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role. Glutamatergic transmission and the relevant
glutamate receptors are well characterized, and hopes
are high that several disease states can be positively
influenced by interfering with or modulating glutama-
tergic neurotransmission.

The papers that make up this chapter will address
the role of glutamate in chronic pain, depression,
schizophrenia, addiction, dependence, and with-
drawal. Of course, this selection of topics is not com-
prehensive. Other pathological conditions where an
involvement of glutamatergic mechanisms receives
substantial interest include stroke, Parkinson’s dis-
ease, anxiety, and learning and memory deficits.

Glutamate receptors – short overview

Glutamate is distributed ubiquitously in the CNS. It
acts on at least 4 different classes of receptors, N-
methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-
methyl-4-isoxazolproprionic acid (AMPA), kainate,
and metabotropic receptors.

NMDA receptors are composed of several subunits
that make up an ion channel. The activity of the ion
channel can be controlled by different binding sites
within the channel and on the receptor proteins
(agonist binding site and modulatory, allosteric bind-
ing sites). The NMDA receptor subunits belong to
two families, NR1 (NR1A-G) and NR2 (NR2A-D).
The subunit composition of the receptor can vary, and
the receptor/channel physiology strongly depends on
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Introduction

Glutamate is the main excitatory neurotransmitter in
the central nervous system. Thus, it is not surprising
that glutamate is implicated in a whole range of both
normal and pathological mechanisms at various levels
in the CNS. The aim of this chapter is to give an
overview of some of the disease states in which gluta-
mate is know to play or thought to play an important
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subunit composition (see e.g. McBain and Mayer,
1994; Mori and Mishina, 1995; Ozawa et al., 1998;
Dingledine et al., 1999, for reviews). While the NR1
subunit is very widely expressed in the brain at high
levels, the different NR2 subunits show distinct tem-
poral and regional patterns of distribution through
development and in the adult brain (Ozawa et al.,
1998).

AMPA receptors are also composed of different
subunits (GluR1-GluR4). The activity of the receptor/
ion channel can be influenced by an agonist binding
site but also by modulatory, allosteric binding sites
(see e.g. Bettler and Mulle, 1995; Ozawa et al., 1998;
Dingledine et al., 1999, for reviews). AMPA receptors
are very widely distributed, often in parallel with
NMDA receptors, with particularly high levels in
several telencephalic regions (Ozawa et al., 1998).

Kainate receptors are also associated with an ion
channel and are composed of different subunits
(GluR5-GluR7; KA1, KA2), and are widely distrib-
uted, with high expression levels in several forebrain
areas (see e.g. Bettler and Mulle, 1995; Ozawa et al.,
1998; Dingledine et al., 1999, for reviews).

The metabotropic receptors constitute a large
family of receptors. Currently, these receptors are
classified into 3 different groups (group I: mGluR1,
mGluR5; group II: mGluR2, mGluR3; group III:
mGluR4, mGluR6, mGluR7, mGluR8) that are
differentially coupled to intracellular transduction
mechanisms (see e.g. Pin and Duvoisin, 1995; Ozawa
et al., 1998). The different receptor subtypes have a
highly specific, regionally limited distribution pattern
(Ozawa et al., 1998), and it is noteworthy that activa-
tion of metabotropic glutamate receptors can also
mediate inhibitory effects on transmitter release
(Schoepp, 2001).

From this complex receptor distribution, morphol-
ogy and physiology, it follows that there is a plethora
of possibilities to pharmacologically influence gluta-
matergic neurotransmission in various regions the
CNS. Yet, it is becoming increasingly clear that, given
the multitude of functions that glutamate receptors
have a role in, it is most important to target specific
subtypes of a specific receptor type as selectively as
possible in order to avoid serious side effects that
prevent the therapeutic use of drugs. The breaking
down of the functional relevance of the receptors to
the level of different receptor types, and further, to the
level of different subtypes and the implication of
this for the development of glutamatergic therapeutics

will be a recurrent issue in the contributions to this
chapter.

