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Abstract: Epilepsy affects around 0.5%–1% of the general population. The most established 

hypothesis for its underlying pathophysiology is the imbalance of excitatory and inhibitory 

 neuronal activity. The α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) gluta-

mate receptor has significant roles in fast excitatory neuronal transmission in the central nervous 

system (CNS) and the plasticity of synaptic strength. Based on this, AMPA-receptor modulation 

could be a way of adjusting the excitatory–inhibitory balance. The role of the AMPA receptor 

in epilepsy and epileptogenesis, and its potential as a target for antiepileptic drugs, has been 

supported by studies in a range of animal models, as well as clinical investigation in humans. 

However, it has been difficult to develop drugs that target AMPA-receptor activity, especially 

without considerable CNS-related side effects. In the case of AMPA-receptor antagonists, 

CNS-depressant side effects had to be overcome before they could be considered viable drugs. 

Recently, the first selective AMPA receptor antagonist on the market, perampanel, was approved 

as an adjunctive therapy for the treatment of partial-onset seizures with or without secondarily 

generalized seizures in patients with epilepsy aged 12 years and older. Further research into the 

role of AMPA receptors, particularly in the process of epileptogenesis, and the development of 

AMPA-targeted drugs is warranted.

Keywords: anticonvulsant, antiepileptic, drug discovery research, epileptogenesis, glutamate, 

perampanel, seizure, synaptic plasticity

Introduction
Epilepsy is a common neurologic disorder that manifests as recurrent seizures, and 

affects approximately 0.5%–1% of the general population.1,2 While many second- and 

third-generation antiepileptic drugs (AEDs) have been introduced into clinical  practice 

over the past 20 years, there remains a significant unmet medical need to control 

seizures, as evidenced by the 15%–35% of all patients with epilepsy who fail to achieve 

long-term remission.3 In order to best address this unmet need, AED research must 

keep abreast of advances in technology and basic science. To this end, the technical 

and methodological issues of AED development have been discussed recently as part 

of several working groups.4–6

The development of AEDs with modes of action (MOAs) based on a patho-

physiologic understanding of the condition may represent a rational strategy. With this 

in mind, the underlying pathophysiologic condition in seizure disorders is believed 

to be the imbalance of excitatory and inhibitory neuronal activity.7,8 Glutamate and 

gamma-aminobutyric acid (GABA) are the major neurotransmitters that contribute 

to  excitatory and inhibitory activities in the central nervous system (CNS), and both 
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have been implicated in seizure development. For example, 

intoxication with ionotropic glutamate-receptor agonists 

elicits seizures and neuronal degeneration in animals and 

humans,9–12 while GABA-receptor antagonists (eg, pentylene-

tetrazole or picrotoxin) also elicit seizures in experimental 

animals, and are used in animal models of epilepsy.13

Many AEDs influence the excitatory–inhibitory balance by 

modulating excitatory activity, particularly through inhibition 

of voltage-gated ion channels or enhancement of GABAergic 

inhibitory activity.14 In fact, most AEDs can be divided into 

five categories (Table 1): 1) ion channel modulators, which 

can reduce whole-neuron excitability (eg, carbamazepine, 

lamotrigine)14; 2) enhancers of GABAergic transmission, 

which act via positive allosteric modulation of the GABA
A
 

receptor (eg, benzodiazepines), reuptake inhibition of GABA 

(eg, tiagabine), or enzyme  inhibition of GABA metabolism 

(eg, vigabatrin); 3)  modulators of presynaptic machinery 

(levetiracetam, which interacts with the presynaptic protein 

synaptic vesicle glycoprotein 2A [SV2A] and is the only AED 

in this class)15; 4)  selective postsynaptic inhibitors of excit-

atory neurotransmission (perampanel, which is a selective 

inhibitor of postsynaptic α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid [AMPA] glutamate-receptor activity) 

and is the only AED in this class; and 5) compounds with 

multiple MOAs (eg, felbamate, topiramate, and valproate).

This review focuses on the current understanding of 

the function of the AMPA glutamate receptor and its role 

in seizures and epilepsy. AED-discovery research and its 

future will also be discussed, with a focus on AMPA-receptor 

antagonists.

