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ABSTRACT Some effects of the external pH on Ca chan-
nels were studied in a hybridoma cell line (mAb-7B), by using
the whole-cell configuration of the patch-clamp technique. As
the pH was lowered, both the activation and the inactivation
curves shifted toward less negative membrane potentials, sug-
gesting a pH-induced decrease of an external negative surface
potential, sensed by the mechanism of gating. The potential for
half-activation, V1/2, and that for half-inactivation, Vh, were
related by a straight line with a slope of one. The inward cur-
rent varied exponentially with V1/2, as would be expected if the
field inside the channel and the Ca2 concentration at the en-
trance were sensitive to the surface potential. However, the
reversal potential and the outward current were unaltered by
changes in the pH. Under the hypothesis that the channel
senses the surface potential, all these results, as well as the
nernstian behavior of the reversal potential with respect to
Ca2+, observed in previous studies, are accounted for by a
three-barrier, two-ion model for a channel, provided it is as-
sumed that the potential in the channel drops almost entirely
across the barrier adjacent to the external solution.

Voltage-gated Ca channels are found in hybridoma cell lines
constructed by fusion of mouse myeloma cell line S194 and
mouse splenic B lymphocytes (1). Voltage-clamp type analy-
ses revealed that the current through the channel is carried in
the inward direction by external Ca ions and in the outward
direction by internal alkali cations. No other types of volt-
age-gated ion channels were found in these cells (2).

In the present experiments, the pH of the external solution
was changed keeping all other external and internal ion con-
centrations constant. The gating kinetics of the membrane
current shifted in the positive direction along the voltage axis
when the external pH was reduced. This indicates that the
surface potential is altered by the external H+ concentration
and that the potential changes are sensed by the gating mech-
anism. The aim of this work is to investigate whether or not a
similar surface potential is also sensed by the channel itself.
In studies of Ca channels some investigators have simply as-
sumed that surface potential changes alter the field in the
channel as well as in the surrounding lipid area, whereas oth-
ers have asserted that only gating is altered, not the channel
conductance. In most cases the assumptions had no clear
experimental support. The same question has also been
raised for the Na channel, leading to different conclusions
depending on the type of preparation (3, 4). The conclusion
that the Na channel in the node of Ranvier does not sense the
surface potential (4) has been deduced from the behavior of
the outward current, which was found to be insensitive to
the ionic strength and the external pH. Difficulties in isolat-
ing the outward current have been the major obstacle to per-
forming equally significant experiments with Ca channels.

However, in the present preparation we can record clear
outward currents flowing through the Ca channel, which
constitutes a great advantage for studying these currents as a
function of the external pH.

METHODS
A hybridoma cell line (mAb-7B) constructed by fusion of
S194 mouse myeloma cells and mouse splenic B lympho-
cytes was used. The cell line secretes immunoglobulin M.
The whole-cell variation of the patch-electrode voltage
clamp was used. The details of the technique were similar to
those described (2, 5). The whole-cell-clamp condition was
always established in the external solution at pH 7. After
altering the external pH, recordings were made again at pH 7
to confirm a reasonable recovery. Recording was started at
least 10 min after the whole-cell-clamp condition was estab-
lished. The external solution had the following composition:
150 mM NaCl, 2.5 mM CaCl2, 1 mM MgCl2, 5 mM KCl, 10
mM Hepes, 10 mM Mes, 10 mM 2-(N-Cyclohexylamino)eth-
anesulfonic acid (Ches), and the pH was adjusted to 9, 8, 7,
6, or 5 by adding either NaOH or HCl. For pHs below 5, Mes
and Ches were replaced by 20 mM sodium hydrogen phthal-
ate, and the required pH was obtained by adding NaOH. The
composition of the internal solution was 155 mM NaOH, 40
mM HCl, 95 mM aspartic acid, 2 mM ATP-Mg, 0.1 mM cy-
clic AMP, 2 mM theophylline, 1 mM MgCl2, 5 mM EGTA,
and 10 mM Hepes, with the pH adjusted to 7.3 by adding
HCl. All experiments were performed at room temperature
(24-260C).

