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Abstract. Extracellular acidosis affects both permeation
and gating of the expressed rat skeletal muscle Na+ chan-
nel (m1). Reduction of the extracellular pH produced a
progressive decrease in the maximal whole-cell conduc-
tance and a depolarizing shift in the whole-cell current-
voltage relationship. A smaller depolarizing shift in the
steady-state inactivation curve was observed. The pK of
the reduction of maximal conductance was 6.1 over the
pH range studied. An upper limit estimate of the pK of
the shift of the half-activation voltage was 6.1. The rela-
tive reduction in the maximal whole-cell conductance
did not change with higher [Na+]o. The conductance of
single fenvalerate-modified Na+ channels was reduced
by extracellular protons. Although the single-channel
conductance increased with higher [Na+]o, the maximal
conductances at pH 7.6, 7.0 and 6.0 did not converge at
[Na+]o up to 280 mM, inconsistent with a simple electro-
static effect. A model incorporating both Na+ and H+

binding in the pore and cation binding to a Gouy-
Chapman surface charge provided a robust fit to the
single-channel conductance data with an estimated sur-
face charge density of 1e−/439Å2. Neither surface
charge nor proton block alone suffices to explain the
effects of extracellular acidosis on Na+ channel perme-
ation; both effects play major roles in mediating the re-
sponse to extracellular pH.
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Introduction

Extracellular acidosis has well-described inhibitory ef-
fects on the Na+ current in nerve, heart and muscle. In

studies of whole-cell current, elevation of the external
proton concentration produces two consistent effects: a
shift in channel gating to more depolarized potentials and
a reduction in the maximal Na+ conductance (Hille,
1968; Woodhull, 1973; Drouin & The, 1969; Campbell,
1982; Begenisch & Danko, 1983; Yatani et al., 1984).
The shift in gating has been attributed to titration of
negative surface charges accessible from the extracellu-
lar surface of the channel. The mechanism of the reduc-
tion in Na+ conductance is less certain. Based on the
voltage dependence of proton-induced current reduction,
it has been proposed that H+ enters the pore and binds to
a site within the membrane field, producing block
(Woodhull 1973; Begenisich & Danko, 1983). How-
ever, macroscopic current studies are complicated by the
difficulty of separating changes in gating and perme-
ation. In fact, it has been argued on the basis of tail
current experiments (Campbell, 1982) that the H+-
induced reduction in conductance is voltage-independent
and that the apparent voltage dependence is the result of
an effect on channel gating. Extracellular proton-
induced inhibition of unitary Na+ current in guinea pig
ventricular myocytes is not voltage-dependent over a
wide pH range (Zhang & Siegelbaum, 1991). In con-
trast, cardiac Na+ channels that have been modified to
remove fast inactivation exhibit a parabolic dependence
on voltage with less H+-induced inhibition of current at
the extremes of the voltage range, consistent with proton
permeation at negative potentials (Backx & Yue, 1991).
Studies of BTX-modified channels reconstituted in pla-
nar lipid bilayers also reveal a voltage-dependent reduc-
tion in extracellular H+ inhibition of the Na+ current at
positive voltages (Daumas & Andersen, 1993).

Surface charge reduction or simple titration of a site
in the pore by protons does not adequately explain the
experimentally observed effects of H+ on the Na+ cur-
rent. We have examined the effect of changes in extra-
cellular pH on skeletal muscle Na+ channels expressed inCorrespondence to:G.F. Tomaselli
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Xenopusoocytes. Acidosis reduces the whole-cell cur-
rent and shifts the current-voltage relationship to more
depolarized potentials. Single-channel recording was
used to study the effect of the extracellular pH on Na+

conductance over a range of [Na+]o. To avoid the con-
founding effects of channel gating, patches were modi-
fied to remove fast inactivation. Extracellular protons
reduce the single-channel conductance in a dose-
dependent fashion. This effect is not attenuated at high
external Na+ concentrations and thus is not solely due to
a surface charge effect or a simple electrostatic increase
in local Na+ concentration. Proton permeation at nega-
tive potentials argues against a simple one-site blocking
model.

Some of these data have appeared in abstract form
(Bénitah et al., 1995).

Methods and Materials

CHANNEL EXPRESSION

Plasmids containing them1 Na+ channela subunit (Trimmer et al.,
1989) and theb1 subunit (Isom et al., 1992) were linearized withSal
I andEcoRI, respectively for in vitro RNA transcription as previously
described (Tomaselli et al., 1991). Oocytes were injected with 50 nl of
a 1:1 weight:weight mixture ofa and b1 subunit cRNA at a final
concentration of 0.1–0.25mg/ml. Oocytes were harvested from human
chorionic gonadotrophin-primed adult female frogs (XenopusI, Ann
Arbor, MI or Nasco, Ft. Atkinson, WI). Single oocytes were isolated
by digestion of lobes of ovary with 1–2 mg/ml of collagenase (Type IA,
Sigma, St. Louis, MO) in modified Barth’s solution containing (in mM):
88 NaCl, 1 KCl, 2.4 NaHCO3, 15 tris(hydroxymethyl)aminomethane
(TRIS base), 0.3 CaNO3 z 4H2O, 0.41 CaCl2 z 6H2O, 0.82
MgSO4 z 7H2O. The oocytes were stored in modified Barth’s solution
supplemented with penicillin (100 U/ml) and streptomycin (100mg/
ml), gentamicin (50mg/ml), sodium pyruvate (2 mM), and theophylline
(0.5 mM). Prior to single-channel recording, the visceral vitelline mem-
brane was manually removed after incubation of the oocyte in a hy-
pertonic solution containing (in mM): 220 N-methyl-D-glucamine
(NMG), 220 aspartic acid, 2 MgCl2, 10 N-(2-hydroxyethyl)piperazine-
N8-(2-ethanesulfonic acid) (HEPES), 10 Ethylene glycol-bis(b-amino-
ethyl ether)-N, N, N8,N8-tetraacetic acid (EGTA), pH 7.2.

