whose magnitude is

(RT/F) log([Na]prox/[Na]uis:)

After the [Na] of the apical bathing solution is stepped
to, say, 120 mM, the polarity of this potential is such as
to drive Na* current into the cell, from the sodium-en-
riched apical end to the more dilute (perhaps 12 mM)
{Na] solution in the intracellular fluid. Assuming the
current carriers are all Na ions, the channel current
driven by this Nernst potential is

I=g(RT/F) loge([Na]me/[Na]dist) (1)
where the channel conductance g would be written
g =go[Na]prox (la)

because of the assumption of a quick equilibrium of
[Na]y,, with [Na]_ .. Recall that the distal ‘compart-
ment’ is defined in such a way that [Na],,, = [Naly-

The number of moles of Na* brought into the
compartment per unit time by this current is I/F. This
amount of Na transport would increase the number of
moles per liter in a compartment of volume V" at a rate
I/FV. The current leaving the compartment is carried
by all the ions present, since cytoplasmic ion movement
should show little selectivity. The Na fraction will be
small. To write a continuity equation for Na we have to
consider diffusion of Na out of the compartment into
the larger intracellular space. Our assumption is that
the intracellular space is large enough that its [Na], call
it [Na];,a, remains constant for a few minutes follow-
ing the jump. The rate of equilibration of the compart-
ment due to diffusion is assumed proportional to the
concentration difference. Introducing the time con-
stant r for this diffusive leakage process, the continuity
equation can be written

d[Na]comp/dt = I/FV_ (1/7)([Na]comp - [Na]imra)
(2)
To streamline the notation we use dimensionless nota-

tion for the Na concentration in the compartment and
define

Ll(t) = [Na]comp/[Na]after

with the Na concentration in the apical solution after
the jump called

[Na].ser = 120 mM.

Setting [Na], ;. equal to [Na] ;.. and using Eq. [1a] in
Eq. [1} for the current I(t), we obtain the nonlinear
differential equation

du/de=(1/0)y(t) = (1/7)(4 = Uinya) (3)
where
y(t) =log(1/u) (3a)

is a dimensionless function proportional to the channel
current I(z) (see Eq. [1]) and

o=V(F/g,)RT

is another constant having dimensions of time. Call o
the “filling time’ of the compartment, since it is propor-
tional to the compartment volume V. The way the
function y(z) (=the dimensionless current) decays
from its peak according to this nonlinear differential
equation is nothing like the sum of two or three falling
exponentials. It does have a horizontal asymptote as
the compartment concentration approaches its steady-
state value.

What might be a reasonable filling time o ? A sodium
channel might have a conductance of 0.4 pS at 12 mM
Na. That gives g,. Arbitrarily taking a (rather small)
value for the compartment volume V' of 0.2 um> per
channel and setting RT/F =25 mV gives =23 s.
The differential equation is so nonlinear that filling
times that long can make the current fall by one-third
its peak value in about 2 s.

In the experiments, the current becomes positive
(more [Na] outside than inside) about 0.2 s after the
jump, so the conduction term in Eq. (3] (the first term
on the right) brings sodium into the compartment. As
soon as [Na] in the compartment becomes greater than
in the larger intracellular space, the diffusive leakage
term (the second term) becomes negative (Na flowing
out). Computer solutions of this differential equation
can be fit rather well to the observed time-course of
the current decay from its peak value, for a good 10 or
20 s. Much beyond that time, channel closing has to be
taken into account.

To compare the dimensionless current y(¢) with the
measured current for curve fitting, one has to multiply
y(¢) times RT/F to make it a voltage, times g [Nal,
to make it a single-channel current (see Eq. [1a]), and
times the number of channels in the skin sample to
make it the total current. That multiplicative constant,
which has dimensions of current, we call G:

measured current = Gy(t) 4
= (No. of channels in sample)( RT/F) g ,[Nal s y(?)

So G is a measure of the conductance of the skin per
mM [Nal.

‘Curve fitting’ means guessing a set of starting pa-
rameters and solving the differential equation (Eq. [3])
for the function u(r), then using Eq. [3a] to plot the
function y(¢). This is multiplied by the parameter G
and compared with the experimental current record to
improve the guess and go around again, seeking con-
vergence.

