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Abstract: Status epilepticus (SE), a condition with abnormally prolonged seizures, is a severe type of
epilepsy. At present, SE is not well controlled by clinical treatments. Antiepileptic drugs (AEDs) are
the main therapeutic approaches, but they are effective for SE only with a narrow intervening window,
and they easily induce resistance. Thus, in this review, we provide an updated summary for an
insight into drug-resistant SE, hoping to add to the understanding of the mechanism of refractory SE
and the development of active compounds. Firstly, we briefly outline the limitations of current drug
treatments for SE by summarizing the extensive experimental literature and clinical data through a
search of the PubMed database, and then summarize the common animal models of refractory SE
with their advantages and disadvantages. Notably, we also briefly review some of the hypotheses
about drug resistance in SE that are well accepted in the field, and furthermore, put forward future
perspectives for follow-up research on SE.
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1. Introduction

Status epilepticus (SE) is traditionally defined as one seizure lasting for more than
30 min or repeated multiple seizures lasting for more than 30 min, with no return to the
baseline state of consciousness during the seizure. However, the International League
Against Epilepsy (ILAE) redefined SE as a condition resulting either from the failure of
the mechanisms responsible for seizure termination or from the initiation of mechanisms,
leading to abnormally prolonged seizures (after time point t1, usually 5 min), which causes
various long-term outcomes (after time point t2, usually 30 min), including neuronal death,
neuronal injury, and the alteration of neuronal networks. These two time points show
clear clinical implications: t1 determines the time at which treatment should be considered
or started, whereas t2 determines how aggressively treatment should be implemented to
prevent long-term consequences [1]. According to available reports, the global annual
incidence of SE is 5 to 36 cases per 100,000 adults [2–4]. Young children and the elderly are
particularly at high risk for SE attacks. The etiology of SE is complex; it can often be due
to the inappropriate use of AEDs and the discontinuation of medication without medical
advice. Acute encephalopathy, psychiatric factors, overexertion, trauma, tumors, or drug
intoxication also induce SE, in addition to a small number of patients whose cause of SE is
not yet clear.

Rapid and efficacious treatment is required when patients enter the state of SE. How-
ever, current clinical treatments (please see details in Section 2) do not control SE well,
leading patients to be likely to develop complications such as brain edema and necrosis,
metabolic acidosis, liver function damage, rash, and arrhythmia [5,6]. This situation sug-
gests the significant importance of basic research on the mechanism of SE and further
development of effective and safe AEDs.
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This retrospective review of the current status of drug therapy for SE summarizes the
animal model of refractory SE and the hypothesis for drug resistance, and puts forward
prospects for SE. We systematically searched PubMed for publications in English with
the combined keywords, including “Status Epilepticus”, “animal models”, “hypothesis”,
“drug resistance”, “refractory”, “antiepileptic drugs”, and “drug target”. This generated a
total of 247 articles and we selected papers published after 2000. Reference lists of relevant
papers were also checked for additional studies. We also used a few earlier classic articles
from before 2000 if they were particularly pertinent to the discussion. We arbitrarily chose
seminal work, clinical studies with the highest level of evidence, and some articles were
excluded from this review due to missing details. Finally, 152 publications were included
in the present review.

2. Current Dilemmas in Pharmacological Treatment

Drug therapy is currently considered the most common clinical treatment and, in
most cases, only intravenous agents are used for SE. Benzodiazepines are the first choice
treatment, and mostly consist of lorazepam or diazepam that is adopted as an initial
monotherapy treatment for SE. Real-time monitoring of vital signs is maintained while
the patient is in the observation phase. When SE attacks for 5 min, commonly used
therapeutic agents are: diazepam, lorazepam, and clonazepam [7,8]. In recent years, the use
of lorazepam instead of diazepam has been extensively recommended, but there is currently
no lorazepam in some countries, including China, making diazepam-based treatment still
the first choice in these countries. However, given that the action intensity of clonazepam
is 10 times that of diazepam, clonazepam is frequently considered a prior option for SE
treatment, although more clinical experience is needed for it to earn widespread recognition.
There is also a narcotic drug, midazolam. Although many studies now find it to be more
effective than diazepam, it also has stronger effects on respiration and blood pressure than
diazepam, and there are limitations to its use as an anesthetic; this drug is not yet widely
recognized, so we have not placed it among the first-line drugs in this article [9].