ELECTROPHYSIOLOGY

Macroscopic currents were recorded using a two-microelectrode volt-
age clamp (OC-725B Warner Instrument, Hamden, CT) 2–5 days after
RNA injection. The resistance of the current electrode was 0.5–1MV

and 1–5MV for the voltage-recording electrode when filled with 3M

KCl. Currents were measured in modified frog Ringer’s solution con-
taining (in mM): 96 NaCl, 2 KCl, 1 MgCl2, 5 HEPES, with the pH
varied between 4.9 and 8.0. For solutions of pHø 6.5, 2-[N-
morpholino]ethanesulfonic acid (MES) replaced HEPES. To optimize
voltage control, we used oocytes with small currents (<5mA). Current
records exhibiting an abrupt rise in the negative slope region of the
current-voltage relationship or notches were discarded. Steady-state
inactivation was determined using 200 millisecond prepulses ranging
from −110 to −30 mV in decrements of 5 mV preceding a test pulse to
−20 mV. To avoid cumulative inactivation, a repetition interval of 4

sec was employed. We observed no voltage shift in the steady-state
inactivation curves over the time course of these experiments (up to 45
min). Whole-cell current were sampled at 5 kHz through a 12 bit A/D
converter (model TL-1 DMA Labmaster, Axon Instruments, Foster
City, CA) and lowpass filtered at 1–2 kHz (−3 dB) with an 8-pole
Bessel filter (Frequency Devices, Haverhill, MA). The currents were
acquired and analyzed using custom-written software.

Single-channel currents were measured using the cell-attached
patch clamp configuration (Hamill et al., 1981) with an Axopatch 200A
amplifier (Axon Instruments, Burlingame, CA). The currents were
sampled at 10 kHz and low-pass filtered at 1 kHz. The pipette solution
contained (in mM): 140 NaCl, 10 HEPES (or MES, pH 6.0), 1 BaCl2,
and the bath contained (in mM): 140 KCl, 10 HEPES (or MES, pH 6.0),
the pH of the pipette and bath solutions were changed symmetrically.
Single-channel currents were recorded between pH 6 and 8, below pH
6 patch stability was severely compromised. Junction potentials were
zeroed prior to patch formation. The unitary currents were modified by
bath application of 20mM fenvalerate (DuPont, Wilmington, DE) to
prolong openings and thereby facilitate analysis of the effects of chang-
ing the extracellular pH on permeation (Holloway et al., 1989; Backx
et al., 1992). All experiments were performed at 20–22°C.

DATA ANALYSIS

Whole-cell current-voltage relationships were fit with a function com-
bining the Boltzmann distribution describing steady-state activation
and the Goldman-Hodgkin-Katz constant field equation (Hille, 1992):
I/Imax 4 (V − Vrev) Gmax/{[1 + exp[(V − V0.5)/k]] + 1}, where V is the
test potential, and the parameters estimated by the fit whereVrev, the
reversal potential;Gmax, the relative maximal conductance;V0.5, the
half point of the relationship; andk, the slope factor. Because of un-
derestimation of the peak current at positive test potentials only cur-
rents elicited by voltage steps to 0 mV or less were fit.

Steady-state inactivation curves were generated using a two-pulse
protocol and the normalized peak currents were fit with a Boltzmann
function: I/Imax 4 {1 + exp[(V0.5 − V)/k]}, where V is the potential of
the conditioning pulse,V0.5, the potential at which the current is half-
maximally inactivated, andk, the slope factor. The best-fit curves to
the data were determined using a nonlinear least squares method (Lev-
enberg-Marquardt algorithm, Origin, MicroCal, Northhampton, MA).
We made no assumptions about the number of titrable sites hence, the
pH dependence of the activation voltage shift was fit with a function of
the form:DV0max/[1 + 10(pKa-pH)n], whereDV0max is the maximal shift
of the activation voltage andn is the slope of the curve. The pH
dependence of the normalized maximal conductance was fit with the
function 1/[1 + 10(pKa-pH)n]. The dependence of the maximal conduc-
tance on [Na+]o was fit with a saturating single-site binding model.

Single-channel analysis was performed using custom-written
software. Single-channel opening events were determined using a half-
height criterion (Colquhoun & Sigworth, 1983). Amplitude histograms
were fitted to the sum of Gaussians using a nonlinear least squares
method. Pooled data are expressed as the means and standard devia-
tions, and statistical comparisons were made using one-way ANOVA
unless otherwise specified.

