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Abstract: It is widely accepted that glutamate-mediated neuronal hyperexcitation plays a causative
role in eliciting seizures. Among glutamate receptors, the roles of N-methyl-D-aspartate (NMDA)
and α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA) receptors in physiological and
pathological conditions represent major clinical research targets. It is well known that agonists
of NMDA or AMPA receptors can elicit seizures in animal or human subjects, while antagonists
have been shown to inhibit seizures in animal models, suggesting a potential role for NMDA
and AMPA receptor antagonists in anti-seizure drug development. Several such drugs have been
evaluated in clinical studies; however, the majority, mainly NMDA-receptor antagonists, failed to
demonstrate adequate efficacy and safety for therapeutic use, and only an AMPA-receptor antagonist,
perampanel, has been approved for the treatment of some forms of epilepsy. These results suggest
that a misunderstanding of the role of each glutamate receptor in the ictogenic process may underlie
the failure of these drugs to demonstrate clinical efficacy and safety. Accumulating knowledge of both
NMDA and AMPA receptors, including pathological gene mutations, roles in autoimmune epilepsy,
and evidence from drug-discovery research and pharmacological studies, may provide valuable
information enabling the roles of both receptors in ictogenesis to be reconsidered. This review aimed
to integrate information from several studies in order to further elucidate the specific roles of NMDA
and AMPA receptors in epilepsy.
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1. Introduction

The central nervous system utilizes various substances as neurotransmitters. Among them,
glutamate and gamma aminobutyric acid (GABA) are the major neurotransmitters for excitatory
and inhibitory function, respectively. In the cerebral cortex, approximately 70%–80% of neurons are
glutamatergic neurons, with the remainder comprising GABAergic interneurons [1,2]. Thus, it is evident
that glutamatergic and GABAergic neurons primarily compose basic neuronal networks, especially
in the cortex. Cortical pyramidal neurons possess approximately 30,000 synapses, of which 95% are
excitatory synapses [3], indicating that glutamate is the principal excitatory neurotransmitter in the brain,
and also that GABAergic inhibition influences neuronal activity in an efficient manner [4]. Recently,
it has been demonstrated that glutamate is also utilized as a gliotransmitter, released from glial vesicles
and channels, with evidence suggesting that glutamate released from glial cells modulates synaptic
efficiency [5,6] and controls the release of various biological molecules, including cytokines [7]. Therefore,
it is possible that glutamate may contribute to various physiological/pathological conditions. Control of
glutamatergic neuronal activity seems, therefore, the most important paradigm for maintaining normal
brain activity. An imbalance in neuronal excitation and inhibition, which could be caused by a variety of
possible changes occurring within a neuronal network, is an established and well-accepted hypothesis
for the pathogenesis of epilepsy [8]. This hypothesis describes a major role for glutamate at excitatory
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synapses in transmitting an excitatory signal to other neurons. An increase in glutamate levels in the
extracellular fluid during the ictal phase (i.e., during a seizure) is well documented [9–11], and glutamate
receptor agonists such as domoate are known to elicit seizures in humans and animals [12–14], while
N-methyl-D-aspartate (NMDA), α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid (AMPA),
and kainate have been reported to elicit seizures in rodent models [15,16]. These reports indicate that
glutamate receptors, particularly ionotropic glutamate receptors, have a significant role in ictogenesis
(i.e., the generation of a seizure).

Extracellular glutamate concentration is strictly controlled in the central nervous system
due to its neurotoxic effects at high concentrations [17]. Glutamate transporters, autoreceptors,
and desensitization of postsynaptic receptors all contribute to the control of glutamatergic signals [17,18].
As noted, direct activation of glutamate receptors can elicit seizures; however, the pathological function
of each glutamate receptor in epilepsy is not well elucidated. Glutamate receptors comprise two
large subclasses: ionotropic glutamate receptors and metabotropic glutamate receptors. Ionotropic
glutamate receptors are ligand-gated ion channels, whereas metabotropic glutamate receptors are
G-protein-coupled receptors utilized as second messengers [19,20]. Among ionotropic glutamate
receptors, the NMDA-type and AMPA-type glutamate receptors are the most well studied in terms of
their physiological roles. Antagonists of these receptor types have also been evaluated as anti-seizure
drugs in clinical trials. The NMDA antagonists, CPP-ene and MK-801, failed to demonstrate efficacy
and produced severe psychotomimetic adverse events in subjects with focal seizures, which were not
observed in healthy volunteers [21,22]. Remacemide, which is a weak inhibitor of NMDA receptors,
demonstrated efficacy as adjunctive therapy in patients with focal seizures; however, as monotherapy,
remacemide was clearly inferior to carbamazepine in patients with focal seizures [23,24]. On the other
hand, an AMPA antagonist, perampanel, has been approved as an anti-seizure drug for focal seizures
and primary generalized tonic-clonic seizures [25–29]. Recent preliminary observations have suggested
that perampanel may be efficacious in patients with other seizure types such as myoclonic or absence
seizures [30,31]. As noted above, agonists of both NMDA and AMPA receptors have been shown to
elicit seizures in animal models, but clinical study results differ between the two receptor types. This
inconsistency might be due to a limited understanding of each receptor’s function in epilepsy, and this
review aims to clarify the role of these two major glutamate receptor types in epilepsy from various
points of view.

2. AMPA- and NMDA-type Glutamate Receptors

2.1. AMPA Receptors

AMPA receptors are directly activated by the binding of glutamate; no other endogenous
ligand has been discovered to date. They are predominantly expressed in the postsynaptic neuronal
membrane and play a role in rapid excitatory neurotransmission in the brain network. AMPA receptors
are tetramers composed of four types of subunit (GluA1 to GluA4), and can be either homo- or
hetero-tetrameric. The GluA2 subunit is the determinant of calcium permeability; GluA2-containing
calcium-impermeable AMPA receptors are mainly expressed in excitatory projection neurons [19],
whereas calcium-permeable AMPA receptors (lacking the GluA2 subunit) are mainly expressed in
inhibitory interneurons [32,33]. Expression of calcium-permeable AMPA receptors has also been
observed at excitatory neuronal synapses under conditions of synaptic plasticity, including physiological
plasticity and after pathological insult [7,34,35]. AMPA receptor turnover at synapses is considered
continuous and fast. Synaptic potentiation and depression are regulated by alterations in the number
of synaptic AMPA receptors, and the machinery and mechanisms involved in the trafficking of
AMPA receptors into and out of the synapse are now the focus of intensive research [36]. This is
because changes in synaptic plasticity mediated by receptor trafficking could contribute to pathological
alterations in brain network signaling.
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AMPA receptor expression is not restricted to the neurons; all glial cell types express AMPA
receptors [36]. Expression levels in astrocytes can vary according to circumstances including
inflammation [37]. Microglia and macrophages also express AMPA receptors, with AMPA receptor
activation contributing to the release of pro-inflammatory cytokines [36,38]. Additionally, AMPA
receptors are expressed in inflammatory/immune cells [39], where they have a role in proliferation,
cell adhesion, chemotaxis, and release of pro-inflammatory cytokines [40–42]. This relatively varied
distribution suggests that the AMPA receptor may have various physiological and pathological roles.

2.2. NMDA Receptor

NMDA receptors mainly exist in the postsynaptic membrane, but are also expressed in pre-synaptic
membranes. Functional NMDA receptors comprise two GluN1 subunits together with either two
GluN2 subunits or a combination of GluN2 and GluN3 subunits, and require either glycine or D-serine
to act as a co-agonist for activation [43]. Quinolinic acid and kynurenic acid are also known to be an
endogenous agonist and antagonist, respectively, of NMDA receptors [44], and receptor activity is
modulated by protons and Zinc. The NMDA receptor channel is blocked by Mg2+ at neuronal resting
membrane potential, and Mg2+ is removed when the membrane is depolarized. NMDA channel
kinetics are much slower compared with the AMPA receptor, and NMDA receptor desensitization
kinetics differ according to GluN2 subunit composition. In synaptic transmission, the activation of
NMDA receptors is slow and prolonged due to the requirement for membrane depolarization in
addition to the slower activation and desensitization kinetics [43]. Thus, the NMDA receptor channel
possesses complex machinery controlling receptor activity, suggesting that it may have a different
physiological function to the AMPA receptor. The distribution of NMDA receptors is not limited to
neurons; astrocytes also express NMDA receptors, however their function in this setting is not well
elucidated [45].