When SE lasts for more than 5 min and less than 30 min, some non-sedative AEDs,
such as intravenous formulation of phenytoin, valproic acid, or levetiracetam, are used as
second-line medications [10,11]. In clinical studies, these three drugs, when used alone,
have a nearly 50% chance of stopping a seizure within 60 min [11,12]. Phenytoin is more
effective than levetiracetam in convulsive SE of children, but levetiracetam may also be
a good alternative for safety and patient adaptation [13,14]. At this stage, drugs can be
administered in combination. If the patient’s SE fails to terminate within this time, there is a
high probability that it will evolve into refractory SE (RSE), i.e., a condition that occurs when
two or more AEDs including at least one non-benzodiazepine drug are not effective [15].

When SE lasts longer than 30 min, an RSE situation occurs, and anesthetics, including
propofol, ketamine, and midazolam, can be further used for the treatment of RSE and are
widely accepted [16]. However, super-refractory SE (SRSE) occurs when SE lasts for at least
24 h after the initiation of continuous anesthetics (i.e., midazolam, propofol, pentobarbital,
and ketamine) or during the weaning of these drugs [17,18]. Patients entering the stage
of SRSE can choose a ketogenic diet, hypothermia, and electroconvulsive therapy [19–21].
At the same time, factors including the airway, blood pressure, temperature, intravenous
electrocardiography, complete blood count, glucose, electrolytes, arterial blood gas, and
tox screen should also be tested. Considering that each drug has certain side effects of
lowering blood pressure and respiratory depression, much attention should be paid to the
patient’s condition in the case of giving these drugs [11,22]. Thus, the early initiation of
anticonvulsants is the key to the successful control of SE. Clinical data indicate that a longer
duration of SE generally implies a more dangerous prognosis [23,24]. Thus, the principle of
treatment for SE is: “time is brain” (Figure 1).
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Figure 1. Clinical use of medication at different times during SE attacks. (1) When SE = 0 min, the
preferred drugs are diazepam, lorazepam, clonazepam, etc. (2) When 5 min ≤ SE < 30 min, drugs
such as phenytoin, valproic acid, or levetiracetam are used as second-line medications. (3) When
SE > 30 min, RSE occurs and anesthetics, including propofol, ketamine, and midazolam, can be
administered. (4) When SE lasts for 24 h, patients can choose between a ketogenic diet, hypothermia,
or electroconvulsive therapy.

At present, although there are many AEDs available to be chosen, the following
dilemmas still need to be faced for contemporary drug treatment: (1) The therapeutic
window is short as mentioned before; and delayed drug therapy is prone to inducing
drug resistance and long-term adverse consequences [25,26]. (2) SE is prone to recurrence
after drug treatment. In recent years, some studies have found that the recurrence rate
of SE in adult patients is about 20% over the next 4 years [27,28]. (3) SE remains at risk
of misdiagnosis [29,30]. Non-epileptic seizures can be misdiagnosed as genuine epileptic
seizures, which can lead to inappropriate, costly, and potentially harmful treatment. SE is a
life-threatening condition, so early determination is very important.

Thus, what has caused this situation and how can these dilemmas be addressed? On
the one hand, the current source of AEDs shows that most drugs are screened through
acute animal models [31]. As epilepsy is a chronic disease, there is a great lack of screening
candidate compounds in drug-resistant chronic epilepsy models or drug-resistant SE
models. On the other hand, most of the current AEDs produce antiseizure actions with the
mechanism of “excitation-inhibition imbalance”, and there is a lack of new drug targets
and new mechanisms for initiation, so it is crucial to clarify the mechanism of action of
refractory SE and develop effective compounds.

3. Animal Models of SE

Animal models are of great significance for investigating the pathogenesis of SE and
the drug resistance mechanism, and are even more important today. Each model has
different characteristics, and the current animal SE models used in studies are characterized
by prolonged seizures or recurrent multiple seizures. Based on extensive literature research,
we selected several widely used and easily manipulated modeling approaches, including
kainic acid (KA), pilocarpine, kindling, and prolonged febrile seizure (FS) models. We
discuss each model in the details below (Table 1). In the present review, we focus only on
the SE phase, especially studies investigating the termination of SE.
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Table 1. Common animal models of SE.

Model Mode of Operation Mechanism Mortality Rate

KA model

Intraperitoneal injection KA binds directly to non-NMDA (KA)
receptors in the neuronal postsynaptic

membrane, producing excitatory postsynaptic
potentials that lead to seizures.

47–75%

Intraventricular injection 8–21%

Intranasal injection Lower than
intraventricular injection

Pilocarpine model
Lithium–pilocarpine Pilocarpine can stimulate not only the M

receptor, but also NMDA receptors, metabolic
glutamate receptors, resulting in activation of

the excitatory system in the brain.

