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Block of the channel of N-methyl-D-aspartate (NMDA) receptors by
external Mg21 (Mgo

21) has broad implications for the many phys-
iological and pathological processes that depend on NMDA recep-
tor activation. An essential property of channel block by Mgo

21 is its
powerful voltage dependence. A widely cited explanation for the
strength of the voltage dependence of block is that the Mgo

21-
binding site is located deep in the channel of NMDA receptors;
Mgo

21 then would sense most of the membrane potential field
during block. However, recent electrophysiological and mutagen-
esis studies suggest that the blocking site cannot be deep enough
to account for the voltage dependence of Mgo

21 block. Here we
describe the basis for this discrepancy: the magnitude and voltage
dependence of channel block by Mgo

21 are strongly regulated by
external and internal permeant monovalent cations. Our data
support a model in which access to the channel by Mgo

21 is
prevented when permeant ion-binding sites at the external en-
trance to the channel are occupied. Mgo

21 can block the channel
only when the permeant ion-binding sites are unoccupied and then
can either unblock back to the external solution or permeate the
channel. Unblock to the external solution is prevented if external
permeant ions bind while Mg21 blocks the channel, although
permeation is still permitted. The model provides an explanation
for the strength of the voltage dependence of Mgo

21 block and
quantifies the interdependence of permanent and blocking ion
binding to NMDA receptors.

N -methyl-D-aspartate (NMDA) receptors are ligand-gated
ion channels that exhibit remarkably strong voltage depen-

dence. In contrast to the voltage-gated family of ion channels,
the voltage dependence of NMDA receptor-mediated conduc-
tance changes depends on a channel-blocking ion, external Mg21

(Mgo
21). Current flow through the channel of NMDA receptors

is blocked when Mgo
21 enters and binds in the channel, and block

becomes much more effective as membrane potential (Vm) is
hyperpolarized. A question fundamental to NMDA receptor
function is how the block by Mgo

21 achieves its powerful voltage
dependence. The hypothesis first proposed to explain the voltage
dependence of Mgo

21 block was that Mgo
21 binds to a site located

deep in the channel (1, 2). Mgo
21 then would need to traverse part

of the channel and, therefore, enter the membrane voltage field,
to block; as a result, Mgo

21-blocking rate would increase with
hyperpolarization (3). Mgo

21 unblocking rate similarly would
decrease with hyperpolarization if Mgo

21 cannot permeate the
channel. Both of these effects of Vm on blocking kinetics have
been observed (4).

This direct influence of Vm on Mgo
21-blocking kinetics be-

cause of the electrical location of the Mgo
21-blocking site un-

doubtedly contributes to the voltage dependence of block.
However, starting with the observation that the voltage depen-
dence of the blocking rate appears anomalously high (4), data
from numerous studies have suggested that other mechanisms
amplify blocking voltage dependence. For the voltage depen-
dence of channel occupation by Mgo

21 to be explained exclusively
by blocking site location, the required site depth has been
estimated to be about 80% through the membrane voltage field
[range of estimates, 53–107% (4–12)]. However, internal Mg21

also has been found to block the channel of NMDA receptors at
a site estimated to be 55–71% through the membrane voltage
field from the outside of the channel (13–16). It appears
implausible that Mgo

21 on the way to its blocking site could pass
by the site at which internal Mg21 blocks. In addition, there is
evidence that Mgo

21 may be able to permeate the channel of
NMDA receptors under some conditions (17, 18); if this happens
under physiological conditions, it would require that the block-
ing site be even deeper in the voltage field to explain the voltage
dependence of block (4). Finally, amino acids crucial to block by
Mgo

21 are located near the tip of the M2 region of NMDA
receptor subunits (12, 19–22). The M2 region is a pore loop that
enters and exits the membrane intracellularly and is believed to
form a large portion of the channel of NMDA receptors. A
physical location of the Mgo

21-blocking site near the external tip
of the M2 region appears inconsistent with an electrical location
near the internal extreme of the channel.

