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Abstract

The overactivation of glutamate receptors is a major cause of Ca*>* overload in cells, potentially leading to cell damage and death. There
is an abundance of agents and mechanisms by which glutamate receptor activation can be prevented or modulated in order to control these
effects. They include the well-established, competitive and non-competitive antagonists at the N-methyl-D-aspartate (NMDA) receptors and
modulators of desensitisation of the a-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid (AMPA) receptors. More recently, it has
emerged that some compounds can act selectively at different subunits of glutamate receptors, allowing a differential blockade of subtypes. It
is also becoming clear that a number of endogenous compounds, including purines, can modify glutamate receptor sensitivity. The
kynurenine pathway is an alternative but distinct pathway to the generation of glutamate receptor ligands. The products of tryptophan
metabolism via the kynurenine pathway include both quinolinic acid, a selective agonist at NMDA receptors, and kynurenic acid, an
antagonist at several glutamate receptor subtypes. The levels of these metabolites change as a result of the activation of inflammatory
processes and immune-competent cells, and may have a significant impact on Ca®* fluxes and neuronal damage. Drugs which target some of
these various sites and processes, or which change the balance between the excitotoxin quinolinic acid and the neuroprotective kynurenic

acid, could also have potential as neuroprotective drugs.
© 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

It is now widely accepted that the neuronal damage which
occurs as a result of a stroke is largely attributable, not to the
immediate hypoxia or ischaemia itself, but to the massive
release of glutamate from neurons and glia (Obrenovitch and
Urenjak, 1997). Glutamate then activates at least three types
of ionotropic receptors, sensitive, respectively, to N-methyl-
D-aspartate (NMDA), kainate and a-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) (Harris, 1995).
These can all increase the intracellular levels of Ca? * (Ascher
and Nowak, 1988; Konig et al., 2001) and lead ultimately to
the generation of nitric oxide, reactive oxygen species and
thus to cell death (Ogura et al., 1988) (Fig. 1).

* Corresponding author. Tel.: +44-141-330-4481; fax: +44-141-330-
2923.
E-mail address: t.w.stone@bio.gla.ac.uk (T.W. Stone).

2. NMDA receptors
2.1. Antagonists

Excellent surveys of the molecular structure of the gluta-
mate receptors and a number of their modulatory sites have
been published by Blackstone and Huganir (1995) and
Yamakura and Shimoji (1999). Among the most well-estab-
lished ligands at NMDA receptors are simple structural
derivatives of glutamate, such as 2-amino-5-phosphono-pen-
tanoic acid (Perkins et al., 1981; Davies et al., 1981). These
compounds are selective antagonists at the NMDA receptor,
competing directly at the glutamate or NMDA binding site,
but their lipophobicity prevents their being of value as central
nervous system (CNS) neuroprotectants after systemic
administration. Related compounds with greater facility to
cross the blood—brain barrier include selfotel, a competitive
NMDA receptor antagonist which was tested in clinical trials
for stroke but which has failed to produce a significant degree
of protection (Morris et al., 1999) and p-3-(carboxypiperizin-
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Fig. 1. A diagrammatic summary of some of the mechanisms by which
modulation of amino acid receptors can be used to alter intraneuronal Ca?
levels. The various receptor types and associated mechanisms are discussed
more fully in the text. At the neuronal surface, there are glutamate (G)
ionotropic receptors sensitive to AMPA or NMDA which alter the flux of
calcium ions via membrane channels, in addition to the metabotropic family
(mGlu receptors), whose influence is exerted primarily via intracellular
transduction systems such as the production of IP3. The generation by glial
cells of quinolinic acid (Q) as an endogenous agonist at NMDA receptors, and
kynurenic acid (Ky) as an antagonist, can modulate the activity of NMDA
receptors. The activation of both ionotropic and metabotropic receptors can be
modified by a number of drugs, and the release of glutamate from synaptic
terminals can also be modified by agents acting at metabotropic glutamate
receptors or adenosine receptors. Adenosine A receptors inhibit glutamate
release, while adenosine A, receptors facilitate release.

4-yl)-propenyl-1-phosphonic acid (CPP-ene). The non-com-
petitive antagonists are best represented by dizocilpine (MK-
801), an agent first described as an anticonvulsant compound
with an obscure mechanism, but which was subsequently
shown to block the ion channel associated with the NMDA
receptor. The same mechanism appears to be shared by the
anaesthetic agent ketamine.

2.2. Modulators

A variety of allosteric modulatory sites on the NMDA
receptor—channel complex allow considerable potential for
pharmacological manipulation. The possibilities have
increased substantially with the realisation that the different
receptor subunits can confer significant differences in phar-
macological properties on receptors in different regions of
the CNS or even located at different sites on the somato-

dendritic surface of neurones. The range of subunits, their
pharmacology and potential relevance to disease have been
reviewed by Cull-Candy et al. (2001).

