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Abstract
Disorders of the central nervous system (CNS) are complex disease states that represent a major
challenge for modern medicine. Although etiology is often unknown, it is established that multiple
factors such as defects in genetics and/or epigenetics, the environment as well as imbalance in
neurotransmitter receptor systems are all at play in determining an individual’s susceptibility to
disease. Gene therapy is currently not available and therefore, most conditions are treated with
pharmacological agents that modify neurotransmitter receptor signaling. Here, I provide a review of
ionotropic glutamate receptors (iGluRs) and the roles they fulfill in numerous CNS disorders.
Specifically, I argue that our understanding of iGluRs has reached a critical turning point to permit,
for the first time, a comprehensive re-evaluation of their role in the cause of disease. I illustrate this
by highlighting how defects in AMPA receptor trafficking are important to Fragile X mental
retardation and ectopic expression of kainate (KA) receptor synapses contributes to the pathology of
temporal lobe epilepsy. Finally, I discuss how parallel advances in studies of other neurotransmitter
systems may allow pharmacologists to work towards a cure for many CNS disorders rather than
developing drugs to treat their symptoms.
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CNS disorders were first recorded in cultures as far back as antiquity and thus have long
troubled society [1,2]. Amongst the many notable historical personages afflicted with various
nervous ailments, both Aristotle and Julius Caesar were said to have suffered from epilepsy
(see Traicté de l'Epilepsie by Jean Taxol, 1602) whereas Mozart may have been a manic
depressive [3]. By any modern medical definition, such individuals would have been
incapacitated significantly during their life; however, societies were often ambivalent to this.
Instead, most were eager to attribute special qualities or even greatness to them. The 15th

century French heroine, Joan of Arc, has been revered for her religious visions and revelations.
However, more recent evaluations has suggested, at least to some scholars, that her behaviour
was consistent with schizophrenia and/or epilepsy [4,5]. Although this and other examples may
always remain a matter of conjecture and debate, CNS disorders are complex illnesses that
continue to represent a major challenge to neurology and psychiatry.

In this review, I discuss the contribution of ionotropic glutamate receptors to disorders of the
CNS. iGluRs represent the major excitatory neurotransmitter pathway in the brain and
consequently, they are essential for normal CNS function but are also implicated in numerous
disease states. I provide an assessment of their role in disease with special reference to AMPA-
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and KA-type iGluRs. Research in neuroscience over the last two decades has brought important
advances in our understanding of the brain. I argue that this progress has reached a turning
point for future work on iGluRs and disease.

AETIOLOGY OF CNS DISORDERS IS MULTIFACTORIAL
With the advent of reliable diagnostic criteria, it is now clear that CNS disorders can affect any
member of any society at any point in life. Postnatal neurodevelopmental disorders, such as
Autism, strike in the first years of an infant’s life [6], mood or anxiety disorders first appear
in early adulthood [7] whereas neurodegenerative conditions, such as parkinsonism or
dementias like Alzheimer’s disease, typically develop later in life [8]. Although most CNS
disorders have unknown aetiology, dysfunction is commonly attributed to not one but a
combination of defects that often include excitatory or inhibitory neurotransmission, its
modulation by other neurotransmitter pathways (e.g. dopaminergic, cholinergic, serotonergic),
environmental or epigenetic factors as well as genetics (Fig. 1). For example, although the
genetic origin of some CNS disorders, such as Rett’s syndrome and Fragile X mental
retardation [9,10], is well established, the environment and quality of care [11] as well as
epigenetic factors [12] all contribute to affect long-term prognosis. Despite this level of
understanding, treatment in most cases relies on targeting a patient’s symptoms rather than
tackling the underlying cause(s). As explained in the following section, the development of
present day therapeutic compounds often occurred by chance observations rather than
exploiting an approach focused on a knowledge-base of the disease or rationale-drug design.

CNS DISORDERS ARE TREATED BY TARGETING SYMPTOMS
The origin of current drug therapy used to alleviate the symptoms of CNS disorders was
developed in the 1950s, in many cases, quite serendipitously (Fig. 2). For example, the early
typical antipsychotic, chlorpromazine, was synthesized in 1949 as an agent to potentiate
anaesthesia before being recognised in 1951 for its value in the treatment of schizophrenia
[13]. The hypothesis that schizophrenia may represent hyperfunction of dopaminergic
signaling was proposed, in part, after chlorpromazine and other phenothiazines were shown to
act as D2 receptor antagonists [14,15]. From then on, the possibility that neurochemical
disturbances may underlie the cause of many CNS disorders began in earnest [16,17]. In
Alzheimer’s disease, a striking loss in neurotransmitter content, particularly for acetylcholine,
was shown to parallel neuronal loss associated with the onset of dementia [18]. With the
observation that central cholinergic antagonists precipitate confusion reminiscent of dementia
[18] attention was focused on agents that would mimic or enhance the actions of acetylcholine.
Although newer compounds have been developed to treat CNS disorders in the last five
decades, in almost all cases, the overall strategy has been to treat the symptoms whilst offering
the patient a drug regime with as few side-effects as possible. Many drugs however are
completely ineffective or exhibit appreciable side-effects accounting for poor drug compliance
amongst many patients [19–22].

If substantial improvement in the treatment of CNS illness is to be achieved, two factors need
to be considered; (i) identify the underlying causes of the CNS disorder and (ii) employ
rationale drug design to limit potential side-effects. As explained below, advances in our
understanding of ionotropic glutamate receptors (iGluRs) over the last 30 years have now made
it possible to re-examine CNS disorders associated with this important neurotransmitter
receptor family. Before doing so, it is first necessary to provide an overview of the some of
the roles played by iGluRs in the CNS.
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IONOTROPIC GLUTAMATE RECEPTORS ARE PREDOMINANT
NEUROTRANSMITTER RECEPTORS

The pivotal position that we now associate with iGluRs in the CNS was not immediately
realised by early neuroscientists. In fact, much doubt on the suitability of L-glutamate (L-Glu)
as a putative neurotransmitter candidate was passionately debated (K. Krnjevič, personal
communication). The principal argument was that L-Glu was already known to play key roles
in the animal and plant kingdoms. Specifically, it linked the metabolism of carbon and nitrogen
and, depending on requirement, served either as a source of energy or source of ammonia
[23]. Therefore, although L-Glu was originally identified in 1866 by H. Ritthausen [24], it took
almost another 100 years before its role in the CNS was considered (Fig. 3). Early on, L-Glu
was known to be an important constituent of nervous tissues [25], however, it was not until
Hayashi in 1954 demonstrated convulsant effects of L-Glu in the cerebral cortex that a specific
and direct excitatory effect on gray matter was noted [26,27] (Fig. 3). The action of L-Glu was
subsequently investigated by Curtis and colleagues [28,29] by intracellular recordings which
showed that L-Glu depolarised individual neurons in the cat spinal cord. At this time, L-Glu
was still being viewed more as a pharmacological agent rather than a neurotransmitter
candidate. However in 1963, Krnjevič & Phillis formally argued in favour of L-Glu being a
major excitatory neurotransmitter by studying iontophoretic Glu-responses in the cerebral
cortex [30,31] (Fig. 3).