One mechanism by which the voltage dependence of block by
Mgo

21 might be amplified is through a voltage-dependent influ-
ence on block of ions other than Mgo

21 (4). Changes in the
concentrations of intracellular and extracellular ions other than
Mg21 have been shown to influence block by Mgo

21 (8, 17, 23)
and by some organic channel blockers of NMDA receptors
(24–26). Mutation of amino acids in several well-separated
regions of NR2 subunits have been shown to influence Mgo

21

block (9), leaving open the possibility that block may be affected
by multiple binding sites on NMDA receptors. There is evidence
for Ca21-binding sites deep in the channel (19) and on the
external side of the channel (10, 27) and for permeant mono-
valent cation-binding sites on both sides of the channel (26). We
recently demonstrated that occupation of the permeant mono-
valent cation-binding sites has a profound effect on the blocking
kinetics of two adamantane derivatives that block the channel of
NMDA receptors (26). Here, we examine how occupation of
these permeant monovalent cation-binding sites influences block
by Mgo

21.

Experimental Procedures
Preparation and Solutions. Primary cultures of rat cortical neurons
were prepared from 16-day embryos as described (28). Neurons
were used for experiments after 15–30 days in culture.

Recordings of single-channel currents were performed by
using outside-out patches (29) at room temperature (21–23°C).
Pipettes were filled with one of three solutions. The control (130
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mM Csi
1) pipette solution contained 120 mM CsF, 10 mM CsCl,

10 mM EGTA, and 10 mM Hepes. pH was adjusted to 7.2 with
CsOH. The 25 mM Csi

1 solution contained 25 mM CsF, 105 mM
NMDG, 10 mM EGTA, 10 mM Hepes, and 1 mM tetraethyl-
ammonium (TEA). The 8 mM Csi

1 solution contained 8 mM
CsF, 122 mM NMDG, 10 mM EGTA, 10 mM Hepes, and 1 mM
TEA. pH of the 25 and 8 mM Csi

1 solutions was adjusted to 7.2
with HCl. Osmolality of each solution was approximately 260
mosmol. Three different external solutions were used. The
control (140 mM Nao

1) external solution contained 140 mM
NaCl, 2.8 mM KCl, 1 mM CaCl2, and 10 mM Hepes. The 105 mM
Nao

1 solution contained 105 mM NaCl, 2.8 mM KCl, 0.75 mM
CaCl2, 10 mM Hepes, and 70 mM sucrose. The 70 mM Nao

1

solution contained 70 mM NaCl, 2.8 mM KCl, 0.5 mM CaCl2, 10
mM Hepes, and 140 mM sucrose. Sucrose was used as the
external NaCl substitute because all ionic substitutes considered
would either block or permeate the channel of NMDA receptors.
All external solutions contained 0.2 mM tetrodotoxin. pH of all
external solutions was adjusted to 7.2 with NaOH. Osmolality
was approximately 270 mosmol. Although external Ca21-binding
sites on the NMDA receptor have been described (10, 27),
external Ca21 does not bind significantly to the external per-
meant monovalent ion binding sites at the external Ca21 to
monovalent cation concentration ratios used here (26). This
result was confirmed in one experiment in which Ca21 was
omitted from the external solution with the 105 mM Nao

1

solution; the apparent rates of Mgo
21 block and unblock with 0

added Ca21 was within the range of values measured in the
presence of 0.75 mM Ca21. Voltages in all experiments were
corrected for junction potentials (8 mV with the 140 mM Nao

1

and 130 mM Csi
1 solution combination, and 22 mV with all

other solution combinations).

Data Recording and Analysis. Data recording and analysis were
performed as described (26, 28). NMDA receptor-mediated,
single-channel currents were activated at Vm values from 2150
to 220 mV by application of 5 or 10 mM NMDA plus 10 mM
glycine. Single-channel currents were low-pass-filtered and re-
corded on videotape. Recorded currents were played back
off-line, low-pass-filtered at 3 or 4 kHz, and sampled at 40 kHz
with a TL-1 interface and PCLAMP 6.02 (Axon Instruments). For
most data the effective filter frequency resulting from cascaded
filters ( fc) was 3.7 kHz; events shorter than 96 ms (two times the
system dead time) were deleted from histograms and omitted
from histogram fits.

