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Abstract

(+)-2-(4-Benzyl piperidino)-1-(4-hydroxyphenylpropan-1-ol ([*Hlifenprodil) binding to a subcellular fraction of porcine hippocam-
pus, which was obtained by centrifugation on a discontinuous sucrose gradient, was investigated with the objective to label selectively the
ifenprodil recognition site of native NMDA receptors. Saturation experiments revealed high-affinity sites for [3H]ifenprodil in this
membrane fraction which could be characterised by a K, value of 23.0 + 1.8 nM using a one-site model. Calculation of saturation
isotherms on the basis of a two-site model yielded a Ky, value of 10.4+ 2.4 nM and a K, vaue of 2200 + 1300 nM, respectively.
Inhibition of [3H]ifenpr0dil binding by NR2B subunit-selective NMDA receptor antagonists, by polyamines, by o receptor ligands, by a
variety of ligands acting at different NMDA receptor recognition sites and by several cations was studied and compared with the effects
of these compounds on (5R,105)-(+ )-5-methyl-10,11-dihydro-5H-dibenzo[ a,d]cyclohepten-5,10-imine ((®HIMK-801) binding under
non-equilibrium conditions. It turned out that o receptor ligands such as 1,3-di(2-tolyl)-guanidine (DTG), (+ )-3-(3-hydroxyphenyl)-N-
propylpiperidine (R)-3-PPP, (S)-3-PPP and (1-{2-[bis(4-fluorophenyl)methoxylethyl})(-4-[3-phenyl propylIpiperazine) (GBR-12909) did
not affect [3H]ifenprodil binding in the nanomolar range or only dlightly. In contrast, ifenprodil, eliprodil, nylidrin and haloperidol
inhibited [3H]ifenprodil binding in the nanomolar range and in the same rank order and with the same potency as observed for the
inhibition of the high-affinity fraction of [*HIMK-801 binding. The polyamines, which activate NMDA receptors, inhibited [*H]ifenprodil
binding in a biphasic manner. Their potency to inhibit the high-affinity fraction of [3H]ifenprodil binding was found to be in the same
range as their potency to enhance [*HIMK-801 bi nding. In the presence of 10 wM spermine a significantly enhanced (P = 0.0097) rate of
dissociation of [Hlifenprodil binding was found, suggesting that inhibition of [*HJifenprodil binding by spermine is not, or at least not
exclusively mediated by a competitive interaction. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction noJethanol (eliprodil) do not share the psychostimulant,
amnesic, and neurotoxic effects observed for many other

Antagonists acting at different recognition sites of types of NMDA receptor antagonists (Scatton et al., 1994).
NMDA receptors exert neuroprotective effects in various Although ifenprodil and eliprodil have been shown not to

ischemia models (Muir and Lees, 1995). (+)-2-(4-Benzyl- interact exclusively with NMDA receptors, several lines of
pi peridino)-1-(4-hydroxyphenylpropanl-ol  (Ifenprodil) evidence have been presented that their neuroprotective
and ( + )-1-(4-chlorophenyl)-2-[4-(4-fluorobenzy!)-piperidi- effects are mediated at a distinct polyamine-sensitive regu-

latory site of an NMDA receptor subtype containing NR1
and NR2B subunits (Scatton et al., 1994). Unfortunately,

[®Hlifenprodil — up to now the only commercially avail-

able tritiated ligand with selectivity for NMDA receptors
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circumvented by the addition of o receptor ligands such
as 1-{2-[bis(4-fluorophenyl)methoxy]ethyl}4-[3-phenylpro-
pyllpiperazine (GBR-12909), 1,3-di(2-tolyl)-guanidine
(DTG), (+)-3-(3-hydroxyphenyl)-N-propylpiperidine or
(+)-pentazocine (( R)-3-PPP) to mask these sites (Dana &t
al., 1991; Carter et al., 1992; Segal and Skolnick, 1999).
Recent studies, however, reveadled that o receptor ligands
such as haloperidol and trifluperidol selectively inhibit
NMDA receptors, comprised of NR1A and NR2B sub-
units, with their binding possibly overlapping with the
binding site of ifenprodil (Coughenour and Cordon, 1997;
Whittemore et al., 1997b; Gallagher et al., 1998), and that
o receptor ligands appear to inhibit NMDA receptors
indirectly (Yamamoto et al., 1995).