Over the next two decades, work on iGluRs intensified due to two main reasons. First,
medicinal chemist, Jeff Watkins and his colleagues, headed advances in receptor pharmacology
by identifying a number of naturally occurring or synthetic agonists and antagonists that
distinguished between iGluR subtypes [32–34] (Fig. 3). N-methyl-D-aspartate (NMDA)-type
iGluRs were identified by their sensitivity to the agonist, NMDA, a synthetic analogue of L-
Asp [35], and block by Mg2+ ions [36,37]. Non-NMDA receptors responded to L-α-kainic acid
(KA), isolated from seaweed [38] (see below), and quisqualic acid (QA), extracted from a
Cambodian nut of the plant genus Quisqualis [39], and were insensitive to Mg2+ [32]. Later,
non-NMDA receptors were further subdivided into QA/AMPA- and KA-preferring classes as
selective antagonists such as L-glutamic acid diethyl ester (GDEE) [40] and γ-D-
glutamylglycine (γ-GG) [41] were tested [32–34]. The second reason for rapid growth in
interest of iGluRs was the emergence of radioligand binding and autoradiographic techniques.
Both approaches permitted large-scale screening of receptor ligands and the mapping of the
various iGluR subtypes to distinct CNS regions [42,43] (Fig. 3). Interestingly, this work lagged
behind advances using electrophysiology primarily due to the difficulty of identifying optimal
conditions that would permit specific binding. Eventually it was realised that [3H]-Glu binding
in the presence of Cl− ions primarily reflected transport of amino acids into resealed membrane
vesicles [44]. Determination of iGluR subtypes and their localization was then attained by
simply eliminating Cl− from the assay medium [42,45] often substituted with the chaotropic
anion, thiocynanate [46–48].

By the beginning of the early 1990s, several important breakthroughs were made that have
subsequently shaped much of the current research into iGluRs. First, the molecular identity of
AMPA-,KA- and NMDA-type iGluRs was elucidated in a series of landmark cloning studies
primarily from the labs of Steve Heinemann, Peter Seeburg and Shigetada Nakanishi [49–
51]. Orphan-class iGluR subunits, δ1 and δ2, were also identified at this time [52,53]. By
identifying the molecular identity of all iGluR subunits, these studies have been pivotal for the
generation of genetically modified animals which, as described below, have given significant
insight into the role of iGluRs in several CNS disorders. Additionally, iGluR clones provided
the foundation for recent advances in structure-function analysis of iGluRs [54–57] which is
motivating efforts towards improved drug design (Fig. 3). The second key observation that has
shaped present work on iGluRs was proof of their central role in synaptic plasticity such as
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long-term potentiation (LTP) and long-term depression (LTD) [58–60] (Fig. 3). Importantly,
this body of work underlined the importance of iGluRs in learning and memory [61,62],
neuronal development [63–66] as well as neurodegenerative disorders such as stroke [67].
More recently, attempts to understand the molecular basis of synaptic plasticity has led to the
identification of trafficking pathways for AMPARs, NMDARs, KARs and orphan-class delta-2
receptors into and out of central synapses [68–75] and their reliance on numerous trafficking
proteins such as the PDZ-domain family [76,77] and membrane associate guanylate kinases
(MAGUKs) [78], auxiliary proteins such as transmembrane AMPAR regulatory proteins
(TARPs) [79,80] and the pentraxins which cluster iGluRs through extracellular protein
interactions [81] (Fig. 3).

IONOTROPIC GLUTAMATE RECEPTOR SUBTYPES FULFILL DISTINCT
ROLES IN THE CNS

It is now possible to assign distinct functional roles to the different iGluR subfamilies (Fig. 4).
NMDARs primarily operate as coincidence detectors at central synapses [82,83] and/or as entry
points for Ca2+ ions into the cell to drive neuronal development [84,85] (Fig. 4). Coincidence
detection is established because tonic Mg2+ block of the channel pore [86,87] permits signalling
through the NMDAR only when postsynaptic depolarization is paired with presynaptic release
of neurotransmitter [88]. Depolarization can occur either by activation of AMPARs [89], which
are often co-localized with NMDARs [90], or by backpropagating action potentials [91–93].
In terms of neuronal development, high Ca2+-permeability of NMDARs [94,95] coupled with
the tardiness of their gating kinetics [96] makes them ideal for triggering Ca2+-dependent
signalling events in the cytoplasm.

In contrast to NMDARs, native AMPARs have rapid gating kinetics [97–100] and, at most
synapses, are weakly permeable to external Ca2+ ions [101–104]. These functional properties
of AMPARs and their close association with NMDARs established early on their fundamental
role in the hardwiring of neuronal circuits (Fig. 4). However, this original function assigned
to AMPARs is more complicated on two counts. First, studies over the last decade or so have
identified synapses which are devoid of AMPARs but contain NMDARs [105,106]. From a
functional standpoint, synapses of this nature are rendered “silent” to glutamate release since
NMDARs are tonically blocked by Mg2+ at resting membrane potentials. The proportion of
AMPAR-deficient synapses is greater in the neonatal CNS than in the adult [107–109]
suggesting that re-organization of different synaptic iGluRs is important for neuronal
development. The second complication is that not all AMPARs are Ca2+-impermeable. In fact,
many inhibitory interneurons and glial cells primarily express AMPARs with an appreciable
Ca2+-permeability (CP-AMPARs) [110,111] which, as explained below, often implicates this
iGluR subtype in CNS disorders. Interestingly, recent findings in the developing retina suggest
that CP-AMPARs are probably the only iGluR expressed in inhibitory cells [112,113]
suggesting that they may replace the traditional role of NMDARs in providing Ca2+ entry for
neuronal maturation. An added complication in the retina is that not all CP-AMPARs can be
blocked by external polyamines, such as philanthotoxin (PhTX), as once thought [110,111,
114], but acquire PhTX-insensitive CP-AMPARs during development [112]. Whether CP-
AMPARs expressed in other CNS regions also exhibit this unconventional pharmacology
remains to be established.