Open-time distributions were well-fit by a sum of two
exponential components under control conditions and by one
or two components in the presence of Mgo

21. When two
components were present, the channel mean open time (to)
was estimated from the much larger slow component (26). The
apparent blocking rate constant (k1,app) was estimated as the
slope of a regression line fit to a linear plot of 1yto vs. Mgo

21

concentration ([Mg21]o) (30). A separate value of k1,app was
estimated at each Vm in each patch by using values of to in
control conditions and at two or more Mgo

21 concentrations.
Measurements of to were not likely to be in error due to missed
brief closures because correction of to for missed closures
under similar conditions did not significantly change mean
open-time values (28).

Closed-time histograms in the absence and presence of Mgo
21

were well-fit by a sum of three or four exponential components.
A large closed-time component appeared in the presence of
Mgo

21 that was not present in the absence of Mgo
21. The mean

duration of this component was used to estimate the mean
duration of block (tb). Although this component generally
obscured one of the control closed-time components, tb could be
accurately estimated as long as the closed-time component
induced by Mgo

21 was much larger than any overlapping control

closed-time components (26). This was the case in all experi-
ments except when 70 mM Nao

1 was used; in this external
solution, tb could be measured accurately in only one patch (used
for points in Fig. 3d). A separate value of the apparent unblock-
ing rate constant (k2,app) was estimated at each Vm in each patch
by averaging the values of 1ytb measured in at least two Mgo

21

concentrations. To prevent error in measurement of tb because
of missed brief openings we used [Mg21]o values in which to $
0.4 ms (26, 28).

Curve fitting and simulations were performed by using SIG-
MAPLOT (SPSS, Chicago). Optimal values of k1(0), b, KNa,
KCs(0), and a were determined first by finding values that
minimized the sum of squared errors (SSE) when fitting Eq. 2 to
values of k1,app measured in 140 mM Nao

1y130 mM Csi
1. Small

parameter adjustments then were made to provide optimal fits
to all five data sets shown in Fig. 2 as judged by eye. Optimal
values of k2,o(0), c, k2,i, and d were determined by first finding
values that minimized the SSE when fitting Eq. 3 to values of
k2,app measured in 140 mM Nao

1. KNa was fixed at 34.4 mM, the
value determined by fits to the data in Fig. 2. Small parameter
adjustments then were made to provide optimal fits to all three
data sets shown in Fig. 3d as judged by eye.

Each plotted point in the figures is the mean of measurements
from n 5 1–8 patches; error bars representing SD are plotted
when larger than the symbol size and n . 2.

Results
Effects of Permeant Ions on Rate of Mgo

21 Block. We investigated
the influence of permeant monovalent cations on Mgo

21 block of
single-channel currents through native NMDA receptors of
cultured cortical neurons, which express predominantly the
NR1, NR2A, and NR2B receptor subunits (26, 31). Rates of
channel block and unblock by Mgo

21 were measured from the
single-channel current ‘‘f licker’’ induced by Mgo

21 (Fig. 1a). to
(Fig. 1b) depended linearly on [Mg21]o (Fig. 1 c and d) under all
conditions, as expected for an open-channel blocker, permitting
measurement of the rate constants of block (4, 6, 28, 30). Under
control ionic concentrations at 250 mV, the blocking rate
constant was consistent with previous measurements (4, 6).
However, when the internal Cs1 concentration ([Cs1]i) was
decreased from 130 to 8 mM, to decreased more than 4-fold (Fig.
1 a and b), reflecting a large increase in the Mgo

21-blocking rate
(Fig. 1c). When [Cs1]i was held at 25 mM while the external Na1

concentration ([Na1]o) was decreased, a similar increase in the
blocking rate of Mgo

21 was observed (Fig. 1d). These observa-
tions indicate that Mgo

21 does not act via the classical model of
open channel block (30). Because the measurable rate constant
of channel block depends on the concentrations of multiple ions
rather than just the blocking ion, we refer to k1,app as an
‘‘apparent’’ blocking rate constant.

