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Abstract

The 1,4-di-substituted piperidines ifenprodil, eliprodil, CP 101,606 ((1S,2S)-1-(4-hydroxyphenyl)-2-(4-hydroxy-4-phenylpiperidino)-
1-propanol) and Ro 25-6981 ((R-(R*,S*))-a-(4-hydroxyphenyl)- 8-methyl-4-(phenyl-methy!)-1-piperidinepropanol) are allosteric antago-
nists of NMDA receptors. Inhibition of diheteromeric NMDA receptors by this class of antagonist is characterized by pronounced
selectivity for NR1/2B subunit combinations. In the current study, we assayed effects of nylidrin, a structurally-related non-piperidine,
on recombinant and neuronal NMDA receptors. Nylidrin was a potent (ICg, = 0.18 .M) antagonist of NR1a /2B receptors expressed in
Xenopus oocytes and was at least 150-fold weaker against NR1a /2A and NR1a /2C receptors. The blockade of NR1a /2B responses by
nylidrin was not surmounted by increasing the concentrations of glutamate or glycine and was not voltage-dependent. Potency of
inhibition increased ~ 3-fold upon lowering extracellular pH from 8 to 6.8. Nylidrin inhibited NMDA responses in cultured rat cortical
neurons with similar potency and apparent mechanism of action as the NR1a /2B receptors. Our results suggest that nylidrin interacts
with the same allosteric inhibitory site previously described for the related piperidine antagonists, and should serve as a structural lead for

designing novel subtype-selective inhibitors of NMDA receptors. © 1997 Elsevier Science B.V

Keywords: Glutamate receptor; Allosteric antagonism; Xenopus oocyte; Ifenprodil; CP 101,606; Ro 25-6981; Haloperidol

1. Introduction

Mammalian (NMDA) receptors are ligand-gated ion
channels composed of at least two types of subunit assem-
bled into di- or tri-heterooligomeric combinations
(Moriyoshi et al., 1991; Hollmann and Heinemann, 1994;
Sheng et al., 1994). The rat subunits have been designated
NMDA receptor (NR) 1 and NR2. NR1 subunits are
transcribed from a single gene but are found in eight
different isoforms (Sugihara et al., 1992; Hollmann and
Heinemann, 1994). The NR2 subunits (NR2A—-NR2D) are
transcribed from four separate genes (Kutsuwada et al.,
1992; Monyer et al., 1992, 1994). Different subunit combi-
nations generate NMDA receptors with discrete biophysi-
cal and pharmacological properties (Williams, 1993; Holl-
mann and Heinemann, 1994; Priestly et a., 1995; Wood-
ward et al., 1995). In addition, the NR1 isoforms and the
NR2 subunits have distinct anatomical and developmental
patterns of expression in mammalian central nervous sys-
tems, implying that different brain regions contain differ-
ent NMDA receptor subtypes (Monyer et al., 1994; Sheng
et al., 1994; Zukin and Bennett, 1995). In support of this,
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NMDA receptor properties have been shown to vary be-
tween brain regions and during development (Ben-Ari et
al., 1988; Williams et al., 1993; Hollmann and Heinemann,
1994). The idea that pharmacologicaly distinct NMDA
receptors occur in mammalian brain opens the possibility
that subtype-selective antagonists will have therapeutic
potential without the behavioral and neurotoxic side effects
associated with some types of non-selective antagonists
(Willetts et al., 1990; Small and Buchan, 1997).

The influx of Ca?" that results from sustained activa-
tion of NMDA receptors is thought to play a role in
neuronal death induced by ischemic stroke, head trauma
and possibly chronic neurodegenerative disorders such as
Parkinson's and Alzheimer’'s disease (Choi and Rothman,
1990; Muir and Lees, 1995). In the search for clinicaly
useful neuroprotectants, inhibitors for a number of the sites
on the NMDA receptor complex have been identified and
characterized. These include ligands for the glutamate site,
the glycine site and the ion channel itself (Sucher et al.,
1996; Small and Buchan, 1997). Antagonists at these sites
generally demonstrate only modest levels of subtype-selec-
tivity (Woodward et al., 1995; Sucher et al., 1996; Small
and Buchan, 1997). In contrast, there is a class of NMDA
antagonist, which includes ifenprodil, eliprodil, CP 101,606
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Fig. 1. Structures of nylidrin, ifenprodil, eliprodil, Ro 25-6981, CP101,606
and haloperidol.

((1S,29)-1-(4-hydroxyphenyl)-2-(4-hydroxy-4-pheny! -
piperidino)-1-propanol), Ro 25-6981 ((R-(R*,S*))-a-(4-
hydroxypheny!)- 8-methyl-4-(phenyl-methyl)- 1-piperidine-

propanol) and haloperidol that are highly selective for
receptors composed of NR1/2B subunit combinations
(Fletcher and MacDonald, 1993; Williams, 1993; Ilyin et
al., 1996a; Mott et al., 1996; Trube et d., 1996; Whitte-
more et a., 1997). These compounds are structurally-re-
lated disubstituted piperidines (Fig. 1), which block via a
non-competitive alosteric mechanism at a site that is not
located deep in the channel pore (Williams, 1993; Ilyin et
al., 1996a; Mott et a., 1996; Trube et a., 1996, Whitte-
more et a., 1997). All the compounds have demonstrated
neuroprotective properties, both in vitro and in vivo, sug-
gesting that this class of antagonists may have potentia for
clinica development (MacDonald and Johnston, 1990;
Shalaby et a., 1992; Scatton et al., 1994; Chenard et d.,
1995; Vartanian and Boxer, 1996). To begin to explore the
structural requirements for activity in NR1/2B-selective
ligands we have investigated the NMDA receptor antago-
nist properties of nylidrin; a compound initially developed
in the 1960s as a B-adrenoceptor agonist (Ariéns et al.,
1962; Yen and Pearson, 1979). Nylidrin is a structura
analogue of compounds like ifenprodil and CP 101,606
wherein the piperidine ring has been opened to generate a
secondary amine (Fig. 1). A preliminary report of this
work has appeared in abstract form (Whittemore et al.,
1996).

2. Materials and methods
2.1. Preparation of RNA

cDNA clones encoding the rat NMDA receptor subunits
NR1a, NR2A, NR2B, NR2C were provided by Dr. P.H.
Seeburg (Heidelberg University, Heidelberg, Germany)
(see Monyer et al., 1992). Clones were prepared using
conventional techniques and cRNA was synthesized with
T3 RNA polymerase. cRNA was diluted to 400 ng/ .l and
stored at —80°C.