RESULTS
pH Alters the Surface Potential. Membrane currents, pro-

duced by positive voltage pulses of varying amplitude by us-
ing an external solution at pH 7, are shown by the traces in
Fig. 1B. Recordings in Fig. 1 A, C, and D were obtained from
the same cell when the pH was altered to 6, 8, and 9, respec-
tively. These effects were reversible. Current-voltage rela-
tions at the peak of the membrane current are shown in Fig.
2. The results show: (i) Both the beginning and the peak of
the inward current were displaced toward less negative
membrane potentials as the pH was reduced. This indicates
that the voltage dependence of the gating-kinetic shifts along
the voltage axis as the external pH is altered. (ih) The rever-
sal potential and the current-voltage relations at the peak
outward current were unaffected by pH in this range.
The Ca channel in the present preparation shows voltage-

dependent inactivation (2). It has been shown that the rela-
tionship between steady-state inactivation, h., and the hold-
ing membrane potential, V, is expressed by h.. = [1 + exp(V
- Vh)/v)]-1, where Vh is the membrane potential at which
h. becomes 1/2 and v is about 4 mV. The voltage depen-
dence of h. was obtained in the same cell at pH 6, 7, 8, and 9
and is shown in Fig. 3A. The curves were calculated from the
above equation with v equal to 3.8 mV. As the pH is low-
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FIG. 1. Effects of the external pH on membrane currents. The
records were obtained from the same cell at pH 6, 7, 8, and 9. Hold-
ing potential was -103 mV. The numbers on the left of the traces
denote membrane potentials during the voltage pulse. The cell diam-
eter was 14 /m. Traces at pH 8 and 9 are slightly distorted due to
imperfect capacity compensation.

ered, the curve shifts along the voltage axis in the positive
direction.
The current-voltage relation at the peak of the inward cur-

rent also shifts along the voltage axis as the pH is altered
(Fig. 2). The potential V1/2 is defined as the membrane po-
tential at which the peak inward current becomes 1/2 of its
maximum value. In order to compare the shift of the activa-
tion to that of inactivation, Vh was plotted against V12 in Fig.
3B, showing a linear relation with a slope of 1. These results
indicate that protonation reduces the amplitude of the nega-
tive surface potential and that this effect is sensed by the
gating mechanism.

Reduction of the Inward Current. The amplitude of the in-
ward current, carried by the external Ca2+ at a given mem-
brane potential, decreased as the external pH was reduced.
In the pH range studied, 6 to 9, this effect is likely due to
reduction in the amplitude of the negative surface potential
rather than to blockage of the Ca channel, since no reduction
is seen for the outward current.*

*The outward current started to decrease only when the pH was
below 5.5. When it was 4.5, the voltage-gated current became un-
recognizable, and the leakage conductance increased significantly.
This change, however, could be reversed by raising the pH to high-
er values, implying that some other type of conductance increase
occurs when the pH is lowered below 4.5. It was thus impossible to
obtain a titration curve of the Ca channel and to determine the pK;
although it seems reasonable to conclude that it must be lower than
5.
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FIG. 2. Current-voltage relations at the peak of the membrane
current. Data were obtained from the cell used to collect data for
Fig. 1.

If one assumes that the channel does not sense the surface
potential, this decrease of the inward current, as the pH is
lowered, would simply be due to reduced activation. How-
ever, if the channel does sense the surface potential, a de-
crease of the Ca2+ concentration at the mouth of the chan-
nel, due to a shift of the surface potential in the positive di-
rection, would also be expected to occur and contribute to
the reduction of the current.
To distinguish between these two alternatives, it is perti-

