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Brief Communications

Mg2⫹ Imparts NMDA Receptor Subtype Selectivity to the
Alzheimer’s Drug Memantine
Shawn E. Kotermanski and Jon W. Johnson
Department of Neuroscience and Center for Neuroscience, University of Pittsburgh, Pittsburgh, Pennsylvania 15260

N-Methyl-D-aspartate receptors (NMDARs) mediate interneuronal communication and are broadly involved in nervous system physiology and pathology (Dingledine et al., 1999). Memantine, a drug that blocks the ion channel formed by NMDARs, is a widely prescribed
treatment of Alzheimer’s disease (Schmitt, 2005; Lipton, 2006; Parsons et al., 2007). Research on memantine’s mechanism of action has
focused on the NMDAR subtypes most highly expressed in adult cerebral cortex, NR1/2A and NR1/2B receptors (Cull-Candy and Leszk2⫹
iewicz, 2004), and has largely ignored interactions with extracellular Mg 2⫹ (Mg2⫹
o ). Mg o is an endogenous NMDAR channel blocker that
binds near memantine’s binding site (Kashiwagi et al., 2002; Chen and Lipton, 2005). We report that a physiological concentration (1 mM)
of Mg2⫹
o decreased memantine inhibition of NR1/2A and NR1/2B receptors nearly 20-fold at a membrane voltage near rest. In contrast,
memantine inhibition of the other principal NMDAR subtypes, NR1/2C and NR1/2D receptors, was decreased only ⬃3-fold. As a result,
therapeutic memantine concentrations should have negligible effects on NR1/2A or NR1/2B receptor activity but pronounced effects on
NR1/2C and NR1/2D receptors. Quantitative modeling showed that the voltage dependence of memantine inhibition also is altered by 1
mM Mg2⫹
o . We report similar results with the NMDAR channel blocker ketamine, a drug used to model schizophrenia (Krystal et al., 2003).
These results suggest that currently hypothesized mechanisms of memantine and ketamine action should be reconsidered and that
NR1/2C and/or NR1/2D receptors play a more important role in cortical physiology and pathology than previously appreciated.

Introduction
N-Methyl-D-aspartate receptors (NMDARs) are excitatory glutamate receptors that exhibit high calcium (Ca 2⫹) permeability
and voltage-dependent channel block by extracellular Mg 2⫹
(Mg2⫹
o ) (Dingledine et al., 1999), properties of fundamental
physiological and pathological importance. Channel block by
2⫹
influx at membrane voltages near rest, but is
Mg2⫹
o reduces Ca
relieved during neuronal excitation (Dingledine et al., 1999).
Ca 2⫹ influx through NMDARs induced by synaptic activity is
required for many types of synaptic plasticity, and underlies some
forms of learning and memory. Excessive Ca 2⫹ influx may result
in excitotoxic cell death, one of many NMDAR-mediated processes hypothesized to play a role in neurodegenerative and neuropsychiatric disorders (Dingledine et al., 1999; Krystal et al.,
2003; Moghaddam and Jackson, 2003).
Functional NMDARs are composed of 4 subunits and usually
contain NR1 and one or more of the four NR2 (NR2A–NR2D)
subunits (Dingledine et al., 1999). NR2 subunit expression is
developmentally and regionally regulated (Monyer et al., 1994;
Cull-Candy and Leszkiewicz, 2004). The identity of the NR2 subunit(s) in an NMDAR strongly influences receptor properties,
including agonist affinity, deactivation kinetics, single-channel
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conductance, Ca2⫹ permeability, and channel block by Mg2⫹
o
(Dingledine et al., 1999; Cull-Candy and Leszkiewicz, 2004). Of
particular relevance here, NMDAR inhibition by Mg2⫹
o is considerably weaker in NR1/2C and NR1/2D receptors than in NR1/2A
or NR1/2B receptors (Kutsuwada et al., 1992; Monyer et al., 1994;
Kuner and Schoepfer, 1996).
Several drugs of clinical importance, including memantine,
act by binding in the channel of NMDARs at a site that overlaps
with the Mg2⫹
o blocking site (Kashiwagi et al., 2002; Chen and
Lipton, 2005) (see Fig. 1 A). Memantine block exhibits voltage
dependence; the concentration of memantine that inhibits
NMDAR responses by 50% (the IC50) increases with depolarization (Rogawski and Wenk, 2003; Johnson and Kotermanski,
2006; Parsons et al., 2007). Memantine slows the cognitive decline associated with Alzheimer’s disease and represents a departure in Alzheimer’s disease therapy from previously developed
medications that enhance cholinergic transmission (Schmitt,
2005; Lipton, 2006). Considerable evidence indicates that the
therapeutic effects of memantine derive predominantly from
NMDAR inhibition (Rogawski and Wenk, 2003; Schmitt, 2005;
Lipton, 2006; Parsons et al., 2007). However, it appears paradoxical that inhibition of NMDARs slows memory loss associated
with Alzheimer’s disease, since NMDAR activation is essential for
memory formation (Dingledine et al., 1999). Hypotheses proposed to explain the therapeutic actions of memantine include
slowing of neuronal loss due to excitotoxic overactivation of
NMDARs and correction of an excitation-inhibition imbalance
(Rogawski and Wenk, 2003; Schmitt, 2005; Johnson and Kotermanski, 2006; Lipton, 2006; Parsons et al., 2007). Here, we investigate the possibility that physiological Mg2⫹
o modifies the inhib-
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itory properties of NMDAR channel blockers, conferring on
them properties that may help explain the clinical utility of
memantine.