2.2. The Xenopus oocyte expression system

Preparation and micro-injection of oocytes were per-
formed as reported previousy (Woodward et al., 1995).
Individual oocytes were injected with 1-10 ng of NMDA
receptor-encoding cRNAs (amounts depended on expres-
sional potency). NR1a and NR2A were injected at a 1:4
ratio, all other binary subunit combinations were injected
1:1. Oocytes were stored in Barth’s medium containing (in
mM): NaCl, 88; KCl, 1; CaCl,, 0.41; CaNO,),, 0.33;
MgSO,, 0.82; NaHCO,, 2.4; Hepes 5; pH 7.4, with 0.1
mg,/ml gentamycin sulfate. Electrical recordings were
made with a Dagan TEV-200 voltage clamp (Minneapolis,
MN, USA). Preliminary experiments were done in frog
Ringer containing (in mM): NaCl, 115; KCl, 2; CaCl,,
1.8; Hepes, 5; pH 7.4. For the detailed pharmacological
measurements, recordings were made in nominally Ca2*-
free Ringer in which Ca2* was replaced by equimolar
Ba?*. Drugs were applied via a linear array system made
from microcapillary tubes (Hawkinson et al., 1996), or by
bath perfusion (7—10 ml/min) in a conventiona flow-
through chamber (volume approx. 0.2 ml).

2.3. Culture of rat cortical neurons

Primary cultures of mixed cortical neurons were pre-
pared using a modification of procedures described previ-
oudly (llyin et a., 1996a). Briefly, cortices were obtained
from Sprague—Dawley rat embryos (Charles River, Hollis-
ter, CA, USA) at gestation day (E) 16 or 17. Neurons were
dissociated by trypsinization (10 min), light triturization,
and passage through a nylon mesh. Cells were then plated
at a density of (3-5) x 10*/cm? into 35 mm culture
dishes containing a confluent monolayer of rat cortical
astrocytes. The plating and feeding medium was Minimal
Essentid Medium (MEM) (Gibco, Gaithersburg, MD,
USA) supplemented with 10% fetal calf serum (Hyclone,
Logan, UT, USA). Cultures were maintained at 37°C in a
humidified incubator (5%CO, /95%air), with replacement
of half of the medium three times weekly.

2.4. Electrophysiology in cultured neurons

Whole-cell currents were recorded using standard
patch-clamp techniques (Hamill et al., 1981), as described



E.R. Whittemore et al. / European Journal of Pharmacology 337 (1997) 197-208 199

previousy (llyin et al., 1996a,b). In most experiments,
drugs and intervening wash were applied from a microcap-
illary linear array (Microcaps, 2 wl in volume, Drummond
Scientific, Broomall, PA, USA) with fine positioning gov-
erned by remote control. For experiments investigating
open-channel blockade, drugs were applied using a rapid
perfusion system (DAD-12, Adamsé& List Associates,
Westbury, NY, USA) which allows well defined timing
and gives better reproducibility of peak NMDA responses.
The externa solution for all drug applications and wash
was (in mM): NaCl 155; CaCl,, 2; Na-Hepes 10 (pH 7.4);
tetrodotoxin, 400 nM; (—)-bicuculline methochloride, 10
wM (305 mOsm). In addition, the recording chamber was
continuously perfused (approx. 5 ml/min) by the same
solution supplemented with 4 mM KCI, 2 mM MgCl, and
10 mM glucose, with tetrodotoxin and (—)-bicuculline
omitted. The internal pipette solution for whole-cell
recordings was (in mM): KF, 134; K-Hepes, 10.6 (pH 7.4);
CaCl,, 1; MgCl,, 2; EGTA, 10 (285 mOsm). Recordings
were made with an Axopatch 200A amplifier (Axon In-
struments, Foster City, CA, USA). The holding potential
was —60 mV in al experiments except for those testing
voltage dependence. Pipettes (3—8 M Q) were pulled from
thick-walled, filamented, borosilicate capillaries (World
Precision Instruments, New Haven, CT, USA) and were
fire-polished. The series resistance (5-12 M) was rou-
tinely compensated by approx. 80% when membrane cur-
rents exceeded 1 nA. Whole cell currents were filtered at 2
kHz with a 4-pole, —3 dB, lowpass Bessel filter and were
stored digitally on a NIC-310 digital oscilloscope (Nicolet
Instrument, Madison, WI, USA). Recordings were ana-
lyzed off-line using software provided by the laboratory of
Dr. Ricardo Miledi (University of Cdifornia, Irvine, CA,
USA).

2.5. Data analysis — Pharmacology

Pharmacology of whole cell currents was analyzed as
reported previously (Woodward et al., 1995; Ilyin et al.,
1996bh). Briefly, data for glycine and glutamate concentra-
tion—response relations were fit using the logistic equation

| /lmax = 1/(1 + (ECgo/[agonist]) "), (1)

where | is the measured current, |, is the maximum
steady-state current, n is the slope factor and ECy, is the
concentration of drug that elicits a half-maximal response.
Concentration—inhibition curves for nylidrin were fit with

I/Icontrol = <(1 - min)/{l + ([antagonis:]/lcso)n}}
+ min, (2)

where | ..o IS the current in the absence of antagonist,
min (minimum) is the residual fractional response at satu-
rating concentration of antagonist and IC, is the concen-
tration of drug that causes half this level of inhibition. Data
in the text are mean + standard error (S.E.).

2.6. Drugs

Nylidrin was purchased from Research Biochemicals
International (Natick, MA, USA). Other chemicals were
purchased from Sigma (St. Louis, MO, USA), or as noted
in the text. Nylidrin was initially dissolved in dimethylsulf-
oxide (DMSO) and diluted in a series of DMSO stocks
over the range 0.01-100 mM. Ringer solutions (0.01-100
wM) were made by 300—3000-fold dilution of stocks.

3. Results

3.1. Subunit-selective inhibition of cloned NMDA receptors
expressed in oocytes

Nylidrin was assayed for effects on cloned NMDA
receptors by measuring inhibition of currents elicited by
fixed concentrations of agonists applied at saturating, or
near saturating, concentrations: 10 wM glycine plus 100
pM glutamate for NR1a /2A; 1 M glycine plus 100 M
glutamate for NR1A /2B and NR1a /2C. Oocyte experi-
ments were performed primarily in zero-Ca2* Ringer, with
Ba?* in place of Ca?*. Under these conditions, provided
levels of expression were moderate, co-application of glu-
tamate and glycine elicited a monophasic NMDA response
largely free of Ca?*-activated Cl~ currents (Williams,
1993; Arellano et al., 1995). In typical experiments oocytes
were exposed to agonists until a steady-state current was
obtained, and then superfused with a mixture of agonists
and increasing concentrations of nylidrin (e.g., Fig. 2).
Exposures to nylidrin were maintained long enough to see
a steady-state level of inhibition.

