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Ion permeation properties of the glutamate receptor channel
in cultured embryonic Drosophila myotubes
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1. Ion permeation properties of the glutamate receptor channel in cultured myotubes of
Drosophila embryos were studied using the inside-out configuration of the patch-clamp
technique.

2. Lowering the NaCl concentration in the bath (intracellular solution), while maintaining
that of the external solution constant, caused a shift of the reversal potential in the
positive direction, thus indicating a higher permeability of the channel to Na+ than to
Cl- (Pcl/PNa < 0 04), and suggesting that the channel is cation selective.

3. With 145 mm Na+ on both sides of the membrane, the single-channel current-voltage
relation was almost linear in the voltage range between -80 and + 80 mV, the
conductance showing some variability in the range between 140 and 170 pS.

4. All monovalent alkali cations tested, as well as NH4+, permeated the channel effectively.
Using the Goldman-Hodgkin-Katz equation for the reversal potential, the permeability
ratios with respect to Na+ were estimated to be: 1P32 for K+, 1P18 for NH4+, 1P15 for Rb+,
1P09 for Cs', and 0 57 for Li'.

5. Divalent cations, i.e. Mg2+ and Ca2+, in the external solution depressed not only the
inward but also the outward Na+ currents, although reversal potential measurements
indicated that both ions have considerably higher permeabilities than Na+ (PMg/
PNa = 2 31; Pca/PNa = 9-55)

6. The conductance-activity relation for Na+ was described by a hyperbolic curve. The
maximal conductance was about 195 pS and the half-saturating activity 45 mm. This
result suggests that Na+ ions bind to sites in the channel.

7. All data were fitted by a model based on the Eyring's reaction rate theory, in which the
receptor channel is a one-ion pore with three energy barriers and two internal sites.

L-Glutamate is one of the most important excitatory
transmitters in the mammalian central nervous system,
where it activates a variety of pharmacologically and
electrophysiologically distinct receptors (Foster & Fagg,
1984; Mayer & Westbrook, 1987a; Monaghan, Bridges &
Cotman, 1989; Collingridge & Lester, 1989). In arthropods,
including Drosophila, L-glutamate is known to be the trans-
mitter at the neuromuscular junction (Takeuchi & Takeuchi,
1964; Usherwood & Cull-Candy, 1975; Jan & Jan, 1976a, b;
Ikeda, 1980). Interest in the insect glutamate receptor has
recently been enhanced by the successful cloning of its
subunit cDNA (Schuster, Ultsch, Schloss, Cox, Schmitt &
Betz, 1991). We have previously investigated the gating
kinetics of the channel in embryonic Drosophila myotubes
(Kidokoro & Chang, 1991), demonstrating that the channel
opens in two modes, brief and long bursts, and that binding
of two glutamate molecules is required to activate the

channel to its main long open state. In this study, we have
characterized its ion permeation properties.

Since Na+ is probably the major charge carrier through
the glutamate receptor channel in physiological conditions,
we examined extensively the single-channel current-voltage
(I- V) behaviour in the presence of Na+. Moreover, in view
of the importance of Ca2+ and Mg2+ as modulators and
blockers of certain types of glutamate receptor channels
(Nowak, Bregestovski, Ascher, Herbet & Prochiantz, 1984;
Mayer, Westbrook & Guthrie, 1984; Mayer & Westbrook,
1987b; Ascher & Nowak, 1988; Iino, Ozawa & Tsuzuki,
1990), we also studied the effects of these divalent ions on
the single-channel current.
The single-channel current-voltage (I- V) relations

under various ionic conditions were satisfactorily fitted by
a three-barrier, two-site Eyring model, assuming single-ion
occupancy of the channel.

*To whom correspondence should be addressed at: Gunma University School of Medicine, 3-39-22 Showa-machi,
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METHODS
Cell cultures
Primary cultures of embryonic Drosophila myotubes were
prepared as described previously (Kidokoro & Chang, 1991).
Briefly, wild-type embryos (Oregon-R) were incubated for
6-8 h at room temperature (22 °C) after fertilization. After
dechorionation, cells were transferred into a drop of culture
medium on the glass surface. Schneider's Drosophila medium
with reduced glutamate concentration (100 FM, instead of 4-7 mM)
was prepared, to avoid possible effects of high concentrations of the
transmitter on glutamate receptor channels during culture. Culture
medium was supplemented with 20% (v/v) fetal calf serum,
50 units ml' penicillin G sodium, and 50 mg ml- streptomycin
sulphate. Cultures were incubated at 25 °C in humidified air for
14-24 h prior to experiments.

Solutions
The compositions of the solutions are listed in Table 1. Solution
A is the standard extracellular (pipette) solution. Solution B is
the standard intracellular (bath) solution. A high
concentration of L-glutamate (10 mM) was necessary to obtain
a frequent occurrence of long ( > 10 ms) opening events
(Kidokoro & Chang, 1991). For measurement of the reversal
potential with various intracellular NaCl concentrations, NaCl
in the standard intracellular solution was replaced
isosmotically with sucrose by mixing solutions B and C.
Sucrose was chosen because our preliminary experiments
showed that all large monovalent cations tested (N-methyl-D-
glucamine, tris(hydroxymethyl)aminomethane (Tris), and
arginine) blocked the current carried by Nae in a similar
manner to the case of the ACh receptor channel (Lewis, 1979;
Sanchez, Dani, Siemen & Hille, 1986). In experiments with
various monovalent cations, solution D was used as the
extracellular solution. In experiments with divalent cations,
the desired composition was achieved by mixing solutions A
and E (for Mg2"), or solutions A and F (for Ca2"). For studying
the effect of Na+ on the conductance, the NaCl concentrations
on both sides of the patch membrane were reduced
symmetrically and isosmotically, by mixing solutions G and I
(for the extracellular solution), or solutions H and J (for the
intracellular one).

In each solution, the amount of NaOH required to titrate
the solution to pH 741 was measured and taken into account for
a correct estimate of the total concentration of Na+.

Stocks of t M monosodium L-glutamate dissolved in distilled
water were stored frozen and were freshly thawed for use on
each day of the experiments.

Amino acids for use in culture medium were purchased from
Sigma (St Louis, MO, USA). Other reagents for culture were
obtained from Gibco (Grand Island, NY, USA).

Junction potentials were measured for each pair of
intracellular and extracellular solutions. The largest junction
potential (5-1 mV, relative to bath) was obtained between
17 5 mM NaCl (bath) and 140 mm NaCl (pipette) solutions, and
other junctional potentials were in the range between -3 and
+3 mV. The membrane potentials were calculated as a sum of
the pipette holding potential and the junction potential.

Recording
Using the conventional patch-clamp technique in the inside-
out patch configuration (Hamill, Marty, Neher, Sakmann &
Sigworth, 1981), the currents were recorded with an Axopatch
lB amplifier (Axon Instruments, Burlingame, CA, USA). The
pipettes, fabricated from soft glass capillaries (micropipettes
75 ,tl, Drummond Sci. Co., Broomall, PA, USA), were coated
with Sylgard (Dow Corning Corp., Midland, MI, USA) and
fire-polished shortly before use. Their resistance was 1-5 MQl
when filled with the standard external solution. Just before
contacting the cell, the pipette potential was adjusted to the
bath reference potential. After forming a gigaseal, an inside-
out patch was obtained by quickly withdrawing the pipette
from the cell. Sometimes, when the excised patch formed a
vesicle, it was necessary to lift the pipette tip briefly out of the
solution.