3.3. Finite rise time of the Na jump

Of course, the jump in the apical [Na] is not instan-

taneous. The rise time for [Na] ., to approach its
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steady-state value [Nal,¢., (= 120 mM) can be a size-
able fraction of a second [25]. Cotton and Reuss [26]
have shown that the time delay in the mixing of the
newly added liquid with the old bulk solution is not
negligible. Then the Na ions have to diffuse through an
unstirred layer including the stratum corneum before
they get to the channel. The mathematics of diffusion
into a region bounded by a fixed wall (the apical
membrane) is well-known. If mixing at the ‘source’ (in
the bulk solution) gives a concentration build-up pro-
portional to

q(t) =1—exp(-Bt) (%)

with mixing time 1/, then the build-up of concentra-
tion from zero at the membrane obeys Eq. 4.29 of
Crank (Ref. [27], page 49) with diffusion-delay time
constant r proportional to the square of the unstirred-
layer thickness and inversely proportional to the diffu-
sivity of the ion. The six experimental curves discussed
below had best-fit diffusion-delay times p of less than 1
ms, i.e., essentially zero on the scale of our 1/8 values,
which were on the order of a tenth of a second.
Accordingly we could cut down the number of parame-
ters by one without sacrificing goodness of fit. Letting
p £0 to zero makes Crank’s equation go to Eq. [5], with
only the one time constant, the mixing time 1/8. The
solutions of diffusion equations can be expressed as
sums of exponentials, like the mixing equation (Eq.
[5]), so our curve-fitting results do not mean that the
time to diffuse through the stratum corneum is less
than 1 ms. What parades as mixing time here is, in fact,
diffusion delay. We know that it cannot be mixing
delay from experiments with the chloride electrode and
no skin, which yield mixing times of a few milliseconds.

To be sure, the apical [Na] builds up not from zero
but from some small value like [Na]y ... = 0.1 mM. Let
r, be the ratio of the apical [Na] before and after the
sodium jump:

re= [Na]before/[Na]after (6)

In our experiments this was usually 0.1 mM /120 mM.
The fraction f(¢) of the buildup attained at time ¢ can
be written

[Na]prOX/[Na]aﬂer =f(t) =r,t (1 - ro)‘l(t) (7)

with g(¢) given by Eq. [5]. The differential equation for
u(t) may then be approximated by writing Eq. [3] with

y(t) =£(1) log[ f(¢) /u(1)] (8

as the dimensionless channel current replacing Eq.
[3a]. As before, Eq. [4] makes that into the measured
current. The symbol r, in Eq. [6] should not be con-
fused with u(0), the ratio of the [Na] in the compart-
ment before the jump to the [Na] outside after.

3.4. Channel closing with increasing [Na]

To compare y{(t) with observed values of current
through an area of skin containing possibly thousands
of channels, one needs to multiply the dimemension-
less channel current y(¢) by the number of open chan-
nels. In order to preserve the per-channel meaning of
the constant ¢, multiply y(¢) by the constant G of Eq.
[4] and by the fraction of channels remaining open as
the apical [Na] increases. Postulating an exponential
approach to the steady state, i.e., a first-order mass-ac-
tion law, the open fraction can be written

Fopen(t) =w + (1= w) exp(—~1/y) %)

Here w is the fraction of channels remaining open in
the steady state, or you may think of (1 —w) as the
fraction closing as a result of the increase in apical
[Na]. A fraction 1/e of that closing occurs in the time
v; i.e., the probability that a channel will close in a
short time At is At¢/y. Our method of estimating w is
discussed below. To take channel closing into account,
the correct y(¢) dimensionless-current function to re-
place Eq. [3a] and Eq. [8] is

(1) = Fopen( ) f(2) log [ (1) /u(1)] (10)

Curve fitting with such a large number of parame-
ters may seem unconvincing at first. But notice that of
the four time constants o, 7, 1/B8, and vy, the time
constant 1/ governs principally the very beginning of
the time-course, the 1-s build-up to the peak. The time
constant y governs principally the long-time tail. Meth-
ods of estimating w, u(0), and u,,, are discussed
below, leaving us with five free parameters to be deter-
mined by curve fitting: the four time constants, and the
specific conductance G.

