1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

o WATIG,

HE

M 'NS;))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Neurochem Int. 2012 September ; 61(4): 581-592. d0i:10.1016/j.neuint.2012.01.004.

Pharmacological Modulation of NMDA Receptor Activity and the
Advent of Negative and Positive Allosteric Modulators

Daniel T. Monaghan, Mark W. Irvine, Blaise Mathias Costa, Guangyu Fang, and David E.
Jane

Department of Pharmacology and Experimental Neuroscience, University of Nebraska Medical
Center, Omaha, Nebraska, U.S.A. (D.T.M., B.M.C.); Department of Physiology and
Pharmacology, Medical Research Center for Synaptic Plasticity, University of Bristol, U.K. (M.W.I,
G.F,D.E.J))

Abstract

The NMDA receptor (NMDAR) family of L-glutamate receptors are well known to have diverse
roles in CNS function as well as in various neuropathological and psychiatric conditions. Until
recently, the types of agents available to pharmacologically regulate NMDAR function have been
quite limited in terms of mechanism of action and subtype selectivity. This has changed
significantly in the past two years. The purpose of this review is to summarize the many drug
classes now available for modulating NMDAR activity. Previously, this included competitive
antagonists at the L-glutamate and glycine binding sites, high and low affinity channel blockers,
and GIluN2B-selective N-terminal domain binding site antagonists. More recently, we and others
have identifed new classes of NMDAR agents that are either positive or negative allosteric
modulators (PAMs and NAMSs, respectively). These compounds include the pan potentiator
UBP646, the GIuN2A-selective potentiator/GIuUN2C & GIuN2D inhibitor UBP512, the GIuN2D-
selective potentiator UBP551, the GIuN2C/GluN2D-selective potentiator CIQ as well as the new
NMDAR-NAMs such as the pan-inhibitor UBP618, the GIuN2C/GIuN2D-selective inhibitor
QZN46 and the GIuN2A inhibitors UBP608 and TCN201. These new agents do not bind within
the L-glutamate or glycine binding sites, the ion channel pore or the N-terminal regulatory
domain. Collectively, these new allosteric modulators appear to be acting at multiple novel sites
on the NMDAR complex. Importantly, these agents display improved subtype-selectivity and as
NMDAR PAMs and NAMs, they represent a new generation of potential NMDAR therapeutics.
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1. Introduction

Rapid synaptic excitation throughout most of the vertebrate central nervous system (CNS) is
mediated by L-glutamate-activated ion channels belonging to the three receptor families so
named for agonists by which they are selectively activated, the A-methyl-D-aspartate
(NMDA) receptors, the AMPA receptors (for the agonist a-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid) and the kainate receptors (Dingledine et al., 1999; Monaghan et al.,
1989; Watkins and Evans, 1981). Of these, the NMDA receptor family has received special
attention because of its distinct role in the regulation of synaptic plasticity (long-term
potentiation (LTP), long-term depression (LTD) and experience-dependent synaptic
refinement) (Collingridge, 1987; Cotman et al., 1988) and because of its critical role in
neurological and psychiatric disorders (Choi, 1992; Kalia et al., 2008). Hypo- or hyper-
activation of NMDA receptors is critically involved in pain amplification, stroke, epilepsy,
schizophrenia, post-traumatic stress disorder, dementia, depression and various
neurodegenerative diseases (e.g. Alzheimer’s and Parkinson’s)(Kalia et al., 2008).
Consequently, the pharmaceutical industry has spent on the order of a billion dollars over
the past 25 years developing NMDA receptor antagonists and agonists for several of these
therapeutic applications. Despite these high expectations, NMDA receptor agents have
failed in most clinical trials (Kalia et al., 2008; O’Collins et al., 2006; Villmann and Becker,
2007). Nevertheless, there remains much potential for improved NMDA receptor
therapeutics. Very recently, multiple classes of positive and negative allosteric modulators
of NMDA receptors have been identifed. Much work remains, but there are now new
opportunities for developing effective NMDA receptor therapeutics. In this review, we
provide an overview of the many drug target sites on the NMDA receptor complex and
describe the corresponding prototype compounds for the modulation of NMDA receptor
activity.

2. The NMDA receptor complex
2.1 NMDA receptor subunits

NMDA receptors are heterotetrameric complexes composed of subunits from seven
homologous genes - GluN1, GIuN2A-GIuN2D, and GIuN3A-GIuN3B(Dingledine et al.,
1999; Monyer et al., 1994; Monyer et al., 1992; Mori and Mishina, 1995). The majority of
NMDA receptors are thought to be composed of two GIuN1 subunits and two GIuN2
subunits (Laube et al., 1998). In recombinant systems, GIuN3 subunits are capable of
combining with GIuN1 subunits or with both GIuN1 and GIuN2 subunits. GIUN3
incorporation into a complex with GIuN1 and GIuN2 subunits reduces receptor-gated
currents and magnesium sensitivity (Cavara and Hollmann, 2008; Henson et al., 2010). In
contrast to AMPA and kainate receptors, NMDA receptors also require glycine (or D-serine)
to act as a co-agonist with L-glutamate (Johnson and Ascher, 1987). Glutamate binds to
GIuN2 subunits and glycine binds to a homologous site on GluN1 and GIuN3 subunits, to
cause the opening of the receptor’s Na*/K*/Ca**-permeable ion channel (Dingledine et al.,
1999). It is the influx of Ca*™™ ions through this channel that initiates many of the actions of
NMDA receptors.