2.2.1. Polyamines

NMDA receptor activation can be enhanced by activation
of a polyamine site (Reynolds, 1995), at which spermine or
spermidine are possible endogenous ligands. This site is
blocked by ifenprodil (Carter et al., 1989), which conse-
quently reduces overall receptor activation and is neuro-
protective. More recently it has been realised that ifenprodil
is also able to act specifically on the NR2B subunit of the
NMDA receptor, and has been used as a valuable exper-
imental tool to probe the physiological functions of recep-
tors with different subunit composition (Williams, 1993).
Presumably this same action could contribute significantly
to its neuroprotective activity. A zinc binding site is also
associated with the NMDA receptor, with the metal ion
being shown to have a preference for the NR2A subunit
(Paoletti et al., 1997).

2.2.2. The redox site

In common with several other ligand-gated ion channel
receptors, the NMDA variety is susceptible to modulation by
agents with oxidising and reducing activity. Among the
agents capable of such modulation are those, such as dithio-
threitol and 5,5’-dithiobis-2-nitrobenzoic acid, which do not
readily cross cell membranes, making it likely that the target
site on the receptor is directed towards the extracellular
milieu. The target site, which has become known as the redox
site, is able to switch the receptor between a less active
(oxidised) state and a more efficacious (reduced) state. The
redox site is almost certainly of physiological importance,
and probably of pathological importance, since a variety of
endogenous substances, whose concentrations can be sub-
stantially altered experimentally and clinically, are able to act
and interact at this site. Among the most prominent of these
are free radicals, including the rective oxygen species such as
superoxide and hydroxyl radicals which suppress NMDA
receptor activation (Aizenman et al., 1990). Nitric oxide,
which also inhibits NMDA receptor function may act at least
partly at the redox site (Lei et al., 1992), although there is
evidence to suggest that there may be several different redox
sites and that nitric oxide and other free radicals act largely at
different ones (Fagni et al., 1995).

The influence of the redox site or sites is exerted not only
on NMDA function examined electrophysiologically, but
also in terms of the increase in intracellular Ca> " . Examined
most carefully in neuronal cultures, dithiothreitol increases
channel conductance and elevations of intracellular Ca® " in
parallel, and in a concentration-dependent manner. As a
result, the consequences of redox modulation are reflected
in the effects of various agents on neurotoxicity. Many forms
of cellular damage are accompanied by the generation of free
radical species, which will modify NMDA receptor function.
The potential link between redox modulation and receptor
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activity has been supported by reports that reducing agents
can enhance the production of neuronal damage and that this
effect can be prevented by oxidising agents such as 5,5'-
dithiobis-2-nitrobenzoic acid (Levy et al., 1990).

2.2.3. The glycine site

Johnson and Ascher (1987) were the first to describe an
essential co-activator role for glycine, acting at an allosteric
site on the NMDA receptor. This site became amenable to
pharmacological manipulation with the discovery that
kynurenic acid was an antagonist at the NMDA receptor
(Perkins and Stone, 1982; Stone, 1993) and the finding that
it had an especially high affinity at the glycine site of the
NMDA receptor (Birch et al., 1988; Stone, 1993). There
then followed 20 years of development of kynurenic acid
derivatives as selective NMDA receptor blockers for use in
the treatment of strokes and degenerative disorders. Several
hundred of these compounds were produced, some entering
clinical trials, but with less success in humans than had been
shown in animal models (Stone, 2000).

The value of kynurenic acid as a starting point for drug
development has been that it is able to antagonise actions
mediated by both the NMDA and the non-NMDA groups of
glutamate receptors (Perkins and Stone, 1982) although most
interest has centred around its more potent activity at the
strychnine-resistant glycine site on the NMDA receptor. The
rationale behind this interest in receptor selectivity is that
under most physiological conditions, the ion channels asso-
ciated with the NMDA receptor are blocked by Mg2 " jons
and it is only after initial depolarisation (by, for example,
AMPA or kainate receptors) that the voltage-dependent
Mg?* block is relieved sufficiently to permit activation of
the NMDA channels. These conditions will occur especially
under the pathological circumstances of hypoxia, ischaemia,
epilepsy and traumatic brain injury, which are associated with
elevated levels of extracellular glutamate. Antagonists acting
at the NMDA receptors should interfere less with normal fast
glutamatergic transmission, which is important in the control
of many autonomic functions including cardiovascular and
respiratory mechanisms, as well as movement control by the
basal ganglia and cognitive functions, than antagonists at
kainate and AMPA receptors.

However, kynurenic acid is a compound with a complex
pharmacology. It is able to antagonise non-NMDA as well as
NMDA receptor activation in rodents (Perkins and Stone,
1982) and primates (Stone, 1993) and may even distinguish
subpopulations of kainate receptors (Stone, 1990). There is
also evidence from two independent sources that the potency
of kynurenic acid in suppressing NMDA receptor-dependent
spontaneous neuronal discharges in the hippocampus does
not correlate with its activity as an antagonist of NMDA
(Stone, 1988; Brady and Swann, 1988). This observation
would suggest an additional, novel site of action of kynurenic
acid, which will be discussed further below.

