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1 Subunit-selective blockade of N-methyl-D-aspartate (NMDA) receptors provides a potentially
attractive strategy for neuroprotection in the absence of undesirable side e�ects. Here, we describe a
novel NR2B-selective NMDA antagonist, 4-{3-[4-(4-¯uoro-phenyl)-3,6-dihydro-2H-pyridin-1-yl]-2-hy-
droxy-propoxy}-benzamide (Ro 8-4304), which exhibits 4100 fold higher a�nity for recombinant
NR1001/NR2B than NR1001/NR2A receptors.

2 Ro 8-4304 is a voltage-independent, non-competitive antagonist of NMDA receptors in rat cultured
cortical neurones and exhibits a state-dependent mode of action similar to that described for ifenprodil.

3 The apparent a�nity of Ro 8-4304 for the NMDA receptor increased in an NMDA concentration-
dependent manner so that Ro 8-4304 inhibited 10 and 100 mM NMDA responses with IC50s of 2.3 and
0.36 mM, respectively. Currents elicited by 1 mM NMDA were slightly potentiated in the presence of
10 mM Ro 8-4304, and Ro 8-4304 binding slowed the rate of glutamate dissociation from NMDA
receptors.

4 These results were predicted by a reaction scheme in which Ro 8-4304 exhibits a 14 and 23 fold
higher a�nity for the activated and desensitized states of the NMDA receptor, respectively, relative to
the agonist-unbound resting state. Additionally, Ro 8-4304 binding resulted in a 3 ± 4 fold increase in
receptor a�nity for glutamate site agonists.

5 Surprisingly, whilst exhibiting a similar a�nity for NR2B-containing NMDA receptors as ifenprodil,
Ro 8-4304 exhibited markedly faster kinetics of binding and unbinding to the NMDA receptor. This
spectrum of kinetic behaviour reveals a further important feature of this emerging class of NR2B-
selective compounds.
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Introduction

N-methyl-D-aspartate (NMDA) receptor over activation is

thought to play a pivotal role in ischaemia-induced
neurodegeneration. A wide variety of NMDA receptor
antagonists have been identi®ed that act at several di�erent
sites on the receptor which a�ord protection in in vivo models

of cerebral ischaemia (Kemp & Kew, 1998). Although the
neuroprotective ability of many of these compounds is well
established, many exhibit associated side e�ects or lack of

e�cacy at tolerable dosing levels which has prevented their
clinical development (Kemp & Kew, 1998).

Native NMDA receptors are believed to be heteromeric

assemblies containing NMDAR1 subunits together with one
or more of the four NR2 subunits (NR2A-D) in a pentameric
assembly of uncertain stoichiometry (Kutsuwada et al., 1992;
Monyer et al., 1992; Meguro et al., 1992; Behe et al., 1995;

Ferrer-Montiel & Montal, 1996). Nine splice variants of
NMDAR1 have been identi®ed including one truncated form
that is unable to generate a functional receptor (reviewed by

McBain & Mayer, 1994). NMDAR1 splice variants exhibit
both distinct expression patterns and functional properties
(Laurie & Seeburg, 1994; Laurie et al., 1995; Zukin & Bennett,

1995). Similarly, the NR2 subunits, of which splice variants
have only been described to date for NR2D, are expressed in a
distinct spatio-temporal manner and confer distinct functional

properties on heteromeric receptors (reviewed by McBain &
Mayer, 1994).

One approach to the problem of preventing NMDA

receptor over activation whilst permitting su�cient normal
glutamatergic function to avoid unacceptable side e�ects has
been the development of NMDA receptor subunit-selective
compounds. In the adult forebrain the predominant NR2

subunits are NR2A and NR2B, with NR2C expressed largely
in the cerebellum and various select nuclei, and NR2D
expression con®ned to the diencephalon and midbrain

(Kutsuwada et al., 1992; Monyer et al., 1992; 1994; Ishii et
al., 1993). Thus, in the adult forebrain the most abundant
heteromeric combinations are likely to be NMDAR1/NR2A

and NMDAR1/NR2B although a number of recent studies
have suggested that NMDAR1/NR2A/NR2C (Wa�ord et al.,
1993; Chazot et al., 1994) and NMDAR1/NR2A/NR2B
(Sheng et al., 1994; Luo et al., 1997) receptors can exist.

Several compounds that appear to discriminate between
NMDA receptors composed of di�erent subunit combina-
tions have been described, the best characterized of which is

ifenprodil (Williams, 1993; Williams et al., 1993; Priestley et
al., 1994; Kew et al., 1996). Ifenprodil is an atypical non-
competitive antagonist that was originally believed to interact

with the polyamine binding site of the NMDA receptor
(Carter et al., 1990). However, accumulating evidence
suggests that it binds to a distinct site (Reynolds & Miller,

1989; Gallagher et al., 1996), although it seems likely that the
two binding sites exhibit at least an allosteric linkage
(Williams et al., 1995; Kashiwagi et al., 1996). Ifenprodil
exhibits approximately 400 fold higher a�nity for

NMDAR1-1a/NR2B than for NMDAR1-1a/NR2A hetero-1Author for correspondence.
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meric receptors (Williams, 1993) and is neuroprotective both
in vitro (Graham et al., 1992) and in in vivo models of
cerebral ischaemia (Gotti et al., 1988). Notably, ifenprodil

lacks many of the side e�ects exhibited by other NMDA
receptor antagonists in vivo (Jackson & Sanger, 1988; Perrault
et al., 1989).