4. Results
4.1. Na jump from 0.1 mM to 120 mM

4.1.1. Curve fitting

Can this theory adequately describe the short-cir-
cuit-current records? The theory is based on a 1-com-
partment model, a very rough approximation to what a
Na™ encounters as it emerges from the channel into
the intracellular space. But the time constants appear-
ing in the theory are supposed to describe real events —
like the rate of channel closing. So curve-fitting the
theory to the experimental data is our way to learn
something about channel kinetics.

One parameter is fit by eye. Time ‘zero’ is adjusted
by imposing the recorded points on the theoretical
curve on the computer screen. The other parameters
are fit using a Marquardt nonlinear least-squares tech-
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Fig. 1. (A) The entire record, 215 s after the Na jump. (B) The first 2 s only. The theoretical curves (solid line) fit the experimental points (circles)
with x2 =0.352. Parameter values: 0 =30.5s, 7=27.9s, G=36.4,1/y =0.004 s~}, 8 =255, u;,,,, = 0.084. Expt. No. 287f01a.

nique, as described by Bevington’s [30] CURFIT pro-
gram.

This is not a trivial computational task, because
there is no ‘formula’ for the fitting function y(t).
Recall that the y(¢) function — the dimensionless chan-
nel current - is obtained by solving the differential
equation (Egs. [3] and [10]) numerically. For each set
of values of the parameters a;, a table of the y(¢)
function is stored. To calculate the derivative of y(r)
with respect to a; the solution of the differential equa-
tion is repeated with a;+ Aa; replacing a;. The two
y(t) tables are subtracted and the differences divided
by Aa;. So if a record has been compressed, say, to 100
points and we are fitting five parameters, then at each
of the 100 points a 5-vector is stored whose compo-
nents are the five derivatives. The 100 points are not,
in general, uniformly spaced. To fit them well seems to
require at least 200 points of y(¢), computed with a
Runge-Kutta method.
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One data point which is actually known to better
accuracy than the others is the pre-jump steady-state
value of the short-circuit current (negative!), here called
Baseline. We use it to determine two other numbers: a
good starting value for the [Na] in the compartment,
and a good value for the intracellular [Na]. Eq. [1] gives
the first, and the steady-state form of Eq. [3], du/dt =
0, gives the second. Thus, setting

fo log( fo/u,) = Baseline /G = y(0) (11)

with f,=f(0) and u,=u(0) denoting the pre-jump
values, gives u(0). Then the steady-state condition

Uintra = u(O) - (7/0')(Baseline)

gives ;... Even a 2-s-long record gives a rather good
value of the ‘specific-conductance’ parameter G, allow-
ing the conversion of a measured Baseline current into
dimensionless channel current y(0). So we know the
right-hand side of Eq. [11]. On the left-hand side we

Q10 1

Clamp Current (uA/sq.cm

"2 T T T T T T T T L T
0.2 00 02 04 06 08 10 1.2 14 16 1.8 2.0
Time (seconds)

Fig. 2. (A) The entire record, 232 s after the Na jump. (B) The first 2 s only. The theoretical curves (solid line) fit the experimental points (circles)
with x2=0.1. Parameter values: ¢ =21.0s, 7 =2195, G=185,1/y=0.003s"!, B =765, Uiniea = 0.143. Expt. No. 290f02a.
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Fig. 3. Same record as Fig. 2, but the curve fitting used only the first 36 s after the Na jump in order to improve the fit to the early points. (A)
The first 36 s. (B) The first 2 s only. The theoretical curves (solid line) fit the experimental points (circles) with y2 = 0.34. Parameter values:
g=171s,7=1515,G=198,1/y=001s"1, B =69s"1, u;,.. = 0.118. Compare with Fig. 2. values to appreciate how very rough the theory

really is. Expt. No. 290f02a.

know f(0) =1/1200. A typical result is #(0) — u;y,,, =
~0.04. That translates into a concentration difference
of 0.04 X 120 mM = 4.8 mM between the compartment
and the larger intracellular space. Na is flowing into
the apical bathing solution, down the concentration
gradient; hence the minus sign. Here we need esti-
mates of G, o, and 7 to solve for u;, ,. These turn out
to be rather insensitive to u(0) and u,,,,,. Some values
of u;,, came out a bit smaller than our initial esti-
mate, as we might have expected from Rick [28]. Cor-
responding to the data in Fig. 1 we obtained a pre-jump
[Na] o Of 3.5 mM and a [Na],,,, of 12.4 mM.