Previous investigations of the regional and the subcellu-
lar distribution of [*HJifenprodil binding in rat brain
demonstrated that the density of [*Hlifenprodil binding
ascribed to NMDA receptors is high in several forebrain
regions such as the hippocampus (Dana et al., 1991,
Hashimoto et al., 1994; Nicolas and Carter, 1994), whereas
the regional distribution of [*HJifenprodil binding ascribed
to o sitesis amost homogenous. Finally, it was also found
that the ratio of NMDA receptors to o site labelling is
highest in favour of the NMDA receptor in density gradi-
ent fractions termed synaptosomal and mitochondrial frac-
tions (Knight et al., 1991; Cagnotto et a., 1994; Hashimoto
et al., 1994). Therefore we undertook a study to charac-
terise [*Hlifenprodil binding to subcellular fractions from
porcine hippocampal brain membranes, with the intention
to uncover whether the NMDA receptor can be selectively
labelled by [*Hlifenprodil in a native receptor source in the
absence of any ligands masking o sites.

2. Materials and methods

2.1. Membrane preparation and subcellular fractionation

The hippocampi from 40 pig brains (from the local
slaughterhouse) kept on ice were pooled after a post-
mortem delay of 2—3 h, suspended in 0.32 M sucrose, 5
mM Tris AcOH pH 7.4 (about 103 g tissue in 1030 ml),
homogenised with a potter (PotterS Braun, 800 rpm, 12
up-and-down strokes), and centrifuged at 1000 X g for 5
min at 4°C following a literature procedure (Gordon-
Weeks, 1987). The resulting pellet was resuspended in the
same volume 0.32 M sucrose, 5 mM Tris AcOH pH 7.4
and centrifuged at 1000 X g for 5 min at 4°C again. The
supernatants (S, and S;) were combined and centrifuged at
12000 X g for 20 min at 4°C to yield P,. The whiter
portion of P, was centrifuged twice again as described
above and yielded a pellet (P;) which was resuspended in
300 ml 0.32 M sucrose, 5 mM Tris AcOH pH 7.4 and
frozen in liquid nitrogen. Aliquots of 50 ml P, were
thawed and centrifuged in six 38-ml tubes on a discontinu-

ous sucrose gradient (10 ml 0.85 M sucrose, 10 ml 1.0 M
sucrose, 10 ml 1.2 M sucrose) at 85 000 X g, for 120 min
at 4°C. The 0.32/0.85 M interface (P, ), the 0.85/1.0 M
interface (P,g), the 1.0/1.2 M interface (P,.) and the
pellet under the gradient (P,,) were collected, each resus-
pended in 80 ml 5 mM Tris AcOH pH 7.4 and centrifuged
at 48000 X g for 20 min at 4°C. Since preliminary experi-
ments revesaled that P, and P,, were most suited for our
purposes, these fractions were combined, resuspended in
225 ml 5 mM Tris AcOH pH 7.4, and frozen in liquid
nitrogen (about 300 mg protein in P, from 40 brains)
after measurement of their protein concentration (Bradford,
1976) with bovine serum abumin as standard.

2.2. Binding of [*H]MK-801 and [*H] DTG to the subcellu-
lar fractions P, ,_p

[PHIMK-801 ((5R, 10S)-(+)-5-methyl-10,11-dihydro-
5H-dibenzd a,d]cyclohepten-5,10-imine) binding: Aliquots
of the subcellular fractions were incubated in the presence
of 1 nM [*HIMK-801, 100 wM L-glutamate, 30 wM
glycine, 5mM Tris AcOH pH 7.4 in atotal volume of 500
wl at 25°C for 4 h as previously described (Hofner and
Wanner, 1996). Non-specific binding was determined in
the presence of 10 nM PCP.

[*HIDTG binding: Aliquots of the subcellular fractions
were incubated in the presence of 4 nM [*H]DTG, 50 mM
TrisHCI pH 7.4 in atotal volume of 500 | at 25°C for 90
min as previously described (Weber et al., 1986). Non-
specific binding was determined in the presence of 10 uM
haloperidol.

2.3. [°H]ifenprodil binding

Aliquots of about 30 g protein (P,cp) were incubated
in the presence of [3H]ifenpr0dil, 5mM TrisAcOH pH 7.4
in a total volume of 250 pl at 4°C for 2 h. Saturation
experiments were performed with 8—10 concentrations of
[*Hlifenprodil in the range 0.2—125 nM, and competition
experiments were performed with about 2 nM
[*Hlifenprodil and 6—12 concentrations of the competing
drug. In dissociation experiments aliquots of about 60 g

Table 1
Specific [PHIMK-801 and [*H]DTG binding to subcellular membrane
fractions of porcine hippocampus

Fraction [*HIMK-801 bound [PHIDTG bound
(fmol /mg protein) (fmol /mg protein)