MODEL

We have modeled the effects of varying concentrations of H+ and Na+

on Na+ conductance by including three modulating features: surface
charge screening, specific binding of Na+ and H+ to surface charges,
and block of the pore by H+. For simplicity, we have assumed that the
Na+ conductance at an infinitely low H+ concentration (gNa) is linear

122 J.-P. Be´nitah et al.: Proton Inhibition of Expressed Na Channels



with respect to voltage over the range we consider in our analysis.
We assume that at 1 mM BaCl2 acts to screen surface charge. There is
no evidence that Ba2+ acts as a competitive blocker of the channel.
Further, we assume thatgNa is a saturable function of Na+ binding to
a single site in the pore with a dissociation constant KNaP as follows:

gNa 4 gmax/[(KNaP/[Na+]P) + 1] (1)

wheregmax is the maximum Na+ conductance and [Na+]P is the Na+

concentration at the entrance to the pore, corrected for surface potential
effects on local ion concentration. We include a term for H+ binding to
a single site in the pore to block the Na+ conductance (Zhang & Siegel-
baum, 1991), thus the Na+ conductance at any H+ concentration (gNa/H)
may be defined as follows:

(gNa/H 4 gNa/[([H
+]P/KHP) + 1] (2)

where [H+]P is the hydrogen ion concentration at the pore surface,
corrected for the concentrating effect of the surface potential, and KHP

is the dissociation constant of blocking site in the pore for hydrogen
ions. It is assumed that proton block occurs on a rapid time scale,
thereby causing an apparent reduction in the unitary current amplitude,
translating into a reduction ingHa/H. Eqs. (1) and (2) may be combined
into a single expression forgNa/H as follows:

gNa/H 4 gmax z [(KNaP/[Na+]P) + 1]−1 z [([H+]P/KHP) + 1]−1 (3)

The Na+ and H+ concentrations at the pore surface may be corrected for
the surface potential using the Boltzmann equation:

[H+]P 4 [H+]B exp(−zFF/RT) (4)

[Na+]P 4 [Na+]B exp(−zFF/RT) (5)

where [H+]B and [Na+]B are the bulk concentrations of protons and Na+

respectively,z is the cation valence,F is the surface potential, and
RT/F 4 25.3 mV at 20°C.

The surface potential is related to a uniform planar surface charge
(sa) in an electrolyte solution by Gouy-Chapman theory. The screen-
ing effect of ions on the surface charge is given by the Grahame
equation (Grahame, 1947) as follows:

sa
2 4 G−2 {[Na+]B z (exp(FF/RT) − 1) + [H+]B z (exp(FF/RT) − 1)}

(6)

whereG 4 270 Å2e−1M0.5, giving an apparent surface charge density
(sa) in units of e−/Å2. Specific association of the cations with the
surface charge allows expression of the apparent surface charge as a
function of the total surface charge (st) as follows:

sa 4 st {1 + [Na+]B KNaM exp(−ziFF/RT)
+ [H+]BKHM exp(−ziFF/RT)} (7)

This equation assumes that the same surface charges bind Na+

and H+, but not necessarily with the same affinity. The voltage depen-
dence of block is implicit in the model in the conductance term. We
assume that the electrical distances do not change at different pHs.
For any particular [Na+]B and [H+]B, Eqs. (6) and (7) may be used to
calculate the surface potential (F), from which the local ion concen-
trations can be calculated and then used to solve Eq. 3. Hence, there
are six unknown parameters relating the conductancegNa/H to [Na+]B

and [H+]B:

KNaM, KHM: association constants of the surface charge for Na+

and H+ respectively (M−1)

KNaP, KHP: dissociation constants of the pore for Na+ and H+

respectively (M)
st: total membrane surface charge (e−/Å2)
gmax 4 maximum Na+ conductance in the absence of H+ ions

(pS).

To determine values for these parameters, initial guesses were
made and surface potential was determined using a numerical bisection
method (Press et al., 1992). With this initial value of surface potential,
the Na+ conductance was calculated using Eq. 3. A simplex algorithm
(Nelder & Mead, 1965) was then used to compare the calculated Na+

conductance to the measured value, and iteratively modify the param-
eters to minimize the sum-of-squared error. The importance of specific
features of the model were then evaluated by fitting subsets of the
complete model to the data. The sum-of-squared error was compared
to that obtained using the complete model using anF ratio (Horn,
1987).

Results

PROTONS SHIFT GATING OF EXPRESSEDNa+ CHANNELS

Them1 skeletal muscle Na+ channel expresses robustly in
Xenopusoocytes with rapid decay kinetics in the pres-
ence of theb1 subunit (Nuss et al., 1995). External pro-
tons decrease whole-cell Na+ current and shift the cur-
rent-voltage (I–V) relationship to more depolarized
potentials. Figure 1A shows normalizedI–V relation-
ships for currents recorded from thirty oocytes at three
different pHs. TheI–V relationships at a given pH are
normalized to that at pH 7.6 and are fit with a function
combining the Goldman-Hodgkin-Katz current equation
and the Boltzmann relationship to estimate maximal con-
ductance (Gmax) and the voltage for half-activation (V0).
The pH dependence of the maximal conductance reflects
proton-induced changes in permeation since theGmax

