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Abstract: Status epilepticus (SE) is a neurological emergency with a high mortality rate. When
compared to chronic epilepsy, it is distinguished by the durability of seizures and frequent resistance
to benzodiazepine (BZD). The Receptor Trafficking Hypothesis, which suggests that the downregula-
tion of y-Aminobutyric acid type A (GABAA) receptors, and upregulation of N-methyl-D-aspartate
(NMDA) and «-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors play major
roles in the establishment of SE is the most widely accepted hypothesis underlying BZD resistance.
NMDA and AMPA are ionotropic glutamate receptor families that have important excitatory roles in
the central nervous system (CNS). They are both essential in maintaining the normal function of the
brain and are involved in a variety of neuropsychiatric diseases, including epilepsy. Based on animal
and human studies, antagonists of NMDA and AMPA receptors have a significant impact in ending
SE; albeit most of them are not yet approved to be in clinically therapeutic guidelines, due to their
psychomimetic adverse effects. Although there is still a dearth of randomized, prospective research,
NMDA antagonists such as ketamine, magnesium sulfate, and the AMPA antagonist, perampanel,
are regarded to be reasonable optional adjuvant therapies in controlling SE, refractory SE (RSE) or
super-refractory SE (SRSE), though there are still a lack of randomized, prospective studies. This
review seeks to summarize and update knowledge on the SE development hypothesis, as well as
clinical trials using NMDA and AMPA antagonists in animal and human studies of SE investigations.
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1. Introduction

Status epilepticus (SE) is a potentially fatal neurological condition. SE, in contrast to
simple seizure disorders, has various mechanisms for sustaining seizures, often resulting
in irreversible neuronal damage. Early clinical data imply that the longer the seizures last,
the more resistant they become to treatment [1].

Seizures become unresponsive to routinely used antiepileptic drugs (AEDs) and
benzodiazepines, as they progress toward unmanageable conditions, a condition known
as refractory status epilepticus (RSE) [2]. RSE escalates over time to a more hazardous
condition known as super-refractory status epilepticus (SRSE), in which even constantly
injected anesthetic agents fail to cease the electrical discharge, and neuronal death is
inevitable [3].

In the central nervous system (CNS), glutamate serves as the main neurotransmitter
in excitatory function. N-methyl-D-aspartate (NMDA) receptors and x-amino-3-hydroxy-
5-methyl-4-isoxazolepropionic acid (AMPA) receptors are two groups of the ionotropic
glutamate receptors (iGluRs) family [4], which are extensively distributed in the CNS and
are necessary in maintaining normal brain function and are thought to be involved in many
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neuropsychiatric diseases, including cerebral ischemia, traumatic brain injury, Alzheimer’s
disease, Huntington’s disease, Parkinson’s disease, epilepsy, neuropathic pain, depression,
autism, and schizophrenia [5].

The underlying mechanism of SE has long been studied [6]. Currently, the down-
regulation of GABAA receptors and upregulation of NMDA and AMPA receptors via
transmission and membrane distribution are key to the process of SE maintenance and
progression, which is called the Receptor Trafficking Hypothesis [7,8]. Based on this hy-
pothesis, NMDA, AMPA receptor antagonists and modulators have been evaluated in vitro
and in vivo for their neuroprotective and anticonvulsant effects, which are significant in
various animal SE models [9-11]. While in human studies, many of these antagonists, such
as phencyclidine (PCP) and MK-801, demonstrated profound psychotomimetic effects due
to the widespread distribution of these receptors and their roles in maintaining normal
brain function, this led to their failure to be approved as clinically therapeutic regimens [5].

Overall, the literature review aims to summarize prior understanding of NMDA and
AMPA receptors, as well as their associations with SE, RSE, and SRSE. Furthermore, all
therapeutic trials involving AMPA and NMDA receptor antagonists associated with SE
will be included.

2. Materials and Methods

Articles from PubMed, MEDLINE, Cochrane Library, clinicaltrials.gov, and reference
lists of pertinent papers were scoured. These articles were published in English before
December 2022. Original articles, case reports, clinical trials, reviews, meta-analyses, and
systematic reviews are all examples of articles. We rejected letters because there was an in-
sufficient amount of information. The main search terms were “NMDA,” “AMPA,” “status
epilepticus,” “refractory status epilepticus,” and “super-refractory status epilepticus.” We
omitted phrases such as “encephalitis” and “autoimmune” to focus on SE in adults.

Following the removal of duplicates from the search results, the titles and abstracts of
the remaining studies were reviewed for potential eligibility. Following that, full texts of the
publications recommended for inclusion were screened, and their references were checked
for any further research that was required. Articles that did not discuss the relationship
between NMDA, AMPA, and SE were excluded. The review contained 137 papers in total
(Figure 1).