Unlike AMPARs, KARs are present at fewer synapses and therefore are thought to fulfill more
of a neuromodulatory role in the CNS [115–117]. Although recombinant KARs exhibit similar
fast activation and desensitization similar to AMPARs [54,118], synaptic events mediated by
native KARs curiously have slow kinetics [119–121]. The molecular basis for this difference
is presently unresolved though a number of possibilities have been considered. It was initially
thought that slow events reflected the extrasynaptic location of KARs. However, ultrastructural
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staining for KAR subunits [122] and experiments interfering with glutamate clearance [123]
place KARs in the synapse directly apposed to neurotransmitter release sites. It was also
proposed that the association of recombinant KARs with the scaffolding protein, PSD-95, was
sufficient to convert their phenotype to that of synaptic receptors [124]. However, recent work
has demonstrated a much more modest effect of PSD-95 on KAR properties [125]. Bowie &
Lange (2002) have suggested that slow recovery from desensitization could trap synaptic KARs
into a conducting state with slow activation kinetics [118]. Although this possibility remains
to be formally tested, several studies have now recorded KAR-mediated synaptic events with
kinetic properties comparable to recombinant receptors [126–128]. How these more recent
observations relate to earlier findings clearly requires further investigation.

Although orphan iGluR subunits, δ1 and δ2, are found in the CNS, their functional properties
remain elusive. This is due primarily to the fact that neither δ1 or δ2 apparently form functional
channels alone or in combination with other iGluR subunits [52,53]. δ2 is largely expressed in
Purkinje cells of the cerebellum where it has been shown to fulfill several critical roles. In
knockout or hotfoot mice, where δ2 fails to exit the endoplasmic reticulum [129], the absence
of surface expressed δ2 causes ataxia and disrupts fear conditioning [130–133]. At the synaptic
level, deletion of δ2 interferes with LTD at the parallel-fiber-Purkinje cell synapse [131] which
may account for some of these behavioral correlates [134].

Taken together, this work has established the prevalence of iGluRs in the vertebrate brain. In
terms of CNS disorders, it has been recognized for some time that excessive activation of
NMDARs and subsequent Ca2+-load triggers cell death in cerebral insult, such as in stroke
[67], or in neurodegenerative conditions, such as Alzheimer’s [135] or Huntington’s disease
[136]. Indeed, the NMDAR channel blocker, memantine [137], is currently used in Europe,
the US and Canada in the treatment of moderate-to-severe Alzheimer’s disease [138,139]
representing the only therapeutic compound targeted to iGluRs currently in clinical use. The
role of AMPARs and KARs has not been given as much attention and, therefore, will be the
subject of the remainder of this review. As outlined below, both iGluR subtypes have been
implicated in a number of CNS disorders. However, in some cases, improper signaling through
KARs and AMPARs may be at the heart of the disease state. I will illustrate this perspective
by reviewing how our understanding of AMPAR trafficking is providing insight into the
postnatal neurodevelopmental disorder, Fragile-X mental retardation and how ectopic
expression of KARs contributes significantly to the pathology of temporal lobe epilepsy.

AMPA Receptors & CNS Disorders
NEURODEGENERATION, CANCER & MENTAL RETARDATION

Given the wide distribution of AMPA-selective ionotropic glutamate receptors (iGluRs) in the
vertebrate CNS [54], it is perhaps not wholly surprising that this class of neurotransmitter
receptor is involved in a large number of CNS disorders (Fig. 5). To date, AMPARs have been
implicated in several neurodevelopmental disorders, such as Fragile-X mental retardation
[140–145] and schizophrenia [145–147], neurodegenerative conditions, such as Alzheimer’s
disease [145,147], motor neuron disease or Amyotrophic Lateral Sclerosis (ALS)[148–153],
stroke [146,149,154–159] and parkinsonism [146,147,160–164], as well as contributing to the
proliferation of glioblastoma tumors [165–168]. Furthermore, AMPARs have also been
suggested to fulfill roles in depression [146,147,160] as well as the seizure spread and the
neuronal damage associated with epilepsy [169] [158,170–172] and Rasmussen's syndrome
[173,174].

In acute or chronic neurodegenerative conditions, such as stroke and ALS respectively, a
number of studies point to a common mechanism whereby excessive activation of Ca2+-
permeable AMPARs (CP-AMPARs) leads to cell death [110,149] (Fig. 5). NMDARs and
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transient receptor potential (TRP) channels have significant roles in stroke [175] and many
factors contribute to ALS [176]. Therefore, the detrimental effects mediated by CP-AMPARs
can account for only some of the features in each disease. With this in mind, the selective
expression of CP-AMPARs in the adult CNS [102,103,110,111,114] may explain why only
certain neuronal populations are vulnerable to excitotoxicity. More specific factors may be
important to consider too. For example, in ALS it has been proposed that the selective loss of
motor neurons in the spinal cord reflects the excessive number of CP-AMPARs coupled with
low Ca2+-buffering capacity [148]. How overload then leads to neuronal injury may be
dependent on the magnitude of Ca2+ accumulation. In circumstances where it is excessive,
Ca2+ sequestered into the mitochondria may trigger neuronal death through the release of
apoptotic mediators such as cytochrome c which trigger caspase-dependent cell death [149].
With more intermediate changes, caspaseindependent pathways may come into play triggered,
for example, by activation of Poly(ADP-ribose) polymerase 1 (PARP-1) [177]. With these
factors in mind, particular attention has focused on which features of the AMPAR regulate
Ca2+-permeability.

