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Abstract. Ion permeation properties of the mouse e2/z1

NMDA receptor channel expressed inXenopusoocytes
were studied using the outside-out patch-clamp tech-
nique. In symmetrical Na+ solutions, the single-channel
I-V relations were almost linear at low electrolyte con-
centrations, but rectified inwardly for Na+ concentrations
above 50 mM. In symmetrical Na+ solutions, the ‘‘zero-
current conductance’’ increased with Na+ concentration
and saturated according to a hyperbolic curve, the half-
maximal saturating activity,KM(Na), being 14.2 mM and
the maximal conductance,Gmax(Na), 53.9 pS. When
Ca2+ was present with Na+ in the external solution, the
single-channel current was lower than in pure Na+, al-
though the reversal potential indicated a higher perme-
ability for Ca2+ than for Na+. Using ion activities, PCa/
PNa was found to be about 17. TheI-V data were fitted
with a model based on the Eyring’s rate theory, assuming
a one-ion pore with three energy barriers and two sites.
The KM(Ca) andGmax (Ca) were 76.5mM and 21.2 pS,
respectively. According to the estimated rate constants,
KM for Ca2+ is mainly determined by the binding strength
of a site located 80% away from the channel opening at
the external membrane-solution interface, a position
similar to that postulated previously for the Mg2+ block-
ing site.

Key words: NMDA receptor channel — Ion permeation
— Current-voltage relation — Eyring-La¨uger model —
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Introduction

Among the various glutamate receptor channels, the
NMDA (N-methyl-D-aspartate) subtype has characteris-

tic ion permeation properties which are suggestive of its
role in mechanisms of great physiological importance.
Monovalent cations permeate the channel with low se-
lectivity, but major differences exist between Ca2+ and
Mg2+ (Nowak et al., 1984; Mayer & Westbrook, 1987;
Ascher & Nowak, 1988). While Mg2+ is a potent
blocker of the channel, Ca2+ is permeant, provided that
the pore is in its open state (as a result of agonist bind-
ing), and that Mg2+ is removed from the permeation
pathway. The requirement that both these conditions
must be satisfied for Ca2+ influx through the NMDA
receptor channel, in addition to its demonstrated involve-
ment in the phenomenon of ‘‘long term potentiation’’
(Bliss & Collingridge, 1993), has prompted the hypoth-
esis that one of its roles may be that of a ‘‘coincidence
detector,’’ a device invoked to account for important
neurological processes.

It has also been shown that Ca2+ ions entering the
cell via the NMDA receptor channel are implicated in
‘‘excitotoxicity.’’ When cultured neurons were exposed
to glutamate in the absence of Mg2+ and in the presence
of glycine, cells endowed with NMDA receptors died,
presumably due to large Ca2+ influx. It has been specu-
lated that this type of cell death may occur during certain
pathological conditions (Rothman & Olney, 1987).

In view of the great interest for the NMDA receptor
channel, it is important to elucidate its ion permeation
properties, especially for biological relevant ions such as
Na+ and Ca2+. Using cultured mouse neurons, Ascher &
Nowak (1988) studied single-channel currents through
the NMDA receptor channel, and demonstrated that sub-
stitution of monovalent ions with Ca2+ in the external
solution causes displacement of the reversal potential in
the positive direction, while also decreasing the inward
current. Similar effects of Ca2+ in the same type of chan-
nel were reported later by Jahr & Stevens (1993), who
gave also a quantitative description of the data, using aCorrespondence to:Y. Kidokoro
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model based on a semi-empirical perturbation approach.
More recently, however, Zarei & Dani (1994) have pre-
sented a new study of the same channel in cultured
mouse neurons, analyzing the conductance at different
concentrations of NH4

+, as well as the permeability ratio
between Cs+, dimethyl-ammonium+ (DMA+) and Ca2+,
using bi-ionic conditions, and exploring a wide range of
concentrations for Cs+ and DMA+. From the behavior of
both the conductance and the bi-ionic potential, they in-
ferred: (i) that the NMDA receptor channel is a one-ion
pore, thus arguing against previous claims that the chan-
nel may be a multi-ion channel (Mayer & Westbrook,
1987; Ascher & Nowak, 1988; Johnson & Ascher, 1990),
and (ii) that only a low surface charge is required to
account for few minor deviations from the theoretical
predictions of a model for a one-ion pore.

The main purpose of the present study is to evaluate
certain basic parameters of the ion permeation properties
of the NMDA receptor channel, a goal which in our
opinion requires a more systematic analysis of the elec-
trical properties than has been carried out so far. To
achieve this goal, the single-channelI-V relations were
studied first in symmetrical solutions, with Na+ as the
sole permeant ion at different concentrations, and then in
solutions where Ca2+ was gradually increased in the ex-
ternal medium, while Na+ was maintained constant and
nearly symmetrical on both sides. The questions that we
tried to address are of the following type: What are the
‘‘dissociation constants’’ and the ‘‘maximal conduc-
tance’’ of the NMDA-receptor channel, both for Na+ and
for Ca2+? Is it necessary to postulate surface charges to
account for the permeation properties of the channel?
Assuming validity of the Eyring theory, what is the sim-
plest model capable of giving a good fit to theI-V data?

In a wider context, the overall purpose of this study
is to build a background of data which will hopefully
serve, in conjunction with techniques of molecular biol-
ogy, to identify the molecular components responsible
for the permeation properties of the channel.

The preparation used in this study is the heteromeric
mousee2/z1 NMDA receptor channel expressed inXeno-
pus oocytes. This receptor channel exhibits properties
similar to the native NMDA receptor channel in cultured
neurons. For example,L-glutamate and NMDA activate
the receptor channel, while neither kainate nora-amino-
3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA)
has any effect. A specific NMDA receptor antagonist,
D-2-amino-5-phosphonovalerate (APV), blocks the glu-
tamate responses and so do Mg2+ and Zn2+ (Kutsuwada
et al., 1992). The permeation properties of the expressed
e2/z1 NMDA receptor channel are also very similar to
those of the native one. For example, the channel is
almost nonselectively permeable to monovalent cations,
and is permeable also to Ca2+ but is blocked by Mg2+

(Tsuzuki et al., 1994). It is thus reasonable to conclude

that this is a good model for studying the ion permeation
properties of the NMDA receptor channel. Furthermore,
due to the absence of other types of glutamate-sensitive
ionic pores in this expression system, the NMDA recep-
tor channel events can be identified without ambiguity.