The new solution-changing technique described in
Section 2 enabled rapid, relatively low-noise solution
change and resulted in more reliable data. Details
previously obscured by noise are now resolved. A few
of our records show the current going to a negative
maximum about 0.1 s after the Na jump, before chang-
ing sign and going to the much larger positive maxi-
mum. We reported this observation in an abstract [21],

but our explanation was quite wrong, indeed, illogical.
It postulated (mistakenly) the [Na] in the channel to be
a weighted average of the apical and compartmental
[Na] values, independent of current direction. It is now
clear to us that the ‘volume’ of the channel is so small
(occupancy probability so low) that the channel [Na]
must come very quickly into equilibrium with the [Na]
on the side the Na current flows from. We have
concluded that the initial negative ‘dip’ of the (nega-
tive) current must be an experimental artifact. Because
the entire negative dip lasts only during the first 0.2 s
of a current record which is typically 200 s long, the
effect on the parameter values of disregarding the dip
in curve fitting is indeed slight (Figs. 2 and 3).

4.1.2. The fraction w of open channels
Records less than 20 s long could be fit well by
assuming all channels are open: F,,,=1. In other

words, 20 s was not long enough to show channel
closing, or the mean open time y is much longer than

Table 1

‘Best-fit’ parameters for overshoot experiments on three frogs

Expt. a T G 1/y B Uintra x? Dur
No. s) s) ™D s™H (s)
287f01a 30.5 279 36.4 0.0035 2.5 0.0840 0.352 215
287f05x 24.4 34.2 42.5 0.0032 2.1 0.167 0.385 287
287f07a 31 8.3 41.7 0.0430 0.9 0.166 0.197 249
289s06a 4.7 29 30.2 0.125 7.3 0.0390 0.359 160
289s07a 2.7 3.6 41.1 0.119 32 0.0422 0.258 160
289s10a 4.2 2.5 27.5 0.144 9.0 0.0289 0.293 161
290f02a 21.0 21.9 18.5 0.0031 7.6 0.143 0.10 237

All jumps are from 0.1 mM to 120 mM [Na], ;.. The theory uses [Na)},,, = the greater of [Nal,;;and [Na],,, to take account of the sign (+ or

—) of the sodium current.

Note that Experiments 287f01, 05, and 07 were done about half an hour apart on the same piece of skin. The great discrepancy (look at the 07
parameters!) is not bad curve fitting. The skin really changed during an open-circuit period in Experiment 06, a failed experiment which kept an

open-circuit-voltage record instead of a short-circuit-current record.
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20 s. For such short records, the value of w, the
equilibrium fraction of channels open at the new
sodium concentration, is irrelevant. For long records,
records which might be useful for estimating vy, an
independent estimate of w is highly desirable. To be
sure, one could let w be one of the free parameters
and fit it with the Marquardt method. The result is a
rather uncertain w with a very uncertain y. But our six
‘best’ records go out 200 to 300 s after the Na jump,
and the current is settling down, falling more and more
slowly. When no digital records exist there is always
the strip-chart (analog) record, usually set to move 1
inch in 5 min. Call the last available current value the
‘steady-state’ value; then w is the ratio of that equilib-
rium value to the peak value the current would have
reached right after the Na jump if the ‘filling time’ o
had been infinite and the channels had not closed.
That means Eq. [10] reverts back to Eq. [3a], y =log
(1/u), and all we are interested in is the pre-jump
value. From fitting short records (F,,,=1) we had
good estimates of the specific conductance G. Our
long records now give us estimates of w.