Nylidrin potently inhibited responses in oocytes ex-
pressing NR1a /2B subunit combinations. Inhibition curves
for NR1a /2B responses were biphasic, suggesting high
and low affinity components of antagonism (Fig. 2 lower
panel; Table 1). The high affinity component of inhibition
had an IC, of 0.18 wM and saturated with about 80% of
the current blocked. As seen with haloperidol (llyin et al.,
1996a) potency of antagonism by nylidrin could vary
somewhat between different batches of oocytes. Inhibition
typically took 1—-2 min to equilibrate and washed out over
2-15 min, depending on drug concentration. The remain-
ing 20% of the NR1a /2B response was inhibited at low
potency. The ICg, for the second component of inhibition
was approximately 37 wM, though the accuracy of this
estimate was compromised by the limited number of data
points over this range. The potency of nylidrin for inhibi-
tion of NR1a/2B responses was similar in zero-Ca?*
Ringer and in Ca*-containing Ringer (not shown).
Nylidrin aso inhibited responses in oocytes expressing
NR1a/2A and NR1a /2C subunit combinations, but with
greatly reduced potency compared to the high affinity
component a NR1a/2B. Inhibition of NR1la/2A and
NR1a /2C responses was adequately fit by single compo-
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Fig. 2. Inhibition of cloned NMDA receptors expressed in Xenopus
oocytes. Upper panel: Sample records illustrating inhibition of NMDA
responses by nylidrin in oocytes expressing the NR1a /2B (top record)
and NR1a /2A (bottom record) subunit combinations. Drugs were applied
asindicated by bars. AG signifies a mixture of co-agonists: 1 .M glycine
and 100 uM glutamate for NR1a/2B; 10 nM glycine and 100 uM
glutamate for NR1a/2A. The holding potential was —70 mV, with
regular steps to —60 mV to time drug applications and to assess the
membrane conductance. Inward current is denoted by downward deflec-
tion. Lower panel: Concentration—inhibition curves for nylidrin; effect of
varying the NR2 subunit on nylidrin sensitivity. Response amplitudes are
expressed as a fraction of currents elicited by 10 wM glycine plus 100
wM glutamate for NR1a /2A, and 1 M glycine plus 100 wM glutamate
for NR1a /2B and NR1a/2C. Smooth curves are best fits of Eq. (2) to
the data. For the NR1a /2B curve, curve-fitting was performed using data
points from 0.01-3 M, representing the high affinity component. The
low affinity component was fitted between 3—100 M. Curve parameters
are given in Table 1, including n values for each subunit combination.
Current ranges and mean responses were: NR1a/2A, 92 to 146 nA
(117+ 16 nA); NR1a /2B, 79 to 190 nA (111427 nA); NR1a/2C, 25 to
90 nA (56419 nA).

nent curves with 1Cg, values of 32 wM and 42 uM,
respectively (Fig. 1; Table 1). At the holding potentia of
—70 mV, nylidrin (1 nM to 100 wM) did not activate
currents when applied alone to oocytes expressing any of
the three subunit combinations.

3.2. Effects of nylidrin on agonist concentration—response
curves

The mechanism of inhibition on NR1a/2B and
NR1a /2A receptors was investigated by measuring the
effects of a fixed concentration of nylidrin on concentra-

Table 1

Inhibition of NMDA responses by nylidrin

Subunit combination I1Cgy (WM) Slope n
Oocyte recordings

NR1a/2A 32420 —0.91+0.04 3
NR1a/2B (high affinity) 0.18+0.03 —1.06+0.09 4
NR1a /2B (low affinity) 37+5 —-0.87+0.11 4
NR1a/2C 42+11 —1.0+0.06 3
Neuron recordings

NMDA 0.22+0.02 —-12+01 3

Inhibition of responses was measured at pH 7.4 using saturating, or near
saturating concentrations of agonists. For NR1a/2B and NR1a/2C:
glutamate (100 wM) and glycine (1 wM). For NR1A /2A: glutamate (100
wM) and glycine (10 wM). ‘n’ indicates the number of independent
experiments (oocytes or neurons examined). ICg, and slope values are
from best fit of data to Eq. (2). Curve fitting for NR1a/2A, NR1a/2C
and the low affinity component of NR1a /2B was performed assuming
inhibition was complete. Data are presented as mean+ SEE. Levels of
expression are listed in Figs. 2 and 6.

tion—response curves for glycine and glutamate (Figs. 3
and 4). Antagonism of NR1a /2B by 0.3 wM nylidrin was
not surmounted by increasing the glycine concentration
(Fig. 3 lower panel). A similar result was seen with
NR1A /2A receptors using 30 wM nylidrin (Fig. 3 upper
panel). For both subunit combinations, levels of inhibition,
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Fig. 3. Effect of nylidrin on steady-state concentration—response curves
for glycine in oocytes expressing NR1A /2A (upper panel) and NR1a /2B
(lower panel) subunit combinations. For both panels, glutamate was fixed
at 100 M. Response amplitudes are expressed as a fraction of maximum
currents (1 /1,,,,). Smooth curves are best fits of Eqg. (1) to the data
Dotted lines represent data scaled to 1.0, for direct comparisons of
affinity. Current ranges and mean steady-state responses were: NR1a /2A,
27 to 172 nA (110+43 nA); NR1a /2B, 25 to 138 nA (57+27 nA).
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Fig. 4. Effect of nylidrin on steady-state concentration—response curves
for glutamate in oocytes expressing NR1a/2A (upper panel) and
NR1a/2B (lower panel) subunit combinations. For both panels glycine
was fixed at 10 wM. Data plotted as in Fig. 3. Curve parameters are
given in Table 2. Current ranges and mean steady-state responses were:
NR1A/2A, 29 to 218 nA (132455 nA); NR1a/2B, 24 to 144 nA
(65440 nA).

assessed in terms of ECg, values, were independent of
glycine concentration (P = 0.55 for NR1A/2A and P =
0.32 for NR1a /2B). Antagonism of NR1a /2B induced by
0.3 M nylidrin was aso not surmountable by raising
concentrations of glutamate (Fig. 4 lower panel). In this
case, however, inhibition was associated with a significant
increase in apparent affinity for the agonist (P = 0.004)
(Table 2). For NR1a /2A receptors, inhibition produced by
30 pM nylidrin was not associated with appreciable
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Fig. 5. Effect of membrane voltage on inhibition by nylidrin of NR1a /2A,
NR1a /2B and NR1a /2C responses in oocytes. Response amplitudes are
expressed as a fraction of currents elicited by 10 wM glycine plus 100
wM glutamate for NR1a/2A, and 1 M glycine plus 100 wM glutamate
for NR1a /2B andNR1a /2C. Concentrations of nylidrin used were 0.3
wM at NR1a /2B, and 30 wM for NR1a/2A and NR1a/2C. Each point
is data from 3 different oocytes. Current ranges and mean steady-state
responses measured at — 70 mV were: NR1a /2A, 57 to 142 nA (104 + 25
nA); NR1a/2B, 30 to 99 nA (71+21 nA); NR1a/2C, 22 to 77
(49+16).

changes in glutamate affinity (P =0.10) (Fig. 4 upper
panel).

