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Summary. The gigaohm seal technique was used to study ion
permeation through acetyicholine-activated channels in cell-at-
tached patches of the extrajunctional membrane of chronically
denervated, enzyme-treated cells from the sartorius muscle of
the toad Bufo marinus. The most frequently occurring channel
type (>95% of channel openings), provisionally classified as ‘ex-
trajunctional,” had a chord conductance of approximately 25 pS
under normal conditions (—70 mV, 11°C, Normal Toad Ring-
er’s). The less frequently observed channel type (<5% of chan-
nel openings), classified as a ‘junctional’ type, had a conductance
of 35 pS under the same conditions, and a similar null potential.
In many patches, a small percentage (usually <2%) of openings
of the extrajunctional channel displayed a lower conductance
state. The shape of the I-V curves obtained for the extrajunc-
tional channel depended on the predominant extracellular cation.
For Cs and K, the I-V curves were essentially linear over the
voltage range +50 to —150 mV across the patch, suggesting that
the potential independent component of the energy profile within
the channel was symmetrical. For Li, the I-V curve was very
nonlinear, displaying a significant sublinearity at hyperpolarized
potentials. Both an electrodiffusion and a symmetrical uniform
four-barrier, three-site rate-theory model provided reasonable
fits to the data, whereas symmetrical two-barrier, single-site
rate-theory models did not. For the alkali cations examined, the
relative permeability sequence was Py > Py > Py, > Pi—a
“‘proportional’’ selectivity sequence. This was different from the
single channel conductance sequence which was found to be yx
> yes > Yna S Yu implying that ions do not move independently
through the channel. The relative binding constant sequence for
the channel sites was found to be a “‘polarizability’” sequence,
ie., Ki; > K¢g > Kna > Kx. There was an inverse relationship
between the relative binding constant and the relative mobility
for the cations examined. Under conditions when the single-
channel conductance was relatively high, the conductance at
depolarized potentials was lower than that predicted by both
electrodiffusion and rate theory models, suggesting that there
was a rate-limiting access step for ions, from the intracellular
compartment into the channel.
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Introduction

Studies of the selectivity of ion permeation through
ACh-activated channels, based on measurements of
null potentials from which estimates of relative per-
meabilities have been obtained, have shown that
these channels are (1) cation selective with no sig-
nificant anion permeation and (2) that there is little
apparent selectivity between cations (Takeuchi &
Takeuchi, 1959; Van Helden et al., 1977; Maeno et
al., 1977). Relative permeabilities of organic cat-
ions, measured from null potentials, have given a
fairly detailed structural configuration of the mini-
mum cross-sectional region of these channels
(Dwyer et al., 1980). In earlier experiments, end-
plate currents were used to estimate this null poten-
tial (e.g. Takeuchi & Takeuchi, 1960). In later ex-
periments analysis of current fluctuations (noise
analysis, e.g. Anderson & Stevens, 1973) was em-
ployed to obtain an indirect measure of the average
single-channel conductance of a population of end-
plate channels. This technique allowed channel
conductance to be measured as a function of mem-
brane potential. It has also been shown (Barry et
al., 1979; Takeda et al., 1980; 1982a,b; Barry &
Gage, 1984) that analysis of measured null poten-
tials and the voltage dependence of conductance of
these channels allows the underlying ion perme- .
ation parameters—equilibrium ‘binding’ constants
for electronegative sites within the channels and the
relative ionic mobility (electrodiffusion models)
within the channels or transition rate constant (rate-
theory models)—to be deduced. The results
showed clearly that there was a significant underly-
ing equilibrium selectivity of these sites within the
channels.
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Fig. 1. (A) A schematic diagram of a chronically denervated
sartorius muscle of the toad Bufo marinus. The area of the mus-
cle enclosed by the rectangle shows the site where gross connec-
tive tissue was cleared using fine dissection just prior to the
enzyme treatment. The area includes the site of the former end
plate. All patches used for recording were from this area of the
muscle. The most successful site within this area was usually at
the edges of the muscle. The fibers at the edge of the muscle were
easier to separate from one another and place on the fine glass
supporting hook. They also appeared in many cases to have less
tenacious connective tissue surrounding them but this may have
been due to the better access for the enzymes to this region of the
muscle. (B) The arrangement used to enzyme treat the sartorius
muscle. The liquid paraffin was used to protect the tendons from
enzymatic digestion. It also prevented dehydration of the portion
of the muscle not in the enzyme solution. The enzyme solution
was restricted to the well in the Sylgard (Dow-Corning) base of
the Perspex® tissue bath. The enzyme solution could be intro-
duced or removed from under the liquid paraffin using a Pasteur
pipette. During enzyme treatment the muscle was incubated at a
temperature of approximately 28°C. The same Perspex tissue
bath was used for recording and enzyme treatment. This avoided
the damage that may have occurred if the muscle was transferred
after enzyme treatment to another bath for recording

The noise analysis technique has several draw-
backs. It is indirect and depends on assumptions
about individual channel events. Furthermore, only
populations of channels can be studied and it is diffi-
cult to obtain an accurate measurement of single-
channel conductance.

Previous studies in our laboratory (Van Helden
etal., 1977; Barry et al., 1979; Gage & Van Helden,
1979; Gage & Hamill, 1980; Takeda et al., 1980;
1982a,b) had been carried out on the sartorius mus-
cle of the toad Bufo marinus. The aim in the present
study was to record directly the effects of permeant

ions on end-plate channels using the patch-clamp
technique on the same preparation.

Permeability ratios, as measured by the zero-
current or null potential, have been the traditional
criteria for measuring the selectivity of a channel.
Originally, on the basis of permeability ratios, the
end-plate channel was envisaged as a simple aque-
ous pore exerting little selectivity among the alkali
cations. It has been shown that a variety of perme-
ation models (Hille, 1975b; Barry & Gage, 1984)
give rise to an expression for the null potential that
is identical to the classical Goldman, Hodgkin, Katz
(GHK) equation (Goldman, 1943; Hodgkin & Katz,
1949). It has also been shown for simple rate-theory
(Hille, 1975b) and electrodiffusion models (Barry et
al., 1979; Barry & Gage, 1984) that the permeability
factor in the GHK equation is formally equivalent
to the product of a transition rate constant (between
wells or sites), or a mobility, and an equilibrium
binding constant with respect to the aqueous solu-
tion. For simple rate-theory models it is obvious
that the binding constant and mobility will tend to
be inversely related. The deeper the well, the
greater the binding constant, the higher the energy
barrier between sites, and hence the lower the mo-
bility. This has also been noted for electrodiffusion
models (Barry et al., 1979) and would explain why
the permeability ratio is a fairly insensitive measure
of channel selectivity that may mask the equilib-
rium binding constant which is a much more sensi-
tive measure of channel selectivity.

The aim of this study was therefore to measure
the current-voltage relationship of an acetylcholine-
activated channel present in the membrane of de-
nervated adult muscle cells using the gigaohm seal
technique, in the presence of various alkali cations.
Rate-theory and electrodiffusion models were then
fitted to the current-voltage curves obtained in or-
der to extract equilibrium binding constants and
mobilities for the various cations and derive more
information about the process of permeation
through these channels.

Materials and Methods

PREPARATION

All experiments were carried out on the denervated sartorius
muscle of the toad Bufo marinus. The toads were denervated 4 to
6 weeks prior to the experiment. The area of the muscle from
which patches were obtained is shown in Fig. 1A.

SOLUTIONS

Tetrodotoxin (TTX) at a concentration of 250 nmol liter~! was
used in all solutions to prevent muscle contractions. Monovalent
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cations were substituted for Na by approximately equimolar re-
placement of NaCl with the chloride salt of the test cation. Table
1 gives the compositions of the alkali cation solutions tested. The
bath solution had a volume of 3 to 4 ml and its temperature was
maintained at 11°C during experiments.

ENzYME TREATMENT

After fine dissection to remove gross connective tissue surround-
ing the former end plate, the muscle was transferred to the tissue
bath and pinned out so that approximately the middle third was
suspended in the well in the Sylgard (Dow Corning) base of the
bath (see Fig. 1B). The NTR in the tissue bath was removed
using a Pasteur pipette and a small volume of enzyme solution
introduced, just sufficient to cover the part of the muscle in the
well. Liquid paraffin was then poured over the muscle so that it
covered the tendons. The paraffin protected the tendons from
enzymatic digestion and also prevented dehydration of the ends
of the muscle. The tissue bath was then transferred to the experi-
mental setup and placed in a temperature-controlled brass
jacket. The temperature in the bath was maintained at approxi-
mately 28°C for the duration of the enzyme treatment. The en-
zyme solution was changed every 10 to 15 min with enzyme
solution at approximately the same temperature. Care was al-
ways taken to minimize the mechanical disturbance to the mus-
cle during exposure to enzyme solution and the changing of the
enzyme solution was carried out using a Pasteur pipette to with-
draw and introduce solution below the liquid paraffin.