What values of w might we expect? The 50% con-
centration K, for channel closing ought to be around
15 mM [Na] [31]. After a jump to 120 mM Na, the
equilibrium fraction of open channels w should have
come out 1/(1+ 120 mM /15 mM) = 11%, according
to that mass-action-law argument. For the record shown
in Fig. 1, the value of w came out 13%. That corre-
sponds to a K, of 18 mM, well within the 5-33-mM
range cited earlier. That w = 13% value was used for
all seven experiments of Table 1. Values of the fitted
parameters were not very sensitive to the value of w.

4.1.3. The mean open time y

Table 1 shows the ‘best-fit’ parameters for seven
records using skin from three frogs. In the column
labeled 1/v, Greek y is the mean closing time for a
sodium channel brought suddenly from 0.1 mM to 120
mM [Na]apic. Frog No. 289 is so different from the
other two that the average closing rate for the three
frogs is 0.06 + 0.05 s~ !, corresponding to a closing time
of 16 s. But for frog No. 287 the average closing rate is
0.017 + 0.017 s~1, corresponding to a closing time of 60
s, and frog No. 290 closes in an average of 3 min. What
we can say is that the measurements are reproducible
to about 20%, but the frog-to-frog variation covers
more than a decade.

Curve-fitting different lengths of the record of any
one experiment gives somewhat different values of
1/v. For example, in changing from 110 s to 215 s of
the same record, the best-fit value of 1 /y decreased by
40%. That seems to imply that the open fraction
Fopen(t) may not be quite the decaying exponential we
hypothesized.

The fact remains that none of the closing times are

nearly as short as the 2-s or 3-s fall-off times of the
current from its peak, so channel closing can not be the
‘overshoot mechanism’. In A6 membranes incorpo-
rated into lipid bilayers {32] the reported 1/v is 0.1
s™! ie., a 10-s closing time.

4.1.4. The filling time o

The parameter o, which is a measure of the volume
V of the intracellular ‘compartment’ into which the Na
channel empties (see Eq. [3]), is the one that deter-
mines how fast the current starts to decay from its
peak. The record of Fig. 1. is fitted with a o value of
31 s, corresponding to a compartment volume V of 0.26
um? Noting from the record that the 1/e decay time
of the current to its steady-state value is around 3 s,
the 31-s filling time seems long. The great discrepancy
between 3 s and 31 s reflects the nonlinearity. The
decay time of the theoretical curve turns out to be
rather insensitive to changes in o. A volume V of 0.26
wm?®, on the other hand, seems small when considered
as a fraction of the perhaps 500 pm?® volume of an
epithelial cell. It may be useful to calculate how thick a
layer that volume corresponds to. Suppose there are
four channels per um? of apical membrane [33]. The
product 0.26 wm?> X 4 /um? gives a layer thickness of 1
wm. Note that both compartment volume and channel
density have considerable dispersion, i.e., can vary
greatly from frog to frog.

4.2. Downward [Na] jump from 120 mM to 0.1 mM

We can now ask whether the theory of Section 3,
designed to explain the overshoot following an upward
jump in apical [Na), also predicts the time-course of
the current after a sudden downward jump - and
which parameters we should expect to be the same.

Three parameters for each skin ought to be the
same whether [Na], ;. is changed from 0.1 mM to 120
mM or vice versa. The specific conductance of the
channels given by the parameter G should be the
same, since we assumed it to be the same for both
directions of the current. The characteristic time 7 for
diffusive leakage between the ‘compartment’ and the
larger intracellular space was taken to be independent
of sign, so one might assume it would be the same for
both signs of the Na jump. The sodium concentration
of the larger intracellular space, u;,., X120 mM,
should not have changed much in the minutes between
the two experiments. (See comment below, however!)