measurement compensates for gating shifts. Under the
reference conditions (pH 7.6, 0 Ca2+, 1 mM MgCl2), the
expressed channels begin to activate at −60 mV, the peak
current is observed at −35 mV and the fitted half-
maximal activation voltage is −46 mV. Small changes in
the I–V relationship are observed at pH 7.0 compared
with pH 7.6. The current at pH 7.0 activates at −55 mV,
with the negative slope region of theI–V shifted approxi-
mately +5 mV compared to theI–V at pH 7.6. TheI–V
peaks between −30 and −35 mV and is half-maximally
activated at −43 mV. The maximal conductance at pH
7.0 is decreased approximately 10% from the reference
condition. The Na+ current recorded from the same oo-
cytes at pH 6.0 had a dramatically shiftedI–V relation-
ship and a greater than 50% reduction in the maximal
conductance. The current at pH 6.0 activates at −45 mV,
peaks at −20 mV and is half-maximally activated at −31
mV. At pH 5.0 the whole-cell current is not measurable
under these recording conditions. Under our whole-cell
recording conditions, assuming an intracellular Na+ con-
centration in the oocyte of about 10 mM the equilibrium
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potential for Na+ is approximately +56 mV. Compari-
sons of the reversal potentials of currents recorded in the
whole-oocyte configuration are difficult because of the
large capacity transient and the speed of the currents at
positive test voltages nearENa. Therefore only the
whole-cell current elicited by voltages steps to less than
0 mV were fit.

The rate of the effect of changing the extracellular
pH on both the voltage-dependence of gating and the
peak current amplitude is limited by the exchange rate of
the bath. The current amplitude decreases and reaches a
new steady-state within seconds of perfusing the bath
with an acidic solution; the increase in the peak current
with washout is equally rapid (data not shown). Increas-
ing the extracellular proton concentration did not change
the holding current, arguing against a substantial inward
H+ current. The rapid kinetics of the pH-induced
changes in the whole-cell current and the absence of a
significant depolarization of the cells suggest that the
effect is not due to a change in the intracellular pH.

The steady-state availability of the Na+ current is
modulated by extracellular pH. At pH 7.0 or greater
there was no shift in the midpoint of the steady-state
inactivation curve compared to the reference condition.

The curves at pH 7.6 and 7.0 are superimposable, with
half-inactivation voltages of −68.4 and −68.2 mV and
slope factors of 4.7 and 5.2 mV respectively. No statis-
tically significant difference was observed for the mean
values in eitherV0.5 (in mV: −66.2 ± 16.1 pH 7.0 [n 4
8]; −66.9 ± 9.5 mV at pH 7.6 [n 4 16]; P 4 NS), or k (in
mV: 3.9 ± 0.3vs.4.0 ± 0.2 mV,P 4 NS, pH 7vs.pH 7.6
respectively). At lower extracellular pH the availability
curve shifts in the depolarizing direction and the slope
factor increases. The half-maximal availability voltage
and slope factors are −62.3 and 6.0 mV respectively at pH
6.0 (Fig. 1B). The same analysis repeated in thirteen
different oocytes gave mean values of −63.4 ± 10.2 mV
for V0.5 (P < 0.01vs.pH 7.6), and 4.1 ± 1.4 mV fork (P
4 NS vs.pH 7.6).

COMPARISON OF THESHIFTS IN GATING AND THE

MAXIMAL CONDUCTANCE

Figure 1C compares the pH dependence of the activation
gating shift and maximal whole-cell conductance.
Whole-cell currents were measured between pH 5.8 and
8.0. The squares represent the difference between the

Fig. 1. The effect of extracellular acidosis on expressed skeletal muscle Na+ channels. Whole-cell currents recorded fromXenopusoocytes
expressing them1 Na+ channela subunit and the rat brainb1 subunit. The cells are held at −100 mV and currents are elicited by 50 msec voltage
steps from −70 to 0 in increments of 5 mV. (A) NormalizedI-Vs from 30 oocytes at pH 7.6 (j), 7.0 (s), and 6.0 (m) the data are fit by a function
combining the Boltzmann distribution describing steady-state activation and the Goldmann-Hodgkin-Katz constant field equation (Hille, 1992). The
estimated half-activation voltage and the voltage eliciting the peak current are shifted to the right. The maximal conductance is reduced more than
50% at pH 6.0 compared to that at 7.6. (B) The steady-state availability curves at pH 7.6, 7.0 and 6.0 (same symbols as panelA) generated by 200
msec prepulses to the designated potentials (−140 to −10 mV in 5 mV increments) followed by a 50 msec test pulse to −35 mV. Each of the curves
represents the mean and standard deviation from 6 oocytes. The half-inactivation voltage is unchanged at pH 7.0 compared with that at pH 7.6 (−68.2
± 0.6 mV vs.−68.4 ± 0.6 mV), a significant shift (half-inactivation voltage of −62.3 ± 0.6 mV) was observed at pH 6.0. (C) pH-dependent shift
in the half-activation voltage and maximal conductance. The activation voltage shift (open squares) referenced to pH 7.6 between pH 5.8 and 8.0
has an estimated pK of 6.1 ± .11 fit to a single-site titration model (broken line). Each data point represents data from at least seven oocytes. A plot
of the maximal conductance (solid squares) determined from the fits of the whole-cellI-V normalized to theGmax at pH 7.6. The fit (continuous
line) of the data give a pK of 6.1 ± .03. The pH dependence of whole-cell gating and maximal conductance are similar.
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half-activation potentials at the test pH and the reference
pH, 7.6. There is an insignificant shift in the half-
activation potential at pHs greater than 7.0, but the mag-
nitude of the shift increases at higher [H+]o with an es-
timated pKa of 6.1 ± 0.1. The voltage shift of the peak
inward current has a similar pH dependence and pKa
(data not shown). The reduction in Na+ current below
pH 5.8 precludes accurate determination of the voltage
shift. The maximal whole-cell conductance does not in-
crease significantly above pH 7.6 and falls most steeply
between pH 7 and 5. The maximal conductance normal-
ized to that at pH 7.6 decreases with increased extracel-
lular proton concentration with a pKa of 6.1 ± 0.03 (Fig.
1C, circles), a value close to the estimated pKa for the
voltage shift. Extracellular acidosis reduces conductance
and shifts the activation voltage to more positive poten-
tial. The proton-induced changes in conductance and
gating could be due to a parallel dependence on screen-
ing surface charge, or titrating a single class of negative
charges.