NMDA AND status epilepticus: 391
(Pubmed: 375, Cochrane Library:5, Mediline:11)

AMPA AND status epilepticus: 173
{(Pubmed: 151, Cochrane Library:0, Mediline:16)

Additional researches within
reference lists: 53

Y

Study research: 564

_| Studies for title and Y
| abstract screening: 478

A

Studies included: 137

3 Y
Repeated articles: 81 Information less regarding: 391
Studies not in English: 5 No full text: 3

Figure 1. Database search flowchart. NMDA, N-methyl-D-aspartate; AMPA, x-amino-3-hydroxy-5-
methyl-4-isoxazolepropionic acid.
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3. Fundamental Roles of NMDA and AMPA Receptors

Glutamate and gamma aminobutyric acid (GABA) in the CNS serve as the main neu-
rotransmitters in excitatory and inhibitory function, respectively. Glutamatergic neurons
compose nearly 70-80% of neurons in the cerebral cortex, with GABAergic interneurons
composing the remainder [12]. Glutamate receptors can be split into two groups: ionotropic
glutamate receptors (iGluRs) that serve as ligand-gated ion channels and metabotropic
glutamate receptors (mGluRs) as the members of the G protein-coupled receptor superfam-
ily [13]. Moreover, iGluRs can be split into three main receptor families designated after
their prototypic agonists: NMDA, x-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA), and kainate (KA).

Previously, glutamate receptor agonists such as domoate were known to induce
seizures both in animals [14] and humans [15], indicating the importance of glutamate
receptors in the field of epilepsy. Furthermore, NMDA and AMPA have been shown to
cause seizures in rodent models [16,17], and antagonists against their receptors exhibit anti-
convulsant actions. According to the findings, glutamate receptors, particularly ionotropic
glutamate receptors, may play a substantial role in seizure genesis. Following clinical trials
on NMDA antagonists, AMPA antagonists have also demonstrated their antiseizure effects.

3.1. NMDA Receptors

As a member of the ionotropic glutamate receptor family, the NMDA receptor has been
widely studied [18], and it has been discovered to be involved in maintaining brain function,
neurodevelopment [19], learning, and memory formation [20,21]. NMDA receptors are dis-
tinguished from other iGluRs by their high Ca?* ion permeability and voltage-dependent
channel blockade [5]. They are primarily found in the CNS in the postsynaptic membrane
where they interact with AMPA receptors but are also expressed in presynaptic and ex-
trasynaptic membranes with lower densities [22]. When compared to AMPA receptors,
these receptors activate and decay far more slowly [23].

The NMDA receptor is an ion channel permeable for calcium, composed of four sub-
units derived from three gene families: GluN1, GluN2A-D, and GluN3A-B. Each receptor
is a tetramer with either two GluN1 plus two GluN2 subunits, or two GluN1 plus two
GluN3 subunits [24,25]. The activation of NMDA receptors requires the presence of the
agonist glutamate, along with either glycine or D-serine as a co-agonist [26]. In contrast
to AMPA receptors, the NMDA ion channel has a voltage-dependent blocking by Mg?* at
the resting membrane potential level [27]. This ion channel requires membrane depolar-
ization to remove the magnesium block for Ca?*, Na*, and K* ions to pass through [24].
Under diverse situations, the intracellular Ca2* influx initiates several downstream signal
processes in the postsynaptic neurons, which serve physiological or pathophysiological
purposes [28]. Over-activation of NMDA receptors has been proven to generate excessive
Ca®* influx into neurons, resulting in cellular damage and death [29].

While excitatory amino acid transporters keep glutamate concentrations low, it has
been discovered that higher glutamate emerges in the epileptic area relative to control
regions in patients with epilepsy [30] and animal models of epilepsy [31]. These circum-
stances are perfect for prolonging the prolonged activation of NMDA receptors in SE. The
activation of NMDA receptors has two implications [6]. Firstly, it would cause prolonged
depolarization, allowing more NMDA channels to open. Secondly, it causes intracellular
calcium buildup, which may mediate apoptotic programmed cell death via osmotic stress
and other mechanisms [32].

