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Permeant Ion Effects on External Mg2⫹ Block of NR1/2D
NMDA Receptors
Anqi Qian and Jon W. Johnson
Department of Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

Voltage-dependent channel block by external Mg 2⫹ (Mgo2⫹ ) of NMDA receptors is an essential determinant of synaptic function. The
resulting Mgo2⫹ inhibition of NMDA responses depends strongly on receptor subunit composition: NR1/2A and NR1/2B receptors are
more strongly inhibited by Mgo2⫹ than are NR1/2C or NR1/2D receptors. Previous work showed that permeant ions have profound effects
on Mgo2⫹ block of NMDA receptors composed of NR1, NR2A, and NR2B subunits. Whether permeant ions affect Mgo2⫹ inhibition of
NR1/2C or NR1/2D receptors is unknown. We investigated the effects of permeant ions on Mgo2⫹ block of NR1/2D receptors by integrating
results from whole-cell recordings, single-channel recordings, and kinetic modeling. Lowering internal [Cs ⫹] caused a voltagedependent decrease in the Mgo2⫹ IC50 and in the apparent Mgo2⫹ unblocking rate, and increase in the apparent Mgo2⫹ blocking rate (k⫹,app )
of NR1/2D receptors. Lowering external [Na ⫹] caused modest voltage-dependent changes in the Mgo2⫹ IC50 and k⫹,app. These data can be
explained by a kinetic model in which occupation of either of two external permeant ion binding sites prevents Mgo2⫹ entry into the
channel. Occupation of an internal permeant ion binding site prevents Mgo2⫹ permeation and accelerates Mgo2⫹ unblock to the external
solution. We conclude that variations in permeant ion site properties shape the NR2 subunit dependence of Mgo2⫹ block. Furthermore, the
external channel entrance varies little among NMDA receptor subtypes. Differences in the Mgo2⫹ blocking site, and particularly in the
selectivity filter and internal channel entrance, are principally responsible for the subunit dependence of Mgo2⫹ block.
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Introduction
The NMDA subtypes of the ionotropic glutamate receptor family
are widely distributed in the vertebrate CNS, exhibit unusual
biophysical properties, and are broadly involved in CNS physiology (Dingledine et al., 1999; Lisman and McIntyre, 2001; Nakazawa et al., 2002). Functional NMDA receptors generally contain
NR1 and NR2 subunits. There are four NR2 subunits (NR2A–
NR2D) that follow distinct developmental and regional expression patterns. NMDA receptors are modulated via many mechanisms that display NR2 subunit specificity (Cull-Candy and
Leszkiewicz, 2004).
Voltage-dependent channel block by Mg2⫹
is an essential
o
NMDA receptor property. Investigation of Mg2⫹
o block has improved understanding of synaptic regulation, mechanisms of
drug action, and channel structure and gating. Mg2⫹
o inhibition
of NMDA receptors varies with brain region and developmental
stage because of differential NR2 subunit expression coupled
with NR2 subunit dependence of Mg2⫹
inhibition (Kato and
o
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Yoshimura, 1993; Monyer et al., 1994; Kuner et al., 1996; Momiyama et al., 1996; Qian et al., 2005).
The degree and voltage dependence of Mg2⫹
o inhibition are
powerfully modulated by permeant ions (Antonov and Johnson,
1999; Zhu and Auerbach, 2001a,b; Qian et al., 2002). Along with
its mechanistic importance, permeant ion modulation of Mg2⫹
o
inhibition is likely to participate in nervous system physiology
and pathology. Permeant ion concentration changes during synaptic transmission (Rose and Konnerth, 2001) are large enough
to significantly modify Mg2⫹
o inhibition. Much greater changes in
permeant ion concentrations occur in pathological states (Grisar,
1984; Lux et al., 1986; Kager et al., 2000), and Mg2⫹
o inhibition is
altered by nervous system pathology, including nerve injury, inflammation, and chemical ischemia (Hori and Carpenter, 1994;
Zhang et al., 1996; Aizenman et al., 2000; Furukawa et al., 2000;
Guo and Huang, 2001). Changes in permeant ion concentration
likely act in concert with other modulatory mechanisms (Chen
and Huang, 1992; Zhang et al., 1996; Guo and Huang, 2001) to
alter Mg2⫹
o inhibition in pathological states.
Permeant ion effects on Mg2⫹
o inhibition have been investigated for NMDA receptors that contain NR2A or NR2B subunits
(Antonov and Johnson, 1999; Zhu and Auerbach, 2001a,b; Qian
et al., 2002), but not for receptors that contain NR2C or NR2D
subunits. Understanding permeant ion effects on Mg2⫹
o inhibition of NR1/2D receptors, which play important physiological
roles developmentally and in adults (Okabe et al., 1998; Bengzon
et al., 1999; Hrabetova et al., 2000; Miyamoto et al., 2002;
Thompson et al., 2002), would deepen insight into blocking
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mechanisms and their variation among NMDA receptor subtypes. We previously reported (Qian et al., 2005) that Mg2⫹
o inhibits NR2A and NR2B subunit-containing NMDA receptors
more effectively than NR1/2D receptors predominantly because
Mg2⫹
o unbinds more quickly from NR1/2D receptors. Here, we
combined electrophysiological and modeling approaches to examine permeant ion effects on Mg2⫹
o block of NR1/2D receptors.
We found powerful permeant ion regulation mediated by binding to two external and one internal site (summarized in Fig. 7).
Comparison of Mg2⫹
o block models of NR1/2D and cortical receptors provides quantitative explanations for the NR2 subunit
dependence of Mg2⫹
o block.

Materials and Methods
Cell culture. Human embryonic kidney (HEK) 293T cells and HEK 293
cells (American Type Culture Collection, Manassas, VA) were used for
whole-cell and outside-out patch recordings, respectively. The cells were
cultured at 37°C in 5% CO2/95% air in DMEM culture medium (Invitrogen, Carlsbad, CA) supplemented with 2 mM glutamine. Culture medium was supplemented with 5% fetal bovine serum (FBS) for 293T cells
and with 10% FBS plus 1 mM sodium pyruvate for HEK 293 cells. Cells
were split twice a week. For experiments, cells were plated onto glass
coverslips pretreated with poly-D-lysine (0.1 mg/ml) and rat-tail collagen
(0.1 mg/ml; BD Biosciences, San Jose, CA) at 1– 4 ⫻ 10 5 cells per 35 mm
dish.
Transfection. HEK 293 or 293T cells were transiently transfected
18 – 48 h after plating with cDNAs for rat NMDA receptor subunits
(Buller and Monaghan, 1997): NR1-1a [GenBank accession number
(GAN) X63255, in plasmid pcDM8] plus NR2A (GAN M91561, in plasmid pcDNA1) or NR2D (GAN L31612, in plasmid pcDM8). Enhanced
green fluorescent protein (eGFP) cDNA was cotransfected as previously
described (Qian et al., 2005). 293T cells were transfected using LipofectAMINE/PLUS reagents (Invitrogen) by adding to each dish 1 ml of
serum-free medium containing 1 g of total DNA (1 eGFP to 3 NR1 to 6
NR2A or 2D), 5 l of LipofectAMINE, and 4 l of PLUS. DL-APV (200
M) was added to prevent NMDA receptor-mediated excitotoxicity. To
transfect HEK 293 cells, we used a calcium phosphate precipitation procedure. A total of 2.8 g of cDNA was used per dish (ratio of 1 eGFP to 1
NR1-1a to 2 NR2D). Precipitates were washed off with fresh culture
medium plus 200 M DL-APV 7–9 h after addition of DNA.
Solutions. Solutions were prepared and applied as previously described
(Qian et al., 2002). NMDA receptors were activated by 10 or 30 M
NMDA plus 30 M glycine. MgCl2 was added to external solutions at the
indicated concentrations with no adjustment of other solute concentra⫹
tions. We used several solutions to test the effects of Na⫹
o and Csi on
Mg2⫹
block.
The
abbreviations
and
contents
of
external
solutions
are
as
o
follows (in mM): “140 Na⫹
o ” solution, 140 NaCl, 1 CaCl2, 2.8 KCl, and 10
HEPES; “70 Na⫹
o ” solution, 70 NaCl, 140 sucrose, 0.5 CaCl2, 2.8 KCl, and
10 HEPES. The abbreviations and contents of internal solutions are as
follows (in mM): “125 Csi⫹” solution for whole-cell experiments, 125
CsCl, 10 EGTA, and 10 HEPES; “125 Csi⫹” solution for patch recordings,
115 CsF, 10 CsCl, 10 EGTA, and 10 HEPES; “8 Csi⫹ ” solution for wholecell experiments, 8 CsCl, 117 N-methyl-D-glucamine (NMDG), 10
EGTA, and 10 HEPES; “8 Csi⫹” solution for patch recordings, 8 CsF, 117
NMDG, 10 EGTA, and 10 HEPES; “25 Csi⫹” solution, 25 CsF, 100
NMDG, 10 EGTA, and 10 HEPES. Fluoride-based internal solutions
were used for single-channel recordings to improve seal formation and
stability of recordings (Marty and Neher, 1995). Osmolality and pH were
adjusted as described previously (Qian et al., 2002). The junction potentials between the pipette and bath solution for internal/external solution
⫹
combinations were as follows: 5 mV for 140 Na⫹
o /125 Csi (chloride⫹
based); ⫺3 mV for 140 Na⫹
/8
Cs
(chloride-based);
⫺7
mV for 70
o
i
⫹
⫹
⫹
Na⫹
o /8 Csi (chloride-based); 9 mV for 140 Nao /125 Csi (fluoride⫹
based), ⫺3 mV for 140 Na⫹
o /8 Csi (fluoride-based), ⫺7 mV for 70
⫹
⫹
Nao /25 Csi (fluoride-based). All membrane potentials reported here
were corrected for junction potentials. Ultrapure salts were used when
available. All chemicals were from Sigma (St. Louis, MO), except as indicated in the text.
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Whole-cell recording and analysis. Whole-cell recordings were performed as previously described (Qian et al., 2002) 20 –72 h after transfection. Briefly, currents were recorded at room temperature with an
Axopatch 200A or 200B amplifier (Molecular Devices, Sunnyvale, CA),
low-pass filtered at 10 kHz, and digitized at 44 kHz with a Neuro-Corder.
Series resistance was compensated routinely (60 – 80%). NMDAactivated currents in the absence (Icontrol) and presence (IMg) of multiple
[Mg 2⫹]o values were measured from ⫺115 to ⫺15 mV at 10 mV increments. The IC50 of Mg2⫹
o at each voltage was estimated by fitting IMg/
Icontrol at various [Mg 2⫹]o values using Equation 1:

I Mg/Icontrol 共%兲 ⫽ 100%/关1 ⫹ 共关Mg2⫹ 兴o/IC50 兲n H兴.

(1)

IC50 and nH (Hill coefficient) were left as free parameters during fitting.
Curve fitting was performed using Origin 4.0 or 6.0 (Microcal Software,
Northampton, MA). The IC50 value at each voltage was derived from fits
to IMg/Icontrol measurements with three to six different [Mg 2⫹]o values
and from 3 to 10 cells at each [Mg 2⫹]o. At each voltage, Equation 1 was fit
to each of the IMg/Icontrol values pooled from all experiments, although
for clarity only mean values ⫾ SEM were plotted in Figure 1C. Error bars
in Figures 1 D and 2C show SE estimated during nonlinear curve fitting of
Equation 1 by Origin.
Single-channel recording and analysis. Single-channel recording and
analysis were performed as previously described (Qian et al., 2005).
Outside-out patch recordings were performed at room temperature according to standard methods (Hamill et al., 1981). Pipettes (resistance,
5– 8 M⍀) were pulled from borosilicate standard-wall glass with filaments (Warner Instrument, Portland, OR). Pipettes were coated with
Sylgard and fire polished. Single-channel currents were recorded and
stored on videotape for later analysis as described for whole-cell recording. Data were collected at voltages from ⫺105 to ⫺45 mV. At each
voltage, single-channel currents in each patch were collected in segments
of 50 –240 s duration, with the first segment being a control measurement in 0 Mg2⫹
o , followed by one to three additional segments in different [Mg 2⫹]o values. Data from at least three patches were used at each
voltage.
For analysis, each recorded data segment was played back, filtered at
2.5 kHz (⫺3 dB; eight-pole, low-pass Bessel filter) and digitally sampled
at 25 kHz using pCLAMP 8 (Molecular Devices). To optimize our ability
to resolve brief events, we used the DC analysis programs (http://www.
ucl.ac.uk/Pharmacology/dcpr95.html), which make use of time course
fitting techniques (Colquhoun and Sigworth, 1995). Dwell time histograms were plotted on square root versus log time scales (Sigworth and
Sine, 1987). A chosen time resolution (50 s in most patches; range,
45– 85 s) was applied to dwell time distributions, and durations shorter
than the value of the time resolution were deleted from both open- and
closed-duration distributions. The resulting dwell time histograms were
fitted by the maximum likelihood method (Colquhoun and Sigworth,
1995) and the value of the imposed time resolution was subtracted from
the time constants of the fit.
Open-duration histograms in the absence or presence of Mg2⫹
o were fit
by one to three exponentials (see Fig. 4 B), consistent with previous studies (Wyllie et al., 1996, 1998; Qian et al., 2005). The decrease of the time
constant of the largest component (o) with increasing [Mg 2⫹]o values
was used to estimate Mg2⫹
o blocking rate (see Results). We did not further
characterize the other exponential components. Closed-duration histograms in the absence of Mg2⫹
o were adequately fit by the sum of three or
four exponentials (see Fig. 4C). In both the absence and presence of
Mg2⫹
o , closed duration histograms included the duration of all closures,
regardless of the conductance level from which the closure began. In the
presence of Mg2⫹
o , an additional closed-duration component was observed (time constant, b) in most experiments. This component was
interpreted to represent blocking events by Mg2⫹
o (Qian et al., 2005).
Occasionally, when the value of b was very close to the briefest closedduration component observed in the absence of Mg2⫹
o , the closedduration histogram was fitted by the same number of exponentials in the
absence and presence of Mg2⫹
o . In those cases, the value of b still could be
estimated with reasonable accuracy because the time constant of the
confounding brief closed-duration component was necessarily close to
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need for very high-quality recordings and the
use of time course fitting in analysis made
single-channel experiments extremely timeconsuming. As a result, single-channel data
were collected in only three ionic conditions.
Adequate constraint of models was achieved by
simultaneous fitting to single-channel and
whole-cell experiments.