Materials and Methods
Cell culture and transfection. Experiments were performed on the
HEK293T mammalian cell line. Cells were transfected using Lipofectamine (Invitrogen) (Qian and Johnson, 2006), with cDNA for the
NR1–1a [GenBank accession number (ACCN) X63255, in pcDM8] subunit and either the NR2A (ACCN M91561, in pcDM8), NR2B (ACCN
M91562, in pcDNA1), NR2C (ACCN M91563, in pcDNA1), or NR2D
(ACCN L31612, in pcDM8) subunit. Enhanced green fluorescent protein
(eGFP) cDNA was cotransfected as a marker of successful transfection.
Electrophysiology. Whole-cell patch-clamp recordings were performed
with an Axopatch-1D amplifier ⬃24 h after transfection. For experiments in 1 mM Mg2⫹
o , cells with bright eGFP fluorescence (associated
with larger NMDAR responses) were chosen. Recording electrodes of
2– 6 M⍀ resistance were filled with an internal solution consisting of the
following (in mM): 125 CsCl, 10 BAPTA, and 10 HEPES; pH adjusted to
7.20 ⫾ 0.05 with CsOH; osmolality 275 ⫾ 10 mmol/kg. Series resistance
was compensated 80 –95%.
External solutions consisted of the following (in mM): 140 NaCl, 2.8
KCl, 1 CaCl2, and 10 HEPES (and 1 MgCl2 when indicated); pH adjusted
to 7.20 ⫾ 0.05 with NaOH; osmolality adjusted to 290 ⫾ 10 mmol/kg
with sucrose. Solutions were applied to cells by a seven-barrel fast perfusion system. NMDARs were activated by 1 mM glutamate and 100 M
glycine. Correction for the ⫺6 mV junction potential was applied to all
data.
Data analysis. Data were low-pass filtered at 100 Hz and analyzed using
Clampfit 9.2 (Axon Instruments). Currents averaged during 500 ms time
windows were used for all baseline current and steady-state NMDARmediated current measurements. Concentration-inhibition curves were
fit using the following equation: IMem/ICon or IKet/ICon ⫽ 1/(1 ⫹ ([B]/
IC50)nH), where IMem and IKet are steady state currents in agonists plus
blocker(s), ICon is steady-state current in agonists alone, [B] is concentration of memantine or ketamine, and nH is the Hill coefficient.