We have recently characterized the mechanism of NMDA
receptor antagonism by ifenprodil and have found that it acts
by a novel activity-dependent mechanism (Kew et al., 1996).
This novel mechanism of NMDA receptor antagonism,

together with the subunit selectivity, probably contributes to
its attractive in vivo neuropharmacological pro®le. Here, we
describe a novel NR2B-selective NMDA receptor antagonist,

4-{3-[4-(4-¯uoro-phenyl)-3,6-dihyro-2H-pyridin-1-yl]-2-hydro-
xy-propoxy}-benzamide (Ro 8-4304), which acts by an
`ifenprodil-like' mechanism of activity-dependent NMDA

receptor antagonism whilst also exhibiting markedly faster
kinetics of receptor binding and unbinding.

Methods

Xenopus oocyte recordings

cDNA clones coding for the subunits NR1001 (other
nomenclature: NR1C or NMDAR1-2a) and NR2A of the

NMDA receptor were isolated from a rat brain lgt11 cDNA
library as published elsewhere (Sigel et al., 1994). The clone for
the subunit NR2B of the rat brain NMDA receptor was

kindly provided by Dr S. Nakanishi (Kyoto, Japan). The
cDNAs were subcloned into the expression vector pBC/CMV,
placing transcription of the cDNA under control of the human
cytomegalovirus promoter CMV (Bertocci et al., 1991). CsCl-

puri®ed expression plasmids were mixed in a 1:3 ratio of
NR1:NR2 in injection bu�er (NaCl 88 mM, KCl 1 mM,
HEPES 15 mM, pH 7.0). Oocytes of maturation stage V to

VI of South African frogs (Xenopus laevis) were used to
express the NMDA receptor subunit combinations. Six to
400 pg of the respective cDNA mixture were injected into the

nucleus of every oocyte as described, e.g. by Bertrand et al.
(1991). During the voltage clamp experiments on the following
two days, the oocytes were superfused by modi®ed Ringer
solution containing NaCl 90 mM, KCl 1 mM, BaCl2 1 mM and

HEPES 5 mM (pH 7.4, 228C). The membrane potential was
held at 780 mV by a 2-microelectrode voltage-clamp circuit
(NPI Turbo Tec 05) and the receptors were activated by

applying the co-agonists L-glutamate and glycine at concen-
trations corresponding to their EC50s for the respective
subunit combination (NR1001+NR2A: Glu 2.7 mM, Gly

0.9 mM, NR1001+NR2B: Glu 1.3 mM, Gly 0.07 mM). The
agonists were applied for 15 s intervals once every 2.5 min
by rapidly superfusing the oocyte with agonist containing

solution and the amplitude of the evoked current was
measured immediately before the end of each application.
After a series of initial control stimuli, increasing concentra-
tions of Ro 8-4304 were added to both the basal Ringer and

the agonist containing solution. Ro 8-4304 was prepared as a
stock solution of 30 mM in DMSO. Due to its limited
solubility this was the maximum concentration attainable.

Working Ro 8-4304 solutions contained a maximum of 0.1%
DMSO, a concentration of DMSO established to exert no
independent e�ects on both Xenopus oocytes and cultured

cortical neurones. For every oocyte the current amplitudes in
the presence of the compound were expressed as a percentage
(I) of the control current measured before its application. The
function

I � �100ÿ ss�=�1� �x=IC50�
nH
� � ss �equation 1�

was ®tted to the data to estimate the IC50 of Ro 8-4304, the
Hill coe�cient (nH) and the percentage remaining current (ss).

Cortical neuronal culture

Cortical neurones were prepared from 17-to-18 day-old rat

embryos and were grown on astrocyte feeder layers as
previously described for hippocampal neurones (MoÈ ckel &
Fischer, 1994).

Whole-cell voltage-clamp recordings

Cortical neurones were used for electrophysiological experi-
ments after 10 ± 14 days in vitro. Whole-cell voltage clamp
recordings were performed as described previously (Kew et al.,
1996) at a holding potential of760 mV unless stated otherwise.

Exponential curve ®tting and measurement of drug on-
and o�- rates

Neuronal currents were ®ltered (cut-o� frequency, 5 kHz),
digitized with a Digidata 1200 (Axon Instruments) and

captured on-line to the hard disk of Gateway 2000 P4D-66
Computer using pCLAMP6 software (Axon Instruments).
Monoexponential curves were ®tted by pCLAMP. Apparent
antagonist dissociation constants (KD) were calculated from

measured on- (ton) and o�- (to�) rate time constants by ®rst
deriving the estimated forward (k+) and reverse (k7) rate
binding constants according to the scheme:

k�

R�A < > RA

kÿ

�equation 2�

Where R is the receptor, A is the antagonist and RA is the
antagonist-bound receptor. k7 is the measured 1/to� and k+
was derived from the following function:

k� � �1= on ÿ kÿ�=�antagonist� �equation 3�

and

KD � kÿ=k� �equation 4�

Equilibrium concentration-response curves

Best ®t lines were computed for equilibrium concentration-
response data for NMDA by use of a two-equivalent binding

site model:

I � Imax=�1� �mKD=�A���
2

�equation 5�

where mKD is the microscopic dissociation constant and
[A]=agonist concentration.

Drugs

N-methyl-D-aspartate (NMDA) and glutamate were obtained
from Sigma. Glycine was obtained from Fluka. 4-{3-[4-(4-
Fluoro-phenyl)-3,6-dihydro-2H-pyridin-1-yl]-2-hydroxy-pro-
poxy}-benzamide (Ro 8-4304) was synthesized at Ho�mann-

La Roche (Basel, Switzerland) and was prepared as a stock
solution (30 mM) in dimethyl sulfoxide (DMSO) (Fluka).