Pos 55+9 111+15

Py 378+ 45 94414

Py 3660+ 215 87+20

Poo 1920+ 294 109+ 27

Experiments were performed as described in Section 2. The results are
given as means+ S.EM., n=3.
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Fig. 1. (A) One representative competition experiment (out of three
experiments) with [*Hlifenprodil and unlabelled ifenprodil in the Pycp
fraction of porcine hippocampal brain membranes performed as described
in Section 2, but without subtraction of non-specific binding (mean+
S.E.M from triplicates). (B) Specific [*Hlifenprodil binding (expressed as
difference between total binding and non-specific binding determined in
the presence of 10 pwM ifenprodil) to the P,cp fraction of porcine
hippocampal brain membranes in one representative saturation experi-
ment (out of three) performed as described in Materias and methods. (C)
Scatchard plot derived from the saturation experiment shown in Fig. 1B.

protein (P,cp) were incubated in the presence of 2 nM
[*Hlifenprodil, 5 mM Tris AcOH pH 7.4 in atotal volume
of 250 wl at 4°C for 2 h. After addition of 20 | 135 uM
ifenprodil (control) or 10 | 270 wM ifenprodil and 10 .l
270 wM spermine, the dissociation was stopped at time
points from 5 up to 160 min. In all experiments incubation
was terminated by filtration through Whatman GF/B fil-
ters pre-soaked for 1 h in 0.5% polyethylenimine, using a
Brandel M-24R harvester. The filters were rapidly rinsed
with cold buffer (4 x 2 ml) and counted in 3 ml Rotiszint
Eco Plus using a Packard TriCarb 1600 liquid scintillation
counter. Non-specific binding was determined in the pres-
ence of 10 pwM ifenprodil.

2.4. [*H]MK-801 binding

Aliquots of about 50—-60 g protein (P,cp) were incu-
bated in the presence of 2.8 nM [*HIMK-801, 100 pM
L-glutamate, 30 wM glycine, 5 mM Tris AcOH pH 7.4 and
6—12 concentrations of the test compound in a total vol-
ume of 500 ! at 25°C for 15 min as previoudly described
(Hofner and Wanner, 1996).

A 100+
754
©
c
3
o
2 50+
X
x eliprodil
237 o nylidrin
e haloperidol
O T T T T T -
-10 -9 8 -7 -6 -5 -4
inhibitor concentration (log M)
B
1004 + neomycin
o spermidine
- 754 .
% o spermine
< 501 » DA10
e DET
254 o arcaine
v pentamidine
0 T T T
-7 -6 -5 -4 -3 -2
inhibitor concentration (log M)
C 1004
s 157
§ A (R)-3-PPP
2 507 o (8)-3-PPP
X
a5 * GBR-12909
o DTG
0_

9 8 7 6 -5 -4 3
inhibitor concentration (log M)

Fig. 2. One representative competition experiment (out of a number of
experiments specified in brackets) with [*H]ifenprodil and (A) eliprodil
(n=4), nylidrin (n=3) and haoperidol (n=3); (B) spermine (n=15),
spermidine (n= 3), neomycin (n= 3), DA10 (1,10-diaminodecane) (n=
3), DET (diethylentriamine) (n=4), arcaine (n=3) and pentamidine
(n=23); (©) DTG (n=4), (R)-3-PPP (n=23), (S)-3-PPP (n=23) and
GBR-12909 (n=4) in the P,cp fraction of porcine hippocampal brain
membranes performed as described in Section 2 (mean+S.EM. from
triplicates).
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2.5. Data analysis

The dissociation constant (K,) and the density of bind-
ing sites (B,,,) were calculated from saturation isotherms
by means of the non-linear curvefitting program
Radlig/Kell (Cambridge, UK). The concentration of com-
peting drugs that inhibits 50% of specific [*Hlifenprodiil
binding (IC,), the concentration of compounds producing
half-maximal enhancement or inhibition of [*H]MK-801
binding (EC,) and the dissociation rate constant (k)
were calculated using built-in equations of Prism (Graph-
Pad Software, San Diego, CA, USA) for sigmoidal dose-
response curves with variable Hill slopes, for one- and
two-site competition as well as for one-phase exponential
decay. Statistical analyses were performed using the F-test
to determine whether data could be described by a single-
or atwo-site model. Results based on a two-site model are
only specified when the F-test significantly (P < 0.05)
favoured the two-site model in each case, if not stated
otherwise. All data are expressed as means + S.E.M. of at
least three separate experiments, each carried out in tripli-
cate.