To determine whether titrating external negative
charges influences conductance by an electrostatic
mechanism, we examined the pH dependence of the
whole-cell conductance at different external Na+ concen-
trations. The maximal conductance is determined from
fits of the normalizedI–Vs at 58, 96, and 140 mM [Na+]o,
such that the relative maximal conductance (relative
Gmax) is unitless. The relative maximal conductances are
all in the limiting slope region of the Michaelis-Menten
fit, well below the estimated Kms. The ratio of conduc-
tances do not converge over the range of [Na+]o studied
(Table 1); in fact, at pH 6.0 the conductance at 140 mM

[Na+]o is smaller than that at 58 mM normalized to the
reference conditions, pH 7.6. This failure of conver-
gence may reflect the genuine absence of an electrostatic
effect; alternatively, convergence may be seen only at
higher Na+ concentrations. However, limitations in volt-
age control preclude the study of whole-cell current in
oocytes at higher external Na+ concentrations. It is
likely that, even if a surface charge binding or screening
effect is present, protons also alter conductance in the
Na+ channel by other mechanisms. We employed
single-channel recording to study the effects of protons
on the open-channel properties.

REDUCTION OF SINGLE-CHANNEL CURRENT BY PROTONS

External protons affect both the open probability and the
unitary Na+ conductance. To study the effect of acidosis

on Na+ permeation, membrane patches were modified
with fenvalerate to remove fast inactivation and promote
long, uninterrupted openings. Modification of the Na+

channel with fenvalerate does not change the conduc-
tance. Figure 2 (top) illustrates single-channel openings
in the absence and presence of 20mM fenvalerate at test
potentials of −50 and −30 mV; the unitary current am-
plitude does not change. Thei–V relationships of the
channel before and after modification are superimposible
(Fig. 2, bottom).

Figure 3A illustrates representative single-channel
tail currents elicited by depolarizations to −20 mV fol-
lowed by repolarizing steps to potentials from −80 to −20
mV in increments of 20 mV at pH 7.6, 7.0, and
6.0. Openings in the tails were analyzed only if an open-
ing was observed in the depolarizing test pulse to avoid
contamination of the amplitude histograms with stretch-
activated cation channels commonly observed in oocyte
membrane patches. At pH 7.6, tail currents exhibit well-
resolved openings tens of milliseconds in duration with
little intrinsic gating. A monotonic reduction in the cur-
rent amplitude and an increase in the open-channel noise
are observed over all voltages at pH 6.0 and 7.0 com-
pared with pH 7.6. The appearance of the unitary current
records is reminiscent of rapid open-channel block
(Hille, 1992). The average single-channel current ampli-
tude at each potential was determined by fitting ampli-
tude histograms composed of well-resolved openings.
The single-channel current-voltage relationship in 140
mM [Na+]o (Fig. 3, bottom) reveals slope conductances
of 37, 34 and 23 pS at pH 7.6, 7.0 and 6.0 respectively.

Single-channel current-voltage relationships over a
wider range of potentials at 96 mM external Na+ are
shown in Fig. 4A. The single-channel conductances
measured over the same voltage range at all pHs are
reduced compared to the current recorded in higher ex-
ternal Na+. At the most negative voltages, the single-
channel current is sublinear at pH 7.6 and 7.0, likely
reflecting a combination of block of the channel by Ba2+

and proton permeation at negative potentials (Sheets &
Hanck, 1992). At pH 6, thei–V is linear or slightly su-
perlinear, consistent with proton permeation and/or
multi-ion occupancy of the pore. The voltage depen-
dence of the current reduction by extracellular protons
was measured by comparing the single-channel current
amplitudes at pH 7.0 and 6.0 to that at pH 7.6. A plot of
the ratio of the current amplitudes at both pH 7.0 and 6.0
reveals no voltage-dependent block: the curves are flat
over the voltage range of −80 to 0 mV (Fig. 4B). These
results are comparable to similar measurements in the
same voltage range in reconstituted rat brain Na+ chan-
nels (Daumas & Andersen, 1993) and guinea pig ven-
tricular myocytes (Zhang & Siegelbaum, 1991; Backx &
Yue, 1991). At pH 6, the single-channel current ratio
increases at test potentials below −80 mV, an effect that

Table 1. Ratio of whole-cell conductances at pH 7.0 and 6.0

GpH
max/G

7.6
max [Na+]o 140 mM

n 4 12
[Na+]o 96 mM

n 4 30
[Na+]o 58 mM

n 4 10

pH 7.0 0.87 ± 0.1 0.92 ± 0.1 0.92 ± 0.04
pH 6.0 0.44 ± 0.2 0.47 ± 0.15 0.52 ± 0.1
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has been observed in native cardiac Na+ channels (Backx
& Yue, 1991) and is inconsistent with a simple proton
blocking model without proton permeation (Woodhull,
1973).