Data acquisition and control of the pipette potential were
done using a LabMaster A-D and D-A converter (Scientific
Solutions, Solon, OH, USA), connected to an IBM PC-AT
compatible computer. Currents were low-pass filtered at 1 or
5 kHz (4-pole Bessel, -3 dB) and directly digitized at a 50 kHz
sampling rate and 0105 pA resolution. As the frequency of the
channel openings was usually low (< 01 events s'), the
following sampling protocol was used. The sampling program
monitored the digitized data and stored them in a circular
memory buffer (512 data points, or 10-24 ms at a sampling rate
of 50 kHz), until the data crossed a pre-set threshold, which
was fixed at the mid-point between the closed and the open
state. After threshold crossing, the data were stored in the
main buffer (32000 data points, or 640 ms) and sampling was
continued until the current level remained under the

Table 1. Composition of solutions

NaCl KCl XCl* MgCl2 CaCl2 Sodium-L-glutamate Sucrose Hepes
5 0 0
5 0 0
5 0 0
0 135 0
0 0 90
0 0 0

0 0 0

0

0

0

0

0

90
0

0 0 0 0

0 0 0 0

0 0 0 0

10
0

0

10
10
10
1

0

1
0

0 5
0 5

280 5
0 5
0 5
0 5
0 2
0 2

290 2
290 2

*X represents Li+, K+, Rb+, Cs+ or NH4+. All concentrations are in mm. The solutions were buffered
with Hepes and adjusted to pH 7'1 with NaOH. Osmolality of the solutions was approximately
295 mosmol kg'.

A
B
C
D
E
F
G
H
I
J

130
140
0
0
0
0

145
146
0
1
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threshold for 512 consecutive data points. The current trace
was reconstructed from the circular and the main buffer, so

that for each opening event both the preceding and the
trailing 10-24 ms of the 'closed-state' current level were

recorded. Usually, one to ten opening events were collected for
each holding potential. The sampled data were finally stored
on floppy disks and optical disks for off-line analysis.

All experiments were done at room temperature (21-23 00).

Analyses
Each channel event record was redrawn on the computer
display and visually checked. Open events which had a clear
rectangular shape were selected for analysis. In these long
events we were able to measure the open channel level without
problems due to the limited frequency response of the
recording system. The single-channel current amplitude was

calculated as the difference between the baseline and open

channel level, both of which were determined by manually
adjusting the cursors on the display. The reversal potential
was determined from the crossing point of the linear
interpolation of the I-V relation with the voltage axis. In
every case, the membrane potential was changed by a

sufficiently large amount to reverse the sign of the single-
channel current. The relative permeability, PX./PN, of cation
X with respect to Na+ was calculated using the
Goldman-Hodgkin-Katz (GHK) equation (Goldman, 1943;
Hodgkin & Katz, 1949):

I z2PF2V ([X]i-[XI exp(-zFV/RT)'I (1)
RT 1- exp (- zFV/RT)

The subscripts 'i' and 'o' denote internal and external ion
species, respectively. P is the permeability of the ion, V is the
membrane potential, z is the valency of the ion, and F, R and
T have their usual meanings. The current carried by each ion
was calculated from eqn (1). In order to evaluate the
permeability ratio Px/PNa, the sum of the partial currents
corresponding to the cations present was set to zero, and the
equation was solved for Px/PN&* Currents carried by anions
were neglected in the equation, because, as described in the
Results section, PC,/PNa was found to be low (< 0 04).
Equations (2), (3) and (4) were derived for each type of the
following experimental solutions: (a) solutions containing only
Na+ and K+; (b) solutions containing Na+ and K+, as well as

the additional monovalent cation (X+); and (c) solutions
containing Na+, K+ and the divalent cation, X2+. Defining
a= exp(-FVJIRT) where VI is the reversal potential, these
equations are as follows.

PK [Nat]i -a[Na]o (2
PNa a[K+]O-K[K]' (2)

Px [Nae] -a [Na]0 + PK ([K+] -a [K+]. 3

PNa a [X]. [X]I PNa a[X]O- [X])

Px I + a [Na+]i-a[Na+] +

PNa 4 \ z2[X]O-[X]i

V, denotes the measured reversal potential. PK/PNa was
determined from experiments using solution D, which
contained 135 mM KCl, as the extracellular solution, and
solution B as the intracellular solution. The PK/PNa value of
1P32, corresponding to the average from five separate patches,
was used in eqns (3) and (4).

In these calculations, ion activities were used instead of
concentrations. The ion activities were obtained by multiplying
the concentrations by the activity coefficient of the ion. The
mean activity coefficient of the salt was estimated from the
following formula (Robinson & Stokes, 1965; their eqn (9413)):

logf+=- z ,II + bI, (5)
1+ '~/I

where f± is the mean activity coefficient for the salt, A is a
constant (0-5119 at 22 °C), z1 and Z2 are valencies of the ions,
and b is an adjustable parameter, which was calculated from
tabulated activity coefficient data at 0-1 M (Robinson & Stokes,
1965; Weast, Astle & Beyer, 1985). I is the ionic strength of the
solution. The activity coefficient for Ca2+ ions Vctf+) was
estimated from the mean activity coefficient for the salt CaCl2
(fcac12) using the Guggenheim convention (i.e. fCa2+ = (fcac.)2)
(Shatkay, 1968; Butler, 1968). The same procedure was used for
Mg2+, and anions present at low concentrations (Hepes or
glutamate) were treated as the Cl- ions.

Given the ionizing constant (pKa) of 9-337 for ammonium at
22 °C (Robinson & Stokes, 1965), 99 4% of the total ammonium
is expected to be ionized at pH 7-1. Therefore, no correction
was made for the negligible amount of its non-ionized form.

In the plots of current-voltage relationships (Figs 1B, 2, 4,
5, 6 and 8), error bars were omitted to make these figures
clearer. This is justified because most standard errors of the
mean were smaller than the symbols used to plot the data
points. In the other figures (Figs 3 and 9), tables and the text,
data were all expressed as the means + standard deviation and
each error bar indicates size of the standard deviation.

Data fitting and evaluation of the model parameters
The current-voltage data were fitted to the equations of the
model using a SIMIPLEX minimization algorithm (Press,
Flannery, Teukolsky & Vetterling, 1988). Since the program
also gives an estimate of the errors, we have shown within
parentheses the rate constants that were affected by a relative
error of 30% or greater (see the legends of Figs 2, 4, 5, and 6).
Since the parameters in Table 3 were calculated using those
rate constants, it is likely that all the quantities in Table 3 are
affected by a relative error of at least 30%.