Materials and Methods

EXPRESSION OFFUNCTIONAL NMDA RECEPTOR

CHANNELS IN XENOPUSOOCYTES

Capped cRNAs for the mouse NMDA receptor subunitz1 ande2 were
transcribedin vitro from linearized plasmids containing appropriate
cDNA inserts as described previously (Kutsuwada et al., 1992). Ap-
proximately 40 oocytes ofXenopus laeviswere injected at a time with
a mixture ofz1 cRNA (13.5 ng per oocyte), ande2 (19.0 ng per oocyte)
and were incubated overnight in Barth’s medium (20°C). To remove
the follicular membrane, oocytes were treated with 0.5 mg/ml collage-
nase (Yakult, Tokyo, Japan) for 15-to-30 min at room temperature.
Then they were immersed again in Barth’s medium (20°C), and were
kept there overnight.

Two days after injection, a couple of oocytes from a batch were
tested for expression of functional NMDA receptor channels by using
the two-microelectrode-voltage-clamp technique. When application of
10 mM L-glutamate and 10mM glycine evoked inward currents of more
than 300 nA, oocytes of the batch were used for single-channel current
recording. Shortly before the patch-clamp experiment, an oocyte was
immersed in a hypertonic solution for 3 min (Methfessel et al., 1986),
and the vitelline membrane was manually removed using a pair of
sharp forceps. The ionic composition of the hypertonic solution was
(in mM): 280 NaCl, 5 KCl, 1 CaCl2, 25 Tris (pH was adjusted to 7.4
with HCl).

SINGLE-CHANNEL CURRENT RECORDINGS AND CURRENT

AMPLITUDE MEASUREMENTS

All recordings were carried out with excised patches in the outside-out
mode at room temperature (approximately 25°C) (Hamill et al., 1981).
A LIST EPC-7 patch-clamp amplifier was used. Patch pipettes were
made from borosilicate glass capillaries and had resistances of about 10
MV when filled with the normal internal solution. Single-channel cur-
rent traces were recorded in a PCM data recorder, and were digitized
off-line at the rate of 5 kHz after filtering at 2 kHz.

Measurements of single-channel current amplitudes were carried
out using the pClamp software (Axon Instruments, Foster City, CA).
Five-to-ten channel events with sufficient durations were measured at
each potential level.

Junction potentials were measured or calculated with the Hender-
son’s equation, and the potential levels were corrected accordingly.

DATA FITTING AND EVALUATION OF THE PARAMETERS

The I-V data were fitted to the model using a SIMPLEX minimization
algorithm (Press et al., 1988). To give an estimate of the parameters’
error, we used an empirical approach, taking into consideration the fact
that the dissociation constant,KM and the maximal conductance,Gmax,
are almost independent of the number of barriers in the model. (For
example, a two-barrier model predicted the same values forKM and
Gmaxas our model, even though it fitted theI-V data poorly). However,
since our three-barrier model depends on five rate constants, there are
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unlimited ways in which these five parameters can be varied without
changingKM and Gmax. Analyzing a few cases in which three rate
constants were changed arbitrarily (the other two being determined by
the fixed values ofKM and Gmax), we found that distortions of the
fitting curves became apparent for variations of about 15 to 20% from
the optimal values calculated by the computer. Thus, it seems reason-
able to infer that a fraction of this order represents a fair estimate of the
parameters’ relative errors.

SOLUTIONS

The ionic compositions of all solutions used in these experiments are
listed in Table 1. In all the analyses, ion activities were used instead of
concentrations. The activity coefficients of electrolytes were estimated
by the formula below (Robinson & Stokes, 1959).

log f 4 −A|z1z2|✓I +bI (1)
1 + ✓I

wheref denotes the activity coefficient of the electrolyte,I is the ionic
strength (inM), while A andb are constants. Following Robinson and
Stokes (1959),A was 0.507, andb was 0.161 for NaCl, and 0.20 for
CaCl2, z1 and z2 are the valences of the two ions of the electrolyte.
The activity coefficients of the ions were estimated from those of the
electrolytes using of the Guggenheim convention. According to this
convention which is based on the Debye-Hu¨ckel theory,fNa 4 fNaCl,
whereas for 2-1 electrolytes such as CaCl2, fCa 4 (fCaCl2

)2 (Butler,
1968; Shatkay, 1968).

Results

When whole cell currents exceeded 300 nA in a few test
oocytes upon application of 10mM glutamate together

with 10 mM glycine, oocytes from the same batch were
used for single-channel current recordings. Using the
outside-out excised patch configuration, single-channel
events were observed in the majority of cases when a
perfusing solution contained 10mM glutamate and 10mM

glycine. However, the frequency of channel events
tended to decline after several exchanges of the external
solutions. Single-channel currents were recorded for
membrane potentials ranging from −100 to +100 mV
with 20 mV steps. The steady-state current-voltage (I-V)
relations were thus constructed for various ionic condi-
tions, and were subsequently analyzed using a model
based on Eyring’s rate theory (La¨uger, 1973). Occasion-
ally, substates with lower conductance could be seen, as
described previously for the NMDA receptor channel
(Cull-Candy & Usowicz, 1987; Jahr & Stevens, 1987;
Tsuzuki et al., 1994; Stern et al., 1992), although they
appeared rather infrequently. In this study we only dealt
with the major conductance state.

I-V CURVES IN THE SYMMETRICAL DISTRIBUTION OF

Na+ IONS

The sample traces in Fig. 1A and theI-V curve in Fig. 1B
refer to the case of a patch interposed between symmetri-
cal solutions with 153.8 (117) mM Na+ (The numbers
within parentheses, here and in the rest of the paper,
indicate calculated ion activities). Due to technical dif-

Fig. 1. Single-channel currents induced by 10mM

L-glutamate in the presence of 10mM glycine. (A)
sample traces from a representative patch in the
outside-out configuration. The bath and the
electrode contained the standard external and
internal solutions, respectively. The Na+

concentration was the same on both sides (154.5
mM). Signals were low-pass filtered at 2 kHz (B)
I-V relation obtained from the same patch. The
data points were connected by straight lines. The
slope conductance was about 50 pS near zero
current, but varied with voltage, becoming steeper
at negative potentials.
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ficulties of forming stable patches in zero Ca2+, this ion
was not buffered in the external solution, although its
concentration was measured in nominal Ca2+-free solu-
tions, and was found to be approximately 0.55mM. De-
spite the symmetry of the ion composition, theI-V rela-
tion in the Fig. 1B is neither symmetrical nor linear, the
slope conductance being somewhat steeper when the cur-
rent flows in the inward direction.

The zero-current channel conductance in the experi-
ments shown in Fig. 1B (pooled data at 153.8 (117) mM
Na+ concentration) was estimated by connecting the
points at −10 and +10 mV, and was found to be about 50
pS. This value is identical to that reported previously (50
pS) by Tsuzuki et al. (1994), who performed the mea-
surement in solutions with the same Na+ concentration,
but with 1 mM Ca2+ in the bath. The similarity between
these two data, despite the known blocking effect of Ca2+

on the current (seeFig. 4), is probably due to two com-
pensating features: inhibition by Ca2+, and the fact that
Tsuzuki et al. (1994) took their measurements at poten-
tials between −40 and −60 mV, a region where the slope

of the I-V curve, as we noted above, is steeper than near
zero current.