Results

Effect of changing [Cs ⴙ]i and [Na ⴙ]o on
Mgo2ⴙ inhibition of whole-cell currents
We first characterized the effect of changing [Cs ⫹]i on Mg2⫹
inhibition of 293T
o
whole-cell currents mediated by NR1/2A
and NR1/2D receptors. Internal Cs ⫹
rather than K ⫹ was used so that data could
be directly compared with previous results
(Antonov et al., 1998; Antonov and Johnson, 1999; Qian et al., 2002, 2005); NMDA
receptor permeabilities to Cs ⫹ and K ⫹ are
nearly equal (Nowak et al., 1984; Tsuzuki
et al., 1994). Mg2⫹
o inhibited both NR1/2A
and NR1/2D receptor responses more effectively in a lower [Cs ⫹]i. For example,
with NR1/2A receptors (Fig. 1 A) at ⫺85
mV, current inhibition by 30 M Mg2⫹
o
⫹
was 1.3-fold greater in 140 Na⫹
o /8 Csi
⫹
⫹
than in 140 Nao /125 Csi . At ⫺35 mV,
current inhibition by 30 M Mg2⫹
was
o
⫹
4.3-fold greater in 140 Na⫹
o /8 Csi than in
⫹
140 Na⫹
o /125 Csi . With NR1/2D receptors (Fig. 1 B), the effect of changing
[Cs ⫹]i on Mg2⫹
o inhibition was generally
similar to that observed with NR1/2A receptors: lowering [Cs ⫹]i from 125 to 8 mM
increased inhibition by 100 M Mg2⫹
o 1.4⫹
2⫹
2⫹
fold
at
⫺85
mV
and
increased
inhibition
Figure 1. Effect of Cs i on Mgo inhibition of NMDA receptor whole-cell currents. A, B, Examples of inhibition by Mgo of
⫹
⫹
by 100 M Mg2⫹
o 4.9-fold at ⫺35 mV.
NR1/2A (A) and NR1/2D (B) receptor currents in 140 Nao⫹/125 Cs⫹
i (top traces) and 140 Nao /8 Csi (bottom traces) solutions at
2⫹
To analyze the voltage dependence of
the indicated voltages. The bars above the current traces indicate the time of drug application. At ⫺85 mV and at ⫺35 mV, Mgo
⫹
2⫹
inhibition of both NR1/2A and NR1/2D receptors was enhanced by lowering [Cs ⫹]i. C, Examples of concentration–inhibition the effect of [Cs ]i on Mgo inhibition of
⫹
⫹
⫹
2⫹
curves for NR1/2A receptors in 140 mM Nao ; [Cs ]i and voltage as indicated. The voltage, [Cs ]i, and Mgo IC50 values are as NR1/2A and NR1/2D receptors, concenfollows: ⫺35 mV, 125 mM, 388 M; ⫺35 mV, 8 mM, 37.3 M; ⫺85 mV, 125 mM, 11.8 M; ⫺85 mV, 8 mM, 5.2 M. Error bars tration–inhibition curves were conindicate SEM. D, Mgo2⫹ IC50 values in 140 mM Nao⫹ are plotted from ⫺115 to ⫺15 mV; subunit combination and [Cs ⫹]i as structed by measuring Mg2⫹ inhibition in
o
indicated. Data in 140 Nao⫹/125 Cs⫹
i were replotted from Qian et al. (2005). Error bars indicate SE.
multiple [Mg 2⫹]o values at each voltage
(see Materials and Methods). Examples of
b, and because the amplitude of the b component was relatively large.
these curves are shown in Figure 1C for NR1/2A receptors. At
We did not make corrections for missed events but estimated that they
each voltage, concentration–inhibition curves are left-shifted in
were not frequent under our experimental conditions (Qian et al., 2005).
the lower [Cs ⫹]i, indicating increased Mg2⫹
2⫹
o affinity. The shift
The apparent Mgo blocking and unblocking rates, k⫹,app and k⫺,app,
was
greater
at
⫺35
mV
than
at
⫺85
mV.
Figure
1 D compares the
were estimated as described in Neher and Steinbach (1978). The term
voltage dependence of NR1/2A and NR1/2D receptor Mg2⫹
o IC50
“apparent” is used to distinguish from Mg2⫹
blocking
and
unblocking
o
values over the range of voltages studied. It is clear that at any
rates in the absence of permeant ion effect (Antonov and Johnson, 1999).
single voltage and [Cs ⫹]i, Mg2⫹
The slope of a linear regression line fit through a plot of 1/o versus
o IC50 was lower in NR1/2A than
2⫹
[Mg ]o (see Fig. 4C) was used to estimate k⫹,app based on the following
in NR1/2D receptors. For both receptors, lowering [Cs ⫹]i deequation: 1/o,Mg ⫽ 1/o,control ⫹ k⫹,app ⫻ [Mg 2⫹]o. k⫺,app was esticreased Mg2⫹
o IC50 and weakened its voltage dependence at hymated as 1/b.
perpolarized voltages.
Model fitting and simulations. Kinetic model fitting and predictions
The effects of changing [Na ⫹]o on Mg2⫹
o inhibition of wholewere made in SigmaPlot 2001 or SigmaPlot 8 (Systat Software, Point
cell currents of NR1/2A and NR1/2D receptors are illustrated in
Richmond, CA). Data were weighted during fitting by the inverse of data
Figure 2. For these experiments, 8 mM Csi⫹ was used in intracelvalue. Minimization of sum of squared errors (SSE) [this is equivalent to
lular
solutions to minimize the effect of Csi⫹ on Mg2⫹
2
o inhibition.
maximization of the coefficient of determination (R )] was used to
⫹
Decreasing
[Na
]
from
140
to
70
m
M
moderately
increased
o
achieve optimal fits. Fitting procedures and equations used are described
Mg2⫹
in Results. Single-channel analysis of NR1/2D receptors is demanding
o inhibition of NR1/2A receptors at both ⫺105 and ⫺45 mV
(Fig. 2 A). The same change in [Na ⫹]o slightly increased Mg2⫹
because of their relatively low single-channel conductance and brief open
o
time. In the presence of Mg2⫹
,
dwell
times
were
yet
much
briefer.
The
inhibition of NR1/2D receptors at ⫺105 mV, but decreased
o
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Mg2⫹
o inhibition at ⫺45 mV. The voltage
dependence of the effect of changing
[Na ⫹]o on Mg2⫹
IC50 values measured
o
from [Mg 2⫹]o-inhibition curves is shown
in Figure 2C. Changing [Na ⫹]o modestly
affected Mg2⫹
o IC50 of both receptors. The
voltage dependence of the Na⫹
o effect differs between the two receptors, as will be
further examined in Figure 3.
To illustrate the differential effects of
permeant ions on Mg2⫹
inhibition of
o
NR1/2A and NR1/2D receptors, we calculated the ratios of Mg2⫹
o IC50 values in normal and low permeant ion concentrations
(Fig. 3). A ratio of 1 indicates no effect of
changing permeant ion concentration.
The effect of changing [Cs ⫹]i on Mg2⫹
o
inhibition of both NR1/2A and NR1/2D
receptors is large and strongly voltage dependent (Fig. 3A). At depolarized voltages, the effect of lowering [Cs ⫹]i became
even greater for NR1/2D than NR1/2A receptors (at ⫺15 mV, the Mg2⫹
o IC50 ratio
was 13.4 for NR1/2A but 32.9 for NR1/2D
receptors). At hyperpolarized voltages,
changing [Cs ⫹]i had a similar effect on
NR1/2D and NR1/2A receptors. The effect
of changing [Na ⫹]o on Mg2⫹
o inhibition of
both NR1/NR2A and NR1/NR2D recep⫹
2⫹
whole-cell currents. A, B, Examples of inhibition by Mgo2⫹ of
tors was small (Fig. 3B) (note different Figure 2. Effect of Nao on Mgo inhibition of NMDA⫹ receptor
⫹
⫹
⫹
traces) solutions at the
y-axis scales in Fig. 3 A, B), although a dif- NR1/2A (A) and NR1/2D (B) receptor currents in 140 Nao /8 Csi (top traces) and 70 Nao /8 Csi (bottom
indicated
voltages.
The
bars
above
the
current
traces
indicate
the
time
of
drug
application.
C,
Mgo2⫹ IC50 values estimated from
ference in the voltage dependence of the
⫹
concentration–inhibition curves in 8 mM Cs⫹
i are plotted from ⫺115 to ⫺15 mV; subunit combination and [Na ]o as indicated.
ratio is apparent. The effect of lowering
⫹
⫹
Data
collected
in
140
Na
/8
Cs
are
replotted
from
Figure
1
D.
Error
bars
indicate
SE.
o
i
[Na ⫹]o on NR1/2D receptors was significantly voltage dependent ( p ⬍ 0.001; twotailed Pearson correlation test), causing a reduction of Mg2⫹
o IC50
at hyperpolarized voltages but an increasing of Mg2⫹
IC50 at
o
more depolarized voltages. The effect of changing [Na ⫹]o on
NR1/2A receptors, in contrast, was not correlated with voltage
( p ⫽ 0.068).
The results presented so far suggest that permeant ions exert
powerful effects on Mg2⫹
inhibition in NR1/2D as well as
o
NR1/2A receptors. There are, however, intriguing differences between the two receptor subtypes. To investigate the mechanistic
bases of these differences, we used single-channel analysis, which
allowed us to examine the effect of changing permeant ion concentrations on Mg2⫹
o blocking and unblocking steps separately.
Effect of changing [Cs ⴙ]i and [Na ⴙ]o on Mgo2ⴙ blocking and
unblocking kinetics
Permeant ions powerfully affect Mg2⫹
o block of NR1/2A receptors
(Zhu and Auerbach, 2001a,b) and of NMDA receptors expressed
in cultured cortical neurons (referred to here as cortical neurons)
(Antonov and Johnson, 1999; Qian et al., 2002), which are composed of NR1, NR2A, and NR2B subunits (Monyer et al., 1994;
Zhong et al., 1994; Kirson and Yaari, 1996; Antonov and Johnson,
1999; Qian et al., 2005). The similarity of the channels of cortical
receptors and recombinant NR1/2A receptors is supported by
⫹
their similar Mg2⫹
IC50 values in 140 Na⫹
o
o /125 Csi solution
(Qian et al., 2005) and in solutions with lowered permeant ion
concentrations (data not shown). Here, we report on the effects
of changing [Cs ⫹]i and [Na ⫹]o on the Mg2⫹
o k⫹,app and k⫺,app of
recombinant NR1/2D receptors. In single-channel experiments,

