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SUPPLEMENTAL MATERIAL 

 

SUPPLEMENTAL MATERIALS AND METHODS 

Data Acquisition: Concentration-inhibition data were measured in the continuous presence of 

either 0 or 1 mM Mg2+
o during application of 1 mM glutamate and 100 μM glycine (“agonists”) 

with serial application of 5 concentrations of either memantine or ketamine ranging from 0 to up 

to 1 mM (see Figs. 1 and 2).  A subsequent agonist application always was made, and data were 

rejected if the steady-state response to agonists following blocker washout did not recover to at 

least 70% of the response to agonists that preceded blocker application.  Concentration-inhibition 

curve measurements were started with a 30-s application of agonists alone to allow the response 

to reach a stable amplitude, followed by application of agonists with increasing concentrations of 

blocker, each for 20 s or 30 s.  To evaluate whether use of 20-s rather than longer blocker 

applications could have led to significant errors in IC50 estimates, the time constant (τ) of 

inhibition was estimated using single exponential fits.  In 62 of the 64 NMDAR subtype-blocker 

concentration combinations used here, 20 s was over 3 times the τ of response decay during 

inhibition, suggesting responses achieved a nearly steady-state value.  The remaining two cases 

were inhibition of NR1/2D receptors by 0.1 μM ketamine in 0 Mg2+
o (τ = 11.0 ± 0.7 s), and by 1 

μM ketamine in 1 mM Mg2+
o (τ = 6.8 ± 0.8 s).  We examined possible errors in the case of the 

slowest inhibition (0.1 μM ketamine, NR1/2D receptors, 0 Mg2+
o).  Extrapolation of the 

measured value of IKet/ICon at 20 s (0.87 ± 0.01) to the steady state value assuming a single 

exponential decay with  τ = 11.0 s yielded an IKet/ICon of 0.85.  When concentration-inhibition 

curves for NR1/2D receptors were fit using the extrapolated rather than measured values of 

IKet/ICon at 0.1 μM ketamine, an IC50 of 0.79 ± 0.5 μM for NR1/2D receptors was determined.  
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This value is not significantly different from the IC50 (0.83 ± 0.2 μM) determined using the 

values of IKet/ICon measured at 20 s.  Thus, it is likely that our use of 20 s blocker applications 

yielded accurate IC50 estimates.  

 

Model of memantine and ketamine binding in the absence and presence of Mg2+
o.  Generation of 

the curves in Fig. 3 required estimation of the voltage dependence of the IC50s of memantine and 

ketamine for each NMDAR subtype in 0 and in 1 mM Mg2+
o.  A Mg2+

o concentration of 1 mM 

was chosen because it is near the physiological concentration in cerebro-spinal fluid in both rat 

(Jeong et al., 2006) and human (Cottrell and Smith, 2001).  In 0 Mg2+
o, plots of memantine and 

ketamine IC50s were based on the IC50 values measured at −66 mV (Table 1) and previously 

published data on the voltage dependence of memantine and ketamine.  Based on 9 values we 

found or calculated from published data (Bresink et al., 1996; Frankiewicz et al., 1996; Blanpied 

et al., 1997; Chen and Lipton, 1997; Sobolevsky et al., 1998; Parsons et al., 1999; Aracava et al., 

2005; Chen and Lipton, 2005; Wrighton et al., 2008), the mean ± SD number of mV for an e-fold 

change in the IC50 of memantine is 32.9 ± 1.9 mV.  For Fig. 3 we used 31.5 mV because the 

value was measured in this lab (Blanpied et al., 1997) under conditions similar to those used 

here.  Compared to inhibition of other NMDARs, memantine inhibition of NR1/2D receptors has 

both been found slightly stronger (mV for e-fold change: 33 (NR1/2A), 33 (NR1/2B), 30 

(NR1/2D); (Bresink et al., 1996)) and weaker (mV for e-fold change: 30.1 (NR1/2A), 40.8 

(NR1/2D); (Wrighton et al., 2008).)  To generate the curves shown in Fig. 3, we made the simple 

assumption that memantine inhibits NR1/2A and NR1/2D receptors with equal voltage 

dependence (e-fold for 31.5 mV). 
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 We found fewer and more variable published measurements of the voltage dependence of 

ketamine’s IC50 (MacDonald et al., 1987; Mayer et al., 1988; Halliwell et al., 1989).  The mean ± 

SD number of mV for an e-fold change in ketamine IC50 is 35.1 ± 10.4 mV.  The voltage 

dependences of NMDAR inhibition by memantine and ketamine have been found to be similar 