Importantly, the GIuN2 subunits confer distinct physiological, biochemical, and
pharmacological properties to the NMDA receptor complex (Buller et al., 1994; Cull-Candy
et al., 2001; Monyer et al., 1994). The various GIuN2-containing receptors differ in their
single channel conductance, open probability, the ability to desensitize, decay rate,
sensitivity to L-glutamate and glycine, and the ability to bind to various intracellular
signaling proteins (Traynelis et al., 2010). Furthermore, these subunits have different spatio-
temporal patterns of expression in the CNS and even different distributions within individual
dendritic spines. This diversity of GIUN1/GIuN2 function very likely contributes to findings
that differing NMDA receptor populations have distinct, and sometimes even opposing,
roles in various physiological and pathophysiological actions (Chen et al., 2008a; DeRidder
et al., 2006; Hrabetova et al., 2000). Consequently, agents that have differing NMDA
receptor specificities are likely to have significantly different therapeutic and adverse effect
profiles. To date, however, relatively little is known about the function and therapeutic
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potential of different NMDA receptor subtypes. Their specific roles in CNS function and
disease have been difficult to study in the absence of highly-selective antagonists.

2.2 NMDA receptor subunit structure

NMDA receptor subunits have distinct domains that interact with one another upon the
binding of L-glutamate and glycine to cause channel activation, modulation of channel open
probability and receptor desensitization (Figure 1). The N-terminal domain (NTD)
comprises the first ~400 amino acids following the signal peptide and has a bilobed structure
(or sometimes described as a clam shell or venus fly-trap structure) (Dingledine et al., 1999).
This domain has homology to aleucine-isoleucine-valine binding protein from bacteria
(O’Hara et al., 1993) in which amino acids bind within the cleft formed by the two lobes.
For NMDA receptors the NTD can be in either the open or shut conformation, with the shut
conformation inhibiting receptor function. In the case of GIUN1/GLUN2A receptors, Zn** is
thought to bind between the two lobes of the GIUN2A NTD to stabilize the closed
conformation and thus inhibit receptor activity (Paoletti et al., 2000).

The NTD is attached through a short peptide sequence to the agonist ligand binding domains
(LBD) for L-glutamate and glycine (Figures 1 & 2). The LBDs are formed from two
extracellular segments (segment 1 or S1 and segment 2 or S2) that together have homology
to other bilobed bacterial amino acid binding proteins, the LAOBP (lysine-alanine-ornithine
binding protein) and QBP (glutamine binding protein)(Moriyoshi et al., 1991; O’Hara et al.,
1993). Crystallographic studies of agonist and antagonist bound inotropic glutamate receptor
LBD structures reveal that agonist activity is associated with binding within the LBD
bilobed cleft that stabilizes a closed conformation while antagonists prevent interlobe
closure (Armstrong and Gouaux, 2000). In the peptide sequence, the S1 and S2 regions are
separated by 3 membrane-associated domains (M1, M2, and M3), thus S1 is between the
NTD and M1, and S2 is an extracellular loop that is between the two transmembrane
domains M3 and M4 (Dingledine et al., 1999). The NMDA receptor ion channel is formed
by the three transmembrane domains, M1, M3 and M4 plus the reentrant loop of M2, a “P-
loop” structure, which enters and exits the membrane from the cytoplasmic side. The C-
terminal is located within the cytoplasm and is the site of various protein-protein interactions
and regulation by posttranslational modifications.

3. Classic inhibitory drug targets on the NMDA receptor complex

Over the past 20-30 years, most compounds that act at NMDA receptors were found to
interact with one of 4 drug binding sites on the NMDA receptor complex, the glutamate or
glycine binding sites, the ion channel pore, or a binding site on the regulatory NTD. The first
compounds identified were agonists and antagonists at the glutamate binding site (Watkins
and Evans, 1981). These compounds, such as D-a.-aminoadipic acid and D-2-amino-5-
phosphonopentanoic acid (D-AP5) (Figure 3) allowed for the initial proposal that the
compound NMDA interacted with its own class of receptors and that these so-called NMDA
receptors have a role in synaptic transmission and synaptic plasticity (Monaghan et al.,
1989; Watkins and Evans, 1981). Soon after the finding that NMDA receptor activation
requires glycine for activation (Johnson and Ascher, 1987), glycine competitive antagonists
and partial agonists were identified (Hood et al., 1989; Kemp et al., 1988; Kessler et al.,
1989) (Figure 3). It was also soon recognized that some dissociative anesthetics (e.g.
ketamine and phencyclidine, Figure 3) were NMDA receptor blockers and that these did so
in a use- and voltage-dependent manner by binding within the ion channel (Anis et al., 1990;
Lodge and Johnson, 1990). Subsequently, the widely used inhibitor MK-801 (dizocilpine
maleate, Figure 3) was shown to be a potent NMDA receptor channel blocker (Wong et al.,
1986).
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The fourth class of NMDA receptor antagonists came from the compound ifenprodil (Figure
3)(Carter et al., 1988) which binds at an interface between NTDs (Karakas et al., 2011).
Ifenprodil displays a strong selectivity for the GIUN1/GIUN2B receptor (Williams, 1993)
which explains the observation that ifenprodil is more effective early in CNS development
(Zeevalk and Nicklas, 1992). This compound was followed by many derivatives that
generally show a high degree of selectivity for GIuN1/GIuN2B receptors (Borza and
Domany, 2006). Until recently, there has been relatively little further progress in the
identification of compounds with different sites of action or with a different pattern of
subtype-selectivity. Given the close homology between the different GIuN2 subunits within
the agonist binding sites and the ion channel, it is not surprising that it has been difficult to
develop highly-selective NMDA receptor antagonists or agonists.