Results
Identification of an inhibitory drug’s site(s) of action requires
knowledge of its IC50 at potential targets under physiological
conditions. The median value of many published measurements
of memantine’s IC50 for NMDARs at voltages near rest is ⬃1 M
(Johnson and Kotermanski, 2006; Parsons et al., 2007). Memantine has been found to exhibit only weak NMDAR subtype selectivity, with an IC50 for NR1/2A receptors ⬃2- to several-fold
higher than for NR1/2B, NR1/2C, and NR1/2D receptors (Dravid
et al., 2007; Parsons et al., 2007). Use of these data to evaluate
memantine’s interactions with NMDARs under physiological
conditions suffers from a potentially critical oversight: endogenous Mg2⫹
o may compete with or otherwise affect memantine
binding. Previous estimates of memantine affinity, selectivity,
and voltage dependence were performed in 0 Mg2⫹
o , possibly because of difficulty in measuring memantine inhibition of the
small NMDAR responses observed in physiological Mg2⫹
o . However, evidence for overlap of memantine and Mg2⫹
o binding sites
(Kashiwagi et al., 2002; Chen and Lipton, 2005), and hindrance of
memantine binding by Mg2⫹
o (Sobolevsky et al., 1998) suggest
that physiological Mg2⫹
o could powerfully influence memantine
inhibition of NMDARs. If Mg2⫹
o and memantine compete for
binding in the channel, then the memantine IC50 should increase
in Mg2⫹
o . We examined memantine inhibition of NMDARs in a
physiological [Mg2⫹
o ] (1 mM) (see supplemental material, available at www.jneurosci.org).
We compared memantine inhibition of whole-cell currents
recorded at ⫺66 mV from HEK293T cells transfected with cDNAs encoding the NR1 and either the NR2A, NR2B, NR2C, or
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NR2D subunit in 0 or 1 mM Mg2⫹
o . NMDAR responses were
activated with a saturating [glutamate] (1 mM) and [glycine] (100
M) to avoid possible agonist concentration dependence of memantine inhibition (Lipton, 2006) (but see Parsons et al., 2007).
Results of experiments in 0 Mg2⫹
o confirmed that memantine
exhibits little NMDAR subtype selectivity. Memantine IC50s for
all NMDAR subtypes were between 0.5 and 1 M (Fig. 1 B, C,
Table 1), with the IC50 for NR1/2A receptors slightly higher than
for other receptor subtypes.
At voltages near rest, 1 mM Mg2⫹
o strongly inhibits NMDAR
responses, especially responses mediated by NR1/2A or NR1/2B
receptors. Under conditions similar to those used here (all conditions same except 30 M NMDA plus 10 M glycine were used
as agonists; 10 mM EGTA replaced 10 mM BAPTA; holding voltage ⫽ ⫺65 mV), 1 mM Mg2⫹
o inhibited NMDAR responses by:
NR1/2A, 94.5 ⫾ 0.7% (n ⫽ 6); NR1/2B, 96.0 ⫾ 1.5% (n ⫽ 5);
NR1/2C, 78.6 ⫾ 0.5% (n ⫽ 4); NR1/2D, 77.8 ⫾ 2.2% (n ⫽ 5) (R.
J. Clarke and J. W. Johnson, unpublished observations). Use of
transfected HEK293T cells with large NMDAR-mediated currents nevertheless permitted accurate measurement of memantine concentration-inhibition curves in 1 mM Mg2⫹
o . The memantine IC50 was greatly influenced in a subtype-selective
manner by 1 mM Mg2⫹
o (Fig. 1 D, E, Table 1): memantine
concentration-inhibition curves were right-shifted by factors of
16.8 (NR1/2A), 18.2 (NR1/2B), 3.1 (NR1/2C), and 3.3 (NR1/
2D). Memantine thereby acquires in 1 mM Mg2⫹
o a 5.9- to 8.3-fold
selectivity for NR1/2C and NR1/2D receptors over NR1/2A and
NR1/2B receptors.
We also investigated the effects of Mg2⫹
o on NMDAR inhibition by ketamine, another channel blocker of broad clinical and
pathological significance that exhibits kinetics and IC50 values
similar to memantine’s. Ketamine is an important tool in schizophrenia research because it is psychotomimetic in healthy adults,
exacerbates symptoms in schizophrenics (Krystal et al., 2003),
and is used to generate animal models of the disease
(Moghaddam and Jackson, 2003). Ketamine also is used as a
pediatric and veterinary anesthetic and may be useful as a treatment for conditions including neuropathic pain (Annetta et al.,
2005). Ketamine has been reported to be largely unselective
among NMDAR subtypes (Yamakura et al., 1993; Dravid et al.,
2007). However, as with memantine, nearly all studies of ketamine IC50 and selectivity were performed in 0 Mg2⫹
o ; when interactions have been examined, NMDAR inhibition by ketamine
was reported to be both reduced (MacDonald et al., 1991) and
augmented (Liu et al., 2001) by Mg2⫹
o.
The effects of 1 mM Mg2⫹
o on ketamine IC50 resembled the
effects on memantine inhibition (Fig. 2, Table 1): ketamine
concentration-inhibition curves were right-shifted by factors of
16.2 (NR1/2A), 16.4 (NR1/2B), 2.3 (NR1/2C), and 3.6 (NR1/
2D). Thus, the powerful effects of Mg2⫹
o are not specific to memantine, a conclusion also supported by previous data indicating
that the ketamine analog phencyclidine interacts competitively
with Mg2⫹
o when inhibiting NMDAR responses (Lerma et al.,
1991). Because of the structural dissimilarity of memantine and
ketamine, the results presented here suggest that NMDAR
channel-blocking drugs generally interact competitively with
Mg2⫹
o.
The principal therapeutic effects of NMDAR channel blockers