3. Pharmacological Induction of Seizures by AMPA- and NMDA-Receptor Manipulation

Pharmacological experiments have clearly indicated that agonists of ionotropic glutamate
receptors act as convulsants. For example, infusion of AMPA, kainate, (RS)-2-amino-3-(3-hydroxy-5-
tert-butylisoxazol-4-yl)propanoic acid (ATPA), and NMDA has been shown to elicit clonus and tonus
in rodents [15,16], indicating that both NMDA- and AMPA-type glutamate receptors contribute to
ictogenesis. Kainate, which is an agonist of the kainate receptor and also acts as a non-desensitized
agonist of the AMPA receptor [46], is often utilized as an animal model of temporal lobe epilepsy
and status epilepticus [47]. As noted above, intoxication caused by the marine toxin domoic acid,
a kainic acid analog, has been reported in humans. Intoxicated patients experienced drug-resistant
status epilepticus and developed temporal lobe epilepsy within one year, such that the consequences
of human domoic acid intoxication were very similar to the rodent model of kainate-induced status
epilepticus. These results may suggest that over-activation of AMPA receptors could elicit temporal
lobe epilepsy, which could be explained by the relatively dense expression of the AMPA receptor
in the hippocampus [48,49]. On the other hand, NMDA-induced seizures in adult rodents are not
well characterized, and the corresponding human seizure type is unclear. In infant rodents, injection
of NMDA has been reported to elicit a spasm-like phenotype, which has been utilized for drug
evaluation [50,51] and may be attributable to the slower kinetics of the NMDA receptor compared
with the AMPA receptor.

The rat amygdala kindling model is a widely used model of temporal lobe epilepsy and has been
used to evaluate the effects of pharmacological manipulation of AMPA and NMDA receptors on seizure
induction and severity. Generally, AMPA receptor antagonists have shown efficacy in this animal
model [52–55], whereas competitive and non-competitive NMDA antagonists have only demonstrated
weak efficacy [53,56]. However, Rundfeldt et al. demonstrated that administration of an NMDA
glycine-site antagonist (7-CKA; 7-chlorokynurenic acid), a low-efficacy partial agonist ((+)-HA-966;
R(+)-3-amino-l-hydroxypyrrolid-2-one), and a high-efficacy partial agonist (D-CS; D-cycloserine)
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exerted potent anticonvulsant effects in fully kindled rats, with all three drugs increasing the
after-discharge threshold (ADT; i.e., the level of electrical stimulation required to induce a seizure) for
focal seizures. The most potent anticonvulsant effects were observed with the glycine site antagonist
7-KCA, followed by (+)-HA-966 and D-CS [57]. In another study, Potschka et al. demonstrated that
the glutamate receptor antagonist, LU 73,068 (4,5-dihydro-1-methyl-4-oxo-7-trifluoromethyl-imidazo
[1,2a]quinoxaline-2-carbonic acid), which binds with high affinity to both AMPA receptors and
the glycine site of NMDA receptors, dose-dependently increased the ADT for focal seizures,
and completely blocked seizures when rats were stimulated with a current 20% greater than the
prespecified control ADT [58]. Additionally, combined administration of a non-effective dose of the
non-NMDA receptor antagonist NBQX (2,3-dihydroxy-6-nitro-7-sulphamoyl-benzo[f]quinoxaline),
which binds with high affinity to AMPA receptors, and the NMDA glycine-site antagonist L-701,324
(7-chloro-4-hydroxy-3-(3-phenoxy)phenyl-quinoline-2(1H)one) elicited a significant increase in ADT,
whereas neither drug exerted any anticonvulsive effects when administered alone, indicating a
synergistic interaction and suggesting that AMPA and NMDA receptors may play different roles
in ictogenesis. Furthermore, Wlaź et al. reported that acute administration of D-CS dose- and
time-dependently increased the threshold for tonic seizures in Naval Medical Research Institute mice at
doses that did not induce motor impairments, whereas the uncompetitive NMDA receptor antagonist
MK-801 (dizocilpine) increased the seizure threshold but also elicited motor impairments. Interestingly,
combined administration of D-CS with MK-801 potentiated the MK-801–induced motor impairments
but not the anticonvulsive effects, which were merely additive, suggesting that the NMDA glycine
binding site differentially modulates distinct pharmacodynamic actions of NMDA receptors [59]. These
results suggest that the complexity of NMDA-receptor activation may affect anti-ictogenic responses to
drugs which are antagonists for the different modulatory sites of NMDA receptors.

Taken together, these results may suggest that these different types of ionotropic glutamate
receptors, and their different modulatory sites, could have different roles in ictogenesis, and that an
increased understanding of their roles and function may aid the development of new anti-seizure drugs.

4. NMDA- and AMPA-Receptor–Related Epilepsy in Humans

4.1. Anti-NMDA Antibody Encephalitis

Recently, autoimmune encephalitis has been reported to be an entity of epilepsy [60]. Anti-NMDA
receptor encephalitis is a major type of autoimmune encephalitis; anti-NMDA receptor antibodies
cause internalization of surface NMDA receptors, resulting in a decrease in receptor density on the
cellular surface [61–64]. Previous studies in rodents provided no evidence that NMDA antagonists
elicit seizures [65,66], and anti-NMDA encephalitis seems controversial in the light of positive
results with NMDA antagonists in rodent studies [67–70]. However, it has been documented that
D-CPP-ene, a competitive NMDA antagonist, worsened seizures in 3/8 patients with epilepsy in
a clinical study [21], suggesting that acute reduction of NMDA receptor function may result in an
excitatory and inhibitory imbalance. Additionally, an autoantibody purified from patients with NMDA
encephalitis increased extracellular glutamate levels in the rodent brain [65]; it was postulated that
the autoantibody caused GABAergic dysregulation, since GABAergic interneurons utilize NMDA
receptors for neuronal excitation [65]. Similarly, it is accepted that ketamine inhibits GABAergic
interneuron activity and causes a surge of extracellular glutamate after administration in animals and
humans [71,72]. Disinhibition of excitatory neurons could also potentially explain the cause of seizure
in anti-NMDA encephalitis, such that both the activation of NMDA receptors in glutamatergic neurons
and the inhibition of NMDA receptors in GABAergic interneurons could result in the occurrence of
seizures. This may explain to some extent the conflicting results among different conditions.
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4.2. Genetic Mutations in the NMDA Receptor

The genetic mutations in NMDA receptors that may cause epilepsy in humans were summarized
by Xu et al. [73]. Mutations in GRIN1 (which encodes the GluN1 subunit), GRIN2B (GluN2B),
and GRIN2D (GluN2D), expressed during embryonic development, display more severe clinical
phenotypes, including severe intellectual disability and developmental delay, than GRIN2A (GluN2A)
mutations. In addition, more than half of GluN1 mutations are loss-of-function mutations. GluN1
is the essential subunit for a functional NMDA receptor, suggesting that mutations in GRIN1 would
exert a significant impact on neuronal activity [43]. Interestingly, GRIN1 mutation seizure phenotypes
exhibit variable semiology (spasms, tonic and atonic seizures, hypermotor seizures, focal dyscognitive
seizures, febrile seizures, generalized seizures, status epilepticus, myoclonic seizures, etc.) and
electroencephalogram (EEG) patterns (hypsarrhythmia, focal, multifocal and generalized spikes and
waves), and appear to be independent of channel function (both loss-of-function or gain-of-function
GRIN1 mutation phenotypes exhibit seizures) [74,75].