Early studies highlighted the role of GluR2 which is the only AMPAR subunit to form Ca2+-
impermeable homomers [178,179]. Expression of all other AMPAR subunits, GluR1, 3 and 4,
leads to appreciable divalent permeability. The reason for this distinction is due to a single
amino acid residue, the so called Q/R site [180,181], which is located at the apex of the ion-
channel pore region [182,183], and therefore ideally positioned to influence divalent ion-flow.
The Q/R site of GluR1, 3 and 4 subunits contain the neutral amino acid, glutamine (i.e. Q)
whereas GluR2 subunits possess a positively charged arginine (i.e. R) which most likely
restricts divalent ion transport through electrostatic repulsion [114]. With this understanding,
it was then shown in several studies that inclusion of the GluR2 subunit into heteromeric
AMPARs reduces Ca2+-permeability [103,184,185]. In models of ischemia, as in stroke, it has
been postulated that insult leads to downregulation of GluR2 with the result that AMPARs
exhibit much greater Ca2+-permeability [186,187]. In support of this, CP-AMPARs have been
identified in the principal neurons of the CA1 region of the hippocampus which is particularly
vulnerable to ischemic insult [188–190]. Other factors may also be at play however. Contrary
to earlier reports [103], the Q/R site of GluR2 subunit is not fully edited. Indeed, several studies
suggest that in ALS the efficiency of the editing process is reduced rendering AMPARs more
permeable to Ca2+ [191–193] (Fig. 5). Finally, Ca2+ is not the only divalent ion, however, that
can initiate cell death by permeation through CP-AMPARs. Zn2+ transport is proposed to also
lead to cytoplasmic overload and, much like Ca2+, mitochondrial damage occurs with caspase-
induction and PARP-1 activation [194] (Fig. 5).

Several therapeutic strategies aimed at affecting AMPAR signaling have been proposed for
the treatment of ALS and stroke (Fig. 5). Selective channel blockers of CP-AMPARs, such as
1-naphthyl acetyl spermine, are being considered given their effectiveness in models of
forebrain ischemia [195]. With incomplete editing of GluR2 subunit Q/R site in both ALS and
stroke, several studies have proposed restoring the activity of ADAR2, a mammalian adenosine
deaminase [196], by using constitutively-active CREB [154,159]. In ALS, the anti-excitoxic
drug, riluzole, is currently being used to delay the onset of ventilator-dependence in patients
[148]. Finally, non-competitive AMPAR antagonists, such as the 2,3 benzodiazepines, exhibit
valuable properties that may be useful in the treatment of stroke [155].

CP-AMPARs also play significant roles in glioblastoma multiforme; the most common and
aggressive CNS tumor thought to originate from glial progenitor cells [197]. Treatment usually
involves palliative measures such as chemotherapy, radiotherapy and surgery, all of which
slow disease progression without providing a cure. The survival rate of the disease has remained
in most cases at 3 percent over the last 30 years [198], in part, due to the ineffectiveness of
surgery in stemming infiltration and invasion [199]. Clearly, additional therapeutic approaches
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are needed to compliment ongoing strategies. The first indication that CP-AMPARs may be
important to consider in the pathology of gliomas came from analysis of the editing state of
the GluR2 Q/R site [165]. Using postmortem tissue from malignant brain tumors, Maas and
colleagues (2001) were able to show that the Q/R site was only 69 % to 88 % edited. Ishiuchi
and colleagues extended this observation by showing that the tumor migration could be
supressed with the induction of apoptosis if CP-AMPARs were rendered impermeable to
Ca2+ [166]. Importantly, this finding suggests that selective antagonism of CP-AMPARs,
perhaps with ion-channel blockers [114,166], may represent a novel therapeutic strategy in the
treatment of glioblastoma multiforme. More recent evidence suggests that the activation of CP-
AMPARs leads to proliferation and migration through a pathway mediated by the serine-
threonine kinase Akt [167]. Interestingly, malignant gliomas have another feature that supports
their ability to invade and proliferate. Unlike non-malignant glia [200,201], glioblastomas lack
excitatory amino-acid transporters and thus release L-Glu via a cystine-glutamate exchanger
[168,202]. This, in turn, makes way for tumor expansion by killing surrounding tissue through
excitotoxicity [203]. Thus, glioblastomas exploit normal homeostatic mechanisms of nervous
tissue through a regenerative loop that starts with release of L-Glu which leads to proliferation
and migration by activation of CP-AMPARs and Akt. This finding has suggested that a
combination of AMPAR antagonists [204] with growth factor inhibitors [167,203] may be
useful in the treatment of malignant gliomas. An additional strategy that has been proposed is
to prevent L-Glu release with sulfasalazine by inhibiting the cystine-glutamate exchanger
[168].

AMPA Receptors & Fragile-X Syndrome
WHAT IS FRAGILE-X SYNDROME?

Fragile X syndrome (FXS) is the most common cause of inherited mental retardation affecting
1 in 1250 – 4000 males and 1 in 2500 – 8000 females [144,205,206]. The impairment ranges
from learning difficulties to more severe cognitive or intellectual disabilities [141,144,207].
Afflicted individuals have problems in retaining information over short periods to poor
linguistic processing. Characteristics that distinguish FXS children include impulsivity, hyper-
arousal and over-anxiety. Many affected boys display symptoms of attention deficit
hyperexcitability disorder (ADHD) and autistic-like features, such as gaze avoidance and
stereotyped repetitive movements, which can often lead to a misdiagnosis of autism. Wide
variability in the clinical presentation is one reason the diagnosis may be missed or incorrectly
identified. Although certain physical and behavioral features are often associated with FXS,
they are not always present. In at least 10% of males, intellectual impairment is the only
presenting feature. The classic triad of long face, prominent ears and macroorchidism (i.e.
testicular enlargement) is present in just 60% of cases. Nor is mental retardation always present.
Approximately 15% of males with FXS have an IQ above 70 [208]. In such cases, it is possible
that diagnosis of FXS may not be considered. Similarly, females with FXS may be incorrectly
diagnosed due to the subtlety of the symptoms with about one third exhibiting intellectual
disability [207].

FRAGILE-X SYNDROME IS A GENETIC DISORDER
Fragile X mental retardation is a genetic disorder caused by mutation of the FMR1 gene on the
X chromosome [141,144,207]. Today it is known that, in most cases, the mutational mechanism
results from expansion of an unstable non-coding CGG repeat of the untranslated UTR [209].
Normally, the FMR1 gene contains between 6 and 54 CGG repeats whereas individuals with
FXS have over 230 repeats [209]. Expansion of the CGG repeat permits aberrant methylation
of that portion of the DNA [210] and decreased histone acetylation [211] which effectively
silences expression of the FMR1 protein. FMRP is a selective RNA-binding protein that is
predominately expressed in the cytoplasm but shuttles back and forth from the nucleus [212,
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213]. In this role, FMRP associates with polyribosomes and acts as a negative regulator of
translation [207,213] and, as described below, regulates synaptic plasticity [214,215] by
regulating the synthesis of proteins encoded by certain dendritic mRNAs [216–219].

