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NMDA-NR2B subtype selectivity of stereoisomeric
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Abstract—Enantiopure 2-(1,2,3,4-tetrahydro-1-isoquinolyl)ethanol derivatives were tested for their affinity to the ifenprodil binding
site of the NMDA receptor, their potency to inhibit [3H]MK801 binding and their NMDA-NR2B subtype selectivity. The (1S,1 0S)-
configurated series displayed the highest affinity to the ifenprodil binding site. A reasonable potency and NMDA-NR2B subtype
selectivity was found for (1S,1 0S)-4c (R1 = Me, R2 = OMe). A high affinity to HERG K+ channels, however, suggests that
(1S,1 0S)-4c may involve an increased risk of cardiovascular side effects.
� 2005 Elsevier Ltd. All rights reserved.
The N-methyl-DD-aspartate (NMDA) receptor is a gluta-
mate-gated ion channel strongly implicated in neuropro-
tection, neurodegeneration, long-term potentiation,
memory and cognition.1 Overactivation of NMDA
receptors and the resulting calcium overload of neurons
is considered to trigger a cascade of intracellular events
that alters the cell function and may ultimately lead to
the death of neurons.2 Evidence is accumulating that neu-
rodegenerative and psychiatric disorders including Par-
kinson�s disease, Huntington�s chorea, schizophrenia
and stroke may be caused, at least in part, by excessive
activation of NMDA receptors.3 NMDA antagonists
have been found to show efficacy in animal models of
traumatic brain injury4 and of neuropathic and inflam-
matory pain.5 NMDA receptor activity may be attenu-
ated by blockade of the glutamate binding site, the
glycine coagonist binding site or the receptor-associated
ion channel. At effective dose levels severe side effects have
been noted with many, but not all, NMDA receptor
antagonists.3 The NMDA receptors are composed of
multiple protein subunits categorized as NR1, NR2 and
NR3 with different subunit combinations having diverse
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functional properties and anatomical distribution.6 Four
distinct NR2 subunits (NR2A-D) have been identified so
far.7 Antagonists selective for NMDA receptors contain-
ing a NR2B subunit offer a means of inhibition without
the aforementioned side effects.8 It has been demon-
strated that ifenprodil (1), the prototype of NMDA
antagonists selective for NMDA receptors containing
NR2B subunits,9 has a greater ratio of therapeutic effect
to side effect than can be realized with NR2B-unselective
antagonists.10 However, ifenprodil displays a relatively
high affinity to non-NMDA receptors, for example, the
a1 adrenergic, serotonin and sigma receptors.11 The tetra-
hydroisoquinoline derivative Ro 04-5595 (2) is among the
newer compounds exhibiting a high selectivity for
NMDAreceptors containing aNR2B subunit.12a In addi-
tion to compound 2, various tetrahydroisoquinolyletha-
nol derivatives 3 have been reported by Hoffmann–La
Roche as selective antagonists of NMDA receptors con-
taining NR2B subunits12b (Scheme 1). However, no de-
tails regarding the stereochemistry of these compounds
were given, although it is obvious that they are racemic.
Thus, the stereochemistry of the diastereomers evaluated
for NMDA antagonistic activity is still unclear. It is even
possible that mixtures of diastereomers were used.

Previously, in the context of a study on opioid analges-
ics, we synthesized a series of 2-(1,2,3,4-tetrahydro-1-
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2232 G. Höfner et al. / Bioorg. Med. Chem. Lett. 15 (2005) 2231–2234
isoquinolyl)ethanol derivatives 4 (Scheme 2) in enantio-
merically pure form by asymmetric electrophilic a-amido-
alkylation reactions.13,14 We discovered that the potency
of the amino alcohols 4a–d at the l and j opioid recep-
tors is strongly dependent on their configuration. Be-
sides, within a set of isomers, the highest affinity has
been always displayed by the same stereoisomer
(1R,1 0R)-4 (Table 1).14 With this data in mind, we
thought it worth to study the effect of the stereochemis-
try on the biological activity reported for 3 as NMDA
antagonists. The enantiopure isoquinoline derivatives
4a–d representing four complete sets of stereoisomers
were selected as test compounds. In the first step, the
compounds were characterized in a competitive binding
assay with respect to their potency at the ifenprodil
binding site of the NMDA receptor. The binding experi-
ments were performed using a synaptosomal fraction
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of porcine hippocampal brain membrane as a source
for the NMDA receptor and [3H]ifenprodil as the
radioligand.15

