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Abstract: N-methyl-D-aspartate receptors (NMDARs) play important physiological as well as 

pathological roles in the central nervous system (CNS). While NMDAR competitive antagonists, 

such as D-2-amino-5-phosphopentanoic acid (AP5) have been shown to impair learning and 

memory, the noncompetitive antagonist, memantine, is paradoxically beneficial in mild to moder-

ate Alzheimer’s disease (AD) patients. It has been proposed that differences in kinetic properties 

could account for antagonist functional differences. Here we present a new elaborated kinetic 

model of NMDARs that incorporates binding sites for the agonist (glutamate) and coagonist 

(glycine), channel blockers, such as memantine and magnesium (Mg2+), as well as competitive 

antagonists. We first validated and optimized the parameters used in the model by comparing 

simulated results with a wide range of experimental data from the literature. We then evaluated 

the effects of stimulation frequency and membrane potential (Vm) on the characteristics of 

AP5 and memantine inhibition of NMDARs. Our results indicated that the inhibitory effects 

of AP5 were not strongly affected by Vm, but decreased with increasing stimulation frequency. 

In contrast, memantine inhibitory effects decreased with both increasing Vm and stimulation 

frequency. They support the idea that memantine could provide tonic blockade of NMDARs 

under basal stimulation conditions without blocking their activation during learning. Moreover 

they underline the necessity of considering receptor kinetics and the value of the biosimulation 

approach to better understand mechanisms of drug action and to identify new ways of regulat-

ing receptor function.

Keywords: kinetic model, stimulation frequency, memantine, AP5, biosimulation, systems 

neurobiology

Introduction
N-methyl-D-aspartate receptors (NMDARs) are ionotropic glutamate receptors 

involved in numerous physiological (synaptic plasticity, developmental plasticity, 

learning, and memory) and pathological (excitotoxicity, neurodegeneration) processes 

in the central nervous system (CNS).1,2 Two particular characteristics are critical for 

the wide range of functions regulated by these receptors: the voltage-dependency of 

the gating of the NMDAR channel and its calcium (Ca2+) permeability. Functional 

NMDARs are tetrameric receptors generally composed of two NR1 subunits and two 

of the four NR2 (NR2A–NR2D) subunits although the discovery of NR3 subunits has 

increased the complexity of NMDAR family.3,4 The nature of NR2 subunit(s) strongly 

influences receptor properties, including agonist affinity, deactivation kinetics, single-

channel conductance, Ca2+ permeability, and channel blockade by magnesium (Mg2+).3,5 

NMDAR activation requires the binding of glycine (on NR1 subunit) and glutamate 
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(on NR2 subunit) and is regulated by a number of small 

molecules, such as polyamines (ie, spermine), which bind at 

different allosteric sites of both types of subunits. Mg2+ bind-

ing to the NMDAR channel provides its  voltage-dependency.6 

Several antagonists have been developed and have been 

widely used to better understand the role of NMDARs in both 

physiological and pathological conditions. In particular, D-2-

amino-5-phosphopentanoic acid (AP5) has been shown to 

competitively block the receptor while the activity-dependent 

channel blocker MK-801 represents an example of a non-

competitive blocker.7,8

More recently, another noncompetitive blocker, meman-

tine, has been identified, and is now widely used for the treat-

ment of Alzheimer’s disease (AD). Because of the known 

role of NMDARs in synaptic plasticity and in learning and 

memory, the precise mechanism of action of memantine as 

an anti-AD treatment has been debated.9,10 In particular, it 

has been proposed that memantine acts as a weak,  voltage-

dependent channel blocker, which would produce a tonic 

blockade of the channel at resting membrane potential, 

therefore explaining its neuroprotective effects. On the other 

hand, memantine would not be effective during trains of high 

frequency stimulation, thereby limiting the risks of negative 

effects on learning and memory.

To gain a better insight into the functioning of NMDARs 

and the mechanisms of action of drugs such as  memantine 

and to test various hypotheses regarding differences between 

competitive and noncompetitive NMDARs  blockers, we 

developed a kinetic model of the NR1/2A type of NMDARs, 

as it is the key NMDAR involved in long term potentiation 

(LTP) of synaptic transmission.6,11,12 The model was first opti-

mized by comparison of simulated results with a  variety of 

experimental data reported by several  laboratories.  Secondly, 

we used this model to analyze the effects of  frequency 

of stimulation and membrane potential (Vm) on AP5 

and memantine-mediated inhibition of NMDAR  current. 

The results indicate that the inhibitory effects of AP5 are 

 independent of Vm but decrease with increased  stimulation 

frequency, whereas the inhibitory effects of memantine 

decrease with both increasing stimulation  frequency and Vm. 

