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Ionic currents through sodium channels in nodal membranes were measured under voltage clamp conditions 
both at normal and at low (4.8-4.9) external solution pH. The measurements of  so-called 'instantaneous' 
currents were used to distinguish between the proton blockage in open channels and the influence of low pH 
on channel gating processes. It is shown that the amount of the proton blockage in open channels decreases 
as membrane potential becomes more positive. This result suggests that at least one of the acid groups 
accessible from the outside is located within the conducting pore. The influence of the other group(s) on the 
degree of potential-dependence of proton blockage is discussed. 

Introduction 

Inhibition of the sodium conductance of excita- 
ble membranes at low p H  of external solution is 
consistent with the idea that there is one or more 
acid groups in the sodium channels [1-8]. An 
important  approach in elucidating the mechanisms 
of channel selectivity and conductance is the de- 
termination of p K  values of these groups and of 
their localization in the channel. Some recent works 
necessitate additional investigation of the proton 
block of sodium channels. Thus, in one of them 
[9], at variance with previous cases [2,7,8], no 
potential-dependence of proton blockage of 
sodium channels in muscle fibres was observed. 
Hence, the conclusion was drawn that all acid 
groups accessible from the outside are situated 
near the external end of the pore. In a previous 
paper  [10], the inhibition of sodium conductance 
at low pH is accounted for by changes in negative 
surface potential near the channels. 

In the present work, the effect of H + on sodium 
conductance (gNa) Was studied, the main attention 

being paid to the potential-dependence of gNa 
inhibition. 

Methods 

The experiments were performed on myelinated 
nerve fibres from the frog R a n a  riribunda using a 
voltage-clamp technique described in detail earlier 
[12]. Membrane potential ( E )  was referred to the 
outside. Membrane currents were calibrated on 
assumption that the resistance of the current-feed- 
ing internode was equal to 20 ml'L Sodium current 
measurements were accomplished with P / 2  proto- 
col, according to which, currents in response to 
positive steps were added with a digital averager to 
currents in response to two negative steps of half 
the amplitude. Thus, the linear components of 
membrane currents (leakage and linear capacity 
currents) were subtracted more precisely than with 
an electronic analogue device [7,8]. When com- 
pensating for resistance series to the membrane 
(Rs), its value was taken to be 300 k12. The 
experimental procedure was essentially the same 
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pH 4.9 

as described earlier [7,8]. 
For experiments, the fibres were chosen for 

which the setting time of the membrane potential 
was no longer than 20 #s. The setting time of the 
clamp was controlled both at the output of the 
clamp amplifier (point E in Dodge and Fran- 
kenhaeuser's nomenclature [13]) and at the output 
of the follower, which is connected to point C and 
consequently senses transient deviation of poten- 
tial from the zero value in point D [12]. 

The control solution contained (in mM): 110 
NaC1/2  CAC12/8 tetraethylammonium chlor ide/  
10 Tris-HC1 (pH 7.5-7.6). The pH of the acid 
solutions was adjusted by adding bipthalate buffer 
(pH 4.8-4.9). Fibres were cut in solutions contain- 
ing 100 mM K F  plus 20 mM CsF or 120 mM CsF 
alone. 

Experiments were performed at 9 o C. 

Results and Discussion 

To estimate separately the effect of pH on the 
conducting properties of open sodium channels 
and on the potential-dependence of the number  of 
open channels, the ' instantaneous '  currents were 
measured according to two programmes. The first 
was as follows: the instantaneous currents corre- 
sponding to a constant number  of open channels 
were measured in response to varying post-pulse 
(Ep), following constant test pulse (Et)  (Fig. la). 
According to the second programme, instanta- 
neous ' tai l '  currents were measured in response to 
constant Ep following varying E t. Normalized tail 
currents give the dependence of fractional number  
of open channels on potential (Fig. 3). 