3.2. AMPA Receptors

The AMPA receptors are located largely postsynaptic, directly activated by the binding
of glutamate, and they mediate most of the fast excitatory synaptic transmission in the
mammalian CNS. AMPA receptors are heterotetramers composed of four kinds of subunits:
GluAl, GluA2, GluA3, and GluA4, which work together to form an ion channel. GluA2
is assumed to be critical for controlling channel rectification and ion permeability [33];
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hence, many researchers have focused on GluA2 subunit expression levels. AMPA receptor
Ca?* conductance varies depending on the presence of the GluA2 subunit in the tetramer
complex [34]. GluA2-lacking AMPA receptors are typically Ca?*-permeable (CP). These
CP-AMPA receptors are primarily unusual, whereas mature brains normally contain GluA2-
containing AMPA receptors that are Ca>*-impermeable (CI) [35]. The presence of the GluA2
subunit in AMPA receptors limits the influx of Ca?* and Zn?*.

Seizures, according to animal research, can produce rapid dynamic alterations in the
AMPA receptor subunit composition and function [33]. These studies found that AMPA
receptor transmission during SE is related to increased expression of GluA1 and decreased
expression of the GluA2 subunit in the surface membrane [36,37]. Ca?* influx-triggered
excitotoxicity via Ca?*-permeable AMPA receptors has also been shown in several illness
models [34].

To summarize, the NMDA and AMPA receptors play an important role in the mainte-
nance and development of normal neural networks in the CNS by controlling the perme-
ability of ions, primarily Ca%*, and may be capable of initiating seizures and maintaining
seizures in SE, which leads to further neuronal damage or death.

4. SE

SE is a neurological emergency with a significant mortality and morbidity rate, de-
pending on the patients’ ages, underlying diseases, and etiologies [38]. SE is defined as “...a
condition caused by the failure of mechanisms for seizure termination or the initiation of
mechanisms that result in excessively extended seizures (after time point t1). It is a disorder
that can have long-term effects (after time point t2), such as neuronal death, neuronal injury,
and alteration of neuronal networks ... ”, stated the International League Against Epilepsy
(ILAE) in 2015 [2]. The time points t1 and {2 in the case of convulsive SE are assumed to be
5 min and 30 min, respectively, based on animal and clinical investigations [2].

Various routes lead to seizure [39], with the imbalance between neuron excitation
and inhibition being commonly regarded to be the most important. However, because the
underlying mechanism of SE differs from that of a simple seizure, the potential therapy
and results are not the same.

The most distinguishing feature of SE is its self-sufficiency and increased resistance
to benzodiazepines over time. Animal and clinical research in 1997 and 1998 revealed
that benzodiazepines are efficacious early in the course of SE, but lose 20-fold potency by
30 min, and fail to halt SE by 45 min [40—42]. Retrospective research on the duration of
convulsive SE found that first-line therapy was beneficial in 80% of patients when given
within 30 min of seizure onset, and then it dropped to no more than 40% beyond 2 h [43].

4.1. Receptor Trafficking Hypothesis

The Receptor Trafficking Hypothesis, a generally accepted theory of self-sustaining
seizures in SE, was developed. This hypothesis aims to explain the gradual resistance
to GABAA receptor modulators and progressive sensitivity to NMDA antagonists by
claiming that decreased expression of GABAA receptors and increased expression of
NMDA receptors in the postsynaptic membrane cause the progression [44].

Several studies published in the 1990s suggested the reduced effects of GABA-mediated
inhibition during SE due to fast GABARs alterations [45,46]. The phenomenon of GABAA
receptor internalization and decreasing density in the postsynaptic membrane was then
reported for the first time in 2005 [47,48]. One study used cultures of hippocampal pyra-
midal neurons undergoing recurrent bursting and found that increased neuronal activity
accelerated GABAA receptor internalization, whereas blocking neuronal activity reduced
it [47]. Another study utilizing dentate hippocampal cells found that after 1 h of in vivo SE,
the number of functional GABAA receptors in the synapse decreased by 50% [48].

NMDA antagonists, on the other hand, keep their impact until the late stages of SE
in animal and pediatric investigations, whereas most GABAergic-boosting drugs soon
lose their potency during SE [49-51]. It is well-known that NMDA receptor trafficking
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is important in many aspects of neurology, including development [52], degenerative
diseases [53,54], and excitotoxicity/cell death [55], but until 2013, a study of dentate gyrus
granule and CA3 pyramidal cells demonstrated the relocation of NMDA receptors from the
intracellular area to the synaptic surface [56]. Meanwhile, it is predicted that after 1 h of SE
induced by lithium—pilocarpine, the number of functional postsynaptic NMDA receptors
increases by 38%, and this action also contributes to the augmentation of phasic and tonic
excitatory currents during SE (Figure 2).
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Figure 2. Receptor traffic and modulation during the process of SE. (A) In baseline conditions, Mg?*
blocks the ion channel of the NMDA receptor, leading to low permeability of Ca®*. (B) As seizure
occurs, the depolarization of the postsynaptic membrane would cause Mg?* to leave the binding site
in the ion channel, leading to a significantly increased permeability of Ca?*. The surging intracellular
Ca”* then causes endocytosis of GABAA receptors and up expression of NMDA receptors. (C) The
increasing intracellular Ca?* level also enhances AMPA expression in the postsynaptic membrane, and
this increased expression of NMDA and AMPA receptors may explain the increasing anticonvulsant
effects of NMDA receptor antagonists (ketamine, PCP, MK-801) (Figure created with BioRender.com).