2.6. Materials

[*HJifenprodil, [*H]MK-801 and [*HIDTG were pur-
chased from NEN (Brussels, Belgium); GBR-12909, (R)-
3-PPP, (S)-3-PPP, DTG, MK-801, and PCP from RBI
(Natick, MA, USA); CPP ((RS)-4-(3-phosphonopropyl)-
piperazine-2-carboxylic acid), DCKA (5,7-dichloro-
kynurenic acid), DNQX (6,7-dinitroquinoxaline-2,3-dione),
AP-5 ((RS)-2-amino-5-phosphonopentanocic acid), and
ifenprodil from Tocris Cookson (Bristol, UK); Tris,

polyethylenimine from ICN (Eschwege, Germany), sper-
midine trihydrochloride from Sigma (Oberhaching, Ger-
many); 1,10-diaminodeane, sucrose, spermine tetrahydro-
chloride, diethylenetriamine, L-glutamate, and glycine from
Merck (Darmstadt, Germany); NMDA and p-serine from
Fluka (Neu-Ulm, Germany). Eliprodil was prepared by J.
Pabel at the Institute for Pharmacy of the LMU in Munich
(Pabel et al., 1999; Bioorg. Med. Chem. Lett., submitted).

3. Results

Comparison of the subcellular fractions P, _, of porcine
hippocampal brain membranes with respect to ["H]MK-801
binding as a marker for NMDA receptors and [*HIDTG
binding as a marker for o sitesin preliminary experiments
showed that the highest density of NMDA receptors was
found in P,c and P,y, whereas [*H]DTG-labelled o sites
were hardly detected in P, and P,; in comparison to
[*HIMK-801-labelled sites (Table 1). Therefore the com-
bined P,y fraction was used in all the following experi-
ments. Incubation of the P, fraction at 4°C with 2 nM
[*Hlifenprodil showed that specific binding increased lin-
early with added protein (8-70 pg/assay tube), that
[®Hlifenprodil binding seemed to reach equilibrium within
2 h and that binding did not notably differ in frozen and
thawed membranes from fresh preparations (data not
shown). Homologous competition experiments with 2 nM
[*Hlifenprodil (Fig. 1A) revealed that competition was
apparently monophasic, that the affinity (K,) of
[3H]ifenprodil was in the range of 10-100 nM and that
12.8 + 2.2% [*H]ifenprodil binding remained in the pres-
ence of 10 wM ifenprodil. In the following experiments

Table 2

Inhibition of [3H]ifenprodil binding

Compound 1Csp (M) Ny [Csonigh (WM) ICspiow (M) % High-affinity n
Ifenprodil 0.0377 £+ 0.0042 —0.91+ 0.05 5
Eliprodil 0.110 + 0.010 —0.94 + 0.05 4
Haloperidol 0.452 + 0.044 —0.90 + 0.06 3
Nylidrin 0.0662 + 0.0118 —0.68 + 0.05 0.0211 + 0.0140 1.33 +1.68 61 3
Spermine 6.62 + 1.55 —0.49 + 0.02 4.00 + 0.77 > 1000 78 5
Spermidine 179+ 29 —0.54+0.01 751+ 1.39 > 1000 76 3
Neomycin 4.30 + 0.60 —0.57 + 0.02 181+0.14 586 + 113 77 3
Arcaine 13.6 + 45 —-0.70+0.11 6.63 + 1.52 832 + 803 81 3
DET? 662 + 127 —0.61 + 0.06 1354+ 25 > 1000 55 4
DA10QP 282+ 77 —0.83+0.07 3
Pentamidine 423+ 0.77 —0.81+0.04 3
DTG 52.6 + 6.8 —0.59 + 0.05 0.164 + 0.067 117 + 12 19 4
(R)-3-PPP 181+5 —0.58 + 0.05 2.17 + 0.66 423 + 35 22 3
(9)-3-PPP 234+ 77 —0.52 + 0.05 0.697 + 0.557 519 + 119 19 3
GBR-12909 363+74 —0.42 + 0.05 0.117 + 0.033 > 100°¢ 24 4
PCP 1340 + 220 —0.83+0.20 3

Experiments were performed as described in Section 2. The results are given as means + S.EE.M.