IMPAIRED AMPAR PLASTICITY PLAYS A CRUCIAL ROLE IN THE FRAGILE-X SYNDROME
The identification of the FMR1 gene as being responsible for FXS [141,210] led to the
development of a knockout (KO) mouse model [220]. KO mice lack functional FMRP in any
tissues and, like the human condition the phenotype is mild with no major pathological deficits
in the CNS and elsewhere including an unimpaired reproductive capability. KO mice show
significant macroorchidism, audiogenic seizures and exhibit characteristic behavioral
abnormalities [220] suggesting that the FMR1 KO mouse is useful for studying the human
disease state. With this in mind and guided by earlier evidence showing that dendritic synthesis
of FMRP is controlled by metabotropic glutamate receptor (mGluR) activation [221], long-
term depression (LTD) of AMPARs was shown to be accentuated in FMR1 KO mice [214].
The finding led the way to the mGluR hypothesis of FXS which argues that exaggerated mGluR
signaling causes a greater internalization of synaptic AMPARs.

To date, exaggerated LTD in FMR1 KO mice has been reported in principal cells of the CA1
region of the hippocampus [214] and inhibitory Purkinje cells of the cerebellum [215]. The
disruption appears to be specific to this plasticity mechanism since NMDAR-dependent LTD,
which is also found at CA1 synapses, is unaffected in null mice [214]. A key molecular
difference is that mGluR-triggered LTD requires protein synthesis [222–224] which is not
required for NMDAR-dependent LTD [223]. In support of this, the rate of protein synthesis
and levels of synaptic proteins are elevated in FMRP KO mice [225] which is consistent with
earlier reports identifying FMRP is a suppressor of protein synthesis [226–228]. By functioning
primarily as a RNA-binding protein, FMRP associates with brain mRNA transcripts thus
forming a mRNA-protein complex to regulate local dendritic protein synthesis [225,229,
230]. This interaction seems quite specific for only a subset of mRNAs since protein synthesis-
dependent late-phase hippocampal LTP is unaffected in FXS mice [231,232]. Despite this
established role of FMRP in synaptic plasticity, correlating learning deficits in KO mice to
clinical symptoms seen in patients has been challenging [220,232,233]. Indeed, how the various
types of hippocampal plasticity, including LTD, relate to animal behavior is still the subject
of debate [234]. Fortunately, in the cerebellum, the case is different. Cerebellar LTD has an
important role in eye-blink conditioning which is a simple form of associative learning [235].
Using this experimental paradigm, both Fmr1 KO mice and human patients with FXS have
been shown to have impairment in the conditioned eye-blink [215]. The importance of this
observation is that it permits deficits in AMPAR trafficking to be tied to cognitive deficits.
With this in mind, it may prove very useful in assessing the response of a patient to drug therapy.

DEVELOPMENT OF THERAPEUTIC COMPOUNDS TO TREAT FRAGILE-X SYNDROME
Several therapeutic approaches have been proposed to alleviate FXS which include the use of
5-azadeoxycytidine to reduce hypermethylation of the FMR1 promoter [236] and the inhibition
of p21-activated kinase to reverse dendritic spine abnormalities [237]. Given the proposed
hypofunction associated with AMPARs, it has been suggested that AMPAkines, which are
positive allosteric modulators, may be of clinical valuable. To date, the AMPAkine, CX-516,
has made it into Phase II clinical trails to assess its value in treating FXS [238,239]. Although,
the study did not report any adverse side-effects associated with CX-516, the AMPAkine
provided little improvement in behaviorial tests when compared to the placebo [239]. Given
this, the most compelling evidence so far supports the view that correction of FXS may be
attained by downregulating mGluR5 signaling [140,142,240,241]. In support of this, blockade
of mGluR5 signaling with the inverse agonist, 2-methyl-6-(phenylethynyl)-pyridine (MPEP)
in KO mice abolishes hyperactivity [242], audiogenic seizures and epileptiform activity
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[242,243] as well as the characteristic pattern of abnormal protein synthesis seen in FXS
[244]. Furthermore, recent analysis of a mouse model of FXS revealed that 50 % reduction in
mGluR5 also corrects many of the cognitive, behavioral, and neurological correlates of the
disease state [241]. Taken together, this work suggest that the debilitating symptoms suffered
by individuals with FXS may be reversed or at least improved by targeting group 1 mGluR
signaling. If AMPAkines are to be considered further, drug potency may need to be looked at
more carefully given the suggestion that dosing in previous clinical trials may have been
insufficient to elicit a therapeutic effect [239].

Kainate Receptors & CNS Disorders
NEUROPATHIC PAIN, FEAR MEMORY &EPILEPSY

Compared to AMPA receptors, our understanding of the potential roles fulfilled by KARs in
CNS disorders is just beginning to emerge. Several studies have attempted to link KARs to
specific illnesses by comparing the relative amounts of KAR subunits in control and diseased
postmortem tissue (Fig. 6). In this way, a few studies have implicated the human GluR6 KAR
subunit, GRIK2, in obsessive-compulsive disorder [245], schizophrenia [246] and autism
([247,248,248–250] though see [251]). Similarly, recent work has added that genes of the
human GluR7, GRIK3, and KA1 subunit, GRIK4, may be susceptibility factors in major
depressive disorders [252,253]. It is unlikely however that these disease states reflect a selective
dysfunction only in KARs. Indeed, more extensive studies of mood disorders and schizophrenia
find that an array of proteins involved in glutamatergic transmission are altered [254–257]
suggesting, perhaps not too surprisingly, that these psychiatric illnesses involve aberrations in
multiple aspects of glutamate signaling as well as others.