3.3. Voltage-dependence of inhibition on oocytes

To test whether antagonism of NR1a/2A, NR1a /2B
and NR1a /2C responses by nylidrin was dependent upon
membrane voltage levels of inhibition were measured in
oocytes at holding potentials over the range of — 130 to
—40 mV. Antagonism NR1a /2B receptors by 0.3 uM
nylidrin was independent of voltage (Fig. 5). There was a

Table 2

Effect of nylidrin on glycine and glutamate concentration—response curves in oocytes

Subunit combination Condition ECs, (M) Slope n

NR1a/2A glycine (control) 13+01 17+0.2 4
glycine + 30 .M nylidrin 1.2+ 0.04 21+03 4
glutamate (control) 19+0.3 1.3+0.2 3
glutamate + 30 .M nylidrin 14+04 12+03 3

NR1a/2B glycine (control) 0.32+0.09 14403 3
glycine + 0.3 wM nylidrin 0.34 + 0.05 13+02 3
glutamate (control) 1.3+ 0.07 1.6+0.1 3
glutamate + 0.3 wM nylidrin 0.56 + 0.04 16+01 3

ECg, and slope values are the best fits of pooled data to Eq. (1). Data are presented as mean + SE. For NR1a/2B receptors, glutamate curves at
NR1a /2B and NR1a /2C were measured in the presence of 10 .M glycine, and at NR1a /2A in the presence of 1 wM glycine. All glycine curves were
measured in the presence of 100 wM glutamate. ‘n’ indicates the number of independent experiments (oocytes examined). Levels of expression are given

in Figs. 3 and 4.
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Table 3

Effect of pH on inhibition of NR1a /2B responses by nylidrin

Subunit combination  pH ICsy (M) Slope n

NR1a/2B 6.8 0.12+0.05 —11+05 3
74 0.23+0.04 —094+0.2 3
8.0 0.37+0.06 —1.0+0.2 3

ICg, and slope values are the best fits of pooled data to Eq. (2). Data are
presented as mean+ S.E. Inhibition was measured using 1 .M glycine
plus 100 .M glutamate. ‘n’ indicates the number of independent experi-
ments (oocytes examined). Current ranges and mean responses were. pH
6.8, 50 t0 101 nA (84+ 17 nA); pH 7.4, 308 to 403 nA (362+ 28 nA); pH
8.0, 275 to 330 nA (226 + 78 nA).

slight decrease in inhibition at —40 mV, but this was not
significantly different from that at —70 mV (P =0.25). In
contrast, antagonism at NR1a /2A and NR1a/2C by 30

4
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pM nylidrin showed statistically significant voltage-de-
pendence over this range (P < 0.01 and P < 0.001, re-
spectively). Testing nylidrin at more positive voltages in
oocytes was complicated by activation of slowly develop-
ing endogenous currents (Arellano et al., 1995).

3.4. pH dependence of inhibition at NR1a /2B in oocytes

To test the pH dependence of NR1a /2B receptor inhi-
bition by nylidrin concentration—inhibition curves were
measured separately at pH 6.8, 7.4 and 8.0. As reported
previously (Tang et al., 1990), reducing pH itself produced
a substantial reduction in NMDA response. For example,
the mean membrane current responses elicited by 1 wM
glycine and 100 wM glutamate at pH 7.4 and 6.8 were
362 + 28 and 84 + 17 nA, respectively (n=3). The high

10
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Fig. 6. Inhibition of NMDA receptors in cultured rat cortical neurons. Upper panel: Sample records illustrating inhibition of NMDA-induced currents by
nylidrin in a single neuron. Co-agonists and nylidrin were applied simultaneously as indicated by bars. AG (agonists) =1 wM glycine plus 100 uM
NMDA. The holding potential was —60 mV. Inward current is denoted by downward deflection. Lower panel: Concentration—inhibition curve for
nylidrin. Data from three neurons are presented. Response amplitudes are expressed as a fraction of control values. The smooth curve is the best fit of Eq.
(2) to the data. Curve parameters are given in Table 1. Current ranges and mean responses were: 110 to 407 pA (254 + 98 pA, n=11).
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Fig. 7. Effect of membrane voltage on inhibition of NMDA responses by
nylidrin in cortical neurons. Upper panel: Sample currents evoked by
co-agonists at two membrane voltages, —60 mV and +60 mV. AG =1
wM glycine plus 100 ..M NMDA. Nylidrin, 3 .M was applied when the
NMDA response reached its steady-state level. Lower panel: Response
amplitudes in the presence of 0.3 .M and 3 wM nylidrin expressed as a
fraction of control values at the two membrane voltages (n=5).

affinity 1Cg, value for nylidrin progressively decreased as
the pH was lowered, such that potency measured at pH 6.8
was approx. 3-fold higher than that measured at pH 8.0
(Table 3). Differences in ICq, were statistically significant
measured between pH 6.8 and 8.0, but were insignificant
between pH 6.8 and 7.4, or between pH 7.4 and 8.0.

3.5. Inhibition of neuronal NMDA responses

Whole cell recordings were made from rat cortical
neurons maintained for 6 to 14 days in culture. Neurons
with large cell bodies and pyramidal morphology were
chosen for electrophysiology. Previous studies have shown
that neurons at this age in vitro express primarily NR1 /2B
subunits (Williams et al., 1993; Zhong et al., 1994) and
have high sensitivity to the NR1/2B-selective antagonist
haloperidol (Ilyin et a., 1996a). Responses to saturating
concentrations of agonists (100 wuM NMDA plus 1 pM
glycine) were inward currents consisting of a rapid rising
phase followed by desensitization to a steady-state level
(Fig. 6, upper panel). Using the linear array for drug
application, peak amplitudes had poor reproducibility in
successive trials due to inconsistencies in the speed of
delivery. All inhibition curves were therefore measured
under steady-state desensitizing conditions on the plateau
phase of the response. Similar to NR1a /2B receptors in

nylidrin, 3uM
AG

‘\W/ﬂ«i LODA
0.2s

AN control

Fig. 8. Use dependence of NMDA receptor inhibition by nylidrin. Inhibition induced by 3 wM nylidrin showing the comparison between simultaneous
application of antagonist (left column) and pretreatment with antagonist (right column). Time of pretreatment was 24 s. In each column lower traces are the
control and drug treated responses superimposed at a higher sweep. Control = 1 wM glycine plus 100 uM NMDA.



204 E.R. Whittemore et al. / European Journal of Pharmacology 337 (1997) 197-208

oocytes, NMDA responses in neurons were inhibited with
an I1C,, value of 0.22 wM (Table 1). Inhibition of neuronal
NMDA responses by nylidrin was a so incomplete: approx.
10% of the response remained at what appeared to be
saturating antagonist concentrations. In neurons, nylidrin
was not assayed at concentrations > 30 uM to see if a
second, low affinity, component of inhibition was present.
Exposure to nylidrin alone at concentrations up to 30 WM
did not elicit measurable currents in neurons.