The seizure types most commonly observed in patients with GluN2A mutations, including both
loss-of-function and gain-of-function mutations, are benign epilepsy with centro-temporal spikes
(BECT), atypical benign partial epilepsy, continuous spike and wave during slow-wave sleep (CSWS),
and Landau–Kleffner syndrome (LKS); some patients also display motor and language disorders [76–80].
However, a de novo gain-of-function mutation with a clinical presentation that could not be defined by
a specific epileptic syndrome has also been reported [81].

With regard to GRIN2B, gain-of-function mutations result in West syndrome and other seizures [82,83].
Functional changes of mutated NMDA receptor subunits can be categorized as loss of function,

gain of function, or no change in function; loss-of-function mutations are the most commonly
observed. As noted, the GluN1 subunit is essential for a functional NMDA receptor, suggesting that a
loss-of-function mutation may produce a similar phenotype to anti-NMDA encephalitis. Differences in
clinical presentations could be explained temporally; NMDA receptor encephalitis is an acutely acquired
condition, whereas GRIN1 encephalopathy resulting from a loss-of-function mutation represents a
chronic neurodevelopmental disease. However, a number of symptoms, including choreatic and
dystonic movements, seizures, and sleep-cycle dysregulation, can be observed in both conditions,
indicating that similarity exists between hypo-NMDA-receptor-function–related diseases.

Gain-of-function mutations in GRIN1 directly cause overexcitation of NMDA receptors, and,
in addition to gain-of-function mutations in other genes related to increased NMDA-receptor function,
are classified as causing ‘NMDA-pathy’ [84]. These mutations cause epileptic spasms and tonic, focal,
myoclonic, local migrating, or altering seizures, with the following EEG phenotypes: suppression
burst, multifocal spikes, hypsarrhythmia, slow spike waves, and CSWS. Physiologically, the NMDA
receptor produces slower and longer excitation compared with the AMPA receptor; the seizure types
and EEG phenotypes produced by NMDA receptor gain of function would therefore suggest that
longer abnormal excitation plays a role in producing these disease phenotypes.

The existence of both hypo-NMDA-receptor function and enhanced NMDA-receptor function
across disease phenotypes suggests that NMDA-receptor–related epilepsy cannot be simply explained.
Comparison of receptor function between mutated NMDA receptor phenotypes and anti-NMDA
encephalitis suggests two potential pathological pathways: “hypo-NMDA function” and “hyper-NMDA
function”. Hypo-NMDA function produces a severe phenotype, including hyperkinesia, epilepsy,
and cognitive impairment, while hyper-NMDA function produces various seizure types and is
often associated with prolonged electrical activity. As demonstrated in Figure 1, both hypo- and
hyper-NMDA function produce excitatory overstimulation. This can be explained in part by the fact
that GABAergic neurons and inhibitory synapses are far fewer in number relative to glutamatergic
neurons and excitatory synapses [1–3,71,72], such that a state of reduced excitability (hypo-NMDA
function) resulting in increased GABAergic neuronal inhibition is unlikely. Additionally, excitatory
over-stimulation due to hyper-NMDA function could therefore easily outweigh GABAergic inhibition,
again resulting in enhanced neuronal excitation.
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Figure 1. Physiological and pathological N-methyl-D-aspartate (NMDA) receptor function. (A) 
Physiological interaction between excitatory and inhibitory neurons. (B) Hypo-NMDA function: 
excitatory input to the inhibitory neuron is diminished by hypo-function of the NMDA receptor; the 
silencing of an inhibitory neuron results in an increase in excitatory neuron firing. (C) Hyper-NMDA 
function: a gain-of-function mutation could enhance neuronal excitation. NMDA, N-methyl-D-
aspartate; GABA, gamma aminobutyric acid.  

4.3. Genetic Mutations in the AMPA Receptor 

Mutations in the AMPA receptor are not as commonly reported compared with the NMDA 
receptor. AMPA receptor gene mutations are often associated with cognitive impairment and autism 
spectrum disorders, and sometimes with epilepsy [85–88]. Recently, Salpietro et al. [89] reported that 
28 unrelated individuals presenting with neurodevelopmental abnormalities and seizures or 
developmental epileptic encephalopathy had heterozygous de novo GRIA2 mutations. Functional 
analyses revealed loss of function for the majority of the mutations, and a number of mutated 
receptors showed inward rectification, suggesting a change of channel activity. Disease severity did 
not correspond to functional changes in receptors. Some of the mutations identified resulted in 
alterations in the levels of GluA2-containing surface receptors, suggesting that these mutations may 
cause defects in surface trafficking or heteromerization, thereby altering receptor subunit 
composition, which could in turn impact on cellular excitability. The seizure types observed in the 
patients in this study were focal, tonic-clonic, clonic, and tonic, suggesting that the phenotypes 
induced by AMPA receptor mutations cannot be considered simply. Further research in transgenic 
animal models is needed to increase understanding of AMPA receptor mutation phenotypes. 

Evidence for a direct link between AMPA receptor mutation and epilepsy is limited, whereas 
cognitive impairment and autism appear to be established phenotypes. It is possible that 
developmental changes in the brain resulting from AMPA receptor mutation may contribute to the 
presentation of an epileptic phenotype.  

Figure 1. Physiological and pathological N-methyl-D-aspartate (NMDA) receptor function.
(A) Physiological interaction between excitatory and inhibitory neurons. (B) Hypo-NMDA function:
excitatory input to the inhibitory neuron is diminished by hypo-function of the NMDA receptor; the
silencing of an inhibitory neuron results in an increase in excitatory neuron firing. (C) Hyper-NMDA
function: a gain-of-function mutation could enhance neuronal excitation. NMDA, N-methyl-D-
aspartate; GABA, gamma aminobutyric acid.

4.3. Genetic Mutations in the AMPA Receptor

Mutations in the AMPA receptor are not as commonly reported compared with the NMDA
receptor. AMPA receptor gene mutations are often associated with cognitive impairment and autism
spectrum disorders, and sometimes with epilepsy [85–88]. Recently, Salpietro et al. [89] reported
that 28 unrelated individuals presenting with neurodevelopmental abnormalities and seizures or
developmental epileptic encephalopathy had heterozygous de novo GRIA2 mutations. Functional
analyses revealed loss of function for the majority of the mutations, and a number of mutated
receptors showed inward rectification, suggesting a change of channel activity. Disease severity did not
correspond to functional changes in receptors. Some of the mutations identified resulted in alterations
in the levels of GluA2-containing surface receptors, suggesting that these mutations may cause defects
in surface trafficking or heteromerization, thereby altering receptor subunit composition, which could
in turn impact on cellular excitability. The seizure types observed in the patients in this study were
focal, tonic-clonic, clonic, and tonic, suggesting that the phenotypes induced by AMPA receptor
mutations cannot be considered simply. Further research in transgenic animal models is needed to
increase understanding of AMPA receptor mutation phenotypes.

Evidence for a direct link between AMPA receptor mutation and epilepsy is limited, whereas
cognitive impairment and autism appear to be established phenotypes. It is possible that developmental
changes in the brain resulting from AMPA receptor mutation may contribute to the presentation of an
epileptic phenotype.
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Turnover of AMPA receptors at the synapse is relatively rapid, meaning that a number of newly
synthesized receptors contribute to a change in synaptic potential in response to a stimulus, leading
to plastic change. The physiological machinery of receptor trafficking, under both physiological
and pathological conditions, represents a major focus in the study of synaptic plasticity [34–36].
Increased expression of AMPA receptors in the brain has often been described or suggested in
various types of epilepsy [90–92], whereas a similar trend in the density of NMDA receptors has not
been observed [90,91,93–95]. Additionally, expression levels of certain AMPA and NMDA receptor
subunits have been reported to increase in the human epileptic brain, suggesting alterations in receptor
function [96–98]. This increased receptor expression and alteration of subunit composition may be
related to cortical hyperexcitability in the epileptic brain.