Statistical analysis

Data were analysed by paired or unpaired two-tailed t tests as

appropriate. Values were considered signi®cant at the P50.05
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level. Mean data are expressed as mean of n experiments+-
s.e.mean.

Results

Ro 8-4304 is an NR2B selective NMDA receptor
antagonist

The NMDA receptor subunit selectivity of Ro 8-4304 (Figure

1) was investigated by comparing its ability to inhibit currents
activated by the co-application of glutamate and glycine to
Xenopus oocytes expressing recombinant NMDA receptors

containing either the NR2A or NR2B subunit together with
NR1001. Inhibition curves performed with Ro 8-4304 against
currents evoked by EC50 concentrations of the co-agonists

glutamate and glycine at the respective subunit combination
yielded an IC50 value for NR2B-containing receptors of 0.4 mM
(Figure 2b, c). Due to the limited solubility of Ro 8-4304 it was
not possible to test concentrations greater than 30 mM. At
30 mM, Ro 8-4304 inhibited only approximately 20% of the
control current evoked at NR2A-containing receptors (Figure
2a,c) and, thus, it was not possible to determine an IC50 value.

However, from these results it is apparent that Ro 8-4304
exhibits 4100 fold higher a�nity for recombinant NMDA
receptors containing the NR2B subunit compared to those

containing the NR2A subunit.

Ro 8-4304 is a non-competitive antagonist at the NMDA
receptor

Concentration-response curves for NMDA in rat cultured
cortical neurones were carried out in the presence of 0.3, 1 and

3 mM Ro 8-4304 (Figure 3a). NMDA-evoked steady-state
currents were reduced in the presence of Ro 8-4304 and the
maximum NMDA-evoked currents were concentration-depen-

dently depressed by Ro 8-4304. The apparent microscopic KD

values for the NMDA concentration-response curves were also
reduced in the presence of increasing concentrations of Ro 8-

4304. Notably, NMDA responses in the presence of Ro 8-4304
exhibited far greater peak to steady-state ratios than control
responses (data not shown, but see Figure 5b).

Voltage-independent block of the NMDA receptor by Ro
8-4304

The voltage-dependence of the inhibitory e�ects of Ro 8-4304
on native NMDA receptors was investigated in rat cultured
cortical neurones. The e�ect of 10 mM Ro 8-4304 on currents

elicited by application of 30 mM NMDA at membrane holding
potentials of750 mV and +40 mV was assessed. Application
of Ro 8-4304 inhibited steady-state NMDA-evoked currents to

35+3% and 31+2% of control levels at 750 and +40 mV,

respectively (n=5). Thus, there was no signi®cant di�erence in
the proportion of the steady-state current inhibited by Ro 8-
4304 at the two holding potentials (P40.35). Secondly, I/V

curves were constructed in the presence and absence of Ro 8-
4304. Control I/V curves were constructed by applying
NMDA (30 mM) at membrane holding potentials between

780 mV and +40 mV at 20 mV increments. At +40 mV, Ro
8-4304 (10 mM) was applied and once stable responses were
achieved a second I/V curve was constructed by applying
NMDA, in the continuous presence of Ro 8-4304, at

membrane holding potentials between +40 mV and 780 mV
(Figure 3b). The inhibition of NMDA currents was not
voltage-dependent and the reversal potential of NMDA-

induced currents was not altered in the presence of Ro 8-4304.

Activity-dependent block of NMDA receptors by Ro 8-
4304

To determine whether Ro 8-4303 exhibited an `ifenprodil-like'
activity-dependent mechanism of antagonism (Kew et al.,

1996), we assessed the on-rate time constant of block by Ro 8-
4304 in cortical neurones exposed to either 10 or 100 mM
NMDA. Once stable steady-state currents were attained, a

OH

NO

O

H2N

F

Figure 1 Structure of Ro 8-4304.
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Figure 2 Inhibition of EC50 glutamate-activated currents in Xenopus
oocytes expressing recombinant NMDA receptors. (a) Representative
current traces recorded from an oocyte expressing the subunits
NR1001 and NR2A during activation by 2.7 mM L-glutamate and
0.9 mM glycine. Superimposed traces were recorded before (control)
and during the exposure to Ro 8-4304 (30 mM). (b) Currents recorded
from an oocyte expressing the NR1001 and NR2B subunits before
(control) and during the addition of increasing concentrations of Ro
8-4304 (0.03, 0.3 and 3 mM, as indicated). NMDA receptors were
activated by 1.3 mM L-glutamate and 0.07 mM glycine. (c) Concentra-
tion-inhibitory response relationship. Amplitudes of the current
responses in the presence of Ro 8-4304 were expressed as a
percentage of the control responses (i.e. pre-Ro 8-4304 response
amplitude). Symbols and vertical lines indicate mean values and
s.e.mean of the normalized current amplitudes (NR2B, n=4 oocytes;
NR2A, n=4±7 oocytes). The curve ®tted to the data for NR2B was
calculated from equation 1 with an IC50=0.38 mM and Hill coe�cient
(nH)=1.12. The percentage remaining current (ss)=2.2%.
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rapid jump was made into a solution containing
NMDA+3 mM Ro 8-4304 (Figure 4a) until stable currents

were achieved, at which point a jump was made back into a
solution containing NMDA alone. The mean on-rate time
constants of Ro 8-4304 block of the 10 and 100 mM NMDA-
evoked currents were 1901+72 and 669+33 ms, respectively