have been hypothesized to take place in moderately depolarized
neurons with weakened inhibition by Mg2⫹
o (Rogawski and
Wenk, 2003; Lipton, 2006; Parsons et al., 2007). Thus, effects of
Mg2⫹
o on the voltage dependence of NMDAR channel blockers
may be of great importance. Because NMDAR inhibition by
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Mg2⫹
o is more strongly voltage dependent
than inhibition by memantine or ketamine (see supplemental material, available at www.jneurosci.org), voltage may
have complex effects on competition between Mg2⫹
o and memantine or ketamine.
We used a model to investigate the voltage
dependence of memantine and ketamine
inhibition in Mg2⫹
o . The model was based
on simple competition (two blockers cannot bind in the channel simultaneously)
and used previously published data and
models to estimate the voltage dependence
of inhibition (see supplemental material,
available at www.jneurosci.org). We first
compared model predictions to our measurements at ⫺66 mV. Experimentally
measured Mg2⫹
o -induced increases of memantine and ketamine IC50s for NR1/2A
and NR1/2B receptors were in good quantitative agreement with predictions of the
competition model (Table 1, compare values in Exp IC50 and Model IC50 columns).
Measured Mg2⫹
o -induced increases of memantine and ketamine IC50s for NR1/2C
and NR1/2D receptors were lower than
model predictions by a factor of ⬃2 (Table
1). This discrepancy suggests that binding
of Mg2⫹
o is not fully competitive with memantine or ketamine binding at NR1/2C
or NR1/2D receptors. A possible explanation is the relatively fast rate of Mg2⫹
o permeation of NR1/2D (and presumably
NR1/2C) receptors (Qian and Johnson,
2006), which may enhance memantine or
ketamine access to the channel of NR1/2C
and NR1/2D receptors in Mg2⫹
o.
To predict the voltage dependence of
memantine and ketamine IC50s in 1 mM
Mg2⫹
o , we modified the model so its predictions agreed with the IC50 values mea- Figure 1. Effects of Mg2⫹
o and NMDAR subunit composition on memantine inhibition. A, Schematic of an NMDAR showing the
sured at ⫺66 mV. We modified the model four subunits of a functional receptor (left) and transmembrane structure of an NR1 and an NR2 subunit (right). The approximate
channel blocking region of Mg2⫹
by calculating “equivalent” [Mg2⫹
o , memantine, and ketamine (filled black circle with ⫹) is shown near the asparagines (filled red
o ]s for
each blocker and receptor subtype. An circles) involved in blocker binding. B, D, Overlay of2⫹NR1/2A (black) and NR1/2D (red) receptor current traces recorded from
transfected HEK293T cells in 0 (B) and 1 mM (D) Mg o during application of the indicated memantine concentrations ([Mem]).
equivalent [Mg2⫹
o ] of 1 mM would indicate
receptor currents here and in Figure 2 are truncated. Current noise in Figures 1 and 2 appears lower in Mg2⫹
o
that the measured memantine or ketamine Peak inward NR1/2A
2⫹
because
Mg
block
shifts noise to higher (more heavily filtered) frequencies. Experiments similar to those shown in A and B
2⫹
IC50 in 1 mM Mg o equaled the IC50 pre- were performed with NR1/2B and NR1/2C receptors (examples not shown). C, E, Memantine concentration-inhibition curves
dicted by the model. An equivalent recorded in 0 (C) and 1 mM (E) Mg2⫹ from the indicated NMDAR subtypes. Gray shaded areas represent estimated extracellular
o
[Mg2⫹
o ] of ⬍1 mM would indicate that the
memantine concentration range (0.5–1 M) during therapeutic treatment (Parsons et al., 2007).
measured IC50 was lower than predicted
by simple competition (that is, 1 mM Mg2⫹
o
change of IC50 between ⫺26 and ⫺66 mV in all cases: with both
right-shifted the concentration-inhibition curve less than ex2⫹
memantine
and ketamine, IC50 was lower at ⫺26 mV for NR1/2A
pected). The calculated equivalent [Mg o ]s (range: 0.24 – 0.88
receptors,
but
lower at ⫺66 mV for NR1/2D receptors (supplemM) are given in supplemental material, available at www.
mental
Table,
available at www.jneurosci.org as supplemental
jneurosci.org. Voltage dependencies of memantine and ketamine
material).
IC50s were predicted (Fig. 3) using the competition model with
Both model and data show that the voltage dependence of
equivalent [Mg2⫹
o ]s. To test the accuracy of competition model
memantine
IC50 in 1 mM Mg2⫹
predictions, we measured memantine and ketamine IC50s for
o differs strikingly from voltage
2⫹
dependence
in
0
Mg
(Fig.
3A).
Positively charged extracellular
NR1/2A and NR1/2D receptors also at ⫺26 mV. All IC50s at ⫺26
o
channel blockers typically inhibit less effectively with membrane
mV were within a factor of 2 of competition model predictions
voltage depolarization. In contrast, over a range of 10’s of mV
(Fig. 3; supplemental Table, available at www.jneurosci.org as
around resting voltage in Mg2⫹
supplemental material), supporting model accuracy. Furthero , memantine inhibition of all
more, the competition model correctly predicted the direction of
NMDAR subtypes was predicted to moderately increase (IC50s to
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Table 1. Effect of Mg2ⴙ
o on memantine and ketamine IC50s at ⴚ66 mV
NMDAR subtype

