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Abstract

w 2qxNMDA receptor antagonists reduced NMDA-triggered increases in Ca measured by fura-2 and showed qualitative differences ini
w 2qxthe potency and kinetics of block. High potency antagonists produced a slow block which allowed an initial increase in Ca that wasi

greater than the steady-state level, while compounds with moderate to low potency produced a rapid block that was at steady-state from
the first measurement. The more potent antagonists showed the slowest unblocking rates. Using this simple method, novel NMDA
antagonists can be screened to ascertain potency, kinetics of block and relative toxicity, prior to animal testing.
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1. Introduction

High-affinity uncompetitive NMDA receptor antago-
nists like MK-801 bind within the activated NMDA-gated
ion channel and impede the flow of Ca2q into neurons.
Significant neurobehavioral side effects limit the therapeu-
tic value of these high-affinity, uncompetitive antagonists
Ž .Kemp et al., 1987 . In contrast, low-affinity, uncompeti-
tive NMDA receptor antagonists, like memantine, have
reduced toxicities, possibly due to faster rates of unblock-

Ž .ing and equilibrium block Rogawski, 1993 . Likewise, the
low-affinity uncompetitive NMDA receptor antagonists,

Ž Ž .ARL 15896AR formerly FPL 15896AR; S -a-phenyl-2-
.pyridine-ethanamine dihydrochloride and the desglycinyl

Žmetabolite ARL 12495AA; 1,2-diphenyl-2-propylamine
. Žmonohydrochloride; DGR of remacemide HCl ARL

Ž1 2 9 2 4 A A ; 2 - a m i n o - N - 1 - m e t h y l - 1 , 2 -
. .diphenylethyl acetamide hydrochloride , block NMDA-in-

duced toxicity in cortical cultures, and rapidly reduce
w 2qx ŽNMDA-induced increases in Ca Black et al., 1995,i

. w 2qx1996 . This rapid block of the Ca response differsi

from the high-affinity antagonists which exhibit a slower
w 2qx Žblock of the NMDA-induced rise in Ca Black et al.,i

) Ž . Ž .Corresponding author. Tel.: 1-613 993-9212; Fax: 1-613 941-4475.

.1996 . The slow blocking rate of MK-801 allows signifi-
cant Ca2q influx such that very high concentrations of
MK-801 are required to completely block NMDA-tri-

w 2qxggered Ca responses, producing long-lasting, maximali
Ž .blockade of the channel Kemp et al., 1987 .

In this report we describe a simple system to determine
the kinetics of block of uncompetitive NMDA receptor
antagonists to facilitate screening novel compounds. We
show that there is an inverse relationship between the
high- and low-affinity uncompetitive NMDA receptor an-

w 2qxtagonists and their rates of block of NMDA-induced Ca i

responses.

2. Materials and methods

2.1. Reagents

We purchased MK-801, ketamine, dextrorphan, dex-
tromethorphan and NMDA from Research Biochemicals

Ž .International Natick, MA, USA , memantine from Tocris
Ž . ŽŽ .Cookson St. Louis, MO, USA and obtained ADCI " -

w x5-aminocarbonyl-10,11-dihydro-5H-dibenzo a,d cyclo-
. Ž .hepten-5,10-imine and PCA 1-phenylcyclohexylamine

Ž .from Dr. A. Thurkauf Neurogen, Branford, CT, USA and
desglycinyl remacemide, ARL 15896AR and ARL
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Ž16247AA the same chemical structure as CNS-1102; Cer-
Ž . X Ž . X Žestat; N- 1-napthyl -N - 3-ethylphenyl -N - methylguani-

.. Ž .dine from Astra Arcus USA Rochester, NY, USA .

2.2. Cortical neurons

E18 rat cortical neurons were cultured as described
Ž .previously Black et al., 1996 . Experiments were per-

formed on cultures following 12–15 days in vitro.