AMPA receptor accumulation is frequently found in dissected brain tissue from patients with
focal seizures. The causes of accumulation have not yet been fully elucidated; however, multiple
reports have demonstrated a relationship between deficits in machinery of AMPA-receptor retrieval
and seizure-related disorders.

Thorase, an ‘ATPase Associated with diverse cellular Activities’ (also referred to as an AAA+

ATPase) encoded by ATAD1, was discovered by screening for neuroprotective genes against excitotoxic
insults [99,100]. Thorase regulates surface AMPA receptor expression through its mediation of the
disassembly of the GluA2–GRIP complex [101]. A homozygous mutation in ATAD1 was found in
three siblings who presented with a severe, lethal encephalopathy associated with a severe neurologic
disorder characterized by hypertonia and seizures. Additionally, an animal model with genetic deletion
of Thorase showed substantial reduction in AMPA receptor internalization, leading to increased
amplitudes of miniature excitatory postsynaptic currents, enhancement of long-term potentiation,
and elimination of long-term depression. Homozygote Thorase knockout mice are viable, however
approximately 80% die of a seizure-like syndrome [102]. These findings in transgenic animals are
reproduced in the phenotypes of human cases; treatment with perampanel in both human cases and
mice improved seizure-related symptoms and slowed neurodegeneration [103].

At least three different missense mutations in the Nedd4-2 gene have been identified in idiopathic
generalized epilepsy with photosensitivity [104–106]. Nedd4-2 is an E3 ubiquitin ligase, and these
mutations disrupt Nedd4-2 binding to 14-3-3+, thereby reducing its capacity for ubiquitination of GluA1,
resulting in increased surface expression of AMPA receptors. This explains the apparent elevation
in seizure susceptibility in Nedd4-2–deficient transgenic mice [107]. Wu et al. [108] demonstrated
that expression of Nedd4-2 is downregulated in a rat model of mesial temporal lobe epilepsy (MTLE).
The decreased expression of Nedd4-2 was closely associated with spontaneous seizures in the late phase,
which corresponds to the timing of increased AMPA receptor expression in a human MTLE sample.
The authors concluded that inhibition of ubiquitin-proteasome system may aggravate epileptogenesis,
and that Nedd4-2 is a critical E3 ubiquitin ligase involved in this process.

Mutations in the RAB39B gene are reported to cause intellectual disability comorbid with autism
spectrum disorder and epilepsy [109]. Mignogna et al. [110] described the interaction of RAB39B
with its downstream effector PICK1 as a key component of GluA2 AMPA receptor subunit trafficking.
RAB39B dysfunction causes impaired trafficking of GluA2/GluA3 to the Golgi compartment, resulting
in increased levels of non–GluA2-containing calcium-permeable forms of the AMPA receptor. AMPA
receptors lacking the GluA2 subunit are predominantly observed in young animals or after an event of
plasticity-inducing neuronal activity [7,33–35], while mouse GRIA2 knockouts, lacking GluA2, exhibit
a greater magnitude of long-term potentiation and non-saturated long-term potentiation [111]. This
transgenic animal observation might suggest that the GluA2-lacking brain may enhance its activity by
repetitive, strong excitation. Furthermore, RAB39B mutation and stress-induced calcium-permeable
AMPA receptor expression may result in an increase in unstable synapses, leading to the emergence of
a dysregulated, hyperexcitable network.

These three receptor-trafficking–related gene mutations could cause hyperexcitability elicited by
changes in cell-surface receptor expression. Abnormal AMPA receptor expression on the cell surface is
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also known to occur in diseases involving intracellular substance accumulation. The AMPA antagonist
perampanel is now recognized as a potentially efficacious drug for progressive myoclonic epilepsies
(PME) [112–123], a group of rare types of epilepsy, most of which are recognized as intracellular
substance storage disorders. Although each of these diseases involves increased intracellular storage of
a different pathological substance, their clinical phenotypes are very similar; it is therefore reasonable
to consider the existence of several similar AMPA-receptor–related endophenotypes that produce the
same clinical phenotype. Perampanel has demonstrated efficacy in a broad range of PME, including
Unverricht–Lundborg disease, Lafora disease, DRPLA (dentatorubral-pallidoluysian atrophy), MELAS
(mitochondrial encephalomyopathy, lactic acidosis, and stroke-like episodes), and ceroid lipofuscinosis.
The AMPA-receptor–mediated response in some animal models of PME has also been evaluated.
Malin knockout mice, a model of Lafora disease, showed increased synaptic potentiation after
high-frequency stimulation [124]. Given that an increase or decrease in synaptic transmission following
high-frequency stimulation is caused by an increase or decrease, respectively, of postsynaptic AMPA
receptor expression [125], this effect in Malin knockouts is indicative of increased postsynaptic
accumulation of AMPA receptors. Similarly, neurons from a transgenic animal model of juvenile
Batten disease (also called CLN3 disease) have been shown to be susceptible to excitotoxicity [126].
Kovács et al. investigated the cause of this increased glutamate sensitivity by evaluating AMPA receptor
expression at the neuronal surface in the CLN3 mouse model, and reported increased surface expression
of AMPA receptors in various areas of the brain [127]; furthermore, the behavioral phenotype of
the CLN3 model was ameliorated by the AMPA antagonist EGIS-8332 [128]. Additionally, in an
electrophysiological study of brain slices from a mouse model of Niemann-Pick type C disease,
D’Arcangelo et al. demonstrated impairment of AMPA-induced receptor internalization [129], and,
correspondingly, another study reported increased surface expression of GluA2-containing AMPA
receptors in neurons derived from Niemann-Pick type C1 patient-specific induced pluripotent stem
cells [130].

Reports on mutations in Thorase and Nedd4-2 and receptor expression in substance storage
disorders have indicated that impairment in receptor trafficking, particularly in retrieval from
the cell surface, is the probable cause of the epileptic phenotype. With the exception of Nedd4-2
mutation-associated disorders, diseases in which impairment in receptor trafficking is observed are
rare and serious disorders. Impairment of the receptor-trafficking system may not have a causative
role across more common seizure disorders such as focal seizures; however, evaluation of surgically
dissected brain samples from patients with temporal lobe epilepsy indicated an increase in AMPA
receptor density. Additionally, electrophysiological analysis of brain slice specimens from patients with
interictal-spike–like electrical activity showed further increases in AMPA receptor density compared
with slices without interictal-spike–like activity [91]. Interestingly, GABA receptor density is not
altered or reduced, and NMDA receptor density did not show consistent changes, in patients with
focal seizures [90,91,93–95]. These autoradiograph studies suggest that the AMPA receptor is involved
in hyperexcitability, at least in the ictogenic zone, and that there is a functional alteration of the AMPA
receptor in the human epileptic brain. The electrophysiological characteristics and ion permeability
of AMPA receptors is determined by alternative splicing (flip/flop) and RNA editing (at the R/G and
Q/R sites of GluA2) [131–133]. Surgically dissected brain samples from patients with temporal lobe
epilepsy showed a significant increase in the relative amount of edited RNA at the GluA2 R/G site
in hippocampal tissue, but not in the cortex, compared with autopsy-derived control brain tissue.
AMPA receptor isomers containing Glycine at the GluA2 R/G site have a faster recovery rate from
desensitization compared with Arginine-containing isoforms [134]. As such, increased RNA editing
at the R/G site could result in an enhanced response to glutamate in the epileptic brain due to faster
recovery from desensitization.