The activation of NMDA receptors also seems to improve AMPA-mediated transmis-
sion during SE and prolonged seizures [36]. There are observations that GluAl-containing
AMPA receptors are rapidly inserted in the surface membrane after NMDA receptor activa-
tion and Ca?* influx, which induces the phosphorylation of serine 831 and serine 841 in the
GluA1 subunit [57,58].

4.2. Other Factors Related to or Contributing to SE

In addition to GABAA and NMDA receptors, the inactivation of K(+)/Cl(—) cotrans-
porter (KCC2) may contribute to enhanced resistance to benzodiazepines throughout the
process of SE. The function of KCC2 is to maintain intracellular Cl- at a low level compared
with extracellular concentrations, which is required for effective synaptic regulation of
GABAA receptors. In a 2015 animal study [59], phosphorylation of residue 5940, which is
rapidly dephosphorylated during SE and leads to higher intracellular Cl-, increased the
modulation of membrane trafficking and transport activity of KCC2, which decreases the
neuronal inhibition function carried by GABAA receptors. According to another model [60],
the compromising activities of KCC2 will result in longer and more severe seizure episodes.

Several antagonists for NMDA receptors and AMPA receptors were investigated in
clinical research, according to the findings above. However, the majority of NMDA receptor
antagonists have not been shown to be efficacious or safe for clinically therapeutic use, and
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only one AMPA receptor antagonist, perampanel, has been shown to treat multiple kinds
of epilepsy. The following sections will go into greater detail about these investigations.

4.3. RSE and SRSE

If SE is not treated or delayed beyond five minutes, it may proceed to RSE or SRSE. RSE
is defined as SE that persists despite appropriate doses of an initial benzodiazepine followed
by a second AED. It is time to consider initializing continuous anesthetic medications, such
as midazolam, propofol, pentobarbital, and ketamine [61]. Furthermore, SRSE is a severe
form of RSE that was first introduced at the Third London-Innsbruck Colloquium on SE
held in Oxford on 7-9 April 2011 [62], with the definition of persisting for 24 h or more
despite treatment with continuous third-line anesthetic agents, including cases that recur
after reducing or withdrawing the anesthesia.

In a 2017 Germany health insurance database analysis, SRSE accounted for approxi-
mately 13% of all SE patients, with a substantially higher mortality rate (nearly 40%) when
compared to 15% of RSE and 9.6% of SE [63]. In this database, the incidence rate of SRSE
is 3.0 per 100,000 per year, compared to 15.0 in 100,000 for SE. Overall, RSE accounts for
12-48% of SE cases, while SRSE accounts for 3-10% of SE patients [64,65]. In published
investigations, RSE mortality varies from 10% to 40% and SRSE mortality ranges from 35%
to 65% [63,66].

RSE and SRSE appear to be more SE, but their epidemiologies differ from those of
non-refractory SE; they are more likely to suffer significant brain insults such as trauma,
infection, or stroke than as a result of chronic epilepsy [64,67]. It is not rare for RSE to
emerge de novo in a previously completely healthy person without an obvious precipitant,
a condition known as new-onset RSE, or NORSE [68], which was first used in 2005. The
treatment strategy for NORSE is the same in the first 2-3 days after the seizure onset to
manage the SE, but a rapid diagnostic workup is required to rule out any probable infection,
and to initiate immune therapies [69]. Although the terms RSE and SRSE were used to
characterize a condition with a homogeneous group of people, it is more likely that the
underlying causes are quite heterogeneous as medical knowledge progresses. Furthermore,
there is probably a shared pathway leading to a single mechanism sustaining seizures in
SE patients, which could serve as a future treatment target.

Sudden Unexpected Death in Epilepsy (SUDEP)

People with epilepsy face a higher mortality rate than the general population [70], and
may die from several causes including aspiration of stomach contents, suffocation, falls,
motor vehicle accidents, suicide, and SUDEP. Among these causes, SUDEP is the leading
cause of death in patients with epilepsy, especially in patients with refractory epilepsy [71].
The most widely used definition of SUDEP currently is “the sudden, unexpected, witnessed
or unwitnessed, nontraumatic, and nondrowning death in patients with epilepsy, with
or without evidence for a seizure, and excluding documented SE, in which postmortem
examination does not reveal a toxicological or anatomical cause for death” [72].