Clinical utility of glutamate receptor ligands

There are a number of glutamatergic drugs that
are already in clinical use in a variety of indications.
However, surprisingly, all these drugs act as channel
blockers at NMDA receptors. Although there have
been clinical trials with competitive NMDA receptor
antagonists and glycinB site antagonists, these trials
have been unsuccessful so far, either because of
untolerable side effects at therapeutic doses and/or
because of lack of medical efficacy (e.g. Davis et al.,
1997; cf. Lees, 1997). Non-competitive NMDA recep-
tor antagonists also produce a number of potentially
serious side effects the most promiment of which are
psychotomimesis, agitation, sedation, ataxia, muscle
relaxation, and impairment of learning and memory,
and they may also have abuse potential due to rein-
forcing properties (Butelman, 1989; Beardsley et al.,
1990; De Sarro and De Sarro, 1993; Muir et al., 1994;
Tzschentke and Schmidt, 1995; Muzet et al., 1999).
Nevertheless, it has been possible to develop a number
of drugs that have been introduced to the clinics. Ex-
amples include memantine (in dementia, spasticity
and Parkinson’s disease) (Kornhuber and Weller,
1997; Jain, 2000), dextrometorphan (in pain and as an
antitussivum) (Weinbroum et al., 2000), and ketamine
(in pain and as a general anaesthetic) (Schmid et al.,
1999; Power and Barratt, 1999). Furthermore, the
therapeutic activity of other clinically used drugs ap-
pears to be at least partially related to the NMDA
channel blocking properties (amantadine [Kornhuber
et al., 1994; Danielczyk, 1995], acamprosate [Spanagel
and Zieglgänsberger, 1997]).

As mentioned above, no AMPA, kainate or metab-
otropic receptor ligands are available yet as thera-
peutic drugs, and although big efforts are made to
exploit these pharmacological mechanisms, potential
drugs are still at the stage of preclinical development
or at best, in early clinical development. AMPA
receptors are distributed almost ubiquitously in the
CNS. Therefore, AMPA receptor ligands will have a
high propensity for side effects, unless they target a
specific subpopulation of receptors with a limited and
specific distribution, e.g. those AMPA receptors
located in the spinal cord (as opposed to supraspinal
receptors) for the treatment of pain. The development
of metabotropic receptor ligands as therapeutical
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drugs has been hampered by the structural and func-
tional diversity of metabotropic receptors that makes
it necessary to find highly specific receptor ligands,
which has proven to be difficult to date.

NR2B subtype-selective drugs

An instructive example of how the development of
subtype-selective glutamate receptor ligands may lead
to new therapeutical drugs is offered by the current
intense interest in NR2B-subtype selective NMDA
receptor antagonists.

The significant therapeutic progress that is assumed
(or hoped) to be achieved with NR2B-selective com-
pounds does not lie so much in an enhanced thera-
peutic efficacy but rather in an improved side effect
profile. Non-selective NMDA receptor antagonists
have a number of serious side effects (see above).
These effects are commonly observed in experimental
animals, and in particular psychotomimetic effects,
agitation and sedation have also been observed in
humans in clinical trials.

Unfortunately, among the few NR2B-subtype
selective compounds available so far, extensive data
exist only on the behavioral effects of ifenprodil and
eliprodil, while data on the newer compounds are still
very scarce and largely only available in abstract form,
making a critical evaluation of the data difficult.
Although ifenprodil and eliprodil may be selective for
NR2B subunit-containing receptors when it comes to
binding at NMDA receptors, these compounds also
possess activity at adrenergic α1 and α2 receptors, and
possibly at sigma receptors, and they act as calcium
channel blockers, all of which may contribute to their
side effect profile (Adeagbo and Magbagbeola, 1985;
Contreras et al., 1990).

The general picture that emerges is that NR2B-
selective compounds are not entirely devoid of side-
effects such as muscle relaxation, sedation or cognitive
disruptions, but that they do have a better therapeutic
window than non-subtype selective compounds. In
other words, while therapetically required doses
of non-selective drugs also cause serious side-effects,
therapeutically relevant doses of subtype-selective
drugs are largely devoid of these side-effects, which
are only seen when higher-than-therapeutically-
necessary doses are administered. In clinical trials,
both ifenprodil and eliprodil were largely devoid of
untoward behavioral or psychological effects (Patat et
al., 1994; Branchereau and Rouffy, 1995).

