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Abstract. Extracellular acidosis affects both permeationstudies of whole-cell current, elevation of the external
and gating of the expressed rat skeletal musciedan-  proton concentration produces two consistent effects: a
nel (uw1). Reduction of the extracellular pH produced ashift in channel gating to more depolarized potentials and
progressive decrease in the maximal whole-cell conduca reduction in the maximal Naconductance (Hille,
tance and a depolarizing shift in the whole-cell current-1968; Woodhull, 1973; Drouin & The, 1969; Campbell,
voltage relationship. A smaller depolarizing shift in the 1982; Begenisch & Danko, 1983; Yatani et al., 1984).
steady-state inactivation curve was observed. The pK oThe shift in gating has been attributed to titration of
the reduction of maximal conductance was 6.1 over thenegative surface charges accessible from the extracellu-
pH range studied. An upper limit estimate of the pK of lar surface of the channel. The mechanism of the reduc-
the shift of the half-activation voltage was 6.1. The rela-tion in Na" conductance is less certain. Based on the
tive reduction in the maximal whole-cell conductancevoltage dependence of proton-induced current reduction,
did not change with higher [N%,. The conductance of it has been proposed that lénters the pore and binds to
single fenvalerate-modified Nachannels was reduced a site within the membrane field, producing block
by extracellular protons. Although the single-channel(Woodhull 1973; Begenisich & Danko, 1983). How-
conductance increased with higher [Ja the maximal ever, macroscopic current studies are complicated by the
conductances at pH 7.6, 7.0 and 6.0 did not converge atifficulty of separating changes in gating and perme-
[Na*], up to 280 nm, inconsistent with a simple electro- ation. In fact, it has been argued on the basis of tail
static effect. A model incorporating both Nand H current experiments (Campbell, 1982) that thé-H
binding in the pore and cation binding to a Gouy- induced reduction in conductance is voltage-independent
Chapman surface charge provided a robust fit to theand that the apparent voltage dependence is the result o
single-channel conductance data with an estimated suen effect on channel gating. Extracellular proton-
face charge density of I839A% Neither surface induced inhibition of unitary Nacurrent in guinea pig
charge nor proton block alone suffices to explain theventricular myocytes is not voltage-dependent over a
effects of extracellular acidosis on Nahannel perme- wide pH range (Zhang & Siegelbaum, 1991). In con-
ation; both effects play major roles in mediating the re-trast, cardiac Nachannels that have been modified to
sponse to extracellular pH. remove fast inactivation exhibit a parabolic dependence
on voltage with less Hinduced inhibition of current at
Key words: Sodium channels — Rat skeletal muscle — the extremes of the voltage range, consistent with proton
Fenvalerate —Xenopus— Electrophysiology 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 N&d 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" kon the N& cur-
—_— rent. We have examined the effect of changes in extra-
Correspondence toG.F. Tomaselli cellular pH on skeletal muscle Nahannels expressed in

Introduction

Extracellular acidosis has well-described inhibitory e
fects on the Nacurrent in nerve, heart and muscle. In
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Xenopusoocytes. Acidosis reduces the whole-cell cur-sec was employed. We observed no voltage shift in the steady-state
rent and shifts the current-voltage relationship to mordnactivation curves over the time course of these experiments (up to 45
depolarized potentials. Single-channel recording Wa§nin). Whole-cell current were sampled at 5 kHz through a 12 bit A/D

+ converter (model TL-1 DMA Labmaster, Axon Instruments, Foster
used to study the effect of the extracellular pH on"Na City, CA) and lowpass filtered at 1-2 kHz (-3 dB) with an 8-pole

conductance over a range of [Na To avoid the con-  pgegsel filter (Frequency Devices, Haverhill, MA). The currents were

founding effects of channel gating, patches were modiacquired and analyzed using custom-written software.

fied to remove fast inactivation. Extracellular protons Single-channel currents were measured using the cell-attached

reduce the single-channel conductance in a doseratch clamp configuration (Hamill et al., 1981) with an Axopatch 200A

dependent fashion. This effect is not attenuated at higlgmPplifier (Axon Instruments, Burlingame, CA). The currents were

external N4 concentrations and thus is not solely due tosamp!ed at_lO kl—!z and low-pass filtered at 1 kHz. The pipette solution
. e contained (in mr): 140 NaCl, 10 HEPES (or MES, pH 6.0), 1 BaCl

a surface charge effect or a simple electrostatic increasg, | ine path contained (i 140 KCI, 10 HEPES (or MES, pH 6.0),

; . X .
in local NQ concentratlon.' Proton permeatlon at N€Ja-the pH of the pipette and bath solutions were changed symmetrically.
tive potentials argues against a simple one-site blockingingle-channel currents were recorded between pH 6 and 8, below pH

model. 6 patch stability was severely compromised. Junction potentials were
Some of these data have appeared in abstract forpgeroed prior to patch formation. The unitary currents were modified by
(Bénitah et al., 1995) bath application of 2Qum 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

Methods and Materials et al., 1992). All experiments were performed at 20-22°C.