nent to analyze the current at different pH values for V equal
to V1/2, or V1/2 + AV, AV being a fixed potential increment.
When the membrane potential is V1/2 (or, in general, V1/2 +
AV), the number of open Ca channels is generally consid-
ered to be the same regardless of the surface potential, since
the gating mechanism senses this potential. The current-
voltage (I-V) relation at V1/2 obtained from the same cell at
different pH values would then be simply proportional to the
I-V relation of the single open channel. Thus, if the surface
potential is not sensed by the channel, different currents at
V1/2 would mainly reflect different potentials across the
channel. However, if the channel does sense the surface po-
tentials, the potential drop across the channel would always
be the same when V = V1/2; in which case, differences in the
currents would be expected to reflect different ion concen-
trations at the entrance to the channel. If the Ca2+ concen-
tration at the external mouth of the channel is related to that
of the bulk solution, CCa, and to the surface potential, O., by
Ccae-20% and if the conductance is proportional to that con-
centration, a linear relation with a slope of RT12F, or 12.5
mV, is expected between log I and 4s where R is the molar
gas constant, T is temperature, and F is the Faraday con-
stant. Even though As is not known, it can be realized that a
similar relation is also expected between log I and V1/2 (or
V112 + AV), since, when the channel senses the same poten-
tial as gating, differences in V1/2 should correspond to equal
differences in 4, In Fig. 3C, the logarithm of the membrane
current at V112, as well as at V112 + 25 mV, obtained from the
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One way to account for these two results is to postulate that
1.0 only gating is sensitive to the pH, while the properties of

permeation remain unchanged. In this case, the outward cur-
rent would understandably become pH-independent when
the potential is sufficiently positive that the probability of
channel opening reaches saturation. However, we have
shown that the reduction of the inward current at different
pHs is remarkably consistent with the idea that the ion con-0.5

centration at the channel mouth is sensitive to the surface
potential.
Moreover, models (6, 7) have postulated that Ca channels

have two internal binding sites for this ion and that the
monovalent cations become permeant only when neither site

0 is occupied by Ca2 . Binding of Ca2+ to these sites is volt-
age-dependent, so that large positive membrane potentials
would expel Ca2+ ions and create Ca2+-free channels, per-
meable to univalent cations. These considerations suggest
the possibility that shifts of the surface potential, induced by
pH changes, might influence permeation as well as gating,

-60 mV although the net sum of their effects on the parameters of
permeation, such as the field in the channel and the ion con-
centrations at the boundaries, would result in negligible
changes for both the reversal potential and the outward cur-
rent. A theoretical justification for this hypothesis is de-

-80 scribed below.
Vh Theoretical Results for a Channel that Senses the Surface

Potential. It will be postulated that altering the pH causes
variations of the surface potential, 4s, between the mouth of
the channel and the external solution. The total measured

100° potential, 4, will thus be written

4 = hi + Os(o = FV/RT),
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where Xc is the potential drop across the interior of the chan-
nel.

Probably, a similar surface potential also exists at the in-
ner mouth of the channel. However, since it may be relative-
ly insensitive to changes in the external pH, we shall, for
simplicity, ignore its effects and assume it is zero.
Using the Boltzman distribution, the concentration of ion i

at the external mouth of the channel, C,, will be related to
that in the bulk, C;', by

C, =C-le-zibs
ICa
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FIG. 3. (A) Steady-state inactivation curves obtained from the
same cell at pH 6, 7, 8, and 9. Dashed lines were drawn according to
h. = [1 + exp(V - Vh)/3.8 mV]f1. (B) Vh is plotted against Vv2 for
the corresponding pH values. The relation is fitted by Vh = Vln -

33 mV. (C) Relation between V1/2 and (V1/2 + 25 mV) and the peak
amplitude of Ca current at this potential plotted on a logarithmic
scale. An e-fold change of the current is found per 12.5 mV.

same cell at pH of 6, 7, 8, and 9, was plotted against the
membrane potential, indicating that the behavior of the in-
ward current is consistent with the assumption that the ion
concentration near the channel varies with the surface po-
tential.

In contrast, the reversal potential is unaltered by pH, and
so is also the I-V relation at the peak of the outward current.