The voltage shift of the whole-cell gating parameters
by external protons suggests a reduction in surface po-
tential. To determine if the decrease in single-channel
conductance at low pH is the result of a surface charge
effect, we measured the single-channel current over a
broad range of [Na+]o. Titration of a negative surface
charge could decrease conductance by an electrostatic
reduction in the local Na+ concentration; this mechanism
predicts that increasing the extracellular bulk [Na+]
should restore the conductance at low pH (Green et al.,
1987). The concentration-conductance relationships at
all pHs should converge at high [Na+]o. Figure 5A and
Table 2, which show results at pH 7.6, 7.0 and 6.0 over
a range of [Na+]o from 58 to 280 mM illustrate that this
is not the case. The conductances at the highest per-
meant ion concentration do not converge, suggesting that
changing the pH alters thegmax. The effect of external
acidosis on permeation is not explained by changes in

surface charge alone; it appears that protons fundamen-
tally alter the energy profile experienced by Na+.

In cardiac ventricular myocytes it has been sug-
gested that titration of a single class of acidic blocking
sites is responsible for the proton-induced decrease in
single-channel conductance (Zhang & Siegelbaum,
1991). Figure 5B shows the single-channel conductance
in 140 mM [Na+]o from pH 6–8. The fit of the data to a
one-site binding model (broken line) predicts a steeper
slope of the conductance-pH relationship than is ob-
served. Simple titration of a carboxylate(s) or any single
class of negative sites does not appear to explain the
reduction in single-channel conductance produced by
[H+] in expressed skeletal muscle Na+ channels.

MODEL

To refine our understanding of the effects of pH and
[Na+]o on conductance in the Na+ channel, we have gen-
erated a model that considers surface charge screening,
specific binding by Na+ and H+ to surface charges, and

Fig. 2. Fenvalerate does not alter the
single-channel conductance. (top) Unitary current
records elicited by step depolarizations to −50, and
−30 mV in the absence (left) and presence of 20
mM fenvalerate (right). (bottom) The
single-channel current-voltage relationship for
control (open circles) and fenvalerate-modified
(filled circles) channels. The curves represent the
mean and standard deviation from five membrane
patches, the slope conductances between 0 and
−50 mV is 32.9 ± 1 (control) and 33.3 ± 1.4 pS
(fenvalerate-modified).
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pore block of the Na+ channel by protons (seeMaterials
and Methods). Because of the limitations in the analysis
of the whole-cell data the model was only fit to the
single-channel data. The entire data set of single-
channel conductances at all [Na+]o and pH 6, 7, and 7.6
were fit by the model. The full model can be constrained
to test the relative importance of surface charge effects
and pore binding of protons on the Na+ conductance.
In Fig. 6A, model 1 considers only titration and screening
of surface charge by protons and Na+; deficiencies of this
model are visibly apparent at all [Na+]o and over the
entire pH range. Elimination of surface charge titration
by protons and modeling the effects of acidosis entirely
by binding in the pore provides a fit (model 2) that is
improved over the model that incorporated surface
charge alone, but systematic errors are observed at the
lowest and highest [Na+]o. If the same sites or class of
sites account for the surface charge and the pore binding
of H+, then similar affinities for proton binding at the
membrane and in the pore are expected. If the model

incorporates both titration of surface charge and binding
to a pore site by protons but with the same affinity, the fit
(model 3) is marginally improved over those which do
not consider both surface charge and pore binding.
Model 4 in Fig. 6A removes the constraint of equal af-
finities in model 3 and incorporates all of the parameters.
Model 4 provides the most robust fit (SSE: model 14
56, model 24 26, model 34 22, model 44 10; P <
0.05 in pairwise comparisons) and predicts a total surface
charge density of 1e−/439 Å2, a pKa for H+ binding in the
pore of 5.7, and a Kd for Na+ binding of 160 mM.

To explore further the adequacy of the constrained
versions of the general model (model 4), we examined
the pH dependence of Na+ conductance over a wider
range at one [Na+]o (140 mM). Deviations of the fits
provided by some of the constrained versions of the
model become more obvious at higher pH. To highlight
the differences among the model predictions, we plotted
the conductance data at 140 mM [Na+]o between pH 7
and 8 fit with each of the models. Models 1–3 (Fig. 6B)

Fig. 3. Single-channel current reduction by extracellular protons. Single-channel current records from fenvalerate modified cell-attached patches
with 140 mM Na+ in the pipette. The single-channel current is reduced and the open-channel noise increases with reduction in the extracellular pH
giving the appearance of rapid open channel block. The single-channel current-voltage relationships at pH 7.6 in eleven patches, 7.0 in six patches,
and 6.0 in five patches reveals slope conductances 37.3 ± 1.0, 33.4 ± 1.1, and 22.6 ± 1.3 pS respectively.
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underestimate the conductance at pH 8 and have signifi-
cantly larger sums of squared error than model 4 (P <
0.001, in pairwise comparisons). The model which
eliminates surface charge is particularly poor at this
[Na+]o at pH > 7 (Fig. 6B, model 2). Inclusion of all the
parameters provides the best fit over the entire pH range
studied (Fig. 6B, model 4).