Fig. 1 shows instantaneous currents and in- 
stantaneous current-voltage relations at normal 
and at low external solution pH obtained in one of 
the typical experiments. Currents measured at in- 
vervals of 50 #s or less between the step and 
post-pulse were usually used to plot instantaneous 
current-voltage relations. As a rule, the duration of 
E t exceeded the time to reach peak values; there- 
fore, to make instantaneous current-voltage rela- 
tions correspond to the number of open channels 
at the current peak, the amplitude of the irlstanta- 
neous currents was multiplied by the ratio Ip/It, 
where Ip and I t are the peak current and the 
current at the end of E t, respectively. Control 
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Fig. 1. The inhibition of sodium currents at low pH. (a) 
' Instantaneous'  currents after E t = + 80 mV at pH 4.9 and pH 
7.5. The pulse programme is shown on the top of the figure. 
The post-pulse (Eo) is varied from - 40 to + 160 mV in 20-mV 
steps (current records in response to - 2 0  and - 4 0  mV at pH 
4.9 are not shown). E h = -80 ,  E c = - 1 2 0  mV (50 ms). (b) O, 
Current values at pH 7.5 (numbers on the right of ordinate 
axis); O, current values at pH 4.9 (numbers on the left of 
ordinate axis). Current values are corrected for fast inactivation 
(see text). Node 249-83. 

experiments showed that the result of such a calcu- 
lation did not depend on the duration of E t. In a 
number  of experiments, currents were measured 
both with a hyperpolarizing prepulse to - 120 mV 
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and with a depolarizing prepulse from - 7 0  to 
- 60 mV in order to check the influence of current 
size itself on the results. Current-voltage relations 
from both sets of measurements proved to differ 
from each other only by a constant factor, so the 
results obtained were not distorted by any kind of 
current-dependent artefacts. 

It  can be seen from the Fig. l b  that instanta- 
neous current-voltage relations are nearly linear 
within the voltage range from - 4 0  to +40  mV, 
both at normal and at low pH. At more positive 
potentials, the curve becomes concave downward 
at normal pH. At low pH, the curvature of this 
trace is much less pronounced, if present at all. 
The lowering of p H  causes a decrease in current 
over the whole range of potentials. However, at 
more positive potentials, it is less pronounced. 
Control experiments with tetrodotoxin showed that 
within the range of potentials studied there are no 
nonlinear currents other than sodium currents. 
Thus, all features of currents registered must be 
attributed to the properties of sodium channels. 

The ratio of chord conductance at low p H  to 
that at normal pH (gpH//g75) was taken as a 
measure of H ÷ block. As reversal potentials are 
equal both at normal and at low pH, this value is 
simply equal to the corresponding ratio of the 
currents. Fig. 2 shows the gpH/gT.5(E)-depen- 
dence calculated from instantaneous currents pre- 
sented in Fig. lb.  Because the holding potential 
(Eh)  was usually set at either - 9 0  or - 8 0  mV, a 
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Fig. 2. The dependence of relative sodium conductance on 
potential for pH 4.9. O ,  Experimental values of  g4.9/gT.5 
obtained from the experiment presented in Fig. 1. When calcu- 
lating g7.5, values were corrected for slow inactivation. The 
continuous curve was calculated according to Eqn. 4 from Ref. 
10; surface potentials on  both sides of the membrane were 
taken to be equal to -75 inV. See text for details. 

part  of the channels at normal p H  was inactivated 
by a slow inactivation mechanism [14]. Correction 
for this process was made using mean parameters 
of slow inactivation from work described earlier 
[15]. For the experiment presented in Fig. 2, the 
g7.5 values were scaled up by 1.3. The ratio g4.9/g7.5 
increases about 2.9-fold as the voltage rises from 0 
to + 160 inV. In seven experiments, where p H  was 
lowered to 4.8-4.9, this figure was equal to 3.7 + 
0.2 (S.E.). 

Since the instantaneous current-voltage rela- 
tionship corresponds to a constant number  of 
channels, the potential-dependence of t h e  gpH//gT.5 
ratio is determined by open sodium channel prop- 
erties, not by the effect of low pH on gating 
processes. True, lowering the p H  is known to 
affect the kinetics of activation and inactivation 
[16,17], so it is possible that the number of open 
channels at the current peak at normal and at low 
p H  may differ to some extent. But, even if such a 
difference exists, it remains constant for instanta- 
neous current-voltage relations over the complete 
potential range tested and therefore cannot account 
for the observed potential-dependence of gpH//gT.5. 
Thus, the results presented add further support to 
the previous data concerning the strong potential- 
dependence of g~a inhibition with decreasing pH 
and are inconsistent with Campbel l ' s  data 
[9]. 