CHANNEL EXPRESSION DATA ANALYSIS

Plasmids containing the.l Na* channela subunit (Trimmer et al. Whole-cell current-voltage relationships were fit with a function com-
1989) and thed1 subunit (Isom et al., 1992) were linearized w&hl bining the Boltzmann distribution describing steady-state activation

I and EcoRl, respectively for in vitro RNA transcription as previously and the Goldman-Hodgkin-Katz constant field equation (Hille, 1992):
described (Tomaselli et al., 1991). Oocytes were injected with 50 nl of/!max = (V = Vie) Gma/{[1 + exd(V = Vo /K] + 1}, where Vis the

a 1:1 weight:weight mixture of and B1 subunit cRNA at a final ~ test potential, and the parameters estimated by the fit whiggethe
concentration of 0.1-0.26g/ul. Oocytes were harvested from human eversal potentialGp,,, the relative maximal conductance; s, the
chorionic gonadotrophin-primed adult female frog&fopusl, Ann half point of the relationship; ank, the slope factor. Because of un-
Arbor, MI or Nasco, Ft. Atkinson, WI). Single oocytes were isolated derestimation of the peak current at positive test potentials only cur-
by digestion of lobes of ovary with 1-2 mg/ml of collagenase (Type IA, fents elicited by voltage steps to 0 mV or less were fit.

Sigma, St. Louis, MO) in modified Barth’s solution containing (imn Steady-state inactivation curves were generated using a two-pulse
88 NaCl, 1 KCI, 2.4 NaHCQ 15 tris(hydroxymethyl)aminomethane protocol and the normalized peak currents were fit with a Boltzmann
(TRIS base), 0.3 CaNg- 4H,0, 0.41 CaC}- 6H,0, 0.82  function:/l . = {1+ exf(Vos— V)/Kl}, where Vis the potential of
MgSO, - 7H,0. The oocytes were stored in modified Barth's solution the conditioning pulsey, s, the potential at which the current is half-
supplemented with penicillin (100 U/ml) and streptomycin (308/ maximally macuvated_, and, Fhe slope _factor. The best-fit curves to
ml), gentamicin (5Qug/ml), sodium pyruvate (2 m), and theophylline the data were determlne_d using _a_nonllpear least squares method (Lev-
(0.5 mv). Prior to single-channel recording, the visceral vitelline mem- €nberg-Marquardt algorithm, Origin, MicroCal, Northhampton, MA).
brane was manually removed after incubation of the oocyte in a hy-Ve made no assumptions about the number of titrable sites hence, the
pertonic solution containing (in m): 220 N-methylp-glucamine  PH dependence of the activation voltage shift was fit with a function of
(NMG), 220 aspartic acid, 2 Mgg110 N-(2-hydroxyethyl)piperazine-  the form:AVema/[1 + 10P€* P07, where AVonq,is the maximal shift

N’-(2-ethanesulfonic acid) (HEPES), 10 Ethylene glycol{biatnino- of the activation voltage a_nd is th_e slope of the curve. T_he ‘pH
ethyl ether)-N, N, N,N'-tetraacetic acid (EGTA), pH 7.2. dependence of the normalized maximal conductance was fit with the

function 1/[1 + 16°*3PHN. The dependence of the maximal conduc-
tance on [N3], was fit with a saturating single-site binding model.
ELECTROPHYSIOLOGY Single-channel analysis was performed using custom-written
software. Single-channel opening events were determined using a half-
Macroscopic currents were recorded using a two-microelectrode voltheight criterion (Colquhoun & Sigworth, 1983). Amplitude histograms
age clamp (OC-725B Warner Instrument, Hamden, CT) 2-5 days afteyvere fitted to the sum of Gaussians using a nonlinear least squares
RNA injection. The resistance of the current electrode was Ov21 ~ Method. Pooled data are expressed as the means and standard devi
and 1-5mQ) for the voltage-recording electrode when filled witm3 ~ tions, and statistical comparisons were made using one-way ANOVA
KCI. Currents were measured in modified frog Ringer's solution con- unless otherwise specified.
taining (in mm): 96 NacCl, 2 KCI, 1 MgCJ, 5 HEPES, with the pH
varied between 4.9 and 8.0. For solutions of gH 6.5, 2-[N-
morpholinojethanesulfonic acid (MES) replaced HEPES. To optimize M ODEL
voltage control, we used oocytes with small currents(#§. Current
records exhibiting an abrupt rise in the negative slope region of theWe have modeled the effects of varying concentrations 'ofitl N&
current-voltage relationship or notches were discarded. Steady-staten Na” conductance by including three modulating features: surface
inactivation was determined using 200 millisecond prepulses rangingharge screening, specific binding of Nand H" to surface charges,
from -110 to —30 mV in decrements of 5 mV preceding a test pulse toand block of the pore by H For simplicity, we have assumed that the
-20 mV. To avoid cumulative inactivation, a repetition interval of 4 Na" conductance at an infinitely low Hconcentration+y,) is linear
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with respect to voltage over the range we consider in our analysis. Knap Kup: dissociation constants of the pore for Nand H-
We assume that at 1vmBaCl, acts to screen surface charge. There is respectively 1)

no evidence that B4 acts as a competitive blocker of the channel. o total membrane surface charge/f&?)