The results are depicted in Table 1. Two general trends
were observed: first, within a set of compounds exhibit-
ing the same stereochemistry [e.g., (1R,1 0S)-4a–d], the
NCH3 derivatives were more potent than the corre-
sponding N–H compounds. Secondly, compounds with
a p-chlorophenyl group (4b,d) displayed lower IC50-val-
ues than compounds with a methoxy group in the para
position (4a,c). Furthermore, the binding affinity of
the amino alcohols 4a–d was found to be strongly
dependent on the configuration. Of all the stereoisom-
ers, the (1S,1 0S)-configurated amino alcohols (1S,1 0S)-
4a–d exhibited the highest potencies with IC50-values
ranging from 59 nM to 14 lM. Within this series of
the (1S,1 0S)-stereoisomers, the ranking of potencies is
in accord with the general trends mentioned above: N-
methyl/p-chloro (1S,10S)-4d > N-methyl/p-OMe (1S,10S)-
4c > N–H/p-chloro (1S,1 0S)-4b > N–H/p-OMe (1S,1 0S)-
4a. Interestingly, the most potent compound (1S,1 0S)-
4d (IC50 = 59 nM) exhibited an enantioselectivity of
binding of �1/1700. Moreover, the diastereoselectivity
of binding of (1S,1 0S)-4d was found to be very high
[�1/400 as compared to (1S,1 0R)-4d, and �1/900 as
compared to (1R,1 0S)-4d].

Inhibition of [3H]MK801 binding to brain membranes
under non-equilibrium conditions by NR2B subunit
selective NMDA receptor antagonists such as ifenprodil
or eliprodil is known to proceed in a biphasic man-
ner.1e,16 The high-affinity phase is thought to reflect
the allosteric inhibition at NR2B subunit containing
NMDA receptors, whereas the low-affinity phase is as-
sumed to account for inhibition of NMDA receptors
lacking a NR2B subunit. Previous studies on antago-
nists selective for the NMDA receptors containing a
NR2B subunit have demonstrated a correlation between
the displacement of [3H]ifenprodil and the high-affinity
phase of the inhibition of [3H]MK801 binding.16

It was therefore of great interest to study the effect of the
enantiopure compounds 4a–d on [3H]MK801 binding.
The experiments were performed with the aforemen-
tioned synaptosomal fraction of porcine hippocampal
brain membranes in the presence of 100 lM LL-glutamate
and 30 lM glycine under non-equilibrium condi-
tions.15,16b It was discovered that (1S,1 0S)-4c and
(1S,1 0S)-4d not only caused inhibition of [3H]MK801
binding in a biphasic fashion, but were also the most po-
tent inhibitors in this assay. The IC50-values for the
high-affinity fraction of the inhibition curve were deter-
mined to be 477 ± 72 and 103 ± 40 nM for (1S,1 0S)-4c
and (1S,1 0S)-4d, respectively. The results were in good
accord with the IC50-values found in the [3H]ifenprodil
binding assay, whereas the IC50-values of the second
binding phase were distinctly higher [(1S,1 0S)-4c =
107 ± 13 lM and (1S,1 0S)-4d = 23.5 ± 3.4 lM, Table 1,
Fig. 1]. According to this data, it seems likely that
(1S,1 0S)-4c and (1S,1 0S)-4d are characterized by a clear
subtype selectivity for NMDA receptors containing a
NR2B subunit.