RESULTTS
General description of channel events
Figure 1A shows glutamate receptor single-channel
currents recorded from an inside-out patch in symmetrical
Na+ (140 mM) and in the absence of divalent cations. The
channel was activated by 10 mm monosodium L-glutamate
in the pipette. Even with this high agonist concentration,
the frequency of channel opening in the excised patch
configuration was generally low. Approximately one out of
seven patches showed channel openings that were
sufficiently frequent to allow recordings to be taken in a
wide range of membrane potentials. After excision in the
inside-out configuration, the frequency of channel opening
declined gradually, with virtual cessation of activity after
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20 min. As illustrated in Fig. 1A, brief channel closures
were more frequent for positive than negative membrane
potentials (compare records at +80 and -80 mV, or at + 40
and -40 mV), suggesting that the properties of the gating
kinetics at depolarized membrane potentials are different
from those in conditions of greater physiological relevance,
such as near to the resting membrane potential. However,
this point was not investigated further, since it was
difficult to obtain enough channel openings with this patch
configuration.
We also observed occasional opening events with lower

conductances (50-70% of the main state conductance).
However, due to their low frequency, we did not study
them systematically.

Current-voltage relations in NaCl solutions
Figure lB shows the I- V relation obtained from the same
patch as in Fig. 1A. The curve is almost linear between -80
and + 100 mV, the single-channel conductance being
170A4 pS. In four other patches, the channels had similar
characteristics with an average single-channel conductance
of 157-6 + 15-2 pS (n = 5). Assuming that the single-channel

A

40
_;r I -L.--..

current is carried only by Na+ (see below), the
permeability, PNa, as estimated by the GHK current
equation (eqn (1)) is 3-89 + 0 38x 10` cm3 s'.
The I-V relations observed in Fig. 2 refer to

experiments in which Na+ was decreased internally, while
maintained constant externally (pipette). The data could
not be fitted using the GHK current equation, especially at
low [Na+]. For example, at 17-5 mm NaCl and 120 mV
membrane potential, the predicted current is 3.7 pA, in
obvious disagreement with the experimental value of
9.7 +0.4 pA (n = 4).

The reversal potential was dependent on Na+
but not on Cl-
The first step in the characterization of the channel
selectivity was to measure the reversal potential at various
intracellular concentrations of NaCl (140, 70, 35 and
17-5 mM). To maintain osmolarity, decreases of the NaCl
concentrations in the internal solution were compensated
by additions of sucrose. In all cases, the external medium
was the standard solution (solution A). The I-V
relationships for the conditions specified above are plotted
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Figure 1. Single-channel currents induced by L-glutamate
A, sample tracings from a representative patch. All recordings were carried out in the inside-out patch
configuration. The external solution was the standard extracellular solution (solution A). The internal
solution was the standard intracellular solution (solution B). The extracellular solution contained
10 mm monosodium L-glutamate. Membrane potentials (in mV) are shown on the left side of the traces.
Signals were low-pass filtered at 1 kHz for 20 and -20 mV membrane potentials and at 5 kHz for
others. B, the I-V relation obtained from the same patch. Data points were connected by straight
lines. Single-channel conductance was 170-4 pS in this patch. The standard error of each data point was
smaller than the symbol.
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Figure 2. Single-channel current-voltage relations for
various internal NaCl concentrations
The external solution was the standard extracellular solution
(solution A). NaCl in the internal solution was replaced
isosmotically with sucrose by mixing solutions B and C at an
appropriate ratio. Results from different experiments were
pooled for 140 mm NaCl (n = 5, 0), 70 mm NaCl (n = 5, 0), 35 mM
NaCl (n = 5, t), and 17'5 mm NaCl (n = 5, 0). Continuous lines
are theoretical curves from the three-barrier model. The rate
constants for Nae, divided by 10i and listed in the order, p'
(s' M'), A' (s'), ii (s-l), p" (s' M1), A" (s-), ft (s-) are: 3 90, (0'18),
1'25, 1418, (4'63) and 0416. The numbers within parentheses are
affected by errors greater than 30% (as evaluated by the
computer program). The 'electrical' distances between the energy
wells (see Fig. 10), are: a = 0'24, ,B = 0-20, y = 0-56.

0

/7 80 120
Membrane potential (mV)

in Fig. 2, which shows that dilution of intracellular NaCl
causes displacement of the reversal potential in the
positive direction, implying that the channel is more
permeable to Na+ than to Cl-.

Figure 3 shows the reversal potential at different Na+
activities in a semilogarithmic plot (0). The slope, 46'7 mV
for a 10-fold reduction of the Na+ activity, is lower than
would be expected if Na+ were the sole permeant ion
(58'5 mV per decade at 22 00), thus suggesting that other
ions may contribute to the reversal potential, notably K+
and Cl-. (A low concentration of K+ was kept in the
internal solution, since it seemed to prolong the life of the
preparation.) As is described below, K+ was slightly more
permeant than Na+, with a PK/PNa of about 1P32,
suggesting that for a more accurate estimate of the cation
selectivity of the channel, the term (PK/PNa) x [K']i must
be added to [Na']i in the Nernst equation. By doing so, the
slope of the plot increased to 56'5 mV for a 10-fold variation
of ion activity (0 in Fig. 3), which is almost the theoretical
value for ideal selectivity to cations, thus demonstrating

Figure 3. Dependence of reversal potentials on [Na']1
The reversal potential was estimated by linear interpolation,
same data as in Fig. 2. Each symbol represents results from 5 E
patches. Vertical bars indicate standard deviations (shown on]
they are larger than the symbol used). Reversal potentials we]
plotted against the corrected (0) or uncorrected (0) intracelluli
activity. Correction for Nae activity, taking K+ into account,
made by adding (PK/IPN) x [K']i to [Na+]1. The value of 1-32 v

for PK/PNa. Data were fitted by straight lines, with slopes of 4
and 56'5 mV per decade (0). Room temperature, 21-23 'C.

that the channel permeability to Cl- must be very low.
Since the value of the reversal potential is more sensitive

to PC1/PN. when the ionic gradient is high, we have
obtained an estimate for the upper limit of PC/cPN from
the reversal potential at 17 5 mm [NaCl]i. The mean value
of this potential was 39-53 mV, with a standard error of
0'92 mV. From Student's t distribution, the reversal
potential is estimated to be in the range of
37'58-41'49 mV, with 95% confidence. On the other hand,
using PC1/PNa values of 0'03 and 0 04, the reversal
potentials predicted from the constant field theory were
38'41 and 37-35 mV, respectively, thus indicating that
PC1/PNa is smaller than 0'04.