As previously described, animal models of kainate-induced seizures suggest that excessive
whole-brain activation of AMPA receptors elicits temporal lobe seizures, indicating higher AMPA
receptor expression levels in the hippocampus. Excessive brain excitability due to increased AMPA
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receptor expression at the seizure focus could be a cause of focal seizures in humans. Mutations
in ATAD1 and Nedd4-2 produce upregulated AMPA receptor expression at the neuronal surface,
while increased cell surface expression of AMPA receptors may also underly generalized seizure
disorders, particularly substance storage disorders. Combined, the evidence described here indicates
that increased AMPA receptor expression may represent a common endophenotype among seizure
disorders, and may support the utility of AMPA antagonists as broad-spectrum anti-seizure drugs
(Figure 2).
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5. Role of NMDA and AMPA Receptors in Ictogenesis

The knowledge accumulated to date supports a possible contribution of AMPA and NMDA
receptors to the pathophysiology of epilepsy, however their role in ictogenesis remains unclear. An ictal
event is defined by hypersynchronized electrical activity, and results from transcranial magnetic
stimulation studies demonstrate that the epileptic brain shows hyperexcitability in the interictal
phase [135,136], with direct current (DC) shifts [137] and high-frequency oscillations observed just prior
to the ictal event [137–140]. Therefore, ictogenesis in focal seizures can be divided into several steps:
hyperexcitability in the interictal phase, DC shift/high-frequency oscillation, and hypersynchronization.
These individual steps could represent targets for pharmacological manipulation by anti-seizure drugs.
The contribution of AMPA and NMDA receptors to each step of ictogenesis is summarized below.

5.1. Background Irritability

An imbalance between neuronal excitation and inhibition is generally accepted to be the cause
of epilepsy. Various factors can contribute to the imbalance, typically insufficiency of GABAergic
inhibition, loss of glutamate clearance systems, ectopic release of glutamate from non-neuronal cells,
etc. Various methods have been employed to measure glutamate levels in patients with epilepsy.
For example, Stover et al. demonstrated an elevation of glutamate levels in cerebrospinal fluid (CSF)
from epilepsy patients, and interestingly, the CSF glutamate levels recorded were higher than those
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observed in stroke patients [141]. Additionally, During et al. [10] reported that glutamate levels
measured using micro-dialysis were elevated before the initiation of ictal activity, whereas GABA
levels were not, leading the authors to suggest that an elevation of glutamate prior to an ictal event
may be attributable to non-neuronal cells. A separate study also demonstrated that glutamate levels
around the epileptogenic zone during the interictal period are higher than in non-epileptogenic
zones, with the highest glutamate level observed at the exact seizure focus [142]. Glutamate chemical
exchange saturation transfer (GluCEST) is a technique for evaluating brain glutamate levels using
7 Tesla magnetic resonance imaging. Evaluation in epilepsy patients indicated a higher GluCEST
signal in the hippocampus ipsilateral to the location of seizure onset, again suggesting an increase
in glutamate levels during the interictal phase [143]. Furthermore, increased peritumoral GluCEST
contrast in glioma patients was associated with both recent seizures and drug-refractory epilepsy [144].
Taken together, the evidence reported in these studies indicates that an increase in glutamate tone is
important for the establishment of irritable status in epilepsy.

Both NMDA and AMPA receptors are expressed in glial cells. Gliosis is a common pathological
feature of the epileptic brain [145], and it is possible that reactive astrocytes may have a different function
to non-reactive astrocytes. The expression of glutamate receptors, particularly AMPA receptors, is
not uniform across normal brain astrocytes [146]; however, it has been shown that astrocytes derived
from epilepsy patients do express functional AMPA receptors [147]. Evidence demonstrates that
activation of AMPA receptors in glial cells causes rapid inhibition of inward-rectifier potassium (Kir)
channels [148], and in Bergmann glial cells results in release of glutamate as a gliotransmitter [5].
On the other hand, expression levels of NMDA receptors on astrocyte membranes seemed to be
lower compared with other glutamate receptors, and their functional significance in this setting is not
well understood [146]. However, prolonged exposure of astrocytes to NMDA results in decreased
expression of the functional astrocyte-specific proteins glutamine synthetase and the aquaporin-4
water channel, and also reduces the expression of Kir4.1 [149,150]. The results described above
indicate that AMPA and NMDA receptors may play a role in altering astrocyte status, leading to
enhanced brain excitability. Furthermore, AMPA-receptor–expressing astrocytes showed a loss of
intercellular connection via GAP junctions [151]. GAP junctions are composed of two connexin or
pannexin hemichannels from apposing cells, which dock to form a connecting channel that is closed to
the extracellular space. GAP junction uncoupling therefore results in the opening of hemichannels,
allowing efflux of ATP, glutamate, and potassium ions, which could lead to destabilization of the
membrane potential and enhance inflammation and excitability in the brain [152]. Both NMDA and
AMPA receptors may therefore contribute to expression and maintenance of abnormal excitability at
the seizure focus, and under these conditions of elevated glutamate levels, AMPA and NMDA receptor
activation could potentiate unstable neuronal activity, leading to hyperexcitation. This status may
represent a target condition for glutamate antagonists.

5.2. Hyperexcitability

As noted previously, an elevation in glutamate levels and high-frequency oscillations are observed
prior to the initiation of an ictal event [10,137–140]. Similar pre-ictal discharge was observed in brain
slice specimens from patients with epilepsy. The AMPA receptor antagonist NBQX, but not the NMDA
receptor antagonist AP-5, inhibited pre-ictal-discharge–like activity [153], while the AMPA/kainate
receptor antagonist CNQX also reduced the number of occurrences of intra-hippocampal fast ripples
in a rat model of kainate-induced spontaneous seizures [154]. This inhibition of discharge by AMPA
antagonists supports a role for glutamate spillover in pre-ictal hyperexcitability, and suggests a greater
contribution of AMPA receptors than NMDA receptors to hyperexcitability.

5.3. Synchronized Activity

A paroxysmal depolarization shift (PDS) is the experimentally measurable manifestation of
the hypersynchronized synaptic transmission underlying ictal events. NMDA receptor antagonists
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have been shown to shorten the duration of PDS, whereas AMPA receptor antagonists completely
suppress PDS evolution, indicating the importance of initial synchronization of synaptic transmission
in PDS generation [155], given that rapid depolarization is mediated by AMPA receptor, while NMDA
receptor activation occurs only after the elevation of membrane potential, and is prolonged due to
slow desensitization.

Environmental stimulation (high potassium and low magnesium) induced ictal events in brain
slices from patients with epilepsy [153], which appeared to be mediated by weak NMDA receptor
activation. However, antagonists of both AMPA and NMDA receptors could inhibit the emergence of
ictal events, with results suggesting that both types of ionotropic glutamate receptor, and especially
the AMPA receptor, contribute to the generation of synchronized events. Considering the available
evidence, it appears that AMPA receptors have a larger contribution than NMDA receptors to the
initiation of PDS and ictal events.

Ictal events are relatively easily elicited in an experimental setting. In general, experimental animal
models exposed to electrical stimulation become drug-refractory with increased stimulus intensity.
For example, the amygdala kindling model, which is often utilized in the evaluation of anti-seizure
drugs, becomes refractory to sodium channel blockers, levetiracetam, and valproate with increased
stimulus intensity. On the other hand, the AMPA receptor antagonist perampanel has been shown
to shorten the after-discharge duration and prolong latency to onset of generalized seizures [156].
This shortening of the after-discharge duration at the seizure focus indicates that AMPA receptor
antagonists can reduce neuronal synchronized activity.

Animal models of status epilepticus show self-sustained synchronized activity. Several studies have
reported that AMPA receptor antagonists can terminate status epilepticus in animal models [157–164].
A recent study demonstrated that perampanel terminated status epilepticus in a pilocarpine model of
status epilepticus, but amantadine, an NMDA receptor antagonist, did not [163]. Similarly, the NMDA
antagonist ketamine did not demonstrate a stable effect in animal models of status epilepticus when
administered as monotherapy, but showed synergistic efficacy when administered in combination
therapy with other drugs [165–168]. As such, AMPA antagonists appear to have an advantage over
NMDA antagonists in the termination of self-sustained synchronized activity. These results also
suggest that AMPA receptors have a more significant role in synchronized neuronal activity than
NMDA receptors.