SUDERP is often found to occur at night during sleep with a prone position, and is
thought to be related to an impairment in controlling respiratory, cardiac, and arousal
function in the brainstem [73,74]. Apnea and bradycardia progressing to asystole and death
in the ictal or postictal period are considered as contributing to SUDEP [73].

Though SE has been excluded in the definition of SUDEDP, their relationships with
cardiorespiratory dysfunction might share similar mechanisms of triggering asystole and
apnea. In the possible underlying mechanism of SUDEP, medullary spreading depo-
larization (SD) is related to the brainstem dysfunction in the mice SUDEP model [75].
Interestingly, mice pretreated with NMDA receptor antagonists (MK-801 or memantine
hydrochloride) showed profound prevention of mortality and brainstem SD [75]. In another
rat seizure model using intrahippocampal 4-aminopyridine (4-AP), SE with intermittent
brainstem seizure events could cause cardiorespiratory depression that leads to death,
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as compared to SE without brainstem seizure causing increased respiratory and heart
rates [76].

Future studies may need to investigate the effects of NMDA antagonists in reducing
the occurrence of SUDEP or SE related cardiorespiratory events, and help to develop
preventive strategies.

4.4. NMDA and Its Antagonists in SE, RSE, SRSE

The first NMDA antagonists were broad-spectrum ion channel blockers that had
a considerable psychotomimetic impact due to the widespread unselective blockade of
NMDA receptors across the CNS [27]. For their authorizations, many of them were halted or
withdrawn. Some non-competitive ion channel blockers with lower affinity are now Food
and Drug Administration (FDA)-approved for human usage, including dextromethorphan,
ketamine, esketamine, memantine, and amantadine [5]. So far, research has focused on a
wide range of neuropsychiatric diseases, including cerebral ischemia, traumatic brain injury,
Alzheimer’s disease, Huntington’s disease, Parkinson’s disease, epilepsy, neuropathic pain,
depression, autism, and schizophrenia [5].

In contrast to regulating long-term epilepsy, antiepileptic medicines used for SE have
rising or diminishing efficacy as the process of SE progresses [41,50]. In SE animal models
and subsequent clinical trials, it is known that NMDA receptor antagonists have increased
efficacy in stopping seizures. Even though several NMDA receptors have been explored,
few of them have acceptable side effects to be approved as therapeutic agents [5].

NMDA receptor channel blockers and modulators; glutamate and glycine site antag-
onists; positive and negative allosteric modulators; and compounds acting downstream
of NMDA receptors are currently available [77]. However, the classification is constantly
modified by new evidence from clinical trials or newly discovered molecules. The following
sections mainly describe some antagonists linked with SE (Table 1).

4.4.1. Ketamine

Ketamine is a non-competitive NMDA antagonist with low affinity at the phencycli-
dine site within the NMDA receptor ion channel, which helps to shorten channel opening
time [78]. It is a derivative of phencyclidine (PCP), which is a safe anesthetic but frequently
causes prolonged delirium and sensory deprivation during the postoperative recovery pe-
riod. Ketamine was initially synthesized in 1962, named CI-581 at that time, and was widely
utilized for surgical anesthesia in the Vietnam War due to its lower potency, rapid onset, and
short half-life, making it a much more appealing option to dizocilpine (MK-801) [79] and
PCP. However, a distinct effect known as “dissociative anesthesia” was discovered [80], in
which people appear awake, retain the laryngeal reflex, and are capable of protecting their
airways but are unable to respond to sensory stimuli, raising concerns about the medication
and leading to a decline in its use as a human anesthetic. Between the 1970s and 1990s,
ketamine fell out of the medical community and was widely used as a recreational drug
due to its “psychedelic effect” in subanesthetic doses [81], becoming a schedule III drug.

Ketamine regained its attention in medical use around the 1990s as more data con-
cerning its mechanism of action and efficacy became available [82]. Ketamine has been
established in anesthetic studies to be a safe and effective option for treating postoperative
pain and neuropathic pain. Additionally, its neuromodulation effect makes it a candi-
date for treating multiple neurological diseases, such as depression [83], post-traumatic
stress disorder [84], subarachnoid hemorrhage (SAH) [85], traumatic brain injury (TBI) [86],
migraine [87], and refractory SE.