The various components of the kynurenine pathway are
present primarily in the glial cell population in the CNS,

especially astrocytes (Kohler et al., 1988), as well as in
immune-competent cells such as microglia, peripheral mast
cells and blood macrophages which travel in and out of the
CNS across the blood—brain barrier. All these cells can
generate up to 1000 times the basal levels of kynurenines
when activated by immunogenic stimuli such as bacterial
lipopolysaccharide or interferon-y (Heyes et al., 1996;
Espey et al., 1997; see Stone, 2001). As a result of
activating the pathway, there is an increased generation of
excitotoxic compounds such as quinolinic acid, an endog-
enous agonist at NMDA receptors (Stone and Perkins, 1981;
see Stone, 2001) and 3-hydroxykynurenine. The latter sub-
stance does not have any direct activity at glutamate
receptors but does produce damage primarily via the for-
mation of free radicals (Eastman and Guilarte, 1990). The
potential importance of this glial origin of excitotoxins
raises the possibility that at least a proportion of the delayed
damage which develops after brain injury induced by kainic
acid or ischaemia may be attributable to the secondary
activation of glia and macrophages which then generate
toxic amounts of quinolinic acid (Behan and Stone, 2000).
Quinolinic acid in turn can produce damage not only by
activating NMDA receptors, but also by enhancing the
formation of reactive oxygen species (Behan et al., 1999).

2.2.3.1. Modulators of the kynurenine pathway. An alter-
native strategy to the direct blockade of glutamate receptors
is to modify activity in the kynurenine pathway, changing
the balance between the generation of quinolinic acid and
kynurenic acid. Inhibition of the enzymes kynurenine
hydroxylase and kynureninase results in a decrease in the
levels of endogenous quinolinic acid and an increase of
kynurenic acid. Nicotinylalanine was the first inhibitor of
these enzymes (Connick et al., 1992; Russi et al., 1992) and
was shown to increase the brain content of kynurenic acid
(see Harris et al., 1998). A number of compounds related to
nicotinylalanine derivatives have been studied since, includ-
ing meta-nitrobenzoylalanine (Pellicciari et al., 1994) which
preferentially inhibits kynurenine-3-hydroxylase and ortho-
methoxybenzoylalanine which preferentially inhibits kynur-
eninase (Natalini et al., 1995).

Another systemic kynurenine-3-hydroxylase inhibitor is
3,4-dichlorobenzoyl-alanine (FCE28833A) (Speciale et al.,
1996), an agent which increases the levels of kynurenine
and kynurenic acid in rat brain. In hippocampal dialysates,
peak increases of 10- and 80-fold the resting levels, respec-
tively, were obtained after a single systemic injection. The
evidence obtained to date indicates that 3,4-dichloroben-
zoyl-alanine is more effective than meta-nitrobenzoylala-
nine in its ability to divert tryptophan metabolism towards
the neuroprotective kynurenic acid. In some experiments,
the levels of kynurenic acid remained increased above
control levels for 22 h (Speciale et al., 1996).

2.2.3.2. Therapeutic trials of kynurenic acid analogues
Several of these compounds have been developed for the
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treatment of CNS disorders in which an abnormality of
glutamate receptor function has been implicated, such as
traumatic head injury, strokes, schizophrenia and epilepsy.
Some of the compounds show good penetration of the
blood—brain barrier, leading to discussions of their possible
value in the prevention or slowing of neurodegenerative
disorders (Warner et al., 1995). While clear evidence is still
lacking, for many such disorders, that an excessive activa-
tion of glutamate receptors is involved in cell damage, there
are strong pointers to the involvement of glutamate site
ligands in some forms of degeneration. An outstanding
example is the massive elevation of quinolinic acid which
has been reported in patients suffering from dementia
associated with infection by the human immunodeficiency
virus (HIV) (Lipton, 1998). The cellular inflammatory
response, both inside and outside the central nervous sys-
tem, which occurs during this infection, results in a large
increase in the level of quinolinic acid in the brain (Heyes et
al., 1990). This could well contribute to progressive devel-
opment of neuronal dysfunction either by overstimulating
the target NMDA receptors, or by desensitising them and
leading to their down-regulation (Lipton, 1998; see Stone,
2001).

An important advantage of the glycine site antagonists
over some of the non-competitive compounds which have
been examined in neuroprotective models, is that they do not
exhibit the serious neurotoxic and psychological side effects
of the channel blockers such as dizocilpine and similar
problems encountered with the competitive NMDA receptor
blockers such as selfotel (Lees, 1997). The adverse effects
induced by these drugs include neuronal vacuolisation and
disturbing psychotomimetic effects, which may present a
serious source of consternation for patients experiencing only
a mild form of ischaemic damage. Of the glycine site
antagonists, kynurenic acid derivatives and analogues pos-
sess a ring structure which makes them acceptably lipophilic,
allowing them to penetrate the blood—brain barrier much
more readily than many compounds.