Discussion

The effect of pH on expressed skeletal muscle Na+ chan-
nels is similar to that observed in native channels in
nerve, heart and skeletal muscle (Hille, 1968; Campbell,
1982; Yatani et al., 1984). The macroscopic current is
reduced and voltage-dependent gating is shifted to more
depolarized potentials at lower pH. We focused on the
mechanism of proton-induced reduction in Na+ conduc-
tance by studying single Na+ channels modified to re-

move fast inactivation. External protons decrease the
single-channel current amplitude and increase the open-
channel noise in a voltage-independent fashion. Neither
titration (or screening) of an external Gouy-Chapman-
Stern surface charge nor proton block in the pore alone
suffices to explain the effect of external acidosis on Na+

conductance; however, a model incorporating both ef-
fects robustly fits our single-channel conductance data
over a range of [Na+]o between pH 6 and 8.

EFFECTS ON THEWHOLE-CELL CURRENT

The peak macroscopic current is reduced in the presence
of elevated concentrations of external protons. TheGmax

is half-maximal at pH 6.1 and is near zero at pH 4.8 (Fig.
1C). There is a parallel shift in the voltage dependence
of gating (V0) over a similar pH range, although the
current reduction at low pH precludes definition of the
maximal voltage shift. An upper limit estimate of the
pKa of the whole-cell voltage shift is 6.1. A similar pH
dependence for gating shifts and conductance has been
described for cardiac myocytes (Yatani et al., 1984;
Zhang & Siegelbaum, 1991). Zhang and Siegelbaum at-
tribute the similar pH dependence of single-channel gat-
ing and conductance to titration of a single class of sites
by external protons (Zhang & Siegelbaum, 1991). The
pH dependence of the whole-cell conductance and of the
expressed human cardiac Na+ channel, hH1 (data not
shown) was similar to that ofm1, suggesting that con-
served residues mediate the effect of external pH on the
current.

The Gmax could be reduced by protons that titrate
negative sites on the external face of the channel thereby
reducing the local Na+ concentration and driving force
for Na+ permeation. This mechanism predicts that the
effect of a lower pH should be overcome by increasing
the bulk Na+ concentration. In fact, there is no conver-
gence of theGmax at pH 7.6, 7 and 6 at higher [Na+]o

(Table 1); this observation is inconsistent with a simple
electrostatic mechanism of proton reduction of Na+ cur-
rent. However, we did not attempt to draw any mecha-
nistic conclusions from the whole-oocyte experiments,
and relied on the single-channel current measurements
for interpreting the effect of extracellular protons on per-
meation.

EFFECTS OFEXTERNAL PROTONS ON

SINGLE-CHANNEL CONDUCTANCE

We studied the effects of pH on the isolated, open con-
formation of the Na+ channel by removing fast inactiva-
tion, thereby removing the confounding effects of gating.
The appearance of the unitary Na+ currents at low pH
suggests rapid open-channel block with a reduction in
current amplitude and an increase in open-channel noise.

Fig. 4. Voltage-dependence of the reduction of single-channel current
by protons. (A) The single-channel current voltage relationship in 96
mM Na+ at pH 7.6 (squares), 7.0 (circles) and 6.0 (triangles). The slope
conductance (broken line) decreases monotonically with pH over this
range. At negative voltages thei-V is sublinear at pH 7.6 and 7.0 and
supralinear at pH 6.0. (B) The ratio of the single-channel current am-
plitude at pH 7.0 (circles) and 6.0 (triangles) compared to pH 7.6. At
pH 7.0 the ratio of unitary current amplitudes is flat over the voltage
range 0 to −110. At pH 6.0 the current ratio is voltage dependent over
the range of voltages from −80 to −110 mV but the voltage dependence
is opposite that predicted for simple block of the pore.
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The simplest model of pore block is contradicted by the
absence of voltage dependence of proton block (Fig. 4B).
The voltage independence of the current reduction has
been explained by invoking permeation by protons
(Beginisich & Danko, 1983), which our data cannot ex-
clude. Zhang and Siegelbaum have suggested that pro-
tons titrate negative charges on the channel surface, de-
creasing the local [Na+] and current in a voltage-
independent fashion (Zhang & Siegelbaum, 1991). Our
single-channel conductance data are not well fit by a
single-site titration curve (Fig. 5B). Further, the effect of
reduction of surface potential by a lower pH should be
mitigated by increasing the bulk [Na+]o, producing con-
verging conductance-Na+ concentration relationships at
all pHs. This is not the case for the expressed skeletal
muscle Na+ channel in which maximal single-channel
conductances measured between pH 6 and 7.6 show no
evidence for convergence (Fig. 5A, Table 2). This fail-
ure of convergence implies that protons may be having a
more fundamental effect on the energy profile experi-
enced by permeant Na+.