Figure 3. Differential effects of permeant ions on Mgo2⫹ inhibition of NR1/2A and NR1/2D
receptor whole-cell currents. A, Ratio of Mgo2⫹ IC50 measured in the 140 Nao⫹/125 Cs⫹
i and the
140 Nao⫹/8 Cs⫹
i solutions is plotted as a function of voltage for the indicated receptors. Changing [Cs ⫹]i has powerful voltage-dependent effects on both receptors; the effect is stronger on
NR1/2D receptors at depolarized voltages. B, Ratio of Mgo2⫹ IC50 measured in the 140 Nao⫹/8
⫹
⫹
Cs⫹
i and the 70 Nao /8 Csi solutions plotted as a function of voltage for receptors as indicated
⫹
in A. Changing [Na ]o has weak effects on Mgo2⫹ IC50 that are voltage independent for NR1/2A
receptors and voltage dependent for NR1/2D receptors. The horizontal lines show ratio values of
1 that would be expected if [Cs ⫹]i (A) or [Na ⫹]o (B) had no effect on Mgo2⫹ IC50.

Qian and Johnson • Permeant Ions and Mg2⫹ Block of NR1/NR2D Receptors

J. Neurosci., October 18, 2006 • 26(42):10899 –10910 • 10903

Figure 4. Effects of [Cs ⫹]i and [Mg 2⫹]o on single-channel openings of NR1/2D receptors. All data for this figure were collected
at ⫺85 mV. A, Examples of Mgo2⫹-induced NR1/2D receptor single-channel “flicker.” Traces in 0 Mgo2⫹ (left) and in the indicated
⫹
⫹
[Mg 2⫹]o (right) are shown in 140 Nao⫹/125 Cs⫹
i (top) and in 140 Nao /8 Csi (bottom). Two traces are shown for each condition
2⫹
at different time scales. Including Mgo caused channel flicker at lower [Mg 2⫹]o in 8 mM [Cs ⫹]i than in 125 mM [Cs ⫹]i. B,
2⫹
Open-duration histograms in 140 Nao⫹/8 Cs⫹
]o values. The [Mg 2⫹]o, and value
i from the patch used for A in the indicated [Mg
of the time constant (and relative amplitude) of the largest component (o), are as follows: 0 Mgo2⫹, 0.759 ms (76.4%); 3 M
Mgo2⫹, 0.603 ms (67.1%); 5 M Mgo2⫹, 0.408 ms (77.1%); 10 M Mgo2⫹, 0.301 ms (76.4%). The apparent blocking rate constant
for Mgo2⫹ (k⫹,app) was estimated to be 179 M ⫺1s ⫺1 for this patch. C, Closed-duration histograms in 140 Nao⫹/8 Cs⫹
i from the
patch used for A in the indicated [Mg 2⫹]o values. The [Mg 2⫹]o, and value of the time constant (and relative amplitude) of the
component attributable to Mgo2⫹ block (b), are as follows: 3 M Mgo2⫹, 0.375 ms (20.6%); 5 M Mgo2⫹, 0.266 ms (34.5%); 10 M
Mgo2⫹, 0.355 ms (30.9%). The apparent unblocking rate for Mgo2⫹ (k⫺,app) was estimated to be 3081 s ⫺1 for this patch.
⫹
we used three sets of ionic solutions: 140 Na⫹
o /125 Csi , 140
⫹
⫹
⫹
⫹
Nao /8 Csi , and 70 Nao /25 Csi . These experimental conditions
facilitated comparisons with previous cortical receptor singlechannel recordings (Antonov and Johnson, 1999) and allowed
exploration of a wide range of ionic conditions while limiting
single-channel data collection, which is especially demanding
with NR1/2D receptors. Use of these ionic conditions permitted
direct determination of the effect of [Cs ⫹]i on the kinetics of
Mg2⫹
o block, but required model application (below) for quantification of the effects of [Na ⫹]o.
Examples of single-channel NR1/2D receptor-mediated currents recorded in the absence and presence of Mg2⫹
o , and in normal and low [Cs ⫹]is, are shown in Figure 4 A. In normal [Cs ⫹]i
(top), addition of 50 M Mg2⫹
greatly increased channel
o
“flicker,” which reflects rapid transitions between the open and
blocked states caused by Mg2⫹
o channel block (Qian et al., 2005).

In a low [Cs ⫹]i (bottom), this effect was
achieved at a much lower [Mg 2⫹]o, suggesting that [Cs ⫹]i influences Mg2⫹
o block.
The decrease in open duration associated
with channel block, which was used to calculate k⫹,app, is reflected in the openduration histograms shown in Figure 4 B.
In the closed-duration histograms shown
in Figure 4C, the closed-duration component that represents Mg2⫹
o blocking events
was used to calculate k⫺,app.
The effects of changing permeant ion
concentrations on the voltage dependence
of Mg2⫹
block, unblock, and IC50 are
o
shown in Figure 5. Lowering [Cs ⫹]i from
125 mM (black) to 8 mM (green) greatly
increased Mg2⫹
o k⫹,app (Fig. 5A). This effect was most prominent at depolarized
voltages: at ⫺105 mV, lowering [Cs ⫹]i increased k⫹,app 1.6-fold, whereas at ⫺45
mV lowering [Cs ⫹]i increased k⫹,app 10⫹
fold. Data in 70 Na⫹
o /25 Csi (Fig. 5A, red)
suggest that lowering [Na ⫹]o may increase k⫹,app; if Na⫹
o had no effect on
k⫹,app, these data would be intermediate
⫹
between the data in 140 Na⫹
o /125 Csi
⫹
(black) and 140 Na⫹
/8
Cs
(green).
Lowo
i
ering [Cs ⫹]i from 125 to 8 mM decreased
k⫺,app in a voltage-dependent manner
(Fig. 5B): at ⫺45 mV, lowering [Cs ⫹]i decreased k⫺,app 1.5-fold ( p ⬍ 0.05),
whereas at ⫺105 mV, lowering [Cs ⫹]i decreased k⫺,app 1.2-fold (not significant).
⫹
Data in 70 Na⫹
o /25 Csi (Fig. 5B, red) suggest that lowering [Na ⫹]o had only a weak
effect on k⫺,app. Also shown in Figure 5
(lines) are the results of modeling the effects of permeant ions on the Mg2⫹
o k⫹,app
(Fig. 5A), k⫺,app (Fig. 5B), and IC50 from
whole-cell experiments (Fig. 5C).

Model of interaction of permeant ions
and Mgo2ⴙ with NR1/2D receptors
To further interpret our whole-cell and
single-channel data and better understand
the mechanisms by which permeant ions
and Mg2⫹
interact with NR1/2D recepo
tors, we developed a quantitative model (the NR1/2D model) (see
Fig. 7). We based the NR1/2D model on models previously used
to describe the interaction of permeant ions and Mg2⫹
o with cortical NMDA receptors (Antonov and Johnson, 1999; Qian et al.,
2002) and NR1/2A receptors (Zhu and Auerbach, 2001a,b). We
will focus on our previous work with cortical NMDA receptors
because these data were collected under similar conditions. The
effects of permeant ions on Mg2⫹
o k⫹,app in the cortical NMDA
receptor model are mediated by external permeant ion binding
sites. Our data suggest that the effects of permeant ions on the
Mg2⫹
o k⫹,app of NR1/2D and cortical receptors are quite similar.
Under the same conditions (ion concentrations and voltage), the
Mg2⫹
o k⫹,app values presented here were generally slightly lower
for NR1/2D than cortical NMDA receptors (compare Fig. 5A
with Antonov and Johnson, 1999, their Fig. 2 A), but the differences were not statistically significant. Furthermore, the dramatic
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Figure 6. Effects of [Cs ⫹]i on Mgo2⫹ k⫹,app and k⫺,app compared in cortical NMDA and
NR1/2D receptors. A, B, Ratio of k⫹,app (A) and k⫺,app (B) measured in the 140 Nao⫹/125 Cs⫹
i
and the 140 Nao⫹/8 Cs⫹
i solutions are plotted as a function of voltage for the indicated receptors. Cortical NMDA receptor data are from Antonov and Johnson (1999). The horizontal lines
show ratio values of 1 that would be expected if [Cs ⫹]i had no effect on rates.