(Parsons et al., 1993).  Because the range of published values of ketamine and memantine 

voltage dependencies overlap, we used the same value for the voltage dependence of ketamine as 

for memantine (e-fold change for 31.5 mV).  The equation used to estimate the IC50 of 

memantine and ketamine in 0 Mg2+
o thus was:  

 IC50(Vm) = IC50(−66 mV) * exp((Vm + 66)/(31.5)) 

where Vm is in mV, and the value of IC50(−66 mV) for each blocker and NMDAR subtype is the 

0 Mg2+
o value given in Table 1.  In this equation IC50 has a single exponential dependence on 

Vm.  Although the voltage dependence of NMDAR inhibition by channel blockers is likely to be 

more complex (Antonov et al., 1998; Antonov and Johnson, 1999; Zhu and Auerbach, 2001a, b), 

a single-exponential provides a reasonable and widely-used approximation.  

 To generate the curves in Fig. 3 that describe voltage dependence of memantine and 

ketamine IC50s in 1 mM Mg2+
o, competition of memantine or ketamine with Mg2+

o was modeled.  

Based on evidence that channel blocker binding sites overlap (Lerma et al., 1991; MacDonald et 

al., 1991; Kashiwagi et al., 2002; Chen and Lipton, 2005), we used a simple model in which 

Mg2+
o and the other blockers cannot bind simultaneously, but otherwise Mg2+

o does not affect 

memantine or ketamine binding.  Schematically:  

          KB 
 R* + Mg2+

o + B    ↔    R*B 

 

↕ KMg     Model 1 
 

         R*Mg2+
o  
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where R* is the NMDAR in the open, conducting state, B is memantine or ketamine, R*B and 

R*Mg2+
o are NMDARs with channels blocked, and KB and KMg are equilibrium dissociation 

constants (KDs) for B and for Mg2+
o, respectively.  Using this model, the IC50 of blocker B 

(IC50(B, Mg2+
o))in a constant concentration of Mg2+

o ([Mg2+]o) is: 

IC50(B, Mg2+
o) = KB (1 + [Mg2+]o/KMg).  

Model 1 does not incorporate closed or closed-blocked (including desensitized) states of 

the NMDAR.  The model’s predictions of blocker IC50 nevertheless will be identical to those of 

any model (even with an arbitrarily complex set of closed states) in which each of the equilibria 

between closed states is the same in unblocked and blocked channels (Johnson and Qian, 2002).  

Previous data suggest that Mg2+
o has essentially no (Sobolevsky and Yelshansky, 2000; Qian et 

al., 2002; Qian et al., 2005), or relatively little (Kampa et al., 2004; Vargas–Caballero and 

Robinson, 2004), effect on equilibria between closed states.  Memantine and other large channel 

blockers in general do appear to affect the equilibria between closed states (Johnson and Qian, 

2002).  However, effects of channel blockers on agonist binding would be unimportant because 

saturating concentrations of agonists were used, and the effects of memantine on gating 

equilibria has been estimated to be small (Blanpied et al., 1997).  We have not found studies that 

address the effects of ketamine on equilibria between closed states, but the observation that 

ketamine is easily trapped by NMDARs (Mealing et al., 1999) suggests that it has weaker effects 

on closed channel equilibria than memantine (Blanpied et al., 1997).  Memantine can inhibit 

NMDARs at two different sites (Blanpied et al., 1997; Sobolevsky and Koshelev, 1998; Chen 

and Lipton, 2005); for simplicity, only the site with lower IC50 is included in Model 1.  

 IC50s of memantine and ketamine in 0 Mg2+
o are used as estimates of KB.  In general, 

values of IC50 and KD may differ strongly (Colquhoun, 1998).  However, the IC50 of a channel 
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blocker provides an accurate estimate of its equilibrium dissociation constant if, as discussed 

above, the blocker does not affect equilibria between closed states (Johnson and Qian, 2002).  

Note that the IC50 and KD of Mg2+
o have very similar values (Qian et al., 2002; Qian et al., 2005).   

 Calculation of the voltage dependence of the IC50 of memantine and ketamine in 1 mM 

Mg2+
o using Model 1 required quantitative estimates of the magnitude and voltage dependence of 

KMg.  Previous work has shown that the properties of Mg2+
o inhibition of NR1/2A and NR1/2B 

receptors are similar, and also that properties of Mg2+
o inhibition of NR1/2C and NR1/2D 

receptors are similar (Monyer et al., 1994; Kuner and Schoepfer, 1996).  KMg values for NR1/2A 

and NR1/2B receptors were calculated using a model based on Mg2+
o microscopic rate constants 

measured in cortical NMDARs composed of NR1, NR2A, and NR2B subunits (Antonov and 

Johnson, 1999).  KMg values for NR1/2C and NR1/2D receptors were calculated using a model 

based on Mg2+
o microscopic rate constants measured in HEK cells transfected with NR1 and 

NR2D subunits (Qian and Johnson, 2006).  Both models were developed in this lab.  Because 

Mg2+ can permeate NMDAR channels, KMg is not a true equilibrium dissociation constant, but is 

functionally equivalent for the purposes of the models developed here.  