AMPA receptors: function, 
structure, and control
Glutamate is a major excitatory neurotransmitter in the 

CNS, with two large subclasses of receptors: the  ionotropic 

 glutamate receptors and the metabotropic glutamate 

receptors. The ionotropic receptors can be further subdivided 

into AMPA, kainate, and N-methyl-d-aspartic acid (NMDA) 

receptors.16–18 The AMPA receptor is the major excitatory 

postsynaptic receptor mediating fast synaptic transmission, 

and is expressed abundantly throughout the CNS, indicating 

its physiologic importance.18,19

The AMPA receptor comprises four subunits, which 

include at least two of the following subunit types: GluA1, 

GluA2, GluA3, or GluA4.20 Of particular note, the GluA2 

subunit is a determinant of calcium ion (Ca2+) imperme-

ability of the AMPA receptor,21 and the GluA2-containing 

Ca2+-impermeable receptor is a major receptor species, 

especially in glutamatergic projection neurons. In general, 

GluA2-lacking Ca2+-permeable receptors are expressed in 

GABAergic interneurons.22,23 However, subunit composi-

tion can vary depending on physiologic and pathologic 

conditions.23–28

GluA subunits have two alternative splice variants called 

flip and flop, which exhibit different channel properties. 

The expression levels of each splice variant are altered 

during development,29,30 and change in response to various 

diseases or conditions.26,31–36 In addition, splice variants 

can change sensitivity to allosteric modulation of AMPA 

receptors.37,38 Most AMPA receptors are also associated with 

auxiliary subunits, such as transmembrane AMPA-receptor 

Table 1 Classification of antiepileptic drugs

Category Target molecule Antiepileptic 
drugs

ion-channel  
modulators (reduce  
neuronal excitability)

Calcium ion channel ethosuximide 
Gabapentina 
Pregabalina

Potassium ion channel Retigabine 
(ezogabine)a

Sodium ion channel Carbamazepine 
eslicarbazepinea 
Lacosamidea 
Lamotriginea 
Oxcarbazepinea 
Phenytoin 
Rufinamidea

enhancers of  
GABAergic  
transmission  
(enhance inhibitory  
neurotransmission)

GABAA Clobazam 
Clonazepam 
Diazepam 
Phenobarbital

GABA transporter Tiagabinea

GABA transaminase vigabatrina

Modulators of  
presynaptic machinery

Sv2A Levetiracetama

Selective postsynaptic  
inhibitors of excitatory 
neurotransmission  
(reduce excitatory  
neurotransmission)

AMPA receptor Perampanela

Multiple modes of  
action

Sodium ion channel,  
GABAA receptors,  
NMDA receptors

Felbamatea 

Sodium ion channel,  
AMPA/kainate receptors,  
GABAA receptors

Topiramatea

Sodium ion channel,  
GABA turnover, NMDA  
receptors

valproate

Note: aSecond- and third-generation antiepileptic drugs.
Abbreviations: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; 
GABA, gamma-aminobutyric acid; NMDA, N-methyl-d-aspartate; Sv2A, synaptic 
vesicle glycoprotein 2A.
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regulatory proteins (TARPs), cornichon homolog (CNIH)-2, 

CNIH-3, cystine-knot AMPA receptor-modulating 

protein 44 (CKAMP44),  synapse differentiation-induced 

gene 1,  suppressor of Lurcher (SOL)-1, SOL-2, and germ-

cell-specific gene 1-like protein (GSG-1L).39,40 These aux-

iliary subunits can affect receptor kinetics and membrane 

trafficking of receptors, and their presence can change com-

pounds from specific competitive AMPA-receptor antagonists 

to partial agonists.40,41 Overall, receptor stoichiometry, splice 

variants, and different auxiliary subunits can control the 

function of AMPA receptors according to the location of the 

receptor, cell types, and condition of the cells.

In terms of function, the AMPA receptor also has a 

 significant role in the plasticity of synaptic strength. In 

 general, synaptic strength is determined by trafficking of 

AMPA receptors into the postsynaptic active zone.42 Activa-

tion of NMDA receptors, and subsequent activity-dependent 

insertion of the GluA1-containing AMPA receptor, is 

believed to be an initial step in synaptic potentiation. The 

resulting insertion of GluA2-containing AMPA receptors 

into synapses leads to the stabilization of the synapse.42,43 

As the increased GluA1 expression and presence of Ca2+-

permeable receptors has been confirmed under different 

conditions,27,44–48 such changes in AMPA-receptor subunits 

may promote the progression of diseases, in addition to their 

role in established diseases.