3.1 Glutamate binding site antagonists

In general, competitive glutamate binding site antagonists display a weak
GIuN2A>GIluN2B>GIluN2C>GIuN2D pattern of selectivity, while the glycine and channel
blockers display little to no selectivity. For compounds such as CPP (4-(3-
phosphonopropyl)piperazine-2-carboxylic acid, Figure 3, Table 1) there can be up to a 50-
fold selectivity of GIUN2A over GIuN2D and this may account for some pharmacological
observations of native NMDA receptor heterogeneity in the literature (Feng et al., 2005).
Although the glutamate binding site on GIuN2 subunits is found on 4 genetically-distinct
proteins, their binding site is highly conserved within the glutamate binding pocket and
hence there is little opportunity for agents to display subtype-selective binding between the
different GIuN2 subunits (Kinarsky et al., 2005). However, adding bulky multi-aromatic
ring substituents onto anaspartate-binding moiety, resulted in a series of antagonists which
begin to probe regions outside of the glutamate-binding pocket that display subunit-
specificity. These agents, such as PPDA ((2/*,35*%)-1-(phenanthrene-2-
carbonyl)piperazine-2,3-dicarboxylic acid), UBP141 ((2~*,35*)-1-(phenanthrene-3-
carbonyl)piperazine-2,3-dicarboxylic acid) and UBP145 ((2~*,35*)-1-(9-
bromophenanthrene-3-carbonyl)piperazine-2,3-dicarboxylic acid) (Figure 3) display a slight
(PPDA) or up to a 17-fold selectivity (UBP145) in terms of K; for receptors containing
GIuN2C or GIuN2D subunits over receptors containing GIuUN2A or GluN2B subunits (Costa
et al., 2009; Feng et al., 2004; Hrabetova et al., 2000; Morley et al., 2005). Other related
derivatives, e.g. UBP161, have additional kainate receptor activity and intriguingly, can be
highly selective for subtypes of kainate receptors while retaining some NMDA receptor
subtype selectivity as well (Irvine et al., 2012). PPDA, UBP141, and UBP145 have now
been used by a number of laboratories to define the role of GIuUN2C and GIuN2D subunits in
NMDA receptor signaling (see further discussion below).

The quinoxalinedione derivative (17S,1° S)-PEAQX ([(RS)-[(S)-1-(4-
bromophenyl)ethylamino]-(2,3-dioxo-1,2,3,4-tetrahydroquinoxalin-5-yl)methyl]-phosphonic
acid (Figure 3), is a competitive antagonist with a reported 100-fold selectivity for human
GIuN1/GIuN2A receptors over GIUN1/GIUN2B receptors in terms of 1Csy (Auberson et al.,
2002). (LRS,1’ 5)-PEAQX is an equimolecular mixture of the (1R,1°S)- and (151’ S)-
diastereoisomers and this was subsequently resolved to provide the pure (1R,1°5)
stereoisomer (NVP-AAMO77, Figure 3). Subsequent studies with NVP-AAMO77 using
rodent NMDA receptors find only a ~10-fold selectivity in terms of K; value (Berberich et
al., 2005; Feng et al., 2004; Neyton and Paoletti, 2006) and only 2- and 6-fold selectivity for
GIuN2A over GIUN2C or GluN2D-containing receptors, respectively (Feng et al., 2004).
Nonetheless, this compound has been used in numerous studies to gain insight into the
differential role of receptors containing GIUN2A or GIuN2B subunits.
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3.2 Glycine binding site antagonists

A variety of NMDA receptor antagonists were developed that bind at the glycine binding
site on GIluN1 subunits. One of the originally identified glycine antagonists was HA966
(Figure 3) which was known to be a NMDA receptor antagonist well before the discovery
that the NMDA receptor had a glycine binding site (Davies and Watkins, 1972; Foster and
Kemp, 1989). Other important glycine site antagonists (Figure 3) were developed by the
pharmaceutical industry, such as MDL 105,519 (Baron et al., 1997), L-701,324 (Priestley et
al., 1996), and 7-chloro-5-iodokynurenic acid (Leeson et al., 1991). Since the glycine
binding site is on the GIuN1 subunit, it would be expected that glycine site agonists and
antagonists would display no GIuN2 subunit selectivity. However, competitive glycine site
antagonists generally display a slightly higher affinity at GlJuN2A-containing receptors (Jane
et al., 2000). And, as found for the glutamate binding site, agonists at the glycine binding
site display highest affinities for the GIuN2D-containing receptors and progressively lower
potency at those containing GIUN2C, GIuN2B, and GIuN2A subunits (Priestley et al., 1995).
The ability of the GIuN2 subunit to influence the glycine binding pocket appears to be due
to specific residues within the S2 domain of the GIuN2 subunit (Chen et al., 2008b). Overall,
however, it appears unlikely that it will be possible to develop glycine binding site
antagonists with a high degree of subtype-selectivity.