Further, we assume thgf, is a saturable function of Nébinding to Ymax = Maximum N& conductance in the absence of kbns

a single site in the pore with a dissociation constagtdas follows: (pS).

Yrna = Ymad[(Knad[NATR) + 1] 1) To determine values for these parameters, initial guesses were
made and surface potential was determined using a numerical bisection

whereynax is the maximum N& conductance and [N is the N& method (Press et al., 1992). With this initial value of surface potential,

concentration at the entrance to the pore, corrected for surface potentighe Na conductance was calculated using Eq. 3. A simplex algorithm
effects on local ion concentration. We include a term féiihding to (Nelder & Mead, 1965) was then used to compare the calculatéd Na
a single site in the pore to block the Neonductance (Zhang & Siegel- conductance to the measured value, and iteratively modify the param-

baum, 1991), thus the N@onductance at any‘toncentrationy,,.) eters to minimize the sum-of-squared error. The importance of specific

may be defined as follows: features of the model were then evaluated by fitting subsets of the
complete model to the data. The sum-of-squared error was compared

(Ynam = INA[[HToKup) + 1] 2) to that obtained using the complete model usingFamatio (Horn,
1987).

where [H]p is the hydrogen ion concentration at the pore surface,

corrected for the concentrating effect of the surface potential, apd K

is the dissociation constant of blocking site in the pore for hydrogenResults

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 i Egs. (1) and (2) may be combined PROTONS SHIFT GATING OF EXPRESSEDNA" CHANNELS
into a single expression foyy . as follows:

. . . - Theul skeletal muscle Nachannel expresses robustly in
Ynam = Ymax" [(Knad[NaTe) + 117+ [((H]e/K ) + 1] )  Xenopusoocytes with rapid decay kinetics in the pres-

The N& and H" concentrations at the pore surface may be corrected forence of thq31 subunit (NUSS etal., 1995)' External pro-

the surface potential using the Boltzmann equation: tons decrease whole-cell Naurrent and shift the cur-
rent-voltage K-V) relationship to more depolarized

[H*]p = [H*]g exd-zdF/RT) (4)  potentials. Figure A shows normalized—V relation-

[Na'lp = [Na']ls exg(-z0F/RT) sy  ships for currents recorded from thirty oocytes at three

different pHs. Thel-V relationships at a given pH are
where [H]g and [Nd]; are the bulk concentrations of protons andNa  normalized to that at pH 7.6 and are fit with a function
respectively,z is the cation valencep is the surface potential, and Comb|n|ng the Goldman_Hodgkln_KatZ current equatlon

RT/F = 253 mV at 20°C. _ and the Boltzmann relationship to estimate maximal con-
The surface potential is related to a uniform planar surface charge

(0,) in an electrolyte solution by Gouy-Chapman theory. The screen—ductance Gmay) and the voltage ,for half-activatioivg).
ing effect of ions on the surface charge is given by the Grahame! Ne pH dependence of the maximal conductance reflects

equation (Grahame, 1947) as follows: proton-induced changes in permeation since &g,
measurement compensates for gating shifts. Under the
03 = G2{[Na"]s - (exd®F/RT) - 1) + [H']g - (exq®F/RT) - 1)} reference conditions (pH 7.6, 0 €a1 mv MgCl,), the
) expressed channels begin to activate at -60 mV, the peal
whereG = 270 A% M5, giving an apparent surface charge density Curr.ent IS O.bserved at _35 mV and the fitted hal.f-
(o) in units of /A2 Specific association of the cations with the maximal activation voltage is ~46 mV. Small changes in

surface charge allows expression of the apparent surface charge as@€ |-V relationship are observed at pH 7.0 compared

function of the total surface charge,) as follows: with pH 7.6. The current at pH 7.0 activates at —-55 mV,
with the negative slope region of theV shifted approxi-
0o = 0y {1 + [Na'lg Kyam exg(-zPF/RT) mately +5 mV compared to the-V at pH 7.6. Thd-V
* [H'leKim exp(-zPF/RT)} (M peaks between —30 and -35 mV and is half-maximally