Current-voltage relations with various
monovalent cations
In order to study the permeabilities for monovalent cations
other than Na+, NaCl and KCl in the standard external
solution were replaced with LiCl, KCl, RbCl, CsCl or NH4Cl,
while internally solution B was used in all cases. The relative

5o r
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10 100
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Table 2. Summary of experiments with various extracellular monovalent cations

Cation Reversal potential (mV)
Li+ -12-58 + 1-20
K+ 5579 + 1P95
Na+ 0-02 + 2-40
Rb+ 2-32 + 0-74
Cs+ 0-78 + 0-52
NH4+ 3-38+1-01
mg2+ 1-37 + 2-76
Ca2+ 17-55+2-79

PX /PNa
0-57 + 0-03
1P32 + 0 10
1-00
1P15+0104
1P09 + 0 03
1P18+0105
2-31 + 0-62
9 55 + 2105

Measured Io (pA)* Predicted I<o (pA)

-5-63 + 0-30 -539
-15'54 + 0 45 -12105
- 9-48 + 0 33 -9-46
-15-26 + 0'64 -10-61
- 14-25 + 0 59 -9-89
- 18-23 + 0-98 -11.01
-339 -16f34
-4 04 -51P94

* I_6 means a single-channel current at membrane potential of -60 mV. All values are means +
standard deviation. External solution contained either one monovalent cation (135 mM; solution D) or
an isotonic mixture of Na+ and a divalent cation (45 mM; solutions A, E and F). All data for
monovalent cations are from 5 different experiments, while I-6 for each divalent cation was from a
single patch. Predicted I6 was calculated from Px/PNa, using the Goldman-Hodgkin-Katz current
equation.

permeabilities of these cations with respect to Na+, as
estimated from the reversal potential, are listed in Table 2.
Although the following sequence could be determined: K+ >
NH + - Rb+ > Cs+ > Na+ > Li+, the differences in the
permeability ratios were small, except for Li+.
The I-V curves, with the test cations in the external

medium and Na+ in the internal one, are plotted in Fig. 4.
As can be seen, there were pronounced differences in the
inward currents, despite the similarity of the reversal
potentials. From the currents measured at -60 mV, which
are listed in Table 2, one can see that the decreasing order
of their amplitudes, NH4+ > K+ - Rb+ > Cs+ > Na+ > Li+,
is similar, but not identical, to that of the permeability
ratios, a result that is at variance with the GHK theory.
Even more obvious discrepancies can be seen by comparing
the measured values for various inward currents at
-60 mV with those predicted by the GHK equation (see
the last column of Table 1). Although there was a
reasonable agreement in the case of Na+ and Li+, for all the

25 -

I 20

' 15-
C

.C 10'

am
c 5'
u7

other cations the measured values were much larger than
the theoretical ones.

The outward currents in Fig. 4 were found to be virtually
independent of the test cation, as expected from the fact that
the intracellular solution was the same in all experiments.

Current-voltage relations with various Mg2+
and Ca2+ concentrations
The effects of Mg2+ and 0a2+ on the channel electrical
properties were studied by varying the extracellular
concentrations of these ions between 2-25 and 45 mm.
Addition of Mg2' and Ca2+ salts was compensated for by
reduction of NaCl to maintain osmolarity. The standard
internal solution (solution B) was used in all experiments.
At high extracellular concentrations of either Mg2+ or Ca2+
(45 mM), the frequency of channel opening became very
low, possibly because of chelation of glutamate by these
divalent cations or some effects of these ions on the gating
kinetics of the channel.

Figure 4. Single-channel current-voltage relations with various
extracellular monovalent cations
The external solution contained 135 mm XCl, 10 mm monosodium
L-glutamate, and 5 mm Hepes (sodium salt, pH 7-1), where X denotes
Li+, Na+, Cs+, Rb+, K+ or NH4+ (solution D). The internal solution
was the standard intracellular solution (solution B). Results from five
separate patches are pooled for Li' (U), Na+ (0), Cs+ (0), Rb+(A), K+
(+), and NH4+ (A). Continuous lines are theoretical curves from the
three-barrier model. The rate constants for the monovalent cations
other than Na+, divided by 10', and given in the same units and order
as those in the legend of Fig. 2, are: [Li+], 0-56, 0-27, 0-86, 7-10, 0-21,
01085; [K+], 0-87, 1-24, (32-1), (62-7), 3 45, 0-16; [Rb+], 0-79,1P42, (39104),
(66-28), 3 95, 0-17; [Cs+], 0-82, 1-06, (30-0), (57-7), 3101, 0415; [NH4+],
(1104), (0-91), (53-0), (49-9), (5-58), (0-18). See legend of Fig. 2 for
meaning of parentheses around some numbers. a, ,8 and y are same as
in Fig. 2.

40 80 120
Membrane potential (mV)
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Figure 5. Single-channel current-voltage relations in the
presence of different external Mga+ concentrations
[Mg2eo ranged from 0 to 45 mm. Internal solution is the
standard solution (solution B). Results from different patches
are pooled for 45 mm Mg2" (n = 2, +), 9 mm Mg2+ (n = 5, oi),
4-5 mM Mg2+ (n = 5, A), 2-25 mm Mg2+ (n = 5, 0), and 0 mm
Mg2+ (n = 5, 0). Continuous lines are theoretical curves from
the three-barrier model. The rate constants for Mg2+, divided
by 109, and given in the same units and order as those in the
legend of Fig. 2 are: 12-23, (0418), 010015, 4 84, (01029), 01023.
See legend of Fig. 2 for meaning of parentheses around
numbers. a, , and y are same as in Fig. 2.

-16

-20

At 45 mm of Mg2" and Ca2", the reversal potentials were
216 and 19-2 mV, respectively. This indicates that both ions
are permeant through the channel, since the reversal
potential would be expected to be at - 16-5 mV, ifNa+ were

the sole permeant ion. The relative permeabilities of Mg2"
and Ca2O with respect to Na+, as calculated from the
reversal potential for mixtures of divalent and monovalent
cations, were 2x31 + 0162 (n = 2) and 9-55 + 2105 (n = 2),
respectively (Table 2).
The I-V relations in Figs 5 and 6 indicate that the

presence of either of these divalent ions in the external
solution lowers the amplitude of both inward and outward
currents. The reduction of the outward current was small
but unambiguous, especially at high divalent cation
concentrations (+ in Figs 5 and 6). Again, this effect cannot

Figure 6. Single-channel current-voltage relations in the
presence of different external Ca" concentrations
[Ca2"] ranged from 0 to 45 mm. Internal solution is the
standard solution (solution B). Results from different patches
are pooled for 45 mM Ca2` (n = 2, +), 9 mM Ca2+ (n = 5, [1),
4.5 mm Ca2+ (n = 5, A), 2-25 mM Ca2+ (n = 5, 0), and 0 mM
Ca2+ (n = 5, 0). Continuous lines are theoretical curves from
the three-barrier model. The rate constants for Ca2+, divided
by 109, and given in the same units and order as those in the
legend of Fig. 2 are: (33161), (0418), (01002), (12150), (0 024),
(0104). See legend of Fig. 2 for meaning of parentheses around
numbers. a, ft and y are same as in Fig. 2.

Membrane potential (mV)

be reconciled with the classic constant field theory, since
the limiting outward current, according to that theory,
should be completely determined by Na+, the sole
permeant cation in the internal solution. Instead, at high
external concentrations of divalent cations, a substantial
reduction of the outward current was observed even at
voltages as high as + 80 mV.
The reduction of the inward current with Mg2+ and Ca2+

present was even more pronounced than that of the
outward current, the effect being clear even at low
concentrations (2-25 mm, 0 in Figs 5 and 6). This finding is
again incompatible with the constant field theory. In fact,
considering that Pca/PNa and PMg/PNa were greater than
one, the currents in the presence of these divalent ions
would be expected to be larger than in their absence.
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Figure 7. Sample tracings of single-channel currents in
the presence of external Mg2+
The external Mg2+ concentration was 9 mm. The internal
solution was the standard solution (solution B). The
membrane potential (in mV) is shown at the left of each
trace. Traces were low-pass filtered at 1 kHz (+20 and
-20 mV membrane potential) or 5 kHz (all other traces).