3.3 NMDA receptor channel blockers

With the finding that activity at the psychosis producing “phencyclidine receptor” correlates
to the blockade of NMDA receptors (Martin and Lodge, 1988), it was apparent that
psychosis may be a concern for NMDA receptor antagonists as therapeutic agents. These
concerns were confirmed in clinical studies with high affinity NMDA receptor channel
blockers. However, it was later discovered that low affinity channel blockers such as
ketamine and memantine (Figure 3) were better tolerated in the clinic (Kalia et al., 2008;
Rogawski and Wenk, 2003). The reduced adverse effect profile is thought to be due to the
fast dissociation of the low affinity channel blockers out of the channel upon receptor
inactivation, thus leaving unblocked channels when a subsequent synaptic response occurs
(Lipton, 2005; Rogawski and Wenk, 2003). Consistent with this hypothesis, the clinically-
tolerated NMDA receptor compounds are low affinity NMDA receptor channel blockers
(memantine, ketamine, dextromethorphan, and amantadine, Figure 3) (Kalia et al., 2008).

As the NMDA receptor channel is also highly conserved among the different GIuN1/GIluN2
receptors, one would expect little subtype-selectivity by channel blockers. Indeed, the
variation in channel blocker potency is of low selectivity (Beaton et al., 1992; Ebert et al.,
1991; Monaghan and Larson, 1997). Evaluation of numerous channel blockers found that
some display a subtype-selectivity of up to 10-fold (Dravid et al., 2007). Additionally,
magnesium ions reduce the affinity of memantine for NMDA receptor channels, but
especially so at GIuN2A and GIuN2B-containing receptors. Thus, in the presence of
physiological levels of Mg** ions, memantine displays approximately 10-fold selectivity for
GIuN21/GIuN2C and GIuN1/GIuN2D receptors (Kotermanski and Johnson, 2009).

3.4 Ifenprodil-like agents

Ifenprodil (Figure 3) was originally studied in the mid-1970’s as a cardiovascular modulator.
In this context it was tested in animal models as an anti-stroke agent and found to have some
therapeutic benefit. Further studies showed that this agent was an NMDA receptor blocker
with an unusual mechanism of action (Carter et al., 1989; Carter et al., 1990; Legendre and
Westbrook, 1991). The blockade is neither use-dependent nor voltage-dependent and is
selective for GIUN1/GIuN2B receptors (Hess et al., 1996; Legendre and Westbrook, 1991;
Williams, 1993). Ifenprodil does not bind at either the L-glutamate or the glycine binding
site but rather binds to the NTD (Perin-Dureau et al., 2002). Crystallographic studies
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indicate that the ifenprodil binding site is in the interface formed between the NTDs of the
GIuN1 and GIuN2 heterodimers (Karakas et al., 2011).

Over the next two decades, many ifenprodil-like agents were developed that are highly
specific for the GIuUN1/GIuN2B receptor complex. Such compounds include CP101,606
(Chenard et al., 1995) and Ro 25-6981 (Fischer et al., 1997)(Figure 3) which along with
ifenprodil have been useful in a large number of studies. The results from much of this work
has led to the general impression that GIuN2B-containing receptors have a predominant role
in excitotoxicity and neuropathic pain; thus this class of agents has been actively pursued for
their potential clinical applications (Gogas, 2006; Nikam and Meltzer, 2002).

4.0 Recently identified negative allosteric modulators of NMDA receptors

In the field of G-protein coupled receptors, the development of negative allosteric
modulators (NAMSs) and positive allosteric modulators (PAMS) has resulted in new classes
of compounds with therapeutic advantages over the orthosteric, competitive inhibitors or the
use of receptor agonists, respectively (Keov et al., 2011; Urwyler, 2011). Similarly, AMPA
receptor modulation by its NAMs, e.g. compounds such as GYKI 52466 (Maj et al., 1995)
and AMPA receptor PAMs, e.g. cyclothiazide (Bertolino et al., 1993) is presenting new
therapeutic opportunities for AMPA receptor modulation. In the area of NMDA receptors,
development of allosteric modulators, other than the NTD-binding GIuN2B-selective agents,
has been lagging. Individual compounds such as felbamate (Figure 4) (Chang and Kuo,
2008; Kleckner et al., 1999) and neu2000 (Figure 4) (Cho et al., 2010) appear to also
represent NAMs and further work is necessary to better define their sites of action. In the
past year, however, three new classes of drugs have emerged that can negatively modulate
NMDA receptor function. Importantly, these agents also show enhanced subtype-selectivity
thus resulting in multiple new patterns of activity.

4.1 Quinazolin-4-one derivatives

Using a high-throughput screening assay of a diverse chemical library, Traynelis and
colleagues identified NMDA receptor inhibitory activity in a compound with a
quinazoline-4-one scaffold. During structural optimization, many compounds were
identified that had additional AMPA receptor activity, but QNZ46 (Figure 4) emerged as a
reasonably potent (low micromolar) and selective NMDA receptor antagonist that displays a
~50-fold selectivity for GIluN2D-containing receptors over GIuN2A and GIuN2B (Hansen
and Traynelis, 2011; Mosley et al., 2010). QNZ46 displays a non-competitive, voltage-
independent block of NMDA receptor responses. Using GIuUN2A/GIuN2D chimeras and
point mutations, it was determined that the GIuN2 S2 domain, and specific amino acid
residues therein, are critical for antagonist activity (Hansen and Traynelis, 2011). The mode
of blockade is unusual in that blockade requires the binding of L-glutamate thus giving a
partial use-dependent antagonist activity.