The implication of AMPA  
receptors in human epilepsy
Domoic acid is a marine neurotoxin that causes  neuronal 

 toxicity through activation of AMPA and kainate receptors.49,50 

In humans, domoic acid can produce amnesic shellfish 

 poisoning, with severe intoxication leading to seizures, 

 causing neuronal damage with a sequela of short-term 

memory loss.49,51 In 1995, Cendes et al were the first to report 

a case of domoic acid intoxication in a patient who developed 

status epilepticus (SE) and subsequent spontaneous temporal 

lobe epilepsy.10 Such neuronal toxicity caused by domoic acid 

is very similar to the spontaneous seizures observed in the 

experimental kainic acid-induced rodent model of SE.10,52 

Overall, observations with domoic acid support a hypothesis 

that overactivation of AMPA receptors could have a role in 

the progression of hippocampal damage in temporal lobe 

epilepsy and refractoriness to drugs.

Findings of animal studies are consistent with a role for 

AMPA receptor activation in the development of epilepsy, 

including a study of the effects of Thorase, an AAA+ ATPase, 

which regulates the internalization of AMPA receptors. 

Genetic deletion of Thorase in mice resulted in increased 

cell-surface expression of AMPA receptors, as well as death 

from a seizure-like syndrome between postnatal days 19 and 

25 in most animals.53

In humans, a pathophysiologic role for AMPA receptors 

in epilepsy has been indicated by a pharmacologic study 

of slices of lateral amygdala from patients with medically 

intractable temporal lobe epilepsy. In this study, blockade 

of AMPA receptors, but not NMDA receptors, inhibited 

interictal-like electrical activity, suggesting that AMPA 

receptors may have a role in abnormal electrical activity 

in the epileptic brain.54 Supporting evidence was provided 

by an autoradiograph study, which showed an increased 

 density of AMPA receptors in brain slices from patients 

with epilepsy.54,55

Studies in the human epileptic brain have also looked at 

AMPA-receptor subunit expression: Ying et al demonstrated 

that expression of the GluA1-receptor subunit is elevated in 

the epileptic hippocampus, and positively correlates with 

axonal sprouting.56 Increased expression of the GluA1 sub-

unit indicated an increase in levels of the homomeric GluA1 

receptor, which exhibits high receptor conductance compared 

with the GluA2-containing Ca2+-impermeable heteromeric 

receptors.57,58 Of note, increased expression of GluA2-lacking 

Ca2+-permeable receptors is thought to occur before neuronal 

degeneration.27,59 This is similar to the process of synaptic 

plasticity, during which insertion of the GluA1 homomeric 

receptor is also observed,27 and thus AMPA receptors may 

have a significant role in the pathophysiology of epilepsy: 

not only the expression of seizures but also the progression 

of epilepsy.

Targeting AMPA receptors  
in animal models of epilepsy
established effects of AMPA-receptor 
antagonists in animal models
Currently available AEDs, especially those with multiple 

MOAs, have largely been discovered through an empirical 

research approach using animal seizure models to evaluate 

novel compounds.13 Such an approach has been used to 

discover AEDs with unique MOAs, including gabapentin60 

and levetiracetam.61 Importantly, the use of this approach has 

improved understanding of how data from animal models 

translate into clinical efficacy in patients with epilepsy.13 

Indeed, the translation to clinical efficacy is perhaps better 

established for animal seizure models than for animal models 

of any other neurologic condition.
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Of note, animal seizure models have played a significant 

role in the demonstration of the functional significance of 

AMPA receptors in seizures. Key animal models used in 

epilepsy research are maximal electroshock-induced seizure, 

pentylenetetrazole-induced seizure and the amygdala-kindling 

model, which are considered to represent clinical tonic–clonic 

seizures, myoclonic or absence seizures, and complex partial-

onset seizures, respectively.62 These models were used in the 

anticonvulsant-screening program at the National Institutes of 

Health in the US to demonstrate the efficacy of both competi-

tive and noncompetitive AMPA-receptor antagonists.13

In the amygdala-kindling model, AMPA-receptor antago-

nists have been found to reduce the severity of seizures.63,64 

In addition, AMPA-receptor antagonists have been shown to 

inhibit seizures in chemically induced seizure models, includ-

ing pentylenetetrazole, picrotoxin, and 3-mercaptopropionate,11 

as well as in the 6 Hz psychomotor-seizure model,65 which 

exhibited less sensitivity to ion channel inhibitors for partial-

onset seizures than other models, but responded to AEDs for 

generalized seizures.66 While usual stimulation intensity in the 

6 Hz psychomotor-seizure model is 32 mA, many AEDs that 

show efficacy at 32 mA become less effective at an increased 

stimulus intensity of 44 mA,66 although the efficacy of AMPA-

receptor antagonists has been shown to be maintained without 

significant reductions in sensitivity.67

Ongoing research: animal models  
of absence seizures
The mutation underlying the epileptic phenotype of spike-