Drug

关Mg2⫹
o 兴 (mM)

Memantine

0
1
0
1

Ketamine

NR1/2A

NR1/2B

NR1/2C

NR1/2D

Exp IC50

Model IC50 Exp IC50

Model IC50 Ratio 2A/2B Exp IC50

Model IC50 Ratio 2A/2C Exp IC50

0.80 ⫾ 0.07
13.4 ⫾ 1.3 16.5
0.33 ⫾ 0.01
5.35 ⫾ 0.34 6.82

0.57 ⫾ 0.09
10.4 ⫾ 0.4 11.8
0.31 ⫾ 0.02
5.08 ⫾ 0.02 6.41

1.40
1.29
1.06
1.05

0.52 ⫾ 0.02
1.61 ⫾ 0.06 3.36
0.51 ⫾ 0.01
1.18 ⫾ 0.04 3.30

1.54
8.32
0.65
4.53

Model IC50 Ratio 2A/2D

0.54 ⫾ 0.06
1.76 ⫾ 0.06 3.49
0.83 ⫾ 0.02
2.95 ⫾ 0.02 5.37

1.48
7.61
0.40
1.81

All IC50 values are in M. Exp (Experimental) IC50s (IC50 values measured by fitting concentration-inhibition curves; see Materials and Methods) are given as mean ⫾ SE (estimated during nonlinear curve fitting by Origin) and are based on
measurements from 3– 4 cells for each condition. For information on Model IC50 values, see supplemental material (available at www.jneurosci.org). Each Ratio is the IC50 for NR1/2A receptors divided by the IC50 for the indicated NMDAR
subtype.