To study the effects of ion concentration, a family of
I-V curves was obtained by reducing the Na+ concentra-
tion symmetrically on both sides of the patch and main-
taining isotonicity by replacing Na+ with sucrose (Fig.
2). Note that in this series of five experiments the ionic
strength of the solutions was not constant, but varied in
parallel with the Na+ concentration. (The external Na+

concentration was reduced by mixing solution 1 and 3,
and the internal Na+ concentration was reduced by mix-
ing solution 6 and 7 in Table 1). In none of the five cases
are theI-V curves rigorously linear, although they be-
come more straight at low ion concentrations. As is
shown in Fig. 3, the zero-current conductance increases
with Na+ activity, and eventually saturates at a limiting
value, (Gmax), estimated to be approximately 54 pS.
Although it was difficult to perform accurate measure-
ments at very low Na+ concentrations, the data in Fig. 3
suggest that, as the Na+ concentration decreases, the
channel conductance declines following a regular Mi-

Fig. 2. Single-channelI-V relations in symmetrical Na+ solutions. The five Na+ concentrations were obtained by diluting the standard solution
(solution 1) and using sucrose (solution 3) to maintain osmolarity. Results from various experiments were pooled for 153.8 (117) mM (n 4 3,
number of patches examined), 79.3 (63.2) mM (n 4 5), 42.1 (35.1) mM (n 4 7), 23.4 (20.2) mM (n 4 6) and 14.1 (12.6) mM (n 4 5), the numbers
within parentheses being the estimated activities for Na+. Smooth lines are fits to the data with Eq. (A5). The rate constants for Na+, divided by
109 and listed in the order:r8Na (s−1 M−1), l8Na (s−1), m8Na (s−1), r9Na (s−1 M−1), l9Na (s−1), m9Na (s−1), are: 1.48, 0.17, 0.028, 1.39, 0.072, 0.070.
The electrical distances, defined in Fig. 8A, are:a 4 0.23,b 4 0.54,g 4 0.23. Note that since the rate constants are related by ‘‘microscopic
reversibility’’ (Eq. (A4)), and since the sum of the three electrical distances is one, the number of independent parameters is seven (and not nine
as it may seem at first sight from the list above).
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chaelis-Menten curve with aKM of about 14.2 mM. Ac-
cording to the Gouy-Chapman theory, this simple behav-
ior would not be expected if a significant surface charge
were present on both sides of the channel (a surface
charge being designated ‘‘large’’ when it generates a
surface potential greater than RT/F, 25 mV, in solutions
with physiological ionic strength). However, as we shall
see later in the Discussion, an asymmetrical distribution
of surface charges with a significant charge present only
on one side of the channel cannot be easily excluded.

INTERACTION BETWEEN Ca2+
AND Na+ IONS

The sample traces in partA of Fig. 4 refer to single-
channel currents for an outside-out patch interposed be-
tween an external solution containing a mixture of 104.5
(78.5) mM Na+ and 30 (8.6) mM Ca2+ (solution 5 in Table

1), and an internal solution of 153.1 (117) mM Na+ (so-
lution 6 in Table 1). The correspondingI-V relation is
given by the dotted curve in Fig. 4B, where, for com-
parison we plotted also anI-V curve obtained with 0 Ca2+

and 153.8 (117) mM Na+ (solution 1 and 6 in Table 1) on
both sides of the patch. Figure 5 illustrates the effect of
gradually varying the Ca2+ concentration in the external
bath from 0.3 (0.1) mM (Fig. 5E) to 30 (8.6) mM (Fig.
5A). (The intermediate concentrations of Ca2+ were pre-
pared by mixing solution 4 and 5 in Table 1). The con-
tinuous lines are the theoretical fitting curves obtained
with the model. As one can see, the reversal potential
shifts to the right, indicating a high permeability to Ca2+,
a result similar to that shown previously by Ascher &
Nowak (1988) in cultured mouse neurons, and also by
Tsuzuki et al. (1994) in the same preparation as that
studied in this paper. In Fig. 6, the reversal potential is
plotted vs. the calcium activity in the bath; the smooth
line is the fit to the data with Eq. (12). The estimated
permeability ratio, PCa/PNa, was about 17, a value con-
siderably higher than that reported previously (6.2 Iino,
Ozawa & Tsuzuki, 1990; 3.6, Tsuzuki et al., 1994).
Probably, the main reason for the discrepancy lies in that
we used ion activities instead of concentrations. In fact,
by using Eq. (1) to estimate the activity coefficient of the
electrolyte, and then the Guggenheim convention to cal-
culate the ion activities, one finds Ca2+ activities that are
much smaller than the respective concentrations. For ex-
ample, in a mixture of 30 mM CaCl2 and 100 mM NaCl,
the estimated Ca2+ activity is only 8.6 mM. Using activ-
ity coefficients, also Mayer & Westbrook (1987) re-
ported a relatively high value for PCa/PNa in cultured
mouse neurons, (PCa/PNa 4 10.2).

The amplitude of both inward and outward currents
decreased as the external Ca2+ concentration increased.
Similar effects of external Ca2+ on theI-V curves were
observed in the glutamate receptor channel from cultured
embryonicDrosophilamyotubes (Chang, Ciani & Kido-
koro, 1994). The two apparently conflicting effects de-
scribed above: the inhibitory effect of Ca2+ on the Na+

Table 1. Composition of solutions

External solutions NaCl NaF CaCl2 Sucrose
HEPES*
−NaOH EGTA

(1) Standard Na+ 150 0 0 0 10 0
(2) Ca2+ 0 0 100 0 10 0
(3) Sucrose 0 0 0 260 10 0
(4) Na+-sucrose 100 0 0 86 10 0
(5) Na+-Ca2+ 100 0 30 0 10 0

Internal solutions
(6) Standard 48 100 0 0 10 1
(7) Sucrose 0 0 0 260 10 1

* 4.5 mM NaOH was needed to adjust pH to 7.4

Fig. 3. Conductance-activity relation for Na+. The five conductance
values were determined from the data in Fig. 2. The measured zero-
current conductances were 50 pS for 154.5 (117) mM Na+, 46.1 pS for
79 (63.2) mM Na+, 40.2 pS for 42.1 (35.1) mM Na+, 33.2 pS for 23.4
(20.2) mM Na+ and 26.5 pS for 14.1 (12.6) mM Na+. The continuous
curve is drawn according to Eq. (2), withKM 4 14.2 mM andGmax 4

54 pS. These values were not deduced from an independent fit, but
were obtained by substituting in Eq. (3) and (4) the rate constants listed
in the legend of Fig. 2.
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current, and the ability of Ca2+ to shift the reversal po-
tential in the direction of positive voltages with a per-
meability higher than that of Na+, are perfectly compat-
ible with models for ‘‘one-ion’’ channels based on the
Eyring-Läuger theory, while they are inconsistent with
the classic result obtained by integration of the Nernst-
Planck equation assuming constant field.