To gain insight into the mechanisms by which permeant ions
influence block by Mgo

21, we investigated the voltage depen-
dence of the effect of permeant ion concentrations on k1,app. In
control ionic concentrations and at Vm values from 240 to 290
mV, k1,app exhibits steep, single-exponential voltage dependence
(e-fold change in 18 mV), in agreement with earlier studies (4,
6). However, the expected exponential dependence of k1,app on
voltage (3, 4, 6, 30) was not observed over the entire range of Vm
studied (Fig. 2); at Vm values negative of 290 mV, the voltage
dependence became much weaker (e-fold change in 55 mV). The
increase in k1,app induced by decreasing [Cs1]i (Fig. 1c) was
observed only at depolarized Vm values (Fig. 2a). Because Cs1

efflux through the channel increases progressively with depo-
larization, this observation suggests that Csi

1 must partially or
completely permeate the channel before it can slow the rate of
Mgo

21 block. In contrast, the increase in k1,app induced by
decreasing [Na1]o (Fig. 1d) was largely voltage independent (Fig.
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2b), suggesting that Nao
1 slows the rate of Mg block by acting at

an external site.

Effects of Permeant Ions on Rate of Mgo
21 Unblock. Permeant ions

also affect the rate at which Mgo
21 unblocks from the channel

of NMDA receptors. Fig. 3a shows single-channel currents
obtained in 140 mM Nao

1 (Fig. 3a, upper traces) and 105 mM
Nao

1 (Fig. 3a, lower traces). At both [Na1]o values, block
by Mgo

21 induced an additional component in the closed-time
distributions (Fig. 3b) that was not present in the absence of
Mgo

21. The time constant of the additional component corre-
sponds to tb; the unblocking rate constant was calculated as

1ytb (4, 6, 28, 30). The block duration induced by 30 mM Mgo
21

was clearly briefer in 105 mM Nao
1 than in 140 mM Nao

1 (Fig.
3 a and b). Because the measurable rate constant of channel
unblock depends on [Na1]o, we refer to k2,app as an ‘‘apparent’’
unblocking rate constant.

We next examined the voltage dependence of the effect of
permeant ions on k2,app. Although changing [Cs1]i had no effect
on k2,app at Vm values from 240 to 2150 mV (Fig. 3c), k2,app was
strongly affected by [Na1]o over nearly this entire voltage range
(Fig. 3d). In 140 mM Nao

1 at Vm values from 240 to 290 mV
k2,app exhibited a nearly exponential voltage dependence similar
to that reported previously (4, 6). However, further hyperpolar-
ization from 290 to 2140 mV did not further decrease k2,app.
This could reflect permeation by Mgo

21 at very hyperpolarized
Vm values, as was proposed previously based on whole-cell
experiments (17). Decreasing [Na1]o to 105 mM induced an
increase in k2,app at Vm values from 240 to 2110 mV that was
not obviously voltage-dependent. This suggests that Nao

1 pre-
vents Mgo

21 unblock to the external solution by acting at an
external site. From 2120 to 2140 mV, where the decreased
voltage dependence of k2,app suggests that Mgo

21 frequently
permeates the channel, the dependence of k2,app on [Na1]o is
weak (Fig. 3d). Nao

1 therefore is unlikely to affect the permeation
rate of Mg21 that is blocking the channel.

Quantitative Model of the Effects of Permeant Ions on Mgo
21 Block.