3.6. Mechanism of neuronal NMDA receptor antagonism

The mechanism of inhibition was investigated by test-
ing for voltage-dependence and by testing whether nylidrin
behaved as a classic open channel blocker. Voltage-depen-
dence of inhibition was assessed by comparing the levels
of block induced by two concentrations of nylidrin, 0.3
and 3 pM, a two different holding voltages, —60 and
+60 mV (Fig. 7). For 0.3 wM nylidrin, the fractiona
response was 0.56 + 0.05 at —60 mV and 0.64 + 0.09 at
+60 mV (n=5). For 3 wM nylidrin the fractional re-
sponse was 0.23 4+ 0.06 a8 —60 mV and 0.24 4+ 0.02 at
+60 mV (n=5). There was no significant difference in
level of block for either concentration (P = 0.07 for 0.3
wM nylidrin; P = 0.24 for 3 uM nylidrin).

m

Evidence for channel trap blockade or other ‘activity-
dependent’” mechanisms of inhibition were assessed in
experiments comparing the effects of 3 wM nylidrin ap-
plied with pre-incubation or no pre-incubation. These ex-
periments were done using a DAD-12 drug perfusion
system which alowed rapid and more reproducible deliv-
ery of agonists. Simultaneous co-application of agonists
with 3 wM nylidrin resulted in a spike of current which
decayed to a steady-state level that was approx. 15% of the
control current. The amplitude of the spike was similar to
that of the control responses (Fig. 8, left traces). In con-
trast, after pre-incubation with 3 wM nylidrin the spike of
current induced by agonists was substantially reduced (Fig.
8, right traces). In these experiments it was also possible to
compare the degree to which nylidrin inhibited the peak
versus the steady-state component of the NMDA response.
For example, after a 24 s pre-incubation with 3 wM
nylidrin the fractional peak response was significantly
greater than the fractional steady-state current: 0.33 + 0.004
and 0.15 + 0.002, respectively ( p < 0.001) (n = 6). Lastly,
washout of 3 wM nylidrin inhibition was investigated by
comparing rates of wash either with, or without, activation
of the receptor. Washout of inhibition was largely indepen-
dent of channel activity (Fig. 9).

nylidrin,3uM
- - AG

nylidrin,3uM
- AG

| 100pA

50s

Fig. 9. Effect of channel activation on rate of washout of inhibition by 3 wM nylidrin. Co-agonists and nylidrin were applied as indicated by bars. AG =1
M glycine plus 100 .M NMDA. Records were taken from the same cortical neuron.
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ifenprodil, 3uM
— AG

‘ZOpA

10s

nylidrin, 3uM
— AG

Fig. 10. Potentiation of NMDA responses in cortical neurons by nylidrin
and ifenprodil at low concentrations of NMDA. Co-agonists, nylidrin and
ifenprodil were applied as indicated by bars. AG = 30 .M glycine plus 1
wM NMDA (note: other neuronal recordings demonstrating inhibition by
nylidrin (Figs. 6-9) were done using 100 uM NMDA). Records were
taken from the same cortical neuron.

3.7. Potentiation of NMDA responses at low glutamate-site
agonist concentrations

To assess whether the increase in apparent affinity of
glutamate at NR 1A /2B in the presence of nylidrin (see
Fig. 4, lower panel) may result in potentiation of NMDA
receptor responses at low concentrations of glutamate or
NMDA, we tested the effects of 3 wM nylidrin on currents
evoked by 1 wM NMDA plus 30 M glycine in 2 neurons
(Fig. 10). As a positive control, effects of 3 wM ifenprodil
on these responses were assayed in the same cells. Both
drugs increased the control currents by approx. 100%.

4, Discussion

4.1. Subunit-selective inhibition of binary NMDA subunit
combinations

The principle finding in this study is that nylidrin is a
subunit-selective inhibitor of NMDA receptors. Nylidrin

inhibits recombinant rat NR1a /2B receptors expressed in
Xenopus oocytes with an ICg, of approx. 0.2 wM and has
> 175-fold selectivity for NR1a /2B receptors as com-
pared to NR1a /2A and NR1a /2C. High potency inhibi-
tion of NR1a /2B receptors by nylidrin is insurmountable
with respect to glycine and glutamate, indicating that the
drug is not a conventional competitive antagonist at the
glycine or glutamate binding sites. Inhibition is, however,
associated with an increase in apparent affinity for gluta-
mate, suggesting positive allosteric coupling between glu-
tamate and inhibitor binding sites.

Inhibition of NR1a /2B receptors by nylidrin shows
pH-dependence, with increased potency at lower pH values
(also see Pahk and Williams, 1997). Since the amine in
nylidrin has a pK, between 9 and 10, inhibition measured
between pH 6.8 and 8 is probably not due to changes in
the degree of ionization of this moiety. The most likely
explanation for the effect is positive allosteric coupling
between the nylidrin and proton regulatory sites (Pahk and
Williams, 1997). Antagonism of NR1A /2B receptors by
nylidrin is independent of membrane voltage, which argues
that nylidrin is not acting at a site deep in the channel pore
(Huettner and Bean, 1988). Taken together, inhibition of
NMDA receptor function by nylidrin would appear to be
mediated by an alosteric modulatory site located on the
externa surface of the receptor, which is dependent on
NR2B subunits for functional integrity (see Williams, 1993;
Gallagher et al., 1996).

The low affinity inhibition of NR1a /2A and NR1a /2C
receptors is, in contrast, voltage dependent. The mecha-
nism is therefore consistent with a site of inhibition located
in the channel pore. Though we did not test voltage-depen-
dence for the low affinity component of block of
NR1a /2B, it is interesting to note that the apparent affin-
ity (37 wM) is dtrictly comparable to the potency of
inhibition at NR1A /2A (32 wM) and NR1a /2C (42 nM).
The simplest explanation for this correspondence is that all
three subunit combinations contain a second low affinity
site for nylidrin located in the channel pore. This site
would appear to be well conserved across the different
subunit combinations and thus may be associated with the
NR1 subunit. What relation the site has to the phencycli-
dine binding site, or to other sites in the pore such as those
for polyamines, polyamine toxins, or Zn?* (Sucher et al.,
1996), remains uncertain.