27.4–40%
Intracerebral

administration

Kindling model
Hippocampus Repeated electrical stimulations cause a

gradual change in the excitatory synaptic
plasticity and lower seizure threshold.

——

Amygdala

Prolonged FS

LPS-induced FS
An imbalance between the excitatory

neurotransmitter glutamate and the inhibitory
neurotransmitter GABA.

About 50%
Heat-induced FS

FS induced by heat combined
with LPS

3.1. KA-Induced SE Model

KA, an L-glutamate analog, is an effective stimulant in the central nervous system
(CNS) with activation of glutamatergic transmission, which selectively binds ion-shifted
glutamate receptors (KA receptor). Irregular high-amplitude spikes first appear after
KA administration in the brain. Then, periodic epileptiform discharges, high-frequency
bursting, and a combination of periodic epileptiform discharges with increasing severity
of epileptiform discharges as well as high-frequency bursts of short duration appear
gradually [32].

KA is usually administered in three ways, including systemic, intracerebral, and
intranasal injection [33]. When animals are intraperitoneally injected with KA, behavioral
seizures occur within approximately 15–30 min, followed by SE at 30–90 min. SE can last
2–6 h, and neurons begin to be damaged 3 h after KA injection. The mortality rate of this
model is about 47–75% [34–37]. The advantage of intraperitoneal KA injection is that the
method is simple and easy to operate, which eliminates the confounding effects of surgical
anesthesia and the additional damage caused by direct contact with brain tissues during
the intracerebral injection. However, it is not easy to control the bioavailability of KA in
the brain and high mortality. For intracerebral injection, the animals are first implanted
with a cannula, and KA is injected into the hippocampus or amygdala, or lateral ventricles
through the cannula. This approach is endowed with the advantage that KA can bypass
the blood–brain barrier (BBB) and go directly to the designated site, thereby reducing
mortality. Usually, the animal reaches SE within 30 min and the SE lasts for 3–12 h. The
mortality rate of this model is about 8–21% [32,38,39]. The disadvantage is the operation
inconvenience and the requirement of well-trained researchers to establish this model.
Intranasal delivery is relatively uncommon. By modeling in this way, the animals reach
SE within 15–30 min and this lasts for 1–5 h [40,41]. The mortality is lower than that of
intrahippocampal administration, which is a nice advantage. However, similar to systemic
delivery, it fails to easily control the bioavailability of KA.

In the KA-induced SE model, diazepam with delayed treatment easily induces the
drug-resistant state. Some studies have found that in the very early stage of KA-induced SE
(about 5 min), 50 mg/10 mL of diazepam eliminated the epileptiform electroencephalogram
(EEG) activity and behavioral seizure activity was also terminated. However, the EEG
pattern of SE recurred in the diazepam-treated animal at 1 h after treatment, which was
accompanied by subtle behavioral seizures [42]. Our group previously found that the
diazepam, delivered immediately (10 min) after the onset of SE, exerted a termination
effect on SE for more than 60% efficacy and reduced the EEG power of SE. However,
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after 40 min of SE, diazepam treatment cannot control SE and animals often develop drug
resistance [43,44]. This strongly suggests that the KA-induced SE model combined with
delayed treatment of diazepam might be used as a model of drug-resistant SE.

3.2. Pilocarpine-Induced SE Model

Pilocarpine is an alkaloid extract from the leaves of the genus rutaceous, which mainly
acts on muscarinic receptors and shows a muscarinic-like effect. The nicotinoid effect can
also be observed in large doses. It initiates seizures by activating cholinergic receptors and
N-methyl-D-aspartic acid (NMDA) receptors to maintain SE [45,46]. Pilocarpine models can
be combined with other drugs, the most widely used is the lithium–pilocarpine combination.

After intraperitoneal administration of pilocarpine, the animals develop discontinuous
seizures after about 30 min, which are followed by SE within 1–2 h, lasting for about
90–150 min. However, the mortality rate in this model is high, about 27.4–40%. The
mortality rate can even reach 85% at a high dosage of pilocarpine [45,47,48]. SE can also be
induced by intracerebral administration of pilocarpine, including direct injection into the
dorsal hippocampus or ventricles [49,50]. Spikes appear approximately 25–30 min after
administration and have a high peak rate. The epileptiform discharges consist of rapid
spikes, which then change to rapidly repeating bursts and decrease in frequency over the
next few hours. Such SE can last for at least 5 h [51,52].