According to Campbell  [9], the H ÷ block 
potential-dependence shown in many  works on the 
basis of current peak measurements occurs due to 
increase in the number  of open channels at E > 50 
mV, this increase being more pronounced at low 
pH. We checked this point. Fig. 3a shows tail 
currents in response to Ep = 0 mV. Such an Ep 
level was chosen because current kinetics at this 
potential are rather slow and, therefore, tail ampli- 
tude is measured more accurately. In this and in 
some other experiments, tail currents were mea- 
sured with a depolarizing prepulse (50 ms in dura- 
tion) in order to decrease current size and thereby 
to exclude any misinterpretation due to some kind 
of current-dependent artefact. It  can be seen that 
tail currents after test pulses of the same duration 
become less a s  E t increases from +80  to +120 
and to + 160 inV. This results from faster inactiva- 
tion at more positive potentials. The correction for 
inactivation during the test pulse, quite analogous 



438 

E . . . . . . . . . .  O.,v 

pH 75 

\ 

1ms 

l n A  

+DO +12o +1~o 

np 
1 . 0 |  b 

0 -so ~ ~ 560 1~0 ~v 

Fig. 3. The dependence of the number of open channels on 
membrane potential at low (4.9) and normal (7.5) pH. (a) 'Tail' 
currents in response to post-pulse Ep = zero after varying E t. 
The pulse programme is shown on the top of the figure. Not all 
currents are shown. At pH 7.5, currents were measured with a 
prepulse to -70  mV, at pH 4.9, E c = - 1 2 0  mV. Numbers 
under the records indicate potential during E t, in mV. (b) 
Normalized tail currents amplitude (©, O, A) and normalized 
peak chord conductance (0, n, A) as function of E. Tail 
currents are corrected for inactivation during test pulse (see 
text). Solutions were applied in succession: pH 7.5 (©, O), pH 
4.9 (D, i )  and pH 7.5 (z~, A) again. The same experiment as in 
Figs. 1 and 2. 

to that  made  above  for ins tan taneous  currents ,  
showed that  at p H  7.5, tai l  ampl i tudes  co r respond-  
ing to peak  currents  at E t +20 ,  +80 ,  + 120 and  
+ 1 6 0  mV are equal.  A t  p H  4.9, cor rec ted  tail  
cur rents  are equal  after  + 40, + 80, + 120 and  
+ 160 mV, bu t  af ter  E t = + 20 mV the current  is 
somewha t  less. Fig. 3b shows normal ized  tail  cur-  
rents  as a funct ion of  E t. Because tail  amp l i t ude  is 
de t e rmined  by  the n u m b e r  of  open  channels  at  the 
current  peak,  this quan t i t y  normal ized  to its maxi -  
mal  value gives the f rac t ional  number  of  open  

channels  at the peak  current  (np).  I t  can be  seen 
that  the number  of  the open  channels  at  the peak  
is essent ial ly  cons tan t  over  the vol tage ranges f rom 
+ 1 0  to + 1 6 0  mV at p H  7.5 and f rom + 4 0  to 
+ 160 mV at p H  4.9. The  same results  were ob-  
ta ined  in all ana logous  exper iments .  Thus,  relat ive 
tail  ampl i tudes  (correc ted  for the inact ivat ion)  were 
1.0, 0.98 _ 0.02, 0.94 4- 0.03, 0.94 4- 0.05 (n = 8) at 
p H  7.5 and  1.0, 1.02 4- 0.02, 0.99 4- 0.04, 0.98 _ 
0.05 ( n = 6 )  at p H  4 .8-4 .9  for E t +40 ,  +80 ,  
+ 120 and + 160 mV, respectively.  Thus,  at  least  
in frog mye l ina ted  fibre, the number  of  open  
sod ium channels  a t  the peak  of  the current  reaches  
its l imi t ing value at  po ten t ia l s  f rom + 10 to + 50 
mV (depend ing  on  p H  and poss ib ly  on o ther  
factors  inf luencing the pos i t ion  of  the n p ( E )  curve 
relat ive to the vol tage axis) and  stays at  this level 
as E becomes  more  posit ive.  