(n=16 ± 20 measurements from 8 cells). Thus, the time
constant of block was signi®cantly faster in the presence of
the higher NMDA concentration (P50.0001). The mean

percentage of the steady-state NMDA-evoked current in-
hibited by Ro 8-4304 was also signi®cantly greater in 100 mM
(79+1%) than 10 mM (47+2%) NMDA (P50.0001). The

mean o�-rate time constants of the Ro 8-4304 block of the 10
and 100 mM NMDA-evoked currents were 3412+260 and
4972+165 ms, respectively, also signi®cantly di�erent
(P50.0001). From the on- and o�- rate time constants, and

the resultant forward and reverse rate constants, KDs of 3.8
and 0.5 mM were calculated for Ro 8-4304 in 10 and 100 mM
NMDA, respectively (see Methods, equations 2 ± 4). Sepa-

rately, we assessed the on- and o�- rate constants of block by

Ro 8-4304 at 0.5, 1, 2 and 3 mM of 100 mM NMDA-evoked
steady-state currents. A plot of 1/ton versus Ro 8-4304
concentration was linear over this range (Figure 4b). From

the slope of this plot the apparent association rate constant
was calculated to be 0.536106 M71s71 and from the zero y-
intercept the apparent dissociation rate constant was estimated

to be 0.27 s71, which was in good agreement with that
obtained from the plot of 1/to� (0.31 s71). The value of 1/to�
did not alter with changes in Ro 8-4304 concentration. From
the apparent association and dissociation rate constants a KD

of 0.5 mM was calculated for Ro 8-4304 in 100 mM NMDA,
identical to that already obtained with a single concentration
(3 mM) of Ro 8-4304.

To investigate further the apparent increased a�nity for Ro
8-4304 in the presence of 100 mM, relative to 10 mM, NMDA,
Ro 8-4304 inhibition curves were performed against both 10

and 100 mM NMDA-evoked currents (Figure 5a). Ro 8-4304
discriminates between NR2B and NR2A containing NMDA
receptors, exhibiting high and low a�nity interactions,
respectively (Figure 2). Cortical cultured neurones between

10 ± 14 DIV contain a large proportion of presumed NR2B
containing NMDA receptors which bind the NR2B selective
antagonist ifenprodil with high a�nity (Williams et al., 1993;

Priestley et al., 1994; Kew et al., 1996). The present
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Figure 3 (a) NMDA concentration-response curves in the presence of
Ro 8-4304. Concentration-response curves are shown for NMDA
alone and in the presence of 0.3 mM, 1 mM and 3 mM Ro 8-4304. Mean
steady-state currents and s.e.mean are expressed as a function of the
maximum peak NMDA responses derived from a ®tted curve of the
control peak NMDA concentration-response data for each neurone by
use of the two-equivalent-binding-site model (Methods, equation 5)
(n=4). The ®gure shows ®tted curves obtained with the two-
equivalent-binding-site model. Increasing Ro 8-4304 concentration
depressed the maximum of the NMDA response curves. In addition,
the apparent microscopic KD value was reduced from 5.5 in the
absence of Ro 8-4304 to 4.4, 2.2 and 1.4 mM in the presence of 0.3, 1
and 3 mM Ro 8-4304, respectively. (b) The inhibitory e�ect of Ro 8-
4304 on native NMDA receptors was voltage-independent. I-V curves
were constructed by applying NMDA (30 mM) at membrane holding
potentials between 780 mV and +40 mV. At +40 mV, Ro 8-4304
(10 mM) was applied and once stable responses were achieved a second
I-V curve was constructed by applying NMDA, in the continual
presence of Ro 8-4304, at holding potentials between +40 mV and
780 mV. The ®gure shows data from a single representative cell. The
experiment was repeated 4 times with similar results.
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Figure 4 (a) Comparison of the kinetics of inhibition of steady-state
inward currents evoked by either 10 or 100 mM NMDA, following
fast application of 3 mM Ro 8-4304. The responses have been scaled
to the same amplitude to facilitate direct visual comparison (actual
steady-state current amplitudes: 10 mM NMDA, 460pA; 100 mM
NMDA, 740pA). Single exponential curves were ®tted to the digitized
data which yielded on-rate time constants for the Ro 8-4304 block of
10 and 100 mM NMDA-evoked currents of 1804 and 631 ms,
respectively. Ro 8-4304 inhibited 47 and 78% of the currents evoked
by 10 and 100 mM NMDA, respectively. The broken line indicates the
baseline current. (b) Kinetic analysis of the block of 100 mM NMDA-
evoked steady-state current by Ro 8-4304. Plot of the reciprocal of
the on- and o�-rate time constants versus Ro 8-4304 concentration.
The lines were ®tted by linear regression and the points show the
means and vertical lines s.e.mean, unless the error lay within the
symbol size The apparent association rate increased with Ro 8-4304
concentration, whereas the apparent dissociation rate was indepen-
dent of antagonist concentration (n=8 from 4 cells).
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experiments revealed the high a�nity interaction only and,

therefore, resulted in monophasic inhibition curves. The IC50s
of inhibition curves against 10 and 100 mM NMDA were 2.3
and 0.36 mM, respectively, representing an approximate ®ve

fold shift, in excellent agreement with the KDs calculated
previously from the on- and o�- rate constants (3.8 and
0.5 mM). Notably, the maximum percentage inhibition of the
steady-state current was also greater with 100 than 10 mM
NMDA (Figure 5a). Interestingly, when the inhibition of
100 mM NMDA-evoked peak and steady-state currents by Ro
8-4304 was plotted, a clear di�erence in the apparent a�nity of

Ro 8-4304 was evident (Figure 5b,c), so that Ro 8-4304
inhibited steady-state currents with an IC50 of 0.36 mM and
peak currents with an IC50 of 20 mM. These observations

clearly indicate that the high a�nity block of the NMDA
receptor by Ro 8-4304 is dependent upon receptor activation.