4.2 Phenanthroic and naphthaloic acid NAMs

Derivatives of naphthoic acid and phenanthroic acid (Figure 4) represent a functionally
diverse family of NMDA receptor allosteric modulators that have novel activities and novel
mechanisms of action (Costa et al., 2012; Costa et al., 2010). These compounds display
varied subunit-selectivity and have potentiating activity as well as inhibitory activity. The
NMDA receptor inhibitory compounds, NAMSs, are not competitive L-glutamate or glycine
site antagonists, do not block in a voltage-dependent manner as expected for channel
blockers, and do not require the regulatory N-terminal domain (NTD) for activity. Thus,
they are mechanistically distinct from the compounds that have been tested in the clinic to
date.
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The compound UBP512 (Figure 4) selectively inhibits GIuN2C/GluN2D-containing
receptors (ICso ~ 50 M). It has virtually no activity at GluN2B-containing receptors at
concentrations up to 300 .M and causes a small potentiation of GIuN2A-containing
receptors at high concentrations. UBP551 (Figure 4) is distinctive in that it potentiates
GIuN1/GIluN2D receptor responses (maximally at ~30 M) while inhibiting the other
GIuN1/GIuN2 receptors with ICggs around 10 M. Thus, it is the only compound to be
reported which distinguishes between GIuN2C and GIuN2D. In a related structure, the
coumarin UBP608 (Figure 4) has exclusively inhibitory activity with a preference for
GIuN2A-containing receptors. The 2-naphthoic acid derivative, UBP618 (Figure 4) is also a
purely inhibitory, non-selective compound with an 1C5¢ ~ 2 wM at each of the four GIuN1/
GIuN2 receptors. Under low agonist concentrations (10 M L-glutamate and 10 pM
glycine) UBP618 does not fully inhibit NMDA receptor responses; UBP618 maximally
inhibits 80 — 90% of the response.

The inhibitory actions of these compounds appear to be mechanistically distinct from those
of QNZ46. Chimeric GIuN2 studies indicate that the subtype-selective activity of UBP608 is
more greatly influenced by the S1 domain than the S2 domain (Costa et al., 2010)- a result
that contrasts with that found for QNZ46 (Hansen and Traynelis, 2011). Another distinction
is the effect of agonist concentration on modulator activity. Increasing the concentration of
L-glutamate and glycine increases the inhibitory potency and maximal inhibitory effect of
UBP512 and UBP608 at GIuN1/GIuN2D receptors and reduces the maximal inhibitory
effect of UBP608 at GIuUN1/GIuN2A receptors (Costa et al., 2010). In contrast, increasing
agonist concentration has no effect on the extent of QNZ46 inhibition (Hansen and
Traynelis, 2011).

4.3 Sulfonamide derivatives

Bettini and colleagues, identified a series of potent compounds with distinctive NMDA
receptor selectivity (Bettini et al., 2010). In particular, “compound 1” from this study (3-
chloro-4-fluoro-N-[(4-{[2-
(phenylcarbonyl)hydrazino]carbonyl}phenyl)methyl]benzenesulfonamide) (also known as
TCN 201, Figure 4) displays more than a 300-fold selectivity for GIUN1/GIUN2A receptors
over GIuUN1/GIuN2B receptors. This is not a competitive glutamate binding site antagonist
since 1 mM concentrations of L-glutamate did not reverse the blockade. While high glycine
concentrations did block the antagonist effect, this does not appear to be due to competition
for the same binding site, TCN 201 only weakly inhibited the binding of the glycine binding
site antagonist [BH]MDL 105,519 at high concentrations. Since the antagonist effect of TCN
201 is eliminated by high glycine concentrations, the actions of these antagonists appear to
be distinct from both the phenanthrene/naphthalene NAMs and QNZ46.

5.0 Enhancement of NMDA receptor function: Glycine agonists and positive

allosteric modulators

While most efforts in NMDA receptor therapeutics has focused on the development of
antagonists, there are therapeutic indications that instead would be expected to benefit from
the enhancement of NMDA receptor function (e.g. schizophrenia or cognitive
enhancement). In general, this can be achieved by either increasing glycine agonist
concentrations at NMDA receptors or by an NMDA receptor PAM.

5.1 Glycine site agonists and partial agonists

Since the acute, phasic gating of NMDA receptor activity is mediated by the release of L-
glutamate from synaptic vesicles, the ambient concentration of the necessary co-agonist
glycine or D-serine would act as an allosteric modulator. Thus, if extracellular levels of
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glycine/D-serine are not saturating, then administration of a glycine agonist should increase
the activity of NMDA receptors upon the release of L-glutamate. To this end, glycine, D-
serine, and the partial agonist D-cycloserine have been evaluated for the treatment of
schizophrenia and autism. Although the results are not entirely supportive, the studies do
suggest that there may be some therapeutic benefit to augmenting NMDA receptor
responses with glycine site agonists (Kalia et al., 2008; Shim et al., 2008; Singh and Singh,
2011; Tsai and Lin, 2010). Glycine agonists are also being considered for accelerating the
reversal of post-traumatic stress disorder (Heresco-Levy et al., 2009). Two alternative
approaches for increasing glycine/D-serine agonist activity are through the use of glycine
transporter-1 inhibitors, for a review see (Hashimoto, 2011) and D-amino acid oxidase
inhibitors (Strick et al., 2011).

An important limitation to this general approach is that the degree of glycine-site
enhancement of NMDA receptor function depends upon the extracellular concentration of
glycine and D-serine. There would be no effect if the glycine binding site is already
saturated. Additionally, one would expect that the function of GIuN2A-containing receptors
would be preferentially enhanced since they display the lowest affinity for glycine and hence
are the least likely to have their glycine binding site saturated. Conversely, receptors
containing GIuN2D subunits might be the least affected. A related factor to consider is the
degree of extracellular compartmentalization of glycine/D-serine near the synapse.