A ‘‘T HREE-BARRIER, ONE-ION’’ M ODEL FOR THE NMDA
RECEPTORCHANNEL

I-V Relations

The experiments of Zarei and Dani (1994) suggest that
the NMDA receptor channel behaves as a one-ion pore,
at least for some permeant ions, Na+ and Ca2+ included.
Complying with this suggestion, and applying the Ey-
ring-Läuger theory for singly occupied pores (La¨uger,
1973), we have found that a ‘‘two site, three barrier’’
model, similar to that described previously for a gluta-
mate receptor channel inDrosophila (Chang et al.,
1994), gave a good fit to theI-V data for the NMDA
receptor channel. A simpler ‘‘one site, two barrier’’
model for the channel was also tested, but, as we discuss
later, was found to be much less satisfactory. We have
thus pursued our analysis using the slightly more com-
plex kinetic scheme with two internal sites and three

barriers. It should be intuitively clear that, in the pres-
ence of only one permeant ion species, this model is
characterized by three states of occupancy: the empty
state and two occupied states, with the ion located in
either of the two available sites. It is also obvious that
there will be two additional states (and thus a total of
five) when the permeant ion species are two, as in the
case of mixtures of Na+ and Ca2+ (see alsoFig. 8B in the
Appendix). Using well-known methods (La¨uger, 1973;
see alsoAppendix), one easily obtains explicit expres-
sions for the ion fluxes and the current as functions of
membrane voltage and ion concentrations. For simplic-
ity, we used the assumption that the barrier peaks are
halfway between successive sites. With this assumption,
and in the case of only one permeant ion, the model has
seven independent parameters: two independent electri-
cal distances and five independent rate constants. In
fact, although three distances:a, b, g, and six rate con-
stants,n8, l8, m8, n9, l9, m9, appear in Fig. 8, the former
are subject to the condition that their sum is equal to one,
while the latter are related by the condition of ‘‘micro-
scopic reversibility,’’ given by Eq. (A4) in the Appendix.
Equation (A5), which refers to the case of only one per-
meant ion, was used to fit the data in Fig. 2. The five
single-channelI-V curves in this figure correspond to
five different symmetrical concentrations of Na+, this
being the only permeant ion in the solutions. The rate
constants that optimized the fit to theI-V relations in Fig.

Fig. 4. Single-channel current-voltage relation in
the presence of external Ca2+. (A) sample tracings
from an outside-out patch exposed to an external
solution containing a mixture of 30 mM CaCl2 and
100 mM NaCl (solution 5 in Table 1). The
solution in the pipette was the standard internal
solution (solution 6 in Table 1). (B) I-V relation
corresponding to the traces shown inA, and I-V
curve in symmetrical Na+ (154.5 mM) and 0 Ca2+

(solution 1 in Table 1), shown here for
comparison.
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2 are listed in the corresponding figure legend. These
values were then substituted in the equation for the cur-
rent in mixtures of two ions, Eq. (A9), which was used to
fit the I-V data in Na+-Ca2+ mixtures (Fig. 5), and thus to
deduce the rate constants for Ca2+. In the experiments
with Na+-Ca2+ mixtures, Na+ was maintained constant,
while Ca2+ was varied from 0.3 to 30 mM in the external
solution. TheI-V data in Na+-Ca2+ mixtures, together
with the fitting curves obtained using Eq. (A9), are
shown in Fig. 5, and the calculated rate constants for
Ca2+ are given in the corresponding figure legend.

Zero-voltage Conductance and Permeability Ratio

When only one permeant ion is present in the two solu-
tions at the same concentration, it can be shown, using
Eq. (A5), that the channel conductance in the limit of
zero current becomes:

G0 = Gmax

a

a + KM
(2)

whereKM, the dissociation constant of the permeant ion
from the channel, andGmax, the maximal conductance,
can be expressed in terms of the rate constants by the
following equations,

KM =
µ' µ"

r' µ' + r" µ"
(3)

Gmax =
z2e2

kT

l' l"

~l' + l"!~l'/µ" + l"/µ' + 1!
(4)

The meaning of the rate constants in the above equations
should be clear from inspection of Fig. 8 (see alsothe
Appendix), and the bar on top is used to denote the
values of the rate constants at zero voltage. Substituting
the numerical values for the rate constants given in the
legends of Fig. 2, one finds:KM(Na) 4 14.2 mM and
Gmax(Na) 4 53.9 pS. A plot of the ‘‘zero current’’ con-
ductance is exhibited in Fig. 3. Note that the continuous
curve in Fig. 3 is not an independent fit of the conduc-
tance data with Eq. (2), but is just the theoretical plot of

Fig. 5. Single-channelI-V relations for Ca2+-Na+ mixtures in the external medium. The external Na+ concentration was 104.5 mM, while the external
Ca2+ concentration ranged from 0.3 to 30 mM. The solution in the pipette was the standard internal solution (solution 6 in Table 1). Results from
different patches are pooled for 30 (8.6) mM Ca2+ (n 4 4), 10 (3.2) mM Ca2+ (n 4 3), 3 (0.83) mM Ca2+ (n 4 3), 1 (0.33) mM Ca2+ (n 4 6), 0.3
(0.11) mM Ca2+ (n 4 6), the numbers within parentheses being the estimated activities for Ca2+. These solutions were prepared by mixing solution
4 and 5 in Table 1. The continuous curves represent fits to the data with Eq. (A9), all the rate constants for Na+ having been fixed at the values
estimated previously, and listed in the legend of Fig. 2. The fitting rate constants for Ca2+, divided by 109, and given in the same units and order
as those in the legend of Fig. 2 are: 26.5, 0.060, 0.0076, 19.3, 0.25, 0.0025.
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Eq. (2), using the calculated numbers forKM andGmax

reported above. The correspondingKM and Gmax for
Ca2+, deduced by substitution of the constants listed in
Fig. 5 in Eqs. (3) and (4), are:KM(Ca) 4 76.5 mM and
Gmax(Ca) 4 21.2 pS. Due to obvious experimental re-
strictions, one cannot measure the channel conductance
in pure Ca2+ solutions, and thus test the accuracy of the
values forKM andGmax in the same way as it was done
with Na+. However, as we shall see, a less direct, but
still valuable test for consistency can be obtained by
comparing the measured permeability ratio, PCa/PNa, de-
termined empirically using the constant field theory with
its theoretical expression in terms ofKM andGmax (see
Eq. 8).