. . . . activated at -43 mV. The maximal conductance at pH

This equation assumes that the same surface charges bind N% is d d . | o h

and H', but not necessarily with the same affinity. The voltage depen- 0 IS“ ecreased approximately 10% from the reference

dence of block is implicit in the model in the conductance term. We COndition. The Na current recorded from the same oo-

assume that the electrical distances do not change at different pHEYtes at pH 6.0 had a dramatically shifted/ relation-

For any particular [Nd and [H]g, Egs. (6) and (7) may be used to ship and a greater than 50% reduction in the maximal

calculate the surface potentiab), from which the local ion concen- conductance. The current at pH 6.0 activates at -45 mV,

tratiorls can be calculated and the_n used to solve Eg. 3. Herlce, the'ﬁeaks at —20 mV and is half-maximally activated at 31

Zazs[fr]u'?known parameters relating the conductaieg, o Nals 1/ At pH 5.0 the whole-cell current is not measurable

? under these recording conditions. Under our whole-cell

Knans Kin: @SSociation constants of the surface charge for Na recording conditions, assuming an intracellula” dan-

and H" respectively 174 centration in the oocyte of about 10wnthe equilibrium
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Fig. 1. The effect of extracellular acidosis on expressed skeletal musclechinnels. Whole-cell currents recorded frotenopusoocytes
expressing th@1l Na" channelx subunit and the rat brail subunit. The cells are held at ~100 mV and currents are elicited by 50 msec voltage
steps from —70 to O in increments of 5 m\A)(NormalizedI-Vs from 30 oocytes at pH 7.@), 7.0 (O), and 6.0 &) 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).
estimated half-activation voltage and the voltage eliciting the peak current are shifted to the right. The maximal conductance is reduced more
50% at pH 6.0 compared to that at 7.B) The steady-state availability curves at pH 7.6, 7.0 and 6.0 (same symbols ag\pgaskrated 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 c
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 |
+ 0.6 mVvs.-68.4 + 0.6 mV), a significant shift (half-inactivation voltage of —-62.3 + 0.6 mV) was observed at pH3.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 ar
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. /
of the maximal conductance (solid squares) determined from the fits of the wholeMelbrmalized to thes,,,, 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.

potential for N& is approximately +56 mV. Compari- The curves at pH 7.6 and 7.0 are superimposable, with
sons of the reversal potentials of currents recorded in thialf-inactivation voltages of —-68.4 and —-68.2 mV and
whole-oocyte configuration are difficult because of the slope factors of 4.7 and 5.2 mV respectively. No statis-
large capacity transient and the speed of the currents aically significant difference was observed for the mean
positive test voltages nedf,, Therefore only the values in eitheV, s (in mV: -66.2 + 16.1 pH 7.01 =
whole-cell current elicited by voltages steps to less thar8]; -66.9 + 9.5 mV at pH 7.6r{ = 16]; P = Ns), ork (in

0 mV were fit. mV:3.9+0.3vs.4.0+0.2mV,P = Ns, pH 7vs.pH 7.6

The rate of the effect of changing the extracellularrespectively). At lower extracellular pH the availability
pH on both the voltage-dependence of gating and theurve shifts in the depolarizing direction and the slope
peak current amplitude is limited by the exchange rate ofactor increases. The half-maximal availability voltage
the bath. The current amplitude decreases and reachesaad slope factors are —62.3 and 6.0 mV respectively at pH
new steady-state within seconds of perfusing the batl6.0 (Fig. B). The same analysis repeated in thirteen
with an acidic solution; the increase in the peak currendifferent oocytes gave mean values of -63.4 + 10.2 mV
with washout is equally rapidiéta not showhp Increas- for Vy 5 (P <0.01vs.pH 7.6), and 4.1 £ 1.4 mV fok (P
ing the extracellular proton concentration did not change= Ns vs.pH 7.6).
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 §OMPARISON OF THESHIFTS IN GATING AND THE
significant depolarization of the cells suggest that theMAXIMAL CONDUCTANCE
effect is not due to a change in the intracellular pH.

The steady-state availability of the Naurrent is  Figure IC compares the pH dependence of the activation
modulated by extracellular pH. At pH 7.0 or greater gating shift and maximal whole-cell conductance.
there was no shift in the midpoint of the steady-stateWhole-cell currents were measured between pH 5.8 and
inactivation curve compared to the reference condition8.0. The squares represent the difference between the
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Table 1. Ratio of whole-cell conductances at pH 7.0 and 6.0 on N& permeation, membrane patches were modified
with fenvalerate to remove fast inactivation and promote