Table 1.

l Ki [lM] [3H]ifenprodil IC50 [lM] [3H]MK801 EC50 [lM]a

(1R,10S)-4a 5.8 ± 0.8 243 (n = 1) 110 ± 20

(1R,10S)-4b 2.6 ± 0.1 95 ± 27 34 ± 1

(1R,10S)-4c 22 (n = 1) 100 lM: 34.0% —b

(1R,10S)-4d 2.7 ± 0.1 52 ± 9.5 45 ± 10

(1S,10S)-4a 2.2 ± 0.7 14 ± 0.2 29 ± 6

(1S,10S)-4b 0.92 ± 0.11 1.1 ± 0.1 7.4 ± 2.0c

(1S,10S)-4c 2.7 ± 0.9 0.24 ± 0.03 4.6 ± 0.9d

(1S,10S)-4d 0.50 ± 0.03 0.059 ± 0.002 0.96 ± 0.57e

(1R,10R)-4a 0.72 ± 0.06 100 lM: 63% 120 ± 13

(1R,10R)-4b 0.26 ± 0.02 290 (n = 1) 37 ± 3

(1R,10R)-4c 0.06 ± 0.002 100 lM: 50% —b

(1R,10R)-4d 0.007 ± 0.001 100 ± 22 56 ± 12

(1S,10R)-4a 11 ± 2 420 lM (n = 1) 140 ± 23

(1S,10R)-4b 6.7 ± 0.3 43 ± 0.8 40 ± 5

(1S,10R)-4c 0.38 ± 0.001 100 lM: 87% 120 ± 35

(1S,10R)-4d 0.11 ± 0.01 24 ± 7 31 ± 6

If not stated otherwise the results are given as means of Ki- and IC50-values ± SEM of three independent experiments each performed in triplicate,

n = 1 denotes a Ki- or IC50-value from a single experiment, percentages represent specific binding remaining in presence of 100 lM inhibitor.
a IC50 value for high affinity fraction or monophasic curve, respectively.
b Not tested.
c 7.37 ± 2.04 (monophasic) 2.60 ± 2.94/42.6 ± 42 lM (biphasic).
d 4.55 ± 0.85 (monophasic) 0.477 ± 0.072/107 ± 13 lM (biphasic).
e 0.962 ± 0.573 (monophasic) 0.103 ± 0.040/23.5 ± 3.4 lM (biphasic).
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For several stereoisomers only monophasic [3H]MK801
inhibition curves were observed. This must be due to a
low subtype selectivity for NMDA receptors containing
a NR2B subunit.

(1R,1 0R)-4d is an example for the type of compounds
displaying a monophasic inhibition curve for
[3H]MK801 binding only. Consequently, a low affinity
or low subtype selectivity for NR2B subunits containing
NMDA receptors has to be ascribed to this compound.
As a result, (1R,1 0R)-4d shows a distinctly less favour-
able binding profile than its enantiomer. (1S,1 0S)-4d
turned out to be the most potent inhibitor in the
[3H]ifenprodil and [3H]MK801 binding and is presum-
ably associated with a clear subtype selectivity for
NMDA receptors containing a NR2B subunit.
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Figure 1. Biphasic inhibition of [3H]MK801 binding to a synaptoso-

mal fraction of porcine hippocampus in presence of 100 lM LL-

glutamate and 30 lM glycine by (1S,1 0S)-4c and (1S,1 0S)-4d from one

representative experiment out of three.
The three most potent tetrahydroisoquinolylethanol
derivatives (1S,1 0S)-4b–d were further characterized by
electrophysiological recordings on the four binary
NMDA receptor subunit combinations NR1a/NR2A,
NR1a/NR2B, NR1a/NR2C and NR1a/NR2D ex-
pressed in Xenopus oocytes (Table 2).17 For all three
compounds (1S,1 0S)-4b–d, inhibition of NR1a/NR2B
receptors was found to be consistently higher when com-
pared to inhibition of NR1a/NR2A, NR1a/NR2C and
NR1a/NR2D receptors. Among these, the amino
alcohol (1S,1 0S)-4d turned out to be the most potent
inhibitor at the NR1a/NR2B subunit displaying an
IC50-value of 1.32 lM. This is in line with the results
from the [3H]ifenprodil binding studies. However, com-
pound (1S,1 0S)-4d was also quite effective at the NR1a/
NR2C receptor subtype (IC50 = 5.29 lM) resulting in a
low subtype selectivity (�1/4). Although the amino alco-
hol (1S,1 0S)-4c was slightly less potent at the NR1/
NR2B receptor subtype (IC50 = 3.16 lM) compared to
(1S,1 0S)-4d, it appeared to display a distinctly higher
subtype selectivity for the NR1a/NR2B versus the
NR1a/NR2C receptor subtype (50/1). Additionally, the
subtype selectivity of (1S,1 0S)-4c for the NR1a/NR2B
versus the NR1a/NR2A (34/1) and the NR1a/NR2D
Table 2. Inhibition of NMDA receptor subtypes (IC50 ± SEM in lM
at �70 mV)a