The two enzymes used were collagenase (Type IA, Sigma
Chemicals, St. Louis, Mo.) and protease (Type VII, Sigma
Chemicals) at concentrations of 0.3% (300 mg/100 mi of NTR) in
NTR and 0.04% (40 mg/100 ml of NTR), respectively. The expo-
sure times were from 50 to 80 min in collagenase and 5 to 15 min
in protease. After approximately 40 min of exposure to the colla-
genase and during exposure to the protease, the condition of the
muscle was checked frequently. Enzyme treatment was stopped
when the fibers at the edge of the muscle appeared clean and
almost transparent and could be easily separated from each other
by a gentle puff of solution from the Pasteur pipette. To stop
enzyme treatment, NTR at approximately 28°C was added to
raise the solution level until it covered the tendons. The paraffin
was then separated from the surface. The muscle was repinned at
approximately its resting length and the solution changed at least
20 times with NTR.

PatcH-CLaAMP METHODS

Patch-clamp methods were essentially the same as those of
Hamill et al. (1981). Measurements were made with a current-to-
voltage converter (List EPC-5). The electrodes were made from
“‘soft’’ soda glass microhematocrit tubing (Clay-Adams, Parsip-
pany, N.J., Type 1021, inner diam. 1.10 mm, outer diam. 1.50
mm). To offset the higher noise associated with soda glass (see
for example, Corey & Stevens, 1983), the electrodes were coated
with Sylgard (Dow Corning) to within about 300 um of the tip
and then fire-polished. A fine glass hook, made with a micro-
forge, was used to support muscle fibers (Neher et al., 1978) as
shown in Fig. 2.

The patch-clamp signal, after being appropriately amplified,
was recorded using an FM analog tape recorder (Electrodata
Associates, Sydney, Model 6504). The data were later played
back for analysis by computer.

Table 1. Composition of alkali cation solutions? (mm) and calcu-
lated liquid junction potentials (€,) (mV)

Solution NaCl Kl CaCl, CsCl LiCl (&)
Na (NTR) 115 2.5 1.8 — — 0.0
K —_ 122.5 1.8 — —_ 4.2
Cs — 2.5 1.8 120 — 4.9
Li — 2.5 1.8 — 120 -2.4

2 All solutions contained 250 nmM TTX and 3 mm sodium HEPES
buffer.

b €, was calculated using the Generalized Henderson Equation
[Egs. (7) and (8) in the text], in each case the potential being
defined as that of the bath (NTR) with respect to the solution in
the patch pipette.

To estimate current amplitude, at least ten but usually many
more currents with *‘lifetimes’’ long enough to demonstrate an
unequivocal steady state were recorded at each potential. The
usual potential range was from —150 mV to +50 mV net across
the patch. Currents were recorded at 20-mV steps in potential in
this range. In many cases, currents were recorded over the fuli
range of potentials from the same patch. Records used for the
estimation of current-voltage curves were low-pass filtered at 1
kHz using the two-pole Bessel filter of the List patch-clamp con-
troller, amplified appropriately and recorded on analog tape
(bandwidth DC-2.5 kHz). Data were analyzed by computer. At
potentials close to the null potential, it was necessary to further
low-pass filter the record prior to digitization (usually at 200 or
400 Hz using a four-pole Bessel filter).

INTRACELLULAR POTENTIAL RECORDING

Standard intracellular recording techniques were used. In partic-
ular, the intracellular electrode was a 3-m KCl fiber-filled micro-
electrode with a Ag/AgCl junction and the reference ground elec-
trode in the bath was a Ag/AgCl wire in NTR (gelled with 3%
agar). At the end of recording, the intracellular electrode was
withdrawn and checked to ascertain whether its tip and junction
potentials had changed following penetration of the cell. Before
each attempt at obtaining a seal, the solution in the bath was
refreshed with solution at the same temperature and debris
cleaned from the surface with a suction pump. All potential mea-
surements were adjusted for junction potentials, as outlined in
the later section on junction potential corrections.

PRrRINCIPLES UNDERLYING EXPERIMENTAL
TECHNIQUES

When recording in the cell-attached mode, the return pathway
for current involves the resistance of the cell membrane exclud-
ing the portion patch clamped. When a channel opens, current
flows across this resistance thereby altering the cell resting po-
tential and causing a change in the voltage across the membrane
patch V,.

A simplified circuit diagram, of the cell-attached recording
configuration, similar to that of Fenwick et al. (1982) is shown in
Fig. 3. The circuit is an oversimplification since the muscle cell
has been modelled as a parallel R/C circuit rather than the more
appropriate linear cable model. The response of the circuit to a
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step change in the conductance of the patch when a channel
opens can readily be shown to be given by:

V() = VG — (G — GG, + G,)) exp(—t/7)} )
where

G = Gm/(Gm + Gp + ’yCH) (2)
T= Cm/(Gm + Gp + 'YCH) (3)
V=V,- Vpol- 4

G, is the conductance of the patch, G, is the input conductance
of the muscle cell, C,, is the input capacitance of the muscle cell,
ven 1s the conductance of the channel, V,, is the resting mem-
brane potential of the cell, V,,, is the potential applied to the
electrode. At ¢t = 0:

V,(0) = VG, /(Gn + Gy)). (&)

This is a simple voltage divider formed by G, in series with G,,.
At = oo

V(@) = VG /(G + G, + yen). ©)

This is also a simple voltage divider but this time the parallel
combination of G, and ycy is in series with G,. Assuming a
specific patch resistance of 10° () - cm? (Fenwick et al., 1982) and
an upper limit of 30 pum? for the area of the patch (Hamill et al.,
1981; Sakmann & Neher, 1983; Rae & Levis, 1984) gives G, =
300 pS (R, = 3 G§)). Normally the apparent seal resistance was
greater than 20 GQ) indicating one or both of the above assump-
tions overcompensated. Assuming a channel conductance (y¢y)

7 GLASS HOOK
TO SUPPORT
MUSCLE CELL

Fig. 2. A simplified schematic diagram of the
recording configuration. After enzyme
treatment the fine glass hook was used to
separate out and support a single muscle cell.
An intracellular electrode was then inserted
into the muscle cell to monitor the resting
membrane potential. This was used as
explained in the text to determine the
potential across the patch of membrane, This
potential could be changed using the d-¢
voltage source V,. Usually when a gigaohm
seal is formed a patch of membrane is sucked
into the tip of the patch-clamp electrode
(Sakmann & Neher, 1983). This
approximately omega-shaped patch of
membrane is shown in the tip of the
patch-clamp electrode

of 25 pS and an input conductance (G,,) of 2 X 107¢ S (Dulhunty
& Gage, 1973), it is found from Eqs. (5) and (6) that V,(0) = V()
= V. In other words, the opening of the channel has a negligible
effect on the potential across the patch because of the relatively
low input resistance of the cell. Similarly, it may be readily
shown that V,,, does not significantly affect V.

It was possible that large portions of membrane were aspi-
rated into the tip of the electrode when a gigaohm seal formed
(Hamill et al., 1981; Sakmann & Neher, 1983; Rae & Levis,
1984). Under these circumstances, a pocket of cytoplasm could
form in the tip of the electrode and the constriction of cytoplasm
would then add a resistance in series with the cell input resis-
tance. The resistance would not be expected to be much greater
than the electrode resistance (=8 M(}) and so as explained ear-
lier, should introduce a negligible error to the potential across the
membrane patch. Appreciable change in the ionic composition of
the pocket of cytoplasm did not seem to occur. On a number of
occasions, the amplitudes of the currents were checked after a
relatively long recording time (=15 min) and found to be the
same as at the commencement of recording. Both Maruyama and
Petersen (1982) and Siegelbaum et al. (1982) (see also Camardo
& Siegelbaum, 1983) have shown that the local bath application
of active compounds can lead in a short time (20 to 40 sec,
Maruyama & Petersen, 1982) to the activation of channels in a
cell-attached patch. This indicates that there is a free exchange
of materials between the contents of the pocket and the general
cytoplasm.

JuNcTION POTENTIAL CORRECTIONS

In the patch-clamp situation corrections due to (1) the normal
junction potential component arising from the measurement of
the membrane potential and (2) the junction potential component
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C

Fig. 3. Simplified equivalent circuit of the cell-attached patch-
recording configuration: y¢, is the single-channel conductance,
G, is the conductance of the membrane patch, G, is the conduc-
tance of the seal between the tip of the patch-clamp electrode
and the cell membrane, G, is the input conductance of the mus-
cle cell, C, is the input capacitance, V,, is the resting membrane
potential of the muscle cell corrected for the liquid junction po-
tential of the intracellular electrode, V,;, is the potential applied to
the patch-clamp electrode and V., is the liquid junction potential
of the-patch-clamp electrode. The reference points denote: A,
the patch-clamp electrode solution, B, the cell interior and C, the
bath solution. Note that the capacitance of the patch is negligible
compared to C,, and so has been neglected

were calculated vsing the Generalized Henderson Liquid Junc-
tion Potential Equation. For N monovalent ions the potential

€ = (&' — €') of the solution " with respect to solution ' is
given by
N N
%=W—%'=mnm&m[2am/2am] )
i=1 i=1
where
N N
Se =3 l/z)al ~ anl/ Y, lua — a)] ®
i=1 i=1

where #, a and z represent the mobility, activity and valency
(including sign) of each ion species. The equation (¢f. Maclnnes,
1961) has been modified (Barry & Diamond, 1970) to include
activities rather than concentrations on the assumption that the
ions obey the Guggenheim condition [i.e. that the individual ac-
tivity coefficients of each ion are equal at every point in the
solution, so that yi(x) = y,(x) = ys{x) = . . . . = y(x)].