10 pAL
5 ms

I li i

Instead, at 45 mm and -60 mV, while the predicted
currents were - 16-34 pA for Mg2' and - 5194 pA for Ca2",
the measured ones were only -339 pA and -4{04 pA,
respectively (Table 2). These data clearly suggest that the
divalent cations tested interfere with the Na+ current by
strongly interacting with some molecular component of the
channel.

It is known that Mg2' blocks the NMDA(N-methyl-D-
aspartic acid)-type glutamate receptor channels (Nowak et
al. 1984; Mayer et al. 1984). However, the reduction of the
inward current by extracellular Mg2+ in the Drosophila
glutamate receptor channel cannot be attributed to simple
block, since the reversal potential indicates that the ion is
actually quite permeant. Differences between the effects of

20-

16

-12-

c8-

C4

-120 -80 40 80 120

-16

-20 -

Membrane potential (mV)

Mg2+ on the NMDA receptor channel and the present
channel are seen also in the behaviour of the open channel
noise. As is shown in Fig. 7, the noise of both the outward
and inward currents in the presence of extracellular Mg2+
(9 mM) is similar to that in the absence of Mg2+ (see Fig. 1A).
This behaviour of the noise differs from that observed in
NMDA channels, where extracellular Mg2+ induces
conspicuous flickering noise in the inward current (Nowak
et at. 1984; Ascher & Nowak, 1988).

The unitary conductance saturates at high
concentrations of Na+
Using symmetrical solutions with Na+ as the sole permeant
ion, the 'zero current' channel conductance was studied as

Figure 8. Single-channel current-voltage relations with
various symmetrical Na+ concentrations
Equal intracellular and extracellular Na+ concentrations.
Concentration ofNa+ was reduced by replacement with
3ucrose. Results from different patches were pooled for
145mM [Na+] (n = 5, 0), 72-5 mMNa+ (n = 3, 0), 36Y25 mM
Na+ (n = 4, A), and 18-25 mm Na+ (n = 2, +). Continuous lines
3re theoretical curves from the three-barrier model.
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Figure 9. Conductance-activity relation for Na+
The slope conductances were determined from the data in
Fig. 8 by linear interpolation between the mean single-
channel currents near 0 mV membrane potential, and were
plotted against Na+ activity. The continuous line represents
the best fit obtained (independently of the model) from the
hyperbolic relation,

( [Na+]
go = gmax [Na+] + KM

where go denotes single-channel conductance, gmax is 195-4 pS
and KM is 44-6 mm. The dashed line shows the theoretical
prediction from our model, eqns (13), (14) and (15), using the
values of the constants for Na+ shown in Table 3.

a function of ion activity. Decreases of the NaCl
concentration on both sides were compensated for by
additions of sucrose to maintain osmolarity. The I-V
relationships, shown in Fig. 8, were determined for each of
the NaCl concentrations tested. The curves were found to
be approximately linear over a fairly wide range of
voltages, and the reversal potential was close to zero, as
expected. Due to the linearity of the curves, the values of
the conductance were almost independent of the voltage at
which they were estimated. The plot of the conductance as
a function of Na+ activity is illustrated in Fig. 9, where one
can see that the data points do not lie on a straight line, but
are well fitted by a Michaelis-Menten equation, similar to
eqn (13), where g0, in that equation, is the single-channel
conductance, gmax its asymptotic value at high ion activities,
and KM the half-saturating activity of the permeant ion.
The best fit, shown by a continuous line in Fig. 9, was
obtained for 9max = 195-4 pS and KM = 44'6 mm. As it will
be emphasized later (Discussion), almost equal values are
obtained from the rate constants deduced by fitting the
independently obtained I-V relations (Fig. 2) with an
Eyring model.
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A one-ion, three-barrier pore as a model for
the glutamate receptor channel

The simplest model for the channel that gave a good fit to
the data was a 'one-ion, three-barrier' model based on the
Eyring rate theory (Lauger, 1973). In the presence of two
permeant ions, for example, Na+ and X (where X can be
any of the other test cations), five states of occupancy are
possible, as is shown in Fig. lOB. Once the probabilities of
these states are evaluated (see Appendix), the steady-state
fluxes ofNa+ (jNa) and X (jx) can be expressed by:

JNa A=Na P2 ?Na P3,

j x= P4 -Ax P5,

(6)

(7)

where PA denotes the probability of state i, A' and A" denote
the rate constants for crossing the central barrier, and the
indices ' and " (when applied to rate constants) denote
outward and inward direction, respectively. The meaning
of the remaining rate constants, v', v", us', and is" should be
apparent from the diagram in Fig. 10A.

B

1 0|

2 Na 0O

Intemal 3 O Na+ External

4 X O

5 _ _1X

y

Figure 10. Diagrams of the three-barrier, two-site model
A, a three-barrier, two-site model for the channel. Approximate energy profile for Na+. The rate
constants depend on the applied voltage, and two of them, v' and v", on ion activity (see eqns (8) and
(9)). B, states of ion occupancy for a 'one-ion' channel in the presence of two permeant ions, Na+ and X.

J. Physiol. 476.1 9



H. Chang, S. Ciani and Y. Kidokoro

Table 3. Parameters of the model

Li+
Na+
K+
Rb+
Cs+
NH4+
Mg2+
Ca2+

KM (mM)

68
40
135
157
135
149
027
0-14

9max (Ps)
172
189
654
698
609
806
22-6
30-8

PX/PNa
054
1P00
1.01
0-93
0-94
1-14
4-46
11P4

Theoretical values of KM, 9max and Px/PNa calculated using eqns (12), (14) and (15) and the rate
constants in the legends of Figs 2, 4, 5 and 6. See the last section of the Methods for comments on the
parameters' errors.

For simplicity, and in order to reduce the number of
adjustable parameters, the following assumptions have
been used: (1) the profile of the electric potential is linear
between adjacent sites; (2) the peaks of the barriers are
half-way between adjacent energy wells; and (3) only one
ion can be present in the channel at the time.
The dependence of the rate constants on voltage is then

v =J'e p za02 Aexz=AePZ2) fzex zy 2)

v"= "exp(-za 2), A'=Aexp(-z4),8 is=il'exp (zy 2 (8)

where 0 denotes the total membrane potential in units of
RT/F, a, fi and y (= 1-a-fl) are the fractional
'electrical' distances between the energy wells (the mouths
of the channels also being considered as energy wells), z is
the valency, and the bars over the symbols designate the
voltage-independent factors in the rate constants. Also,
recalling that the rate constants for entering the channel
are proportional to the ion activities, we have:

v' = p' a,, u" = p" ao (9)
where ai and ao denote the intracellular and the extra-
cellular ion activities, respectively. (See JAuger, 1973 for a
physical interpretation of the rate constants, p' and p".)