On the other hand, instead of channel closing we
now have channel opening, and that might have a very
different characteristic time . As for the solution
mixing, instead of Na ions being washed in, they are
now being washed out, so one should not expect the
mixing time 1/B to be the same. The compartment
filling time o is a measure of compartment volume,
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Fig. 4. Clamp current following downward Na jump. The theoretical
curves (solid line) fit the experimental points (circles) with x2 = 0.08
over 12 s following the jump. Reasonable curve fitting was not
possible over longer times, indicating the limitations of a one-com-
partment model. The parameter values: 1 =21.9s, G =185, u;

intra —

0.143 were taken from the curve fit to the 290f02a upward Na jump
immediately following this downward jump. Three parameters were
varied for best fit: ¢ =160 s, 1/y=0.006 s™!, =62 s~ !with
F,.n(0) chosen to match the initial (‘baseline’) current. Note that y
is now a mean closed time rather than a mean open time; it is well
over 2 min. Expt. No. 290102.

and we were tempted to think of it as an anatomical
characteristic. But the compartment has no walls; it is a
mathematical fiction. There is no reason it should be
the same for washout as for washin. So there are three
new time constants to be determined by curve fitting.
(Again, the millisecond-scale p has been elided and set
equal to zero.) It should be noted that the mixing time
1/8 affects only the first few seconds of the sudden
current fall, while the channel-opening time constant y
affects only the long-time part, the negative-current
‘plateau’.

Fig. 4 shows the resuit of such curve fitting with a
3-parameter fit. The theoretical curve is made to agree
with the initial (pre-jump steady-state) current by fit-
ting the initial value of F.,. Studying the records it is
clear that F,,, has not had time to go all the way
down to its high-{Na] equilibrium value w = 13%, since
closing times y are long. The good fits of the theoreti-
cal curves to the time-course of the current during the

first few seconds of low apical [Na] lend further sup-
port to the theory (Table 2).

But now, a comment about long records (> 20 s).
They all show the current slowly going to a less nega-
tive value, i.e., having an upward slope at long times.
But we know that more channels are opening, and
estimate opening times to be on the order of minutes.
Our theory, assuming a constant u,,.., does not ex-
plain the observed long-time behavior! Apparently the
negative current is slowly draining the (large) intra-
cellular space of sodium, reducing u,,,,, and hence the
sodium gradient responsible for the negative current.
Another way of saying that is, we really need a two-
compartment theory in order to accomodate the fall in
intracellular [Nal.

5. Discussion

5.1. Rival theories

The theory of Section 3 leading up to the differen-
tial equation (Eq. [3]) is the theory of the overshoot
mechanism that has been called ‘sodium loading’. The
sodium gradient drives the (positive) sodium ions
through the channels into the cell. As sodium accumu-
lates in the cell, that gradient decays, resulting in the
overshoot. The theory is a one-compartment theory,
stripped down to bare essentials.

This mechanism is proposed to supplant Linde-
mann’s ‘fast channel-closing’ mechanism. To be sure,
channel closing occurs. The jargon is ‘sodium self-in-
hibition’. The question is, how fast do the channels
close in high [Na]?

To escape the paradox posed by the absence of a
corner frequency in the sodium-noise spectrum, this
paper proposes that the ‘filling time’ of a ‘compart-
ment’ distal to the Na channel is short enough and the
mean open time of the channel long enough that
compartment filling dominates as the mechanism of
the early current decay. Some readers might consider it
incumbent on the theory to show that it disagrees
dramatically with the data if that inequality is inverted,
i.e., if the mean open time is short and the filling time

Table 2

Parameters fitting jumps from 120 mM [Na] down to 0.1 mM

Expt. o T G 1/y B Uinira x? Dur w
No. (s) (s) () ™H (s)

287101 81.1 27.8 36.4 0.309 0.76 0.084 0.331 2.5 0.39
28707 28.4 83 41.7 0.0032 5.2 0.166 0.047 25.3 0.07
290£02 160 21.9 18.5 0.006 6.2 0.143 0.076 12.0 0.21

Only three parameters are varied: o, 1/, and B. The others - 7, G, and u,,, — are taken from the upward-jump fits of Table 1. The washout
experiment 287f01 was done immediately before the overshoot experiment Ola of Table 1, etc.
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is long. Perhaps the paradox has some other resolu-
tion! Can the data be fitted with a mean open time of,
say, 2 s?