Since Woodhu l l ' s  work  [2], the po ten t i a l -depen-  
den t  gnu inhib i t ion  at decreas ing p H  has been 
in te rpre ted  as the result  of  sod ium-channe l  b loc-  
kage by  p ro tons  fol lowing their  b ind ing  with the 
acid  group s i tuated within the pore.  Accord ing  to 
an a l ternat ive  mode l  [10], inhib i t ion  of  channel  
cur rents  at low p H  is due  exclusively to a decrease  
in concen t ra t ion  of  pe rmean t  ca t ions  near  the 
m o u t h  of  the pore  which is, in turn, due to a 
decrease  in negat ive surface poten t ia l  ( A ~ ) .  A~  
nea r  the channel  mou th  is, further,  assumed to be 
equal  to that  A~b which is sensed by  gat ing mecha-  
n ism and  manifes ts  i tself  in a shift of vol tage 
dependence  of  the number  of  open  channels  a long 
the vol tage axis (see for example ,  Ref. 18). On 
these assumpt ions ,  a version of  the cons tan t  field 
equa t ion  [19] has been der ived which takes in to  
account  surface poten t ia l s  on bo th  sides of  the 
m e m b r a n e  (Eqn. 4 f rom Ref. 10). By this equat ion,  
the p H - i n d u c e d  inh ib i t ion  of the current  at  any  
given poten t ia l  can be re la ted  to the shift of  the 
n p ( E )  curve. Fig. 3 shows n p ( E )  curves for two 
p H  values (7.5 and  4.9). These  were de te rmined  
ei ther  f rom tail  cur rent  measurements  or  f rom 
peak  current  measurements .  In  the la t ter  case, n p 
values were ca lcula ted  as normal ized  chord  con- 
ductance.  Because ins tan taneous  current -vol tage  
re la t ions  over  the vol tage range - 4 0  to + 40 mV 
are  near ly  l inear  (see above),  bo th  calcula t ions  
gave prac t ica l ly  the same results.  I t  can be seen 
that  lowering the p H  to 4.9 results  in the shift of  



n p ( E )  curve to the right by 24 mV, and after 
returning to normal pH, the curve shifts back- 
wards by 33 mV. This latter figure was inserted 
into Eqn. 4 from Ref. 10. It  can be seen from Fig. 
2 that this calculation predicts both the decreased 
inhibition of currents over all potential ranges 
studied and the decrease in potential-dependence 
of the inhibition compared to experimental values. 
Indeed, as E varies from 0 to +160 mV, the 
equation predicts a 1.64-fold decrease in current 
inhibition, whereas the observed inhibition de- 
creases 2.9-times. It  should be noted that in the 
rest of our experiments, the amount of H + block 
was larger and the shift of np (E)  curve was less. 
For  pH 4.8-4.9, the gpH/gN, value at E = zero 
averaged 0.11 + 0.06 and the shift of the np (E)  
curve was 2 0 + 2  mV (n =7) .  Thus, the dis- 
crepancy between the surface charge equation and 
experimental data was on average even greater. 
Varying the initial ~k values of both internal and 
external surfaces within reasonable limits does not 
improve the interpretation of the experimental data 
by this equation. 

The possibility that unspecific surface potential 
can influence the concentration of permeate or 
blocking ions near the channel mouth has been 
discussed in a number of studies [3,18,20]. In one 
of them [20] a calculation similar to that used in 
previous work [10] gave a reasonable agreement 
between shifts in voltage-dependence of activation 
of K channels and blocking-potency of tetraethyl- 
ammonium cations when pH, divalent and mono- 
valent cation concentrations in the solution were 
varied. However, with sodium channels, such an 
unequivocal relation between the shift of voltage- 
dependent functions does not hold. Thus, many  
divalent cations can induce a shift of voltage-de- 
pendent gating functions as large as that achieved 
by H +, but with much less inhibition of the cur- 
rent [18]. Further, it should be noted that some 
recent data [11,17,21,22] suggest that the shift of 
the activation curve with increasing divalent cation 
or H + concentrations seems to reflect direct inter- 
action of H + with gating machinery rather than 
neutralization of some unspecific fixed surface 
charges. 