4.2. Inhibition of NMDA receptors in neurons

Cortical neurons prepared as described and cultured for
< 14 days express primarily NR1a /2B receptors (Wil-
liams et al., 1993; Zhong et a., 1994). NMDA-evoked
currents in such neurons are sensitive to inhibition by
haloperidol (Ilyin et al., 1996a), ifenprodil (Kew et al.,
1996) and €liprodil (Whittemore et al., 1997) and poten-
cies and degrees of inhibition in neurons are consistent
with blockade of NR1/2B receptors. The inhibition of
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NMDA responses in neurons by nylidrin shares many of
the properties described for NR1a /2B receptors expressed
in oocytes. Specifically, the neuronal NMDA receptors are
blocked at the same potency as the cloned receptors (high
affinity component), the inhibition is incomplete, with
10-15% of the current remaining unblocked, and is not
dependent on voltage, even at strongly positive holding
potentials. Our neuronal recordings with nylidrin also
demonstrate positive coupling between the glutamate site
and theinhibitor site at low concentrations of glutamate-site
agonists, as reported for ifenprodil (Kew et al., 1996).
The experiments comparing inhibition after simultane-
ous application of agonists and nylidrin with inhibition
after pre-incubation with nylidrin suggest two further
points: (1) The reduction in peak current after pre-incuba-
tion suggests that nylidrin is able to interact with the
receptor in resting state prior to channel activation. (2) The
increased fractional inhibition of the steady-state response
as compared to the peak argues that, though nylidrin binds
the receptor in the resting state, the potency of the interac-
tion is increased by channel activation or desensitization.
The comparisons of washout suggest that channel activa-
tion does not facilitate unbinding of nylidrin from the
channel. Collectively, these experiments confirm that
nylidrin is not behaving as an open-channel, or ‘channel-
trap’, blocker where inhibition and wash would be depen-
dent upon channel activation (Huettner and Bean, 1988).

4.3. Smilarities with other NR2B-selective NMDA recep-
tor antagonists

The present study shows that inhibition of NMDA
receptors by nylidrin shares many features with NMDA
receptor inhibition by ifenprodil (Legendre and Westbrook,
1991; Williams, 1993; Kew et a., 1996), CP 101,606
(Mott et al., 1996), Ro 25-6981 (Trube et a., 1996) and
haloperidol (llyin et al., 1996a). The similarities include:
(1) pronounced selectivity for NR1/2B receptors, (2) in-
complete, or two component, block of current, (3) insur-
mountable inhibition with respect to glutamate and glycine,
(4) absence of voltage-dependence or channel-trap proper-
ties and (5) pH-dependence. Additional similarities include
evidence for positive allosteric coupling between the
nylidrin and glutamate sites, and the indication of in-
creased potency on the activated /desensitized receptor:
both features that are consistent with the detailed model
proposed for ifenprodil (Kew et al., 1996). These numer-
ous similarities suggest that the mechanism of inhibition
for nylidrin is similar or identical to ifenprodil, CP 101,606
and Ro 25-6981, and that al these drugs interact at the
same, or at least overlapping, binding sites. We did not test
nylidrin on other NR1 splice variants expressed in combi-
nation with NR2B, but experiments with ifenprodil and
haloperidol imply that inhibition will be independent of
isoform (Williams, 1993; llyin et al., 1996a).

In support of this idea, binding experiments indicate

that nylidrin displaces [**1]ifenprodil from rat cortical

membranes (Beart et al., 1991; Mercer et al., 1993).
However, the K, values reported in these studies were
approx. 100-fold higher (30 wM) than we observe at
NR1a/2B in oocytes and neurons. It is unclear why
nylidrin was so weak in these binding experiments, since
in the same system ifenprodil and eliprodil were reported
to have K, values very similar to those we observe
electrophysiologically at NR1a/2B (Whittemore et al.,
1997). In a second binding study focussing on o (sigma)
site pharmacology, nylidrin was shown to displace
[®Hlifenprodil from rat cortical membranes with a K. of
49 nM (Schoemaker et d., 1994), more in line with the
ICs, value at NR1a /2B. In this case, however, the authors
considered the principle binding site for [*HJifenprodil to
be a o site, rather than the NMDA receptor.

Ifenprodil, eliprodil, CP 101,606 and Ro 25-6981 are all
related structurally (Fig. 1). Nylidrin can be considered an
analog of these molecules with a secondary amine in the
place of the piperidine nitrogen. The potency of NR1a /2B
receptor inhibition for nylidrin is comparable to that of
ifenprodil and CP 101,606 (Williams, 1993; Kew et al.,
1996; Mott et a., 1996): in our hands the IC, values are
0.18, 0.31 and 0.11 M, respectively (Whittemore et al.,
1997). This indicates that conformational and geometrical
constraints conferred on the molecules by the piperidine
ring do not result in any particular advantage in terms of
affinity for the NR1/2B site. Also, potency is largely
unaffected by changing the amine from tertiary in the
piperidine compounds to secondary in nylidrin. The differ-
ences in pK, between the piperidine nitrogen (approx.
8.5-9) and the secondary amine in nylidrin (approx. 9-10)
are not sufficiently different to support a difference in
electrical properties between the molecules. It follows that
exploring the SAR of other related non-piperidine com-
pounds should yield additional potent and selective
NR1a /2B antagonists.

4.4. Other sites of action and relevance to therapeutic
potential

Nylidrin was described initially as a vasodilator, with
B-sympathomimetic activity (Ariéns et al., 1962). Later
studies demonstrated anti-hypertensive effects at 3, recep-
tors (Yen and Pearson, 1979) and B-adrenergic binding
with an I1C5, of 0.37 wM (Bilezikian et a., 1978). Other
reports of cardiovascular effects for nylidrin suggested
actions at «-adrenergic receptors centrally (Fichtl and
Felix, 1980) and binding studies have shown that nylidrin
is a potent «-adrenergic ligand, with a K, of 66 nM for
a-receptors from hepatic membranes (Guellaen et al.,
1978). In addition, it seems likely that nylidrin will share
other sites of actions common to some, or al, of the
piperidines mentioned above; e.g. dopamine D, and possi-
bly D; and D, receptors, o, and o, sites, and blocking
effects at voltage-gated Na®, K™ and Ca?*-channels
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(Guellaen et al., 1978; Beart et a., 1994; Bath et al., 1996,
Whittemore et al., 1997). Ifenprodil, €liprodil, CP 101,606,
Ro 25-6981 and haloperidol all have neuroprotective prop-
ertiesin vitro and in animal models of stroke and traumatic
brain injury (Shalaby et al., 1992; Williams, 1993; Scatton
et a., 1994; Chenard et al., 1995; Vartanian and Boxer,
1996). This supports the idea that selective blockade of
NR1a /2B receptors is sufficient for neuroprotection, and
that these types of drugs may have potential for clinical
development. Though nylidrin may have central activity
(Fichtl and Felix, 1980), its effects on the cardiovascular
system, particularly when administered i.v., compromise
the drug in terms of clinical utility as a neuroprotectant. As
was found with piperidine based molecules like ifenprodil,
for non-piperidine NR1 /2B-sel ective antagonists it will be
important to design molecules with significantly improved
side effect profiles.