wave seizures characteristic of absence epilepsy in stargazer 

mice is a deficiency of the stargazin gene, which encodes a 

TARP auxiliary protein that regulates AMPA receptor traf-

ficking and the functional properties of AMPA receptors.68 

Studies have indicated that it is the loss of AMPA receptors 

in the thalamus that may be associated with the absence-

epilepsy phenotype in the stargazer mouse.69,70 In inhibitory 

neurons, this decrease in AMPA- receptor expression causes 

activation of the excitatory network, resulting in hypersyn-

chronization of thalamocortical–corticothalamic circuitry. 

Similarly, GluA4 mutation is also reported in the C3H/HeJ 

strain of mouse, which also exhibits the spike-wave discharge 

of absence seizures.71

While these observations may suggest that AMPA-

 receptor antagonism could have the potential to induce 

absence seizures, animal models have indicated that this may 

not be the case. In general, AMPA-receptor antagonists have 

not been found to be efficacious in genetic animal models 

of absence seizures (Genetic Absence Epilepsy Rat from 

Strasbourg [GAERS], WAG/Rij),67,72,73 but importantly they 

did not aggravate seizures, which has been reported with 

some AEDs in a rat model of spontaneous petit mal epilepsy.74 

Overall, these results suggest that although AMPA-receptor 

antagonists may not ameliorate absence seizures in animal 

models, they at least do not worsen seizures. This effect is 

important when considering an AED to treat severe epileptic 

syndrome, which usually involves multiple seizure types. In 

addition, the combination of AMPA-receptor antagonists 

with other AEDs may confer benefits in absence seizures: 

low doses of an AMPA-receptor antagonist enhanced the 

antiabsence effects of ethosuximide in the WAG/Rij rat 

model,  highlighting the contribution of AMPA receptors in 

thalamocortical hypersynchronization.72

Ongoing research: animal  
models of status epilepticus
SE is a neurologic emergency, not restricted to patients with 

epilepsy, in which the brain is in a state of persistent seizure.75 

Refractory SE is a serious condition: in a study of adults with 

SE, 22.6% of cases did not respond to first- or second-line 

antiepileptic treatments, and these cases were associated with 

higher mortality rates than nonrefractory SE (39% versus 

11%).76 Overall, mortality rates of 30%–40% have been 

reported in patients with refractory SE.76–79 However, there 

is no established therapy for the treatment of refractory SE, 

although there are drugs currently available and several are 

being tested in clinical trials.79

Kainate-induced seizure is a well-established model of SE 

and temporal lobe epilepsy.9 As AMPA-receptor responses 

are not desensitized during exposure to kainic acid,80  receptor 

activation is sustained, and so may be expected to initiate 

and maintain SE.9 The acetylcholine agonist pilocarpine 

is also used for SE induction.81 This model demonstrates 

 refractoriness to benzodiazepine soon after the initiation of 

SE,82 which is thought to result from reductions in surface 

expression of the γ
2
 GABA

A
-receptor subunit.83

Currently available drugs for SE are mainly enhancers 

of the GABAergic inhibitory system, and so a reduced level 

of GABA-receptor expression during SE could lessen their 

potency. On the other hand, AMPA receptor-mediated neuronal 

transmission is preserved after establishment of benzodiaz-

epine resistance in the pilocarpine model, and AMPA-receptor 

subunit-expression levels change after SE induction.84 This 

may indicate a central role for the AMPA receptor in the 

maintenance of SE, and possibly in the  neurodegeneration that 

occurs after SE, following the sequence of aberrant neuronal 

connection leading to epileptogenesis (the development of 
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epilepsy). Therefore, AMPA-receptor antagonists may have 