Recently, we reported (26) that occupation of external per-
meant monovalent cation-binding sites on the channel of
NMDA receptors prevents channel block and unblock by two
adamantane derivatives, IEM-1754 and IEM-1857. To deter-
mine whether a similar mechanism can explain the unexpected
dependence of Mgo

21 block on Vm, [Na1]o, and [Cs1]i,
we developed a quantitative model of block by Mgo

21. In this
model Mgo

21 can enter the channel only when external cation-

Fig. 1. Decreasing permeant ion concentrations enhances Mgo
21-blocking rate. (a) Single-channel currents activated by 10 mM NMDA 1 10 mM glycine during

block by 10 mM Mgo
21 at 250 mV with [Na1]o 5 140 mM and the indicated [Cs1]i. (b) Open-time histograms corresponding to the currents shown in a to the left

of each histogram. Lines are double-exponential (upper two histograms) or single-exponential (lower histogram) fits to the histograms. Number of events in each
histogram is more than 2,000. The principal mean open time (to) is shown above each histogram. (c and d) Dependence of 1yto on [Mg21]o under the indicated
conditions. E, 140 mM Nao

1y130 mM Csi
1; ‚, 140 mM Nao

1y25 mM Csi
1; h, 140 mM Nao

1y8 mM Csi
1; Œ, 105 mM Nao

1y25 mM Csi
1; �, 70 mM Nao

1y25 mM Csi
1. Lines

are regression fits to the plotted points.

Fig. 2. k1,app depends on the concentration of both [Cs1]i and [Na1]o. (a and
b) Plots of the voltage dependence of k1,app for block by Mgo

21. Symbol
meanings are as in the legend to Fig. 1 c and d. Data for 140 mM Nao

1y25 mM
Csi

1 are plotted in b as well as a for comparison with other data. Lines are
drawn by using Eq. 2, with parameter values given in Table 1.
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binding sites are unoccupied, and so k1,app depends on [Na1]o
and [Cs1]i (Fig. 2). The strong dependence of k1,app on [Na1]o
(Fig. 2b) requires a model with two sites to which Nao

1 can bind.
The voltage independence of the effect of [Na1]o on k1,app
suggests that these sites are located in a region of the outer
vestibule of the channel external to the voltage field. The
alternative possibility that Nao

1 affects Mgo
21-blocking rate by

screening surface charges on NMDA receptors seems improb-
able (26), because the surface charges are screened effectively
by quite low concentrations of monovalent cations (23). Be-
cause the effect of [Cs1]i on k1,app exhibits relatively weak
concentration dependence but strong voltage dependence
(Fig. 2a), the model permits Csi

1 to bind to only one of the sites
after permeating the channel. The decrease in k2,app that
results from increasing [Na1]o at all but the most hyperpolar-
ized voltages (Fig. 3d) is modeled through a ‘‘lock-in’’ effect
(32): if Nao

1 binds to one or both permeant ion-binding sites
while Mg21 blocks the channel, Mg21 cannot unblock to the
external solution. [Cs1]i does not affect k2,app (Fig. 3c) because
Csi

1 cannot reach its external binding site while Mg21 blocks

the channel. Finally, the weakened dependence of k2,app on Vm
and [Na1]o at very hyperpolarized voltages (Fig. 3d) is ac-
counted for in the model by voltage-dependent Mg21 perme-
ation that is unaffected by Nao

1 binding.
The resulting model is diagrammed in Fig. 4 and below in

Scheme 1:

Na2
1OMg21 ¢O¡

2 KNa

Na1OMg21 ¢O¡

0.5 KNa

OMg21

2k2,i 2k2,i k1/k2,i 1 k2,o

Na2
1O ¢O¡

2 KNa

Na1O ¢O¡

0.5 KNa

O

82KCs 8KCs

Na1Cs1O ¢O¡

KNa

Cs1O. [1]

O represents the fully liganded NMDA receptor with its channel
open and permeant ion-binding sites unoccupied. When Na1 or
Cs1 is bound to O, Mgo

21 cannot enter the channel (Fig. 4a).
From state O, Mgo

21 can block the channel (Fig. 4b) to create
state OMg21. Mg21 then can either unblock to the external
solution or can permeate the channel (Fig. 4c). If Na1 ion(s)
occupy the external cation-binding sites while Mg21 is blocking
the channel, Mg21 cannot unblock to the external solution, but
still can permeate the channel (Fig. 4d).