2.3. NMDA receptors and preconditioning

Neuronal preconditioning, a phenomenon in which
repeated sublethal insults to neurons results in their resist-
ance to more severe insults, has been found in diverse
phenomena such as spreading depression, hypoxia/ische-
mia, epileptic seizure, exposure to toxins and cytokines, and
inhibition of oxidative phosphorylation (Bruer et al., 1997).
The extent of neuroprotection is influenced by the intensity
of the sublethal insult and the latency between that and the
final more severe insult (Chen and Simon, 1997). The
mechanisms of preconditioning have been shown to involve
both short-term processes that include NMDA receptor
activation, Ca’" influx and second messenger changes
(Bond et al., 1999; Perez-Pizon et al., 1999; Grabb and
Choi, 1999), and long-term processes that include changes
in gene expression and protein synthesis (Sakurai et al.,

1998; Currie et al., 2000). Yano et al. (2001) have shown
that preconditioning in gerbil CA1 cells involved activation
of protein kinase B; the activation was initiated by Ca®"
influx via NMDA receptors (Yano et al., 2001). Ischemia
has been shown to cause increased tyrosine phosphorylation
of the NR2 subunit. Ischemic preconditioning abolished the
phosphorylation and decreased the NR2A and NR2B sub-
units in the neocortex (Shamloo and Wieloch, 1999).
Preconditioning by transient exposure of cultured cortical
neurons to NMDA antagonists induced protection to apop-
totic and non-apoptotic cell death from a variety of insults
including NMDA, AMPA, oxygen—glucose deprivation, 3-
amyloid, staurosporine, and etoposide. The preconditioning
did not block some of the physiological functions of NMDA
receptors such as Ca’” influx, but blocked the protein
kinase C inactivation that accompanies Ca’"*-mediated
neuronal toxicity (Tremblay et al., 2000). The authors
proposed that the latter effect might be responsible for the
neuroprotection.

3. AMPA receptors

In terms of Ca® " regulation, increasing interest is being
shown in the receptors sensitive to DL-a-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA), which can
also increase the intracellular levels of Ca® . AMPA recep-
tor antagonists have been found to be effective in preventing
neuronal cell death in several different models of brain
ischemia (Sheardown et al., 1990; Judge et al., 1991),
Parkinsonism (Klockgether et al., 1991), and seizures
(Ohmori et al., 1994).

AMPA receptors are made from a ring of four subunits
(Rosenmund et al., 1998). Each subunit, GluR1, GIluR2,
GluR3 and GIluR4, consists of three transmembrane
domains (TM1, TM3 and TM4) with an associated intra-
membrane inverted U-shaped amino acid chain (MD2)
between the TM1 and TM3 transmembrane units; the
MD?2 unit has been proposed to line the ionic channel
(Hollmann et al., 1994; Bennett and Dingledine, 1995).
Two variants (‘flip’ and ‘flop’) of each subunit are generated
by alternative RNA splicing at a small portion (115 bp)
preceding the TM4 unit (Sommer et al., 1990). In embry-
onic brains, the flip form is expressed predominantly while
the flop form increases perinatally and dominates in the
adult (Pellegrini-Giampietro et al., 1992a).

3.1. AMPA receptors and Ca**

The functional properties of AMPA receptors in the CNS
are influenced to a large extent by the GluR2 subunit which
has two RNA editing sites, glutamine (Q)-to-arginine (R)
editing at position 586 and arginine (R)-to-glycine (G)
editing at position 743 (Jonas et al., 1994; Geiger et al.,
1995). RNA editing at the Q/R site is specific to GluR2
whereas R/G editing is specific to GluR2, 3 and 4. Native
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AMPA receptors in postnatal animals are mainly of the Q/R
edited type, where the presence of the charged arginine
instead of the neutral amino acid glutamine tends to prevent
Ca’" influx. Hence, native heteromeric AMPA receptors
that lack the edited GluR2 subunit have permeability to
Ca®" as well as Na™ and K™; receptors that have GluR2
subunits are permeable to Na, and K, but not to Ca’*
(Sommer et al., 1991; Hollmann et al., 1991; Gu et al.,,
1996). The Ca® * -permeable AMPA receptors exhibit higher
channel conductance. They also show inward rectification
due to a channel block at depolarized membrane potentials
by the intracellular polyamines spermine and spermidine
(Washburn and Dingledine, 1996; Bowie et al., 1998).
Although the Ca® " permeability is unrelated to the function
of the polyamines, Panchenko et al. (1999) have proposed
that the Q/R site contributes to the barrier that regulates
movement of polyamines from their binding site. Addition-
ally, the Ca® " -permeable AMPA receptors are blocked by
Joro spider toxin, argiotoxin, philanthotoxin, and 1-naphthyl
acetyl spermine (extracellularly) at negative membrane
potentials (lino et al., 1996). Ca’?*-permeable AMPA
receptors have been found in cerebellar glial cells, neo-
cortical, hippocampal, basal ganglia and spinal dorsal horn
neurons, some of which are y-amino-butyrate (GABA)-
releasing interneurons (Burnashev et al., 1992; Itazawa et
al., 1997; Gotz et al., 1997).