E�ect of Ro 8-4304 on currents evoked by very low
NMDA concentrations

Since Ro 8-4304 appeared to exhibit an activity-dependent

mechanism of NMDA receptor antagonism analogous to

ifenprodil, we investigated the e�ects of Ro 8-4304 on currents

evoked by very low NMDA concentrations which are
markedly potentiated in the presence of ifenprodil. Currents
evoked by application of 1 mM NMDA were slightly

potentiated in the presence of 3 ± 30 mM Ro 8-4304, although
only to a maximum of 124+4% in 10 mM Ro 8-4304 (Figure
6a). Thus, the e�ect of Ro 8-4304 changed in an NMDA
concentration-dependent manner from one of slight potentia-

tion to one of marked inhibition, such that 10 mM Ro 8-4304
slightly potentiated currents evoked by 1 mM NMDA, whilst it
markedly inhibited those evoked by 100 mM NMDA in the

same neurones (Figure 6b).

E�ects of Ro 8-4304 binding on NMDA receptor a�nity
for glutamate

Ifenprodil binding increases the NMDA receptor a�nity for
glutamate (Kew et al., 1996). This increase in a�nity for

glutamate-site agonists, revealed by a marked slowing of the
current relaxation following removal of glutamate, is likely to
mediate the potentiating e�ects of ifenprodil at low agonist

concentrations. Therefore, we investigated the e�ects of Ro 8-
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Figure 5 (a) Inhibition curves for the antagonism by Ro 8-4304 of steady-state responses to NMDA at either 10 or 100 mM
NMDA. The antagonism of either 10 or 100 mM NMDA responses by increasing concentrations of Ro 8-4304 is expressed as a
function of control responses (i.e. pre-Ro 8-4304 response amplitude). The ®gure shows the ®tted curves through the mean data
(vertical lines indicate s.e.mean) obtained from 4 neurones, by use of equation 1 with the Hill coe�cient ®xed to 1, from which IC50

values of 2.3 and 0.36 mM Ro 8-4304 were derived for 10 and 100 mM NMDA, respectively. The maximum percentage inhibition of
steady-state currents by Ro 8-4304 was also greater for 100 mM, relative to 10 mM, NMDA. (b) Inhibition of NMDA responses by
Ro 8-4304. Inward current responses were elicited to 5 s applications of NMDA at 25 s intervals in the presence of increasing
concentrations of Ro 8-4304. The ®gure shows responses obtained from a single cultured cortical neurone. Similar responses were
observed in all neurones tested. Note the increased antagonism of steady-state, relative to peak, current at intermediate antagonist
concentrations. (c) Inhibition curve for the antagonism by Ro 8-4304 of peak and steady-state 100 mM NMDA-evoked responses.
The data for the inhibition of 100 mM NMDA-evoked steady-state currents was taken from (a). Peak NMDA currents are expressed
as a function of control responses. Fitted curves through the mean data (vertical lines indicate s.e.mean), by use of equation 1 with
the Hill coe�cient ®xed to 1, yielded IC50 values of 0.36 and 20.1 mM for steady-state and peak currents, respectively.
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4304 binding on the kinetics of deactivation of the NMDA
receptor following removal of glutamate. Neurones were
superfused with control extracellular solution containing

30 mM glycine and a rapid jump was made into an identical
solution containing 100 nM glutamate. Once a steady-state
current was achieved, a rapid jump was made back into control

extracellular solution. These experiments were carried out in
both the absence and presence of 10 mM Ro 8-4304. The o�-
rate time constants of the agonist-evoked currents were then

measured. On-rate time constants were not measured in the
presence of Ro 8-4304 as the concentration employed (10 mM)
is not saturating for the resting state of the NMDA receptor
(see Figure 8a, Table 1). Glutamate responses in the presence

of Ro 8-4304 were slightly potentiated and exhibited a
signi®cant slowing of the current relaxation (Figure 7) which
is likely to re¯ect an increase in receptor a�nity for glutamate.

Comparison of the kinetics of binding and unbinding to
the NMDA receptor of Ro 8-4304 and ifenprodil

The apparent a�nity (IC50s) of ifenprodil and Ro 8-4304 for
NR2B containing receptors in Xenopus oocytes (Ro 8-4304;
0.39 mM, ifenprodil; 0.25 mM (Trube et al., 1996)) and in

cultured cortical neurones (high a�nity component: Ro 8-
4304; 0.36 mM, ifenprodil; 0.17 mM (Kew et al., 1996)) were
very similar. We, therefore, investigated the kinetics of binding

and unbinding of these compounds to both the activated and
resting states of the NMDA receptor. To measure the kinetics
of the interaction of Ro 8-4304 with the resting state of the