the potential to terminate seizures during SE. Indeed, both 

competitive and noncompetitive AMPA-receptor antagonists 

have been shown to terminate SE and reduce neuronal degen-

eration in various SE models.84–87 Importantly, the therapeutic 

time windows of AMPA-receptor antagonists are longer than 

that of benzodiazepine.85–88

Ongoing research: animal models  
of epileptogenesis
Recently, epilepsy research has focused on gaps in  clinical 

care, including treatments to target more severe seizure 

 syndromes, comorbidities, and epileptogenesis.4 In particular, 

it is anticipated that the future development of antiepilepto-

genic therapies will not only benefit those patients at risk of 

epilepsy as a result of traumatic brain injury but may also slow 

progression in patients with progressive forms of epilepsy. It is 

well known that some forms of epilepsy are considered to be 

progressive, and research has suggested that a greater number 

of seizures experienced before the start of treatment can be 

predictive of subsequent pharmacoresistance.89 However, an 

antiepileptogenic approach is very difficult to investigate in 

clinical trials, due to the long-term treatment that is required 

and the serious comorbidities of typical study populations 

(eg, traumatic brain injury).4,90,91 As a result, it may be neces-

sary simultaneously to explore disease-modifying and anti-

seizure effects to advance the development of an AED that 

could have potential as an antiepileptogenic therapy.

Evidence suggests that the AMPA receptor may have a 

 significant role to play in epileptogenesis, and so could be 

a  useful target for the development of AEDs. Membrane 

 targeting of AMPA receptors during the development of 

 synaptic strength25 is associated with the development of 

hyperexcitability of the neuronal circuit, a characteristic feature 

of epileptogenesis.92 Indeed, in the audiogenic kindling model 

of epileptogenesis, there were increased numbers of AMPA-

 receptor subunits in the inferior colliculus, although GluA2 

expression was reduced.93 Similarly, Sommer et al reported 

transient decreases in GluA2-subunit expression in hippocampal 

neurons  following kainic acid-induced seizures in rats,94 and 

Prince et al reported downregulation of GluA2, and increases in 

levels of Ca2+-permeable AMPA receptors, in the piriform cortex 

in an amygdala-kindling model.95 Such events may lead to long-

term changes in AMPA receptor-mediated currents, and could 

contribute to the pathogenesis of chronic seizures. Therefore, 

AMPA-receptor density, subunit composition, and ultimately 

physiologic characteristics may be changed, and could represent 

an important factor in the process of epileptogenesis.

The role of the AMPA receptor in epileptogenesis in the 

developing brain has been studied in detail using cases of 

neonatal seizures. Of note, neonatal hypoxia in rats increased 

sensitivity to kindling without activation of NMDA receptors, 

which suggests an increased contribution of AMPA receptors to 

epileptogenesis in neonatal hypoxia-induced seizures.96 Studies 

of animals that experienced neonatal hypoxia have shown 

cognitive sequelae and deficiency of social interaction, such as 

autism, and also spontaneous seizures in later life.96–98

Interestingly, hypoxic neonatal seizures have been associ-

ated with increased levels of GluA2-lacking Ca2+-permeable 

AMPA receptors. Expression of these receptors is high 

around the perinatal time in humans99 and the equivalent 

10 postnatal days in rats.100 It has been reported that hypoxic 

seizures in rats at postnatal day 10 reduced levels of GluA2 

expression, causing a further increase in the proportion of 

Ca2+-permeable AMPA receptors.96

Neonatal seizures have also been reported to change the 

phosphorylation state of AMPA receptors. Rakhade et al 

demonstrated that seizures in immature rats and human 

neonatal seizures (studied using samples from autopsy cases) 

led to an increase in phosphorylation of the GluA1 subunit 

at serine 831 (S831) and S845 sites.101 Seizures in immature 

rats also caused an increase in AMPA receptor-mediated 

synaptic transmission. Transgenic mice with a deficit at 

both the S831 and S845 sites had a reduced sensitivity to 

seizures in later life, suggesting that the enhanced activity 

of the AMPA receptor underlies later-life hyperexcitability 

in neuronal networks.101

A preventive effect of AMPA-receptor antagonists on 

later-life seizures and behavioral changes has been evalu-

ated in rats that had experienced neonatal hypoxia. In these 

animals, pretreatment with the AMPA-receptor antago-

nists NBQX (2,3-dihydroxy-6-nitro-7-sulfamoyl-benzo[f]

quinoxaline-2,3-dione) or talampanel reduced later-life 

hypersensitivity to seizure-inducing stimuli.102,103 NBQX also 

prevented the increase in susceptibility to kainic acid seizure-

induced hippocampal neuronal injury in later life, even when 

the treatment was administered 48 hours after hypoxia. In 

addition, in a separate study in rats, spontaneous seizures 

and impairment of social interaction were ameliorated by 

posthypoxic treatment with NBQX.104

Research also suggests that agents that indirectly target 

the AMPA receptor may have antiepileptogenic effects. 