To aid in the derivation of equations to describe Scheme 1, we
made several assumptions. Because the data suggest that the
cation-binding sites are located outside of the voltage field, the
equilibrium dissociation constant for Na1 (KNa) was made
voltage-independent. KNa was assumed to be the same whether
or not Mgo

21 is bound, as was found with the IEM blockers (26).
Csi

1 must cross the entire membrane voltage field to bind, and
so KCs must be strongly voltage-dependent. To limit adjustable
parameters, we used the simplest plausible equation (Table 1) to

Fig. 3. tb and k2,app depend on [Na1]o. (a) Single-channel currents activated
by 5 mM NMDA 1 10 mM glycine during block by 30 mM Mgo

21 at 290 mV with
[Cs1]i 5 130 mM and the indicated [Na1]o. In each pair of current traces, the
section of the upper single-channel record indicated by the horizontal bar is
replotted below the bar at higher time resolution. (b) Closed-time histograms
corresponding to the currents shown in a to the left of each histogram. Lines
are four-exponential fits to the histograms. Number of events in each histo-
gram is more than 1,000. (c) Voltage dependence of k2,app in three different
[Cs1]i. Symbol meanings are as in legend to Fig. 1 c and d. (d) Voltage
dependence of k2,app in three different [Na1]o. Because k2,app does not
depend on [Cs1]i (c), points are averages of data at a single [Na1]o and one or
more [Cs1]i. L, 140 mM Nao

1; ■, 105 mM Nao
1; }, 70 mM Nao

1. Lines are drawn
by using Eq. 3, with parameter values given in Table 1.

Fig. 4. Schematic diagram of the NMDA receptor (purple) during block and
unblock by Mgo

21. (a) When one or both of the external cation-binding sites are
occupied, Mgo

21 cannot enter the channel. (b) When the external cation-
binding sites are unoccupied, Mgo

21 can enter and block the channel (rate
constant 5 k1). (c) Block by Mgo

21 can be terminated by dissociation to the
external solution (rate constant 5 k2,o) or by permeation of the channel (rate
constant 5 k2,i). (d) When one or both of the external cation-binding sites is
occupied by Nao

1, Mg21 blocking the channel cannot dissociate to the external
solution but still can permeate the channel (rate constant 5 k2,i).
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model the voltage-dependence of Cs1 binding (26). Note that
KCs is not an equilibrium constant, because it involves Cs1

permeation of the channel. The true rates (rates in the absence
of permeant ions) of Mgo

21 channel block (k1), unblock to the
internal solution (k2,i), and unblock to the external solution
(k2,o) also were assumed to vary exponentially with Vm (3)
(Table 1). Based on these assumptions, we derived the following
equations for k1,app and k2,app from Scheme 1:

k1,app5k1y@~1 1 @Na1]oyKNa)z(11[Na1]oyKNa1[Cs1]iyKCs!#

[2]

K2,app 5 k2,oy~1 1 @Na1#o#yKNa)2 1 k2,i [3]

The model provides excellent fits to the data (Figs. 2 and 3d).
Parameter values derived from fitting Scheme 1 to data are
shown in Table 1. The value of KNa is in good agreement with its
previous estimate (26); the small values of KCs(0) and a found
here may result from an oversimplified approximation of the
voltage dependence of Cs1 permeation.

Discussion
These results reveal that occupation of the permeant ion-binding
sites has enormous effects on the rates of Mgo

21 block and
unblock. At 260 mV with control ion concentrations, occupa-
tion of cation-binding site(s) prevents Mgo

21 from blocking
99.4% of the time. In the absence of permeant ion binding, the
estimated Mgo

21-blocking rate (1.10 z 109 M21s21 at 0 mV) is
extraordinarily high: it is close to the predicted diffusion limit
(33). This suggests that the highest energy barrier that Mgo

21

must cross to block the channel of the NMDA receptor is very
low. Unblock of Mg21 to the external solution is prevented by
Nao

1 lock-in 96.1% of the time with control ion concentrations;
as a result, the fraction of blocking Mg ions that permeate is
22-fold greater than it would be if lock-in did not occur. The
permeant ion-binding sites might play a role in the unusual
permeation properties of the NMDA receptor, such as its high
Ca21 permeability (4, 17, 34, 35) and the ability of Mgo

21 to
permeate rapidly under some experimental conditions (17, 18).