[ 2 q]2.3. Ca measurementi

w 2qx 2qCa was determined using the Ca -sensitive indica-i
Ž .tor fura-2 as described previously Black et al., 1995 .

w 2qxCa determinations were performed on cells grown oni

glass coverslips in a chamber perfused at 0.9 mlrmin. The
clearance time of the chamber was about 15 s. To assess
the qualitative and quantitative block, and kinetics of
action of uncompetitive NMDA receptor antagonists on

w 2qxthe NMDA-triggered Ca response, cultures were ex-i

Ž .posed to NMDA 40 mM for 60 s, then perfused with
Ž . w 2qxNMDA-free buffer bath for 3–7 min during which Ca i

returned to near resting levels and then reperfused with
Ž .NMDA-free buffer control; Fig. 1A or with antagonists

for 2–3 min. The cells were then reexposed to 40 mM
NMDA for varying times, in the presence or absence of
antagonists. In controls, the amplitude of the second

w 2qx ŽNMDA-evoked rise in Ca was not significantly P)i
.0.05 different from the first.

2.4. Calculations

To measure the magnitude of the antagonist-mediated
w 2qxinhibition of the NMDA-induced Ca response, thei

Ž . Žratios R of the magnitudes of the second NMDAqdrug;
. Ž .S compared to the first NMDA alone; S NMDA-tri-2 1

w 2qx Ž .ggered Ca surges S rS were determined followingi 2 1
w 2qxsubtraction of the baseline Ca level for S and thei 1

w 2qx Ž .prestimulation Ca level for S Black et al., 1995 .i 2

The fractional block of each concentration of antagonist

w 2qxFig. 1. Effect of NMDA receptor antagonists on NMDA-triggered Ca responses. A: Control: Neurons were stimulated with 40 mM NMDA, washedi
Ž .bath , and restimulated with 40 mM NMDA. B: Neurons were treated with 40 mM NMDA, washed and then perfused with buffer containing 5 mM

Ž .memantine. The cultures were then reexposed to 40 mM NMDA in the presence of memantine. C: The neurons were treated as in B except with 0.1 mM
Ž .MK-801. D: The neurons were treated as in B except with 100 mM ADCI. The results are representative experiments replicated 5–10 times.
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Žwas calculated according to the formula Bs R y0
. w 2qxR rR where R and R are the NMDA-induced CaD 0 O D i

increase in the absence and presence of drug, respectively.
Concentration-response curves were fit to a sigmoid curve

Ždetermined by the following equation: ys100r 1q
Ž .bxrc , where b is the slope parameter, c is the inflexion
point, y is the percent block and x is the concentration of
drug tested.

2.5. Kinetic analysis

To determine antagonists’ on- and off-rates, the de-
w 2qxcrease in Ca following exposure to NMDA in thei

presence of the antagonist was fit to a single exponential
Ž .based on the following equation: fsa exp ybx , where a

Žis the response amplitude at times0 i.e., the peak of the
w 2qx . w 2qxinitial NMDA-evoked rise in Ca , and Ca de-i i

creases with a time constant, ts1rb. To determine the
Ž . Ž .on- k and off-rates k of these compounds, t was1 y1

plotted vs. concentration. The on-rate was estimated from
the slope and the off-rate was taken as the y-axis intercept.

Ž .The time s of these compounds at the IC was deter-on 50
w Ž .xy1mined from the equation: time s k q k = ICon y1 1 50
Ž .as described by Jones and Rogawski 1992 .

3. Results

[ 2 q]3.1. Block of NMDA-triggered Ca responsesi

Memantine, a low-affinity antagonist, reduced the peak
w 2qxNMDA-induced Ca to a suprabasal plateau level fori

Žas long as NMDA and the antagonist were perfused Fig.
.1B as did the low-affinity antagonists ARL 15896AR

Ž . ŽBlack et al., 1995 and desglycinyl remacemide Black et
.al., 1996 . A second pattern of blockade was observed with

Ž .the high-affinity antagonists, MK-801 0.1 mM; Fig. 1C ,
Ž . ŽPCP 1–10 mM; data not shown and ARL 16247AA 1