wagi et al., 2002; Chen and Lipton, 2005;
Parsons et al., 2007). Our data indicate
that memantine is unlikely to act therapeutically by inhibiting NR1/2A or
NR1/2B receptors: in physiological Mg2⫹
o
and at voltages near rest, the memantine
IC50s for NR1/2A and NR1/2B receptors is
over tenfold higher than therapeutic brain
concentrations (Fig. 1, Table 1). The therapeutic utility of memantine has been hypothesized to be related to its weak selectivity for NR2C- and NR2D-containing
receptors (observed in 0 Mg2⫹
o ) (Rogawski
and Wenk, 2003; David et al., 2006). Our
data extend this hypothesis by showing
that 1 mM Mg2⫹
o enhances the selectivity of
memantine (and ketamine, and probably
other channel blockers) for NR1/2C and
NR1/2D receptors through two mechanisms: first, the Mg2⫹
o IC50 is higher for
NR1/2C and NR1/2D than NR1/2A and
NR1/2B receptors; second, Mg2⫹
o competes less effectively with memantine or
ketamine binding to NR1/2C and NR1/2D
than to NR1/2A and NR1/2B receptors
Figure 2. Effects of Mg2⫹
and
NMDAR
subunit
composition
on
ketamine
inhibition.
A,
C,
Overlay
of
NR1/2A
(black)
and
NR1/2D
o
2⫹
(red) receptor current traces recorded in 0 (A) and 1 mM (C) Mg o during application of the indicated concentrations of (⫹/ (compare Exp IC50 with Model IC50 in Ta⫺)ketamine ([Ket]). Similar experiments were performed with NR1/2B and NR1/2C receptors (examples not shown). B, D, ble 1). These data suggest that NR2CKetamine concentration-inhibition curves recorded in 0 (B) and 1 mM (D) Mg2⫹
and/or NR2D-containing NMDARs are
o from the indicated NMDAR subtypes.
likely sites of therapeutic memantine
action.
decrease) with depolarization. The IC50 of memantine decreases
In 1 mM Mg2⫹
,
depolarizations
around resting voltage were
o
with depolarization because the voltage dependence of inhibition
predicted to decrease moderately memantine’s and ketamine’s
2⫹
2⫹
is greater for Mg o than for memantine. The effects of Mg o on
IC50s for all four NMDAR subtypes (Fig. 3) (data for NR1/2B
the voltage dependence of ketamine IC50s (Fig. 3B) parallel reand NR1/2C not shown). Measured IC50s at ⫺26 mV supsults with memantine.
ported the accuracy of the model (Fig. 3; supplemental Table,
available at www.jneurosci.org as supplemental material). The
Discussion
2⫹
reversal by Mg2⫹
o of the voltage dependence of memantine
The above results reveal that Mg o has a powerful effect on the
block
is
consistent
with the hypothesis that memantine may
IC50, selectivity, and voltage dependence of clinically relevant
act therapeutically by preferentially inhibiting NMDARs of
NMDAR channel blockers. The IC50 increases take place in a
depolarized neurons (Rogawski and Wenk, 2003; Lipton,
critical concentration range. The estimated free extracellular me2006; Parsons et al., 2007). The decrease of IC50 with depolarmantine concentration in the brain of patients during typical
ization also might permit therapeutic memantine concentratreatment regimes is ⬃0.5–1 M (Parsons et al., 2007). The simtions to mediate an appreciable inhibition of NR1/2A and
ilarity of the therapeutic memantine concentration and its
NR1/2B receptors in depolarized neurons. However, the preNMDAR IC50 measured in 0 Mg2⫹
has
been
critical
in
identifying
o
dicted minimum memantine IC50s for NR1/2A (4.9 M at ⫺24
memantine’s site of action. Because of memantine’s weak
2⫹
mV)
and NR1/2B (3.6 M at ⫺23 mV) receptors are well above
NMDAR subtype selectivity in 0 Mg o (Dravid et al., 2007; Parmemantine’s therapeutic concentration range and are at quite
sons et al., 2007) and the high expression of NR2A and NR2B
depolarized voltages. Consistent with model predictions, the
subunits in cortex (Cull-Candy and Leszkiewicz, 2004), research
NR1/2A receptor IC50 measured at ⫺26 mV is 6.34 M (supgenerally has focused on memantine interactions with NR2Aplemental Table, available at www.jneurosci.org as suppleand/or NR2B-containing receptors (Blanpied et al., 1997; Kashi-
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NR2D-containing NMDARs is preferential reduction of tonic