Thus, our results validate the hypothesis that  memantine 

could exert neuroprotective effects by blocking the  receptors 

under basal stimulation conditions, while leaving intact 

the role of NMDARs in memory-related processes. They 

underscore the importance of variation in neuronal activity 

in determining the functional characteristics of a variety of 

molecules acting on NMDARs. Finally, the results indicate 

that the simulation approach represents a powerful tool 

to analyze, in great detail, the intimate mechanisms of 

 compounds acting on NMDARs and to optimize the quest 

for more efficacious drugs.13

Methods
NMDAR kinetic scheme
We implemented the kinetic scheme of the NMDAR 

 previously published by Schorge et al11 using graphical user 

interface-based design tools for visual model development 

such as Narrator (http://www.narrator-tool.org/), JDesigner 

(http://sbw.kgi.edu/), and CellDesigner (http://www. 

celldesigner.org/), as shown in Figure 1. NMDAR (R) binds 

two glutamate molecules (glu) and two glycine molecules 

(gly) to generate state R_2Glu_2Gly. Double-liganded 

NMDAR can then enter in state 5 and state 6 ( conformational 

change) and proceed toward states: Open1 (via state 4), 

Open2 (via state 5) and Desensitized (via state 6). The open 

probability for NMDAR (Popen) was calculated as a sum 

of probabilities for states Open1 plus Open2. In the pres-

ent study, except when otherwise indicated, binding sites 

for the coagonist glycine were always fully occupied, as all 

simulations were performed in the continuous presence of a 

saturating concentration of glycine.

Model reactions and simulations
The dynamics of the kinetic scheme were described by 

a set of deterministic ordinary differential equations 

(ODEs) in a SBML (Systems Biology Markup Language) 

file, which is a standard format for investigation of the 

dynamic behavior of biological systems.14 The values for 

the different  parameters indicated in Figure 1 are shown 

in Table 1. Differential  equations were numerically solved 

using a solver.

The computer used to run simulations was a Dell 

Inspiron 1720 laptop PC (Intel Core 2 Duo, 2.5 GHz) with 

4GB RAM.

Model of NMDAR-mediated current
Channel conductance of NMDAR was set to 40 picosiemens 

(pS) for the lowest conductance state (state Open1) and 

247 pS for the highest conductance state (state Open2). 

The reversal potential for NMDA current (I
NMDA

) was set 

at −0.7 millivolts (mV). I
NMDA

 was then calculated using the 

 following equations:15
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where O(t) is the open probability for NMDA channel; g, 

the conductance (pS); 
m
, the holding membrane potential 

(mV); V
rev

, the reversal potential (set at −0.7 mV); Mg2+, the 

magnesium concentration in the external solution; K
o
, the 

half maximal inhibitory concentration (IC
50

) of Mg2+ at 0 mV 

(equal to 1 mM); δ, the electrical distance of the magnesium 

binding site from the outside of the membrane (set at 0.8); 

z, the calcium valence (set at +2); R, the molar gas constant 

(8.31434 J.mol−1.K−1); F, the Faraday constant (9.64867.104 

C.mol−1); T, the absolute temperature (273.15°K); g
1
, the 

conductance of state Open1 (set at 40 pS); g
2
, the conduc-

tance of state Open2 (set at 247 pS); α, the steepness of 

the voltage-dependent transition from g
1
 to g

2
 (set at 0.01); 

nb
NMDA

, the number of NMDARs in one dendritic spine; and 

P
f  
, their permeability to calcium (set at 5% of total ionic 

permeability).

Results
Model validations
For validation experiments, the conditions used in the 

simulation (Vm, Mg2+ concentration, glycine concentration, 

stimulation protocol, glutamate concentration, etc) 

are indicated in the text and/or figure legends for each 

experiment. Importantly, these parameters were set at val-

ues similar to those used in the experimental conditions 

and therefore varied from experiment to experiment. Our 

choice of experiments was guided by a number of criteria, 

including well-described experimental conditions and out-

put measures that we could calculate in the simulation. For 

simulations comparing the effects of Vm and stimulation 

frequency on the inhibitory effects of AP5 and memantine, 

we used identical stimulation protocols, which are described 

in the text.

Using the kinetic scheme from Figure 1, we first deter-

mined the time course of NMDAR activation in response to 

short (1 or 2 milliseconds [ms]) and long (10 ms) applications 

of glutamate, based on previous studies by Schorge et al11 

and Wyllie et al.16 The kinetic parameters values are shown 

in Table 1. Simulated values for open probability of NMDAR 

channels (Figure 2A) were calculated after a delay of 10 ms, 

in response to a 2 ms pulse of 1 mM glutamate in the pres-

ence of glycine (20 µM) at Vm of −80 mV. The maximum 

predicted open probability was 0.256 and was reached 21 ms 

following glutamate application; the open probability time 
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Figure 1 Kinetic scheme of the NMDA receptor. Representation of the kinetic scheme proposed by Schorge et al11 implemented in a graphical user interface-based design 
tool for visual model development. The rate constants indicated in the schema are provided in Table 1.