To assess the contribution of surface charge and
pore block on the proton-induced reduction in Na+ con-
ductance, we fit our single-channel data with a model
that considers binding and screening of surface charge by

both protons and Na+, and block of the pore by H+. The
fits of the models to our complete data set suggest that
there are components of titration and/or screening of sur-
face charge and pore block operative in the proton-
induced decrease of the single-channel Na+ conductance.
Model 4 includes all of the parameters and yields the best
fit to the data (Fig. 6A). The total surface charge density
derived from this model is 1e−/439 Å2, similar to esti-
mates from other Na+ channel preparations (Ravindran &
Moczydlowski, 1989; Chabala & Anderson, 1989;
Zhang & Siegelbaum, 1991). Eliminating the surface
charge (model 2) or pore binding of H+ (model 1) pro-
duces systematic errors in the fits that are exaggerated at
high pH (Fig. 6). If both surface charge and H+ binding
in the pore are incorporated but constrained such that the
affinity for binding to surface charge and the pore site are
identical, the goodness of the fit is reduced compared to
the fully parameterized model. Our interpretation of the
modeling is that, at a minimum, both surface charge
binding and screening and intrapore H+ block are re-
quired to explain the effects of Na+ and protons on
single-channel conductance. The lack of voltage depen-
dence of H+ block may imply that the proton binding site
is near the edge of the transmembrane voltage gradient.
It does not appear that a single class of negatively
charged sites which control the [Na+]o by a surface
charge mechanism adequately explains the proton-
induced alterations in conductance observed in expressed
skeletal muscle Na+ channels.

The reduction in whole-cell conductance tracks the
reduction in single-channel conductance at low pH
(Tables 1 and 2). The effect of acidosis on the whole-
cell conductance appears to result primarily from a re-

Fig. 5. (A) Single-channel conductance as a
function of [Na+]o at pH 6.0 (triangles), 7.0
(circles) and 7.6 (squares). A plot of
single-channel conductance measured in at least
three patches over a range of [Na+]o from 48 to
280 mM. The points are connected for clarity; the
number of patches for each data point is given in
the parentheses. The ratio of the conductances in
280 mM [Na+]o at pH 7.0 and 6.0 compared to
that at pH 7.6 are 0.98 and 0.64. The curves do
not converge over this permeant ion concentration
range. (B) Dose-response curve of the inhibition of
the single-channel Na+ current by external H+. The
conductances were measured with an [Na+]o of
140 mM and each data point represents at least
five patches. The broken line is a fit of the data to
a single-site titration model and yields an
estimated pKa of 5.9 ± 0.1.

Table 2. Ratio of single-channel conductances at pH 7.0 and 6.0

gpH
max/g

7.6
max [Na+]o

280 mM

[Na+]o

140 mM

[Na+]o

96 mM

[Na+]o

58 mM

pH 7.0 0.88 0.89 0.91 0.81
pH 6.0 0.64 0.60 0.58 0.49
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duction in the single-channel conductance. At pH 6.0
there is consistently a larger reduction in whole-cell con-
ductance compared with single-channel conductance.
The difference between the whole-cell and single-
channel effects at the lowest pH may result from a
decrease in the number of functioning channels or a re-
duced probability of the channel opening. Direct com-
parison of the effects of acidosis on gating at the whole-
cell and single-channel levels is not possible because the
single channels were modified to remove fast inactiva-
tion.

Differences between our data and those of Zhang

and Siegelbaum may reflect the different isoforms of the
channels studied, the fact that we studied expressed
channels inXenopusoocytes or our use of fenvalerate to
remove fast inactivation. The removal of fast inactiva-
tion allowed us to focus on the changes in open-channel
properties induced by [H+]o without otherwise changing
the pore properties (Fig. 2). Further, we specifically
tested the role of an electrostatic mechanism for proton-
induced reduction in single-channel conductance by a
systematic analysis of the interaction of changing [Na+]o

and [H+]o.
To understand the molecular basis of proton inhibi-

Fig. 6. pH and Na+ dependence of the single-channel conductance. (A) Plots of conductancevs.proton concentration at [Na+]o of 58 mM (squares),
96 mM (circles), 140 mM (triangles) and 280 mM (inverted triangles). The continuous lines are a series of models fit to the data. Model 1 includes
proton binding to the surface charge only, and no H+ block in the pore. Model 2 eliminates the surface charge and considers only proton binding
in the pore. In model 3, protons bind to the surface charge and in pore but with the same affinity. Model 4 incorporates surface charge binding and
screening by Na+ and H+, and pore block by H+. Models 1 and 2 are constrained subsets of model 4. (B) Fits of the same models to the data subset
at 140 mM [Na+]o. The values for the conductances at pH 7 (triangles), 7.6 (circles) and 8 (squares) and the fits are shown to highlight the limitations
of models 1–3. The sum of squared errors for models 1–4 are 0.28, 7.7, 1.2, 3 × 10−12, respectively. The model with all the parameters (model 4)
is significantly better than models 1–3 (P < 0.001). The entire data set at this [Na+]o was used to generate the fits.
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tion of the channel, the residues involved in forming the
surface charge and binding protons in the pore must be
determined. Site-directed mutagenesis will be helpful in
defining the amino acids involved in formation of proton
binding sites. This analysis of the effect of changing the
extracellular pH on heterologously expressed wild-type
channels is an essential prerequisite to studying site-
directed charge neutralization mutants.
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