4.5. Conclusion

Nylidrin is a potent NMDA receptor antagonist which
shows selectivity for NR1 /2B subunit combinations. Inhi-
bition appears to be mediated alosterically in a manner
similar to that observed for ifenprodil, €iprodil, CP
101,606, Ro 25-6981 and haloperidol. Nylidrin differs
from these compounds structurally being a non-piperidine,
and thus should serve as a structural lead for developing
novel subtype-selective NMDA receptor ligands.

References

Arellano, R.O., Woodward, R.M., Miledi, R., 1995. A monovalent
cationic conductance that is blocked by extracellular divalent cations
in Xenopus oocytes. J. Physiol. 484, 593—-604.

Ariéns, E.J.,, Waelen, M.J.G.A., Sonneville, P.F., Smmons, A.M., 1962.
The pharmacology of catecholamines and their derivatives.
Arzneim.-Forsch. Drug Res. 13, 541-546.

Bath, C.P., Farrell, L.N., Gilmore, J., Ward, M.A., Hicks, C.A., O'Nsill,
M.J., Bleakman, D., 1996. The effects of ifenprodil and eliprodil on
voltage-dependent Ca?* channels and in gerbil globa cerebral is-
chaemia. Eur. J. Pharmacol. 299, 103-112.

Beart, P.M., Mercer, L.D., Jarrott, B., 1991. [*“I]Ifenprodil: A conve-
nient radioligand for binding and autoradiographic studies of the
polyamine-sensitive site of the NMDA receptor. Neurosci. Lett. 124,
187-189.

Beart, P.M., Ryan, M.C., Mercer, L.D., Jarrott, B., Wong, M.C., 1994.
Heterocyclic amino acohols related to ifenprodil as o receptor
ligands: Binding and conformational analyses. Eur. J. Pharmacol. 269,
193-200.

Ben-Ari, Y., Cherubini, E., Krnjevic, K., 1988. Changes in voltage-de-
pendence of NMDA currents during development. Neurosci. Lett. 94,
88-92.

Bilezikian, J.P., Dornfeld, A.M., Gammon, D.E., 1978. Structure-bind-
ing-activity analysis of beta-adrenergic amines-I. Biochem. Pharma-
col. 27, 1445-1454.

Chenard, B.L., Bordner, J., Butler, T.W., Chambers, L.K., Callins, M.A.,
De Costa, D.L., Ducat, M.F., Dumont, M.L., Fox, C.B., Mena, E.E,,
Meniti, F.S., Nielsen, J.,, Pagnozzi, M.J.,, Richter, K.E.G., Ronau,
R.T., Shaaby, I.A., Stemple, J.Z., White, W.F., 1995. (152S)-1-(4-

125

Hydroxypheny!)-2-(4-hydroxy-4-phenyl piperidino)-1-propanol: A po-
tent new neuroprotectant which blocks N-methyl-p-aspartate re-
sponses. J. Med. Chem. 38, 3138-3145.

Choi, D.W., Rothman, S.M., 1990. The role of glutamate neurotoxicity in
hypoxic—ischemic neuronal death. Annu. Rev. Neurosci. 13, 171-182.

Fichtl, B., Felix, W., 1980. Central cardiovascular effects of nylidrin
(buphenine). Eur. J. Pharmacol. 65, 333-339.

Fletcher, E.J,, MacDonald, JF., 1993. Haloperidol interacts with the
strychnine-insensitive glycine site at the NMDA receptor in cultured
mouse hippocampal neurones. Eur. J. Pharmacol. 235, 291-295.

Gallagher, M.J., Huang, H., Prichett, D.B., Lynch, D.R., 1996. Interac-
tions between ifenprodil and the NR2B subunit of the N-methyl-p-
aspartate receptor. J. Biol. Chem. 271, 9603-9611.

Guellaen, G., Yates-Aggerbeck, M., Vauquelin, G., Strosberg, D., Ha
noune, J., 1978. Characterization with [>H]dihydroergocryptine of the
a-adrenergic receptor of the hepatic plasma membrane. J. Biol. Chem.
253, 1114-1120.

Hamill, O.P., Marty, A., Neher, E., Sakmann, B., Sigworth, S.J., 1981.
Improved patch-clamp techniques for high-resolution current record-
ing from cells and cell-free membrane patches. Pflug. Arch. 391,
85-100.

Hawkinson, J.E., Drewe, J.A., Kimbrough, C.L., Chen, J.S., Hogenkamp,
D.J, Lan, N.C., Shen, K.-Z., Whittemore, E.R., Woodward, R.M.,
1996. 3a-Hydroxy-3g-trifluoromethyl-5a-pregnan-20-one (Co 2-
1970): A partia agonist at the neuroactive steroid site of the y-amino-
butyric acid, receptor. Mol. Pharmacol. 49, 897—906.

Hollmann, M., Heinemann, S., 1994. Cloned glutamate receptors. Annu.
Rev. Neurosci. 17, 31-108.

Huettner, J.E., Bean, B.P., 1988. Block of N-methyl-p-aspartate-activated
current by the anticonvulsant MK-801: Selective binding to open
channels. Proc. Natl. Acad. Sci. 85, 1307-1311.

Ilyin, V.l., Whittemore, E.R., Guastella, J., Weber, E., Woodward, R.M.,
1996a. Subtype-selective inhibition of N-methyl-p-aspartate receptors
by haloperidol. Mol. Pharmacol. 50, 1541-1550.

Ilyin, V.l., Whittemore, E.R., Tran, M., Shen, K.-Z., Cai, S.-X., Kher,
SM., Keana, JF.W., Weber, E., Woodward, R.M., 1996b. Pharma-
cology of ACEA-1416: A potent systemically active N-methyl-p-
aspartate receptor glycine site antagonist. Eur. J. Pharmacol. 310,
107-114.

Kew, JN.C., Trube, G., Kemp, JA. 1996. A novel mechanism of
activity-dependent NMDA receptor antagonism describes the effect to
ifenprodil in rat cultured cortical neurons. J. Physiol. 497, 761-772.

Kutsuwada, T., Kashiwabuchi, N., Mori, H., Sakimua, K., Kushiya, E.,
Araki, K., Meguro, H., Masaki, H., Kumanihsi, T., Arakawa, M.,
Mishina, M., 1992. Molecular diversity of the NMDA receptor chan-
nel. Nature 358, 36—41.

Legendre, P., Westbrook, G.L., 1991. Ifenprodil blocks N-methyl-p-
aspartate receptors by a two-component mechanism. Mol. Pharmacol.
40, 289-298.

MacDonald, JW., Johnston, M.V., 1990. Pharmacology of NMDA-in-
duced brain injury in an in vivo perinatal rat model. Synapse 6,
179-188.