The answer turns out to be no, not if the fraction w
of open channels in equilibrium at 120 mM [Na],;. is
to have a value between 11% and 35%, corresponding
to reported K,; values. The predicted long-time
plateau is much too low, about one-third of the ob-
served current. A good fit to the record of Fig. 1 would
require a w value near 60%. Is such a large value
possible? A value of w = 0.6 corresponds to a
channel-closing K, of 180 mM Na, well outside the
reported 5-33-mM range.

One might ask whether embellishments to the the-
ory might get around this contradiction. The idea that
there might be more than one ‘closed’ state of the
channel has been proposed [34]. With two closed states
there are two vy time constants and two w
equilibrium-open-fractions. Another way to say that is
that there are two closing-rate constants k.,, k., and
two opening-rate constants k,,, k,,. A rather general
3-state model was treated by Frehland, Hoshiko and
Machlup {35], and their Eq. [9] gives the formula for
the two corner frequencies of the two Lorentzians
adding to form the noise spectrum:

w= Z t (22 - klok20 - klokoz - k20k01)1/2
with

Z = %(kol + klo +k02 + k20)

(12)

Since we are trying to account for the absence of an
observed corner at low frequencies, our interest is in
wy;, Eq. [12] with the plus sign, the higher of the two
corners. Now suppose that one of the four rate con-
stants is much bigger than the other three; then inspec-
tion shows that w,; is approximately equal to that one
dominant rate. For this class of models, if there is no
corner in the noise spectrum above w = 0.3 s~! then
that fast rate constant is not greater than 0.3 s™!. The
nonexistence of such a corner therefore eliminates this
class of alternative mechanisms.

A simulation of the ‘overshoot’ experiment with a
computer algorithm was done by Mikulecky, Huf, and
Thomas [36] using the Virginia school’s technique of
network thermodynamics, and yields current-vs.-time
curves of the right shape. Network parameters do not,
however, correspond to any specific overshoot (nega-
tive feedback) mechanism.

5.2. Lindemann’s evidence against ‘sodium-loading’

Two experiments were performed by Lindemann
and Gebhardt [6] essentially to eliminate sodium load-
ing as the overshoot mechanism. (1) Current—voltage
measurements using a current-pulse technique 8 s after

the jump showed an increase in series resistance, as-
cribed to the apical membrane ([6], Fig. 5). The resis-
tance increase reported is, however, not sufficient to
account for the observed current fall-off. If, as these
authors suggest, the resistance increase reflects chan-
nel closing, then channel closing does not explain the
overshoot. (2) Open-circuit voltage following several
seconds of drawing forward current was not apprecia-
bly dependent on the strength of that current. A dou-
bling of forward current should, one might argue, dou-
ble the amount of sodium transported into the cell
from the apical bathing solution, with concomitant
change in Nernst potential if Na collects inside. No
estimate of the magnitude of the expected effect was
given, however. The reported insensitivity to current
history of the steady-state open-circuit voltage would
be consistent with rather high levels of [Na] in an
intracellular compartment, as well as with rapid diffu-
sion of Na out of such a compartment. The theory of
Section 3 above takes account of both conductive in-
crease and diffusive decrease of the [Na] of the intra-
cellular compartment immediately distal to the Na
channel.

The mechanism of the resistance increase (experi-
ment No. 1 above) has not been resolved in this paper.
The technique is not without ambiguities. Passing a
short current pulse while measuring the concomitant
voltage change is likely to leave changed values of [Na]
in the intracellular compartment. Some frogs show
channel-closing rates 20 times as fast as others. (See
our No. 289 in Table 1.) With a y of 8 s, 63% of the
channel closing would already have taken place 8 s
after the jump.