More compelling evidence supports a role for KARs in Huntington’s disease, neuropathic pain
and fear memory. The role of KARs in Huntington’s disease stems from early observations
showing that kainic acid lesioning produces a similar pattern of neurodegeneration in the
striatum [258] the CNS region most affected in this disease state [136]. Consistent with this
observation, selective loss of [3H] kainic acid binding sites has been reported in another study
examining postmortem brains with Huntington’s disease [259]. More recent genetic studies
[260,261] and analysis of knockout animals [262] provides the most prevalent view that the
GluR6 subunit is responsible for much of the KAR-mediated neurodegeneration in early-onset
Huntington’s disease (Fig. 6).

Pain transmission from the periphery to the CNS is mediated by a combination of GluR5- and
GluR6-containing KARs [116]. In support of this, a number of studies have reported the benefit
of GluR5- and GluR6-selective antagonists in alleviating nociception in different models of
pain [263–266]. Interestingly in knockout studies, responsiveness to persistent pain is reduced
only in GluR5- and not GluR6-lacking mice [267]. In the periphery, small diameter dorsal root
ganglion neurons, which carry nociceptive and thermoreceptive information to the spinal cord,
express KARs [268–271] that contain GluR5 subunits [271]. Here, one of their primary roles
is to act as presynaptic autoreceptors to reduce transmitter release at glutamatergic synapses
in the dorsal horn [272–274]. In the dorsal horn of the spinal cord, there is a combination of
GluR5- and GluR6-containing KARs [272,275–277].

KARs containing GluR5 and GluR6 receptor subunits also particpate in important functional
aspects of the amygdala [267,278–281]; the CNS region predominately associated with learned
fear [282,283]. Although GluR5-containing KARs fulfill important roles in plasticity
mechanisms of the amygdala [278–280], a recent study using knockout animals suggests that
it is only GluR6-containing KARs that are involved in fear memory [267].
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Kainate Receptors & Epilepsy
TEMPORAL LOBE EPILEPSY: DEFINITION, AETIOLOGY & TREATMENT

Epilepsy is the second most common neurological condition in North America afflicting as
many as 0.5 to 1 % of the population with the highest incidence occurring in young children
and the elderly [284]. Current therapy is directed towards alleviating the patients’ symptoms
since neither effective prophylaxis nor a cure have been identified. Many individuals with
epilepsy experience transient loss of consciousness that can result in bodily harm as well as
having long-term detrimental effects on education and employment. Although available
medications are initially effective, over the long-term, patient compliance is problematic as
well as the development of drug resistant seizures in about 30 – 40 % of those treated [285].
Consequently, much emphasis has been placed on understanding the underlying cause of
epilepsy as well as identifying novel therapeutic approaches [286].

Although epilepsy exists in various forms [287,288], the role of KARs in the initiation and
maintenance of epileptic seizures primarily comes from work on temporal lobe epilepsy (TLE)
[289–292]. Two main types are internationally recognized (i) mesial TLE which occurs in the
hippocampus, parahippocampal gyrus and amygdala regions of the CNS whereas (ii) lateral
TLE which is less common and associated with the neocortex [293].

The onset of TLE is thought to be triggered by an initial insult or brain injury that occurs early
in childhood. The nature of the insult varies but is often related to febrile seizures which account
for about 2 out of 3 cases of TLE [294–296]. This finding has provided an explanation for the
susceptibility and higher incidence of TLE in newly born babies. That is, insult arises due to
the immature nature of the neonatal thermoregulatory system which fails to safely regulate
elevations in core body temperatures that accompany infection [297]. In almost all cases,
patients experience a seizure-free interval between the presumed cerebral insult and the
development of habitual seizures [295]. Less commonly, TLE develops after birth due to head
traumas, spinal meningitis or brain tumours [295,298]. When seizure onset occurs in childhood,
atrophy of the hippocampus can often be observed with magnetic resonance imaging whereas
no abnormalities are usually visible when symptoms develop in adulthood [296].

The International League Against Epilepsy has identified three types of seizure associated with
TLE; simple partial seizures (SPS), complex partial seizures (CPS) and secondarily generalized
tonic-clonic seizures (SGTCS) [293]. SPS manifest as auras in individuals with TLE [295]
which often serve as an early warning before the onset of more severe symptoms. Patients have
described feelings of nausea, epigastric rising, fear, déjà vu and/or altered states of olfaction
[295,298] reflecting seizure activity in restricted areas of the temporal lobe [292]. Often, SPS
develop into complex partial seizures (CPS) as neuronal activity spreads into greater areas of
the temporal lobe. The onset of CPS can be identified by the inability of the patient to interact
with others. This impairment in consciousness is often associated with repetitive motor
movements of the hand or mouth, motionless staring and/or unusual speech and behavior that
may last a few seconds up to several minutes [293]. Finally in some cases, seizure activity
restricted to the temporal lobe spreads to the entire brain resulting in secondarily generalized
tonic-clonic seizures (SGTCS) [293]. SGTCS are characterized by both tonic and clonic
phases. Patients in the tonic phase lose consciousness and develop muscle rigidity that can
often lead to imbalance when in a standing position. The clonic phase is characterized by
convulsions that occur as violent, involuntary muscular contractions of the extremities, trunk
and head. The eventual cessation of SGTCS is usually accompanied by confusion and amnesia
which is referred to as the postictal state or sleep.

In principle, TLE can be treated with any number of anticonvulsant or antiseizure drugs though
the most commony used fall into two main categories based on their mechanism of action.
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Phenytoin, carbamazepine, valproate and topiramate all act by limiting neuronal excitability
by prolonging the time voltage-gated Na+-channels reside in the inactivated state [299].
Topiramate may also act by antagonising clonic seizures elicited by the selective GluR5 KAR
agonist, (RS)-2-amino-3-(3-hydroxy-5-tert-butylisoxazol-4-yl)propanoic acid (ATPA) [300].
Other compounds such as phenobarbital and the more recent gabapentin enhance GABA-ergic
synaptic inhibition either by positive allosteric regulation of the GABAA receptor or by
affecting release of the neurotransmitter by acting on presynaptic Ca2+-channels [301–303].
In patients where seizure control through medication is inadequate [285,304], the only option
is removal of part of the hippocampus or amygdala through resective surgery.

HISTORICAL EMERGENCE OF KAINATE RECEPTORS IN EPILEPSY
The view that KARs may be implicated in epileptic disorders emerged more than three decades
ago with the observation that systematic or intracerebral injections of the neurotoxin, L-α-
kainic acid (KA), elicits epileptiform seizures originating in the hippocampal formation and
amygdala [305,306].