H |~7.6 + + 4
Chal Gmax LNi ]12140 m LNaz ]go% m LNi 1158 m long, uninterrupted openings. Modification of the Na

channel with fenvalerate does not change the conduc-
pH 7.0 0.87+0.1 0.92+0.1 0.92+0.04 tance. Figure 2 (top) illustrates single-channel openings
pH 6.0 0.44+0.2 0.47+0.15 0.52+0.1 in the absence and presence ofj20 fenvalerate at test

potentials of -50 and —30 mV; the unitary current am-
@Iitude does not change. TheV relationships of the

half-activation potentials at the test pH and the referenc e . .
channel before and after modification are superimposible

pH, 7.6. There is an insignificant shift in the half- >
activation potential at pHs greater than 7.0, but the mag(Fig: 2, bottom). .
nitude of the shift increases at higherJdwith an es- _ Figure 3 illustrates representative single-channel
timated pKa of 6.1 + 0.1. The voltage shift of the peakta” currents eI|C|.te.d by depolanzathns to —20 mV fol-
inward current has a similar pH dependence and pKéoweq by repolarizing steps to potentials from —80 to —20
(data not showj The reduction in Nacurrent below MV in increments of 20 mV at pH 7.6, 7.0, and
pH 5.8 precludes accurate determination of the voltagé-0- Openings in the tails were analyzed only if an open-
shift. The maximal whole-cell conductance does not in-iNg was observed in the depolarizing test pulse to avoid
crease significantly above pH 7.6 and falls most steeplyfontamination of the amplitude histograms with stretch-
between pH 7 and 5. The maximal conductance norma|activated cation channels Commomy observed in Oocyte
ized to that at pH 7.6 decreases with increased extracemembrane patches. At pH 7.6, tail currents exhibit well-
lular proton concentration with a pKa of 6.1 + 0.03 (Fig. resolved openings tens of milliseconds in duration with
1C, circles), a value close to the estimated pKa for thelittle intrinsic gating. A monotonic reduction in the cur-
voltage shift. Extracellular acidosis reduces conductancéent amplitude and an increase in the open-channel noise
and shifts the activation voltage to more positive poten-are observed over all voltages at pH 6.0 and 7.0 com-
tial. The proton-induced changes in conductance angbared with pH 7.6. The appearance of the unitary current
gating could be due to a parallel dependence on screemecords is reminiscent of rapid open-channel block
ing surface charge, or titrating a single class of negativégHille, 1992). The average single-channel current ampli-
charges. tude at each potential was determined by fitting ampli-
To determine whether titrating external negativetude histograms composed of well-resolved openings.
charges influences conductance by an electrostatiThe single-channel current-voltage relationship in 140
mechanism, we examined the pH dependence of thenm [Na'], (Fig. 3, bottom) reveals slope conductances
whole-cell conductance at different externalancen-  of 37, 34 and 23 pS at pH 7.6, 7.0 and 6.0 respectively.
trations. The maximal conductance is determined from  Single-channel current-voltage relationships over a
fits of the normalized-Vs at 58, 96, and 140m[Na’],,  wider range of potentials at 96 nmexternal N& are
such that the relative maximal conductance (relativeshown in Fig. A. The single-channel conductances
Grax IS Unitless. The relative maximal conductances aremeasured over the same voltage range at all pHs are
all in the limiting slope region of the Michaelis-Menten reduced compared to the current recorded in higher ex-
f|t, well below the estimated }ﬁs The ratio of conduc- ternal Nd’ At the most negative V0|tages’ the Sing|e_
tances do not converge over the range of [yatudied  channel current is sublinear at pH 7.6 and 7.0, likely
(Table 1); in fact, at pH 6.0 the conductance at 140 m (eflecting a combination of block of the channel by?Ba
[Na'], is smaller than that at 58 mnormalized to the  anq proton permeation at negative potentials (Sheets &
reference conditions, pH 7.6. This failure of conver- Hanck, 1992). At pH 6, thé-V is linear or slightly su-

gence may reflgct the genuine absence of an eleCtrOStatF;erlinear, consistent with proton permeation and/or
effect; alternatively, convergence may be seen only ap, iti-ion occupancy of the pore. The voltage depen-

higher N& concentrations. However, limitations in volt- dence of the current reduction by extracellular protons

age control preclude the study of whole-cell current inWas measured by comparing the single-channel current
oocytes at higher external Naconcentrations. It is amplitudes at pH 7.0 and 6.0 to that at pH 7.6. A plot of
likely that, even if a surface charge binding or scregning[he ratio of the current amplitudes at both pH 7.0 and 6.0
eff?ct is present, protons also aIt.er conductance in th?eveals no voltage-dependent block: the curves are flat
Na channel by othgr mechanisms. We employedover the voltage range of —80 to 0 mV (FigB¥ These
single-channel recording to study the effects of protongegts are comparable to similar measurements in the
on the open-channel properties. same voltage range in reconstituted rat brairf Kaan-
nels (Daumas & Andersen, 1993) and guinea pig ven-
tricular myocytes (Zhang & Siegelbaum, 1991; Backx &
External protons affect both the open probability and theYue, 1991). At pH 6, the single-channel current ratio
unitary Na conductance. To study the effect of acidosisincreases at test potentials below —80 mV, an effect that

ReDUCTION OF SINGLE-CHANNEL CURRENT BY PROTONS
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u1 u1 fenvalerate-modified

-50 mV bt I
Al

-30 mv

. Fig. 2. Fenvalerate does not alter the
‘_.;,.I':"—é-1 single-channel conductance. (top) Unitary current
__:;:i"' records elicited by step depolarizations to -50, and
- -30 mV in the absence (left) and presence of 20
wM fenvalerate (right). (bottom) The
single-channel current-voltage relationship for

control (open circles) and fenvalerate-modified

‘_:::::§"' (filled circles) channels. The curves represent the

P | 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
--3 (fenvalerate-modified).