2⫹
2⫹
Figure 5. Effects of Cs⫹i and Na⫹
o on Mgo block of NR1/2D receptors. A, B, Mgo k⫹,app (A)
and k⫺,app (B) measured from single-channel recordings in the indicated solutions are plotted
(symbols) as a function of voltage. Error bars indicate SEM. C, Mgo2⫹ IC50 measured from wholecell recordings in the indicated solutions (symbols; black and green have same meaning as in A
and B) are plotted as a function of voltage. Whole-cell data collected in 70 Nao⫹/8 Cs⫹i were not
used in fitting (see Results). Data recorded in 140 Nao⫹/125 Cs⫹i were replotted from Qian et al.
(2005). The lines show NR1/2D model predictions using parameter values shown in Table 1 of
k⫹,app (A), k⫺,app (B), and KD ⫽ k⫺,app/k⫹,app (C); the line colors have same meanings as
symbol colors.

and strongly voltage-dependent effect of [Cs ⫹]i on k⫹,app is similar in NR1/2D receptors (Fig. 5A) and cortical NMDA receptors
(Antonov and Johnson, 1999) (Fig. 6 A). Based on these similarities, the NR1/2D model incorporates external permeant ion
sites, as were found on cortical (Antonov and Johnson, 1999) and
NR1/2A (Zhu and Auerbach, 2001a,b) receptors. Csi⫹ can bind to
one of the external sites and prevent Mg2⫹
from entering the
o
channel (Na⫹
o can bind to either) (see below). The voltage dependence of the effect of changing [Cs ⫹]i originates from the voltage
dependence of internal permeant ion access to the external site.
In contrast to k⫹,app, the Mg2⫹
o k⫺,app values of NR1/2D receptors and cortical NMDA receptors differ quantitatively and qualitatively. The Mg2⫹
o k⫺,app is higher for NR1/2D receptors than

cortical receptors at all voltages in physiological ion concentrations (Qian et al., 2005). Similarly, the Mg2⫹
o k⫺,app is significantly
higher for NR1/2D receptors than cortical receptors in 140 Na⫹
o /8
Csi⫹ at hyperpolarized potentials (k⫺,app values are significantly
different at all voltages negative of ⫺60 mV) (compare Fig. 5B
with Antonov and Johnson, 1999, their Fig. 3C). Decreasing
[Cs ⫹]i, which had no effect on Mg2⫹
o k⫺,app of cortical NMDA
receptors at any voltage (Antonov and Johnson, 1999) (but see
Zhu and Auerbach, 2001b), significantly reduced the Mg2⫹
o k⫺,app
of NR1/2D receptors at ⫺45 mV (Figs. 5B, 6 B). In whole-cell
recordings (Fig. 3A), the effects of changing [Cs ⫹]i on the IC50 of
NR1/2A and NR1/2D receptors diverged strongly at voltages depolarized of ⫺50 mV. We hypothesized that the dependence of
the NR1/2D receptor k⫺,app on [Cs ⫹]i (Figs. 5B, 6 B), and the
exaggerated dependence of the NR1/2D receptor IC50 on [Cs ⫹]i
(Fig. 3A), are mediated by Cs ⫹ occupation of an internal permeant ion site. An internal permeant ion binding site has been
observed on cortical receptors (Antonov et al., 1998) and NR1/2A
receptors (Zhu and Auerbach, 2001b). However, an internal permeant ion site was not incorporated into our cortical NMDA
receptor model because we observed no effect of [Cs ⫹]i on Mg2⫹
o
block in cortical receptors (Antonov and Johnson, 1999).
To test this hypothesis, we determined whether the effect of
[Cs ⫹]i on k⫺,app could be reproduced by an NR1/2D model with
an internal permeant ion site that can affect Mg2⫹
o unblocking
rate. In the NR1/2D model, Csi⫹ occupation of the internal site
2⫹
while Mg2⫹
o blocks the channel prevents Mgo permeation, and
2⫹
can accelerate unbinding of Mgo to the external solution, presumably through electrostatic repulsion. The voltage dependence
of the effect of [Cs ⫹]i on k⫺,app was explained by permitting Csi⫹
binding to be voltage dependent. Because changing [Cs ⫹]i had
similar effects on the k⫹,app of cortical and NR1/2D receptors
even at depolarized voltages (Fig. 6 A), occupation of the internal
site in the NR1/2D model does not affect the Mg2⫹
o k⫹,app. Binding of Csi⫹ to the internal site when Mg2⫹
o is not occupying the
channel therefore is not shown in Figure 7 nor incorporated into
the modeling equations below.
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into the NR1/2D model: one or both sites can be occupied by
Na ⫹ in a voltage-independent matter and prevent Mg2⫹
o from
entering the channel.
In cortical NMDA receptors, increasing [Na ⫹]o decreased
k⫺,app. This interaction was modeled by permitting Na⫹
o to bind
to the external sites while Mg2⫹
o blocked the channel, preventing
Mg2⫹
o unblock to the external solution by a “lock-in” effect (Antonov and Johnson, 1999). The apparently weaker effect of
[Na ⫹]o on k⫺,app of NR1/2D receptors raises the question, can
2⫹
Na⫹
o bind while Mgo blocks the channel of this receptor? This
question was addressed by incorporating into the NR1/2D model
2⫹
the ability for Na⫹
o to bind to the external sites and lock in a Mgo
blocking the channel. However, in contrast to the previous model
of cortical receptors (Antonov and Johnson, 1999), Na⫹
o affinity
while Mg2⫹
o blocks the channel can vary independently of the
Na⫹
o affinity when the channel is unblocked.
The principal features of the NR1/2D model (Fig. 7) are as
follows: (1) There are two external and one internal permeant ion
binding sites. Csi⫹ can occupy the internal site and one of the
external sites; Na⫹
o can occupy either external site. Permeant ion
binding to one site does not affect the affinity of ions for other
2⫹
site(s). Na⫹
o can bind to the external sites even when Mgo is
bound in the channel, but with lower affinity. (2) Mg2⫹
can
enter
o
and block the channel only when the external sites are empty. (3)
Mg2⫹
o can unblock to the external solution only when both exter2⫹
nal sites are unoccupied by Na⫹
o . Mgo also can unblock by permeating the channel. When the internal site is occupied by Csi⫹,
2⫹
Mg2⫹
o permeation is prevented and the rate Mgo unblock to the
external solution is increased.
Model 1 is qualitatively distinct from the model previously
developed for cortical NMDA receptors (Antonov and Johnson,
1999) in that model 1 incorporates an internal Csi⫹ binding site.
Equations and fitting procedures
The equations derived to describe the NR1/2D model (Fig. 7) for
k⫹,app (Eq. 2), k⫺,app (Eq. 3), and IC50 (Eq. 4) are as follows:

k ⫹,app ⫽ k⫹ ⫻ 共1 ⫹ 关Na⫹ 兴o/KNa1兲⫺1 ⫻ 共1 ⫹ 关Na⫹ 兴o/KNa1
⫹ 关Cs⫹ 兴i/KCs1兲⫺1

(2)

k ⫹ ⫽ k ⫹ 共 0 兲 ⫻ exp共Vm/V1 兲
K Cs1 ⫽ KCs1 共0兲 ⫻ exp共Vm/VCs1 兲
Figure 7. NR1/2D model of Mgo2⫹ block. The central states of the model are 1 (boxed) and 2;
transitions between states 1 and 2 represent Mgo2⫹ unblock and block of the channel with no
permeant ion bound. In states 1– 8, the intracellular Cs⫹i site is unoccupied; in states 3 and 4,
Mgo2⫹ cannot unblock to the extracellular solution because of the lock-in effect of Na⫹
o ; in states
5– 8, Mgo2⫹ cannot enter the channel because the external permeant ion sites are partly or fully
occupied. States 9 –12 correspond to states 1– 4, respectively, except with a Cs⫹i bound to the
intracellular site. The single arrows represent modeled rates of transitions allowed in only one
direction; the pairs of arrows represent transitions for which rates in each direction were modeled independently; the double-headed arrows represent transitions assumed to take place so
rapidly that only dissociation constants were modeled. For each state, the upper side of the
membrane faces the external solution and the lower side faces the internal solution.