Experiments varying pH from 4.0 to 6.2 [7,8] 
suggest that there are at least two acid groups 
accessible from the outside, one of them (inner) 
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within the pore, the second (surface)just  near the 
external end of the pore. The protonation of the 
inner group is voltage-dependent and causes an 
almost complete blockage of the channel; protona- 
tion of the surface group is potential-independent 
and results in a partial decrease of channel con- 
ductance (by the factor a). Though this model 
simplifies considerably the real situation, in partic- 
ular, it does not take into account protons passing 
through the channel [8,23,24]; however, it does 
give a reasonable description of the experimental 
data, at least for positive potentials. According to 
this model, the discrepancy between Campbell 's  
data and ours'  can be partially explained by the 
following assumptions. In muscle fibre, unlike 
nerve fibre the p K  of the surface group is consider- 
ably higher than that of the inner group. Addition- 
ally (or alternatively), protonation of the surface 
group in muscle fibre results in a stronger inhibi- 
tion of channel current than in nerve fibre, that is, 
a value is lower. In this case, channel current 
inhibition will be to a great extent determined by 
the protonation of the surface group and therefore 
the apparent potential-dependence of proton block 
will be weak. Further, the model predicts and 
experiments confirm [7,8] that, because of the 
presence of the surface acid group, the apparent 
potential-dependence of the blockage decreases as 
pH increases. It  should be noted in this connection 
that in Campbell 's  experiments, the p H  of the acid 
solutions was rather high, so that currents were 
inhibited by no more than 40%. Therefore, in 
order to judge accurately the presence of the acid 
group within the sodium channel, experiments with 
a pH low enough to suppress 80-90% of the 
sodium currents should be performed on the 
muscle fibres. 

Recently, additional evidence for strong poten- 
tial-dependent proton blockage was obtained on 
squid giant axon [24]. 

In order to explain potential-dependent bloc- 
kage it is not strictly necessary in principle to 
assume that the acid group is situated within the 
pore. Indeed, one can imagine that there is some 
cation in the inside which can bind within the pore 
in a potential-dependent manner. Then, the rise of 
positive potentials will increase the binding of this 
internal cation (it can be penetrating or not) and, 
due to Coulombic repulsion between cations, will 
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decrease  p ro tona t i on  of  the acid group by  exter- 
na l ly  app l ied  protons .  Thus,  p ro ton  b lockage  f rom 
the outs ide can be  po ten t i a l -dependen t  wi thout  
direct  ac t ion of  electr ic field on the b locking  pro-  
ton. I t  is poss ib le  that  such a mechan i sm opera tes  
in some cases. F o r  example ,  p ro ton  b lockage  in 
acon i t ine -modi f ied  sodium channels  is signifi- 
can t ly  less po t en t i a l -dependen t  than  in un t rea ted  
channels  [25,26]. But this is t rue only  when the 
ends  of  the f ibre are  cut  in solut ion wi thout  Cs+;  
with Cs + in ar t i f icial  axoplasm,  the p ro ton  bloc-  
kage becomes  near ly  as po ten t i a l -dependen t  as in 
no rma l  channels  (Mozhayeva ,  G .N.  and  Naumov ,  
A.P. ,  unpubl i shed  observat ions) .  As  expla ined  
above,  it  m a y  be a result  of  po t en t i a l -dependen t  
b ind ing  of  Cs + within the acon i t ine -modi f ied  
channel .  In  no rma l  sod ium channel ,  p ro ton  bloc-  
kage f rom the outs ide  is equal ly  po ten t i a l -depen-  
dent ,  i r respect ive of  whether  Cs + is present  in the 
in terna l  sol tuion (this work)  or  no t  [7,8]. 

I t  should  be  no ted  that  any exp lana t ion  of  the 
H + b lock  over  wide ranges of  potent ia l s  and  p H  
mus t  incorpora te  the assumpt ion  abou t  the ex- 
is tence of  a t  least  two acid  groups  in the channel  
which differ  f rom each o ther  bo th  in inherent  p K  
and  in the extent  of  po ten t i a l -dependence  of  the 
p ro tona t ion .  Then,  according  to the above-men-  
t ioned mechan i sm of  indi rec t  po ten t i a l -depend-  
ency of  the blockage,  one should  suppose  that  
bo th  groups  are s i tuated at the external  end of  the 
pore.  In  this case, the exp lana t ion  of  the reasons  
for which the po ten t i a l -dependence  of  p ro tona t i on  
of  two groups  will differ  f rom each other,  in our  
opin ion ,  becomes  too speculative.  

Thus,  for the present ,  the mos t  reasonable  ex- 
p l ana t i on  for  the po ten t i a l -dependen t  b lockage  of  
the sodium channel  by  external ly  app l ied  ca t ions  
involves the a s sumpt ion  that  there  is at  least  one 
ac id  group s i tuated deep ly  in the pore,  as was 
or ig inal ly  p r o p o s e d  b y  W o o d h u l l  [2]. 
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