HeeH
(vd) 1

has been observed in native cardiad Nhannels (Backx surface charge alone; it appears that protons fundamen:

& Yue, 1991) and is inconsistent with a simple proton tally alter the energy profile experienced by Na

blocking model without proton permeation (Woodhull, In cardiac ventricular myocytes it has been sug-

1973). gested that titration of a single class of acidic blocking
The voltage shift of the whole-cell gating parameterssites is responsible for the proton-induced decrease in

by external protons suggests a reduction in surface pasingle-channel conductance (Zhang & Siegelbaum,

tential. To determine if the decrease in single-channell991). Figure B shows the single-channel conductance

conductance at low pH is the result of a surface chargén 140 mm [Na'], from pH 6-8. The fit of the data to a

effect, we measured the single-channel current over ane-site binding modelbfoken lin§ predicts a steeper

broad range of [N§,. Titration of a negative surface slope of the conductance-pH relationship than is ob-

charge could decrease conductance by an electrostatierved. Simple titration of a carboxylate(s) or any single

reduction in the local Naconcentration; this mechanism class of negative sites does not appear to explain the

predicts that increasing the extracellular bulk [lNa reduction in single-channel conductance produced by

should restore the conductance at low pH (Green et al[H™] in expressed skeletal muscle Nehannels.

1987). The concentration-conductance relationships at

all pHs should converge at high [Na. Figure 5A and

Table 2, which show results at pH 7.6, 7.0 and 6.0 oveMODEL

a range of [N&], from 58 to 280 nw illustrate that this

is not the case. The conductances at the highest pefo refine our understanding of the effects of pH and

meant ion concentration do not converge, suggesting thdiNa'], on conductance in the N&hannel, we have gen-

changing the pH alters the,.. The effect of external erated a model that considers surface charge screening

acidosis on permeation is not explained by changes ispecific binding by N& and H to surface charges, and
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Fig. 3. Single-channel current reduction by extracellular protons. Single-channel current records from fenvalerate modified cell-attached pat
with 140 mv Na* in the pipette. The single-channel current is reduced and the open-channel noise increases with reduction in the extracellul
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 pg
and 6.0 in five patches reveals slope conductances 37.3 + 1.0, 33.4 = 1.1, and 22.6 + 1.3 pS respectively.

pore block of the Nachannel by protonsséeMaterials  incorporates both titration of surface charge and binding
and Methods). Because of the limitations in the analysigo a pore site by protons but with the same affinity, the fit
of the whole-cell data the model was only fit to the (model 3) is marginally improved over those which do
single-channel data. The entire data set of singlenot consider both surface charge and pore binding.
channel conductances at all [Naand pH 6, 7, and 7.6 Model 4 in Fig. 8\ removes the constraint of equal af-
were fit by the model. The full model can be constrainedfinities in model 3 and incorporates all of the parameters.
to test the relative importance of surface charge effectdlodel 4 provides the most robust fit (SSE: modekl
and pore binding of protons on the Naonductance. 56, model 2= 26, model 3= 22, model 4= 10;P <

In Fig. 6A, model 1 considers only titration and screening 0.05 in pairwise comparisons) and predicts a total surface
of surface charge by protons andNdeficiencies of this  charge density of Té&439 A2, a pK, for H" binding in the
model are visibly apparent at all [Nlg and over the pore of 5.7, and a [Kfor Na* binding of 160 nw.

entire pH range. Elimination of surface charge titration To explore further the adequacy of the constrained
by protons and modeling the effects of acidosis entirelyersions of the general model (model 4), we examined
by binding in the pore provides a fit (model 2) that is the pH dependence of Naonductance over a wider
improved over the model that incorporated surfacerange at one [N3, (140 mwv). Deviations of the fits
charge alone, but systematic errors are observed at throvided by some of the constrained versions of the
lowest and highest [N3,. If the same sites or class of model become more obvious at higher pH. To highlight
sites account for the surface charge and the pore bindinthe differences among the model predictions, we plotted
of H*, then similar affinities for proton binding at the the conductance data at 14QvnfNa‘], between pH 7
membrane and in the pore are expected. If the modehdnd 8 fit with each of the models. Models 1-3 (Fig)6
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V (mV) move fast inactivation. External protons decrease the
-120  -100  -80 -60 -40 20 0 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 orf Na
conductance; however, a model incorporating both ef-
fects robustly fits our single-channel conductance data
over a range of [N§, between pH 6 and 8.