The first component, due to the normal difference in junc-
tion potentials between the intraceliular and extracellular elec-
trodes, was calculated from Eq. (9) below (see Fig. 44). For
example, for a typical NaCl Ringer’s solution and high K* and
low Cl- intracellular composition and 3-m KCIl electrodes, the

3M KCl ::) Ve

F V=0

XCi TP
NacCl y €1

——— g:

Vm wy—
1 Vo
XCl :) e
-
- £
Em - —
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Fig. 4. A schematic diagram illustrating the measurement of
transmembrane patch potentials using the patch-clamp technique
for intact membrane patches and the application of junction po-
tential corrections to such measurements. These corrections in-
volve the normal junction potentials arising from the intracellular
measurément of membrane potential (A) and the special correc-
tion that arises by virtue of the zeroing of the patch-clamp ampli-
fier for an intact patch when the solution in the patch pipette
differs from that in the solution bathing the cell (B and C). (4)
The measurement of the membrane potential %, with normal
intracellular or extracellular 3-m KCI microelectrodes. Normally
either the two Ag/AgCl electrodes would be balanced or at least
backed off before the intracellular electrode was inserted into the
cell. Applying Kirchoff’s law in the anticlockwise direction as
shown V, + %} — %, — €7 = 0, where V, is the experimentally
measured potential and 4} and €¢ represent the two microelec-
trode junction potentials as shown. Thus %,, = V, — (85 — €4) as
in Eq. (9) in the text. (B) The zeroing of the patch-clamp pipette
before a seal is established. For an NaCl bathing solution around
the cell a reference electrode filled with NaCl should preferably
be used. The patch pipette has a test solution (e.g., XC) for a
cation X)) in it. There are two sources of inbalanced potential that
need to be backed off by the patch-clamp amplifier. There will in
general be a difference €, between the two Ag/AgCl electrodes
with slightly different Cl activity in both electrodes and pipette.
There would also be a junction potential €, between the NaCl
and XCl solutions. Both of these would be backed off in the
amplifier by two voltage components €% and §; as indicated.
The applied potential V» = 0 and hence applying Kirchoff’s law
in the direction shown €, — €, + €* — €} = 0, which will be
satisfied provided that €} = %, and €5 = €,. (C) The patch-
clamp pipette sealed against the membrane. In this situation, the
liquid junction potential correction €, would have been elimi-
nated, but the backed-off component would still be present. If a
voltage V, were then applied by the patch-clamp amplifier, again
from Kirchoff's law Vp + V,, — ¢, — €, + €% — ¢} = 0 and so
Vo= (&n— Vp) + €, as in Eq. (11) in the text
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corrected membrane potential (¢,,) is related to the measured
membrane potential (V,) by

%, =V, — (& -8} 9)
or
€, ~V,— 2.0 (10)

where €,, and V, are in mV and €¢ and €} refer to the liquid
junction potentials at the external and internal microelectrodes,
respectively, being defined as solution with respect to microelec-
trode.

The second junction potential component, arising by virtue
of the necessary zeroing of the patch-clamp amplifier, whenever
the solution in the patch-clamp pipette differs from that in the
bathing solution was calculated as indicated in Fig. 4. The true
potential V,, across the patch was given by
Vm = (%m - p) + %L (11)
where V, is the additional potential applied by the patch-clamp
amplifier and ¢, is defined as the potential of the external bathing
solution with respect to the patch pipette. The same equations
apply for the excised patch, together with the condition that %,
=0. ’

The correction applied for the liquid junction potential of
the patch-clamp electrode was checked experimentally for both
Li* and Cs* and found to agree with values calculated from the
Planck or Generalized Henderson equations. Since the tip diam-
eter of the patch-clamp electrode is approximately 1 um, the
electrical contact between the filling solution and that of the bath
should form a simple diffusion or liquid junction (Gagne & Pla-

mondon, 1983). Therefore the potential should be consistent for

different electrodes with the same filling solution. To circumvent
the application of the liquid junction potential correction, experi-
ments were attempted using Cs* Ringer’s solution both in the
bath and in the patch-clamp electrode. This experiment was tried
on five different preparations but was unsuccessful because the
Cs* Ringer’s bath solution caused significant depolarization of
the cells (membrane potentials of —50 to —60 mV). Although
gigaohm seals were formed, the seals were more unstable than
those obtained with NTR bath solution.

The liquid junction potential correction applied to the po- l

tential recorded by the intracellular electrode depended on as-
sumptions concerning the concentrations of intracellular ions
and their mobilities. This was another possible source of error.
Errors due to tip potentials were minimized by using low resis-
tance intracellular electrodes (Purves, 1981).

Analysis of Data and Theoretical Model Fitting

The null potential was estimated by interpolation of
the current-voltage curve. Firstly, a simple linear
graphical method was used. This involved plotting
the two points on either side of the null potential on
an expanded voltage axis and drawing a line of best
fit by eye through the points. The nulil potential was
given by the intersection of this line with the voltage
axis. Secondly, a curve was fitted by cubic regres-
sion to the 4 or 5 points in the vicinity of the null

potential. The roots of this polynomial were deter-
mined and the appropriate root taken as another
estimate of the null potential. It was this latter esti-
mate that was used to calculate the experimental
single-channel chord conductance y(V) using:

y(V) = (V(V - €,) (12)

where I(V) is the single-channel current at voltage
V and €, is the null potential. The standard error of
the chord conductance was calculated using the for-
mula for a general product (see, for example, Bar-
ford, 1967). :

The current-voltage curves were used to test
three models, an electrodiffusion model and two
rate-theory models. An introduction to the models
is given in the next section. The electrodiffusion
model has been described by Barry et al. (1979), and
used in that study to fit the data of Gage and Van
Helden (1979). The first rate-theory model tested in
the present study was symmetrical, with two uni-
form barriers and one site and was based on that of
Lewis and Stevens (1979). The second rate-theory
model tested was symmetrical, with four uniform
barriers and three sites and was based on that of
Hille (1975a).

The electrodiffusion model, after scaling, was
fitted using a robust lattice searching with two ad-
justable or free parameters, the relative equilibrium
binding constant Kx/Ky, and the relative perme-
ability Py/Px . The scaling constant was determined
using the current-voltage point which had the low-
est relative standard error for the current. It was
then maintained constant at this value for the rest of
the fitting procedure. The objective function to be
minimized was the weighted sum of the squared

-residuals, the weights being the inverses of the stan-

dard errors squared. As the program converged to a
minimum, the contours of the sum of squared resid-
uals surface were displayed. This confirmed by di-
rect inspection that the point was a minimum and
not a saddle point or some other relatively station-
ary portion of the surface.

The program FUNFIT supplied by the Com-
puter Services Unit of the University of New South
Wales was used to fit the rate-theory models to the
current-voltage curves. The program was run on a
VAX 11/780 computer (D.E.C.). Four free parame-
ters were used to fit the rate-theory models to the
sodium I-V data. The current carried by calcium
was considered to be relatively small and was ne-
glected (see Results section for details). Current
was assumed to be carried by sodium and potassium
only and the four free parameters were the barrier
heights and well depths for sodium and potassium.
For the lithium and caesium figures and the data
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included in this paper, the current-voltage curves
were fitted using four free parameters. In this case,
the barrier height and well depth for sodium were
set at the values found to give the best fit to the
sodium /-V data and the four free parameters were
the barrier heights and well depths for potassium
and caesium or lithium. In addition, some two-pa-
rameter fits were also done, in which the barrier
heights and well depths for sodium and potassium
were assumed to be those found to give a best fit to
the sodium /-V data and the two free parameters
were the barrier height and well depth for lithium or
caesium. The fits were not quite as good for Li as in
the four-parameter case. There were also some dif-
ferences in the derived parameters (e.g., for the
two-parameter case Py;/Px, Ki;/Kk, upilux = 0.53,
2.4 and 0.22 compared to the four-parameter values
of 0.59, 3.6 and 0.17, respectively). In contrast,
very similar results were obtained for Cs in both
cases. However, in the light of the slightly poorer
fitting, only the four-parameter fitted values have
been included in the following sections.