Table 1 Values of kinetic parameters for the NMDAR model from 
Schorge et al11

Parametersa Agonist kon koff

J0, J4 and J6 Glutamate 2a8.3 mM−1 ∙ ms−1 0.0263 ms−1

J1, J5 and J7 Glutamate ∙8.3 mM−1 ∙ ms−1 2a0.0263 ms−1

J2, J8, and J9 Glycine 2a10 mM−1 ∙ ms−1 0.0291 ms−1

J3, J10 and J11 Glycine 10 mM−1 ∙ ms−1 2a0.0291 ms−1

J12 and J17 0.0671 ms−1 0.15 ms−1

J13b 0.921/0.03 ms−1 1.13/9.5e−4 ms−1

J14 and J15 2.03 ms−1 22.8 ms−1

J16 0.787 ms−1 11.2 ms−1

J18 35.2 ms−1 0.728 ms−1

Notes: aEquivalent transition types are numbered according to the kinetic scheme 
depicted in Figure 1. bOriginal/optimized parameters.
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Figure 2 Time course of open probability (states Open1 plus Open2) of NMDAR in response to different applications of glutamate. A) Short single pulse, 2 ms glutamate 2 mM 
in presence of 20 µM glycine, NMDAR was set to 1 and Vm at −80 mV.  The predicted peak open probability was 0.256 with a decay of 92 ms. This protocol of stimulation was 
also used with the same kinetic scheme proposed by Schorge et al11 (see Figure 9B of their paper). B) Short (1 ms, black line) and long (10 ms, red line) single pulse, glutamate 
10 mM in presence of 20 µM glycine, NMDAR was set at 1 and Vm at −100 mV.  The predicted peaks open probabilities were 0.24 and 0.33 for short and long application, 
respectively. This protocol of stimulation was also used with the kinetic scheme proposed by Schorge et al11 and in Wyllie et al16 (see Figure 7D and E of their paper).

course was fitted with a single exponential with a halftime 

decay of 92 ms. Under these conditions (short single pulse), 

the simulation qualitatively and quantitatively reproduced 

the results reported by Schorge et al11 (figure 9B in their 

manuscript). The model was further tested by comparing 

simulated results to additional experimental data from Wyl-

lie et al16 who also used the kinetic model of Schorge et al.11 

In this case, simulation durations of 350 ms (with a delay 

of 50 ms) were run with a short pulse of 1 ms (Figure 2B, 

black line) or a long pulse of 10 ms (Figure 2B, red line) of 

10 mM glutamate in the presence of 20 µM of glycine. The 

peak open probability for a 1 ms glutamate stimulation was 

0.24 at 18 ms after glutamate application with a halftime 

decay of 95 ms. In contrast, a 10 ms long application of the 

same glutamate concentration produced a maximal open 

probability of 0.33 with a similar halftime decay of 95 ms. 

These values are comparable to those of 0.29 (for maximum 

open probability with a short pulse) and 0.38 (for a long 

pulse) reported by Wyllie et al.16

We also used the model to determine the half maximal 

effective response (EC
50

) for glutamate (Figure 3) and 

glycine (data not shown), by generating concentration 

response curves. For these 2-second-long simulations, 

various glutamate or glycine concentrations were applied 

for 200 ms in the presence of different concentrations of 

glycine or glutamate, respectively. External Mg2+ concen-

tration was set at the physiological concentration of 1 mM 

and the number of NMDARs was set at 25.5,14 For both 

glutamate and glycine, the EC
50

 was slightly dependent 

on the concentration of the coagonist used (from 1 µM to 

1 mM). In addition, the EC
50

 values were very close for 

glutamate (EC
50

 values ranging from 2.9 to 6.5 µM) and 

glycine (EC
50

 values ranging from 2.6 to 6 µM), as a result 

of the affinity constants used in the kinetic scheme (K
D
 of 

3.2 µM and 2.9 µM, respectively, for glutamate and glycine). 
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Figure 3 Effects of increasing glutamate concentrations on NMDAR responses. 
Peak currents were obtained from 2 second time course simulation using a single 
pulse stimulation (200 ms glutamate 1 mM, in the presence of increasing glycine 
concentrations (from 1 µM to 1 mM), 25 NMDARs, Vm at −75 mV, and external 
Mg2+ (1 mM). Results were normalized to peak current obtained with 1 mM gly-
cine. EC50 values, indicated by color dots, were 2.9, 2.9, 3.6, and 6.5 µM for 1 mM, 
0.1 mM, 0.01 mM, and 0.001 mM glycine, respectively. Blue arrow indicates the shift 
to the right of EC50.
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Finally, we studied the effects of external Mg2+ concentra-