4Diethylentriamine.
P1,10 Diaminodecane.
“Insoluble at concentrations higher than 100 M.
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Table 3
Inhibition of [*H]ifenprodil binding

Compound Specific binding (%)
at a single concentration

L-glutamate 102+ 3% (10 pM)
NMDA 97+ 1% (10 pM)
CPP 61+ 1% (10 p.M)
AP-5 86+ 1% (10 pM)
Glycine 914+1% (10 wM)
D-serine 97+ 1% (10 pM)
DCKA 117 + 6% (10 M)
DNQX 101+ 3% (10 pM)
Na* 97+ 3% (1 mM)
K* 98+ 3% (1 mM)
zn?* 52+ 1% (100 wM)
ca*t 73+ 1% (100 M)
Mg?*+ 68+ 2% (100 M)

Experiments were performed as described in Section 2. The results are
given as means+ S.EM., n=3.

non-specific binding was therefore defined with 10 M
ifenprodil. Increasing the [*HJifenprodil concentration up
to 125 nM did not achieve saturation of binding sites (Fig.
1B,C). Non-linear least-squares fitting of the saturation
isotherms derived from these experiments with a one-site
mode! yielded a K, value of 23.0+ 1.8 nM and a B,
value of 15.6 + 0.8 pmol /mg protein (r2 > 0.89), whereas
with atwo-site model a K,; value of 10.4 + 2.4 nM and a
Bax: Value of 13.7 + 7.4 pmol /mg protein for the high-
affinity sites and a K, value of 2200 + 1300 nM and a
Braxe Value of 282 + 165 pmol /mg protein for the low-af-
finity sites (r2> 0.99) were calculated, respectively. The
two-site model fitted the saturation isotherms in two of
three experiments significantly better, as indicated by the
F-test (P < 0.05).

Various NMDA and o receptor ligands as well as
several cations were investigated for their ability to inhibit
2 nM [*Hlifenprodil binding at porcine hippocampal brain
membranes in the P, fraction (Fig. 2A—C and Tables 2
and 3). Only the compounds proposed to be NR2B-selec-
tive NMDA receptor antagonists, ifenprodil, eliprodil,
nylidrin and haloperidol, inhibited [*HJifenprodil binding
in the nanomolar range. Ifenprodil, eliprodil and hal operi-
dol inhibited [*Hlifenprodil binding in an apparently

= 10uM ifenprodil

—_
[
-

o 10uM ifenprodil
+ 10uM spermine

[®Hifenprodil bound
(pmol/mg protein)

0.0 T T T T T 1
0 30 60 90 120 150 180

tin min

Fig. 3. Dissociation of [*Hlifenprodil binding initiated by addition of 10
wM ifenprodil alone (control) and 10 wM ifenprodil +10 wM spermine
from one representative experiment (out of four experiments) performed
as described in Section 2 (mean+ S.E.M. from triplicates).

monophasic fashion, as indicated by n,, values close to
unity whereas the inhibition elicited by nylidrin was char-
acterised by an n, value of —0.68. For these compounds
arank order of potency ifenprodil > nylidrin > eliprodil >
haloperidol was observed. The NMDA receptor-activating
polyamines spermine, spermidine and neomycin produced
biphasic curves for inhibition of [*HJifenprodil binding

About 80% of total inhibition could be attributed to the
high-affinity fraction characterised by 1C, values in the
low micromolar range whereas the low-affinity fraction
was characterised by 1Cg, values in the high micromolar
range to the millimolar range, respectively.
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Fig. 4. One representative experiment (out of a number of experiments
specified in brackets) showing inhibition or enhancement of [*H]MK-801
binding by (A) ifenprodil (n=4), eiprodil (n= 3), nylidrin (n=3) and
haloperidol (n=4); (B) spermine (n= 3), spermidine (n= 5), neomycin
(n=23), DA10 (1,10-diaminodecane) (n= 3), DET (diethylenetriamine)
(n=3), arcaine (n= 3) and pentamidine (n= 3); (C) DTG(n= 3), (R)-
3-PPP (n=23), (9)-3-PPP (n=3) and GBR-12909 (n=4) in the P,cp
fraction of porcine hippocampa brain membranes. The experiment was
performed as described in Section 2 (mean+ S.E.M. from triplicates).
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Table 4

Enhancement or inhibition of [*HIMK-801 binding

Compound ECg (M) Ny ECosonign (WM) ECgoion (M) % High-affinity n
Ifenprodil 4.19 + 0452 —0.36 + 0.03 0.0608 + 0.0076 218+ 26 49 4
Eliprodil 2.33 + 0.56% —0.60 + 0.07 0.396 + 0.096 129+ 20 56 3
Haloperidol 7.12 4 1.29° —0.58 + 0.04 0.971 £ 0.194 484+7.0 51 4
Nylidrin 2.48 +0.39% —0.48 + 0.03 0.0657 + 0.0053 474+ 12.2 43 3
Spermine 0.788 4 0.143° 113 + 182 3
Spermidine 2.77 + 0.33° 736 + 2172 5
Neomycin 0.883 + 0.189° 452 + 2192 3
Arcaine 9.33+1.10% —1.06 + 0.04 3
DET® > 1000 —0.36 + 0.03 291+ 87 > 1000 26 3
DA10¢ 304+ 7.0 —0.82+0.05 3
Pentamidine 4.19 + 0.462 —1.85+0.03 3
DTG 15.6 + 0.75% —1.09+ 0.04 3
(R)-3-PPP 211+ 22 —1.23+0.06 3
(9)-3-PPP 104 + 1° —1.10+ 0.06 3
GBR-12909 246 + 3.62 —1.46+0.20 4

[*HIMK-801 bindi ng under non-equilibrium conditions was performed as described in Section 2. The results are given as means+ SE.M.