As described previously, our data did not allow us to measure
directly the effects of changing [Na ⫹]o on Mg2⫹
o k⫹,app and k⫺,app
in NR1/2D receptors. However, our results suggest that the effect
of [Na ⫹]o on k⫹,app of NR1/2D and cortical receptors are similar,
whereas the effect of [Na ⫹]o on k⫺,app of NR1/2D receptors appears weaker. To explain the effects of [Na ⫹]o on k⫹,app, the
characteristics of the external permeant ion binding sites on cortical receptors (Antonov and Johnson, 1999) were incorporated

k ⫺,app ⫽ k⫺,o ⫻ 共1 ⫹ 关Cs⫹ 兴i/KCs2 兲⫺1 ⫻ 共1 ⫹ 关Na⫹ 兴o/KNa2 兲⫺2
⫹ k⫺,o⬘共1 ⫹ KCs2 /关Cs⫹ 兴i兲⫺1 ⫻ 共1 ⫹ 关Na⫹ 兴o/KNa2 兲⫺2 ⫹ k⫺,i
⫻ 共1 ⫹ 关Cs⫹ 兴i/KCs2 兲⫺1

(3)

k ⫺,o ⫽ k⫺,o共0兲 ⫻ exp共Vm/V2 兲
k ⫺,o⬘ ⫽ k⫺,o共0兲⬘ ⫻ exp共Vm/V2 兲
k ⫺,i ⫽ k⫺,i共0兲 ⫻ exp共Vm/V3 兲
K Cs2 ⫽ KCs2 共0兲 ⫻ exp共Vm/VCs2 兲
IC50 ⫽ k⫺,app/k⫹,app .

(4)