Several studies have found good termination effects with diazepam injected 10 min
after pilocarpine injection; however, the longer the time window of the treatment, the more
dose-dependent the effects of diazepam become. Within 45 min after pilocarpine injection,
animals enter a state of SE, with a reduced response to diazepam and resistance. However,
complete recovery from SE can be achieved after high doses of diazepam (100 mg/kg),
with dose dependence occurring 30 min after pilocarpine injection [53,54]. Together, both
KA and pilocarpine-induced SE models reflect a clinical phenomenon that predisposes SE
to a resistant state under conditions of delayed pharmacological intervention.

3.3. Kindling-Induced SE Model

Kindling refers to the repeated electrical stimulation of limbic structures, which is a
widely used model of temporal lobe epilepsy [55,56]. The most commonly stimulating
site of kindling is the hippocampus or amygdala. Kindling has also been used as an
electrically-induced SE model in some cases.

Intermittent electrical stimulation of the hippocampus lasting 90 min induces SE [57].
SE induced by electrical stimulation of the hippocampus initially consists of a rapid spiking
pattern of electrical spasms, after which the frequency of the spike decreases over the next
hours. Then the EEG switches to rapid, repetitive bursts. The SE ends when these bursts
switch to periodic discharges. After kindling stimulation is terminated, the animal exhibits
persistent wet-dog-like behavior [57]. Sustained electrical stimulation in the basolateral
amygdala lasting for 25 min induced three different types of SE: Type 1, partial (non-
convulsive) SE, which was characterized by limbic stage 1 and stage 2 seizures (Racine
Scale); Type 2, partial SE interrupted by occasional periods of stage 3 and generalized
convulsive (stage 4 or 5) seizures; and Type 3, generalized convulsive SE. During SE,
hippocampal extracellular acetylcholine (ACh) levels were significantly increased, but
the extracellular ACh precursor choline levels were not significantly increased. At the
same time, the levels of extracellular γ-aminobutyric acid (GABA) and glutamate in the
hippocampus increased significantly during SE, and glutamate levels were further increased
after the termination of Type 3 SE [58]. No detailed report has been found on the EEG of SE
induced by electrical stimulation of the amygdala.

There are few reports on drug resistance in the kindling-induced SE model. Available
studies have shown that SE can be terminated in 65% of animals when phenobarbital is
injected within 10 min after SE. It can be terminated in 100% at the second injection. In
addition, it has been reported that phenobarbital injected 15 min after the onset of SE can
be controlled in more than half of the animals. Only 33% of the animals could be controlled
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when phenobarbital was injected 30 min after the onset of SE, and this percentage was
even lower when phenobarbital was injected more than 60 min after the onset of SEI [59].
This suggests that the drug does not effectively intervene in the time window of kindling-
induced SE, even after prolongation.

3.4. Prolonged FS-Induced SE Model

Clinically, FS often occurs in children between 3 months and 5 years of age [60–62],
affecting 2–5% of children worldwide. The ILAE defines an FS as a seizure occurring in
childhood after one month of age, associated with a febrile illness that is not caused by an
infection of the CNS. A child with the diagnosis of FS cannot have a history of neonatal
seizures, a previous unprovoked seizure, or meet the criteria for other acute symptomatic
seizures [60]. FS can be divided into simple and complex types. Simple FS usually occurs
only once and lasts less than 15 min, most children recover from these within a few minutes
and have a good prognosis. Complex FSs are focal attacks that generally occur multiple
times during periods of fever and last more than 15 min. Prolonged FS will lead to febrile
SE (FSE) [63]. As a subtype of complex FS, FSE is a neuroemergency, leading to long-term
complications and predisposing patients to other neurological disorders in later life [64,65].
Therefore, designing an effective animal model of prolonged FS is of great significance to
study the pathogenesis changes and therapeutic interventions of FSE.

Three types of methods have been commonly used to model FSE: (1) Lipopolysaccha-
ride (LPS)-induced FS. Usually, LPS (10 mg/kg) was given to the animals by intraperitoneal
injection for 2 h before inducing FS [66]. (2) Heat-induced FS. The mice were placed in a
constant high-temperature chamber to induce FS, and the induction was repeated three
times [67]. Alternatively, mice were given a hot water bath every two days, 10 times for
5 min each time [68], or with heated lamps [69]. (3) FS induced by heat combined with LPS.
For example, mice were injected intraperitoneally with LPS and then heated with a hair
dryer to induce FS [70].

The EEG features of FSE are not well documented. In cortical recordings, only
semirhythmic or sporadic spikes were seen. During normothermia, both amygdala and
cortical recordings typically reveal non-rhythmic, low-voltage discharges. When animals
enter into FS, rhythmic discharges with increased amplitude occur in the amygdala. At this
point, there’s no change in activity in the cortex, but there is a typical decrease in discharge
abundance and voltage [71,72].