THEORETICAL MODELS TESTED

Before giving the results of the model fitting, a brief
description of the models and the parameters used
to fit the data will be given. It should be stressed
that only the major conductive element or channel
‘interior’ was modelled and no attempt was made to
incorporate structures such as antechambers (see,
for example, Horn & Stevens, 1980).

The electrodiffusion model has been fully de-
scribed by Barry et al. (1979) and a summarized
account of the model is given by Barry and Gage
(1984). The model assumes that the channel is long
relative to the Debye length within the channel so
that electroneutrality applies within the channel.
Cations are assumed to compete for negative sites
on neutral groups lining the channel. For example,
cations could compete for the negative ends of di-
poles lining the channel. The electroneutrality con-
dition then requires that the charge of the cations is
balanced by allowing anions to enter the channel.
An assumption then has to be made that the overall
mobility of anions is negligible (i.e., that there is at
least one high resistance barrier to anions) so that
anions make no significant contribution to the total
ionic current. It should be pointed out that, due to
the competition between cations for the negative
sites, independence is violated. That is, the behav-
ior of an ion is modified by the presence of similar
or different ions. In contrast, the Independence
Principle is implicit in the derivation of the tradi-
tional electrodiffusion equation, the Goldman,

Hodgkin, Katz (GHK) equation. Another variation
of the electrodiffusion model assumes that the chan-
nel sites have a net negative charge. Electroneutral-
ity then requires that the negative charge of the sites
be balanced by the mobile cations. As in the Neutral
Site Model independence is violated. It should be
stressed that the voltage-dependent part of the cur-
rent expression for both models is identical but they
differ in the voltage-independent factor and can be
distinguished by examining the effects of changing
the concentration of the extracellular cations on the
channel conductance. The Charged Site Model pre-
dicts the conductance would be independent of con-
centration whereas the Neutral Site Model predicts
the conductance would change with the external
cation concentration. It has been well established
that the conductance does vary with the external
cation concentration (see, for example, Horn &
Patlak, 1980; Takeda et al., 19824). Hence in this
study only the Neutral Site Model was tested. For
the Neutral Site Model in the absence of significant
anion permeation, the current [ is given by:

I = Bl(éu” — u)(EC" — CH(E — €7) (13)
where
& = exp(Fé/RT) (14)
¢* = (RT/F) In(C'/C") (15)
C' =a| + Knya; + Kyas (16)
C" = af + Kya5 + Kuaj 17
"= wmai + wKnar + uKga; (18)
"= wmal + uK5a3 + uKuai (19)
B = (F?/d)(Ksly)AFl(a3/6’)
— (ad3/9MInfas"0'/a56") (20)
0’ = [Ksai/(ai + Knas + Kgap)]'” (21
8" = [Kyai/(a] + Kna3 + Kya)]'? (22)

and where € is the membrane potential (inside with
respect to outside), R, T and F have their usual
significance, subscripts 1, 2 and 4 refer to cations
and 3 to the anion; superscripts ' and ” refer to the
outside and inside solutions, respectively; a repre-
sents the activity of the ion; «; and K;; denote the
intra-channel mobility and equilibrium constant (K;;
representing the relative partition coefficients K,/
K;) of ion i, respectively, relative to ion j; vy the
activity coefficient, which is considered to be the
same for each of the ions; and A is the effective
cross-sectional area of the channel. It should be
noted that the above expression for the current is of
a very different form from that of the GHK current
expression but that the equation for the null poten-
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Fig. 5. Schematic diagram of two classes of
rate-theory models used to fit experimental
current-voltage curves. The top panel (2B1S
model) shows the two-barrier, one-site model.
The energy profile shown is the
voltage-independent part of the Gibb's Free
Energy (G). The aqueous solution at either
end of the channel is taken as the zero
reference level. B, and W, are the barrier
height and well depth, respectively, for ion X.
R12X, R21X, R32X, and R23X are rate
constants for the passage of ions over the
barriers in the energy profile. Their values are
given by rate theory (see rext for details). The
bottom panel (4B3S model) shows a schematic
diagram of the four-barrier, three-site model

0 25 3 .75

FRACTIONAL ELECTRICAL

tial is of the same form as the GHK equation (Barry
et al., 1979).

It should be mentioned that the long Neutral
Site Channel and long Charged Site Channel models
differ only in their conductance-concentration pre-
dictions because of the applicability of the electro-
neutrality condition within them. It is therefore to
be expected that if this condition were to be re-
laxed, as would be expected for a short Channel,
then the resulting predictions of the short Charged
Site Channe] would become very similar to those of
the long Neutral Site Channel, with the ionic con-
centration within the channel able to increase with
its value within the external bathing solution.

Two rate-theory models were also tested in this
study. The first was based on the model of Lewis
and Stevens (1979). This was a symmetrical model
and contained one site (i.e., energy minimum or
well) and two uniform barriers (2B1S model). The
model is shown schematically in Fig. 5A. The pa-
rameter d is the fractional electrical distance across
the membrane. Initially the site was located at d =
0.5 and the barriers at d = 0.25 and d = 0.75. Both
surface charge effects and the component of the
current carried by calcium ions were neglected
since their effects on the total current under experi-
mental conditions was small. For instance, using
approximate barrier heights and well depths given
by Lewis and Stevens (1979) for calcium, and given
an extracellular calcium concentration of 1.8 mm,
the flux of calcium at —150 mV comprises only ap-
proximately 0.1% of the total current. Important
assumptions of the model are that only one ion at
most can be in the channel at any time and that an

1

DISTANCE

ion can only enter the channel if it is empty. The
rate constants for passage over the barriers are
given by conventional Eyring rate-theory (Eyring,
1935; Glasstone et al., 1941; Woodbury, 1971).
Voltage dependence of the rate constants is incor-
porated by adding an electrical term to the Gibbs
Free Energy of Activation of the process. Hence
the rate constants depicted in Fig. 5 are given by:

R21X = »; exp[(W, — B, + 0.25(Z,FV))/RT] (23)
R23X = v; exp[(W, — B, — 0.25Z,FV))/RT] (24)
R12X = [X1,v; expl[(—B, — 0.25(Z,FV))/RT] (25)
R32X = [X]w; expl(—B, + 0.25(Z,FV))/RT| (26)

where v;, v, are frequency factors given values 103
sec™! and 10" molar~! sec™!, respectively (Lewis &
Stevens, 1979); [X], and [X]; are the extracellular
and intracellular concentrations of ion X, respec-
tively; R, T and F have their usual thermodynamic
meaning; V is the net potential across the mem-
brane patch with respect to the electrode solution;
Z, is the valence of ion X; B, is the barrier height
(kJ/mole) for ion X taken relative to the aqueous
solution; and W, is the well depth (kJ/mole) for ion
X taken relative to the aqueous solution. The deri-
vation of, and the expression for, the current as a
function of the potential is given by Lewis and
Stevens (1979). Note that because of the symmetry
of the channel the constant peak offset condition of
Hille (1975b) applies and the permeability as defined
in the Generalized Null Potential Equation (Barry &
Gage, 1984; see also Hille, 1975b) is given by the
barrier height only and is not influenced by the well
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depth. This Generalized Null Potential Equation is
essentially model-independent and applies to a large
number of different models in the absence of any
significant anion permeation. The zero current null
potential €, is given by

%0 = ((g” -

RT {Pla{ + Pra; + Puaj

¢ =-—In " " 1"
F P1a|+P2a2+P4a4

b
where ' and " refer to the two solutions on sides '
and ", respectively, a refers to the activity of cations
1, 2 and 4 (3 being reserved for anions). The relative
permeabilities are related to the underlying equilib-
rium constants K and ionic mobilities u by

P]/Pz - (H}/MQ)(K]/Kz). (28)

The second rate-theory model tested in this
study, based on a model of Hille (1975a) was a 4-
barrier, 3-site model (4B3S model) simplified for
symmetrical and uniform barriers. As in the case of
the previous model, only one ion at most is allowed
in the channel at any time and an ion can only enter
the channel if it is unoccupied. A schematic diagram
of the model is given in Fig. 5. Expressions for the
rate constants in terms of the barrier heights, well
depths and membrane potential are derived using
precisely the same principles as for the previous
model. Because of the symmetry, only four rate
constants have to be calculated. The four expres-
sions for the rate constants are similar to those
given previously for the 2B1S model but with two
changes. »; and »,, the frequency factors, were
equal numerically and given by kT/h where k is
Boltzmann’s constant, 4 is Planck’s constant and T
is the absolute temperature in degrees Kelvin. At
5°C, vy and v, were approximately 5.8 x 1012, The
factor 0.25 in the expressions for the rate constants
of the 2B1S model was replaced by the factor 0.125,
so the barrier energy was only half as voltage-de-
pendent for the 4B3S model. The expression for the
current as a function of the membrane potential is
given by Hille (1975a). Because of the somewhat
arbitrary choice of the value of the frequency fac-
tor, the absolute barrier heights and well depths fit-
ted were used only to calculate permeation and se-
lectivity parameters relative to those for potassium,
the reference ion. The parameters were related to
the barrier height and well depth by the following
relations:

the relative binding constant, Ky/Kx, of ion X

Kx/Kx = exp[—(Wx — Wg)/RT] (29)

where Wy and Wk are the well depths of ion X and
potassium, respectively, and R and T have their

usual significance;
the relative permeability, Py/Px, of ion X

Px/PK = eXp[—(BX - BK)/RT] (30)

where Bx and By are the barrier heights of ion X and
potassium, respectively;
the relative mobility, uy/ux, of ion X

uX/uK = (Px/PK)/(Kx/KK) (31)