ErFFecTs oN THEWHOLE-CELL CURRENT

B The peak macroscopic current is reduced in the presence
107 of elevated concentrations of external protons. Bhe,
o .o . . ° is half-maximal at pH 6.1 and is near zero at pH 4.8 (Fig.
o o 1C). There is a parallel shift in the voltage dependence
of gating (/) over a similar pH range, although the
A 4 A current reduction at low pH precludes definition of the
A A, A 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 beel
0.4- : . : : , described for cardiac myocytes (Yatani et al., 1984;
200 -100 80 60 40 20 0 Zhang & Siegelbaum, 1991). Zhang and Siegelbaum at-
V(mV) tribute the similar pH dependence of single-channel gat-
ing and conductance to titration of a single class of sites
by protons. A) The single-channel current voltage relationship in 96 tby external protons (Zhang & Siegelbaum, 1991). The
mm Na* at pH 7.6 (squares), 7.0 (circles) and 6.0 (triangles). The slopéJH dependence of the whole-cell conductance and of the
conductance (broken line) decreases monotonically with pH over thiexpressed human cardiac Nehannel, hH1 data not
range. At negative voltages tie/ is sublinear at pH 7.6 and 7.0 and showr) was similar to that of.1, suggesting that con-
supralinear at pH 6.0B) The ratio of the single-channel current am- served residues mediate the effect of external pH on the
plitude at pH 7.0 (circles) and 6.0 (triangles) compared to pH 7.6. Atcrrent.
H 7.0 the ratio of unitary current amplitudes is flat over the voltage :
l")ange 0 to -110. At pH 6.{) the currentpratio is voltage dependent og\]/er The G'.“ax could be reduced by protons that titrate
the range of voltages from —80 to =110 mV but the voltage dependenc@egat!ve sites on the external fac_e of the Chaﬂnel thereby
is opposite that predicted for simple block of the pore. reducing the local Naconcentration and driving force
for Na" permeation. This mechanism predicts that the
effect of a lower pH should be overcome by increasing

underestimate the conductance at pH 8 and have signifihe bulk N& concentration. In fact, there is no conver-
cantly larger sums of squared error than modeP4<( 9ence of theG,., at pH 7.6, 7 and 6 at higher [N]_q,
0.001, in pairwise comparisons). The model which (Table 1); this observation is inconsistent with a simple
eliminates surface charge is particularly poor at thiselectrostatic mechanism of proton reduction of Nar-
[Na'], at pH > 7 (Fig. @, model 2). Inclusion of all the rent. However, we did not attempt to draw any mecha-

parameters provides the best fit over the entire pH rang8IStic conclusions from the whole-oocyte experiments,

Fig. 4. Voltage-dependence of the reduction of single-channel curren

studied (Fig. 8, model 4). and relied on the single-channel current measurements
for interpreting the effect of extracellular protons on per-
meation.

Discussion

EFFECTS OFEXTERNAL PROTONS ON
The effect of pH on expressed skeletal musclé dlaan-  SINGLE-CHANNEL CONDUCTANCE
nels is similar to that observed in native channels in
nerve, heart and skeletal muscle (Hille, 1968; CampbellWe studied the effects of pH on the isolated, open con-
1982; Yatani et al., 1984). The macroscopic current isformation of the N& channel by removing fast inactiva-
reduced and voltage-dependent gating is shifted to mor&on, thereby removing the confounding effects of gating.
depolarized potentials at lower pH. We focused on theThe appearance of the unitary Naurrents at low pH
mechanism of proton-induced reduction in"N@nduc-  suggests rapid open-channel block with a reduction in
tance by studying single Nachannels modified to re- current amplitude and an increase in open-channel noise.
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459 E } Fig. 5. (A) Single-channel conductance as a
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Rl single-channel conductance measured in at least
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Table 2. Ratio of single-channel conductances at pH 7.0 and 6.0  poth protons and [\Taand block of the pore byT—j The
fits of the models to our complete data set suggest that

pH 7.6 + + + + N ! s
Yma! Ymax [2';% Jo (Na'], Na'l, Nalo  there are components of titration and/or screening of sur-
m 140 mv 96 mv 58 mm . .
face charge and pore block operative in the proton-
pH 7.0 0.88 0.89 0.91 0.81 induced decrease of the single-channel Blanductance.
pH 6.0 0.64 0.60 0.58 0.49 Model 4 includes all of the parameters and yields the best