Taking into account the condition of 'microscopic
reversibility', namely

p-'A'z' = p-"A"fz", (10)
it is apparent that only five of the six rate constants in eqn
(10) are independent. Using the method described in the
Appendix to evaluate the probabilities of the states of
occupancy of the channel, and substituting their values in
eqns (6) and (7), one finds explicit expressions for the fluxes
and the single-channel current. Since the equations are
somewhat lengthy, they are given in the Appendix, eqns
(A4) and (A7). Equation (A4) refers to the case of only one
permeant ion, Na+, and eqn (A7) to the particular case of a
mixture of two ions (the only one relevant to our
experiments), in which one of the two ions is present only
in the external solution. All the continuous curves in Figs

2,4,5,6 and 8 are derived from eqns (A4) and (A7), and the
fitting values of the rate constants are given in the
appropriate figure legends.

Equation (A4) has been used to deduce all the constants
for Na+, as well as the two parameters that define the
location of the two internal energy wells, a and ,. These
values have then been substituted in eqn (A7) in order to fit
the data for mixtures ofNa+ with other ions.

Permeability ratios and Eyring theory
In models for ion transport based on Eyring theory, the
concept of permeability ratio is slightly less simple than in
the GHK theory. From eqns (A4) and (A7) in the Appendix,
one can see that the closest counterpart to the standard
GHK permeability ratio, Px/PNa' is the quantity:

PNa PNa(1) QX
where PN&(1) and QN. are defined in eqns (A5) and (A6), and
Px(1) and Qx are the corresponding quantities for ion X.
Since QN. and Qx are voltage dependent, so generally will
be the permeability ratio in eqn (11). However, eqn (11)
acquires a simple meaning when the reversal potential is
very small, as it would be, for example, in the 'quasi-
equilibrium' condition, in which the concentration of one of
the two ion species, e.g. Na+, would be the same on both
sides of the membrane and ion X would be present in only
one solution at very low concentration. In this case, the
reversal potential would be small and, as one can see by
analysing eqns (A4), (11) and (13), the permeability ratio, as
defined in eqn (11), would be related to the ratio of the
channel conductances in symmetrical single-salt solutions
by:

PNa - 4 ) (ax=aNj-)-jOgo(Na))

_2 X) IKm(Na
-z2 g9(N KM(X)

(12)

where g9ma. and KM are defined in eqns (15) and (14),
respectively.
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A comparison between the permeability ratios calculated
from eqn (12) (using gm. and Km values of Table 3), and
those determined directly from reversal potential, can be
made by inspecting Tables 2 and 3. The two sets of
numbers are quite close, even though the direct
measurements of Px/PNa' shown in Table 2, were not
always performed in 'quasi-equilibrium' conditions. The
good agreement is not surprising, however, since the
dependence of the permability ratios on voltage is
generally not very steep.

DISCUSSION
The purpose of this study was to describe the single-
channel ion permeation properties of the glutamate
receptor channel in cultured myotubes of Drosophila
embryos. The experiments demonstrated that the channel
is permeable to several monovalent cations, as well as to
CaO' and Mg", the only divalent cations tested in this
study. Although the data are straightforward, certain
features of the results and of the model deserve further
discussion. We calculated the permeabilities for the various
cations using the GHK equation, because many previous
workers describe their results in terms of that model. In the
following section, we compare our results with those of
previous reports concerning several types of glutamate
receptor channels as well as ACh receptor channels.
However, since the constant field theory failed to account
for most of the experimental results, in the remaining part
of the Discussion we provide some comments about certain
properties of our three-barrier model and its
appropriateness for describing the data in this paper.

Comparison with previous reports
Jan & Jan (1976a, b) studied the ion permeabilities of the
glutamate receptor channel at the neuromuscular junction of
Drosophila larvae, using the conventional microelectrode
technique. They found that the channel was cation selective,
permeable to Na+, K+ and Mg2+, but not to C1-. Our results
confirm and extend their findings at the single-channel
level. The only major discrepancy is the effect of Ca2+,
which they reported to be impermeant, while our results
strongly point to the contrary. The reason for this difference
is unknown.
The weak selectivity among alkali cations observed in

the glutamate receptor channel in Drosophila seems to be a
general characteristic of ligand-gated cation-selective ion
channels, such as various types of ACh receptor channels
(Lasignal & Martin, 1977; Huang, Catterall & Ehrenstein,
1978; Linder & Quastel, 1978; Adams, Dwyer & Hille, 1980),
as well as glutamate receptor channels (Anwyl, 1977a;
Dekin, 1983). However, permeabilities to divalent cations
differ considerably among those channels. Mg2+ permeates
through the nicotinic ACh receptor channel (Adams et al.
1980; Dani & Eiseuman, 1987), but blocks the NMDA-type

et al. 1984). Ca2+ permeates through ACh receptor channels
(Lassignal & Martin, 1977; Bregestovski, Miledi & Parker,
1979; Adams et al. 1980; Decker & Dani, 1990), the NMDA-
type glutamate receptor channel (Mayer & Westbrook,
1987b; Ascher & Nowak, 1988; Iino, Ozawa & Tsuzuki,
1990), the glutamate receptor channel at the arthropod
neuromuscular junction (Anwyl, 1977b; Dekin, 1983). As for
non-NMDA types of glutamate receptor channel, some are

reported to be permeable to Ca2' (Iino, Ozawa & Tsuzuki,
1990; Gilbertson, Scobey & Wilson, 1991), but other types
are not (Mayer & Westbrook, 1987 b; Iino et al. 1990). If the
role of these channels is solely to depolarize the membrane
potential, their diverse permeabilities to divalent cations
would have no obvious significance. However, there are

reasons to believe that the unique characteristics of the
permeability to divalent cations of certain channels might
be physiologically meaningful. For example, block by Mg2+
endows the NMDA channel with voltage-dependent
responsiveness (Nowak et al. 1984; Mayer et al. 1984), and
calcium influx through the NMDA receptor has been
implicated in excitotoxicity (Rothman & Olney, 1987). Our
results show that both Ca2+ and Mg2+ permeate through
the glutamate receptor channel in embryonic Drosophila
muscle with high permeabilities relative to Na+
(PCa/PNa = 9 55; PM9/PNa = 2 31). The physiological role of
this permeability to divalent cations is of interest and
deserves further investigation.

Reduction of the conductance of monovalent cations by
permeant divalent cations has been reported for various
types of ACh receptor channels (Marchais & Marty, 1979;
Magleby & Weinstock, 1980; Dani & Eisenman, 1987;
Decker & Dani, 1990; Neuhaus & Cachelin, 1990; Ifune &
Steinbach, 1991), as well as for the NMDA-type glutamate
receptor channel (Mayer & Westbrook, 1987b; Ascher &
Nowak, 1988). Most investigators attempted to explain the
phenomenon using a two-barrier, one-site rate-theory
model and/or postulating the presence of negative surface
charges.