It is likely that under physiological conditions occupation of
the permeant ion-binding sites has a powerful effect on equi-
librium block by Mgo

21 as well as on the kinetics of block.
According to the model developed here, the true Mgo

21 IC50 [the
IC50 in the absence of permeant ions, calculated as (k2o 1
k2i)yk1)] at 260 mV is 10.9 mM. With 140 mM Nao

1 and 130 mM
Csi

1, the predicted IC50 is 95.4 mM, nearly 10-fold higher. This
increase in IC50 is predicted to be predominantly caused by the
lowering of k1 by Csi

1; the effects of Nao
1 on IC50 are predicted

to be small because increasing [Na1]o lowers both k1 and k2,o.
Consistent with these predictions, in whole-cell experiments and
with [Mg21]o up to 3 mM, decreasing [Cs1]i causes a large and
voltage-dependent decrease in the Mgo

21 IC50 (36). Decreasing
[Na1]o has much smaller and less voltage-dependent effects (37).

An effect of permeant ion-binding sites on equilibrium block by
Mgo

21 is supported further by two additional observations:
decreasing internal [K1] strengthens inhibition of macroscopic
NMDA responses by Mgo

21 (8), and the voltage dependence of
the Mgo

21 IC50 becomes greater as the voltages over which
measurements are made become more depolarized (9, 12, 38).
The latter observation is predicted by the curvature we observed
in semilog plots of k1,app (Fig. 2) and k2,app (Fig. 3) as a function
of voltage. The sensitivity of the voltage dependence of block to
the voltage range over which measurements are made also may
contribute to the 2-fold variability in estimates of the electrical
location of the Mgo

21-blocking site (4–12). Additional possible
causes of this variability include differences in the permeant
monovalent cation concentrations used and difference in the
subunit composition of the NMDA receptors present in the cells
studied. Subunit composition is important because the voltage
dependence of block is NR2 subunit-specific (9) and because
inaccuracies in macroscopic measurements could be introduced
by potentiation of some NMDA receptor subtypes by Mgo

21 (39).
Our data suggest that the permeant ion-binding sites are in or

near the single-file region of the channel and, therefore, are
likely to play a role in ion permeation. If they were the only, or
the highest-affinity, monovalent permeant ion-binding sites in
the channel, then half-saturation of NMDA-receptor single-
channel current should occur when half these sites are occupied.
Previous estimates of the permeant monovalent cation concen-
trations at which half-maximal saturation of NMDA-receptor
single-channel currents occurs range from 0.5 to 129 mM (8, 10,
23, 40). The variation in these measurements, which were made
under differing conditions and with different permeant ions,
prevents their use in assessing the potential role of the permeant
ion-binding sites in channel permeation. It nevertheless seems
likely that other ion-binding sites, such as a site near the QyRyN
sites (19) or an intracellular permeant ion-binding site (26), are
involved in monovalent cation permeation.

In the model developed here, occupation of either permeant
ion-binding site prevents access of Mgo

21 to the channel.
This, coupled with the observation that Nao

1 binding to either
site is voltage-independent, appears to imply that the sites are in
close proximity. However, the KNa of either permeant ion-
binding site is the same whether or not the other site is occupied.
This appears to imply, in contrast, that the sites are relatively
distant. Previous work suggests that the sites indeed could be in
close proximity: when one of two neighboring cation-binding
sites in the pore of cyclic nucleotide-gated channels binds a
proton, the proton affinity of the other site is unaffected (41).
Occupation of a permeant ion-binding site on NMDA receptors
may affect Mgo

21 more strongly than Na1 or Cs1 because of the
larger charge on Mg21, its greater hydrated radius, its slower
exchange of waters of hydration, or a combination of these
factors. It also is possible that occupation of one permeant
ion-binding site has a moderate effect on monovalent cation
binding to the second site. To test this possibility, we fit to the