3| nhibition of [*H]MK-801 binding.

® Enhancement of [*HIMK-801 binding.
°Diethylentriamine.

91,10 Diaminodecane.

Dissociation experiments revealed that 10 wM spermine
significantly (P = 0.0097, paired t-test, n=4) enhanced
ky; of [*Hlifenprodil binding (0.028 + 0.03 min~*, mean
+ S.E.M.) in comparison to control (0.021 + 0.02 min™?,
mean + S.E.M., n= 4, Fig. 3).

All the polyamine ligands with ascribed antagonist ef-
fects at NMDA receptors reduced [*Hlifenprodil binding in
the micromolar range too, showing a rank order of potency
pentamidine > arcaine > 1,10-diaminodeane > diethylene-
triamine, but revealing differences regarding their n, val-
ues. Of the other NMDA receptor ligands and cations, only
the divalent cations Zn?*, Mg?*, Ca2* and the glutamate
antagonists CPP and AP-5 were unequivocaly able to
decrease [*HJifenprodil binding in the micromolar range.
The glycine antagonists DCKA dlightly increased whereas
DNQX hardly did not affect [*Hlifenprodil binding at a
concentration of 10 wM. The inhibition of [*Hlifenprodil
binding to the P, fraction of porcine hippocampal brain
membranes by the o receptor ligands DTG, (R)-3-PPP,
(S)-3-PPP and GBR-12909 was characterised by 1Cg,
values in the medium or in the high micromolar range.
Fitting the competition data for these ligands to a two-site
model was superior over fitting to a one-site model and
revealed a high-affinity fraction of about 20% charac-
terised by 1C,, values of 117 + 33 nM for GBR-12909,
164 + 67 nM for DTG, 2170 + 660 nM for ( R)-3-PPP and
697 + 557 nM for (S)-3-PPP.

The NR2B subunit-selective compounds as well as the
polyamine- and the o receptor ligands were evaluated for
their potency to influence NMDA receptor function as
recorded by [*H]JMK-801 binding to the P,., fraction of
porcine hippocampal brain membranes in the presence of
100 wM glutamate and 30 wM glycine for 15 min (Fig.
4A—C and Table 4). The ligands proposed to be NR2B-

selective NMDA receptor antagonists, namely, ifenprodil,
nylidrin, eliprodil and haloperidol, inhibited [*HIMK-801
binding in a biphasic way. For these compounds ICg,
values for the high-affinity site, which amounted to about
50% of total inhibition, in the nM range were determined.
The rank order of potency at the high-affinity site was
again ifenprodil > nylidrin > eliprodil > haloperidol, as
observed for [*H]ifenprodil binding, and eliprodil > ifen-
prodil > haloperidol = nylidrin for the low-affinity site, re-
spectively. The polyamines spermine, spermidine and
neomycin induced an enhancement of [°*H]JMK-801 bind-
ing a low micromolar concentrations and reduced
[*HIMK-801 binding in the high micromolar range. The
putative polyamine ligands arcaine, 1,10-diaminodeane and
pentamidine inhibited [*H]MK-801 binding in an appar-
ently monophasic manner with 1C,, values in the low
micromolar range and with a rank order of potency pen-
tamidine > arcaine > 1,10-diaminodeane. Diethylene tri-
amine reduced a small portion (26%) of [*HIMK-801
binding in the micromolar range and the major portion
(74%) in the millimolar range, as calculated from the flat
inhibition curves using a two-site model. For the o recep-
tor ligands apparently monophasic inhibition of [*HIMK-
801 binding in the micromolar range with a rank order of
potency DTG > GBR-12909 > (S)-3-PPP > (R)-3-PPP
was observed.