tions on I
NMDA

 peak currents elicited by a 2 ms application of 

2 mM glutamate in the presence of 20 µM glycine at a Vm 

of −80 mV and with 25 NMDARs. As expected, NMDA 

peak current was strongly Mg2+-dependent, with an apparent 

IC
50

 for Mg2+ of 4.5 µM (Figure 4). This value is in close 

agreement with the K
D
 of 15 µM at Vm of −80 mV reported 

by Ascher and Nowak.17

In conclusion, the kinetic model of Schorge et al11 using 

a single, brief application of glutamate reproduced many 

of the kinetic characteristics of NMDARs observed in 

 experimental data.

Optimization of NMDAR kinetic model
By contrast, when we used long or repetitive glutamate 

applications, the results generated by the model were sig-

nificantly different from experimental results.18,19 Simulation 

results shown in Figure 5A were obtained with repeated glu-

tamate application mimicking tetanic stimulation protocols  

(100 hertz [Hz], 20 pulses of 1 ms of 1 mM glutamate in 

Figure 4 Effect of external Mg2+ concentration on INMDA. A) Peak currents (pA) in response to a 2 ms application of 2 mM glutamate (in the presence of 20 µM glycine, 25 NMDARs, 
and  Vm at −80 mV) were calculated as described under Methods on the presence of increasing external Mg2+ of up to twice the physiological concentration. B) Effect of Vm 
on peak current (pA) in response to the same application as described in A. Black line: without external Mg2+; yellow line: 0.1 mM Mg2+; and red line: 1 mM Mg2+.
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Figure 5 NMDA open probability following repetitive or long pulse glutamate applications. A) Open probability in response to a repetitive glutamate application (100 Hz, 20 
pulses of 1 ms 1 mM glutamate, in the presence of 20 µM glycine) to a spine containing only one NMDAR. Steady maximum open probability of 0.283 was obtained after the 
fourth repetitive pulse and remained at this level for the remaining stimulation. B) Open probability in response to a long glutamate application (2 seconds, 1 mM glutamate, 
in the presence of 20 µM glycine) to a spine containing only one NMDAR. Shortly after glutamate application, the open probability reaches 0.459 and remains at this level 
until the end of application.
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the presence of 20 µM glycine) and those in Figure 5B were 

obtained with a long pulse stimulation (1 mM glutamate dur-

ing 2 seconds in the presence of 20 µM glycine). The open 

probability after the fourth pulse remained constant at 0.283 

and did not show any desensitization of NMDARs. The same 

phenomenon was obtained during a long glutamate applica-

tion (maximum open probability of 0.459). These simulated 

results were clearly inconsistent with experimental data where 

a clear desensitization of NMDARs was observed following 

repetitive stimulation.19

To address this issue, we modified several kinetic 

parameters of the model to achieve a better agreement with 

experimental data. In particular, we used experimental data 

obtained on NMDARs composed of NR1/NR2A subunits 

to modify the rates (for transition state J13) of desensitiza-

tion and recovery from desensitization.18 Optimized values 

for these kinetic parameters were found to be 0.03 ms−1 and 

9.5e−4 ms−1 for d
on

 and d
off

, respectively. With this new set of 

kinetic parameters, simulated results obtained with a long 

application of glutamate (Figure 6A) (1 mM of glutamate for 
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Figure 6 Optimization of model kinetic parameters. A) The effect of a long application of 1 mM glutamate for 4 seconds in the presence of 100 µM glycine, 100 NMDARs, Vm 
set at –100 mV, and external Mg2+ at 0.5 µM, on NMDA-mediated current was calculated as described in the Methods section and was compared between the initial (black) 
and optimized (red) values of the association (don) and dissociation (doff) constants. The pattern of the curve using optimized parameters is similar to previous results from 
Zhang et al18 (see Figure 1B in their paper). Rapid activation is followed by biphasic decay. B) Similarly the effects of a paired pulse application of 1 mM glutamate for 1 ms with 
an interval of 300 ms between pulses in the presence of 100 µM glycine, 62 NMDARs, Vm set at −100 mV, and Mg2+ at 0.5 µM, on NMDA-mediated current were calculated as 
described in the Methods section and were compared between the initial (black) and optimized (red) values of don and doff parameters. The peak amplitude of the second pulse 
decreased by 12% as reported by Zhang et al18 (see Figure 1C in their paper). C) Comparison of the effect of a repetitive glutamate application as described in Figure 5A between 
the initial (black) and optimized (red) kinetic parameters. A clear desensitization of NMDARs was now observed. D) Comparison of the effect of a short glutamate application 
as described in Figure 2A between the initial (black) and optimized (red) kinetic parameters. The predicted peak open probability was 0.261 with a decay of 64 ms.
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4 seconds, in the presence of 10 µM glycine, Vm of −100 mV, 