Table 1. Equations and parameter values for rate and equilibrium constants

Parameter and equation Value at Vm 5 0 Vm dependence

KNa KNa 5 34.4 mM None
KCs 5 KCs(0) exp(Vm/a) KCs(0) 5 0.270 mM a 5 221.0 mV
k 1 5 k 1 (0) exp(Vm/b) k 1 (0) 5 1.10z109 M21s21 b 5 255.0 mV
k2,o 5 k2,o(0) exp(Vm/c) k2,o(0) 5 1.10z105 s21 c 5 52.7 mV
k2,i 5 k2,i(0) exp(Vm/d) k2,i(0) 5 61.8 s21 d 5 250.0 mV
KMg 5 KMg(0) exp(Vm/e) KMg(0) 5 101 mM e 5 26.9 mV

The equations for k 1 , k2,o, k2,i, and KMg can be used to calculate the rate or equilibrium constant value in the
absence of permeant monovalent cations. KMg, which equals k2,o/k 1 , takes into account unbinding of Mg21 to
the external solution but not permeation. Its voltage dependence therefore can be used to calculate the d of the
Mg0

21 blocking site, but its value cannot be used to predict the Mgo
21 IC50.
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Fig. 2 data a modified model in which the binding affinity of the
second Na1 could be equal to or lower than the binding affinity
of the first Na1. The best fits still were achieved when each Nao

1

bound with the same affinity.
The model of Mgo

21 block developed here permitted us to
quantify the voltage dependence of the Mgo

21 blocking and
unblocking rates independent from the influence of permeant
ions. As modeled here, these ‘‘true’’ blocking and unblocking
rates satisfy the assumptions of the Woodhull model (3): most
importantly, that the voltage dependence of the rates depends
only on the electrical locations of the barrier to Mgo

21 entry, the
Mgo

21-binding site, and the barrier to Mgo
21 permeation. If the

model is correct, then we can now determine accurately the
electrical locations of the channel structures that govern block by
Mgo

21. The voltage dependence of k1 places the peak of the
barrier to Mgo

21 entry at a fractional electrical depth of 0.23
through the membrane field; the additional voltage dependence
of k2,o places the Mgo

21-binding site (d) at 0.47; the additional
voltage dependence of k2,i places the peak of the barrier to
permeation at 0.73. These locations are much shallower than
estimated from previous data or from our data by using tradi-
tional approaches: based on the approximately exponential
voltage dependence of k1,app and k2,app from 240 to 290 mV,
the peak of the barrier to Mgo

21 entry is at 75%, and the
Mgo

21-binding site at 89%, through the membrane voltage field.
Traditional approaches provide exaggerated estimates of elec-
trical depth because the voltage-dependent binding of Csi

1

inflates the voltage dependence of k1,app at Vm values positive of

2100 mV (note in Fig. 2 the low voltage dependence of k1,app
at very negative Vm values, where Csi

1 has little effect on k1,app).
Our conclusion that Mgo

21 traverses only 47% of the mem-
brane voltage field to reach its blocking site appears consistent
with evidence that two asparagine residues (12, 19, 20) near the
tip (22) of the M2 region of NR2 subunits help form the
Mgo

21-blocking site. This electrical location of the Mgo
21-blocking

site also leaves room for a nearby but distinct internal Mg21-
binding site 55–71% through the membrane voltage field (13–
16). The estimated depth of the internal Mg21-binding site is
somewhat discordant with our location of the permeation barrier
at 73% through the field; one possible explanation is that the
electrical depth of block by internal Mg21 has been misestimated
because of occupation of an internal binding site for permeant
ions (26). Finally, our results are consistent with the observation
(9) that structural domains outside the M2 region have a strong
influence on channel block by Mgo

21, because the M2 region is
unlikely to contribute to the external permeant ion-binding sites
(22, 42).

In summary, the data and model presented here provide an
explanation for the high voltage dependence of block by Mgo

21,
give a corrected location for the Mgo

21-blocking site, demon-
strate a lock-in effect of Nao

1 on Mgo
21 during block, and provide

a quantitative estimate of the rate of Mgo
21 permeation.
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