The meanings of the parameters are as follows [all of the 13
independent parameters that appear in the equations above
(shown in bold) were allowed to vary during fitting]: KNa1, Na⫹
o
equilibrium dissociation constant to the external site(s) with no
⫹
Mg2⫹
o bound; KNa2, Nao equilibrium dissociation constant to the
⫹
external site(s) with Mg2⫹
o bound; KCs1, Csi pseudo-equilibrium
dissociation constant for the external site; KCs1(0), KCs1 at 0 mV;
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VCs1, voltage dependence of KCs1 (mV for Table 1. Comparison of NR1/2D and cortical NMDA receptor model parameter values
an e-fold change); KCs2, Csi⫹ pseudo- Description
Parameter
NR1/2D model
Cortical NMDA receptor model
equilibrium dissociation constant for the
2⫹
k⫹(0) (M⫺1 s⫺1)
1170
1100
internal site with Mg2⫹
bound; KCs2(0), Mgo blocking rate
o
⫺138
⫺55.0
V1 (mV)
KCs2 at 0 mV; VCs2, voltage dependence of
␦1
0.0922
0.231
KCs2; k⫹,app, apparent Mg2⫹
o blocking rate
k⫺,o(0) (s⫺1)
7,420
110,000
constant; k⫹, true (in the absence of per- Mgo2⫹ outward unblocking rate
⬎34,600a
k⫺,o(0)⬘ (s⫺1)
meant ions) Mg2⫹
o blocking rate constant;
V
38.7
52.7
(mV)
2
kⴙ(0), k⫹ at 0 mV; V1, voltage dependence
2⫹
␦
0.329
0.241
2
of k⫹; k⫺,app, apparent Mgo unblocking
k⫺,i(0) (s⫺1)
556
61.8
rate; k⫺,o, Mg2⫹
unblocking rate to the Mgo2⫹ inward unblocking rate
o
⫹
⫺68.7
⫺50.0
V3 (mV)
outside without Csi bound at the internal
␦3
0.185
0.254
site; kⴚ,o(0), k⫺,o at 0 mV; V2, voltage de2⫹
⫹
pendence of k⫺,o and k⫺,o⬘; k⫺,o⬘, Mgo
KNa1 (mM)
59.7
34.4
Na dissociation constants, external site
452
34.4b
KNa2 (mM)
unblocking rate to the outside with Csi⫹
bound at the internal site; kⴚ,o(0)ⴕ, k⫺,o⬘ at Cs⫹ dissociation constant, external site
KCs1(0) (mM)
0.0793
0.270
0 mV; k⫺,i, true rate of Mg2⫹
⫺16.9
⫺21.0
VCs1 (mV)
o permeation;
kⴚ,i(0), k⫺,i at 0 mV; V3, voltage depen- Cs⫹ dissociation constant, internal site
KCs2(0) (mM)
⬎116a
dence of k⫺,i; and IC50, [Mg2⫹]o at which
VCs2 (mV)
⫺94
whole-cell NMDA responses are inhibited
␦4
0.271
by 50%.
The voltage dependence of rate and dissociation constants was used to estimate electrical depths (␦) of barriers and binding sites (Woodhull, 1973).
To constrain the model as well as pos- aSee Results for description of how minimum values were estimated. Values used for NR1/2D model predictions were as follows: 15.5 M 关KCs2(0)兴 and 1.71 ⫻
sible during fitting, the following eight 10 6 s ⫺1 关k⫺,o(0)⬘兴.
data sets (Fig. 5) were simultaneous fit: (1) bKNa2 was set equal to KNa1 in the model of cortical NMDA receptors (Antonov and Johnson, 1999).
⫹
k⫹,app in 140 Na⫹
o /125 Csi ; (2) k⫹,app in
⫹
⫹
⫹
meant ion binding site); more complex models were discarded
140 Nao /8 Csi ; (3) k⫹,app in 70 Na⫹
o /25 Csi ; (4) k⫺,app in 140
⫹
⫹
⫹
⫹
because they increased the number of adjustable parameters
Na⫹
/125
Cs
;
(5)
k
in
140
Na
/8
Cs
;
(6)
k
in
70
Na
/
o
i
⫺,app
o
i
⫺,app
o
⫹
without a corresponding improvement in quality of fit (for ex25 Csi⫹; (7) whole-cell measured IC50 values in 140 Na⫹
/125
Cs
;
o
i
⫹
ample, a model in which binding of Cs ⫹ to the internal site can
(8) IC50 value in 140 Na⫹
o /8 Csi . Data sets 1– 6 were from singledecrease the rate of Mg2⫹
channel experiments, and 7 and 8 were from whole-cell experio block). Some model modifications had
only small effects on the quality of fits, suggesting limitations to
ments. Simultaneous fitting of single-channel measurements of
2⫹
our ability to describe NR1/2D receptor channel properties based
Mg2⫹
o block kinetics and whole-cell measurement of Mgo IC50
on the data presented here (see next section).
was valid because of the excellent agreement between IC50 and KD
⫹
(⫽k⫺,app/k⫹,app) values (for the 140 Na⫹
o /125 Csi solution, see
⫹
Fitting results
Qian et al., 2005; for 140 Na⫹
o /8 Csi solution, data not shown).
The results of simultaneous fitting of whole-cell and singleAlthough this implies that data sets 7 and 8 are redundant with
channel data are shown in Figure 5 (lines) and the parameter
data sets 1, 2, 4, and 5, simultaneous fitting of whole-cell along
values that provided the best fit (lowest SSE) are listed in Table 1.
with single-channel data provided several advantages: whole-cell
The NR1/2D model provides satisfactory fits to both whole-cell
experiments were performed over a wider voltage range; IC50 was
measured with much greater precision than k⫺,app and k⫹,app
and single-channel data (global R 2 ⫽ 0.996), indicating that the
because IC50 measurements were based on more data points
hypotheses used to develop model 1 are consistent with data.
measured with lower noise; the model was fit to data from indeThe parameter values shown in Table 1 provide insight into
pendent experiments with different recording techniques.
similarities and differences between NR1/2D and cortical recep⫹
Whole-cell data collected in 70 Na⫹
tors. In the absence of permeant ions, the blocking rates of Mg2⫹
o /8 Csi were not used for
o
fitting because single-channel recordings in these ionic condiat 0 mV [k⫹(0)] for NR1/2D and cortical receptors are remark⫹
ably close. Na⫹
tions were not made, preventing us from determining whether
o and Csi also exhibit similar affinities for the
external
permeant
ion
sites
on NR1/2D and cortical receptors.
IC50 and k⫺,app/k⫹,app values agree. Thus, the Mg2⫹
IC
values
in
o
50
⫹
70 Na⫹
These
observations
suggest
that
there is little difference between
/8
Cs
were
not
fit,
but
were
predicted
with
the
NR1/2D
o
i
model (Fig. 5C). The agreement between lines and data are
the external entryways to the channels of NR1/2D and cortical
⫹
⫹
poorer for the Mg2⫹
receptors. Rates of Mg2⫹
o IC50 values in 70 Nao /8 Csi than for other
o efflux, on the other hand, differ dramatdata. This remained true, although to a lesser extent, even when
ically in NR1/2D and cortical receptors: efflux to the external
⫹
⫹
the Mg2⫹
solution [k⫺,o(0)] is ⬎10-fold faster for cortical receptors,
o IC50 values in 70 Nao /8 Csi were included during the
fitting procedure. The reason for this discrepancy is unclear. It is
whereas the permeation rate [k⫺,i(0)] is nearly 10-fold faster in
NR1/2D receptors. Evidence for an internal permeant ion bindworth noting that the model of cortical NMDA receptors (Qian et
ing site was observed only in NR1/2D receptors. These observaal., 2002) also fails to provide very accurate predictions for Mg2⫹
o
⫹
IC50 data collected in 70 Na⫹
tions suggest that inner regions of the channel, including the
/8
Cs
.
It
is
possible
that
with
low
o
i
permeant ion concentrations, channel gating or receptor conforMg2⫹
binding site, the selectivity filter, and the intracellular
o
channel entrance, differ most strongly in NR1/2D and cortical
mation is altered so that the parameter values determined at
receptors.
higher ion concentrations no longer are accurate.
Examples of the net effect of differences in Mg2⫹
Before choosing the NR1/2D model described above, many
o binding and
permeant ion binding to NR1/2D and cortical receptors in physalternative models were tested and discarded. Simpler models
iological permeant ion concentrations are shown in Table 2. Both
were discarded because they provided inferior fits based on apmodel-based and, where possible, experimentally determined
pearance and SSE (for example, a model with no internal per-
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Table 2. Mgo2ⴙ block properties of NR1/2D and cortical NMDA receptors at ⴚ55 mV
Parameter
NR1/2D receptors
Cortical NMDA receptors
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NR1/2D receptor channels (predicted
with the NR1/2D model developed here)
and cortical receptors [predicted with the
Measured
Modeled
Measured
Modeled
model of Antonov and Johnson (1999)] in
425
116
IC50 (M)
the absence of permeant ions are com483
412
136
116
KD,app (M)
pared. The barrier height ( y-axis) for en⫺1 ⫺1
k⫹,app (M s )
7.40
8.14
13.1
14.6
try into either channel is nearly identical.
k⫺,app (s⫺1)
3575
3352
1788
1694
The electrical location of the Mg2⫹
k⫺,o,app (s⫺1)
2119
1508
o bind⫺1
ing site (location on x-axis of minima in
1233
186
k⫺,i,app (s )
the energy profiles) is slightly shallower in
All values are for the 140 Na⫹/125 Cs⫹ solution.
NR1/2D (␦ ⫽ 0.42) than in cortical (␦ ⫽
0.47) receptors. This small difference may
explain the decreased Na⫹
rates and dissociation constants that characterize Mg2⫹
block
are
o affinity for the
o
external site during Mg2⫹
block (KNa2 ⬎ KNa1): a shallower
shown. A voltage of ⫺55 mV was used because it is within the
o
blocking site may lead to repulsion of external permeant ions by
voltage range used for measurements, eliminating extrapolation
Mg2⫹
during block. The energy well at which Mg2⫹
blocks is
errors, and because physiologically significant Mg2⫹
unblock
oco
o
o
deeper in NR1/2D than in cortical receptors. This surprising recurs near ⫺55 mV. At this voltage, one or both of the external
sult can be reconciled with the observation that Mg2⫹
IC50 is
permeant ion sites of either receptor is occupied (meaning that
o
2⫹
higher
for NR1/2D receptors by considering the effects of perMgo cannot enter the channel) close to 99.5% of the time; the
meant ions (below). The permeation barrier is much lower for
sites are occupied even more often as voltage is depolarized. Thus,
NR1/2D than cortical receptors; as a result, Mg2⫹
permeates
the Mg2⫹
blocking
rates
are
slowed
⬃200-fold
by
permeant
ions
o
o
much faster through NR1/2D receptors.
at ⫺55 mV, emphasizing the powerful control of the external
We observed that external permeant ion sites, which have a
permeant ion sites on block (see also Discussion and Fig. 8). The
powerful
influence on Mg2⫹
approximately fourfold difference in the Mg2⫹
IC
of
NR1/2D
o inhibition of cortical receptors, also
o
50
are present and exhibit similar properties on NR1/2D receptors.
and cortical receptors at ⫺55 mV results from differences both in
An internal permeant ion site, which we previously observed not
Mg2⫹
o blocking rate (almost twofold faster for cortical receptors)
to influence Mg2⫹
unblock from cortical receptors, did affect
and Mg2⫹
unblocking rate (twofold faster for NR1/2D recepo
o
Mg2⫹
unblock
from
NR1/2D receptors. The enormous influence
tors). Consistent with the idea that the selectivity filters of
o
of permeant ions on Mg2⫹
NR1/2D and cortical receptors differ strongly, the most striking
o block of both NR1/2D and cortical
receptors is illustrated in Figure 8 B–D. The extremely fast Mg2⫹
difference in Table 2 is in the rate of Mg2⫹
o
o permeation (over six
blocking rates (Fig. 8 B, left) in the absence of permeant ions
times faster for NR1/2D receptors).
(dashed lines) are slowed dramatically by occupation of the perBased on fits of modified models to our data, the values of
meant ion sites (solid lines). The voltage dependences of the
three parameters [KNa2, KCs2(0), and k⫺,o(0)⬘] could not be deMg2⫹
termined with useful accuracy by fitting of the NR1/2D model.
o blocking rate for NR1/2D and cortical receptors are greatly
exaggerated by the external permeant ion sites because of the
Only modest increases in SSE (small decreases in goodness of fit)
voltage dependence of Csi⫹ binding (Antonov and Johnson,
were achieved when fits were performed with KNa2 constrained to
1999). The weak voltage dependence of Mg2⫹
any of a wide range of values greater than KNa1. Thus, the data
o blocking rates in
⫹
the absence of permeant ions (Fig. 8 B, left, dashed lines) reflects
suggest that Nao affinity for the external site decreases when
the relatively shallow location of the barrier to Mg2⫹
Mg2⫹
o entry into
o blocks the channel, but we cannot accurately estimate the
the channel (Fig. 8 A).
magnitude of the effect. The values of KCs2(0) and k⫺,o(0)⬘ that
Mg2⫹
resulted from unconstrained model fitting (15.5 M and 1.71 ⫻
o unblocking rates of NR1/2D and cortical receptors (Fig.
6 ⫺1
⫹
8 B, right) differ strongly. Permeant ions impact Mg2⫹
10 s , respectively) would suggest that Csi very rarely binds to
o unblock
from cortical receptors much more strongly because Na⫹
the internal site, but when it binds, Mg2⫹
o can
o unblock is vastly accellock Mg2⫹
into
the
channel,
an
effect
that
is
weak
or
absent
in
erated. However, we found that fits of nearly equal quality reo
NR1/2D receptors. However, Csi⫹ binding to the internal persulted when both KCs2(0) and k⫺,o(0)⬘ were greatly decreased.
meant ion site at positive potentials accelerates Mg2⫹
The values shown in Table 1 are the minimum values that proo unbinding
from
NR1/2D receptors, a phenomenon we did not find in corvided adequate fits (fits with SSE no more than twofold greater
tical receptors. The curvature of the Mg2⫹
than the SSE of unconstrained fits) with all other parameters
o unblocking rate plot is
greater for NR1/2D than cortical receptor because of much faster
constrained to the values shown in Table 1. Thus, the actual
permeation, which accelerates with hyperpolarization.
values of KCs2(0) and k⫺,o(0)⬘ are likely to be larger than the
The influence of the permeant ion binding sites on NMDA
values shown in Table 1.
receptor I–V curves is shown in Figure 8, C and D. It should not
Discussion
be surprising that permeant ion binding exerts strong control
NR1/2D and NR1/2C receptors exhibit much weaker inhibition
over channel block based on extensive precedent from the K ⫹
channel literature (Hille and Schwarz, 1978; Spassova and Lu,
by Mg2⫹
than
NR1/2A
or
NR1/2B
receptors.
To
investigate
the
o
mechanistic basis of these differences, we developed a quantita1998; Guo et al., 2003). Nevertheless, the magnitude of the effect
tive model of the interaction of Mg2⫹
of the permeant ion sites on inhibition by Mg2⫹
o and permeant ions with
o is impressive.
NR1/2D receptors. Here, we integrate current results with previWithout the permeant ion sites, Mg2⫹
o channel block would prevent NR1/2D and cortical receptors from passing significant inous data predominantly from NR1/2D and cortical receptors.
ward current at any physiological voltage (Fig. 8C,D, dotted
lines). The decrease in Mg2⫹
Comparison of NR1/2D and cortical receptors
o inhibition caused by permeant ion
sites can be appreciated by comparing the slopes of the I–V curves
First, we will consider predicted differences in Mg2⫹
o block in the
in the lower graphs of Figure 8, C and D, or by comparing Mg2⫹
absence of permeant ions. In Figure 8 A, the energy profile of
o
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IC50 values. At 0 mV, the predicted Mg2⫹
o IC50 values without and
with the permeant ion binding sites are as follows: NR1/2D receptors, 6.82 M and 57.4 mM; cortical receptors, 100 M and 9.8
mM. The much greater effect of the permeant ion sites on the
Mg2⫹
IC50 of NR1/2D receptors results predominantly from
o
three differences: (1) increased outward unbinding of Mg2⫹
o from
NR1/2D receptors when the internal permeant ion binding site is
occupied; (2) decreased outward unbinding of Mg2⫹
o from corti2⫹
cal receptors when external Na⫹
o locks Mgo in; (3) decreased rate
of Mg2⫹
o binding to NR1/2D receptors because of the higher affinity of Csi⫹ for the external permeant ion site.
Although there is no internal permeant ion site in the cortical
NMDA receptor model of Antonov and Johnson (1999), there is
considerable evidence for such a site (Antonov et al., 1998; Zhu
and Auerbach, 2001b). Furthermore, Mgi2⫹ can bind to an internal site on cortical receptors (Johnson and Ascher, 1990; LiSmerin and Johnson, 1996); the relationship between the internal
permeant ion and Mgi2⫹ sites is unknown. It is possible that the
internal permeant ion site on cortical receptors has little effect on
Mg2⫹
o unblock because of lower permeant ion affinity than the
site on NR1/2D receptors. Alternatively, the site on NR1/2D receptors may be deeper in the channel, closer to the Mg2⫹
o blocking
site. Finally, NR2 subunit-dependent differences in the K ⫹ versus
Cs ⫹ selectivity of the internal site cannot be excluded; the internal site on NR1/2A receptors is selective for K ⫹ over Na ⫹ (Zhu
and Auerbach, 2001a).
A slow component of Mg2⫹
o unblock (Vargas-Caballero and
Robinson, 2003) recently was reported to be NR2 subunit dependent: slow unblock is observed with NR1/2A and NR1/2B receptors, but not with NR1/2C and NR1/2D receptors (Clarke and
2⫹
Johnson, 2006). The greater ability of Na⫹
o to lock Mgo into its
blocking site on cortical than NR1/2D receptors might appear to
provide an explanation for slow Mg2⫹
o unblock differences. However, both the NR1/2D and cortical models predict much faster
Mg2⫹
o unblock than the slow components observed with NR1/2A
and NR1/2B receptors. Thus, the data presented here cannot explain the NR2 subunit dependence of slow Mg2⫹
o unblock.
Implications for channel structure
We concluded that the external channel entrance as seen by Mg2⫹
o
and Na ⫹ is similar in NR1/2D and cortical receptors. The Mg2⫹
o
binding site differs moderately in the channels of the two receptors. The greatest differences appear toward the intracellular end
of the channel, where Mg 2⫹ permeates much more quickly
through NR1/2D receptors, and internal permeant ions bind
with much greater affinity.
Kuner and Schoepfer (1996) examined regions of NMDA receptors that underlie the subunit dependence of Mg2⫹
o inhibition.
They found that the M1, M2–M3 linker, and M4 regions all contribute to subunit-dependent differences, but that the M2 region
does not. Our data do not disagree with these conclusions, be-