external Mg2+ concentration of 0.5 µM, and 100 NMDARs) 

or a paired pulse application of glutamate (1 mM during 1 

ms with an interval between pulse of 300 ms, in the presence 

of 10 µM glycine, Vm of −100 mV, external Mg2+ of 0.5 µM, 

and 62 NMDARs) (Figure 6B) were in good agreement with 

experimental data from Zhang et al.18 A clear desensitization 

of NMDARs was now observed using a long application of 

glutamate (peak current of −662 pA, followed by a plateau 

at −159 pA for the duration of glutamate application). In the 

paired pulse paradigm, a 12% decrease in peak amplitude in 

response to the second glutamate application was observed 

as compared to the response to the first pulse.20,18 Interest-

ingly, simulated results obtained with repeated glutamate 

application (as reported in Figure 5A) using these new sets of 

parameter values showed a clear desensitization (Figure 6C), 

while results obtained with a single pulse (as reported in 

Figure 2A) were very similar to those obtained with the 

initial set of parameters, with a maximum open probability 

of 0.261 and a halftime decay of 64 ms (fitted with a single 

exponential) (Figure 6D).

Effect of a competitive antagonist (AP5)
We then used the model to analyze several features of 

AP5, a competitive antagonist, on NMDARs proper-

ties. Association and dissociation rate constants (k
on

 and 

k
off

) for AP5, were set at 0.38 mM−1.ms−1 and 0.02 ms−1, 

respectively based on published experimental results.21 

Open probabilities (Figure 7A) obtained from the time 

course of simulations in response to a 4 ms application of 

1 mM glutamate in the presence of 13 µM glycine and no 

APV, 20 µM APV, or 30 µM APV provided a clear dose-

dependent reduction in NMDAR-mediated responses. Peak 

open probabilities decreased by 32% (at 20 µM AP5) and 

45% (at 30 µM AP5). To quantify AP5-mediated inhibi-

tion of NMDARs, we calculated the cumulative inhibition 

of glutamate-elicited currents over time, under the same 

conditions. These data were used to generate dose-response 

curves (Figure 7B). The estimated IC
50

 value for AP5 was 

35 µM, in good agreement with the value of 30 µM found 

in the literature.7

To analyze the effect of stimulation frequency (repeti-

tive application of glutamate) on the inhibitory effect of 

AP5, we applied 25 pulses (1 ms of 1 mM glutamate) at 

frequencies ranging from 10 to 100 Hz. The number of 

NMDARs was set at 25, external Mg2+ concentration at 

1 mM, and Vm at −60 mV. Simulations were run in the 

presence of 13 µM glycine for 5 seconds. To quantify the 

effect of AP5, we calculated the cumulative percentage of 

inhibition of NMDAR-mediated current. Dose-response 

curves for AP5 (Figure 8A) were markedly shifted to the 

right with increasing frequency of stimulation up to 100 

Hz. The IC
50

 values for AP5 correspondingly increased from 

0.12 mM to 0.45 mM at 10 Hz and 100 Hz, respectively. At 

very high frequencies (100 Hz), we observed an inversion 

of this phenomenon (data not shown). On the other hand, 

our simulations showed that the inhibitory effects of AP5 

(0.1 mM) were independent of Vm in the absence of Mg2+ 
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Figure 7 Effects of AP5 on NMDAR-mediated responses. A) Time course of open probability in response to a brief application of 1 mM glutamate for 4 ms, in the presence 
of 13 µM glycine of one NMDAR channel and two concentrations of AP5: 20 µM (black line) and 30 µM (green line). With the highest AP5 concentration, open probability 
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and were only slightly dependent on Vm in the presence of 

1 mM Mg2+ (Figure 8B).

Effect of a noncompetitive antagonist 
(memantine)
To contrast the effects of competitive antagonists, we 

then tested the effect of a noncompetitive antagonist, 

namely memantine, on glutamate-mediated NMDAR 

responses. We considered that memantine bind to the 

NMDAR channel in a voltage-dependent manner as pre-

viously shown.6 The kinetic scheme from Figure 1 was 

modified to incorporate a number of transition states 

due to the presence of memantine (Supplemental data 1). 