Ketamine has long been shown to have anticonvulsant activities in animal studies [21].
In the following clinical studies, ketamine was examined in RSE and SRSE patients, due
to its higher efficacy in the late phase of SE in animal models. In a 2020 single-center
retrospective study [88], 68 SRSE patients were treated with ketamine plus midazolam
infusion, which resulted in at least 50% seizure burden in 81% of patients, and complete
cessation in 63%. Its results suggest that ketamine did not affect ICP even at prolonged
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anesthetic dosages, as do the results of a recent comprehensive analysis on non-traumatic
neurological illness [89], and decreased vasopressor requirement. A 2022 prospective study
with 11 patients with SRSE found lesser permanent control of SE (27%) compared to earlier
retrospective studies (28-96%) [90]. Due to patient selection bias, this study may suggest
that the efficacy of ketamine is not as good as other studies have demonstrated.

Ketamine, on the other hand, is considered an optional therapy due to its favorable
safety profile [91,92]. Some advantages of ketamine over conventional anesthetic agents in-
clude less cardiovascular suppression effect and prevention of endotracheal intubation [93].
These properties make them promising options for managing SE or nonconvulsive SE in
critically ill patients [94].

Overall, future multicenter randomized controlled trials must define the appropriate
timing and dosage of ketamine utilized in SE or further refractory SE. KETASERO1, a
multicenter, randomized, controlled, open-label clinical trial was discontinued in 2020,
owing to its low patient eligibility and unsuccessful recruitment [95]. It attempted to
evaluate the efficacy of ketamine to that of conventional anesthetics in children with
refractory convulsive status epilepticus. Future clinical research on similar topics may
include more centers, with funding to participants, and more feasible protocols to avert
possible failure.

4.4.2. Magnesium Sulfate

Magnesium sulfate has been used to treat eclamptic seizures since first reported
in 1916 [96], and it is still the most commonly used medication in obstetric practice to-
day [97]. Intravenous doses achieve therapeutic levels almost immediately, and its only
FDA-approved indication in obstetrics is for the prevention or treatment of eclampsia [97].

Mg?* has been proven to have an antiepileptic impact in animal research, and this has
been known for decades [98]. Its effects are validated mostly by blocking the NMDA recep-
tor’s ion channel to prevent the Ca?* from passing through [99]. Early studies identified
the potential for convulsion in the Mg?* depletion state [100].

In a major randomized controlled trial, magnesium sulfate was proven effective in
controlling SE due to eclampsia [101] and became the first-line therapy in this condition.
However, the evidence level of intravenous magnesium sulfate administration for non-
eclamptic SE/RSE is Oxford level 4 Grade D, and routine use of MgSO4 in these patients is
not suggested until additional prospective studies establish its efficacy [102].

4.4.3. MK-801 (Dizocilpine)

MK-801 was discovered in 1982 as a selective, non-competitive antagonist of NMDA
receptors. Its binding site is in the ion channel of NMDA receptors, inhibiting the flow of
ions, primarily Ca?*, through the channel. MK-801 efficiently stopped SE and reduced the
death rate when paired with diazepam in both lithium-pilocarpine and soman-induced SE
animal studies [103,104].

The development of MK-801 as a therapeutic agent was halted, mainly due to its
side effect of the strict ON/OFF mechanism of NMDA receptor blockade in preclinical tri-
als [105,106]. Nevertheless, it is still commonly used in animal SE models as a comparative
medication or research tool.

4.4.4. Amantadine

Amantadine is a low-affinity non-competitive NMDA receptor antagonist. It primarily
increases dopamine release while decreasing dopamine reuptake in the CNS. Amantadine
was shown to have an NMDA receptor blockade effect by increasing the rate of channel
closure in 1991 [107].

There have been few studies on the efficacy of amantadine in SE. A retrospective
investigation on electrical status epilepticus in sleep (ESES) discovered that amantadine
may influence ESES-associated syndrome, and may have benefits on cognitive function
and behavior [108].
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4.4.5. Memantine

Memantine, an amantadine derivative, is a non-competitive NMDA receptor antago-
nist that binds to or near Mg?* binding sites [109]. Memantine has been demonstrated to
preferentially operate on the extrasynaptic NMDA receptors [110], where over-activation
has been associated with neurodegeneration in AD. As a result, memantine has been
licensed for use as a therapeutic drug in AD [111].

Memantine has demonstrated the potential to prevent cognitive deficits in numerous
animal seizure models and appears to have a considerable neuroprotective effect against
glutamate and NMDA neurotoxicity [112,113]. Memantine appears to diminish neuro-
toxicity in pilocarpine-induced SE and convulsion duration in pentylenetetrazole (PTZ)
models [113,114]. There are no current studies on seizures or SE with memantine.