Unlike PCP and related compounds, eliprodil is
not self-administered by experimental animals. Also,
ifenprodil and eliprodil do not generalize to a PCP or
dizocilpine cue, and eliprodil does also not generalize
to an ethanol cue in drug-discrimination studies.
Ifenprodil and eliprodil did not produce a conditioned
place preference (in fact, for eliprodil a conditioned
place aversion has been reported). Eliprodil does not
stimulate the firing of ventral tegmental dopaminergic
cells. These findings suggest that NR2B-selective
coumpounds might be largely devoid of abuse poten-
tial (Sanger and Zivkovic, 1989; Diana et al., 1993;
Balster et al., 1994; Sukhotina et al., 1998).

To the contrary, it has also been reported that
ifenprodil did not show anticonvulsant activity in
amygdala-kindled and genetically epilepsy-prone
rats or antinociceptive effects up to doses which pro-
duced severe motor impairment and psychotomimetic
effects, and high doses of ifenprodil and eliprodil
were found to induce muscle relaxation and to reduce
locomotion, rearing and grooming in rats and mice,
indicative of sedative effects (De Sarro and De Sarro,
1993; Chizh et al., 2001).

Of the newer NR2B-selective compounds, CP-
101606 had neuroprotective, analgesic and anti-
parkinsonian effects at doses that did not produce any
measurable behavioral side effects in clinical trials as
well as in animal experiments (Taniguchi et al., 1997;
Boyce et al., 1999; Bullock et al., 1999). Ro-25-6981
was neuroprotective under several conditions and
reduced several forms of seizures at doses that did
not impair rotarod performance (Boyce et al., 1999).
Co-101244 showed analgesic and anti-parkinsonian
effects without producing ataxia or psychotomimetic
effects (Blanchet et al., 1999). Finally, CI-1041 was
shown to have analgesic activity at doses that did not
produce ataxia (Carter et al., 2000).

Unfortunately, for these newer drugs available data
is still very limited, and only scarce data exist concern-
ing their CNS side effect profile. The available data
certainly suggest that therapeutically effective doses
produce only limited side effects but more data clearly
have to be generated in order to be able to build an
appropriate picture of the CNS side effect profiles of
these drugs.

Another issue of concern with NMDA receptor an-
tagonists is their propensity to induce morphological
alterations at the cellular level in certain cortical areas
(vacuolization). Although these effects are seen only
under certain conditions, and although the relevance
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of the findings from the animal models for the human
situation is a matter of considerable debate, these
effects have already brought an end to the pharmaceu-
tical development of several NMDA receptor antago-
nists. In this context it appears interesting to note that
eliprodil was found not to produce vacuolization, and
even a very high dose of eliprodil did not induce
the expression of heat shock protein (a measure of
cellular stress) in cingulate and retrosplenial cortices
(Hargreaves et al., 1994; Wang et al., 1996).

Unfortunately, at present it is still not entirely clear
why NR2B-selective compounds should have reduced
CNS side effects. NR2B subunit-containing NMDA
receptors show a relatively wide, yet distinct distribu-
tion in the brain and are also present in brain regions
that are thought to mediate psychotomimesis and
other behavioral (side-) effects. The apparent absence
of NR2B subunits in the cerebellum of adult rats and
humans may nicely explain the lack of pronounced
ataxic and muscle-relaxant effects of NR2B subunit-
specific compounds, and the relatively low expression
of NR2B subunits in limbic regions such as the ventral
tegmental area and the nucleus accumbens may be
related to the lack of psychotomimetic and rewarding
effects of these compounds (Wang et al., 1995; Schito
et al., 1997; Jin et al., 1997). In line with this is the
observation that the NR2B-selective compound CI-
1041 increased DA turnover (DOPAC/DA ratio) in
the striatum but not in the nucleus accumbens which
may be a possible explanation for its anti-parkinsonian
effects in the absence of psychotomimetic effects
(Coughenour et al., 2000; Serpa et al., 2000). On the
other hand, of all brain regions, NR2B subunits are
expressed at highest levels in telencephalic structures
such as hippocampus, striatum, cerebral cortex and
olfactory bulb (Wang et al., 1995; Schito et al., 1997;
Jin et al., 1997). In particular, the high levels of NR2B
subunits in the hippocampus are difficult to reconcile
with the relative lack of pronounced disruptive effects
on learning and memory of NR2B selective com-
pounds. Furthermore, a relationship between the age-
related expression of NR2B subunits and behavioral/
cognitive performance has been demonstrated
(Clayton et al., 2000), showing the importance of
NR2B subunit-containing NMDA receptors for cogni-
tive functioning. Also, overexpression of NR2B
subunits in the forebrain of transgenic mice leads to
enhanced learning and memory capabilities of the ani-
mals (Tang et al., 1999), again demonstrating that this
subunit is importantly involved in cognitive processes.