With this modification, we verified that an application 

of increasing concentrations of memantine reversed the 

activation of the NMDAR channel produced by a constant 

application of glutamate. Time course simulations in 

Figure 9 were run with a long application (80 seconds of 

0.3 mM glutamate in the presence of 2 µM glycine). The 

number of NMDARs was set at 900 and Vm at −70 mV 

in the absence of Mg2+. Memantine (0.3 to 300 µM) was 

applied for 20 seconds. Memantine dose-dependently 

blocked NMDAR and at 300 µM memantine completely 

blocked NMDAR-mediated current.

The influence of both frequencies of stimulation and 

Vm on the potency of memantine to inhibit NMDAR chan-

nel opening was analyzed (Figures 10A and B). First, the 

inhibitory effects of memantine were again quantified by 

calculating the cumulative inhibition of NMDAR- mediated 

current during a 5 second duration of stimulation. The 

 parameters of stimulation consisted of the repetitive 

application of glutamate concentration at 10 to 200 Hz, 

as previously used for AP5. As with AP5, dose-response 

curves for memantine (Figure 10A) were also shifted to the 
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Figure 8 Effect of stimulation frequency and membrane potential on AP5-mediated inhibition of NMDAR currents. A) The effects of increasing AP5 concentrations at different 
stimulation frequencies on NMDAR-mediated responses were calculated as described under Methods. Repetitive application of glutamate (25 pulses, 1 ms 1 mM glutamate, 
in the presence of 13 µM glycine, 25 NMDARs, Mg2+ set at 1 mM, Vm set at −60 mV) induced a right shift of the concentration-response curves (with increased IC50 labeled 
by dots) with increasing frequency (stimulation duration 5 seconds). The calculated IC50 values were 0.12, 0.21, 0.31, and 0.45 mM for 10, 25, 50, and 100 Hz, respectively. 
B) The effects of Vm on AP5-mediated inhibition of NMDAR-mediated responses in the absence or presence of 1 mM Mg2+ were calculated as described under Methods.  AP5 
concentration was set at 100 µM and frequency of stimulation was set at 10 Hz and 100 Hz. The same application was used as described previously. In the absence of external 
Mg2+, the effects of AP5 were not voltage-dependent.
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Figure 10 Effect of stimulation frequency and membrane potential on memantine-mediated inhibition of NMDAR currents. A) The effects of increasing memantine  concentrations 
at different stimulation frequencies on NMDAR-mediated responses were calculated as described under Methods. NMDAR-mediated responses were obtained with repetitive 
applications of glutamate under the same conditions as those used for AP5 in Figure 8. Increasing application frequency induced a right shift of the concentration-response 
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Vm on memantine-mediated inhibition of NMDAR-mediated responses in the absence or presence of 1 mM Mg2+ were calculated as described under Methods. Memantine 
concentration was set at 100 µM and frequency of stimulation was set at 10 Hz and 200 Hz. The same conditions of glutamate applications were used as above. In the presence 
or absence of external Mg2+, the effects of memantine remained voltage-dependent.
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Figure 11 Effects of membrane potential on memantine-mediated inhibition of NMDAR function.
The cumulative inhibition of various concentrations of memantine at different membrane potentials (ranging from −120 mV to +20 mV) on NMDAR currents produced by a 
repetitive application of glutamate was calculated as described under Methods (same conditions as previously used). A) 10 Hz. B) 200 Hz. The calculated IC50 increased with 
increasing Vm in both cases. The effect was more pronounced at 200 Hz than at 10 Hz. IC50 values at 10 Hz and 200 Hz are reported in Table 2.

right with increasing frequencies and the IC
50

 for meman-

tine increased from 0.052 mM (10 Hz) to 0.132 mM (200 

Hz). In contrast to AP5, the inhibitory effect of 0.1 mM 

memantine was clearly dependent on Vm (Figure 10B, red 

and cyan lines) and was markedly modified in the pres-

ence of Mg2+ (Figure 10B, blue and green lines). Thus, 

more detailed investigations of Vm dependency showed 

that the dose-response curves for memantine were also 

shifted to the right and the IC
50

 escalated with increasing 

Vm at both 10 (Figure 11A) and 200 Hz (Figure 11B). The 

effect of Vm was larger at 200 Hz than at 10 Hz. Thus, 

the IC
50

 values for memantine increased from 12.5 µM at 

−120 mV to 285.5 µM at +20 mV using 10 Hz stimulation. 