As can be seen from Eq. (A9), in models for chan-
nels based on the Eyring-La¨uger theory, the permeability
ratio generally depends on the voltage across the mem-
brane. To obtain an explicit expression for PCa/PNa, it is
convenient to define the quantity:

QNa~f! = expSzNa~g 1 a!
f

2D
+

l"Na

µ'Na

expS1zNa~a + b!
f

2D
+

l'Na

µ"Na

expSzNa~b + g!
f

2D (5)

f is the voltage in units ofRT/F,and the meaning of the
rate constants,l, m, as well as that of the ‘‘electrical’’
distances,a, b, g, are given in the Appendix, but can also
be guessed from inspection of Fig. 8. Defining a similar

quality, QCa for Ca2+, the permeability ratio can be writ-
ten in the form

PCa

PNa
= SpCa

PNa
D

0

F~f! (6)

whereF(f) is

F~f! =
QNa~f!QCa~0!

QNa~0!QCa~f!
(7)

and (PCa/PNa)0, the permeability ratio near zero voltage,
is given by

SPCa

PNa
D0 =

zNa
2

zCa
2

Gmax~Ca!

Gmax~Na!

KM~Na!

kM~Ca!
(8)

By substituting in Eq. (8) the numerical values ofKM and
Gmax, both for Na+ and Ca2+, one finds (PCa/PNa)0 4 18.
As we shall see later, a similar value is obtained by
fitting the reversal potential with an equation deduced
from the ‘‘constant field’’ theory. Using Eq. (3) and (4),
and recalling the condition for ‘‘microscopic reversibil-
ity’’ given by Eq. (A4), Eq. (8) can also be written,

SPCa

PNa
D0 =

zNa
2

zCa
2

r"Ca l"Ca µ"Na

r'Na l'Na µ'Ca

QNa~0!

QCa~0!
(9)

Expressing the rate constants in terms of the energy bar-
riers, (see Eq.(A1)), it could be shown that Eqs. 6 to 9,
and thus the permeability ratios, are independent of the
energy levels of the internal sites. This important feature
is somehow hidden in the otherwise useful expression for
(PCa/PNa)0 given by Eq. (8), since it may not be obvious
that the energy levels of the internal sites cancel out in
the ratioGmax/KM. Although PCa/PNa, as given by Eq.
(6), depends on the membrane voltage, it can be shown
that its value remains very close to (PCa/PNa)0 for mem-
brane potentials within the range of those measured in
our experiments (−5 to 20 mV).

Discussion

A previous study of the NMDA receptor channel in cul-
tured CA1 hippocampal neurons reported measurements
of the single-channel conductance using NH4

+, as well as
measurements of bi-ionic potentials in the presence of
Cs+, DMA+ (dimethyl-ammonium) and Ca2+ (Zarei &
Dani, 1994). From the behavior of the conductance-
concentration curve, and from the constancy of the bi-
ionic potential when the ion concentrations were
changed by proportional amounts in the solutions, it was
argued that the channel behaved as a one-ion pore. Mi-
nor deviations from the theory could be accounted for by

Fig. 6. Dependence of reversal potential on Ca2+ activity. The reversal
potentials were estimated by linear interpolation, using the data equiva-
lent to those shown in Fig. 5 at each Ca2+ concentration. They were
−8.7 mV for 0 mM Ca2+, −7.2 mV for 0.3 (0.11) mM Ca2+, −4.8 mV for
1 (0.33) mM Ca2+ 0 mV for 3 (0.83) mM Ca2+, 9.2 mV for 10 (3.2) mM

Ca2+ and 19.5 mV for 30 (8.6) mM Ca2+. The continuous curve repre-
sents the fit to the data with Eq. (12). The estimated permeability ratio
was 17.
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postulating a small surface charge near the opening of
the channel (equivalent to 0.0002 electronic charges/Å2).
These experiments are clearly important, because they
provide relevant information about the channel without
using specific models and assumptions.

The data in this paper extend those of previous stud-
ies by describing the single-channel current in a wide
range of voltages and concentrations, and using physi-
ologically important ions such as Na+ and Ca2+.
However, in contrast to the type of the measurements
mentioned above (bi-ionic potentials and conductancevs.
concentration at constant voltage), a quantitative analysis
of the I-V relationships requires the use of a specific
model. The simplest kinetic scheme that gives a satis-
factory fit to our data is a one-ion model with two sites
and three barriers, based on the Eyring-La¨uger theory,
and quite similar to a model used previously for studying
a different glutamate receptor channel inDrosophila
(Chang et al., 1994). Although it would be unrealistic to
claim uniqueness with this type of model (since, for ex-
ample, models with more than three barriers would prob-
ably also fit the data), it seems however reasonable to
expect that some basic information about the permeation
properties may be deduced by fitting the data with the
simplest kinetic scheme that proves to be adequate. An
even simpler model with only one site and two barriers
was also tested. Although it gave similar values forKM

and Gmax, it predicted supralinearI-V curves in the re-
gion of measurable high voltages, a feature that is not
observed in the data.

THE CHANNEL CONDUCTANCE IN PURE Na+ SOLUTIONS

The continuous curves in Fig. 2, drawn according to Eq.
(A5), represent theoretical fits to theI-V data for the case
in which Na+ was the only permeant ion present. The
curves are fairly symmetrical at low Na+ concentrations,
but show some inward rectification at higher concentra-
tions. As one can deduce from the fitting values of the
rate constants (seethe legend of Fig. 2), the rectification
is related to the unequal depths of the two internal sites.
In fact, denoting byK8d(4 m9/r8) the dissociation con-
stant of the site close to the internal membrane interface,
and byK9d(4 m8/r9) that of the site close to the external
interface, one finds 48.7 mM for K8d and 20.1 mM for
K9d. On the other hand, at sufficiently low Na+ concen-
trations (and thus low occupancy, a condition in which
the current-voltage characteristics are expected to be in-
dependent of the depth of the energy wells), the symme-
try of the I-V curves is consistent with the fact that peaks
of the two lateral energy barriers have almost equal
height. In fact,r' 4 r", as one can see in the legend of
Fig. 2.

Figure 3 shows that the saturation of the ‘‘conduc-
tance-activity’’ curve is well described by a Michaelis-

Menten type of equation, such as Eq. (2) whereKM and
Gmax have been estimated by substituting in Eqs. (3) and
(4) the appropriate rate constants listed in the legend of
Fig. 2. As we shall discuss later, the features of this
curve argue against the presence of a large surface charge
on both sides of the channel.

Na+-Ca2+ INTERACTION

Except for the absolute value of the current, the proper-
ties of theI-V relations in Na+-Ca2+ mixtures are quite
similar to those of the glutamate receptor channel of
Drosophila(Chang et al., 1994). Ca2+ has an inhibitory
effect on the current, even though its permeability is
higher than that of Na+. While incompatible with the
classic constant-field theory, these two features are quite
consistent with models for ‘‘one-ion’’ pores based on the
Eyring-Läuger theory. This can be seen in Fig. 5, where
the smooth curves represent a fit to the data using our
model which is based on that theory. More specifically,
the equation used was Eq. (A9), in which all the param-
eters for Na+ were fixed at the values deduced previously
by fitting the data in Fig. 2. As in the case of the gluta-
mate receptor channel ofDrosophila, the shift of the
reversal potential observed upon changing the external
Ca2+ concentration could be accounted for by the high
permeability of the channel to Ca2+ ions.