NMDAR-mediated pyramidal cell currents, which may be carried by extrasynaptic NR1/2D receptors (Le Meur et al., 2007).
Alternatively, inhibition of NR2D-containing receptors could selectively reduce excitation of a subset of inhibitory neurons that
highly express the NR2D subunit (Monyer et al., 1994) (see supplemental material, available at www.jneurosci.org), an effect
that may contribute to the clinical utility of memantine. In Alzheimer’s disease, amyloid-␤ accumulation (especially in excitatory pyramidal neurons) (D’Andrea and Nagele, 2006) can cause
internalization of NMDARs (Snyder et al., 2005) and preferential
loss in cortex of excitatory terminals (Bell and Claudio Cuello,
2006). Memantine could partially counterbalance an amyloid-␤induced reduction of cortical excitation by preferentially antagonizing NMDARs on inhibitory interneurons; if this suggestion
is correct, then more selective inhibition of NR1/2D receptors
may hold therapeutic promise. The clinical utility of memantine
may be enhanced by its inhibition of ␣-7 nAChRs [reported memantine IC50 ranges from 0.34 (Aracava et al., 2005) to 5 M
(Maskell et al., 2003)], receptors that participate in amyloid-␤induced NMDAR internalization (Snyder et al., 2005). Ketamine
shows a similar (although weaker) preferential inhibition of
NR1/2D and especially NR1/2C receptors (Fig. 2) that is predicted to reverse at moderately depolarized voltages (Fig. 3B),
properties that suggest more complex subtype selectivity. Ketamine’s selectivity for NR1/2C and NR1/2D receptors at voltages
near rest also may lead to cortical disinhibition, a process hypothesized to be responsible for ketamine’s ability to induce a
schizophrenia-like psychotic state (Greene, 2001; Homayoun
and Moghaddam, 2007; Lisman et al., 2008). These ideas emphasize the importance of understanding the roles played by NR2C
and NR2D subunits in brain function, and the mechanisms that
underlie the diverse clinical actions of NMDAR channel blockers.
Figure 3. Model predictions of Mg2⫹
o and NMDAR subtype effects on voltage dependence of
memantine and ketamine inhibition. A, B, Modeled voltage dependence of memantine (A) and
ketamine (B) IC50s in 0 and 1 mM Mg2⫹
o , corrected for incomplete competition between meman2⫹
tine or ketamine and Mg2⫹
o (by using equivalent [Mg o ]s). For clarity, only plots for NR1/2A
(which resemble plots for NR1/2B) and for NR1/2D (which resemble plots for NR1/2C) receptors
are shown. Points at ⫺66 and ⫺26 mV show measured IC50 values in 0 (filled circles) and/or 1
mM (open circles) Mg2⫹
o . The two points at ⫺26 mV in B are nearly identical. For details of model
and calculation of equivalent [Mg2⫹
o ], see supplemental material (available at
www.jneurosci.org).

mental material). Thus, it remains unlikely that NR1/2A or
NR1/2B receptors are principal sites of memantine action.
Memantine also inhibits other receptors with low IC50s, including nicotinic acetylcholine receptors (nAChRs) (Oliver et al.,
2001; Maskell et al., 2003; Aracava et al., 2005; Parsons et al.,
2007). It was argued that inhibition of nAChRs is unlikely to be
the basis of memantine’s therapeutic utility in Alzheimer’s disease (Johnson and Kotermanski, 2006; Parsons et al., 2007) because other Alzheimer’s disease treatments augment cholinergic
transmission. However, especially given the increased memantine IC50s for NMDARs reported here, a contribution to memantine’s clinical utility by actions at other receptors is difficult to
exclude (see below).
The clinical effects of memantine and ketamine suggest that
preferential inhibition of NR2C- and/or NR2D-containing
NMDARs can strongly impact cognitive function. NR2C and
NR2D subunits are broadly expressed in the adult mammalian
brain, including in hippocampus, cortex, and thalamus, brain
regions hypothesized to be involved in Alzheimer’s disease
and/or schizophrenia. A possible consequence of inhibition of
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