3.2. Desensitisation

Ca’" movements are clearly dependent on receptor
sensitivity, and loss of neuronal responses to AMPA
receptor agonists may result from desensitisation, internal-
isation or destruction of the receptors. Stern-bach et al.
(1998) have reported that desensitisation of AMPA recep-
tors is regulated by a site on the agonist binding site S1 and
is blocked by a leucine-to-tyrosine mutation in the binding
domains of GluR1 or GIluR3 (Stern-Bach et al., 1998).
AMPA receptors composed of the flop variants of GluR3
and GluR4 desensitise faster than those formed with the
flip variants (Mosbacher et al., 1994). Partin et al. (1996)
have suggested that the flip/flop domain could be influenc-
ing desensitisation by modifying the pore via TM4, possi-
bly through re-alignment of the TM1-TM4 contacts
(Partin et al., 1996). Desensitisation is also influenced by
the R/G site: AMPA receptors consisting of GluR2, -3 and
-4 subunits that are edited at the R/G sites exhibit faster
recovery rates from desensitisation (Lomeli et al., 1994)
than the unedited types. Other possibilities are that desen-
sitisation of AMPA receptors involves multiple events
including receptor phosphorylation and depletion of intra-
cellular Ca®> " stores (Cowen and Beart, 1998), or that long-
term desensitisation of AMPA receptors involves the
actions of protein kinases G and C and a protein phospha-
tase inhibition (Ito and Karachot, 1992).

Removal of desensitisation (i.e., positive modulation of
AMPA receptors) can be achieved with the pyrrolidinones

aniracetam, piracetam and related compounds. Other pos-
itive modulators are the benzothiadiazines cyclothiazide,
diazoxide and 7-chloro-3methyl-3-4-dihydro-2H-1,2,4 ben-
zothiadiazine (IDRA21) (Desai et al., 1995; Kapus et al.,
2000). Novel positive AMPA receptor modulators include
the benzoylpiperidine, 1-(quinoxalin-6-ylcarbonyl)-piperi-
dine (CX516), and biarylpropylsulfonamides (Gates et al.,
2001; Miu et al., 2001; Nagarajan et al., 2001). Cyclo-
thiazide and aniracetam are more effective at the flip than at
the flop splice variants (Partin et al., 1994), whereas 4-[2-
(phenylsulfonylamino)ethylthio]-2,6-difluoro-phenoxyace-
tamide (PEPA) slows desensitisation more effectively at the
flop splice variants (Sekiguchi et al., 1997). There is recent
evidence that extracellular Ca®"* can allosterically inhibit
AMPA receptor desensitisation irrespective of the subunit
composition and splice variant (Buldakova et al., 2000).
Evans Blue, which antagonizes AMPA receptors in some
neurons, blocks desensitisation in others (Weiser et al.,
1996; Schurmann et al., 1997).

3.2.1. Desensitisation and neuroprotection

Ca”” influx via Ca® " -permeable AMPA receptor did not
induce neurotoxicity in cells transfected with Ca® " -perme-
able AMPA receptors until the receptor desensitisation was
removed (Raymond et al., 1996). AMPA receptor desensi-
tisation has been found to serve as a protective mechanism
against neuronal overactivity and excitotoxicity in a number
of systems (May and Robison, 1993; Ballerini et al., 1995;
Glazner et al., 2000). A burst of depolarization (but not
single firing) of hippocampal postsynaptic neurons causes
inactivation of NMDA receptor excitatory currents, medi-
ated via Ca’ " influx. This is consistent with our observa-
tions that long-term potentiation in CA1l neurons reduced
the sensitivity of hippocampal slices to exogenously applied
NMDA and AMPA, and also to hypoxia (Youssef et al.,
2000, 2001). The loss of response to AMPA appeared to
involve desensitisation of the receptors.