[21

The assumptions we use, which include the principal fea-
tures of models proposed (6, 7), can be thus summarized: (i)
The channel has two internal binding sites for Ca2l that can
also be occupied at the same time by two Ca2+ ions. (ii) The
binding constant of either site, Kca, is large, so that KcaCca
>> 1 even in the submillimolar range. (Mi) The rate constant
for crossing the internal barrier, XCa, is much greater than
that for exit from the channel, pica. (iv) The pore becomes
permeable to univalent cations, with low selectivity among
the alkali cations, only when neither of the two sites is occu-
pied by Ca2+. (v) The univalent cations sense the channel as
a single energy barrier with the peak at the same location as
that of the central barrier for Ca2 . (vW) The interaction be-
tween the two Ca2+ ions in the channel is described by a
repulsion factor, f, which multiplies the rate constant for
exit and divides that for entry when one of the two sites is al-
ready occupied. (vii) The binding constants of the two sites
for Ca2+ are equal, and so are also the rate constants for exit
from the pore. (viii) The peaks of the three barriers for Ca2+
are in the middle between adjacent sites (although the sites
need not be spaced evenly).
The number of open channels per unit area will be denoted

by P(O))N, where N is the total number of channels and
P(Oc) is the probability of opening, considered as a function
of the voltage drop across the interior of the membrane. The
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fluxes through the open pores are calculated using Eyring
rate theory and considering four possible states for the chan-
nel: two with one Ca2+ in either site, one with one Ca2' in
each site, and one empty (the channel being then permeable
to the univalent cations). If I' the current density carried by
the univalent ions, the total current per unit area will be

I = Ica + l-.[3]

general, both the current and the reversal potential will de-
pend on the surface potential, Us, and hence on the pH. To
obtain a better idea of this dependence, it is useful to analyze
the limiting behavior of the outward current at high positive
potentials. In this region, the inward Ca2+ current will be
negligible, and the probability of channel opening will have
reached its maximum value, Pmax. By only keeping the
steepest positive exponentials in Eqs. 5 and 6, one finds

With the aid of the assumptions stated above, using the nota-
tion specified in Fig. 4 for the rate and equilibrium constants
for Ca2+, and denoting by p+ the rate constant for the mono-
valent cations, one finds

Mca = -2FP(OCXCaCaCae- TV e(Ty3)0'. [4]

i+ = FP(oC)N /"ca p+eP(-0s)/2(C+' e+- C+)
Xca

x {f Xca [1 + e(a+v)(0-0s)I[e(P+V)(0-Os)Mica

+ e-(a+00-0k)I + KcaCcae-20s}, [5]

where

A = 2f caCcaePe (1 P)4

x {[1 + e(a+v)(0-0S)]cosh[3(4 - As)]

P'ca 1 A 1-t OQ+ [2f Xca e KcaCcae [6]

where a, /3, and y are the fractional potential drops between
adjacent sites. It can be seen from these equations that, in

A P'ca
\ \~

B

I N

Xca
pea

Vc

V = VIN - VOUT = VC + VS

F= -V;As = FT ; FSC= Vc
RT RT R

PCa
KCa

[7]I = FPma,,N PeCaC+ay-/2) e(1-y+0/2)os
4#0_,,+y KcaCca

This simple expression shows that the limiting outward cur-
rent will become independent of 4s if (1 + /3/2 - y) is zero.
Since a + P + y = 1, this is possible only if a = /3 = 0 and 'y
= 1-namely, if the potential drop across the external barri-
er (the closest to the Ca-containing solution) is equal to that
across the whole channelt. In this case, the effects of Us on
the parameters of permeation cancel each other. For exam-
ple, a decrease of the driving force for the inward fluxes,
such as might be produced by making Us more negative, will
be accompanied by an increase of the Ca2+ concentration
near the external mouth of the channel, leaving the probabili-
ty of channel occupancy unchanged.