NR1a/2A NR1a/2B NR1a/2C NR1a/2D

(1S,10S)-4b 103.9 ± 23.6 10.54 ± 2.98 24.9 ± 0.6 48.4 ± 8.6

(1S,10S)-4c 107 ± 23.8 3.16 ± 0.46 155.2 ± 38.9 341.0 ± 60.8

(1S,10S)-4d 136.7 ± 9.2 1.32 ± 0.42 5.29 ± 0.34 27.5 ± 1.1

a NMDA receptor activation by coapplication of 1 mM LL-glutamate

and 10 lM glycine for 30–40 s every 2–3 min.
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receptor subtypes (108/1) was very promising, too.
Finally, compound (1S,1 0S)-4b exhibited the lowest
potency at the NR1a/NR2B receptor subtype and the
lowest subtype selectivity among these three amino
alcohols.

HERG (human ether-à-go-go-related gene) K+ chan-
nels are rectifying voltage-activated potassium channels
found in the heart. They are responsible for accelerat-
ing the repolarizing phase of the cardiac action poten-
tial. Unintended blockade of HERG K+ channels is a
side effect of many standard medications and the most
common cause of acquired long QT syndrome associ-
ated with increased risk of life-threatening arrhyth-
mias.18 When the amino alcohols (1S,1 0S)-4c and
(1S,1 0S)-4d were evaluated for their affinity to the
HERG protein (HERG; GenBank Acc. No U04270)
using patch clamp electrophysiology (tail currents
measured at �40 mV following a 1 s depolarization
to +20 mV),19 both compounds [(1S,1 0S)-4c and
(1S,1 0S)-4d] appeared to be inhibitors of the channel.
With IC50-values of 0.79 ± 0.04 and 0.40 ± 0.04 lM
(means ± SEM, n P 3) the potency of (1S,1 0S)-4c and
(1S,1 0S)-4d as inhibitors at the HERG K+ channel
was in the same order of magnitude as the potency
of these compounds at the NMDA-NR1a/2B receptor
subtype. The risk of cardiotoxicity inferred by their
activity at the HERG channel certainly makes these
compounds [(1S,1 0S)-4c and (1S,1 0S)-4d] unsuitable
for medical use.

In summary, we have evaluated a series of enantiopure
2-(1,2,3,4-tetrahydro-1-isoquinolyl)ethanol derivatives
known to be inhibitors of the l opioid receptor for their
affinity to the ifenprodil binding site, their potency to
inhibit [3H]MK801 binding, and their NMDA-NR2B
subtype selectivity. The results of this evaluation clearly
show that, as compared to the l opioid receptor binding
site, the ifenprodil binding site displays a distinctly dif-
ferent stereoselectivity of ligand binding. Whereas the
stereoisomeric amino alcohols (1R,1 0R)-4a–d are most
potent for the l opioid receptor, the highest affinity
for the ifenprodil binding was observed for the
(1S,1 0S)-configurated series 4a–d. Electrophysiological
studies performed with NMDA receptor subtypes in
X. oocytes revealed the amino alcohol (1S,1 0S)-4c as
the most promising inhibitor displaying a high potency
and reasonable NMDA-NR1a/NR2B subtype selectiv-
ity. However, a high affinity to HERG K+ channels
observed for the two most potent amino alcohols
(1S,1 0S)-4c and (1S,1 0S)-4d renders these compounds
less suitable for further drug development despite their
affinity and selectivity for the NMDA-NR1a/NR2B
receptor subtype.
Acknowledgements