KA was originally isolated from the marine red algae Digenea simplex in 1955 [38] due to its
anthelmintic value in traditional Japanese medicine for expelling parasitic worms [307]. An
important turning point came with a series of observations revealing that KA was a key
pharmacological tool for distinguishing between NMDA and non-NMDA ionotropic glutamate
receptor families [32]. From this work, the consensus view emerged that KA was selective for
non-NMDARs [308,309] where its effects were insensitive to NMDAR antagonists such as
external Mg2+ ions [36,37], D-α-aminoadipate [310] and 2-amino-5-phosphovaleric acid
(APV) [311,312] but sensitive to block by L-glutamic acid diethyl ester (GDEE) [313], γ-D-
glutamylglycine (γ-GG) [314]and kynurenic acid [315].

Evidence was also accumulating for the subdivision of non-NMDARs into KA- and quisqualate
(QA/AMPA)-preferring receptors [32]. Here again the use of KA was pivotal in providing
much of the support for the existence of distinct KARs. For example, early radioligand binding
studies with [3H]KA helped identify the distinct expression pattern of high-affinity KAR
binding sites in the CNS [316]. Moreover, KA was observed to exert a selective depolarization
of afferent dorsal root C-fibres [317] further establishing the existence of a distinct population
of KARs insensitive to agonists acting on NMDA and/or QA/AMPA receptor classes.
Although cloning studies during the 1990s finally confirmed the existence of 3 major iGluR
families [49,50], ongoing voltage-clamp experiments of native iGluRs expressed in neuronal
culture revealed a more complicated pharmacology for KA than initially anticipated [33].

Specifically, the emergence of rapid drug application techniques [318,319] revealed that KA
elicits a non-desensitizing response at AMPARs [320–322](though see [323]) but a rapidly
inactivating current at KARs [269,324]. The fact that KA repetitively activates AMPARs, and
not KARs, initially suggested that AMPARs may fulfill more important roles in epilepsy
especially in terms of neuronal damage [325]. Indeed, to date, AMPARs have established roles
in neurodegeneration [326–328], however, it was long recognised that AMPAR activation
cannot account for the long-lasting effects of nanomolar concentrations of KA on hippocampal
excitability [329]. The problem was that native AMPARs are activated at much higher
concentrations of KA (i.e. µM – mM [321,322]), consequently, the long-lasting effects on
excitability had to reflect activation of some other membrane conductance, possibly KARs
[330,331]; a possibility supported by early findings of high-affinity [3H]KA binding sites in
the hippocampus [332]. Indeed, this turned out to be the case but it was only conclusively
shown following the generation of genetically-modified mice lacking specific KAR subunits.

To date, mice either entirely lacking or possessing modified GluR5 [333], GluR6 [334], GluR7
[335] and KA2 [336] subunits have been studied. Mice deficient in the KA1 subunit, though
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available, have yet to be studied in any detail (though see (Catches et al (2007) Soc Neurosci
Abstr 877.2)). Although the development of selective receptor antagonists helped delineate
between AMPAR- and KAR-mediated responses [337], the availability of KAR knockout mice
has been instrumental in providing insight into the composition of native KARs, their synaptic
location and as described below, the roles they fulfill in regulating seizure activity in the
hippocampus.

KAINATE RECEPTORS ARE KEY PLAYERS IN THE PATHOLOGY OF EPILEPSY
GluR5 [338–342], GluR6 [338,339,343,344], KA1 [345,346] and KA2 [346,347] have all been
implicated in the initiation or maintenance in various animal models of epileptic seizures.
Comparative studies on wildtype and knockout mice suggest that GluR5 and GluR6 subunits
contribute similarly to establishment of hippocampal gamma oscillations and epileptiform
activity [339,343]. The involvement of GluR5 is further supported by studies showing that
GluR5-selective antagonists inhibit seizure activity [340–342]. In this respect, the hippocampal
area CA3 has been argued to be most vulnerable in generating epileptic seizures from gamma
oscillations when excitation outweighs inhibition [339,348]. However, the mechanism by
which the hippocampus is rendered more vulnerable to seizures remains to be identified. In
this respect, several studies have proposed that changes in the expression levels of KAR
subunits and/or the edited state of their respective Q/R site may be important to consider
[338,344–347]. Although the global expression pattern of KARs is different in hippocampal
tissue from epileptic patients [338,345,346], an elegant study has revealed the sprouting of
aberrant KAR-containing synapses in granule cells of the hippocampal dentate gyrus is an
additional factor [128].

Seizure-triggered reactive plasticity in the dentate gyrus has been well documented accounting
for its presumed key role in the pathogenesis of TLE [349,350]. In the normal brain, the dentate
gyrus operates as a filter that inhibits excitatory information from the entorhinal cortex
propagating to the hippocampus. In addition to loss of hilar interneurons in TLE, granule cells
of the dentate gyrus establish a recurrent excitation pathway following seizure-related brain
damage. This sprouting of glutamatergic mossy fibers establishes aberrant synapses back onto
granule cells reducing the threshold for granule cell synchronization which, in turn, is thought
to increase the propensity for seizures [350]. In this context, KARs are particularly important
to consider since the axonal rewiring is associated with a change in the nature of glutamatergic
transmission onto granule cells. Specifically, Epsztein and colleagues have observed de novo
expression of KARs by granule cells in chronic epileptic tissue that is absent in the control
hippocampus [128]. KARs provide half of the non-NMDA receptor-mediated excitatory drive
in granule cells further underlining their importance to the physiopathology of TLE. Taken
together, this work establishes the value of working towards more selective KAR antagonists
and the need to identify the signaling factors responsible for hippocampal re-modeling in TLE.

Future Perspectives
CONSIDERING THE WAY FORWARD FOR IGLURS AND CNS DISORDERS

Can a future be imagined where drugs are given to cure CNS disorders and not to simply
alleviate their symptoms? Several studies focusing on other neurotransmitter systems may fuel
new ideas for work on iGluRs. The first example relates to observations that have given insight
into the treatment of posttraumatic stress disorder (PTSD). Individuals develop PTSD after a
traumatic life event where grave physical harm has occurred or has been threatened. PTSD
was first referred to as shell shock or traumatic war necrosis to describe the confounding distress
observed amongst soldiers of the 1st and 2nd World Wars [351,352]. Today, the condition has
a much broader definition so that PTSD is used to describe an individual’s reaction to, for
example, sexual assault, incarceration, torture or medical complications [353]. Not everyone
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develops PTSD; therefore in those who are susceptible, it represents a failure to recover from
the normal effects of trauma. Diagnosis is based on the persistent re-experience and avoidance
of situations associated with the trauma. Importantly, persistent symptoms of increased arousal,
including sleep disturbances, for example, negatively impact the afflicted person’s social
interactions as well as their ability to remain in gainful employment.