5.2 Endogenous NMDA receptor PAMs: histamine, ATP, spermine, Mg**, and
neurosteroids

The endogenous compounds histamine (Williams, 1994), ATP (Kloda et al., 2004),
polyamines such as spermine (Williams et al., 1994) (for other references see (Dingledine et
al., 1999), and the neurosteroid, pregnenolone sulfate (Sedlacek et al., 2008), have all been
shown to potentiate the actions of agonists on the activation of NMDA receptors (see Figure
5 for structures). Spermine potentiates by two mechanisms, by increasing glycine affinity
(glycine-dependent potentiation) and by an allosteric interaction that can be seen in
saturating glycine conditions (glycine-independent potentiation). This latter action of
spermine has the same subunit specificity as that displayed by potentiation due to histamine
and Mg**; potentiation is specific to the combination of GIuN1 subunits that lack exon 5
and GIuN2B subunits (Paoletti et al., 1995; Williams, 1994; Williams et al., 1994). The
potentiation by ATP and histamine have in common that their potentiating actions are
enhanced in the presence of high glutamate concentrations. For ATP, potentiation at low
mM concentrations occurs at each of GIUN1/GIuN2A, GIuN1/GIuN2B, and GIuN1/GIuN2C
receptors (Kloda et al., 2004). ATP is also reported to act as a competitive inhibitor at
GIuN1/GIuN2A and GIuN1/GIuN2B receptors, hence part of the L-glutamate-enhanced
potentiation seen at these receptors may be due to the reversal of ATP-inhibition (Kloda et
al., 2004).

Pregnenolone sulfate (PS) (Figure 5) in micromolar concentrations also potentiates NMDA
receptor responses (Wu et al., 1991; Sedlacek et al., 2008). PS specifically potentiates
responses at receptors containing GIUN2A or GIuN2B subunits while weakly inhibiting
responses at GIUN2C or GIuN2D-containing receptors (Malayev et al., 2002). By using a
drug pre-application protocol, it was possible to show that PS causes a small degree of
potentiation at both GIuUN2C and GIuN2D-containing receptors which is masked by
inhibition when agonist and PS are co-applied (Horak et al., 2006). Likewise, it is possible
to show that PS has an additional inhibitory activity at GIUN1/GIuN2A and GIuN1/GIuN2B
receptors. Modeling of receptor kinetics suggests that PS increases the open probability of
NMDA receptor responses (Horak et al., 2004). The ability to potentiate responses may be
dependent upon the phosphorylation state of the receptor (Petrovic et al., 2009).
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Chimera and point mutation studies have identified a putative binding site for PS
potentiation. Replacing the S2 domain of GIuUN2A with that of GIuN2C significantly reduces
PS potentiation (Horak et al., 2004). In particular, replacing S2’s helixes J and K of GIuN2B
plus the last transmembrane domain, M4, with the corresponding segments in GIuN2D
eliminate potentiation (Jang et al., 2004). Of individual amino acid residues mutated,
GIuN2B’s Q812 that precedes M4, had the strongest effect on potentiation. Thus, these
regions are critical to ligand binding or to transducing the effect of ligand binding.

5.3 Naphthoic and phenanthroic acid NMDA receptor PAMs

As discussed above (section 4.2), some derivatives containing naphthoic acid or
phenanthroic acid (Figure 5) have NMDA receptor potentiating activity (Costa et al., 2010).
In common with the neurosteroids, some of the naphthoic and phenanthroic acid compounds
discriminate between GIUN2A/GIuN2B vs GIuN2C/GIuN2D receptors. For example,
UBP710 (Figure 5) potentiates the responses of receptors containing GIuN2A or GIuN2B
subunits and weakly inhibits GIuUN2C and GluN2D-containing receptors. Conversely,
NSC339614 selectively potentiates GIuN1/GIuN2C and GIuN1/GIuN2D receptor responses
(Costa et al., 2010). However, some compounds distinguish between receptors having
GIuN2A and GIuN2B subunits while other compounds can distinguish between GIuN2C-
and GIuN2D-containing receptors. For example the 9-iodo derivative of phenanthroic acid
(UBP512) (Figure 5) potentiates GIUN1/GIuN2A but not GluN1/GIuN2B receptors and the
compound UBP551 (Figure 5) selectively potentiates GIuUN1/GIuN2D receptors and not the
other 3 GIuN1/GIuN2 receptors.

A critical structural feature for PAM activity is the size and nature of substituents at the 9-
position of 3-phenanthroic acid. Adding a large hydrophobic group as in UBP646, results in
a pan NR1/NR2 potentiator. For the GIUN2A-potentiator UBP512, replacement of the 9-
iodo group with a bromo group converts the compound to an inhibitor at GIUN1/GIuN2A
receptors (unpublished observations).

The binding site for the PAM activity of these compounds is unknown. These compounds do
not require the NTD for activity, thus the binding site is presumably associated with the
agonist-binding domain, the linkers of this domain to the transmembrane domains, and/or
within the transmembrane region. Chimeras between GIuUN2A and GIuN2C show that the
potentiating activity requires elements in the S2 domain; UBP512 and UBP710 inhibit rather
than potentiate responses of GIUN1/GIUN2A receptors in which the GIUN2A subunit has the
S2 domain of a GIUN2C subunit. Thus, the potentiating binding/effector site may possibly
overlap with that of the neurosteroid PS which also requires elements of the S2 domain. This
result is in contrast to the NAM activity of UBP608 whose GIuN2A-selective inhibitory
activity is associated with the S1 domain (Costa et al., 2010). Like that found for ATP and
histamine potentiation, UBP512 potentiation of GIUN1/GIuN2A receptor responses is
enhanced in the presence of high agonist concentrations.