Only symmetrical rate-theory models were con-
sidered for several reasons (see also discussion in
sections: Results of Model Fitting and Effects of
Alkali Cations). Firstly, the current-voltage curves
recorded with potassium and caesium as the pre-
dominant extraceilular cations were practically lin-
ear (see Fig. 9). In the case of potassium, the mem-
brane was bathed by approximately symmetrical
solutions. Also, in view of the chemical similarities
between caesium and potassium (Hille, 19755;
Barry & Gage, 1984) both ions would be expected to
behave similarly with respect to permeation. Hence
under these experimental conditions (potassium
and caesium as external cations) any significant en-
ergy barrier asymmetry in the channel shou” * have
been revealed by the finding of a significantly non-
symmetrical current-voltage curve. Secondly, re-
cent studies using excised patches from cultured
cells have found that the current-voltage curve for
ACh channels bathed in symmetrical alkali cation
solutions is linear (Horn & Patlak, 1980; Redmann
et al., 1982; Dwyer & Farley, 1984; Dwyer, 1986;
Sanchez et al., 1986).

Results

CHANNEL TYPES AND SUBCONDUCTANCE STATES

Three types of ACh-sensitive channels with differ-
ent conductances were observed as illustrated in
Fig. 6A and 6B. At a potential of —70 mV and at
11°C, one had a conductance of about 35 pS, an-
other 25 pS and a third, normally very uncommon,
type had a conductance of approximately 18 to 20
pS. The first two were classified as ‘junctional’ and
‘extrajunctional,” respectively. The ‘junctional’
channels accounted for less than 5% of the channel
openings, whereas the ‘extrajunctional’ channels
accounted for at least 95% of channel openings.
Current-voltage curves for junctional (circles) and
extrajunctional (squares) channels in the same
patches exposed to the Na solutions are shown in
Fig. 7. The extrapolated lines indicate (1) that both
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Fig. 6. Some examples of the different apparent types of ACh-
activated channels observed. All records were obtained using
NTR (see Table 1). Temperature 11°C. A, recorded at a net patch
potential of —70 mV, coincidently shows the most commonly
occurring ‘25 pS,”" extrajunctional channel together with the
less frequently occurring junctional channel before its occur-
rence and the very infrequently lower conductance channel af-
terwards (low-pass filtered at 1 kHz). B, recorded at a net patch
potential of —70 mV, shows the two most commonly occurring
channel types (low-pass filtered at 1 kHz). C, recorded at a net
patch potential of —130 mV, shows the two most frequently
occurring channel types, with the extrajunctional channel exhib-
iting low conductance states (arrows; low-pass filtered at 800 Hz)

channels had approximately the same null potential
and (2) that the ratio of the conductances of both
channels was independent of voltage and equal to
1.4 (Fig. 7B). In all the later sections of this paper,
only the measurements from the much more numer-
ous extrajunctional channels will be considered. Al-
though they were very infrequent, in less than 2% of
the extrajunctional channel openings, a lower sub-
conductance state was also observed (Fig. 6C, cf.
Hamill & Sakmann, 1981).

Alkali Cation Permeation through ACh Channels

CURRENT-VOLTAGE CURVES IN DIFFERENT
CATION SOLUTIONS

At +50 mV (net across the patch) the amplitudes of
the currents recorded in different cation solutions
were approximately the same, whereas at —150 mV
the amplitudes differed markedly. This is illustrated
in Fig. 8, which shows larger currents in Cs than Li
solution at —150 and at —70 mV, but not at +50
mV.

The current-voltage curves recorded in four dif-
ferent cation solutions (Na, Li, Cs, K) are shown in
Fig. 9. In a number of patches in each solution the
currents were recorded over the full potential
range. Most points on the curves represent results
from at least six different preparations. It can be
seen that the degree of nonlinearity of the curves
depends on the extracellular cation. The curves for
Cs and K are essentially linear while that for Li
shows a marked curvature. In the case of Na, the
curvature is slight but definite. Both the Na and Li
curves show an outward rectification; that is, at hy-
perpolarized potentials, there is a drop in the con-
ductance which is more pronounced for Li.

THE NULL POTENTIAL IN DIFFERENT CATION
SOLUTIONS

The I-V curves in Fig. 9 also show that the null
potential varies with the extracellular cation. The
null potentials in the various cation solutions were
estimated by linear and cubic interpolation using the
appropriate points on the I-V curve. The results of
this are given in Table 2. The estimates obtained
from the two methods agree reasonably well except
in the case of Li. This is understandable since the
lithium I-V curve displayed by far the greatest non-
linearity. Both methods gave the same sequence of
null potentials: Li < Na < K < Cs. This is the same
sequence found by Van Helden et al. (1977) and
Gage and Van Helden (1979) using noise analysis on
junctional channels from innervated toad sartorius
muscle.

The permeability ratios corresponding to the
null potentials were found by numerically solving
the Generalized Null Potential Equation (Egs. 12 &
13; see also Barry & Gage, 1984) using the Newton-
Raphson method. The results are given in Table 2.
The permeability sequence found was Cs > K > Na
> Li. This is the same sequence as has been re-
ported previously for junctional amphibian end-
plate channels obtained using macroscopic tech-
niques (see, for example, Van Helden et al., 1977;
Gage & Van Helden, 1979; Adams et al., 1980) and
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6= Fig. 7. (A) An experimental current-voltage
curve for ‘‘extrajunctional’’ (squares) and
“‘junctional’’ (circles) channels. Solid lines
represent least-squares regression lines fitted
B to each set of points. The slopes of these lines
gave slope conductances of 22 and 30 pS for
‘“‘extrajunctional’’ and ‘‘junctional’’ channel
I (pA) types, respectively. The dashed lines were

used to estimate the null potential by
extrapolation. The null potential was similar

is the same as the aqueous mobility sequence for
the ions (Robinson & Stokes, 1965).

CONDUCTANCE-VOLTAGE CURVE IN DIFFERENT
CATION SOLUTIONS

Since the current at a particular potential is given by
the product of the chord conductance and the driv-
ing force (the difference between the potential and
the null potential) it is instructive to determine the
chord conductance-voltage curve to separate out
these two factors. The equation used to calculate
the chord conductance has been given in Materials
and Methods. The estimate of the null potential ob-

for both channel types. Data were obtained
from the pooled results of eight patches
recorded using the Na test solution (NTR) in
the patch-clamp electrode. The electrode
solution also contained ACh (100 to 300 nm).
The error bars represent =1 seMm and are not
shown if smaller than the symbol size.
Temperature 11°C. (B) The same data as A,
but replotted as the “‘junctional” channel
current versus the ‘‘extrajunctional’’ channel
current at each potential. The line was fitted
using least-squares regression. The slope of
this line gave a value for the ratio
v{junctional)/y(extrajunctional) ~1.4

I (pA)

tained by cubic interpolation was used to calculate
the chord conductance for each cation solution.
The chord conductance-voltage curves for each
cation solution are shown in Fig. 10. At —150 mV
the major part of the current is carried by the extra-
cellular cation. Examination of the conductance at
—150 mV for each of the cation solutions reveals
that conductance depends on the extracellular cat-
ion. It would appear then, that the extracellular cat-
ion not only sets the null potential but also the con-
ductance of the channel, particularly at negative
potentials. The conductance sequence is K > Cs >
Na > Li and is different from the permeability
sequence mentioned above. This indicates that in-
dependence is violated (Hille, 1975b) since, if in-
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dependence held, the conductance would be pro-
portional to the permeability and the sequence of
conductances would be the same as that of the per-
meabilities. At potentials more hyperpolarized than
about —100 mV, the conductance is virtually con-
stant in each solution. In the case of Li, Na and Cs,
the conductance increases gradually from about
—100 mV to the null potential. This increase in con-
ductance is most marked for Li. For K, the conduc-
tance is virtually constant over this range. For Na,
Cs and K at potentials more depolarized than about
+30 mV there appears to be a very slight drop in the
conductance. Even for K, for which the drop in
conductance was clearest, the effect on the I-V
curve was hardly detectable. For Li, the conduc-

Table 2. Estimates of the null potential (mV) in different cation
solutions

50 ms Solution Na Li Cs K
Fig. 8. These records of currents show the effect of the predomi- Method of estimation:
nant extracellular cation (e.g., Cs or Li, with K being the pre- Linear interpolation —8.0 ~20.5 3.7 1.3
dominant intracellular cation) on the single-channel current am- Cubic interpolation —8.1 ~18.6 3.3 1.1
plitude at various approximate net patch potentials. Temperature Permeability ratios: 0.90 0.56 1.40 1.0
11°C. All records were low-pass filtered at 1 kHz
I I
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Fig. 9. Experimental current-voltage curve for the four alkali cations tested. Each point represents the grand mean of the mean current
from a large number of patches. The error bars represent the SEM. At most potentials the error bars were smaller than the symbols and
thus were not shown. The concentration of ACh in the patch-clamp electrode solution was usually between 100 and 300 nm. Tempera-

ture 11°C
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tance appeared constant at the positive potentials
examined. However, a trend similar to that found
with the other ions may have been masked for Li
since the recording of the currents closer to the null
potential was difficult due to the lower conductance
of the channels. Finally, a comparison of the con-
ductance at +50 mV with the conductance at —150
mV shows that for Li the conductance has in-
creased by a factor of about 2, for Na there is only a
small increase, for Cs the values are similar, and for
K there is a decrease in the conductance. The chord
conductances at —150 and +50 mV for the various
cation solutions are presented in Table 3.