Somatosensory evoked potentials (SEPs) can be identified by EEG on the basis of their components,
which are named according to their polarity (i.e., positive (P) or negative (N)) and typical peak latency
(e.g., N20, P25, N33). SEPs with an amplitude of >10 µV between N20 and P25 are called giant SEPs
(gSEPs), which are often observed in cortical myoclonus [169], including patients with progressive
myoclonic seizures [170]. gSEPs are considered to be enlarged synaptic potentials with enhanced
synchronism, and are therefore similar to PDS. Oi et al. [118] evaluated the effect of perampanel
on gSEPs, and found that perampanel reduced gSEP amplitude. Interestingly, perampanel efficacy
related to prolonged latency to the P25 and N33 components of gSEP. These results could be explained
by temporal dispersion of synaptic activity. It is known that AMPA receptor activity mediates fast
synaptic transmission and has an important role in the early phase of excitatory synaptic potential,
whereas NMDA receptors have a role in delayed and prolonged synaptic transmission; this temporal
dispersion effect may be an important factor when considering the inhibition of synchronized activity
in ictal discharge (Figure 3). AMPA receptor antagonists inhibit the early phase of synchronization
(ictogenesis), which may explain why perampanel has demonstrated broad-spectrum anti-seizure
effects in clinical studies. The apparent lack of, or weak, efficacy of NMDA antagonists might be
explained by their weak effects against synchronized activity and enhancement of neuronal excitation
through an elevation in glutamate concentration via inhibition of inhibitory neurons.
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(B) Concurrent accumulation of PDS elicits a gSEP. (C) AMPA antagonists inhibit the early phase
of a PDS, resulting in temporal dispersion and the suppression of synchronized activity. AMPA,
α-amino-3-hydroxy-5-methylisoxazole-4-propionic acid; EPSP, excitatory postsynaptic potential; gSEP,
giant somatosensory evoked potential; PDS, paroxysmal depolarization shift.

6. Summary/Conclusions

Irregular activity of both NMDA and AMPA receptors may be a cause of seizure disorders.
The pathology of irregular NMDA receptor function appears to include two different endophenotypes:
hypo-NMDA and hyper-NMDA function. Hyper-NMDA–type epilepsy tends to show continuous EEG
change. In the past, NMDA antagonists were only evaluated in patients with focal seizures, and clinical
study results have shown that the NMDA receptor antagonist D-CPP-ene causes aggravation of
focal seizures, suggesting that NMDA receptor antagonists may be unsuitable for the treatment of
this seizure type. It is possible that NMDA receptor antagonists may be suitable in conditions of
hyper-NMDA function; however, clinical phenotypes produced by gain-of-function mutations have
been variable, making it difficult to establish seizure types characterized by hyper-NMDA function.
In addition, the NMDA receptor seems less important for generation of synchronized activity than
the AMPA receptor, which may be reflected in reports of weaker efficacy of NMDA receptors when
administered as monotherapy, compared with as adjunctive therapy. On the other hand, it appears that
AMPA receptors have a more prominent role in seizure disorders. An increase in surface expression of
AMPA receptors could be elicited by various conditions, including genetic mutations affecting the
receptor-trafficking system or following an event of synaptic plasticity. In addition, AMPA antagonists
have been reported to exert effects on various stages of ictogenesis. In particular, the reduction of
hyper-synchronization appears to be a specific advantageous feature of AMPA antagonists. It is
possible that this underlies the broad-spectrum efficacy of the AMPA antagonist perampanel in various
seizure types.
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Knowledge of the precise pathophysiology of epilepsy, and how it is influenced by pharmacological
interventions, may enhance awareness of the disease and support further anti-seizure drug development.
Currently, AMPA and NMDA receptors represent promising targets for drug development in epilepsy
and other diseases. An increased understanding of the roles of these glutamate receptors in the
pathophysiology of epilepsy may therefore aid optimal utilization of clinically available drugs, as well
as the identification of potential new drug candidates in the development pipeline.

Funding: This research received no external funding.

Acknowledgments: Editorial support, under the direction of the author, was provided by Ottilie Gildea of CMC
AFFINITY, McCann Health Medical Communications, funded by Eisai Inc., in accordance with Good Publication
Practice (GPP3) guidelines.

Conflicts of Interest: Takahisa Hanada is an employee of Eisai Co., Ltd.

References

1. Gu, X.; Zhou, Y.; Hu, X.; Gu, Q.; Wu, X.; Cao, M.; Ke, K.; Liu, C. Reduced numbers of cortical
GABA-immunoreactive neurons in the chronic D-galactose treatment model of brain aging. Neurosci. Lett.
2013, 549, 82–86. [CrossRef]

2. Hendry, S.H.; Schwark, H.D.; Jones, E.G.; Yan, J. Numbers and proportions of GABA-immunoreactive
neurons in different areas of monkey cerebral cortex. J. Neurosci. 1987, 7, 1503–1519. [CrossRef]

3. Megías, M.; Emri, Z.; Freund, T.F.; Gulyás, A.I. Total number and distribution of inhibitory and excitatory
synapses on hippocampal CA1 pyramidal cells. Neuroscience 2001, 102, 527–540. [CrossRef]

4. Isaacson, J.S.; Scanziani, M. How inhibition shapes cortical activity. Neuron 2011, 72, 231–243. [CrossRef]
5. Cervetto, C.; Frattaroli, D.; Venturini, A.; Passalacqua, M.; Nobile, M.; Alloisio, S.; Tacchetti, C.; Maura, G.;

Agnati, L.F.; Marcoli, M. Calcium-permeable AMPA receptors trigger vesicular glutamate release from
Bergmann gliosomes. Neuropharmacology 2015, 99, 396–407. [CrossRef]

6. Pirttimaki, T.M.; Sims, R.E.; Saunders, G.; Antonio, S.A.; Codadu, N.K.; Parri, H.R. Astrocyte-Mediated
Neuronal Synchronization Properties Revealed by False Gliotransmitter Release. J. Neurosci. 2017, 37,
9859–9870. [CrossRef]

7. Ceprian, M.; Fulton, D. Glial Cell AMPA Receptors in Nervous System Health, Injury and Disease. Int. J.
Mol. Sci. 2019, 20, 2450. [CrossRef]

8. Bonansco, C.; Fuenzalida, M. Plasticity of Hippocampal Excitatory-Inhibitory Balance: Missing the Synaptic
Control in the Epileptic Brain. Neural Plast. 2016, 2016, 8607038. [CrossRef] [PubMed]

9. Carlson, H.; Ronne-Engström, E.; Ungerstedt, U.; Hillered, L. Seizure related elevations of extracellular
amino acids in human focal epilepsy. Neurosci. Lett. 1992, 140, 30–32. [CrossRef]

10. During, M.J.; Spencer, D.D. Extracellular hippocampal glutamate and spontaneous seizure in the conscious
human brain. Lancet 1993, 341, 1607–1610. [CrossRef]

11. Ronne-Engström, E.; Hillered, L.; Flink, R.; Spännare, B.; Ungerstedt, U.; Carlson, H. Intracerebral
microdialysis of extracellular amino acids in the human epileptic focus. J. Cereb. Blood Flow Metab.
1992, 12, 873–876. [CrossRef] [PubMed]

12. Cendes, F.; Andermann, F.; Carpenter, S.; Zatorre, R.J.; Cashman, N.R. Temporal lobe epilepsy caused by
domoic acid intoxication: Evidence for glutamate receptor-mediated excitotoxicity in humans. Ann. Neurol.
1995, 37, 123–126. [CrossRef]

13. Dakshinamurti, K.; Sharma, S.K.; Sundaram, M. Domoic acid induced seizure activity in rats. Neurosci. Lett.
1991, 127, 193–197. [CrossRef]

14. Teitelbaum, J.S.; Zatorre, R.J.; Carpenter, S.; Gendron, D.; Evans, A.C.; Gjedde, A.; Cashman, N.R. Neurologic
sequelae of domoic acid intoxication due to the ingestion of contaminated mussels. N. Engl. J. Med. 1990,
322, 1781–1787. [CrossRef]