fit to the data (Fig. 8). The total surface charge density
derived from this model is Té439 AZ, similar to esti-
The simplest model of pore block is contradicted by themates from other Nachannel preparations (Ravindran &
absence of voltage dependence of proton block (). 4 Moczydlowski, 1989; Chabala & Anderson, 1989;
The voltage independence of the current reduction haghang & Siegelbaum, 1991). Eliminating the surface
been explained by invoking permeation by protonscharge (model 2) or pore binding of"Hmodel 1) pro-
(Beginisich & Danko, 1983), which our data cannot ex- duces systematic errors in the fits that are exaggerated a
clude. Zhang and Siegelbaum have suggested that pravigh pH (Fig. 6). If both surface charge and binding
tons titrate negative charges on the channel surface, dé the pore are incorporated but constrained such that the
creasing the local [N and current in a voltage- affinity for binding to surface charge and the pore site are
independent fashion (Zhang & Siegelbaum, 1991). Ouidentical, the goodness of the fit is reduced compared to
single-channel conductance data are not well fit by ahe fully parameterized model. Our interpretation of the
single-site titration curve (Fig.B. Further, the effect of modeling is that, at a minimum, both surface charge
reduction of surface potential by a lower pH should bebinding and screening and intrapore Hlock are re-
mitigated by increasing the bulk [Nf, producing con- quired to explain the effects of Naand protons on
verging conductance-Naconcentration relationships at single-channel conductance. The lack of voltage depen-
all pHs. This is not the case for the expressed skeletalence of H block may imply that the proton binding site
muscle N& channel in which maximal single-channel is near the edge of the transmembrane voltage gradient
conductances measured between pH 6 and 7.6 show b does not appear that a single class of negatively
evidence for convergence (FigA5Table 2). This fail- charged sites which control the [Ng by a surface
ure of convergence implies that protons may be having &harge mechanism adequately explains the proton-
more fundamental effect on the energy profile experi-induced alterations in conductance observed in expressec
enced by permeant Na skeletal muscle Nachannels.

To assess the contribution of surface charge and The reduction in whole-cell conductance tracks the
pore block on the proton-induced reduction in"N@n-  reduction in single-channel conductance at low pH
ductance, we fit our single-channel data with a model(Tables 1 and 2). The effect of acidosis on the whole-
that considers binding and screening of surface charge bgell conductance appears to result primarily from a re-
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Fig. 6. pH and N4d dependence of the single-channel conductamgeRlots of conductances. proton concentration at [N, of 58 mv (squares),

96 mwv (circles), 140 nw (triangles) and 280 m (inverted triangles). The continuous lines are a series of models fit to the data. Model 1 include
proton binding to the surface charge only, and noltock 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
screening by Naand H, and pore block by H Models 1 and 2 are constrained subsets of modeByFits of the same models to the data subset
at 140 nm [Na*],. The values for the conductances at pH 7 (triangles), 7.6 (circles) and 8 (squares) and the fits are shown to highlight the limitati
of models 1-3. The sum of squared errors for models 1-4 are 0.28, 7,3 1.20'2 respectively. The model with all the parameters (model 4)
is significantly better than models 1-B € 0.001). The entire data set at this [lawas used to generate the fits.

duction in the single-channel conductance. At pH 6.0and Siegelbaum may reflect the different isoforms of the
there is consistently a larger reduction in whole-cell con-channels studied, the fact that we studied expressed
ductance compared with single-channel conductancechannels inXenopusoocytes or our use of fenvalerate to
The difference between the whole-cell and single-remove fast inactivation. The removal of fast inactiva-
channel effects at the lowest pH may result from ation allowed us to focus on the changes in open-channel
decrease in the number of functioning channels or a reproperties induced by [H, without otherwise changing
duced probability of the channel opening. Direct com-the pore properties (Fig. 2). Further, we specifically
parison of the effects of acidosis on gating at the wholetested the role of an electrostatic mechanism for proton-
cell and single-channel levels is not possible because thieduced reduction in single-channel conductance by a
single channels were modified to remove fast inactiva-systematic analysis of the interaction of changingya
tion. and [H],,.

Differences between our data and those of Zhang To understand the molecular basis of proton inhibi-
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tion of the channel, the residues involved in forming the  cording from cells and cell-free membrane patciftiegers Arch.
surface charge and binding protons in the pore must be 39185-100 _
determined. Site-directed mutagenesis will be helpful inHlIIe,.B. 1992. Ion!c Channels of Excitable Membranes. pp. 341-346.
. . . s s . . Sinauer Associates, Sunderland, MA

defining the amino acids involved in formation of proton b . .

o . . . . ille, B. 1968. Charges and potentials at the nerve surface. Divalent
binding sites. This analysis of the effect of changing the " c4ions and pHJ. Gen. Physiols1:221-236
eXtrace”m.ar pH on het_emloQOUSlY ?XpreSSEd V\{"d'typeHolloway, S.F., Salgado, V.F., Wu, C., Narahashi, T. 1989. Kinetic
channels is an essential prerequisite to studying site- properties of single sodium channels modified by fenvalerate in
directed charge neutralization mutants. mouse neuroblastoma celBfluegers Arch414:613-621
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