5.3. Channel opening-closing vs. channel birth-death

The picture of apical Na channels is of protein
molecules embedded in the lipid wall of the mem-
brane. Such channels are surely dynamic, i.e., they
appear and disappear randomly. The role of the apical
[Na] in affecting the rates of channel birth and death is
not known, but it can not be discounted. Death cannot
properly be called a state of the channel; it is irre-
versible. For the noise spectrum, it makes a difference
whether a channel closes and reopens, or whether it
dies and another one is born. In the former there is a
correlation between the closing and the opening; in the
latter there is none. The probability that a new channel
appear in a short time At is independent of whether
an old one has just died or not. On the other hand, a
channel can open only if it is closed. The birth-death
process has only one time constant, call it the mean
lifetime. The birth rate affects only the power level of
the noise spectrum, not its shape. The obvious compli-
cation is that between birth and death a channel can
close and open many times, and it can only close if it
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has been born. The simplification is that the power
spectra of the two processes simply add. The corner of
the opening-closing process is the sum of the two rates
(8}, while the corner of the birth-death process is just
the death rate. If the death rate is very different from
that closing-plus-opening-rate sum, a separate
Lorentzian (an additional corner) should appear in the
noise spectrum. Again, the fact that no corner shows
up tells us that all three of those rates are well below
0.3s 1

5.4. Predictions and postdictions

The theory set forth in Section 3 above was devel-
oped to predict the time-course of short-circuit cur-
rent. Yet it can be useful in the interpretation of a
long-standing puzzle having to do with steady-state
potentials investigated in this laboratory. Lindley and
Hoshiko [20] measured open-circuit potentials as a
function of apical [Na] and found that the limiting
slope of the voltage vs. log[Na] curves (which were
indeed nice and straight) was considerably less than
the thermodynamically predicted 59 mV per decade
when total cation concentration was high (120 mM). Of
course, ‘open circuit’ does not mean that no currents
flow. The measuring technique allowed time (15 min)
for the establishment of a steady state after each
change of apical [Na]. In the Lindemann jargon, it
allowed time for ‘sodium loading’, i.e., increasing [Na]
in the intracellular space, lowering the Nernst potential
more the greater the apical [Na]. The same line of
reasoning explains the time-course of the open-circuit
voltage after the apical-[Na] jump.

We have found that skins of some species of frog
usually do not show an overshoot: Rana catesbeiana,
Rana clamatans, Rana esculenta, Rana temporaria. Skins
of these frogs treated with various drugs (novobiocin,
BIG), however, show overshoot much like the R. pipi-
ens. The intention here is not to report these occa-
sional experiments, but rather to explain them. All it
takes is a long filling time o and a short leakage time 7
to suppress overshoot. On the other hand, the explana-
tion of why cold inhibits overshoot [37] is probably not
that simple.

The experiment with nystatin channels [19] showed
current overshoot behavior with potassium jump as
well as sodium jump in the apical bathing solution. On
the one hand this was not surprising, since nystatin
channels are not sodium selective. On the other hand,
there is no way to explain those overshoots as channel
closing. It seems unlikely that nystatin channels close
in response to either high [Na] or high [K]. No attempt
has been made to fit those current records with theo-
retical curves, but the cation-loading hypothesis would
seem to provide the only reasonable explanation.

List of symbols

g = g [Na] = channel conductance, assumes that
[Na] in the channel is equal to the apical [Na]
for positive current and to the compartment
[Na] for negative current

RT/F =25mV

| 4 =volume of the virtual compartment (below
Eq. (3D

o = compartment filling time = VF?/g RT

u(t) = dimensionless sodium concentration in the
virtual compartment (below Eq. [2])

T = leakage time characterizing diffusive flow of

Na out of the compartment into the sur-
rounding intracellular space

Uina = dimensionless sodium concentration in that
intracellular space, assumed constant during
the overshoot

1/B = characteristic time for mixing new solution in
the apical bath (Eq. [5))
p = characteristic time for diffusion of Na through

the stratum corneum (very short, set =0 in
the analysis)

r, = before : after ratio of apical sodium concen-
tration = 0.1 mM /120 mM (Eq. [6])
f(¢) = theoretical fraction of apical sodium concen-

tration buildup attained at time ¢ after the
jump (Eq. [7]

y(t) = dimensionless sodium current, Eqgs. [3a}, [8],
{10]

Y = characteristic time for channel closing (Eq.
)]

w = fraction of channels remaining open in equi-

librium at the high apical [Na] after the jump
(120 mM) (Eq. [9D

F,,..(t)= theoretical fraction of channels open at time
t after the jump (Eq. [9])

G = measure of skin conductance at 120 mM api-
cal sodium concentration (Eq. [4])
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