15. Kaminski, R.M.; Banerjee, M.; Rogawski, M.A. Topiramate selectively protects against seizures induced by
ATPA, a GluR5 kainate receptor agonist. Neuropharmacology 2004, 46, 1097–1104. [CrossRef] [PubMed]

16. Turski, L.; Huth, A.; Sheardown, M.; McDonald, F.; Neuhaus, R.; Schneider, H.H.; Dirnagl, U.; Wiegand, F.;
Jacobsen, P.; Ottow, E. ZK200775: A phosphonate quinoxalinedione AMPA antagonist for neuroprotection in
stroke and trauma. Proc. Natl. Acad. Sci. USA 1998, 95, 10960–10965. [CrossRef]

http://dx.doi.org/10.1016/j.neulet.2013.06.021
http://dx.doi.org/10.1523/JNEUROSCI.07-05-01503.1987
http://dx.doi.org/10.1016/S0306-4522(00)00496-6
http://dx.doi.org/10.1016/j.neuron.2011.09.027
http://dx.doi.org/10.1016/j.neuropharm.2015.08.011
http://dx.doi.org/10.1523/JNEUROSCI.2761-16.2017
http://dx.doi.org/10.3390/ijms20102450
http://dx.doi.org/10.1155/2016/8607038
http://www.ncbi.nlm.nih.gov/pubmed/27006834
http://dx.doi.org/10.1016/0304-3940(92)90674-V
http://dx.doi.org/10.1016/0140-6736(93)90754-5
http://dx.doi.org/10.1038/jcbfm.1992.119
http://www.ncbi.nlm.nih.gov/pubmed/1506452
http://dx.doi.org/10.1002/ana.410370125
http://dx.doi.org/10.1016/0304-3940(91)90792-R
http://dx.doi.org/10.1056/NEJM199006213222505
http://dx.doi.org/10.1016/j.neuropharm.2004.02.010
http://www.ncbi.nlm.nih.gov/pubmed/15111016
http://dx.doi.org/10.1073/pnas.95.18.10960


Biomolecules 2020, 10, 464 14 of 22

17. Danbolt, N.C. Glutamate uptake. Prog. Neurobiol. 2001, 65, 1–105. [CrossRef]
18. Lau, A.; Tymianski, M. Glutamate receptors, neurotoxicity and neurodegeneration. Pflugers Arch. 2010, 460,

525–542. [CrossRef]
19. Lodge, D. The history of the pharmacology and cloning of ionotropic glutamate receptors and the development

of idiosyncratic nomenclature. Neuropharmacology 2009, 56, 6–21. [CrossRef]
20. Reiner, A.; Levitz, J. Glutamatergic Signaling in the Central Nervous System: Ionotropic and Metabotropic

Receptors in Concert. Neuron 2018, 98, 1080–1098. [CrossRef]
21. Sveinbjornsdottir, S.; Sander, J.W.; Upton, D.; Thompson, P.J.; Patsalos, P.N.; Hirt, D.; Emre, M.; Lowe, D.;

Duncan, J.S. The excitatory amino acid antagonist D-CPP-ene (SDZ EAA-494) in patients with epilepsy.
Epilepsy Res. 1993, 16, 165–174. [CrossRef]

22. Troupin, A.S.; Mendius, J.R.; Cheng, F.; Risinger, M.W. MK-801. In New Anticonvulsant Drugs; Meldrum, B.,
Porter, R., Eds.; John Libbey: London, UK, 1986; pp. 191–201.

23. Brodie, M.J.; Wroe, S.J.; Dean, A.D.; Holdich, T.A.; Whitehead, J.; Stevens, J.W. Efficacy and Safety of
Remacemide versus Carbamazepine in Newly Diagnosed Epilepsy: Comparison by Sequential Analysis.
Epilepsy Behav. 2002, 3, 140–146. [CrossRef]

24. Chadwick, D.W.; Betts, T.A.; Boddie, H.G.; Crawford, P.M.; Lindstrom, P.; Newman, P.K.; Soryal, I.;
Wroe, S.; Holdich, T.A. Remacemide hydrochloride as an add-on therapy in epilepsy: A randomized,
placebo-controlled trial of three dose levels (300, 600 and 1200 mg/day) in a Q.I.D. regimen. Seizure 2002, 11,
114–123. [CrossRef]

25. French, J.A.; Krauss, G.L.; Biton, V.; Squillacote, D.; Yang, H.; Laurenza, A.; Kumar, D.; Rogawski, M.A.
Adjunctive perampanel for refractory partial-onset seizures: Randomized phase III study 304. Neurology
2012, 79, 589–596. [CrossRef]

26. French, J.A.; Krauss, G.L.; Steinhoff, B.J.; Squillacote, D.; Yang, H.; Kumar, D.; Laurenza, A. Evaluation of
adjunctive perampanel in patients with refractory partial-onset seizures: Results of randomized global phase
III study 305. Epilepsia 2013, 54, 117–125. [CrossRef]

27. French, J.A.; Krauss, G.L.; Wechsler, R.T.; Wang, X.F.; DiVentura, B.; Brandt, C.; Trinka, E.; O’Brien, T.J.;
Laurenza, A.; Patten, A.; et al. Perampanel for tonic-clonic seizures in idiopathic generalized epilepsy:
A randomized trial. Neurology 2015, 85, 950–957. [CrossRef]

28. Krauss, G.L.; Serratosa, J.M.; Villanueva, V.; Endziniene, M.; Hong, Z.; French, J.; Yang, H.; Squillacote, D.;
Edwards, H.B.; Zhu, J.; et al. Randomized phase III study 306: Adjunctive perampanel for refractory
partial-onset seizures. Neurology 2012, 78, 1408–1415. [CrossRef]

29. Nishida, T.; Lee, S.K.; Inoue, Y.; Saeki, K.; Ishikawa, K.; Kaneko, S. Adjunctive perampanel in partial-onset
seizures: Asia-Pacific, randomized phase III study. Acta Neurol. Scand. 2018, 137, 392–399. [CrossRef]

30. Alsaadi, T.; Kassie, S.A.; Servano, R. Efficacy and tolerability of perampanel in patients with genetic
generalized epilepsy (GGE): A retrospective, single-center study from the United Arab Emirates (UAE).
Epilepsy Behav. Rep. 2019, 12, 100330. [CrossRef]

31. Villanueva, V.; Montoya, J.; Castillo, A.; Mauri-Llerda, J.Á.; Giner, P.; López-González, F.J.; Piera, A.;
Villanueva-Hernández, P.; Bertol, V.; Garcia-Escrivá, A.; et al. Perampanel in routine clinical use in idiopathic
generalized epilepsy: The 12-month GENERAL study. Epilepsia 2018, 59, 1740–1752. [CrossRef]

32. Buldakova, S.L.; Vorobjev, V.S.; Sharonova, I.N.; Samoilova, M.V.; Magazanik, L.G. Characterization of AMPA
receptor populations in rat brain cells by the use of subunit-specific open channel blocking drug, IEM-1460.
Brain Res. 1999, 846, 52–58. [CrossRef]

33. Talos, D.M.; Follett, P.L.; Folkerth, R.D.; Fishman, R.E.; Trachtenberg, F.L.; Volpe, J.J.; Jensen, F.E.
Developmental regulation of alpha-amino-3-hydroxy-5-methyl-4-isoxazole-propionic acid receptor subunit
expression in forebrain and relationship to regional susceptibility to hypoxic/ischemic injury. II. Human
cerebral white matter and cortex. J. Comp. Neurol. 2006, 497, 61–77. [CrossRef] [PubMed]

34. Liu, B.; Liao, M.; Mielke, J.G.; Ning, K.; Chen, Y.; Li, L.; El-Hayek, Y.H.; Gomez, E.; Zukin, R.S.; Fehlings, M.G.;
et al. Ischemic insults direct glutamate receptor subunit 2-lacking AMPA receptors to synaptic sites.
J. Neurosci. 2006, 26, 5309–5319. [CrossRef] [PubMed]