RESULTS OF MoDEL FITTING

The two-barrier, single-site, rate-theory model
(2B1S model) with uniformly spaced barriers (equi-
distant from the membrane-solution interface and
the centrally placed site;i.e., d = 0.25 and 0.75) was

07
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not able to provide an adequate fit to the sodium
current-voltage curve. However, a good fit to the
curve was obtained by altering the locations of the
barriers to d = 0.125 and 0.875. This gave the same
voltage dependence to the rate of entry to the chan-

Table 3. Experimental single-channel chord conductances,
y(V,), at hyperpolarized and depolarized potentials for different
ions

Ion V.(mV) Y(Vy) (pS) SEM
Na —-152 23.2 0.4
+48 26.7 0.9
Li —152.5 12.1 0.2
+45.3 23.2 0.5
Cs —147.1 27.9 0.3
+52.9 29.4 0.7
K —148.6 33.1 0.3
+52.2 29.2 0.5
40
Cs |
-]
] L] o e ° f 30 1 } § 3
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Fig. 10. Experimental chord conductance-voltage relationship for the four alkali cations tested. The chord conductance (y) was
calculated using the null potential estimated by cubic interpolation (see Table 2). The error bars represent the sem. Temperature 11°C
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nel as that for the 4B3S model. This model was still
symmetrical but had nonuniform barriers. Figure 11
shows the predicted current-voltage curves (I-V
curves) for both of the 2B1S models and, for com-
parison, the experimental sodium I-V curve. It is
clear from a comparison of the two theoretical
curves that decreasing the voltage dependence of
the rate of entry of the ion to the channel changes
the shape of the predicted I-V curve from supra- to
sublinear. However, despite being able to fit the
sodium /-V curve, the modified 2B1S model could
not adequately fit the lithium I-V curve. Even by
decreasing the voltage dependence further, it was
still not possible to obtain an adequate fit to the
lithium /-V curve. A fit to the lithium I-V curve
could probably have been obtained with the 2B1S
model by relaxing the condition of symmetry. This
approach was not pursued for two main reasons.
Firstly, the I-V curves for K and Cs were found to
be essentially linear over the voltage examined,
suggesting a symmetrical energy profile for the ma-
jor conductive element of the channel. Secondly, as
has been pointed out earlier, results recently ob-
tained using excised patches bathed in symmetrical
alkali cation solutions all indicate that the energy
profile of the major conductive element of the ACh
channel is symmetrical (Horn & Patlak, 1980; Red-
mann et al., 1982; Dwyer & Farley, 1984; Dwyer,
1986; Sanchez et al., 1986). In contrast to the 2B1S
model, both the electrodiffusion and the 4B3S rate-
theory models gave good fits to the experimental
I-V curves for Na, Li and Cs. The fitted curves for
both models and the experimental data are shown in
Fig. 12. Overall, the electrodiffusion model fitted
the data more closely. When fitting the 4B3S model,
a number of different sets of values for the four free

Fig. 11. Predicted [-V curves obtained by
fitting the 2B1S model to the experimental -V
curve for Na. The experimental points are
shown as open circles. The continuous line
represents the predicted curve of the 2B1S
model with the barriers located at d = 0.25
and 0.75. The dashed line represents the
predicted curve of the 2B1S model with the
barriers located at ¢ = 0.125 and 0.875

parameters gave an almost identical fit. This was
found to be the case for all three ions discussed so
far. Closer examination of all the different sets of
values found for a particular ion revealed that when
each set was rescaled relative to a common parame-
ter, the sets of values all became very similar. Fur-
thermore, the relative permeability, relative binding
constant and relative mobility derived from each set
of parameter values were found to be all virtually
the same. Thus, although it was not possible to esti-
mate uniquely the absolute energies involved, it
was possible to estimate uniquely and consistently
the relative energies and ion permeation param-
eters.

Both the electrodiffusion and the 4B3S model
were unable to predict the experimental potassium
I-V curve using the assumed K concentrations. The
fitting of both models was attempted with the inter-
nal and external potassium concentrations as free
parameters and an acceptable fit was obtained in
this way with both models as is shown in Fig. 12.
However, for both models the best fit was obtained
with the external concentration of potassium
greater than the internal concentration. The respec-
tive concentrations for the two models were 147 and
125 mMm for the 4B3S model, 135 and 113 mm for the
electrodiffusion model. The prediction of a higher
external concentration is to be expected since the
experimental null potential for potassium was posi-
tive (see Table 2). The fit for the 4B3S model was
made significantly better by assuming a symmetrical
sodium concentration of 10 mM. A possible inter-
pretation of these results is that the high external
potassium concentration caused an alteration of the
concentrations of the permeant ions on each side of
the patch (see Discussion for further details).
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Fig. 12. Predicted I-V curves obtained by fitting the electrodiffusion and 4B3S models to the experimental I-V curves for the four alkali
cations tested. The experimental points are shown as open circles. The continuous lines represent the predicted curves of the
electrodiffusion model. The dashed lines represent the predicted curves of the 4B3S model fitted using four free parameters

Table 4 gives the parameters of best fit for the
two models tested. Examination of the results for
Na shows that the parameters derived from both
models agree qualitatively. To clarify the physical
meaning of these parameters, an example of the
barrier height and well depth found to give an ade-
quate fit to the Na I-V curve is shown in Fig. 13.
Since the exact shape of the energy profile is un-
known, the barrier peaks and well depths are shown
connected by straight lines. Similar plots for Li, Cs
and K are also shown in Fig. 13. Returning to the
case of Na, the relative permeability (Pn./Px) of
approximately 1.0 is due to the almost equal barrier
heights (relative to the aqueous solution) for Na and
K. Therefore the rates of entry of Na and K into the
channel are approximately the same (given the
same concentrations). The relative binding constant
(Kna/Kx) for sodium was greater than 1.0 due to the
greater well depth (relative to the aqueous solution)
for Na than for K. The mobility of the ion in the
channel is determined by the barrier height relative

Table 4. Model parameters, relative permeability (Py/Py), rela-
tive binding constant (Kx/Kx), and relative mobility (uy/ug)?

Model

Rate theory Electrodiffusion
1) sodium
Pra/Px 1.0 0.94
Kn./Kx 2.1 1.6
uNa/uK 0.49 0.60
ii) lithium
PLi/Px 0.59 0.59
Kyi/Kx 3.6 3.3
uLi/uK 0.17 0.18
iii) caesium
Pe/Px 1.6 1.5
Ko/ Kx 2.6 2.06
ucslug 0.61 0.75

2 uylug , the mobility ratio, for the electrodiffusion model is ex-
actly equivalent to ky/kyx , the transition rate constant ratio, for
the rate-theory models.
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Fig. 13. Examples of the barrier heights and well depths obtained for the 4B3S model for the four alkali cations tested. G represents the
voltage-independent component of the Gibb’s free energy along the channel, with peaks and wells connected with straight lines for
illustrative purposes. Positions 0 and 1 represent the external and internal solution-channel interfaces, respectively. The corresponding
values of the relative parameters Pn,/Px, Kn./Kk and un,/ug are given in Table 4

to the bottom of the well. This barrier height is
greater for Na, hence the relative mobility (un./ux)
is less than 1.0.

Examination of Table 4 again (as in the case of
Na) shows a good qualitative agreement between
the permeation parameters for Li obtained from the
4B3S model and the electrodiffusion model. The
barrier height and well depth (relative to the aque-
ous solution) was greater for Li than K. Corre-
spondingly the relative permeability (P;;/Px) and
mobility (uy;/ux) were less than 1.0 and the relative
binding constant (K1;/Kx) greater than 1.0.