Figure 8. Comparison of NR1/2D and cortical receptor modeling results. A, Schematic energy profiles for Mgo2⫹ interaction with NR1/2D (red line) and cortical (black line) receptors.
Rate theory was used to estimate barrier heights and well depths from the equation ⌬Gi ⫽
⫺ln(ki/(6.11 ⫻ 10 12 s ⫺1)), where ⌬Gi is the plotted Gibbs free energy difference between
two states (units of RT, where R is the gas constant and T is absolute temperature) and ki is the
rate constant for transitions between the states (Li-Smerin and Johnson, 1996; Hille, 2001). By
convention, a [Mg 2⫹] of 1 M is assigned the 0 energy state. Although fraught with inaccuracies
(Nonner et al., 1999), rate theory estimates of energy profiles allow useful visual comparisons of
kinetic data (Miller, 1999). Electrical depths (x-axis) are taken from Table 1. The dotted lines
indicate regions in which the energy profile is unaddressed by the current data; the Mg 2⫹
binding site on the internal side of cortical receptors (Johnson and Ascher, 1990), e.g., is not

4
shown. B, Model predictions of Mgo2⫹ blocking (left) and un- blocking (right) rates are plotted
for the indicated receptors and solutions. NR1/2D receptor predictions from the NR1/2D model;
cortical receptor predictions from model of Antonov and Johnson (1999). k⫺ is sum of the
unblocking rate to the outside and permeation rate. C, D, Predicted NMDA receptor I–V curves
2⫹
in the 140 Nao⫹/125 Cs⫹
i solution with 1 mM Mgo . I–V curve in 0 Mg was assumed to be linear
with a reversal potential of 0 mV. The bottom graphs are blowups of the region near the origin
of top graphs. The solid lines show predictions of the NR1/2D model (C; red) or the cortical
receptor model from Antonov and Johnson (1999) (D; black), and the dotted lines show predictions of modified models that are identical except with no permeant ion binding sites.
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cause the M1, M2–M3 linker, and M4 regions all could influence,
either directly or indirectly, the internal region of the channel.
Because the structure of the channel of NMDA receptors is
mostly unknown, the relationship of the external and internal
permeant ion sites to the rest of the channel can only be speculated. However, hypotheses can be proposed based on the evidence for at least a global structural similarity between glutamate
receptor channels and inside-out K ⫹ channels (Chen et al., 1999;
Panchenko et al., 2001; Kuner et al., 2003; Wollmuth and Sobolevsky, 2004). The internal “cavity” of K ⫹ channels is thought to
hold a single ion, and to exhibit little ion selectivity (Doyle et al.,
1998). A plausible location for the external permeant ion binding
sites of NMDA receptors would be an analogous cavity that can
hold two monovalent cations. Because Mg2⫹
o would pass through
the cavity en route to its blocking site, occupancy of the cavity by
permeant ions may preclude Mg2⫹
access to its blocking site.
o
Lock-in of Mg2⫹
o during block by occupation of the same cavity
by permeant ions is plausible, in analogy with lock-in of Ba 2⫹
while blocking K ⫹ channels by internal monovalent cations
(Neyton and Miller, 1988; Jiang and MacKinnon, 2000). The
internal permeant ion site on NMDA receptors may resemble an
external cavity on NaK channels, which are structurally related to
K ⫹ channels (Shi et al., 2006).
Physiological implications
The permeant ion binding sites powerfully regulate the affinity
and voltage dependence of Mg2⫹
o block under physiological conditions. Without the permeant ion binding sites, Mg2⫹
o block of
NMDA receptors would almost fully inhibit current would flow
(Fig. 8C,D); Mg2⫹
o would have higher affinity for NR1/2D than
cortical receptors; voltage dependence of block would be much
weaker (Fig. 8 B). Variations in permeant ion concentrations also
may modulate Mg2⫹
o inhibition under physiological or pathological conditions. Large local changes in ion concentrations are
observed during normal synaptic transmission, and much greater
changes occur in pathological states (Grisar, 1984; Lux et al.,
1986; Kager et al., 2000; Rose and Konnerth, 2001). These
changes in permeant ion concentrations would greatly affect
Mg2⫹
o inhibition. Based on the data presented here, the magnitude of the effect would be NR2 subunit dependent.
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