KMg was calculated as: 

KMg(Vm)  = (outward unbinding rate + inward unbinding rate)/(binding rate)  

Rates used to calculate KMg(Vm) for NR1/2A and NR1/2B receptors were (Vm in mV):  

Outward unbinding (s−1) = 4280 exp(Vm/52.7)  

Inward unbinding (s−1) = 61.8 exp(−Vm/50.0)  

Binding (μM−1s−1) = (42.6 exp(Vm/55))/(1 + 91.3 exp(Vm/21.0)) 

Rates used to calculate KMg(Vm) for NR1/2C and NR1/2D receptors were (Vm in mV): 

Outward unbinding (s−1) = (4320 exp(Vm/38.7) + 8070 exp(Vm/27.4))/(1 + 0.00808 exp(Vm/94.0))  
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Inward unbinding (s−1) = 556 exp(−Vm/68.7)/(1 + 0.00808 exp(Vm/94.0)) 

Binding (μM−1s−1) = 105 exp (−Vm/137)/(1 + 471 exp(Vm/16.9))  

 Model IC50 for each NMDAR subtype at −66 mV (see Table 1) was calculated as:  

Model IC50 = IC50(B, 0 Mg2+
o,−66 mV) * (1 + 1/KMg(−66 mV)) 

where IC50(B, 0 Mg2+
o,−66 mV) is the measured memantine or ketamine IC50 in 0 Mg2+

o at −66 

mV (Table 1) and KMg(−66 mV), in mM, is calculated as described above.  KMg(−66 mV) values 

were 0.0508 mM (NR1/2A, NR1/2B receptors) and 0.183 mM (NR1/2C, NR1/2D receptors).  

 Equivalent Mg2+
o concentration for each NMDAR subtype at −66 mV (see Fig. 3) was 

calculated as:  

Equivalent [Mg2+]o = KMg(−66 mV) * (IC50(B, 1 Mg2+
o,−66 mV) / IC50(B, 0 Mg2+

o,−66 mV) – 1)  

where IC50(B, 1 Mg2+
o, −66 mV) is the measured IC50 of memantine or ketamine in 1 mM Mg2+

o 

at −66 mV.  The calculated equivalent Mg2+
o concentrations (in mM) for memantine were: 

NR1/2A, 0.80; NR1/2B, 0.88; NR1/2C, 0.38; NR1/2D, 0.41.  The equivalent Mg2+
o 

concentrations (in mM) for ketamine were: NR1/2A, 0.77; NR1/2B, 0.78; NR1/2C, 0.24; 

NR1/2D, 0.47.    

 

SUPPLEMENTAL TEXT   

There is considerable evidence for expression of NR2C and NR2D subunits in the adult 

mammalian hippocampus and cortex (Monyer et al., 1994; Akbarian et al., 1996; Standaert et al., 

1996; Wenzel et al., 1996; Dunah et al., 1998; Fleidervish et al., 1998; Munoz et al., 1999; 

Thompson et al., 2002; Lozovaya et al., 2004; Binshtok et al., 2006; Karavanova et al., 2007).  
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SUPPLEMENTAL TABLE 1  

Comparison of measured and predicted memantine and ketamine IC50s at −66 and −26 mV 

 NMDAR Subtype 
NR1/2A NR1/2D 

Drug  
 

Exp IC50 Model IC50 
 

−26 mV 

Exp IC50 Model IC50 
 

−26 mV −66 mV −26 mV −66 mV −26 mV 

Memantine 13.4 ± 1.3 6.34 ± 0.68 4.94 1.76 ± 0.06 3.46 ± 0.20 2.08 

Ketamine 5.35 ± 0.34 3.15 ± 0.47 2.01 2.95 ± 0.02 3.07 ± 0.19 3.24 

 

All IC50 values (in μM) in the presence of 1 mM Mg2+
o.  Exp (Experimental) IC50s (IC50 values 

measured by fitting concentration-inhibition curves; see Materials and Methods) are given as 

mean ± standard error (estimated during non-linear curve fitting by Origin), and are based on 

measurements from 3-4 cells for each condition.  Exp IC50 values at −66 mV are repeated from 

Table 1 to facilitate comparison.  Model IC50s at −66 mV are not shown because they are 

identical to measured IC50s.   
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