NMDA receptor, 0.5 s applications of 10 mM NMDA were
made to cortical neurones at 60 s intervals until stable
responses were achieved. Ro 8-4304 (10 mM) was then applied

to the cell for varying intervals of time before the next NMDA
exposure. The inhibition of the subsequent peak NMDA
response relative to the preceding control response was plotted
against the time period of preincubation with Ro 8-4304. The

rate of unblock of the resting state of the NMDA receptor was
assessed by repeating this protocol with a ®xed 30 s
preincubation with 10 mM Ro 8-4304. Following the subse-

quent NMDA reference application, a second application was
made after varying intervals of time and was plotted as a
percentage of the reference application against the time period

elapsed since Ro 8-4304 removal. The on- and o�- rate time
constants of inhibition by Ro 8-4304 in the absence of receptor
activation were 1.2+0.2 s (n=5) and 2.9+0.1 s (n=5),
respectively, which yielded a calculated KD of 7.4 mM (Table
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Figure 6 (a) Graph showing the e�ects of increasing Ro 8-4304
concentration on currents elicited by 1 mM NMDA. Mean data
(+s.e.mean) are expressed as a percentage of control steady-state
current (i.e. pre-Ro 8-4304 response amplitude) (n=5). Ro 8-4304
slightly potentiated currents elicited by 1 mM NMDA to a maximum
of 124+4% at 10 mM Ro 8-4304. The potentiation of 1 mM NMDA
responses in the presence of 3 mM ifenprodil is shown for comparative
purposes (from Kew et al., 1996). (b) The e�ect of Ro 8-4304 changes
from one of slight potentiation to one of inhibition with increasing
concentrations of NMDA. Inward current responses were elicited to
5 s applications of either 1 or 100 mM NMDA at 25 s intervals. Once
stable responses were achieved, Ro 8-4304 (10 mM) was applied to the
neurone until stable responses were again achieved after which Ro 8-
4304 was washed o�. The ®gure shows responses obtained from a
single cultured cortical neurone, before, during and after Ro 8-4304
exposure for responses to both 1 and 100 mM NMDA. Similar e�ects
were observed in all neurones tested. Ro 8-4304 slightly potentiated
currents evoked by 1 mM NMDA and inhibited currents evoked by
100 mM NMDA.

20pA

5s

+Ro 8-4304 10 µM

τ=954ms τ=7612ms

Figure 7 Comparison of glutamate response kinetics in the absence
and presence of Ro 8-4304. Current relaxations following removal of
L-glutamate (100 nM) in either the absence or presence of Ro 8-4304
are shown for a typical neurone. Exponential curves were ®tted to the
digitized data (white lines) which yielded o�-rate time constants for
glutamate of 954 and 7612 ms in the absence and presence or Ro 8-
4304, respectively. The glutamate-induced current was slightly
potentiated in the presence of Ro 8-4304. Similar results were
obtained in all neurones tested (n=4).
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2). The maximum inhibition was 33+2%. The equivalent on-
and o�- rate time constants previously determined for 3 mM
ifenprodil (Kew et al., 1996) were 39 and 61 s respectively,

yielding a calculated KD of 5 mM.
The on- and o�- rate time constants for ifenprodil at the

activated state of the NMDA receptor were measured, as

performed previously for Ro 8-4304, by obtaining a 100 mM
NMDA steady-state current and performing a rapid jump into
a solution containing NMDA+3 mM ifenprodil until a stable
current was achieved, at which point a jump was made back

into a solution containing NMDA alone. The mean on- and
o�-rate time constants of inhibition were 2.4+0.1 and
50.9+4.4 s, respectively (n=12 measurements from 5 cells),

yielding a calculated KD of 0.15 mM (Table 2). It should be
noted that the long period of NMDA application necessary to
obtain these measurements generally resulted in a degree of

irreversible run down, with the result that following removal of
ifenprodil the response did not recover to its original control
level. This run down is likely to result in a small under-
estimation of the ifenprodil o�-rate time constant. The

equivalent on- and o�- rate time constants for 3 mM Ro 8-
4304 were 0.67+0.03 and 4.97+0.16 s, respectively, yielding a
calculated KD of 0.47 mM.

Discussion

In this study we have demonstrated that Ro 8-4304 is a high-
a�nity, subtype selective NMDA receptor antagonist that

exhibits at least a 100 fold higher a�nity for recombinant
NMDA NR1001/NR2B than NR1001/NR2A receptors. It was
not possible to determine the IC50 value for Ro 8-4304 at
NR2A-containing receptors due to its limited solubility.

However, from the data obtained we would predict a value
of at least 100 mM compared with 0.39 mM at NR2B-
containing receptors. Ro 8-4304 inhibited NMDA responses

elicited in rat cultured cortical neurones in a voltage-
independent manner, suggesting that it is unlikely to act as a
receptor open channel blocker. Furthermore, the potentiating

e�ects of Ro 8-4304 on small currents evoked by very low
concentrations of NMDA are incompatible with the mechan-
ism of action of channel blockers. NMDA concentration-

response curves carried out in the presence of Ro 8-4304
exhibited depressed maximum response levels relative to
control curves, illustrating that the antagonism is not

competitive. Thus, as a subtype selective, non-competitive,
non-channel blocker, Ro 8-4304 appears to act by a
mechanism similar to that of the prototypic NMDA NR2B
subtype selective antagonist, ifenprodil. In this study we have
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Figure 8 The interaction of Ro 8-4304 and NMDA at the NMDA
receptor. (a) Reaction scheme for the interaction of NMDA and Ro
8-4304 at the NMDA receptor channel. Asterisks denote Ro 8-4304-
bound states of the channel. One molecule of NMDA is bound to M
and M* and two molecules are bound to A and A*. States O and O*
are open (conductive) states and all other states are shut. K1 to K9

are equilibrium constants, see Kew et al. (1996). (b) Three-
dimensional plot of the relationship between steady-state current
and the concentrations of NMDA and Ro 8-4304. The solid circles
are mean values of the measured current amplitudes (4 ± 10 cells per
data point from a total of 27 cells). The curved surface (mesh) was
calculated as previously described (Kew et al., 1996), with the ®tted
values of K1 ±K9 given in Table 1.