A COMPARISON BETWEENPCa/PNa ESTIMATED FROM THE

EYRING MODEL AND THE CONSTANT FIELD EQUATION

Interestingly, it was found that the classic constant-field
theory describes very well the dependence of the reversal
potential on Ca2+ activity, despite its manifest inability to
account for theI-V relations. Moreover, the value esti-
mated for the permeability ratio, PCa/PNa (417), is very
close to that obtained using the Eyring model (418).
The similarity between these two values is not circum-
stantial, but can be justified by the following consider-
ations. Using Eq. (A9) for theI-V relation in Na+-Ca2+

mixtures (which is derived from the Eyring model), and
imposing the condition of zero current, one finds:

PCa

PNa
=

[a8Naexp~3f/2! 1 a9Naexp~f/2!]

2a9Ca
(10)

where the left-hand side is defined in Eqs. (6–8). Note
that Eq. (10) cannot be solved explicitly forf or V,
mainly because of the complex voltage-dependence of
PCa/PNa. Moreover, even if PCa/PNa could be considered
almost constant in the range of measured potentials, (as
is the case in our experiments: −5 to 20 mV), Eq. (10)
would still be a cubic equation in exp(f/2), and thus it
would be impractical to solve it forf. However, using
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the Nernst-Planck equation, and extending the ‘‘con-
stant-field’’ theory to mono-divalent mixtures, it can eas-
ily be shown (seeAppendix) that the counterpart to Eq.
(10) is:

PCa

PNa
=

[a8Naexp~3f/2! 1 a9Naexp~f/2!]

2a"Ca
cosh~f/2! (11)

The main difference between Eqs. (11) and (10) is the
quantity cosh(f/2) which appears in Eq. (11). However,
since cosh(f/2) remains close to one between −5 and 20
mV, Eqs. (10) and (11) are interchangeable in that range,
implying that similar values for PCa/PNa will be obtained
from the two theories. The practical advantage of Eq.
(11) is that it can be solved analytically forV, thus yield-
ing an explicit expression for the reversal potential as a
function of the permeability ratio and the ion activities.
The result is:

V =

RT

F
ln { a"Na

2a'Na
1

1

2
+ÎS a"Na

2a'Na
+

1

2
D2

+ 4
PCaa"Ca

PNaa'Na
}

(12)

Although we derived Eq. (12) independently, it was
called to our attention that it is a particular case of a more
general result obtained by Spangler (1972). As is shown
in Fig. 6, Eq. (12) gives a good fit to the data with a
permeability ratio equal to 17. This number is very close
to that calculated by substituting in Eq. (8) the values for
KM and Gmax deduced by fitting theI-V data with our
model (seeTable 2).

The notion that in the ‘‘constant-field’’ theory the
equation for the reversal potential is more general than
the equation for the current has already been emphasized
previously (e.g., Hille, 1984). However, while past dis-
cussions generally referred to mixtures of monovalent
cations, here we have the example of an important sys-
tem in which similar considerations hold true also for
mixtures of monovalent and divalent cations.

EFFECTS OFSURFACE CHARGES

To discuss possible effects of the surface charges on our
measurements, we will consider separately the cases of
symmetrical and asymmetrical surface charges.

Symmetrical Surface Charges

As we mentioned before, the behavior of the conduc-
tance in Fig. 3 suggests that it is unlikely that a large
surface charge is present on both sides of the channel.
According to the Gouy-Chapman theory, if a negative
charge is present at the membrane surface, decreasing the

ionic strength in the adjacent solution will cause the sur-
face potential to diverge to highly negative values, while
the ion concentrations at the interface will remain finite
(seee.g., McLaughlin, 1989). Thus, if a surface charge
is present at both interfaces, and if the effects of the
surface potential extend to the region near the mouth of
the channel, also the channel conductance will tend to
remain finite at low ionic strengths in the solutions.
Although it was difficult to measure the conductance at
very low Na+ concentrations, the points in Fig. 3 do not
suggest this type of behavior. On the basis of these con-
cepts, we have previously formulated a theoretical crite-
rion to estimate an upper limit for the charge density,
smax1 that may be present at the membrane-solution in-
terfaces, even when conductance data at very low con-
centrations are not available (Chang et al., 1994). The
main results can be thus summarized: If the charge den-
sity, is given in electron charges/Å2, and the dissociation
constant,KM, in moles/liter (M), one finds

smax 〈
1

272HKMGint/(Gmax 1 Gint)J1/2 (13)

whereGmax is the maximal conductance defined in Eq.
(4), andGint is the intersection with ordinate axis (G-
axis) of the straight-line tangent to the curve in Fig. 3,
drawn from any of its points. Although inequality (13)
holds true forGint values obtained from the tangents to
any point of the curve, the best estimates forsmaxwill be
obtained using straight-line tangents drawn from points
corresponding to the lowest conductance experimentally
available. Applying this criterion to the data in Fig. 3,
one finds approximately:Gint 4 15 pS, and, using rela-
tion (13)

smax < 0.00024 electron charges/Å2 (14)

which is a value very close to that estimated by Zarei &
Dani (1994). Allowing for the presence of this small
charge density in our model, we found negligible
changes in the values of the fitting rate constants.

It is important, however, to recognize that the dis-
cussion given above is valid only if the charge is distrib-
uted symmetrically on both interfaces, the situation being
instead quite different if the charge is present only (or
predominantly) at one interface.

Asymmetrical Surface Charge

For simplicity (but without any loss of generality with
respect to the point that we wish to make), we shall now
consider a simpler ‘‘two-barrier’’ model with one inter-
nal site, and will assume, for example, that a negative
surface charge exists only at the interface with the ex-
ternal solution. In a ‘‘two-barrier’’ model, the kinetics is
described by four rate constants, only three of which are
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however independent due to ‘‘microscopic reversibility’’
(r' m' 4 r" m"), and by two electrical distances,a and
b, subject to the obvious condition thata + b 4 1. Us-
ing ion concentrations instead of activities definingKM

by m'/r" (4 m"/r'), and denoting the surface potential by
fS, it is shown in the Appendix that, in the case of a
single type of monovalent permeant cation at the same
concentration in the two solutions, the ‘‘zero-current’’
conductance is given by:

G0 =
~F

2
/RT! r"Cexp~1fs/2!

exp~afs/ 2! +
m'

m"
exp~1bfs/2! +

C

KM
Fexp(−afs/2) +

µ'

µ"
exp{ ~b 1 2!fs/2}G

(15)