The activation of the mammalian target of rapamycin 

(mTOR) is known to have a role in synaptic plasticity,105 

and Sun et al demonstrated that mTOR may be involved 

in the negative regulation of homeostatic mechanisms that 
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downregulate enhanced AMPA-receptor function following 

hypoxia-induced neonatal seizures in rodents.92 Accordingly, 

the mTOR inhibitor rapamycin appeared to prevent the 

impairment of these homeostatic mechanisms. Indeed, 

rapamycin has been found to confer epileptostatic and anti-

epileptogenic effects in some animal models.106–108

Overall, studies have indicated a role for AMPA recep-

tors in the neuronal plasticity observed in various seizure-

related conditions. In particular, AMPA receptors have been 

implicated in epileptogenesis following hypoxic neonatal 

seizures in rodents, although further studies are required 

to elucidate its potential contribution to epileptogenesis in 

adult models. An overview of the mechanism of neuronal 

plasticity in epileptogenesis and potential intervention with 

AMPA-receptor antagonists is shown in Figure 1.

The clinical development  
of AMPA-receptor antagonists
Obstacles to the clinical development  
of AMPA-receptor antagonists
Many AEDs that target glutamate receptors have been 

investigated in clinical studies. However, as with other 

drugs, there have been challenges to overcome involving 

their chemistry and tolerability. One well-recognized case is 

that of the NMDA-receptor antagonists, which were associ-

ated with modest receptor inhibition109,110 and evidence of 

additional MOAs, but posed a challenge due to psychoto-

mimetic side effects in animals and humans.111,112 In the 

case of the AMPA-receptor antagonists, CNS-depressant 

side effects were an issue, but considered unavoidable 

given the key role of AMPA receptors in fast excitatory 

neurotransmission. Accordingly, Yamaguchi et al showed 

that AMPA-receptor antagonists with different MOAs 

exhibited antiseizure effects in rodents, but were associated 

with motor incoordination.113 AMPA-receptor antagonists 

also tended to have a particularly narrow therapeutic index 

compared with other AEDs, except for valproate.66,104,113 

This was a major setback for the development of AMPA-

receptor antagonists as drugs for a chronic disease, such as 

epilepsy. As a result, many pharmaceutical companies tried 

to discover novel AMPA-receptor antagonists for the treat-

ment of acute neurodegenerative disorders, mainly stroke. 

The clinical trial of the antagonist ZK-200775, however, was 

terminated prematurely, because a strong sedative effect was 

confirmed in the acute stroke population.114

Epileptic brainNonepileptic brain

B

C D

A
Seizure-inducing event

Seizure

Disease progressionNo further synaptic changes

NMDA receptor

GluA2-containing AMPA-receptor 

GluA2-lacking AMPA-receptor 

Point where AMPA-receptor
antagonist could exert a
therapeutic effect 

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Ca2+

Figure 1 Mechanism of epileptogenesis and potential therapeutic intervention with AMPA-receptor antagonists. 
Notes: (A) A seizure-inducing event, such as a brain trauma, triggers a seizure (seizure may be inhibited by an AMPA-receptor antagonist); (B) seizure results in the 
incorporation of GluA2-lacking AMPA receptors at the synapse, enhancing synaptic strength; (C) in cases where epileptogenesis does not occur, there are no further synaptic 
changes; (D) alternatively, further incorporation of GluA2-lacking AMPA receptors may occur, leading to epileptogenesis (it is hypothesized that AMPA-receptor antagonists 
may delay or prevent this process).
Abbreviations: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid; NMDA, N-methyl-d-aspartate.
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Many pharmaceutical companies conducted drug-