Mercer, L.D., Jarrot, B., Beart, P.M., 1993. 125I-Ifenprodil: Synthesis and
characterization of binding to a polyamine-sensitive site in cerebral
cortical membranes. J. Neurochem. 61, 120-126.

Monyer, H., Sprengel, R., Schoepfer, R., Herb, A., Higuchi, M., Lomeli,
H., Burnashev, N., Sakmann, B., Seeburg, P.H., 1992. Heteromeric
NMDA receptors: Molecular and functional distinction of subtypes.
Science 256, 1217-1221.

Monyer, H., Burnashev, N., Laurie, D.J,, Sakmann, B., Seeburg, P.H.,
1994. Developmental and regional expression in the rat brain and
functional properties of four NMDA receptors. Neuron 12, 529-540.

Moriyoshi, K., Masu, M., Ishii, T., Shigemoto, R., Mizuno, N., Nakan-
ishi, S., 1991. Molecular cloning and characterization of the rat
NMDA receptor. Nature 354, 31-37.

Mott, D.D., Zhang, S., Washburn, M.S,, Fendley, M., Dingledine, R.,



208 E.R. Whittemore et al. / European Journal of Pharmacology 337 (1997) 197-208

1996. CP-101,606 antagonizes NMDA receptors by interacting with
the polyamine modulatory site. Soc. Neurosci. Abstr. 22, 66.

Muir, K.W., Lees, K.R., 1995. Clinical experience with excitatory amino
acid antagonist drugs. Stroke 26, 503-513.

Pahk, A.J., Williams, K., 1997. Influence of extracellular pH on inhibi-
tion by ifenprodil a N-methyl-D-aspartate receptors in Xenopus
oocytes. Neurosci. Lett., in press.

Priestly, T., Laughton, P., Myers, J, Le Bourdelles, B., Kirby, J,
Whiting, P.J., 1995. Pharmacological properties of recombinant hu-
man N-methyl-p-aspartate receptors comprising NR1a/NR2A and
NR1a /2B subunit assemblies expressed in permanently transfected
mouse fibroblast cells. Mol. Pharmacol. 48, 841-848.

Scatton, B., Avenet, P., Benavides, J., Carter, C., Duverger, D., Oblin,
A., Perrault, G., Sanger, D.J., Schoemaker, H., 1994. Neuroprotective
potential of the polyamine site-directed NMDA receptor antagonists-
ifenprodil and eliprodil. In: Pafreyman, M.G., Reynolds, 1.J., Skol-
nick, P. (Eds.), Direct and Allosteric Control of Glutamate Receptors.
CRC Press, Boca Raton, FL, pp. 139-154.

Schoemaker, H., Pigasse, S., Caboi, F., Oblin, A., 1994. Polyamine
effects on radioligand binding to receptors and recognition sites. In:
Carter, C. (Ed.), The Neuropharmacology of Polyamines. Academic
Press, San Diego, CA, pp. 107-154.

Shalaby, I.A., Chenard, B.L., Prochniak, M.L., Butler, T.W., 1992.
Neuroprotective effects of the N-methyl-p-aspartate receptor antago-
nists ifenprodil and SL-82,0715 on hippocampa cells in culture. J.
Pharmacol. Exp. Ther. 260, 925-932.

Sheng, M., Cummings, J.,, Roldan, L.A., Jan, Y.N., Jan, L.Y., 1994.
Changing subunit composition of heteromeric NMDA receptors dur-
ing development of rat cortex. Nature 368, 144-147.

Small, D.L., Buchan, A.M., 1997. NMDA antagonists: Their role in
neuroprotection. Int. Rev. Neurobiol. 40, 137-171.

Sucher, N.J., Awobuluyi, M., Choi, Y.-B., Lipton, SA., 1996. NMDA
receptors. From genes to channels. Trends Pharmacol. 17, 348—355.

Sugihara, H., Moriyoshi, K., Ishii, T., Masu, M., Nakanishi, S., 1992.
Structures and properties of seven isoforms of the NMDA receptor
generated by alternative splicing. Biochem. Biophys. Res. Commun.
185, 826-832.

Tang, C.-M., Dichter, M., Morad, M., 1990. Modulation of the N-methyI-

D-aspartate channel by extracellular pH. Proc. Natl. Acad. Sci. 87,
6445-6449.

Trube, G., Ehrhard, P., Maherbe, P., Huber, G., 1996. The selectivity of
Ro 25-6981 for NMDA receptor subtypes expressed in Xenopus
oocytes. Soc. Neurosci. Abstr. 22, 1760.

Vartanian, M.G., Boxer, P.A., 1996. Prevention of NMDA-induced brain
injury in neonatal rats by subtype-selective NMDA (NR2B) antago-
nists. Soc. Neurosci. Abstr. 22, 1279.

Whittemore, E.R., Ilyin, V.l., Woodward, R.M., 1996. Subtype-selective
antagonism of NMDA receptors by nylidrin. Soc. Neurosci. Abstr. 22,
1279.

Whittemore, E.R., llyin, V.l., Woodward, R.M., 1997. Antagonism of
N-methyl-p-aspartate receptors by o (sigma) site ligands: Potency,
subtype-selectivity, and mechanisms of inhibition. J. Pharm. Exp.
Ther., in press.

Willetts, J., Balster, R.L., Leander, J.D., 1990. The behavioral pharmacol-
ogy of NMDA receptor antagonists. Trends Pharmacol. 11, 423-428.

Williams, K., 1993. Ifenprodil discriminates subtypes of the N-methyl-D-
aspartate receptor: Selectivity and mechanisms at recombinant het-
eromeric receptors. Mol. Pharmacol. 44, 851-859.

Williams, K., Russell, S.LL., Shen, Y.M., Moalinoff, P.B., 1993. Develop-
mental switch in the expression of NMDA receptors occurs in vivo
and in vitro. Neuron 10, 267-278.

Woodward, R.M., Huettner, JE., Guastella, J., Keana, J.F.W., Weber, E.,
1995. In vitro pharmacology of ACEA-1021 and ACEA-1031: Sys-
temically active quinoxalinediones with high affinity and selectivity
for N-methyl-pD-aspartate receptor glycine sites. Mol. Pharmacol. 47,
568-581.

Yen, T.T., Pearson, D.V., 1979. Nylidrin: A potent anti-hypertensive
agent in hypertensive rats. Res. Commun. Chem. Path. Pharmacol. 23,
11-27.

Zhong, J., Russell, S.L., Prichett, D.B., Moalinoff, P.B., Williams, K.,
1994. Expression of messenger RNAs encoding subunits of the
N-methyl-p-aspartate receptor in cultured cortical neurons. Mol. Phar-
macol. 45, 846—852.

Zukin, R.S., Bennett, M.V.L., 1995. Alternatively spliced isoforms of the
NMDARL receptor subunit. Trends Neurosci. 8, 306—313.