. w 2qxand 5 mM; data not shown . All allowed an initial Ca i

spike followed by a drop to, or near, baseline levels. The
w 2qxpeak initial NMDA-evoked rise in Ca and the rate ofi

w 2qxdecrease of the amplitude of the NMDA-triggered Ca i

response were dependent on antagonist concentration. A
third pattern, produced by the high-, intermediate- and

Žlow-affinity NMDA receptor antagonists ADCI 100 mM;
. Ž .Fig. 1D , PCA 10 and 50 mM; data not shown , ketamine

Ž . Ž1–100 mM; data not shown , dextrorphan 1–10 mM;
. Ždata not shown and dextromethorphan 1–100 mM; data

.not shown , consisted of two phases of block. There was
w 2qxan initial Ca spike that rapidly dropped to a lower, buti

still suprabasal plateau level, the rate of which was depen-
dent on the concentration of the antagonist. The amplitude

w 2qxof the plateau Ca level was also dependent on antago-i

nist concentration.

3.2. Potency of block

The IC for each NMDA receptor antagonist was50

determined from the S rS ratios. For low-affinity antago-2 1
Žnists, S was calculated at the plateau of the response at2

.100–300 s . For high-affinity antagonists, where a plateau
was not observed, S was calculated at 300 s after the2

second NMDA application, such that the potency of these

Table 1
Experimental and published IC values and values of binding affinities of NMDA antagonists50

Ž . Ž . Ž .Compound IC mM peak IC mM plateau IC peakrplateau Literature values50 50 50

Ž . Ž .IC mM Binding affinities mM50

b i a,i fMK-801 3.25 0.11 29.5 0.021 , 0.14 0.003 , 0.010
c aARL 16247AA 5.33 0.17 31.4 0.028 0.037

i e iPCP 25.8 0.76 34.0 1.0 0.063 , 0.5

i aDextrorphan 6.93 0.75 9.2 1.3 0.17
e b,ePCA 3.99 1.5 2.7 2.0 0.53
i f i fKetamine 5.22 3.0 1.7 1.6 , 9 0.2 , 1.0

g i a gDextromethorphan 10.6 6.4 1.7 6 , 6.1 1.5 , 1.3
b aADCI 134.2 33.7 4.0 14 9.3

d a dDGR 8.1 8.1 1.0 0.7 , 0.48 1.1
h i i aMemantine 4.1 4.1 1.0 1.2 , 2.3 0.7 , 0.54

ARL 15896AR 52.5 52.5 1.0 NR NR

a Ž . b Ž . c Ž . d Ž .Rogawski 1993 , NMDA-induced current. Jones and Rogawski 1992 , NMDA-induced current. Gamzu 1994 . Subramaniam et al. 1996 ,
e Ž . f Ž . g Ž .NMDA-induced current. Rogawski et al. 1992 , NMDA-induced current. MacDonald et al. 1987 , NMDA-induced current. Church et al. 1994 ,

w 2qx h Ž . i Ž .NMDA-induced current and NMDA-induced increase in Ca . Chen et al. 1992 , NMDA-induced current. Parsons et al. 1995 , NMDA-inducedi

current. NRsnot reported.
w 2qxIC values for the various NMDA antagonists were calculated for the peak and plateau phases of block of NMDA-induced Ca responses. Published50 i

IC and binding affinity values are also given for each NMDA antagonist. The literature values for binding affinities are only roughly comparable since50

experimental conditions differ.
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Table 2
Experimental and published values for the kinetics of block by NMDA receptor antagonists.