4, Discussion

In the present study we identified a high-affinity site for
[*HJifenprodil in porcine hippocampal brain membranes
that was characterised by a K, value of 23.0+ 1.8 nM
based on aone-siteanalysisor by a K, valueof 104 + 2.4
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nM based on a two-site analysis, respectively. These re-
sults are consistent with results derived from experiments
using rat brain membranes in the presence of DTG or
GBR-12909 to mask o sites (Schoemaker et a., 1990;
Hashimoto et al., 1994). An additionally existing low-af-
finity site for [*Hlifenprodil in the micromolar range may
be deduced from the saturation isotherms. For competition
experiments performed with 2 nM [*H]ifenprodil, however,
notable labelling of low-affinity sites can be excluded as
indicated by the homologous competition experiments.

Previous investigations of rat brain proposed that high-
affinity [*Hlifenprodil binding to NMDA receptors may be
separated from high-affinity [*Hlifenprodil binding to o
sites by the use of selected brain regions such as the
hippocampus and by the use of selected subcellular frac-
tions such as synaptosoma and mitochondria fractions
(Knight et al., 1991; Cagnotto et a., 1994; Hashimoto et
al., 1994; Nicolas and Carter, 1994). This study demon-
strated that our P, porcine hippocampal membrane frac-
tion enabled almost selective labelling of NMDA receptors
by ifenprodil on a large scale without the need to mask o,
or o, Sites.

Of the inhibitors investigated, only ifenprodil, eliprodil,
haloperidol and nylidrin inhibited [*HJifenprodil binding to
the P,cp porcine hippocampa membrane fraction in the
nanomolar range. Electrophysiological investigations with
recombinant subunit combinations demonstrated that these
compounds possess a high selectivity for heterodimers
containing the NR2B subunit and yielded IC,, values of
0.18 wM for nylidrin (Whittemore et al., 1997a), 0.31 M
for ifenprodil and 1.0 wM for eliprodil (Whittemore et al.,
1997b) as well as 3.1 wM for haloperidol (Ilyin et al.,
1996).

In order to prove that [*Hlifenprodil binding to the P,
porcine hippocampal membrane fraction reflects binding to
NMDA receptors, we studied [*HIMK-801 binding to the
same membrane preparation by incubating the samples in
the presence of saturating concentrations of L-glutamate
and glycine for 15 min. These conditions have been shown
to reflect [*’H]MK-801 binding under non-equilibrium con-
ditions and are appropriate to record effects of ifenprodil
and polyamine ligands on NMDA receptors (Hofner and
Wanner, 1996). We observed a markedly biphasic inhibi-
tion of [°HJMK-801 binding to brain membranes with
ifenprodil, eliprodil, and haloperidol, as described in stud-
ies with [’HIMK-801 or [*H]TCP (Reynolds and Miller,
1989; Scatton et al., 1994; Coughenour and Cordon, 1997),
and with nylidrin. The amost exact correlation of the
potencies of ifenprodil, eliprodil, haloperidol and nylidrin
for inhibition of [*Hifenprodil binding with the potencies
to inhibit the high-affinity fraction of [°HIMK-801 binding
strongly indicates that [*HJifenprodil labels NMDA recep-
tors in the P, porcine hippocampal membrane fraction.
The n,, values deduced from [*Hlifenprodil inhibition
curves deviated dlightly but consistently from unity for
ifenprodil, eliprodil and haloperidol and deviated distinctly

from unity for nylidrin but this may not be in contradiction
to this suggestion since different potencies for ifenprodil at
NMDA receptors containing NR2B subunits but differing
in stoichiometry have been reported (Hess et al., 1996).
Additionally, it should be noted that ifenprodil as well as
nylidrin and eliprodil are composed of both enantiomers,
which possibly interact with definite NMDA receptor sub-
types with different affinity, as demonstrated for ifenprodil
(Avenet et al., 1996).

In adult mouse forebrains the binary NR1/NR2A and
NR1/NR2B receptors are found in amounts of 37% and
40%, respectively (Chazot and Stephenson, 1997). In our
study the fraction of [*HIMK-801 binding inhibited with
high- and low-affinity by the NR2B-subunit-selective com-
pounds was amost equal. Therefore it could be assumed
that the [*H]MK-801 binding inhibited with high-affinity
by the NR2B-subunit-sel ective compounds reflects binding
to NMDA receptors containing the high-affinity ifenprodil
recognition site, whereas the [°’HIMK-801 binding inhib-
ited with low affinity by the NR2B subunit-selective com-
pounds reflects binding to NMDA receptors lacking the
high-affinity ifenprodil recognition site and may be medi-
ated by competition with the radioligand as suggested
previously (Carter et al., 1997; Whittemore et al., 1997b).