As is well known from the Gouy-Chapman theory (e.g.,
seeMcLaughlin, Szabo & Eisenman, 1971), if only one
monovalent electrolyte is present (e.g., NaCl), the sur-
face potential is expected to vary with the electrolyte
concentration,C, according to the equation:

exp~−fs! = 1 + A/2C + [A/C + A2

/4C2]1/2 (16)

whereA depends on the surface charge density,s, and
the temperature,T. If T is room temperature, ifC is
expressed in moles/liter (M), and if the surface charge
density,s, is given in electron charges/Å2, the numerical
value ofA is

A 4 (272s)2 (17)

With the aid of Eq. (16) and (17) it can be easily proved
thatG0, given by Eq. (15), decreases withC as a power
function ofC, with a positive exponent generally smaller
than one. For example, considering a symmetrical ‘‘two-
barrier’’ channel, so thatm8 4 m9 anda 4 b 4 1⁄2, and
assuming that the permeant ion is monovalent, it can be
shown (seeAppendix) that at low ion concentrations Eq.
(15) becomes approximately:

G0 4 (F2

/RT) r'A1/4C3/4 (18)

Thus,G0 decreases to zero withC as the 0.75th power of
C, regardless of the value of the surface charge density.
A qualitatively similar behavior can be seen in Fig. 7,
where the same data of Fig. 3 are fitted using Eq. (15),
and assuming the presence of a negative surface charge
density on the external interface of 0.002 electron
charges/Å2. This value is 10 times larger than the charge
density estimated using criterion (13) for the ‘‘maximal’’
symmetrical surface charge density (see relation 14).
In the physical situation that corresponds to Fig. 7, there
would be a large negative surface potential at the exter-
nal surface, the Na+ concentration at that interface would
be much greater than in the bulk solution, andKM would
be 30 mM, twice as large as computed from our model
with no surface charges.

Thus, Fig. 7 shows that the same data that in Fig. 3
are well described by a model without surface charges,
can also be fitted with a model with a relatively large
surface charge at one interface (0.002 electron charges/
Å2). It may be worth emphasizing again that it would be
impossible to fit the data of Fig. 3 or Fig. 7 with a similar
charge at both interfaces.

Although at present there is no compelling reason
for preferring a model with asymmetrical surface charges
to the simpler one described in this paper (also because
it would be difficult, with that model, to fit the symmetri-
cal I-V data of Fig. 2 at low Na+ concentration), the
above considerations suggest that some caution is appro-
priate when drawing conclusions about surface charges
from the conductancevs.concentration plot. In particu-
lar, even when it is found that the conductance tends to
zero with the ionic strength, the presence of a surface
charge at one of the two interfaces cannot be excluded.

The cDNAs forz1 ande2 were the gift of Professor Masayoshi Mishina,
Department of Pharmacology, University of Tokyo. We thank Dr. Hi-
roshi Kuromi for helping us by measuring Ca2+ concentrations in our
nominally Ca2+-free solutions.

This research was supported by a grant from the Mitsubishi foundation
and grants-in-aid from the Ministry of Education, Science, Sports and

Table 2. Parameters of the model

Kd8 Kd9 KM Gmax (PX/PNa)exp (PX/PNa)0(theor)

(mM) (mM) (mM) (pS)
Na+ 48.7 20.1 14.2 54 1 1
Ca2+ 0.094 0.49 0.076 21.2 17 18

Fitting values for the ‘‘dissociation constants’’ of the two sites.Kd' (4m"/r'), Kd" (4m'/r"),
the overall ‘‘dissociation constant’’ of the channel,KM(4Kd'Kd"/(Kd' + Kd")), the maximal
conductance,Gmax, and the permeability ratio, (PCa/PNa)exp, is the value calculated by fitting
the data of Fig. 6 with Eq. (12); (PCa/PNa)0(theor) is the theoretical value calculated using Eq.
(8).
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Appendix

DERIVATION OF THE EQUATION FOR THE CURRENT

ACCORDING TO A ‘‘T HREE-BARRIER, TWO-SITE’’ M ODEL

Figure 8B shows that a ‘‘one-ion, three-barrier’’ channel has three
states of occupancy with one permeant ion species, and five with two.
According to the Eyring-La¨uger theory, the rate constants for ion
movement are exponential functions of the voltage. For example, if
one assumes (as we do) that the peaks of the barriers are halfway
between neighboring sites, the rate constant for crossing the central
barrier from left to right (outward current),l8, is given by

l' = l' exp~zbf/2! with f =
FV

RT (A1)

Fig. 7. The same data as in Fig. 3 are fitted with Eqs. (15) and (16),
assuming that a surface charge density of 0.002 electronic charges/Å2

is distributed over the external membrane-solution interface. TheKM of
the channel is 30 mM, more than two times larger than theKM calcu-
lated for zero surface charges. It would be impossible to fit the data if
a similar charge were distributed on both interfaces.
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wherez is the valency,V is the voltage across the channel,b/2 is the
electrical distance between the site and the peak of the barrier, and a bar
is used to denote the voltage-independent component of the rate con-
stants. The indices8 and9, when applied to the rate constants, denote
outward and inward directions, respectively (seealso Fig. 8A). The
voltage-independent factor of the rate constants (e.g.,l8 in Eq. (A1)),
is related to the free energy of activation per unit mole,DG, and to the
temperature,T, by the equation:

l' 4 (kT/h)exp(DG/RT) (A2)

k, h and R being the Boltzmann, the Planck and the gas constants,
respectively. Note that the two rates for entering the channel,n8 andn9

are proportional to the ion activities, so that we will have:

n' 4 r'a', n" 4 r"a" (A3)

implying that the dimensions of the two quantities,r8 andr9, (s−1 M−1),
are different from those of the rate constants,l and m, (s−1). Due to
‘‘microscopic reversibility,’’ we shall have:

r' l' µ' = r" l" µ" (A4)

Using well known methods (e.g.,seeChang et al., 1994), the current-
voltage relation for the case of only one permeant ion (e.g., Na+) is
given by:

i =
|e| rNa' lNa' $aNa' exp~f/2! − aNa" exp~−f/2!%

µNa" @QNa~f! + aNa' RNa~f! + aNa" SNa~f!#
(A5)

whereaNa' and aNa" are the activities of internal and external Na+, re-
spectively. |e| is the absolute value of the electron charge.rNa' , lNa' ,
andm"Na are the voltage-independent factors of rate constants defined
in Fig. 8A, and the three functions of the voltage,QNa(f). PNa(f) and
SNa(f), in the denominator, are:

QNa~f! = exp$zNa~g − a!f/2% +
lNa"

µNa'
expH−zNa~a + b!

f

2J

+
lNa'

µNa"
expHzNa~b + g!

f

2J (A6)

RNa~f! =
rNa'

µNa"
Fexp$zNa~a + g!f/2% +

lNa"