35. Plant, K.; Pelkey, K.A.; Bortolotto, Z.A.; Morita, D.; Terashima, A.; McBain, C.J.; Collingridge, G.L.; Isaac, J.T.
Transient incorporation of native GluR2-lacking AMPA receptors during hippocampal long-term potentiation.
Nat. Neurosci. 2006, 9, 602–604. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/S0301-0082(00)00067-8
http://dx.doi.org/10.1007/s00424-010-0809-1
http://dx.doi.org/10.1016/j.neuropharm.2008.08.006
http://dx.doi.org/10.1016/j.neuron.2018.05.018
http://dx.doi.org/10.1016/0920-1211(93)90031-2
http://dx.doi.org/10.1006/ebeh.2002.0337
http://dx.doi.org/10.1053/seiz.2002.0588
http://dx.doi.org/10.1212/WNL.0b013e3182635735
http://dx.doi.org/10.1111/j.1528-1167.2012.03638.x
http://dx.doi.org/10.1212/WNL.0000000000001930
http://dx.doi.org/10.1212/WNL.0b013e318254473a
http://dx.doi.org/10.1111/ane.12883
http://dx.doi.org/10.1016/j.ebr.2019.100330
http://dx.doi.org/10.1111/epi.14522
http://dx.doi.org/10.1016/S0006-8993(99)01970-8
http://dx.doi.org/10.1002/cne.20978
http://www.ncbi.nlm.nih.gov/pubmed/16680761
http://dx.doi.org/10.1523/JNEUROSCI.0567-06.2006
http://www.ncbi.nlm.nih.gov/pubmed/16707783
http://dx.doi.org/10.1038/nn1678
http://www.ncbi.nlm.nih.gov/pubmed/16582904


Biomolecules 2020, 10, 464 15 of 22

36. Anggono, V.; Huganir, R.L. Regulation of AMPA receptor trafficking and synaptic plasticity. Curr. Opin.
Neurobiol. 2012, 22, 461–469. [CrossRef]

37. Newcombe, J.; Uddin, A.; Dove, R.; Patel, B.; Turski, L.; Nishizawa, Y.; Smith, T. Glutamate receptor
expression in multiple sclerosis lesions. Brain Pathol. 2008, 18, 52–61. [CrossRef]

38. Cheng, X.L.; Ding, F.; Li, H.; Tan, X.Q.; Liu, X.; Cao, J.M.; Gao, X. Activation of AMPA receptor promotes
TNF-alpha release via the ROS-cSrc-NFkappaB signaling cascade in RAW264.7 macrophages. Biochem. Biophys.
Res. Commun. 2015, 461, 275–280. [CrossRef]

39. Levite, M. Glutamate, T cells and multiple sclerosis. J. Neural Transm. (Vienna) 2017, 124, 775–798. [CrossRef]
40. Ganor, Y.; Besser, M.; Ben-Zakay, N.; Unger, T.; Levite, M. Human T cells express a functional ionotropic

glutamate receptor GluR3, and glutamate by itself triggers integrin-mediated adhesion to laminin and
fibronectin and chemotactic migration. J. Immunol. 2003, 170, 4362–4372. [CrossRef]

41. Liu, G.J.; Nagarajah, R.; Banati, R.B.; Bennett, M.R. Glutamate induces directed chemotaxis of microglia.
Eur. J. Neurosci. 2009, 29, 1108–1118. [CrossRef]

42. Sarchielli, P.; Di Filippo, M.; Candeliere, A.; Chiasserini, D.; Mattioni, A.; Tenaglia, S.; Bonucci, M.; Calabresi, P.
Expression of ionotropic glutamate receptor GLUR3 and effects of glutamate on MBP- and MOG-specific
lymphocyte activation and chemotactic migration in multiple sclerosis patients. J. Neuroimmunol. 2007, 188,
146–158. [CrossRef]

43. Paoletti, P. Molecular basis of NMDA receptor functional diversity. Eur. J. Neurosci. 2011, 33, 1351–1365.
[CrossRef]

44. Stone, T.W. Neuropharmacology of quinolinic and kynurenic acids. Pharmacol. Rev. 1993, 45, 309–379.
[PubMed]
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142. Çavuş, I.; Romanyshyn, J.C.; Kennard, J.T.; Farooque, P.; Williamson, A.; Eid, T.; Spencer, S.S.; Duckrow, R.;
Dziura, J.; Spencer, D.D. Elevated basal glutamate and unchanged glutamine and GABA in refractory
epilepsy: Microdialysis study of 79 patients at the yale epilepsy surgery program. Ann. Neurol. 2016, 80,
35–45. [CrossRef] [PubMed]

143. Davis, K.A.; Nanga, R.P.; Das, S.; Chen, S.H.; Hadar, P.N.; Pollard, J.R.; Lucas, T.H.; Shinohara, R.T.; Litt, B.;
Hariharan, H.; et al. Glutamate imaging (GluCEST) lateralizes epileptic foci in nonlesional temporal lobe
epilepsy. Sci. Transl. Med. 2015, 7, 309ra161. [CrossRef] [PubMed]

144. Neal, A.; Moffat, B.A.; Stein, J.M.; Nanga, R.P.R.; Desmond, P.; Shinohara, R.T.; Hariharan, H.; Glarin, R.;
Drummond, K.; Morokoff, A.; et al. Glutamate weighted imaging contrast in gliomas with 7Tesla magnetic
resonance imaging. Neuroimage Clin. 2019, 22, 101694. [CrossRef]

145. Thom, M. Review: Hippocampal sclerosis in epilepsy: A neuropathology review. Neuropathol. Appl.
Neurobiol. 2014, 40, 520–543. [CrossRef]

146. Höft, S.; Griemsmann, S.; Seifert, G.; Steinhäuser, C. Heterogeneity in expression of functional ionotropic
glutamate and GABA receptors in astrocytes across brain regions: Insights from the thalamus. Philos. Trans.
R. Soc. Lond. B Biol. Sci. 2014, 369, 20130602. [CrossRef]

147. Seifert, G.; Hüttmann, K.; Schramm, J.; Steinhäuser, C. Enhanced relative expression of glutamate receptor 1
flip AMPA receptor subunits in hippocampal astrocytes of epilepsy patients with Ammon’s horn sclerosis.
J. Neurosci. 2004, 24, 1996–2003. [CrossRef]

148. Schröder, W.; Seifert, G.; Hüttmann, K.; Hinterkeuser, S.; Steinhäuser, C. AMPA receptor-mediated modulation
of inward rectifier K+ channels in astrocytes of mouse hippocampus. Mol. Cell. Neurosci. 2002, 19, 447–458.
[CrossRef]

http://dx.doi.org/10.1126/science.7992055
http://dx.doi.org/10.1126/science.1699275
http://www.ncbi.nlm.nih.gov/pubmed/1699275
http://dx.doi.org/10.1016/0092-8674(91)90568-J
http://dx.doi.org/10.1016/j.nbd.2003.11.006
http://dx.doi.org/10.1111/epi.12374
http://dx.doi.org/10.1111/epi.12151
http://dx.doi.org/10.1016/j.clinph.2014.05.028
http://dx.doi.org/10.1111/j.1528-1167.2006.00823.x
http://dx.doi.org/10.1111/j.1528-1167.2007.00923.x
http://dx.doi.org/10.1111/epi.13251
http://dx.doi.org/10.1046/j.1365-2362.1997.2250774.x
http://dx.doi.org/10.1002/ana.24673
http://www.ncbi.nlm.nih.gov/pubmed/27129611
http://dx.doi.org/10.1126/scitranslmed.aaa7095
http://www.ncbi.nlm.nih.gov/pubmed/26468323
http://dx.doi.org/10.1016/j.nicl.2019.101694
http://dx.doi.org/10.1111/nan.12150
http://dx.doi.org/10.1098/rstb.2013.0602
http://dx.doi.org/10.1523/JNEUROSCI.3904-03.2004
http://dx.doi.org/10.1006/mcne.2001.1080


Biomolecules 2020, 10, 464 21 of 22
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