Inhibition of NMDA receptors by ifenprodil has been
shown to be polyamine-sensitive (Scatton et al., 1994).
The NMDA-receptor-stimulating polyamines spermine,
spermidine and neomycin inhibited [*Hlifenprodil binding
biphasically. A high-affinity fraction of nearly 80% of
[*Hlifenprodil binding was characterised by 1C,, valuesin
the low micromolar range. Interestingly, these IC,, values
correlated with the EC,, values calculated for stimulation
of [*HIMK-801 binding to the P, fraction of porcine
hippocampal brain membranes. Stimulation of [*H]MK-801
binding by neomycin, spermine and spermidine in the
presence of 30 wM glycine should be glycine-independent
(Berger, 1995). Polyamine recognition sites mediating
glycine-independent stimulation as well as high-affinity
ifenprodil recognition sites — regarding heterodimers —
have been shown to be restricted to the same (NR2B
subunit containing) NMDA receptor subtypes (Johnson,
1996; Williams, 1997). In our experiments, spermine en-
hanced dissociation of [*Hlifenprodil binding, suggesting
that [*H]ifenprodil labels not or not only those polyamine
recognition sites mediating glycine-independent stimula-
tion of [*H]MK-801 binding. This result is in line with the
suggestion that spermine reduces the affinity of ifenprodil
at NMDA receptors (Kew and Kemp, 1998).

Pentamidine has been characterised as an NMDA recep-
tor antagonist that does not act directly at the L-glutamate,
a the glycine, or at the PCP recognition site but which is
able to modulate the effect of spermidine on channel
opening (Reynolds and Aizenman, 1992). Pentamidine
inhibited [*HJifenprodil and [*HIMK-801 binding almost
equally. However, pentamidine exhibited no selectivity for
ifenprodil-sensitive NMDA receptors, as indicated by the
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monophasic inhibition of [*HIMK-801 binding. Of the
other polyamines which reduced [*H]MK-801 binding in
our assay, only arcaine inhibited the high-affinity fraction
of [*HJifenprodil binding in the low micromolar range and
with aimost equal potency as observed for [*HIMK-801
binding. 1,10-Diaminodeane, which was originaly de-
scribed as an inverse agonist at the polyamine site (Wil-
liams et al., 1991) but which was later classified as a
voltage-dependent open channel blocker (Rock and Mac-
donald, 1992; Subramaniam et a., 1992), showed an I1Cg,
value for inhibition of [*Hlifenprodil binding about one
order of magnitude higher than the EC,, value for inhibi-
tion of [*H]MK-801 binding, which supports the later
hypothesis.

For DTG and GBR-12909, o receptor ligands with
ascribed K; values distinctly below 100 nM for o, and o,
sites (Hashimoto and London, 1993; Cagnotto et al., 1994;
Hellewell et d., 1994; Whittemore et al., 1997b), the
low-affinity phase amounted to about 80% of total inhibi-
tion of [*HJifenprodil binding and was characterised by
ICg, values in the high micromolar range. (R)-3-PPP,
which has reported K; values about or below 100 nM for
o, and o, sites (Hashimoto and London, 1993; Hellewell
et d., 1994; Whittemore et a., 1997h), did not inhibit
[*Hlifenprodil binding to the P,., membrane fraction of
porcine hippocampus substantialy in the nanomolar range.
Haloperidol has been shown to label o, and o, sitesin the
low nanomolar range (Hellewell et a., 1994; Whittemore
et al., 1997b). In our assay, however, haloperidol inhibited
[*Hlifenprodil binding in an apparently monophasic man-
ner with an IC, value of 452 nM. There was apparently
no such high-affinity fraction for [*Hlifenprodil labelled
sites. This finding, together with the corresponding po-
tency of haloperidol to inhibit [*HJifenprodil binding and
the high-affinity fraction of [*H]MK-801 binding, indicates
that [*Hlifenprodil predominantly labels NMDA receptors
and not o sites. Our results showing that ifenprodil and
haloperidol label the NR2B subunit are in accord with a
recently performed study which demonstrated that the
NMDA antagonism mediated by the ifenprodil analog
CP101,606 ((1S,2S)-1-(4-hydroxyphenyl)-2-(4-hydroxy-
4-phenylpiperidino)-1-propanol) and haloperidol is depen-
dent on a single amino acid substitution in the NR2B
subunit (Brimecombie et al., 1998).

In summary, it could be demonstrated that [*HJifenpro-
dil labels high-affinity recognition sites at NMDA recep-
tors in the P, porcine hippocampa brain membrane
preparation. Although some of the results presented here
raise the possibility that the [*H]ifenprodil binding sites are
not a completely homologous population, o, and o, sites
appear not to be labelled to a discernible extent.
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