4.4.6. Dextromethorphan

Dextromethorphan is among the most commonly used cough suppressants and FDA-
approved NMDA receptor channel blockers for more than 50 years [115]. Dextromethor-
phan has displayed some efficacy against seizures in multiple animal models [116]. A
few human investigation cases and case reports have been noted, with possible effects in
managing refractory epilepsy due to brain damage or partial epilepsy [117,118].

Table 1. The various compounds (NMDA and AMPA antagonists), their trials on SE, and characteristics.

Receptor Name Mechanism Binding Site Clinical Trial in SE Additional Characteristics
- Rapid onset, short half-life, and
Retrospective studies fewer hypotension events in
have shown their critical illness patients
non- potential effects as - Most side effects of ketamine
Ketamine competitive PCP site adjuvant drugs. are dose-dependent, transient,
antagonist Randomized and and self-resolving. Deaths
prospective studies caused by ketamine overdose, in
are needed the absence of multidrug
intoxication, are very rare [119]
- Be aware of areflexia of the
patellar deep tendon reflex,
followed by respiratory paralysis
or cardiac arrest as the plasma
Significantly effective level of MgZJr increases [120]
Magnesium non- 0 for.eclarlnptic SE. No - Magnesium-induced
Sulfate competitive Mg site  solid evidence was vasodilation is suspected due to
NMDA antagonist foundin its action on most types of
non-eclamptic SE calcium channels in vascular
smooth muscle, leading to
decreased intracellular calcium
and smooth muscle
relaxation [120]
- PCP was widely abused since
1965 with schizophrenia-like
No clinical studies due =~ symptoms which may persist for
’t(;1 its severe errifrfience V\]f:)eeks after its lastCl use, and some
‘1. non- enomena, which is abusers progressed to
P henlg(y:clsjhdme competitive PCP site Ic)haracterizecl by schizop}ﬁ‘engia later
(PCP) antagonist euphoria, vivid dreams, - Behavioral changes

illusions, and
hallucinations [121]

documented in animal studies,
and presumably in humans, are
indicated to occur through PCP
binding site antagonism
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Table 1. Cont.

Receptor Name Mechanism Binding Site Clinical Trial in SE Additional Characteristics
- Despite the neural
degeneration found in MK-801
exposure rats, MK-801 is a
well-known neuroprotectant in
No clinical studies due disease I.n%de!s (.)f .stroke, d
non to its significantly g;ﬁ:ﬂ;%;isﬁm mjury; an
(Dil\z/[cﬁ;?gilne) c;)r?g)etitive PCP site gle(iﬁfgrsli? ac Sg;tg;ts“;r? - The neuroprotective effects.
gonist the developi observed in cerebral ischemia or
. ping hypoxia are believed to be a
brain [122] P TR .
result of the inhibition of calcium
influx through the blocking of
overstimulation of increased
glutamate in damaged
tissue [123]
- Amantadine was first approved
as an antiviral agent via
interfering with viral replication,
but was not recommended due
to the high resistant
rate currently
non- No clinical studies exist - Amantadine can be 1:15ed as
Amantadine competitive PCP site ;urr.enﬂ%{, and 1’;fshox_/vs short—term thergpy Wlth .
antagonist o significant eftect in levoc.lopa in patients with mild
animal SE model [124] Parkinson’s disease to
relieve symptoms
- The main advantage is its low
side effect profile though livedo
reticularis is an uncommon side
effect associated
with amantadine
No clinical studies now, L.
and it did not prevent - Memantine is cul.‘rgntly used to
the development of SE, slow the .neur0t0>.<1c1ty’ thqught
on. while it showed a ;?1 gcgtlﬁ‘e;n Alzheimer’s disease
Memantine competitive PCP site g;)et‘efzgiiiln;ffr?;tlgfl neurodegenerative diseases
miasonst death, and reducing 4" SO0O0 S0 SeCH of
cognitive impairment in fusi 4 di 4 t "
e confusion cause discontinuation
post-SE condition of therapy
[114,125]
- Approved by FDA for cough
suppression and
pseudobulbar affect
- Over the past 2 decades,
No il e for SexmmCtiorpban s o
Dextrome non- : SE, while it showed models of stroke Pain or
thorphan competitive PCP site some 11m1teq efficacy in . - brad >, pain, TBI
antagonist refractory seizures as an ~ traumatic brain injury (TBI)
add-on therapy [116] - At high doses,
dextromethorphan may
precipitate seizures
- Potential therapeutic uses in
depression, stroke, TBI, seizure,
pain, autism
Retrospective clinical - The most common side effects,
studies showed a including dizziness, and
response rate of around ~ somnolence, which leads to
non- 35% in SE or RSE withdrawal from perampanel
AMPA Perampanel competitive si{)%ﬁ%t patients as a combined  usage, are dosage dependent
antagonist medication, but further - In real-world data in Europe,
RCT for appropriate perampanel as an add-on
timing and dosage therapy was continued for at
is needed least one year in 48% of patients
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Although there are numerous NMDA receptor modulators not only on the NMDA
receptor itself but also on the downstream pathway, only a handful have the potential to be
beneficial in alleviating seizures. NMDA receptor antagonists, such as ifenprodil, felbamate,
remacemide, and riluzole have been proven to have some effect in animal seizure models
but have not been conducted in SE models.