Insight into potential treatments of this condition first developed from animal studies which
showed that emotional trauma triggered the β-adrenergic hormonal signalling system in the
amygdala during and after the event [354,355]. It was shown subsequently in human subjects
that administration of β-blockers, such as propranolol, selectively impaired memory of an
emotionally-charged narrative and not of a closely-matched neutral story [356]. This finding
led the way for more recent work showing that β-blockers act prophylactically if given within
hours [357] or even after the retrieval of memories of past traumatic events [23].

The principle that acute administration of pharmacological agents can elicit long-lasting
beneficial effects on the mentally ill may have broad applications especially given the plasticity
mechanisms associated with iGluRs. In another study, analysis of antidepressants (ADs) also
highlights the beneficial effects of drugs acting through an unconventional mechanism.
Traditionally, it has been assumed that the clinical value of ADs is due to their ability to elevate
extracellular serotonin or noradrenaline [358]. However recently, Santarelli and colleagues
(2003) show that ADs alleviate the symptoms of depression and anxiety by increasing adult
neurogenesis in the hippocampus. Specifically, ADs appear to be able to stimulate the dentate
gyrus to generate new neurons from stem cells. Their findings explain why there is a delay of
3–4 weeks before relief of clinical symptoms is observed with ADs [359]. In contrast, serotonin
and/or noradrenaline levels rise almost immediately after acute administration of ADs [359].
As our understanding of stem cells and how they can be manipulated is still emerging [360],
it would be tempting in future work to establish if iGluRs also play a role in neurogenesis of
the adult CNS.

And finally, a recent study using an animal model of schizophrenia suggests a generalized
approach for treating neurodevelopmental disorders [361]. A major defect in schizophrenia is
due to hyperfunction of D2 dopaminergic neurotransmission [14]. Despite this, it has remained
unclear why typical and atypical antipsychotics, which block D2 receptors, improve only the
positive symptoms, such as hallucinations and delusions, whilst having little effect on the
negative symptoms, such as deficits in working memory and attention [362]. The issue has
been all the more perplexing since an upregulation of D2 receptors has been shown in the
schizophrenic brain such as in the striatum (e.g. [363,364]) which has been linked to the
pathophysiology of schizophrenia [365]. To address this conundrum, Kellendonk and
colleagues (2006) reversibly increased D2 receptors in the striatum of transgenic mice and
noted the behaviorial and physiological consequences. As predicted, the modified mice
exhibited defects in working memory consistent with deficits in schizophrenia. However, the
authors were surprised in two ways. Firstly, the memory deficit resulted from excess D2
receptor signaling during development and not in the adult brain. Secondly, overexpression of
D2 receptors in the striatum disrupts other aspects of dopaminergic signaling in the prefrontal
cortex which are insensitive to D2 receptor antagonists [361]. Since the prefrontal cortex is
thought to perform the task of working memory [366], this latter observation explains why
deficits in the working memory of schizophrenics are insensitive to antipsychotics. It remains
to be established whether other neurodevelopmental disorders which involve iGluRs, such as
autism or Rett’s syndrome, can also be treated before the onset of clinical symptoms. A turning
point in our understanding of iGluRs has been reached, however, so that correction of even the
most intractable CNS disorders might be imagined in the future.
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Figure 1. CNS DISORDERS ARE COMPLEX PSYCHIATRIC CONDITIONS
Multiple factors predispose the developing and adult CNS to disease. This axis includes defects
in glutamatergic and GABAergic neurotransmission, neuromodulation by other transmitter
systems such as dopaminergic and cholinergic, genetic and epigenetic factors. Although the
contribution of each predisposing factor may vary depending on the disease state, in most cases,
all can negatively impact the prognosis.
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Figure 2. CNS DISORDERS ARE TREATED BY TARGETING THE SYMPTOMS
A list of most of the major CNS disorders that afflict society and the drugs commonly used to
treat them. Despite advances in our understanding of the CNS, most conditions are treated by
attempting to alleviate symptoms rather than tackling the root cause of the disease.
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Figure 3. DISCOVERY TIMELINE HIGHLIGHTS MAJOR ADVANCES AND TRENDS IN
UNDERSTANDING IONOTROPIC GLUTAMATE RECEPTORS
Although the amino acid, L-Glu, was identified by Ritthausen almost 150 years ago,
neurophysiologists in the 1950s ardently debated whether it played any role at all as a
neurotransmitter in the CNS. However, early work by Hayashi (1953) and Krnjevič & Philis
(1963) lead the way as other groups, particularly Jeffrey Watkins and colleagues, identified
selective agonists and antagonists. This work, in turn, permitted the distribution of different
iGluR families to be mapped out in the CNS. During the 1980s–90s, cloning studies and
advances in understanding the prominent role of iGluRs in synaptic plasticity precipitated an
influx of biomedical researchers into the iGluR field which has sustained a comprehesive and
ongoing analysis of their function in the CNS.
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Figure 4. IONOTROPIC GLUTAMATE RECEPTORS FULFILL DISTINCT ROLES IN THE
CNS
Summary table identifying each iGluR subfamily (left column) with the individual subunits
that assemble as mature receptors (middle column) and their respective roles within the CNS
(right column).
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Figure 5. AMPA RECEPTORS AND CNS DISORDERS
Table listing a number of disease states (left column) where defective signaling through
AMPARs has been established. The middle column summarizes key characteristics associated
with each disorder and the right column refers to the drug classes whose actions may have
therapeutic value.
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Figure 6. KAINATE RECEPTORS AND CNS DISORDERS
Summary table identifying which KAR subunits are implicated in distinct disorders of the
CNS. As work progress, it is likely that this information will be more complete. For example,
it is commonly assumed that native KARs are heteromers assembled from GluR5–7 subunits
with KA1 and/or KA2. In view of this, in disease states where GluR5–7 have been implicated,
it is possible that future work will also implicate KA1 and/or KA2 subunits.
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