The AMPA receptor PAMSs, cyclothiazide, CX614 and others, have been shown to bind in
the intersubunit interface of the LBD dimer. Thus, it is possible that some NMDA receptor
PAMs bind at the homologous site within the NMDA receptor complex at the GIuUN1/GIuN2
LBD dimer interface (purple oval in Figure 2C and 2D). Binding of an AMPAR PAM in this
interface can slow desensitization and/or slow deactivation depending upon the precise
position within the interface (Ahmed and Oswald, 2010; Arai and Kessler, 2007; Jin et al.,
2005; Ptak et al., 2009). It is also possible that some PAMSs bind within or near the
transmembrane domain and stabilize the open channel conformation.
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CIQ (3-chlorophenyl)(6,7-dimethoxy-1-((4-methoxyphenoxy)methyl)-3,4-
dihydroisoquinolin-2(1H)-ylmethanone (Figure 5) selectively potentiates receptors
containing GIuN2C and GIuN2D subunits with a low micromolar potency (Mullasseril et al.,
2010). Single channel analysis indicates that CIQ increases open probability by decreasing
mean shut time. Chimera and point mutation studies identify two sites on the NMDA
receptor complex as being important for the activity of CIQ, Thr592 within the M1 region
and the linker between the NTD and the ligand binding domain (Mullasseril et al., 2010).
Perhaps, some of these sites are necessary for mediating the downstream transduction
activity of this compound while other sites are important specifically for the binding of CIQ.
Overall, chimera studies suggest that the CIQ has a different site of action than the
naphthalene/phenanthrene PAMs and is also different from the site of PS potentiation.

6. Differential roles of GIuN2 subunits in NMDAR function

Studies regarding the function of pharmacologically-distinct NMDA receptors have not yet
incorporated the newer NAMs and PAMs. Thus functional studies have relied on the
previously available agents and the use of siRNA or knockout animals. Pharmacologically,
CPP, UBP141/UBP145, NVP-AAMO77, and the ifenprodil-like compounds have proven the
most useful for distinguishing NMDAR subtypes in studies thus far.

PPDA and other glutamate site antagonists provided the first evidence of a differential role
of receptors containing different GIuN2 subunits in LTP and LTD with GIuN2A and/or
GIuN2B largely contributing to LTP and GIuN2C/GIluN2D contributing to LTD (Hrabetova
et al., 2000). Several subsequent studies have focused specifically on the roles of GIuN2A
and GIuN2B subunits in synaptic plasticity using NVP-AAMO077 and ifenprodil (and related
compounds). One study suggested that GIuN2A-containing receptors are specifically
responsible for LTP and GIuN2B for LTD (Liu et al., 2004). In a manner consistent with this
hypothesis, cortical LTP and LTD can also be pharmacologically distinguished (Massey et
al., 2004). However, other studies indicate a role for GIuN2B in LTP and GIuN2A is not
essential for LTP (Bartlett et al., 2007; Berberich et al., 2005; Liu et al., 2004; Morishita et
al., 2007; Weitlauf et al., 2005). Likewise, GIuN2B subunits are not essential for LTD
(Morishita et al., 2007).

More recently, studies using UBP141 have suggested a role for GIUN2D in LTD in the
cerebral cortex (Banerjee et al., 2009). Furthermore, in hippocampal synaptic plasticity, the
role of GIuUN2D appears more complex. Short-term potentiation, a component of LTP, is
more sensitive to Ro 25-6981 and UBP145 than is the stable component of LTP (Volianskis,
2010) thus suggesting a special role for GIUN2B and GIuN2D in short-term potentiation. In
contrast, GIUN2A-preferring ligands, AP5 and NVP-AAMO77 did not selectively inhibit
short-term potentiation.

There is also evidence for a differential role of GIUN2A and GIuN2B subunits in
excitotoxicity and neuroprotection. This work has led to the intriguing hypothesis that
activation of GIUN2A-containing receptors leads to neuroprotection whereas activation of
receptors containing GIuUN2B subunits cause cell death (DeRidder et al., 2006; Kinney et al.,
2006; Liu et al., 2007; Chen et al., 2008a). This hypothesis, if confirmed, would have
significant therapeutic implications. However others using neuronal cell cultures do not see
a differential role in cell survival (von Engelhardt et al., 2007). The highly selective GIuN2B
antagonists such as ifenprodil and Ro-25-6981 have been used in a variety of other
preclinical studies which support a potential role of these agents for neuroprotection and in
treating pain (Gogas, 2006; Nikam and Meltzer, 2002).
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The functional roles of GIuUN2C and GIuN2D have been examined using PPDA, UBP141,
and UBP145. These studies support a role for GIuUN2C/GIluN2D-containing NMDA receptor
subpopulations in hippocampal extrasynaptic NMDA receptors (Costa et al., 2009; Harney
et al., 2008; Lozovaya et al., 2004), astrocytes (Palygin et al., 2011), pain pathways
(Shiokawa et al., 2010; Tong et al., 2008), and substantianigrasynaptic responses (Brothwell
et al., 2008; Suarez et al., 2010). As the native prion protein has been found to selectively
inhibit GIuN2D-containing receptors (Khosravani et al., 2008), and GIuN2D disinhibition by
tissue plasminogen activator (TPA) can account for augmentation of stroke damage by TPA
(Jullienne et al., 2011), the role of GIUN2D in cortical cell death should be further evaluated.