discovery research to identify AMPA-receptor antago-

nists suitable for clinical development. Some companies 

investigated orthosteric antagonists of quinoxaline-dione, 

while others investigated negative allosteric modulators 

of 2,3-benzodiazepine muscle relaxants.115–117 In general, 

permeability of the blood–brain barrier to the orthosteric 

antagonists was extremely low, which can result in 

peripheral side effects.104,118 On the other hand, the 2,3-

benzodiazepine negative allosteric modulators showed 

weak intrinsic activity but good efficacy in animal models, 

indicating good permeability of the blood–brain barrier.118 

The drug-discovery efforts of two different pharmaceutical 

companies led to the clinical development of two AMPA-

receptor antagonists: talampanel and perampanel. A third 

AMPA-receptor antagonist, selurampanel, has also under-

gone early preclinical and clinical evaluation, although 

published clinical data are currently limited.119 In a study of 

acute migraine, selurampanel demonstrated some reduction 

of pain severity compared with placebo and a similar pain-

free response rate as sumatriptan, but the proof-of-concept 

criterion was not met and the incidence of adverse events 

was relatively high.120

Talampanel
Talampanel is a 2,3-benzodiazepine negative allosteric 

 modulator that was the first AMPA-receptor antagonist 

to enter clinical trials for chronic indications, including 

epilepsy, amyotrophic lateral sclerosis, and malignant 

brain cancer.121–123 It has a relatively short half-life in 

humans, and inhibited AMPA-receptor function at a 10-6 M 

concentration.124 In a Phase II trial in patients with  refractory 

epilepsy  (ClinicalTrials.gov identifier: NCT00034814), 

talampanel reduced seizure frequency, with a median seizure 

reduction of 21%, although  clinical studies were suspended.121 

Another Phase II trial of talampanel (NCT00696332), this 

time for treatment of amyotrophic lateral sclerosis, showed 

that it was associated with a trend toward a slower decline 

of muscle strength and functioning compared with pla-

cebo, but the results were not confirmed in a Phase III 

trial.122  Talampanel demonstrated acceptable tolerability 

in a malignant brain cancer population (NCT00062504), 

but clinical development was not continued.123 The results 

of an antidyskinetic effect in a study of patients with 

advanced  Parkinson’s disease have not yet been published 

(NCT00036296). Despite clinical trials in various diseases, 

talampanel did not reach the market,  perhaps due to its 

complex metabolism and short half-life.125

Perampanel
The noncompetitive AMPA-receptor antagonist perampanel 

has a 1,3,5-triaryl-1H-pyridin-2-one core structure, and was 

identified from high-throughput screening combined with 

structure–activity analyses.115 In an in vitro assay, peram-

panel inhibited AMPA-receptor function at a half-maximal 

inhibitory concentration of 60 nM. In early clinical studies, 

perampanel was shown to have a long half-life in humans 

(66–90 hours after multiple-dose administration), and its 

plasma concentration was shown to gradually increase before 

reaching a steady state, which suggests a relatively smooth 

pharmacokinetic profile that could be expected to confer good 

tolerability during dose titration.126,127 Clinical trials were 

designed to enable the development of tolerance. In addition, 

perampanel was administered before bedtime, which allowed 

patients to achieve maximal plasma concentration during 

their sleep to minimize the potential for CNS-depressant 

effects during the day.128

The antiseizure effect of perampanel was confirmed in 

three Phase III registration trials in patients with uncontrolled 

partial-onset seizures despite treatment with one to three 

AEDs (NCT00699972, NCT00699582, NCT00700310).129–131 

These clinical studies were more rigorous than those of 

second-generation AEDs. Perampanel showed a significant 

antiseizure effect at a dose of 4 mg, which appeared to be 

the minimum efficacious daily dose. Efficacy increased 

at the 8 mg and 12 mg doses, but there appeared to be a 

ceiling effect between 8 mg and 12 mg. This was likely due 

to the study protocol, which allowed dose reductions during 

the titration period according to tolerability. Analysis of 

pharmaco kinetics and pharmacodynamics demonstrated that 

perampanel was associated with a clear exposure–efficacy 

relationship.132 An increase in treatment-emergent adverse 

events was generally observed at higher doses, with  dizziness, 

somnolence, and headache being the most frequent adverse 

events. The efficacy and safety of perampanel in these 

clinical trials and other studies have been reviewed in depth 

elsewhere.128,133–136

Based on the results of these trials, perampanel was 

approved as an adjunctive therapy for the treatment of 

partial-onset seizures with or without secondarily  generalized 

 seizures in patients with epilepsy aged 12 years and older.126,137 

It was the first selective inhibitor of postsynaptic excitatory 

neurotransmission to be approved in Europe, the US, Canada, 

Switzerland, and more than 30 other countries. Perampanel is 

a good example of how a drug-discovery approach can utilize 

a specific molecular target that has previously been associated 

with challenges, such as subjective CNS effects.
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Considerations for future research
One question that remains to be answered is the role of the 