Table 1 Values of the ®tted equilibrium constants

Constant Value

K1

K2

K3

K4

K5

K6

K7

K8

K9

10 mM
2.7 mM
10 mM
0.70 mM
0.43 mM
0.33
0.054
1.4
2.3

The de®nition of constants K1 ±K9 is given by equations
(2) ± (12) (Kew et al., 1996) and Figure 8a. The value of K6

was taken from the literature (see Kew et al., 1996).

Table 2 Comparison of the rates of Ro 8-4304 and ifenprodil binding and unbinding to the NMDA receptor

ton to� k+{ k7{ kD{
(s) (s) (M71 s71) (s71) (mM)

Resting state

Activated state

Ro 8-4304 (10 mM)
Ifenprodil (3 mM)*
Ro 8-4304 (3 mM)
Ifenprodil (3 mM)

1.22
39
0.67
2.38

2.88
61
4.97
50.87

4.726104

3.236103

4.316105

1.346105

0.348
0.016
0.201
0.020

7.4
5.0
0.47
0.15

{Values derived from the time constants (see Methods, equations 2 ± 4). *From Kew et al. (1996).
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only employed Ro 8-4304 concentrations within the range of
the high a�nity interaction with NMDA receptors on cultured
cortical neurones, which is likely to re¯ect its interaction with

NMDA receptors containing the NR2B subunit. This
distinction is important as it is probable that the mechanism
of action of ifenprodil (and thus, possibly also Ro 8-4304)

di�ers at the high and low a�nity sites (Reynolds & Miller,
1989; Legendre & Westbrook, 1991; Williams, 1993).

Ro 8-4304 exhibited an activity-dependent block of NMDA
receptors, so that the apparent KDs, calculated from the

measured on- and o�- rate time constants of the inhibition of
steady-state currents evoked by 10 and 100 mM NMDA, were
3.8 and 0.5 mM, respectively. A plot of the reciprocal of the on-

and o�- rate time constants of the block of NMDA steady-
state currents against a range of Ro 8-4304 concentrations
yielded an identical apparent KD of 0.5 mM for 100 mM
NMDA. Steady-state Ro 8-4304 inhibition curves against 10
and 100 mM NMDA-evoked currents yielded IC50s of 2.3 and
0.36 mM, respectively, in very good agreement with the kinetic
data. Thus, the apparent a�nity of Ro 8-4304 for the NMDA

receptor increased in an NMDA-concentration-dependent
manner. Interestingly, examination of the inhibition curve
against 100 mM NMDA revealed a marked use-dependence of

inhibition by Ro 8-4304, so that whilst Ro 8-4304 inhibited
steady-state currents with an IC50 of 0.36 mM, peak currents
were inhibited with an IC50 of 20 mM, indicating that Ro 8-

4304 exhibits a reduced a�nity for the agonist-unbound
resting state of the NMDA receptor relative to the agonist-
bound activated state. We observed that Ro 8-4304 exhibited

very fast binding and unbinding kinetics to the resting state of
the NMDA receptor (Table 2) which were compatible with the
complete dissociation of Ro 8-4304 from the resting state of
the receptor during the 25 s dosing interval. In fact, since Ro 8-

4304 is present during both agonist application and wash,
dissociation of Ro 8-4304 will proceed, upon removal of
NMDA, from a level of receptor occupancy determined by the

equilibrium binding a�nity of Ro 8-4304 to the NMDA-
bound states of the receptor to one determined by the resting
state of the receptor. Thus, this IC50 value for the peak NMDA

responses can be considered as the apparent a�nity of Ro 8-
4304 for the resting state of the receptor.

In the presence of Ro 8-4304, currents elicited by 1 mM
NMDA were slightly potentiated, although only to a

maximum of 120% of control levels at 10 mM Ro 8-4304.
Importantly, although the potentiation of the current was
small in the presence of Ro 8-4304, there was no inhibition of

the response. In marked contrast, on the same cells an identical
concentration of Ro 8-4304 produced a large inhibition of
currents evoked by 100 mM NMDA. Thus, the e�ect of Ro 8-

4304 changed from one of potentiation to one of profound
inhibition in an NMDA concentration-dependent manner.
Ifenprodil binding to the NMDA receptor increased the

receptor a�nity for glutamate, an e�ect which is likely to
mediate its potentiating ability on currents evoked by very low
NMDA concentrations (Kew et al., 1996). The presence of Ro
8-4304 resulted in a signi®cant slowing of the current

relaxation following removal of glutamate. It was not possible
to obtain an accurate measurement of the glutamate on-rate in
the presence of Ro 8-4304 as, due to the limited solubility of

the compound, a saturating concentration for the resting state
of the receptor could not be achieved. However, the slowing of
the current relaxation is likely to re¯ect an increase in a�nity

for glutamate of the Ro 8-4304-bound receptor which opposes
the inhibitory e�ect, due to reduced channel opening
probability (see below), and mediates the slight potentiating
e�ects of Ro 8-4304 at low NMDA concentrations.