3.3. AMPA receptors, Ca’" and plasticity

Several studies have shown that Ca®* influx through the
NMDA receptor channel (e.g., during long-term potentia-
tion) activates calcium-calmodulin-kinase II which then
phosphorylates and increases AMPA receptor current
(McGlade-McCulloh et al., 1993; Tan et al., 1994; Derkach
et al., 1999; Carvalho et al., 2000). Perkinton et al. (1999)
have provided an additional mechanism whereby AMPA
receptor activation can lead to neuroplasticity. They reported
that, in primary cultures of striatal neurons, Ca® " influx
through Ca” " -permeable AMPA receptors activated phos-
phorylation of cyclic AMP response element-binding pro-
tein (CREB) via stimulation of the mitogen activated protein
kinase (MAPK) (Perkinton et al., 1999). Although the
authors had indicated that this effect of AMPA did not
involve activation of NMDA receptors or voltage-gated
Ca’" channels, Rajadhyaksha et al. (1999) have reported
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that, in a similar system, the effect of AMPA receptors on
CREB activation was through stimulation of Ca>" influx
indirectly via NMDA receptor-mediated activation of L-type
Ca®" channels (Rajadhyaksha et al., 1999). The finding that
activation of CREB in the suprachiasmatic nucleus of the
hamster involved coordinated action of both NMDA and
AMPA receptors supports this latter view (Schurov et al.,
1999). Additionally, phosphorylation of AMPA receptors by
second messengers influences their expression at the plasma
membrane, a process that involves interaction between
AMPA receptor subunits and postsynaptic domain proteins
(Carvalho et al., 1999). In cerebellar stellate cells, repetitive
activation of Ca®"-permeable AMPA receptors led to a
rapid reduction in Ca®>" influx due to removal of GluR2-
containing AMPA receptors from the synapses and insertion
of GluR2-containing receptors (Liu and Cull-Candy, 2000).

3.4. Neuronal damage via AMPA receptors

There are several claimed instances of cell death caused
by AMPA receptor-mediated Ca?" influx. The neuronal
death that follows deafferentation of neurones in sensory
pathways involves Ca” " influx via AMPA receptors which
then leads to phosphorylation of CREB by calmodulin-
kinase II and protein kinase A (Zirpel et al., 2000). Also,
mutant mice with increased AMPA receptor Ca®> " -perme-
ability showed deficits in dendritic architecture and
increased neurological disorders including epilepsy (Feld-
meyer et al., 1999).

However, the role of Ca’* in neuronal damage is
complicated by its role in desensitisation of AMPA recep-
tors and the phenomenon of preconditioning (see below),
and Connor et al. (1999) have questioned the role of Ca>* in
neuronal death. These workers noted that there was no
evidence of ongoing intracellular Ca® " overload 1-3 days
after a brief ischemia. More recently, Ambrosio et al. (2000)
found no correlation between the degree of cyclothiazide-
influenced toxicity and the associated Ca> " influx (Ambro-
sio et al., 2000).

Since Ca?" flux is largely determined by the GluR2
subunit, changes in subunit gene expression following
ischemia are of interest. Frank et al. (1995) reported a
roughly equal loss of GluR1, -2 and -3 subunits after
ischaemia, whereas Pellegrini-Giampietro et al. (1992)
observed a preferential loss of GluR2. Although this latter
observation was interpreted as a mechanism in the patho-
logical process, it could also be seen as an intrinsic
protective mechanism whereby the increased Ca®”" influx
via AMPA receptor activation activated neuroprotective
processes (see below). The authors later proposed that
ischemia-induced downregulation of GluR2 subunits
increases Ca®"' influx via AMPA receptors and makes
neurons more vulnerable (Pellegrini-Giampietro et al.,
1997). However, Alsbo et al. (2001) have not observed
such a downregulation of GluR2 expression 24 h after
ischemia (Alsbo et al., 2001).

3.5. AMPA receptors and Ca’*-binding proteins

Neurons that demonstrate the presence of Ca® " -binding
proteins tend to be more resistant to damage from epilepti-
form discharges or excitatory amino acids (Sloviter, 1989;
Heizmann and Braun, 1992). Some authors have attributed
the neuroprotection to the Ca®* buffering by the intra-
cellular proteins. However, in the rat forebrain, there is a
correlation between the presence of the Ca®’-binding
proteins parvalbulmin and calbindin-D28, and the absence
of GluR2 expression in the neurons. As expected, such
neurons showed high Ca®" permeability (Kondo et al.,
2000). Hence, the resistance of such neurons to vulnerability
could also be attributed to the increased Ca®>* permeability.
Type 2 interneurons in the hippocampus are deficient in
GluR2 subunits (and hence have increased Ca®" perme-
ability) and are highly resistant to ischemic damage (Bochet
et al., 1994).

3.6. AMPA receptors and preconditioning

Several other studies have indicated the involvement of
AMPA receptors in preconditioning. In rat hippocampal cell
cultures, oxygen—glucose deprivation mediated precondi-
tioning was associated with increased levels of GluR4 flop
subunits, and a relative decrease in GluR2 subunits; the
preconditioned AMPA receptors exhibited increased AMPA
or kainate-induced Ca® " influx which was sensitive to Joro
spider toxin. The preconditioned neurons also exhibited
increased vulnerability to kainate toxicity but decreased
vulnerability to oxygen—glucose deprivation (Ying et al.,
1997). In contrast, Alsbo et al. (2001) have reported that in
animals that were subjected to ischemic preconditioning
there was upregulation of GluR2 and GIuR2 flop levels,
suggesting that the tolerance could be related to enhanced
AMPA receptor desensitisation (Alsbo et al., 2001).