Why an Eyring model?
Most of the data presented in this paper were inconsistent
with the classic model based on integration of the
Nernst-Planck equation and the assumption of 'constant
field' (GHK theory). First, decreasing the intracellular
NaCl activity resulted in changes of the reversal potential
according to the Nernst equation for cations, but the
current amplitudes were larger than predicted from the
GHK equation. Second, in mixtures of Na+ with other
monovalent cations, the currents were again much larger
than expected from the permeability ratios estimated by
reversal potential. Third, in mixtures ofNa+ with Ca2O and
Mg2+, the reversal potential indicated a higher
permeability to the divalent cations than to Na+, but the
current amplitudes, inward as well as outward, were

glutamate receptor channel (Nowak et al. 1984; Mayer
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symmetrical Na+ solutions, the dependence of the 'zero-
current' conductance on Na+ activity was not linear.

Given the inadequacy of the GHK theory to account for
the data, we have used an alternative model based on the
Eyring rate theory and the assumption of one-ion
occupancy of the channel.

Recently, the use of the Eyring theory for describing ion
fluxes has been criticized on the grounds that some of its
basic assumptions are unlikely to hold in membrane
channels (Cooper, Gates & Eisenberg, 1988). This criticism is
probably legitimate, and one should therefore be cautious
about interpreting too literally the information derived
from that theory. However, despite its shortcomings, and
as long as the molecular strucure of the channels is
unknown, the Eyring theory remains a very valuable tool
for deducing first-approximation guesses about important
transport properties ofmembrane channels.
As is well known, in the Eyring theory a channel is

schematized as a sequence of free-energy barriers and wells
(sites). Quasi-linear I-V relationships, such as we observe
in this channel when Na+ is the sole permeant ion, require
at least three barriers, since only one or two would predict
supra-linear I-V curves, steeper than indicated by the
data.

Unfortunately, but inevitably, a three-barrier model for
a channel has several parameters: five independent rate
constants for each ion, and a minimum of two additional
parameters to locate the energy peaks and wells in the
electric field, if one assumes (as we do) that the peaks are
half-way between adjacent sites.

The channel conductance in pure Na+
solutions
Using eqn (A4), derived from Eyring's theory, to fit the
I-V curves for different activities of internal Na+ (see Fig.
2), we deduced the constants listed in the legend of Fig. 2.
Since these parameters define all the steady-state electrical
properties in pure Na+ solutions, one test of the consistency
of the model was to check whether these parameters fitted
the 'zero-current' conductance as a function ofNa+ activity
in symmetrical solutions, which was determined by an
independent set of experiments. From eqn (A4), the 'zero-
current' conductance for symmetrical Na+ solutions is
found to be:

wher ve = ax aK. (13)

where

-, -,, ,KM = , , + ,....

and

Using the values for the constants in the legend of Fig. 2,
one finds: gmax = 190 pS and Km = 39-6 mm. Figure 9 shows
good agreement between the data and the theoretical curve
(dashed line) predicted using these values. A good
agreement between theory and data is also shown in Fig. 8
for three of the four I-V relationships in symmetrical Na+
solutions. Here again, the continuous curves are
completely determined by the constants estimated by
fitting the data in Fig. 2. The values of the two parameters
that define the position of the sites, a and fi, i.e. 0 24 and
0-20, respectively, indicate that the energy wells are not
uniformly spaced, both being relatively close to the
intracellular medium.

Although these parameters may, in principle, differ for
each ion, we thought it reasonable to postulate that they
represent an intrinsic feature of the channel, so that the
same values for a and ,B were used for all the cations,
monovalent as well as divalent.

Note in Table 3 that KM for Na+ is rather low as
compared to that for the other monovalent cation. This
suggests that the degree of channel occupancy by Na+ will
be substantial even at fairly low activities of this ion in
solution, which explains why the slope of the outward
current in Fig. 2 is not very sensitive to the level of
intracellular Na+. An alternative explanation might be a
surface charge near the inner mouth of the channel.
However, as we argue later in greater detail, in this case,
one would also expect a tendency for the 'zero-current'
conductance to approach non-zero values when the ion
concentration is very low. Although experiments with
very low Na+ were difficult to perform, the data in Fig. 9
do not suggest such a trend.

Interaction ofNa+ with other monovalent
cations
The effects of monovalent cations other than Na+ were also
studied, although in less detail. Figure 4 illustrates the I-V
relationships for the case in which the test cation was in the
outer solution (the pipette) and Na+ inside, at similar
concentrations. The data have been fitted with eqn (A7),
where, of course, the constants referring to Na+ and to the
location of the sites were fixed at the values estimated
previously from the data in Fig. 2. The permeabilities of
most of the tested cations, as estimated from the reversal
potential, were similar to that of Na+, except for Li'. By
contrast, the amplitudes of the inward currents were
considerably higher. This finding is incompatible with the
GHK equation, as we have already mentioned, but is
consistent with our model, since in models for ion
permeation based on the Eyring theory, the permeability
ratios and the conductance ratios are generally determined
by different functions of the rate constants and of the
voltage.

where k is Boltzmann's constant.

z2e2 A'/A "/9IkT \(A' + A-)(A'/A" + A"/ A'+ 1
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Effects of Ca2" and Mg2"

In Figs 5 and 6, the reversal potentials indicate that the
permeabilities of Mg2" and Ca2+ are higher than that of
Na+, although the levels of the current suggest that these
ions also reduce the Na+ current. The values of KM for Ca2+
and Mg2" are about two orders of magnitude lower than for
Na+ (see Table 3), which explains their ability to reduce the
Na+ current, and is not inconsistent with the reversal
potential data, since the permeability ratios measured
using such potentials are known to be independent of the
ion-binding constants of the energy wells in the channel
(Rlle, 1975). Figures 5 and 6 show that both divalent
cations also have the effect of displacing the outward Na+
current toward more positive potentials. Similar results for
the NMDA receptor in the presence of external Ca2+ have
been reported by Ascher & Nowak (1988), and have been
accounted for by postulating the presence of a surface
charge on the external side of the membrane. Although we
discuss the effects of surface charges in the next section, we
would like to emphasize here that we do not need to invoke
this assumption in order to explain the displacement of the
Na+ current by Ca2+ in our experiments with the
Drosophila glutamate receptor channel. According to our
model, increasing the external Ca2+ concentrations simply
increases the probability of channel occupancy by this ion,
and, since the Ca2+-binding sites are in a region sensitive to
the electric field, higher positive voltages are thus required
to reduce that probability, unblock the channel and allow
Na+ to move in the outward direction at the same rate as in
the absence of Ca2+.

It is also relevant to point out that the data presented in
Figs 5 and 6 can be viewed as the results of 'mole fraction'
experiments, namely the type of experiments that are
generally performed in order to test whether a channel is a
one-ion or a multi-ion channel. Even though it was very
difficult to measure the channel conductance at divalent
ion concentrations higher than 50 mm, and thus to
complete the 'mole fraction' experiment, the lack of
minima for the conductance in the concentration range
examined, and the fact that the I-V relationships for
different ion mixtures are well described by our model, lend
support to our assumption that the channel is a one-ion
channel, at least for certain ion species.