When the stimulation frequency was 200 Hz (Table 2), the 

IC
50

 for memantine increased from 20.5 µM to 1.294 µM 

at +20 mV.
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Discussion
In the present study, we developed a complete kinetic model 

of NMDARs that we used to analyze a number of features 

reported in the literature, especially the differential effects 

of a competitive (AP5) and a noncompetitive inhibitor 

(memantine) of the receptor. Our model was based on sev-

eral previous studies (simulations and experimental data) 

that analyzed the characteristics of NMDARs (NR1/NR2A 

subtype) under a number of conditions (stimulation protocol, 

[Mg2+], glutamate and glycine concentration, etc). We were 

particularly interested in studying the effects of stimulation 

frequency on the inhibitory potency of both types of antago-

nists. Experimental results indicated that this parameter is 

critical to account for the beneficial effects of memantine 

against AD, while it could also account for the failure of 

non subunit-selective competitive antagonists to provide 

neuroprotection against excitotoxicity.

Model validation
The complete model resulted in a set of differential equations 

with a relatively large number of parameters. While most 

parameters were already reported in the literature, we needed 

to optimize some of the parameters in order to reproduce some 

experimental results. It is important to stress that the relatively 

low cost and speed (few minutes) of biosimulation compared 

to those of actual experiments (days) allowed us to rapidly test 

a large range of parameter values and experimental conditions, 

facilitating validation and optimization.

We first validated our model by examining its ability to 

reproduce a large variety of experimental data. For example, 

we verified that, when using a paired pulse stimulation 

protocol (1 ms glutamate 1 mM with an interval between 

pulses of 10 ms in the presence of 100 µM glycine) the 

ratio of open probability between the second and the first 

pulse was similar to previously published experimental data 

(Supplemental data 2).22 Simulated results obtained with 

our model were also compared with results obtained after 

short (1 ms glutamate 1 mM or 10 mM) and long (4 second 

glutamate 1 mM) pulses of glutamate application,20 longer 

pulse (40 second glutamate 3 µM) and repetitive (100 Hz 

for 0.5 second, 1 ms glutamate 10 mM) applications of 

glutamate,19 longer (10 second glutamate 0.1 mM) pulse 

applications of glutamate,23 and applications of increased 

concentrations of glutamate and glycine.24,25 Due to space 

limitations, not all simulated results were reported in the 

present study. However, it is very important to note that the 

pattern of results generated by our model can handle most 

protocols of NMDAR stimulation routinely used to assess 

their function. Even when experimental conditions had to be 

modified/optimized in order to match those used in various 

publications (ie, concentration of Mg2+ or concentration of 

glycine or number of NMDARs) all simulated results were 

in good agreement with experimental data. In future experi-

ments, it would be of interest to enhance the complexity of 

the model by exploring the regulation of the NMDAR current 

by zinc (Zn2+), spermine, or ATP.26,27

Influence of stimulation frequency  
and membrane potential on the effects  
of competitive antagonists
Many publications have reported the effects of competitive 

antagonists such as AP5 on NMDAR function under a wide 

range of experimental conditions.28,29 Our simulated results 

were generally in good agreement with these previous find-

ings. As expected, AP5 inhibitory potency was independent 

of membrane potential. However, inhibitory potency was 

strongly dependent on stimulation frequency. The predicted 

IC
50

 values for AP5 increased with heightened stimulation 

frequency. Surprisingly, at very high stimulation frequen-

cies (200–400 Hz), this effect was reversed and the IC
50

 

for AP5 decreased. The reason for this effect is not totally 

clear, but could be due to an interaction between receptor 

desensitization and increased glutamate concentrations 

at increased stimulation frequencies. In any event, these 

results suggest that during periods of overstimulation of 

NMDARs, as could occur during epileptic seizures, stroke, 

or excitotoxicity, the inhibitory potency of competitive 

antagonists would significantly decrease.30,31 This could 

account for the failure of these antagonists in clinical tri-

als, especially with respect to stroke. Assuming that under 

stroke conditions the firing frequency of neurons in the 

damaged brain area significantly increases, the clinical dose 

of NMDAR antagonists, such as selfotel, should be several 

fold higher than that determined under normal conditions, 

Table 2 IC50 values for memantine as a function of membrane potential and frequency of stimulation (extracted from Figure 11)