4. Metabotropic glutamate receptors (mGluR)

In addition to its actions on the ionotropic receptors,
glutamate also acts on a variety of metabotropic receptors
(see Anwyl, 1995; Conn et al., 1995 for reviews), These are
coupled to adenylate cyclase or phospholipase C, and in
general produce changes of cellular function and membrane
conductance on a slower time scale than the ionotropic
receptors. Both the mGluR1 and mGluR5 agonist 3,5-
dihydroxyphenylglycine (DHPG) and the selective mGluRS
agonist 2-chloro-5-hydroxyphenylglycine (CHPG) are able
to potentiate depolarisations induced by NMDA (Attucci et
al., 2001; Skeberdis et al., 2001). This action was not
correlated with changes of inositol phospholipid metabo-
lism, suggesting that the latter pathway is not responsible for
mediating the electrophysiological interaction. On the other
hand, buffering intracellular Ca>" prevented the potentia-
tion.
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The mGluRs can exist on both postsynaptic and presy-
naptic sites (Pin and Duvoisin, 1995), with groups II and III
appearing to be localised primarily to the presynaptic termi-
nals, and group I receptors at postsynaptic sites (Shigemoto et
al., 1997). The presynaptic sites are primarily concerned with
the regulation of glutamate release, and the mGIuRS5 recep-
tors can increase glutamate release. Although glutamate is
normally assumed to be the endogenous ligand at these sites,
recent evidence has indicated a potent action of some of the
endogenous sulphur-containing amino acids such as L-cysteic
acid and L-cysteine sulphinic acid (Croucher et al., 2001).
Cyclothiazide proved able to prevent the desensitisation of
the mGluRS receptor and to increase the ability of L-cysteic
acid to facilitate glutamate release.

Several of the mGluR series have been shown to modify
Ca®" levels either at postsynaptic or presynaptic sites. The
mGIuR1 receptors, for example, increase Ca®" within
presynaptic terminals leading to an enhancement of gluta-
mate release (Schwartz and Alford, 2000). Indeed, direct
recordings from presynaptic terminals in the lamprey have
revealed opposing influences of several mGluR ligands in
which transmitter release is decreased as a result of the
activation of K conductances, but can be facilitated by an
increase in the levels of presynaptic Ca’>* (Cochilla and
Alford, 1998). Presumably the net physiological effect will
be a complex balance depending on the concentration of
endogenous glutamate, the relative densities and locations
of the several mGluRs, and their differential sensitivity.

Preconditioning may involve changes in activities of
mGluRs and the excitatory amino acid transporters, reversal
of which appears to generate the increased extracellular
glutamate levels associated with ischemia. In CA1 cells of
gerbils, ischaemic tolerance was associated with a reduction
in mGluR1b and mGIuRS5 receptors that are considered to be
mediate neurotoxicity (Sommer et al., 2000).

4.1. Metabotropic glutamate receptors and neuroprotection

As a result of these various effects of metabotropic
receptors, there is now clear agreement that they are able
to modulate neuronal cell death. The consensus seems to be
that activation of Group I receptors (mGluR1 and mGIuR5
receptors) promotes neuronal damage and, correspondingly,
antagonists protect (Pellegrini-Giampietro et al., 1999;
Bruno et al., 1999). Using ligands selective for individual
receptors, both mGluR1 and mGIuR 5 antagonists seem to
be protective. Although the reduction of damage has been
studied primarily against NMDA-induced toxicity or ischae-
mia, protection by the antagonists is also seen against 1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) on
dopaminergic neurones (Aguirre et al., 2001) and against
traumatic brain injury (Lyeth et al., 2001).

Agonists at the Group Il receptors (mGluR2 and mGIuR3
receptors) protect against NMDA-induced cell damage
(Battaglia et al., 1998; Bond et al., 2000; Colwell and
Levine, 1999) possibly by a process which requires the

synthesis of new protein and the generation of transforming
growth factor-p (TGF-B) (Bruno et al., 1998). Again,
NMDA has been the primary cause of insult examined by
most workers, but group II receptor activation has recently
been shown to protect against damage caused by traumatic
brain injury (Zwienenburg et al., 2001).

Less attention has been devoted to Group III receptors
(mGluR4, mGluR6, mGluR7, mGluRS), but again agonists
do appear to be neuroprotective (Gasparini et al., 1999;
Pizzi et al., 2000). Interestingly, group III agonists are not
protective in mGIluR4 (—/—) knockout mice, suggesting
that it is this receptor which is primarily responsible for the
protection (Bruno et al., 2000). However, the story must be
more complex than this, since selective agonists at the
mGlIuR7 receptor are able to protect against NMDA toxicity
in cerebellar granule cells (Lafon-Cazal et al., 1999).