Resolution of the function of discrete NMDA receptor subtypes will require both the further
improvement in subtype-selective agents and the ability to define the function of
heterotrimeric NMDA receptors. Other than the ifenprodil-like compounds, those that have
been used in functional studies have on the order of a ten-fold degree of selectivity (e.g.
UBP141 and NVP-AAMO77). Use of these agents can provide useful information if they are
used at multiple concentrations, compared in the same preparation to other drugs, and,
preferably, when two-different processes (e.g. LTP vs LTD) can be directly compared. Thus,
an important goal of developing subtype-selective agents is to identify compounds with well
over a 100-fold degree of selectivity, so that meaningful conclusions can be made with
single dose applications.

The presence of heterotrimeric NMDA receptors, such as those containing GIUN1/GIuN2A/
GIuN2B subunits significantly increases the difficulty in resolving the function of different
NMDA receptor subtypes. The highly GluN2B-selective compound ifenprodil, displays a
high affinity but lowered efficacy at GIUN1/GIuN2A/GIuN2B receptors (Hatton and
Paoletti, 2005). Thus if the relative contribution of the different di- and tri-heteromeric
receptor complexes is unknown, it may not be possible to make quantitative conclusions
regarding subunit contribution to receptor function. Careful analysis of NMDAR synaptic
currents in the well-studied hippocampal CA3-CAL synapse suggests that GIUN1/GIUN2A/
GIuN2B receptors provide the majority of the NMDAR synaptic response (Rauner and
Kobhr, 2011).

7. Conclusions

The first 30 years of NMDA receptor pharmacology generated many compounds that for the
most part work at 4 binding sites within the receptor complex, the glutamate and glycine
binding sites, the channel blocker site, and the ifenprodil binding site in the NTD interface
between GIluN1 and GIuN2B. After many clinical trials using NMDA receptor agents that
target these original drug binding sites, most have failed although some have shown
therapeutic benefit (Kalia et al., 2008). Results from the past year suggest the presence of
potentially 5 new drug target sites, three NAMSs and two PAMs. The existence of NAMs and
PAMs of NMDA receptors was to be expected from the activity of AMPA receptor
allosteric modulators such as cyclothiazide and GYKI 52466.

One potential value of allosteric modulators is that they probe different portions of the
receptor complex than that occupied by the orthosteric ligands and the channel blockers. If
the NAM and PAM binding pockets are in regions with low sequence homology between
subunits, then it may possible to develop compounds with yet greater selectivity. The early
success in developing subunit-selective agents with these compounds suggests that this is
indeed possible. Another potential advantage of these new categories of compounds is that
they vary in their uncompetitive/noncompetitive behavior and they vary in the effect that
agonists have on their activity. These properties may provide a therapeutic advantage for
individual compounds in particular situations. For example, specific antagonists may be
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more suitable for blocking chronically low agonist concentrations that might be found in
pathological conditions while not blocking phasic, high agonist concentrations found in
neurotransmission. These compounds can also vary in their maximal effects. Ifenprodil-like
compounds and the naphthalene/phenanthrene NAMs vary in their maximal inhibition.
Thus, it might be possible to avoid some of the adverse effects of excessive NMDA receptor
blockade by using antagonists that can only maximally inhibit a portion of the receptor
response. The newly identified PAM activities offer novel leads for further developing
PAMs for new therapeutic applications such as schizophrenia and cognitive enhancement.
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NTD

LBD
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Figure 1.

NMDA receptor tetra-heteromeric structure. Space-filled (left) and backbone ribbon (right)
representations of a homology model of the GIuN1 (blue/green)/GIuN2A (magenta/yellow)
receptor complex based upon crystallographic structures of the GIuA2 tetramer, the GIuN1/
GIuN2A LBD dimer, and the GIuUN1/GIuN2 NTD dimer. The layers of N-terminal domains
(NTD), ligand-binding domains (LBD), and transmembrane domains (TMD) are indicated.
Figures were generated using Molegro Molecular Viewer (Aarhus, Denmark).
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GluN1 GIuN2B

Figure2.

Drug binding sites on the NMDA receptor complex. A. Ribbon representation of a GIUN2A
subunit showing the domain structure and the NTD cleft where Zn** is thought to bind
(green arrow) and the LBD cleft (black arrows). B. Crystal structure (3QEL, Karakas et al.,
2011) of the GIuN1/GIuN2B NTD dimer with ifenprodil (orange) bound to the dimer
interface. C. and D. GIuN1/GIuN2A LBD dimer - 2A5T, (Furukawa et al., 2005) with
glutamate (green) and glycine (yellow) bound in the LBD clefts (black arrows). Purple ovals
represent one of multiple potential sites for NAM/PAM binding based upon homology to
cyclothiazide and CX614 binding to AMPA receptors. View of LBD dimer is parallel to
membrane (C) or perpendicular to the membrane from above (D). Figures were generated
using MolegroMolecular Viewer (Aarhus, Denmark) and the Protein Data Bank (PDB) files
3QEL and 2A5T.
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Structures of antagonists that bind to the glutamate binding site (A), the glycine binding site
(B), the ion channel (C), or the NTD (D) on the NMDA receptor.
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Structures of NMDA receptor negative allosteric modulators.
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