Compound k k k Time Literature values1 y1 d on
6 y1 y1Ž . Ž . Ž . Ž .=10 rMs s k rk at IC sy1 1 50 k k k Time1 y1 d on

6 y1 y1Ž . Ž . Ž . Ž .=10 rMs s k rk at IC sy1 1 50

c,e a a,d e a c a,cMK-801 0.0039 0.0081 2.08 117.8 0.027 , 0.04 0.005 , 0.003 0.125 86 , 34
ARL 16247AA 0.0105 0.0034 0.32 191.3 NR NR NR NR

a e e a a e aPCP 0.0069 0.0046 0.67 94.3 0.014 , 0.035 0.037 , 0.05 3.6 , 1.1 13.8
a a a aDextrorphan 0.0040 0.043 10.75 21.6 0.035 0.075 2.14 4.8
b b b bPCA 0.0029 0.063 21.72 14.7 0.023 0.06 2.60 9.7

a a a aKetamine 0.0025 0.080 32.00 11.4 0.09 0.075 0.8 1.02
a a a aDextromethorphan 0.0061 0.041 6.72 16.6 0.03 0.18 6.0 2.13

c c c cADCI 0.0001 0.033 330.0 27.6 0.00056 0.017 30.36 40

a Ž . b Ž . c Ž . d Ž . e Ž .Parsons et al. 1995 . Rogawski et al. 1992 . Jones and Rogawski 1992 . Subramaniam et al. 1996 . MacDonald et al. 1991 . NRsnot
reported.

compounds would be underestimated. For NMDA receptor
antagonists which displayed two phases of block, IC50

values were calculated for each phase of the block. All
w 2qxantagonists blocked NMDA-triggered Ca responses ini

a concentration-dependent manner. The calculated IC50

values are summarized in Table 1. The rank order of
potency, MK-801)ARL 16247AA)PCPsdextrorphan
)PCAGketamineG
memantine)dextromethorphan)

desglycinyl remacemide)ADCI)ARL 15896AR was
similar to the reported rank order of binding affinities,
MK-801 ) ARL 16247AA ) PCP ) dextrorphan ) PCA
G desglycinyl remacemide G memantine ) ketamine G

Ž .dextromethorphan)ADCI for References, see Table 1 .
w 2qxIC values for the initial Ca response were also50 i

calculated for the NMDA receptor antagonists which
w 2qxshowed a rapid block of the initial Ca spike. Thei

w 2qxpercent block of the Ca response was calculated at thei

peak response, following application of NMDA in the
presence of the antagonist. The ratio of the IC values50
Ž .peakrplateau was much less for the low-affinity antago-
nists ADCI, PCA, ketamine and dextromethorphan than
for the high-affinity antagonists MK-801, PCP and ARL
16247AA. Since desglycinyl remacemide, ARL 15896AR
and memantine produced steady-state blockade from the

w 2qxonset of the Ca response, their IC ratios are 1.i 50

3.3. Kinetics of block

For ARL 15896AR, desglycinyl remacemide and me-
mantine, steady-state block was reached more rapidly than
the temporal resolution limit of these experiments. NMDA
receptor antagonists which displayed slower kinetics re-

w 2qxduced the NMDA-induced rise in Ca at a rate whichi

could be fit with a single exponential. The values for the
on- and off-rates of these antagonists are summarized in
Table 2. The rates of block obtained in this study are
compared to published values from electrophysiological
studies measuring the potency and rates of block on
NMDA-evoked currents. The rank order of k rates isy1

similar to that of time rates, while k rates do noton 1
Ž .correlate with time rates Table 2 .on

4. Discussion

In this report, we compare the kinetics of block and
potency of uncompetitive NMDA antagonists in blocking

w 2qxNMDA-triggered increaes in Ca in rat cortical neu-i

rons. Our data suggest that the effects of antagonists at the
NMDA receptor ion channel can be evaluated qualitatively

Ž .and quantitatively by this method. The IC values plateau50
w 2qxfor the block of NMDA-induced Ca responses by thei

NMDA receptor antagonists compare favourably to values
Ž .reported previously Rogawski, 1993 . Furthermore, the

rank order of potency of the antagonists was similar to the
reported rank order of affinities of these compounds.
Moreover, we show the kinetics of block of the NMDA-in-

w 2qxduced increase in Ca by several antagonists was simi-i
Ž .lar within one order of magnitude to the kinetics of block

of NMDA-evoked currents. Therefore, the action of these
w 2qxantagonists in blocking the NMDA-induced rise in Ca i

can provide an approximation of the events occurring at
the level of the membrane. Some of the differences in
potency may be attributed to the voltage dependence of
compounds and whether they were determined under volt-
age-clamp conditions. In this study, membrane potential
was not controlled.