AMPA receptor in disease modification. While intensive 

research has highlighted the role of the AMPA receptor in 

neonatal seizures and subsequent later-life changes, the exact 

role of the AMPA receptor in epileptogenesis and the effects 

of AMPA-receptor antagonists have not been well studied, 

and further nonclinical investigations are warranted. In 

 particular, more data are needed on the potential therapeutic 

time window of AMPA-receptor antagonists.

For the future development of AMPA receptors, the case of 

perampanel has demonstrated the importance of considering 

the pharmacokinetic properties of a compound, particularly 

with regard to the induction of tolerance. In drug-discovery 

research, the properties of a compound can be associated 

with favorable or negative effects, which can be refined or 

overcome. The different MOAs of sodium ion (Na+)-channel 

inhibitors provide a useful example: on the one hand, the 

selective Na+ channel blocker tetrodotoxin is a neurotoxin, 

while on the other hand class IA–IC anti arrhythmic drugs 

interfere with the Na+ channel according to the Vaughan 

Williams classification and have therapeutic applications.138 

Blockers of the N-type Ca2+ channel provide a similar 

example: gabapentinoids, which bind to the α
2
δ subunit of 

Ca2+ channels to modulate channel activity and membrane 

transport, can be used as oral AEDs or analgesics,139 but 

systemic administration of the selective Ca2+ channel blockers 

conotoxin MVIIA and its synthetic form, ziconotide, causes 

neurotoxic adverse events (eg, hypotension, tremor), and, thus 

intrathecal administration is required.140

As the AMPA receptor has different receptor  stoichiometry 

and auxiliary subunits, multiple drug-binding sites might be 

utilized, which will aid in the design of new AMPA-receptor 

modulators (Figure 2). Various diseases are associated with 

different AMPA-receptor subunit-expression patterns and 

physiologic function, which are reasonably similar to changes 

observed in neuronal plasticity. Overall, compounds with 

other MOAs could be beneficial for the treatment of differ-

ent diseases.

In addition, the consideration of compounds that bind 

to different sites on AMPA receptors may help to target 

receptors in specific brain regions, potentially minimizing 

adverse events, such as CNS-depressant effects. For example, 

compounds designed to modulate the function of auxiliary 

subunits could theoretically enable selective targeting of 

AMPA receptors based on the regional expression of the 

auxiliary subunits. Alternatively, ion channel blockers can be 

developed to confer activity at a given ion channel in a use- 

or voltage-dependent manner, and so this mechanism could 

also be a way to facilitate more specific targeting of AMPA 

receptors. This could build on experience with memantine, 

a voltage-dependent NMDA receptor-channel blocker, which 

Orthosteric ligands

 Antagonist

 Partial agonist

 Agonist

Ligands of auxiliary subunits
 Modulator of receptor/channel
  property

 Modulator of receptor surface
  expression

Allosteric modulators

 Negative allosteric modulator

 Positive allosteric modulator

Ca2+-selective channel blockers
 Use-dependent blocker

 Voltage-dependent blocker

AMPA-receptor subunit

AMPA-receptor auxillary subunit

Figure 2 Sites of action of different AMPA receptor-targeted agents.
Abbreviation: AMPA, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid.
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unlike other NMDA receptor-channel blockers, does not 

cause psychotomimetic effects at therapeutic doses.141

Conclusion
The antiseizure effects of AMPA-receptor antagonists 

observed in animal models have been validated in clinical 

trials. While early efforts to develop clinically effective 

AMPA-receptor antagonists were hampered by pharmaco-

logic limitations, these challenges were eventually overcome 

using classic drug-discovery approaches. This led to the 

identification of perampanel, a drug inhibiting the excitation 

of postsynaptic membranes through the selective inhibition 

of AMPA receptors. Perampanel reduced seizure frequency 

with an acceptable adverse-event profile in patients with 

partial-onset seizures. Recent progress in the understanding 

of epileptogenesis suggests that the AMPA receptor could 

play a role in the process. Further research is needed to fully 

understand the development of epilepsy and to inform future 

treatment strategies to target the AMPA receptor.
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