As mentioned above, such findings are difficult to rec-
oncile with the purported lack of cognitive disrupting
effects of NR2B subunit-selective compounds.

Thus, the improved side effect profile cannot be
accounted for entirely by the absence of NR2B
subunit-containing NMDA receptors from ‘critical’
brain regions. Of relevance might be the fact that
probably more than just one specific NMDA receptor
subtype has to be blocked by an antagonist in order to
produce strong CNS side effects, i.e. although NR2B
subunit-containing NMDA receptors are located in
‘critical’ brain regions, the degree of overall NMDA
receptor blockade that can be achieved by NR2B-
selective compounds may not be sufficient to produce
serious untoward effects.

Another interesting concept is the idea that NR2B-
selective compounds may be acting as modulatory ‘par-
tial agonists’ at the NMDA receptor. This concept is
supported by the observation that ifenprodil and
eliprodil can attenuate the effects of dizocilpine and
other channel blockers in some, albeit not all, circum-
stances. For example, ifenprodil was found to attenuate
the dizocilpine-induced locomotor stimulation and
deficits in spontaneous alternation in the Y-maze
(Fraser et al., 1996). Thus, the partial agonistic proper-
ties of these compounds might only reach an intermedi-
ate level of NMDA receptor inactivation (thereby
reducing the occurrence of side effects, but thereby
possibly also reducing the beneficial effects) (cf.
Parsons et al. (1998) for further discussion of this issue).

Conclusions

In conclusion, the available data concerning the CNS
side effects of NR2B-selective compounds, as com-
pared to non-selective NMDA antagonists, give rise
to cautious optimism. A problem that remains is that
although some of the newer NR2B-selective drugs
appear to have a favourable side-effect profile, they
may also have only limited efficacy in disease states at
tolerable doses, and there is still a considerable uncer-
tainty about the degree to which therapeutical effects
and side-effects can be separated in drugs acting at the
NMDA receptor. NR2B-selective compounds will not
turn out to be a panacea with high therapeutic potency
and no side effects, but they represent an important
step towards the development of effective, yet safe
NMDA antagonists. The compounds that are already
available may already proof to have a good tolerabil-
ity, but it is likely that there will still be much room for
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further improvement, both in terms of efficacy and in
terms of tolerability.

A comparable detailed discussion of therapeutic
issues concerning drugs acting at other glutamate
receptors would be a.) beyond the limits of this paper,
and b.) hardly possible because the available data
are extremely scarce and do not allow for any broader
discussion of animal or human experiments. It will
probably take several more years until one can reason-
ably assess whether ligands for AMPA, kainate, or
metabotropic receptors can be therapeutically active
and safe drugs.

While this introduction had its focus somewhat on
NMDA receptor antagonists, the subsequent papers
will focus on different disease states and the extent to
which these disease states can be influenced by various
glutamate receptor ligands. As will be evident from
these papers, hopes are high and preclinical data are
accumulating that drugs acting at different glutamate
receptors may be beneficial in a large variety of dis-
ease states.

It will be most interesting to see if (or when) these
interesting and encouraging findings will lead the way
to new drugs for human use.
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