The e�ects of Ro 8-4304 can be explained by the use of a
model that describes the actions of ifenprodil at the NMDA
receptor (Kew et al., 1996). The model is based on a reaction

scheme derived from previously described models of NMDA
receptor activation and desensitisation (Benveniste et al., 1990;
Clements & Westbrook, 1991; Lester & Jahr, 1992) in which

the NMDA receptor can reside in ®ve states: a rested state (R),
a monoliganded state (M), a double liganded state (A) which
can change its state to become an `open', conductive channel
(O), and a desensitized (D) state (Figure 8a). Binding of Ro 8-

4304 is suggested to result in a parallel series of Ro 8-4304-
bound states, which are identi®ed by asterisks in Figure 8a.
The two binding sites for NMDA are assumed to have

identical a�nities (dissociation constant K1) without any
cooperativity. From this reaction scheme, the relationship
between the NMDA-induced steady-state current and the

concentrations of NMDA and Ro 8-4304 has been derived
(Figure 8, Table 1). Notably, as with ifenprodil, state O* is a
conductive state. This is critical to accommodate the slight
potentiation of 1 mM NMDA-elicited currents observed in the

presence of Ro 8-4304. Surprisingly, the inhibition of NMDA
currents in oocytes expressing NR2B was almost complete
with only 2.2% remaining current. However, it should be

noted that EC50 concentrations of both glutamate and glycine
were used in these experiments. An allosteric interaction
between the glutamate and glycine binding sites on the NMDA

receptor exists, such that increasing the a�nity for glutamate
would be expected to be accompanied by a decrease in a�nity
for glycine (Benveniste et al., 1990; Lester et al., 1993). Thus,

as Ro 8-4304 binding to the NMDA receptor slows the current
relaxation following removal of glutamate, which is likely to
re¯ect an increase in a�nity for glutamate, it would be
predicted to result in a decrease in a�nity for glycine as has

been observed with ifenprodil (Legendre & Westbrook, 1991;
Ransom, 1991). Thus, inhibition of the NMDA response in the
absence of super-saturating concentrations of glycine may

result from Ro 8-4304-induced glycine dissociation. The
maximum inhibition under these conditions cannot, therefore,
be compared directly with that observed in the presence of

saturating concentrations of glycine. Additionally, the low
level of Ro 8-4304-insensitive, NR2A-containing receptors, in
the cortical neurones used in this study, is likely to result in a
minor overestimation of receptor open probability in the

presence of Ro 8-4304.
From Figure 8 and Table 1 it can be seen that this scheme

provides an excellent description of the experimental data. The

activity-dependent block of the NMDA receptor is explained
by the 14 and 23 fold higher a�nities of Ro 8-4304 for the
activated (K4) and desensitized (K5) states of the NMDA

receptor, respectively, relative to the unliganded, resting state
(K3). As such, the antagonism is best described as state-, rather
than activity-, dependent. Notably, the value for K3 (10 mM) is
in good agreement with both the apparent equilibrium
constant calculated from the inhibition curve of peak 100 mM
NMDA currents (20 mM), which provides an estimation of Ro
8-4304 a�nity for the resting state of the receptor, as discussed

previously, and the calculated a�nity for the resting state of
the receptor derived from the kinetic measurements (7.4 mM).
The value for K4 (0.7 mM) is, likewise, in good agreement with

both the apparent equilibrium constant calculated from the
inhibition curve of steady-state 100 mM NMDA currents
(0.36 mM) and the equilibrium constants calculated from the

kinetics of Ro 8-4304 binding and unbinding to the NMDA
receptor during the application of 100 mM NMDA (0.47 mM),
which are both likely to re¯ect Ro 8-4304 binding to the
activated state of the receptor. The potentiating e�ects are
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accommodated by the 3 ± 4 fold increase in receptor a�nity for
NMDA (K2/K1) upon Ro 8-4304 binding, so that even though
receptor open probability is reduced the increase in the number

of agonist-bound receptors results in a small net increase in
whole-cell current.

The results obtained for Ro 8-4304 are similar to those

obtained previously with ifenprodil (Kew et al., 1996). Ro 8-
4304 binding results in less of an increase in a�nity for
glutamate which is likely to explain the reduced potentiation of
1 mM NMDA-elicited currents relative to ifenprodil. The

separation in a�nity for the resting and double-liganded
states is also less for Ro 8-4304 than ifenprodil, and Ro 8-4304
exhibits a somewhat higher preference for the desensitized

state relative to the activated state than ifenprodil. Notably,
Ro 8-4304 binding and unbinding to both NMDA-bound and
resting states of the NMDA receptor appears to be markedly

faster than ifenprodil (Table 2). This is surprising since the IC50

concentrations at NR2B containing receptors in Xenopus
oocytes and in cultured cortical neurones (high a�nity
component only) and the calculated KD values from the kinetic

interactions at both the resting and activated NMDA receptor
are very similar. Thus, although the two compounds appear to
share a similar mechanism of action at the NMDA receptor

and similar a�nities, their kinetics are clearly distinct. This
distinction illustrates a further feature of this class of
compounds that might have important therapeutic implica-

tions.
In conclusion, Ro 8-4304 is a novel NR2B selective, non

competitive NMDA receptor antagonist that appears to share
the mechanism of action previously described for ifenprodil

(Kew et al., 1996), whilst exhibiting distinctly faster kinetics.
The state-dependent mechanism of action of this emerging
class of compounds, together with their subunit selectivity,

provides an attractive neuropharmacological pro®le for
neuroprotection without side e�ects.

We would like to thank Dr GuÈ nther Fischer and Veronique Graf for
the provision of rat cortical neuronal cultures and Urs Humbel and
Eva P¯ugfelder for expert technical assistance.
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