We thank Monika Simon for her assistance with editing
and proofreading. Financial support by the Deutsche
Forschungsgemeinschaft and the Fonds der Chemischen
Industrie is gratefully acknowledged.
References and notes

1. (a) Dannhardt, G.; Kohl, B. K. Curr. Med. Chem. 1998, 5,
253; (b) Lees, K. R. Neurology 1997, 49(Suppl. 4), 66; (c)
Yoneda, Y.; Ogita, K. Neurosi. Res. 1991, 10, 1; (d)
Carter, C. J.; Lloyd, K. G.; Zivkovic, B.; Scatton, B. J.
Pharmacol. Exp. Ther. 1990, 253, 475; (e) Reynolds, I. J.;
Miller, R. J. Mol. Pharmacol. 1988, 33, 581.

2. Rothman, S. M.; Olney, J. W. Trends Neurosci. 1987, 10,
299.

3. Danysz, W.; Parsons, C. G. Pharmacol. Rev. 1998, 50, 597.
4. Okiyama, K.; Smith, D. H.; Frost White, W.; McIntosh,

T. K. Brain Res. 1998, 792, 291.
5. Boyce, S.; Wyatt, A.; Webb, J. K.; O�Donnell, R.; Mason,

G.; Rigby, M.; Sirinathsinghji, D.; Hill, R. G.; Rupniak,
N. M. J. Neuropharmacol. 1999, 38, 611.

6. (a) Dingledine, R.; Borges, K.; Bowie, D.; Traynelis, S. F.
Pharmacol. Rev. 1999, 51, 7; (b) Moriyoshi, K.; Masu, M.;
Ishii, T.; Shigemoto, R.; Mizuno, N.; Nakanishi, S. Nature
1991, 354, 31; (c) Sugihara, H.; Moriyoshi, K.; Ishii, T.;
Masu, M.; Nakanishi, S. Biochem. Biophys. Res. Commun.
1992, 185, 826; (d) Lynch, D. R.; Guttmann, R. P. J.
Pharmacol. Exp. Ther. 2002, 300, 717; (e) Cull-Candy, S.;
Brickley, S.; Farrant, M. Curr. Opin. Neurobiol. 2001, 11,
327.

7. Loftis, J. M.; Janowsky, A. Pharmacol. Ther. 2003, 97, 55.
8. (a) Shalaby, I. A.; Chenard, G. L.; Prochniak, M. A.;

Butler, T. W. J. Pharmacol. Exp. Ther. 1992, 260, 925; (b)
Menniti, F.; Chenard, B.; Collins, M.; Ducat, M.;
Shalaby, I.; White, F. Eur. J. Pharmcol. 1997, 331, 117;
(c) Fischer, G.; Bourson, A.; Kemp, J. A.; Lorez, H. P.
Neuroscience Annual Meeting, November 16–21, 1996;
Washington, DC.

9. William, K. Mol. Pharmacol. 1993, 44, 851.
10. Chenard, B. L.; Menniti, F. S. Curr. Pharm. Des. 1999, 5,

381.
11. (a) Chenard, B. L.; Shalaby, I. A.; Koe, B. K.; Ronau, R.

T.; Butler, T. W.; Prochniak, M. A.; Schmidt, A. W.; Fox,
C. B. J. Med. Chem. 1991, 34, 3085; (b) Karbon, E. W.;
Patch, R. J.; Pontecorvo, M. J.; Ferkany, J. W. Eur. J.
Pharmacol. 1990, 176, 247.

12. (a) Mutel, V.; Buchy, D.; Klingelschmidt, A.; Messer, J.;
Bleuel, Z.; Kemp, J. A.; Richards, J. G. J. Neurochem.
1998, 70, 2147; (b) Alanine, A.; Bourson, A.; Büttelmann,
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