For Cs, the barrier height (relative to the aque-
ous solution) was less than for K (see Fig. 13) so
that the relative permeability (Pco/Px) was greater
than 1.0. But the well depth (relative to the aqueous
solution) for Cs was greater than for K, hence the
relative binding constant for Cs (K¢/Kk) is greater
than 1.0. The increased well depth for Cs more than
offsets its low barrier height so the relative mobility
of Cs (ucs/ux) is less than 1.0. For Cs there was
good qualitative agreement between the permeation
parameters obtained from the 4B3S and electrodif-
fusion models.

Figure 13 shows the barrier heights and well
depths found to give the best fit of the 4B3S model
to the potassium I-V curve. As for Na, the well
depth (relative to the aqueous solution) for K was
Iess than that for Na yielding a relative binding con-
stant for Na of 1.59. The barrier heights for Na and
K were almost the same giving a relative permeabil-
ity for Na of 0.96 and a relative mobility for Na
of 0.60. Comparing these results with those ob-
tained for Na (see Table 4), it appears that the rela-
tive binding constant for Na is decreased while the
relative mobility of Na is increased in the K solu-
tion. Interpretation of these differences is compli-
cated by the fact that the ion concentrations had to
be altered to obtain an adequate fit.

As indicated in Table 4, the chord conductances
at —150 mV in the respective cation solutions (see
Table 3) are in the same sequence as the mobilities
of the various cations examined. This is to be ex-
pected since at —150 mV most of the current is
carried by the predominant extracellular cation.

The predicted null potentials, obtained by nu-
merically solving the current equation for each
model using the Newton-Raphson technique, are
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Fig. 14. Chord conductance-voltage curves predicted by the models fitted to the experimental I-V curves for the four alkali cations
tested. The ‘‘experimental’’ y-V curve is given by the open circles with the error bars representing the seM. The continuous lines
represent the predictions of the electrodiffusion model while the dashed lines those of the 4B3S model rate-theory model

given in Table 5. The predicted single-channel
chord conductance-voltage (y-V) curves for both
models were generated using these null potentials.

The predicted y-V curves for the various cat-
ions are shown in Fig. 14. In each of these Figures,
the experimental y-V curve is also shown for com-
parison. The discrepancy between the predicted
and experimental y-V curves depends on two fac-
tors; firstly, how accurately the model predicted the
I-V curve and secondly, how closely the model be-
haved mathematically to the interpolating cubic
curve used to estimate empirically the null poten-
tial. The electrodiffusion model gave a slightly bet-
ter fit to the I-V curves (see Fig. 12) than the 4B3S
model. Also the prediction of the null potentials by
the electrodiffusion model were closer (except in
the case of lithium) to those measured experimen-
tally (cf. Tables 5 and 2). These considerations

Table 5. The null potential (mV) estimated by the electrodiffu-
sion and the 4B3S rate-theory models

Models Solutions

Na Li Cs K
Rate theory -5.5 —-17.3 +6.0 +3.7
Electrodiffusion -7.1 -17.0 +5.3 +2.5

would explain some of the differences between the
predicted and experimental curves. It could also ex-
plain at least some of the difference between the
two predicted curves. However, at potentials more
positive than about +30 mV, both models predicted
the opposite trend to that seen in the experimental
curve. This suggested that another process, besides
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Fig. 15. A plot of the relative permeabilities determined from the
models fitted to the experimental I-V curves, versus the inverse
bare cation radius. The relative permeabilities determined from
the electrodiffusion model are given by the triangles connected
by a continuous line and those from the 4B3S rate-theory model
by circles connected by a dashed line. The lines are of no theo-
retical significance and simply connect each point for each model

those embodied in the models, was also controlling
the conductance at positive potentials. A process
that made the entry of ions into the channel rate-
limiting, would be consistent with the finding that
the decrease in conductance with increasing posi-
tive potentials was greatest for K and least for Li.

Examination of the predicted y-V curves for the
various cations shows that the voltage dependence
of the conductance is different for each cation.
Comparing Li, Na, and Cs the increase in the con-
ductance as the potential is depolarized becomes
less while for K the conductance is virtually con-
stant. This is also shown in the experimental y-V
curves at potentials more negative than the null po-
tential.

A plot of the relative permeability or the rela-
tive binding constant against the inverse of the bare
cation radius can reveal whether the interaction of
the cation with the channel at the location of the
barrier or well, respectively, can be explained to a
large extent by a simple coulombic model (for a
review, see Eisenman & Horn, 1983).

Figure 15 shows a plot of the relative permeabil-
ity versus the inverse of the bare cation radius. The
relative permeabilities given by the electrodiffusion
model clearly display a ‘‘proportional’” sequence;
that is, the interaction of the ion with the channel at
the location of the barriers is probably governed
mainly by the relative hydration energy of the cat-
ions. As the relative hydration energy is increased,
then the rate of entry of the ion to the channel is
decreased.

Figure 16 shows a plot of the relative binding
constant versus the inverse bare cation radius. This
displays a ‘‘polarizability’’ sequence for the results
from both the electrodiffusional model and the
4B3S model fitted using four free parameters.
Hence a simple coulombic model cannot account
for the interaction between the cation and the chan-
nel at the well locations.

Discussion

EFFECTS OF ALKALI CATIONS

The electrodiffusion model of Barry et al. (1979)
and symmetrical rate-theory models with many uni-
form barriers predict a linear current-voltage curve
in symmetrical solutions. The 4B3S model exam-
ined predicts an essentially linear I-V curve for
symmetrical solutions. In contrast, the 2B1S model
predicts a symmetrical supralinear curve under the
same conditions. In this study it was not possible to
record with symmetrical solutions. Recording from
excised patches was attempted on several occa-
sions but gave inconsistent results. The reasons
were not clear, but may have been due to the dam-
aging effects of Ca?*, in the bath solution, on the
cytoplasmic face of the excised patch. Others have
also had similar difficulties in recording from ex-
cised patches derived from enzyme-treated adult
amphibian muscle (O.P. Hamill, personal commu-
nication). The results presented for K show that in
approximately symmetrical solutions the current-
voltage curve is essentially linear. However, the
G-V curve for potassium did show a slight decrease
in conductance at potentials more positive than
about +30 mV. Further evidence for the symmetry
of the channel is given by the results for caesium.
Caesium in many respects resembles potassium in
terms of the properties known to affect permeation
(Hille, 1975b; Mullins, 1975; Barry & Gage, 1984).
The current-voltage curve for Cs* was found to be
approximately linear, as expected for a symmetrical
channel with at least three sites.

Recordings from excised patches in symmetri-
cal solutions have shown that the current-voltage
curve is linear for Na* (Horn & Patlak, 1980; San-
chez et al., 1986, rat myotubes), Cs* (Dwyer & Far-
ley, 1984; Dwyer, 1986, chick myotubes), and Li*
(Redmann et al., 1982, cultured BC3H1 cells) but
has a slight inward rectification for K™ (G.A. Red-
mann, personal communication; Sine & Steinbach,
1984a,b, both BC3H1 cells). Results for acetylcho-
line channels reconstituted into planar lipid bilayers
have also shown the current-voltage curve to be



N. Quartararo et al.: Alkali Cation Permeation through ACh Channels 155

linear in symmetrical solutions (Labarca et al.,
1984).

The slight inward rectification for K+ reported
by others (G.A. Redmann, personal communica-
tion; Sine & Steinbach, 1984a,b) was not clearly
seen in the current-voltage curve obtained for po-
tassium in the present study. The current-voltage
curve obtained by Sine and Steinbach (1984a,b)
shows that the rectification only begins to become
prominent at potentials greater than about +50 mV,
outside the range of the present study. There is no
evidence for rectification at the same potentials for
symmetrical Na* solutions (Horn & Patlak, 1980) or
symmetrical Cs™* solutions (Dwyer & Farley, 1984).
G.A. Redmann (personal communication) found,
for cell-attached patches with Na* in the electrode,
that there was rectification at potentials greater than
about +100 mV, but that there was no rectification
evident for symmetrical solutions of either Na* or
Li*. It would appear, therefore, that rectification
was observed in every case when potassium was
carrying most or all of the outward current. This
rectification would be consistent with a diffusion-
limited entrance for ions to the channel from the
intracellular solution. Andersen (1983) has specu-
lated that diffusion-limited access is not prominent
for biological channels because many have ante-
chambers acting as funnels for ions. In contrast, the
gramicidin channel does show these effects since it
lacks these structures. On this basis, the above hy-
pothesis predicts that there should be no antecham-
ber at the intracellular entrance to the channel, as
indeed proposed from other evidence (Horn &
Brodwick, 1980; Horn & Stevens, 1980). In sum-
mary, the voltage-dependent conductance found for
Na*, Li* and Cs* over the potential range exam-
ined is a consequence of the asymmetrical solutions
bathing the membrane.