5. Receptor interactions

Rosenmund et al. (1995) reported that intracellular Ca?*
inactivates NMDA receptors in cultured hippocampal neu-
rons, and that Ca?" influx through NMDA receptors
provides negative feedback on NMDA receptor activity
(Rosenmund et al., 1995). Inactivation of NMDA receptors
can also be induced by AMPA receptor activation. AMPA
and NMDA receptors are co-localised at synapses in differ-
ent parts of the central nervous system (Bekkers and
Stevens, 1989). Ca®>" influx through a subpopulation of
AMPA receptors in rat dorsal horn cultured neurons or
hippocampal cells can induce desensitisation of the adjacent
NMDA receptors (Medina et al., 1994; Kyrozis et al., 1995).
These observations are consistent with that from our in vivo
experiments in which activation of NMDA or AMPA
receptors in the rat neocortex prevented actions of topically
applied NMDA (Addae and Stone, 1986; Addae et al.,
2000), although in an intact in-vivo neuronal network the
involvement of inhibitory interneurons cannot be ruled out.

6. Purines

Purine nucleosides such as adenosine are known to
modulate Ca®" activity within cells. That modulation is
exhibited most clearly at presynaptic sites, where adenosine
A, receptors depress the release of a variety of neuro-
transmitters and adenosine A,, receptors increase the
release of at least some transmitters (Chen and Lambert,
1997; Goncalves et al., 1991; Goncalves and Ribeiro, 1996)
although the manner of the Ca’” modulation remains
unclear. While there is evidence for a direct effect of
adenosine on Ca’" fluxes into synaptic terminals, there
are also indications that adenosine might alter the avail-
ability of intraterminal Ca®* to the secretory/release proc-
ess. These effects on Ca’" activity will often oppose the
responses to agents such as glutamate which raise intra-
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cellular levels. In addition, however, a number of interac-
tions have been identified between purines and glutamate,
which may reflect direct interactions at the receptor level.

One of the first to be identified was reflected in the
proposal that the activation of NMDA receptors could sup-
press the presynaptic inhibitory effects of adenosine in the
hippocampus (Bartrup and Stone, 1988, 1990). This phenom-
enon has been strongly supported by more detailed recent
data using a paired-pulse paradigm (Nikbakht and Stone,
2001). The converse ability of adenosine receptor activation
to suppress sensitivity to NMDA has been demonstrated by
De Mendonca et al. (1995) and Norenberg et al. (1997).
Activation of NMDA receptors in the hippocampus was
reduced by agonists acting at adenosine A receptors, which
were shown to inhibit NMDA-induced currents measured
during patch-clamp experiments (De Mendonca et al., 1995).
On striatal neurones, it is the activation of adenosine A,x
receptors which were reported to suppress NMDA-induced
currents (Norenberg et al., 1997). These results are potentially
of great significance to any discussion of the role of NMDA
receptors in brain damage: although adenosine concentra-
tions in the extracellular fluid are normally in the low micro-
molar range or less, they can increase dramatically to several
hundred micromolar as a result of hypoxia, hypoglycaemia or
ischaemia. Under these conditions, the endogenous adeno-
sine will then be sufficient to reduce glutamate-induced
currents mediated via the NMDA receptor, and thus exert a
degree of neuroprotection, although the precise details of this
change will depend very much on the degree of ischaemia and
the individual dynamics of the adenosine system. An eleva-
tion of extracellular adenosine into the range between 1 and
10 pM will begin to activate the potentially protective
adenosine A; receptor population (von Lubitz et al., 1988,
1989; MacGregor and Stone, 1993; MacGregor et al., 1993).
If the levels of adenosine rise further to 20 uM or above, the
activation of adenosine A;4 receptors may begin to predom-
inate. Since these receptors tend to increase the release of
glutamate and several other transmitters, these high adeno-
sine levels could result in an exacerbation of neuronal
damage. The balance between adenosine A, receptor-medi-
ated direct inhibition of NMDA receptor function and their
stimulation of glutamate release will then assume substantial
significance. Indeed, there is a burgeoning interest in the
demonstration that antagonists at adenosine A, receptors are
neuroprotective in animal models of ischaemia (Sheardown
and Knutsen, 1996; Monopoli et al., 1998; Ongini et al.,
1997) and excitotoxicity (Jones et al., 1998a,b; Stone et al.,
2001), findings which may well be explicable on the basis
that these compounds are preventing the potentially injurious
enhancement of glutamate release.

7. Conclusions

Overall, it is clear that the glutamate receptor popula-
tion—major determinants of intraneuronal Ca®* levels and

thus of neuronal viability—are amenable to manipulation at
a large variety of sites. The differential permeability of
AMPA receptor subunit combinations to Ca”>", the regu-
lation of desensitisation and the existence of receptor
interactions enables the receptors to function with a greater
degree of flexibility. Amino acid-mediated Ca®* influx to
cells provides a pathway not only for pathological processes
but also for physiological (including neuroprotective) ones.
There continues to be a massive effort to generate com-
pounds able to act at these sites and have value as neuro-
protective drugs. However, the lack of success to date with
substances acting directly as antagonists at glutamate recep-
tors may result in a shift of emphasis towards compounds
which act indirectly to affect glutamate receptor release or
function, such as the kynurenines and purines.
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