µNa'
exp$zNa~a − b!f/2%

+
lNa'

µNa'
exp$zNa~a + b!f/2%G (A7)

SNa~f! =
rNa'

µNa"
Fexp$zNa~a + g!f/2% +

lNa'

µNa'
exp$zNa~b − g!f/2%

+
lNa"

µNa"
exp$zNa~b + g!f/2%G (A8)

The meaning of all the rate constants p,g,m as well as that of the
electrical distancesa,b,g, should be clear from inspection of Fig. 8A.
If we now denote the numerator and the denominator of Eq. (A5) by
NNa andDNa, respectively, the equation for the current in the presence
of solutions containing Na+-Ca2+ mixtures, with Ca2+ in the external
solution only, is given by:

i =
NNa − 2 SQNa

QCa
D ~|e|l"Car"Ca/ µ'Ca!a"Cae

−f

DNa + SQNa

QCa
Da"CaSCa

(A9)

a9Ca is the activity of Ca2+ in the external solution,l"Ca,r"Ca,m'Ca are
rate constants for Ca2+, while QCa and SCa (where the specification,
(f), that they are voltage-dependent, has been omitted to shorten the
equation) are similar to the quantities in Eqs. (A6) and (A8), provided
that the subscript Na is replaced by Ca, and thatzNa is replaced byzCa.
Equation (A9) was used to fit the data in ion mixtures.

Derivation of Equation(11) and (12) from the
Goldman-Hodgkin-Katz Equation for the Current

The G-H-K equation for the flux of an ion with valencyz is:

J = zPf
a'exp~zf! − a"

exp~zf! − 1
(A10)

Fig. 8. Diagram of the three-barrier model. (A) a three-barrier, two-site model. The heights of the barriers and the depths of the sites (both for Na+,
solid line and for Ca2+, dotted line) were estimated from the fitting values of the rate constants, using Eq. (A2). The free energies in the ordinate
are in units of RT (T 4 300° K) (B) states of occupancy of the channel in the presence of two permeant ions.
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wheref is the membrane potential normalized in units ofRT/F. In a
mixture of Na+ and Ca2+, the membrane current per unit area will be:

I = F~JNa + 2 JCa! (A11)

Substitution ofJNa and JCa with their expressions given by equation
(A10) yields an explicit equation for the current per unit area. Equation
(11) of the text can be easily arrived at by imposing the condition of
zero current, approximating the concentrations of internal calcium with
zero (C 'Ca 4 0), and taking note of the fact that [exp(2f) − 1] (which
appears in the denominator ofJCa) is equal to [exp(f) − 1] [exp(f) +
1]. Finally, Eq. (12) is obtained by recognizing that Eq. (11) is a
quadratic equation in exp(f), and solving it with the usual elementary
methods.

Derivation of Equation(15), the Channel
‘‘Zero-Current Conductance,’’ for a Membrane
Bearing a Negative Surface Charge Density on the
Interface with the External Solution

For simplicity we shall now consider a ‘‘one-site, two-barrier’’ model
for a channel, assuming: (i) that a negative surface charge density is
present only on the external interface, (ii) that the solutions are sym-
metrical and (iii) that they contain only one monovalent electrolyte, the
cation in the electrolyte being the sole permeant species through the
channel. Conditions (ii) and (iii) were satisfied in the experimental
conditions corresponding to Figs. 1 and 2. Since a negative surface
potential will be present at the interface with the external solution (x 4

d), the cation concentrations at the two interfaces,C(0) and C(d),
will be

C(0) 4 C andC(d) 4 Cexp(−fS) (A12)

whereC is the concentration of the electrolyte (and thus also of the
permeant cation) in the bulk solutions, andfS, is the surface potential,
normalized in units ofRT/F. The normalized potential difference be-
tween the two bulk solutions (inside-outside) will be:

fT 4 f + fS (A13)

where the first term on the right hand side,f, is the transmembrane
potential difference between the two membrane-solution interfaces.
One can now follow a procedure completely analogous to that used to
derive equation (A5), recalling however that in a ‘‘two-barrier’’ model
there are only four rate constants:r',m',r",m", related by microscopic
reversibility,r'm' 4 r" m", and only two electrical distances,a,b, with
the obvious condition thata + b 4 1. The equation for the current is
found to be:

i =
r" |e| @C~0!exp~f/2! − C~d!exp~−f/2!#

QNa* + RNa* + SNa*
(A14)

where

QNa* = exp~−af/2! +
µ'

µ"
exp(bf/2)

RNa* =
C~0!

KM
exp~af/2! (A15)

SNa* =
C~d!

KM

µ'

µ"
exp~−bf/2!

KM being defined asm"/r', or (due to microscopic reversibility)m'/
r". Equation (15) of the text can now be obtained by substituting Eqs.
(A12) and (A13) in Eqs. (A14) and (A15), dividing by the total mem-
brane potential,VT (which is related to the normalized potential,fT, by
VT 4 RTfT/F), and finally taking the limit forVT → 0.

To obtain Eq. (18), one must only note that at lowC Eq. (16) is
approximated bye−fS? A/C, that the only surviving term in the de-
nominator of Eq. (15) at lowC is the second, and that, because of
microscopic reversibility,r" m"/m' 4 r'.

Note Added in Proof

In a recent and very interesting study of the same channel
expressed inXenopusoocytes, Premkumar and Auerbach
(1996) found single-channel conductances (86 pS) in the
presence of 100 mM Na+ on both sides that are much
higher than those reported in this paper (50 pS with 153.8
mM Na+). While the discrepancy may be partly due to
the fact the authors used external EGTA to buffer Ca2+,
their titration curves indicate that the conductance re-
mains high even for Ca2+ concentrations equal to 5 ×
10−7 or 10−8

M, values that are similar to those present in
our experiments with ‘nominally’ pure Na+ (about 0.55
mM Ca2+, Figs. 1, 2 and 3). Thus, the full reason for the
discrepancy is not well understood, although it seems
appropriate to emphasize that the conductance values
found in our study are in agreement with several ones
reported previously in the literature on the same channels
under similar conditions in the absence of external Ca2+

(55.5 pS in cultured mouse neurons, Ascher & Nowak,
1988; 65.6 pS, in cultured rat neurons, Jahr & Stevens,
1993; 70 pS inXenopusoocytes, Ruppersberg et al.,
1994).

Moreover, although Premkumar and Auerbach
(1996) do not show a curve for the conductance as a
function of Na+ concentration in symmetrical solutions,
they report a value forKm (same as ourKM) which is nine
times higher than ours (129 mM instead of 14.7 mM), and
ten times higher than that found by Zarei and Dani
(1994) for NH4

+ (12 mM). Since the authors of the last
quoted study used EGTA and EDTA in the external so-
lutions, it is not clear whether the use of the divalent
chelator is the sole cause for these discrepancies.
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