The voltage sensitivity of conductance for Na
found in the present study is significantly lower than
that reported previously for extrajunctional chan-
nels from the same preparation (Gage & Hamill,
1980). Gage and Hamill found the ratio of the chord
conductances in NTR at +30 and ~90 mV was ap-
proximately 1.9 for extrasynaptic channels and 1.2
for synaptic channels. The value found here for ex-
trajunctional channels was approximately 1.2, the
same as the value they obtained for synaptic chan-
nels. This is a further example of the inconsistent
values of conductance obtained between patch
clamping and noise analysis (see, for example,
Hamill, 1983; Gardener et al., 1984).

The permeability sequence for the alkali cations
found in this study is in the same order as their
mobilities in aqueous solution, i.e. Li < Na < K <
Cs. This agrees with previous findings for junctional

REL. BINDING CONSTANT
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Fig. 16. A plot of the relative binding constant determined from
the models fitted to the experimental I-V curves, versus the in-
verse bare cation radius. The relative binding constants deter-
mined from the electrodiffusion model are given by the triangles
connected by a continuous line and those from the 4B3S rate-
theory model by circles connected by a dashed line. The lines
have no theoretical significance and simply connect each point
for each model

channels found in amphibian muscle (Gage & Van
Helden, 1979; Adams et al., 1980; 1981; Lewis &
Stevens, 1983). The plot of the relative permeability
versus the inverse of the bare cation radius shows a
‘“proportional’’ selectivity sequence (Eisenman &
Horn, 1983). The permeability sequence gives infor-
mation about the relative interactions of the ions
with the part of the channel modelled as an energy
peak. The results show the interaction to be approx-
imately inversely proportional to the hydration en-
ergy of the ion. In terms of the rate-theory model,
this has implications concerning the entrance or as-
sociation of the ion with the channel. The lower the
hydration energy of the ion the more easily it enters
the channel. This could be interpreted in several
ways. It may indicate partial or complete dehydra-
tion of the ion at the time of entry to the channel.
Alternatively, it may indicate a diffusion-controlled
rate constant for entrance to the channel (Ander-
sen, 1983).

The conductance sequence was Li < Na < Cs
< K and was different from the permeability se-
quence. The conductance sequence is again in
agreement with previous findings for junctional
channels in amphibian muscle (Gage & Van Helden,
1979; Adams et al., 1981) and for ACh channels
found in rat myotubes (Hamill & Sakmann, 1981).
The difference in the two sequences shows that the
independence principle is violated. For systems
obeying independence the conductance ratio se-
quence should be the same as the permeability ratio
sequence. This condition can hold in symmetrical,
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Fig. 17. The relative conductance (G, as a function of the net
patch potential for symmetrical rate-theory models with uniform
barriers (2B1S model, dashed line; 4B3S model, dashed-dotted
line) and the electrodiffusion model (solid line). The curves were
generated for the biionic solution situation (A*X~:B*X") as-
suming equal concentrations for the extracellular (B) and intra-
cellular (A) cations together with the presence of impermeant
anions (X 7). Values of K4/Kp = 10 and k,/k; (equivalent to u,/ug)
= 0.1 (so that P,/Pg = 1) were assumed for each curve. Redrawn
and modified after Barry and Gage (1984)

one-ion channels disobeying independence (such as
that examined here) but only in the low concentra-
tion limit where the probability that the channel is
occupied is very low (Coronado et al., 1980; Eisen-
man & Horn, 1983). The violation of independence
for ion movement through the ACh channel of am-
phibian muscle has been noted previously in a num-
ber of studies on amphibian junctional channels
(Lewis, 1979; Lewis & Stevens, 1979; Adams et al.,
1981; Takeda et al., 1982a,b). Lewis (1979) found
that surface charge effects alone were unable to ac-
count totally for the violation of the independence
of ion movement. Lewis and Stevens (1979) were
able to fit the data by adding, in addition to the
surface charge effects, competition for an intra-
channel site. They proposed a two-barrier, single-
site rate-theory model with surface charge effects.

In the model examined in this study, it was as-
sumed that the nonindependent movement of ions
through the ACh channel could be accounted for
completely by competition for intrachannel sites.
As for the number of sites in the channel, the
models examined in this study spanned the entire

spectrum. For symmetrical channels with uniform
barriers and asymmetrical solutions, the effect of
increasing the number of sites on the G-V curve is
shown in Fig. 17. The Figure shows that the most
sensitive portions of the voltage range for deciding
between models with different numbers of sites are
at potentials more hyperpolarized than —100 mV
and potentials more depolarized than +50 mV. In
particular, the one-site, two-barrier model predicts
a supralinear /-V curve in the range from —100 to
—150 mV. A supralinear I-V curve was not found
for any of the cations examined .in this study. This
suggests that the channel has more than one site if a
symmetrical model with uniform barriers is as-
sumed. Dwyer and Farley (1984), studying the ACh
channel in chick myotubes, have also suggested a
symmetrical rate-theory model with more than one
site. Recently, Dwyer (1986), studying the ACh
channel in chick myotubes, has used a symmetrical
3B2S model to predict the I-V curve he obtained for
caesium.

The relative binding constants formed a ‘‘polar-
izability’’ selectivity sequence (Eisenman & Horn,
1983). In terms of the models discussed, the relative
binding constant sequence yields information about
the relative interactions of the different ions with
the intrachannel sites. A polarizability sequence in-
dicates that the attraction between an ion and a site
is not just coulombic but requires higher-order
terms due to induced dipole interactions. The at-
traction between the site and cation is strongest for
lithium since it has the highest polarizing power.

With the assumed bulk concentrations for so-
dium and potassium, the Generalized Null Potential
Equation and hence both the electrodiffusion and
rate-theory models were all unable to adequately fit
the potassium I-V curve. The bulk concentrations
of sodium and potassium contained in the electrode
solution were checked independently using a flame
spectrophotometer and were found to be the same
as those assumed. The null potential for potassium
was found to be about +2 mV. This was consistent
with both models and indicated that the external K
concentration was greater than the internal K con-
centration. This would point to the bulk intracellu-
lar K concentration being lower than the assumed
value of 140 mM. Lewis (1979) directly measured
the intracellular potassium activity using an ion-
sensitive electrode. She found a value of 80 mmol
liter~! which was significantly lower than that re-
ported previously by Lev and Armstrong (1975).
Lewis speculated the difference may have been a
consequence of the microdissection she carried out
prior to an experiment. Despite the enzyme treat-
ment used in the present study, the range of the
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resting membrane potentials (=70 to —90 mV) of
the muscle fibers argues against a significant loss of
intracellular potassium. An intracellular potassium
concentration of approximately 110 mMm could ac-
count for the null potential of =2 mV found in this
study.

Another possibility was that the potassium con-
centrations adjacent to the membrane were differ-
ent from those in the bulk solutions. Ayer et al.
(1983) found that using isotonic K saline in the
patch electrode gave values for the resistance of the
membrane patch that were significantly lower than
those found using Na saline. Auerbach and Sachs
(1984) have suggested that the low membrane patch
resistance may have been caused by anomalous rec-
tifier potassium channels that were continuously
open in the potassium saline solution. On several
occasions in the present study, the amplitude of the
current was rechecked after recording for 10 to 15
min using the potassium solution. In each case the
amplitude of the current was the same as that at the
commencement of recording. Hence, if local con-
centration changes were occurring adjacent to the
membrane patch, it would appear they were estab-
lished within about a minute of the formation of a
gigaohm seal and then remained constant for the
recording time. As mentioned previously, the find-
ings of Maruyama and Petersen (1982) and Siegel-
baum et al. (1982) suggest a relatively free exchange
of material occurs between the general cytoplasm
and the cytoplasm adjacent to the membrane patch.
This would tend to argue against local concentra-
tion changes occurring in the cytoplasm adjacent to
the membrane patch. Ayer et al. (1983) also found
that the apparent seal resistance was voltage depen-
dent when the patch-clamp electrode contained iso-
tonic K saline. In the present study this should have
only produced a negligible error in the voltage
across the patch because of the very low input resis-
tance of the cells used.

In summary, the results presented in this paper
have shown that the extrajunctional ACh channel in
denervated toad muscle has the following charac-
teristics in relation to the permeation of the alkali
cations examined:

1. Over the voltage range examined, the chan-
nel behaves essentially symmetrically.

2. Independence is violated for the movement
of ions through the channel.

3. The current-voltage curve obtained in the
various cation solutions can be well fitted by sym-
metrical channel models based on either electrodif-
fusion or rate theory.

4. The channel probably has more than one site
where interactions with permeating ions take place.

5. The relative permeabilities for the alkali cat-
ions examined form a ‘‘proportional’” selectivity se-
quence, i.e., Pcs > P > Pna > Puy.

6. The relative binding constants form a high-
field strength “‘polarizability’’ selectivity sequence,
Le., Ki; > K¢s > Kna > Kk

7. There is a reciprocal relationship between
equilibrium constant and mobility so that the more
tightly bound ion has the lower mobility in the
channel.

We would like to acknowledge the support of the Australian
Research Grants Scheme during the course of the project.
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