It is now interesting also to examine the zero-current po-
tential, when y = 1. Considering that 40 is positive and that
Us is negative, and recalling that a = /3 = 0, we shall use the
following approximation in Eq. 5

[8]

which holds approximately when e(t-OS) 2 10.
In this case, the condition that ICa + I' = 0 yields

{-2Xca!CaCCae- 'o + -a p+(C+'e'o - C+')

x [LCa e2'o + KCaCCa]I e-2ks = 0, [9]

showing that, when y = 1, also the reversal potential, O., is
expected to be independent of U,. In contrast, it is easy to
realize that the inward current is dependent on Us, and that
the form of this dependence is consistent with the results of
Fig. 3C. Neglecting the term in Cca in Eq. 6-which is rea-
sonable, considering that at 2.5 mM Ca2+ the inward current
is still linearly dependent on external Ca2 , and that linearity
is predicted by Eqs. 4 and 6 only if that term is neglected-
and substituting 4 with do + Us, Eqs. 4 and 6 give

Ica =-C e-2. [FPOc)NXCaKCae 1
]'Ca=Ccae"'~ f(l + e4"') [10]

This equation shows that, if the potential across the channel
interior, 4c, is constant, the logarithm of the current is pro-
portional to V, with a slope of 2F/RT. In agreement with the
data of Fig. 3C, the same proportionality is also expected
with respect to V1/2 or V1/2 + AV, since fixed displacements
from V1/2 correspond to fixed values for Oc.

Vs

FIG. 4. (A) Three-barrier model for Ca21 ions in Ca channels. a,

P, and y are fractions of the potential drop across the channel. The
bars on the rate and equilibrium constants denote their values at
zero-field in the channel (Vc = 0). (B) Schematic potential profiles.
Vc is the potential drop across a channel that senses the surface
potential. Vc is the potential drop for a channel that does not sense
it.

tThis restrictive condition for y is related to the arbitrary assump-
tion that the position of the barrier peak for the monovalent cat-
ions, E, coincides with that of the central barrier for Ca2" (E = a +
0/2). If this assumption is released, and E is allowed to take any
value between 0 and 1, the condition under which the outward cur-
rent would be expected to be independent of the surface potential,
0s, becomes y = 1 - E/2. Note that though this condition is less
restrictive than y = 1, it nevertheless still requires that y 1/2,
implying that the "electrical distance" between the two sites forCa?+ cannot be larger than 0.5.
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DISCUSSION
The data shown in this paper describe some effects of the
external pH on several properties of gating and permeation
in Ca channels. Although it may seem that most results could
be explained in terms of shifts of the potential profiles
sensed only by the mechanism of gating, the analysis of the
inward currents suggested that different currents at V1v2, or
V1i2 + 4V, for different pH values, reflected changes of the
Ca2+ concentration at the external mouth of the channel. It
then became interesting to consider the possibility that po-
tential shifts are sensed also by the channel, and to investi-
gate whether this hypothesis could be reconciled with the
observation that both the outward current and the reversal
potential are insensitive to changes in the external pH. The
analysis in the previous section shows that, within the frame
of the assumptions of our model, the outward current be-
comes indeed independent of the surface potential, A,, if y =
1; namely, if the potential drop across the external barrier is
almost equal to that across the whole channel. In this case,
also the reversal potential, 4O, is independent of 4s; provid-
ed, however, that also the condition expressed by approxi-
mation 8 is satisfied. Since the reversal potential shown in
Fig. 2 is about 28 mV for 2.5 mM Ca2+, it is easy to realize
that this condition will be satisfied for Cca . 2.5 mM if Vs <
RT/F (-In 10 + 1.1) = -30 mV, which is a reasonable range
for surface potentials in negatively charged membranes.
Thus, if y 1 and V, ' -30 mV, the reversal potential be-
comes independent of V, and can be calculated by solving
Eq. 9, which is of the fourth order in es0. An interesting
solution is found if the external concentration of permeant
monovalent cations is sufficiently low that the following ap-
proximation can be made: (C+'e"'o - C+ ) = C+ eO. In this

case, one finds

= 2 In Cca2

+ 1 in Kca [ ca

2 1~~2Lf1/2
+ (TZ2Ca 8

ha 1/2f[

Thus, the reversal potential is insensitive to As, and hence to
the pH, and also depends on external Ca2+ in a nernstian
way. The first of these predictions is verified by the data in
this paper, while the second is in good agreement with previ-
ous results (2). Eq. 11 also predicts a slow dependence of the
potential on the internal concentration of the monovalent
cations, and no dependence on that of the external ones; the
latter prediction also being in agreement with previous stud-
ies (2).
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