4.5. AMPA and Its Antagonists in SE, RSE, SRSE

Preclinical experiments for the antiseizure effects of competitive and non-competitive
AMPA receptor antagonists have been conducted [126]. At this time, the FDA has ap-
proved one of the AMPA receptor antagonists, perampanel, and several candidates called
GYKI52466 and NS1209 have limited therapeutic utility due to the short duration of action
and magnitude of adverse effects seen at effective doses [127,128]; so, further studies have
been halted (Table 1).

Perampanel

Perampanel is a selective, non-competitive AMPA receptor antagonist that has been
licensed by the United States FDA for the treatment of partial-onset seizures with or
without secondary generalization as monotherapy or adjunctive therapy. Perampanel and
GYKI52466 were able to stop pilocarpine-induced severe SE in rats that had resistance
to diazepam [129]. In the view of SE in human studies, some evidence came from case
reports, case series, and retrospective investigations, and some fresh data are emerging,
demonstrating that perampanel is effective and has a satisfactory safety profile in the
treatment of RSE and SRSE [130,131].

In 2022, a systematic review gathered twenty-one studies with a total of 369 cases of SE,
including 220 cases of RSE, and 70 cases of SRSE. Perampanel was employed in 324 cases
with initiation time ranging from 30 min and 59 days after SE onset. A total of 119 cases
(36.6%) were considered responders. It highlighted that real-world evidence of perampanel
as a potential therapeutic option in SE of any type is rising, but more clinical research is
needed to establish the appropriate timing, dosage, and titration that are efficacious and
safe for SE cessation [132]. Another retrospective investigation found similar outcomes with
the use of perampanel in refractory cases with a response rate of 36.5% [133]. Perampanel
is not yet routinely used in the guidelines for treating SE or RSE in America [134] and
Europe based on existing evidence from retrospective data [135]. Further randomized
control prospective trials are required to achieve the proper dose, timing, and duration of
perampanel use in SE patients.

4.6. Combined Polytherapy with NMDA and AMPA Antagonists

Several studies have focused on the early use of polytherapy with antiepileptic drugs
in different mechanisms to achieve a synergic effect, particularly GABA agonists with
NMDA and AMPA antagonists, with the conception of gradual loss of receptor response to
benzodiazepines and enhanced sensitivity to glutamate [8].

Studies have displayed some remarkable outcomes in animal SE models. Therapy
with phenobarbital, midazolam, and ketamine has been demonstrated to be superior to
monotherapy with phenobarbital or midazolam in cholinergic-induced SE [136]. Another
study discovered similar results in the lithium—pilocarpine SE model that the midazolam-—
ketamine—valproate combination therapy based on the receptor trafficking theory was
considerably more effective than the midazolam-fosphenytoin—valproate combination
utilized in clinical guidelines [137].

In human studies, according to clinicaltrials.gov, there are no active or published trials
in SE regarding NMDA and AMPA combination therapy. Future clinical trials may need
to incorporate an early polytherapy arm to administer treatment as soon as the patient is
recognized to be RSE.
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4.7. Limitation

This literature review focused on the NMDA and AMPA antagonists in the treatment
of SE, RSE, SRSE, in which NMDA and AMPA antagonists may demonstrate good effi-
cacy [50]. Despite their promising pharmacologic characteristics, their effects on behavior
and cognitive function still need special attention due to their wide distribution, and the
crucial roles of NMDA and AMPA receptors in the CNS [12,19]. Moreover, the interaction
of these antagonists with other standard AEDs in polytherapy, when treating SE, requires
further investigations in the future.

5. Conclusions

The complete control of SE or RSE is challenging; although, newer generations of
antiepileptic drugs/antiseizure medications have been developed. Because of their unique
function in the development of SE, NMDA receptor antagonists such as ketamine and
magnesium sulfate, as well as AMPA receptor antagonists such as perampanel, currently
present potential synergistic effects with benzodiazepine and conventional AEDs. Further
prospective, randomized studies about the appropriate timing, dosage, and duration of
these antagonists are needed to reduce the incidence of SRSE and to achieve early seizure
control to prevent long-term neurotoxicity.
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