−120 mV −100 mV −80 mV −60 mV −40 mV −20 mV 0 mV +20 mV

IC50 (µM) at 10 Hz 12.5 24 39 52.5 68.5 99.5 166 285.5

IC50 (µM) at 200 Hz 20.5 39 70 132 236.5 443.5 722.5 1294
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therefore increasing the occurrence of potentially toxic 

side effects.32,33

Influence of stimulation frequency  
and membrane potential on the effects  
of noncompetitive antagonists
Today, the noncompetitive antagonist, memantine, is one 

of the most commonly prescribed drugs to treat mild 

to moderate AD patients. Regarding the critical role of 

NMDARs in learning and memory, the use of an antagonist 

of NMDARs to treat this disease characterized by major 

impairment of cognitive functions has been the subject of 

many debates. In particular, the differences between a rapid 

off-rate antagonist, such as memantine, and a slow off-rate 

one, such as MK-801, have been discussed to account for 

the different patterns of inhibition produced by these two 

types of antagonists.34 Our results showed that the inhibi-

tory potency of memantine is markedly dependent on both 

membrane potential and stimulation frequency. This sup-

ports the notion that memantine provides a tonic blockade 

of NMDARs under basal conditions, which could account 

for its neuroprotective properties. In contrast, the inhibitory 

potency is decreased by more than 100 fold under conditions 

of membrane depolarization and high frequency stimulation 

of NMDARs, conditions that are presumably associated with 

learning new information.34 This mechanism would there-

fore explain why memantine does not impair learning and 

memory. This hypothesis was previously advanced by several 

laboratories and our results certainly provide  quantitative 

evidence for its validity.34,35

Usefulness of a detailed model  
of NMDARs
More generally, the detailed kinetic model of NMDARs 

we have developed could provide a very useful tool to 

determine the influence of a variety of compounds acting 

on various elements of the model on NMDAR function 

and under a variety of experimental conditions. While the 

choice of some of the parameters was guided by the ability 

to reproduce a large set of experimental data, we did not 

necessarily evaluate the whole space of parameter values. 

A relatively similar model of NMDARs has been used to 

address the question of the potential differential roles of 

NR2- and NR2B-containing receptors in LTP induction,8 

while a different kinetic model was used to explore the 

role of NMDARs in spike timing-dependent plasticity.36 

Furthermore, additional binding sites could be easily 

implemented in order to study the effects of other regulators 

of the receptors, such as spermine, Zn2+, or other allosteric 

modulators. In addition, the model we developed could be 

used to determine the influence of various kinetic param-

eters (rates of activation, deactivation, or desensitization) 

on NMDAR function using a wide range of stimulation. In 

particular, it is clear that the rate of deactivation (J18, k
off

) 

appears to have a significant effect on NMDAR function. 

Another important conclusion of our simulation is the 

need to take into account the dynamic aspects of receptor 

properties and of neuronal activity to understand the mode 

of action of compounds acting at different sites of the 

receptors. Specifically, while it is clear that a competitive 

antagonist might provide a powerful blockade of receptor 

under equilibrium conditions, it might lose its potency under 

conditions of high frequency stimulation, which might be 

present under pathological conditions. Ultimately, the model 

we have developed could be used to identify new targets to 

increase or decrease NMDAR function.
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Supplementary materials

Supplementary figure 1 Kinetic scheme of the NMDA receptor with competitive and noncompetitive antagonists. Representation of the kinetic schema of the NMDAR 
from Schorge et al11 with a competitive agonist, such as AP5 (orange boxes) and a noncompetitive antagonist, such as memantine (grey boxes) (adapted from Kotermanski 
et al6) implemented in a graphical user interface-based design tool for visual model development.
Notes: Each state binding a glutamate molecule in this new kinetic scheme also binds AP5 with association rate constant (konA) of 0.38 mM−1.ms−1 and dissociation rate constant 
(koffA) of 0.02 ms−1 for reactions labeled J19, J21, J22, J24, J25, J29, J33, J34, and J35. We assumed that association rate constants for glycine and glutamate were not affected by 
AP5. Memantine binds to states Open1 and Open2, which are now voltage-dependent (state Vm) to generate states Open1_Mem and Open2_Mem, respectively. Mg2+ binds 
to states Open1 and Open2 to generate states Open1_Mg and Open2_Mg, respectively. The dissociation rate constant for memantine was set at 4.4e−4 ms−1 (koffMem) and 
association (konMem) was calculated as the ratio of koffMem and Kd with Kd = (0.8e−3 * exp(Vm + 66)/31.6). Magnesium (Mg2+): association rate constant (konMg) was calculated with 
the following equation: (426 * exp[Vm/55])/(1 + 91.3 * exp[Vm/21.0]) and dissociation rate constant (koffMg) with 61.8e−3 * exp(−Vm/50.0) + 4280e−3 * exp(Vm/52.7), according 
to Kotermanski et al.6 NMDA-mediated current was calculated as INMDA

 = nbNMDA × I0.
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Supplementary figure 2 Paired pulse facilitation of NMDAR response.
Notes: Open probability of NMDAR in response to a single or a paired pulse application of 1 mM glutamate for 1 ms, with an interval between pulses of 10 ms, in the pres-
ence of 100 µM glycine and in absence of Mg2+. The ration of peak open probabilities between the second and the first pulse was 1.32.
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