Effects of surface charge
As we have mentioned already, some features of our data
(e.g. the weak dependence of the I-V slope on internal
Na+, or the strong dependence of the reversal potential on
external Ca2+), although well explained by our model, may
nevertheless suggest alternative interpretations in terms of
surface charges.

Thus, assuming the validity of the Gouy-Chapman
theory, we have developed an argument in order to
estimate an upper limit for the surface charge density in
our preparation. Our reasoning starts from a result of the
Gouy-Chapman theory, according to which, in the
presence of surface charges, the ion concentration at the
membrane-solution interfaces remains finite even if its
concentration in the bulk solution is reduced to
vanishingly small levels (see, e.g. McLaughlin, 1989). In
this case, if one assumes that the effects of the charges
reach as far as the mouth of the channel, the conductance
of the channel should stay above a non-zero limit at high
dilution. We denote this limiting value by g11,m whose
theoretical expression, for a uniform and symmetrical
surface charge density, is given by eqn (All) in the
Appendix.

Thus, if a significant charge density was present in our
patches, the conductance curve in Fig. 9 should approach a
non-zero limit at low levels of NaCl. Although it was
difficult to measure the channel conductance at very low
NaCl concentrations in order to evaluate glim directly, we
argue in the Appendix that, in the presence of surface
charges, the tangent to the 'conductance-concentration'
curve, drawn from any of its points, will intersect the
g-axis at a point whose co-ordinate is always greater than
glim. Denoting this coordinate by g9t, we thus have:

g91m < git (16)
Using eqn (All) for g911, and expressing the charge

density in units of electronic charge per angstr6m square,
and KM in moles per litre (M), relation (16) becomes:

1< K gint
272 V -ma gint (17)

where o- is the charge density, KM and g9a are defined in
eqns (14) and (15), respectively, and the meaning of git is
explained above. Drawing the tangent to the curve in Fig.
9 from a point near to the lowest concentration used in the
experiments (20 mm), its intersection with the g-axis is
about 30 pS. Substituting this value into relation (17), along
with those of KM and gma. for Na+ (see Table 3), the upper
limit for ao is found to be about 0100035 electronic charges
per angstr6m square. This is a fairly small charge density,
which would be effectively screened by the ion
concentrations used in our experiments, and which
suggests either that the charge density at the membrane
interfaces is actually small or that its effects do not extend
as far as the mouth of the channel.
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APPENDIX

A two-site, one-ion model for the glutamate receptor channel. Derivation
of the current-voltage equation
A two-site, one-ion model for a channel can exist in five states when two permeant ions are
present, as is shown in Fig. 10 for ions Na+ and X. In this case, five equations can be written to
express the fact that, in the steady state, the rate of change for the probabilities of each state
must be zero. For example, recalling the definition of the rate constants illustrated in Fig. 10,
we have for the probability of state 2, P2:

dt2 = vN&PI SP2+A" P = 0, (Al)
dt N N 3-AN

and similar equations can be written for the remaining four states. However, since only four of
the five equations thus obtained are independent, one of them must be discarded, and an
additional independent equation is required, this being conveniently provided by the
normalization of the probabilities

5
-Pi = 1, (A2)

where the subscripts i(i = 1,2,...5) denote the five states of the channel (see Fig. 10).
Solving this system of five equations for P2, P3, p4 and p5 and substituting in eqns (1) and (2) of
the text, one finds explicit expressions for the fluxes, jN& and jx. The equation for the single-
channel current is then obtained from

i = e(ZNajNa + ZXjX). (A3)

When Na+ is sole permeant ion, one finds

ZNa PNa(l) {aNaeXP(ZN)2 axexP(-ZNa) }N(A4)
QN& + a aRN& + aNASN&

where a'N and a' are the activities of internal and external Na+ respectively, and where

QN& = exp (ZNa(Y a) ) + PNa(4)exp (- ZN(a + f)O) + PN8(5)exp(ZNa( + Y)

RN& = PNa(2){exP(ZNa(a + Y)O) PNa(4)exP(zNa(- i)))} + PNa(3)PNa(4)exP(zNa(a + f)2) (A5)

SNa = PNa(3){exP( ZNN(a + Y)2) + PN.(5)exP(ZNa(fl -y))} + PNa(2)PNa(5)exP(- ZNa(fi + Y)O

The five quantities, INJ(1) . ..PN(5), which appear in eqns (A4) and (A5), are related to the
voltage-independent factors of the rate constants by

TNJ(l) =eIA', PN (2) = Na(3) = PNNa(4) = A" PNa(5) - ' (A6)IeAN&~' N /Ns /AN& AN& /ANa
lel being the absolute value of the elementary charge.

If we now denote the numerator and the denominator of eqn (A4) by NNa and DNA,
respectively, and if we assume that the fractional distances, a, fi and y ( = 1--a - ) are the
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same for all ions, the expression for the current in the case of a mixture of two permeant ions,
Na+ and X+, with X present only in the external solution, is found to be:

NNa Zx(QNa/QX)PX(1) aexP(- Zx2)N= , (A7)a
DNa + (QNa/QX) asSx

where ax is the activity of ion X in the external solution, and where Qx and Sx are defined as
in eqn (A5), and Px(1) as in eqn (A6), provided, of course, that the subscript Na is replaced by X
and that ZNa is replaced by Zx. Equation (A7) has been used to fit all our data in ion mixtures.

Effects of surface charge density on the channel conductance
The purpose of this section of the Appendix is to derive relation (17) of the Discussion, an
inequality which is used there to deduce an upper limit for the surface charge density on the
membrane in our preparation.

It is well known that surface charges on the membrane give rise to a surface potential, #(O). As
a result, the aqueous concentration of ion i at the membrane-solution interface, Cl(O), will be:

Cl(O) = C e`zi(O), (A8)

where C1 is the ion concentration in the bulk solution. Assuming: (1) that the Gouy-Chapman
theory is valid; (2) that the surface charge effects extend to the channel-mouth area; and (3)
that only one monovalent electrolyte is present in solution (e.g. NaCl), eqn (A8) becomes,
according to the theory:

Ci(O) = C1 + (A/2) + AC1 + A2/4, (A9)

where A is related to the surface charge density oa by:

A = (2720j2, (AIO)
oa being expressed in electronic charges per square angstrom, and C1 in moles per litre (M).
Substitution of eqns (A9) and (AIO) in eqn (13) yields an expression for the channel conductance
as a function of C1 and of the surface charge density. Although, for brevity, we do not give this
expression here, two of its features are relevant to our purpose. First, the conductance
remains finite even for vanishingly low ion concentrations in the bulk solution. Its limiting
value, for C1 =0 and for a uniform and symmetrical charge density, is:

A
gum = 9max (All)

Second, the slope of the conductance as a function of C1 decreases as C1 increases. This
implies that the straight line tangent to the curve, drawn from any of its points, will intersect
the conductance axis at a point whose ordinate, gint, is always greater than glm. This justifies
relation (16) of the Discussion. Finally, substitution of eqns (AMO) and (All) in that relation
immediately yields the inequality (17), the result we wished to prove.
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