The rates of block and unblock by NMDA receptor
antagonists are a function of their binding affinities
Ž .Rogawski, 1993 . Antagonists with the highest affinities
exhibited the slowest rate of block. The time at the ICon 50

for these antagonists was 7 times slower than for the
low-affinity antagonists, ADCI, ketamine, PCA, dex-
tromethorphan and dextrorphan. The time is a reflectionon

Ž . Ž .of both the blocking k and unblocking k rate con-1 y1
Žstants. Like others MacDonald et al., 1991; Parsons et al.,

.1995 , we found that differences in reverse rate constants
appear to account for differences in the potency of the
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NMDA antagonists. Those antagonists which had ky1

values in the range of 0.003–0.008 sy1, i.e., MK-801,
ARL 16247AA and PCP, exhibited the slowest block of

w 2qxthe NMDA-induced Ca rise. Kinetics could not bei

resolved for the low-affinity antagonists, ARL 15895AR,
desglycinyl remacemide and memantine, because they were
beyond the limits of temporal resolution. The rapid block
by memantine is consistent with its rapid kinetics in

Žwhole-cell and single-channel recordings Chen et al.,
.1992; Parsons et al., 1993, 1995 .

The high-affinity antagonists, MK-801, ARL 16247AA
and PCP, displayed the slowest and most potent block
Ž .with IC values at the plateau -1 mM . They exhibited50

a narrow range of concentrations where they could modu-
late, rather than completely block, the NMDA channel. At
concentrations near their IC values, they blocked the50

w 2qxNMDA-induced rise in Ca slowly, allowing a signifi-i
w 2qxcant Ca increase while at concentrations 2–3-foldi

above their IC values, they completely blocked the re-50

sponse to NMDA. In addition, even at concentrations that
w 2qxproduced complete blockade, an initial Ca increasei

occurred which lasted many seconds. In order to reduce
Žthis initial spike, very high concentrations were used the

IC values at the peak were about 30-fold greater than the50
.IC values at the plateau . By contrast, the effective range50

of block by low-affinity antagonists was broader; the
concentration of antagonist that reduced the NMDA-evoked
w 2qxCa response to near basal levels was approximatelyi

Ž .10-fold greater than their IC values plateau . Moreover,50

the difference between the IC values at the initial peak50

and the plateau was smaller for the low-affinity than the
high-affinity antagonists.

The present report demonstrates that uncompetitive
NMDA receptor antagonists can be easily screened by
measuring their kinetics of block of NMDA-induced in-

w 2qxcreases in Ca . Although a limitation of this method isi

that kinetics of block for low-affinity antagonists showing
a rapid rate of block cannot be determined, we demonstrate
that high-affinity antagonists blocked the NMDA-induced
w 2qxCa increase more slowly, and exhibited a narroweri

range of effective block than low- and intermediate-affin-
ity antagonists.

Acknowledgements

We thank Drs. Eric Harris and Dorothea Sanchez for
helpful discussions. M.B. was supported by Astra Arcus
USA. We acknowledge support from the CanadarAstra
Fight Stroke Program funded by the National Research

ŽCouncil of Canada and Astra Arcus USA formerly Fisons
.Pharmaceuticals .

References

Black, M.A., R. Tremblay, G. Mealing, R. Ray, J.P. Durkin, J.F. Whit-
field, J. Blosser and P. Morley, 1995, N-Methyl-D-aspartate- or
glutamate-mediated toxicity in cultured rat cortical neurons is antago-
nized by FPL 15896AR, J. Neurochem. 65, 2170.

Black, M.A., R. Tremblay, G.A.R. Mealing, J.P. Durkin, J.F. Whitfield
and P. Morley, 1996, The desglycinyl metabolite of remacemide
hydrochloride is neuroprotective in cultured rat cortical neurons, J.
Neurochem. 66, 989.

Chen, H.S.V., J.W. Pellegrini, S.K. Aggarwal, S.Z. Lei, S. Warach, F.E.
Jensen and S.A. Lipton, 1992, Open-channel block of N-methyl-D-

Ž .aspartate NMDA responses by memantine: therapeutic advantage
against NMDA receptor-mediated toxicity, J. Neurosci. 12, 4427.

Church, J., D. Sawyer and J.G. McLarnon, 1994, Interactions of dex-
tromethorphan with the N-methyl-D-aspartate receptor-channel com-
plex: single channel recordings, Brain Res. 666, 189.

Gamzu, E., 1994, Cerestat in the treatment of acute cerebral ischemia and
traumatic brain injury. International Business Communications 3rd
Annual Advances in the Understanding and Therapy of Ischemic
Stroke, Southborough, MA, p. 86.

Ž .Jones, S.M. and M.A. Rogawski, 1992, The anticonvulsant " -5-
w xaminocarbonyl-10,11-dihydro-5H-dibenzo a,d cyclohepten-5,10-imine

Ž .ADCI selectively blocks NMDA-activated current in cultured rat
hippocampal neurones: kinetic analysis and comparison with di-
zocilpine, Mol. Neuropharmacol. 2, 303.

Kemp, J.A., A.C. Foster and E.H.F. Wong, 1987, Non-competitive
antagonists of excitatory amino acid receptors, Trends Neurosci. 10,
294.

MacDonald, J.F., Z. Miljkovoc and P. Pennefather, 1987, Use-dependent
block of excitatory amino acid currents in cultured neurons by
ketamine, J. Neurophysiol. 58, 251.

MacDonald, J.F., M.C. Barlett, I. Mody, P. Pahapill, J.N. Reynolds,
M.W. Salter, J.H. Schneiderman and P.S. Pennefather, 1991, Actions
of ketamine, phencyclidine and MK- 801 on NMDA receptor currents
in cultured mouse hippocampal neurones, J. Physiol. 432, 483.

Parsons, C.G., R. Gruner, J. Rozental, J. Millar and D. Lodge, 1993,
Patch clamp studies on the kinetics and selectivity of N-methyl-D-

Žaspartate receptor antagonism by memantine 1-amino-3,5-dimethyl-
.adamantan , Neuropharmacology 32, 1337.

Parsons, C.G., G. Quack, I. Bresink, L. Baran, E. Przegalinski, W.
Kostowski, P. Krzascik, S. Hartmann and W. Danysz, 1995, Compari-
son of the potency, kinetics and voltage- dependency of a series of
uncompetitive NMDA receptor antagonists in vitro with anticonvul-
sive and motor impairment activity in vivo, Neuropharmacology 34,
1239.

Rogawski, M.A., 1993, Therapeutic potential of excitatory amino acid
antagonists: channel blockers and 2,3-benzodiazepines, Trends Phar-
macol. Sci. 14, 325.

Rogawski, M.A., S. Yamaguchi, P.A. Blake, S.M. Jones, M.C. Bieda,
B.R. De Costa and A. Thurkauf, 1992, Anticonvulsant 1-phenyl-
cycloalkylamine analogs: uncompetitive NMDA antagonists with low
motor toxicity, in: Multiple Sigma and PCP Receptor Ligands: Mech-
anisms for Neuromodulation and Neuroprotection?, eds. J.-M. Ka-

Ž .menka and E.F. Domino NPP Books, MI p. 747.
Subramaniam, S., S.D. Donevan and M.A. Rogawski, 1996, Block of the

N-methyl-D-aspartate receptor by remacemide and its des-glycine
metabolite, J. Pharmacol. Exp. Ther. 276, 161.