At present, the drug resistance of FSE has not been reported in detail in animal models.
We previously showed that diazepam is effective on the first FS, but cannot effectively
control repeated or prolonged FS [73–75]. Further study is still needed in the future to
investigate drug resistance states in FSE models.

3.5. Other SE Models

In addition to the models mentioned above, there are other SE models. As cortical
insults are very common triggers of human SE that are difficult to treat, experimental animal
studies have often targeted temporal lobe structures to induce SE [76]. It has previously
been reported that focal seizures are caused by the implantation of cobalt into the motor
cortex [77,78]. Cobalt binds to oxygen, causing functional hypoxia, and low oxygen, the
cortical tissue damage caused by trauma, hemorrhage, hypoxia, and infection often leads to
acute seizures and SE [79,80]. The animals are then injected with homocysteine, an agonist
for the ionized glutamate receptor for NMDA. Activation of NMDA receptors allows Ca2+

entry into neurons and enhances excitability, thus triggering prolonged seizures. However,
this model can lead to edema and BBB damage, which increases mortality. Phenobarbital
and lorazepam have shown therapeutic effects, but no findings have been reported about
drug resistance in this model [81].

Organophosphorus chemicals, including pesticides (parathion et al.) and nerve gases
(diisopropyl fluorophosphate (DFP), sarin and soman, etc.), have also been used to induce
the SE model [82]. These agents potently inhibit acetylcholinesterase, leading to the
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accumulation of ACh and stimulating the cholinergic system, which causes an acute
cholinergic crisis. Seizures can be evident within minutes of organophosphorus exposure
and often progress to SE [83]. High doses of DFP have generally been chosen to induce SE
in laboratory animals [84–86]. DFP has a very short latency to induce SE and can reach
SE within 10–20 min [87,88]. In this SE model, phenobarbital was found to terminate
SE dose-dependently. Phenobarbital at a high dose (100 mg/kg) was able to completely
terminate SE, but it showed severe adverse effects and high mortality rates [87].

In addition, there are other SE models, including the Tustin model [89], thiocolchico-
side model [90], and so on. However, the drug resistance situation in these SE models is not
clear. The usage rate of these models may not be common due to the difficulty of modeling
and the low universality. Although there are many types of SE models, as we mentioned
above, the real drug-resistant SE model is limited, which retards our understanding of the
mechanism of drug-resistant SE. In other aspects, current SE models are often used to study
the later process of epileptogenesis followed by SE. We here emphasize the importance of
studying the phase of SE termination, which may be important for developing effective
drugs for controlling drug-resistant SE.

4. Common Hypotheses of Drug-Resistant SE

In animal studies, there are many hypotheses regarding the drug resistance mechanism
of SE, including the classical “excitatory-inhibitory imbalance”, GABAergic transmission,
glutamatergic transmission, and ion channels. In recent years, it has been found that
neuroinflammation, nutritional factors, and other factors are also significantly involved.
We have selected some hypotheses that have gained a high degree of acceptance in the field
in recent years (Figure 2).
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4.1. Degraded GABAergic Transmission Hypothesis

The primary inhibitory neurotransmitter in the brain is GABA [91]. GABA is produced
from glutamate, the primary excitatory neurotransmitter, by glutamate decarboxylase with
pyridoxal phosphate as a cofactor [92]. The primary function of GABA is to reduce neuronal
excitability by binding to various GABAergic receptors in the plasma membrane of both
presynaptic and postsynaptic neuronal processes, thereby inducing hyperpolarization [93].

The primary mechanism of benzodiazepines is to increase GABA function, but as SE
continues, benzodiazepines become ineffective. It is primarily due to the internalization
of synaptic (gamma-subunit)-containing GABAA receptors [54,94]. During SE, both the
GABAA receptor-mediated inhibition of hippocampal principal neurons and the response
of these neurons to benzodiazepines are reduced [64–66]. According to Goodkin et al.’s
report, during SE, increased internalization rates of GABAA receptors are modulated
by neuronal activity, which contributes to the reduced inhibitory transmission observed
during prolonged SE [94]. Another study found that during pilocarpine-induced SE,
colocalization of the β2/β3 and γ2 subunits of GABAA receptors with the presynaptic
marker synaptophysin is reduced. In contrast, the proportion of these subunits is increased
in dentate granule cells [95]. These results suggest two possible explanations for the
decrease in GABAA receptors during SE. In one instance, the internalization of ligand-
dependent GABAA receptors increases as the extracellular GABA concentration increases.
The other is that the increase in GABAA receptors’ internalization is the result of a non-
ligand-independent mechanism that is mediated by the excitability of neurons, which is
increased by the stimulation of excitatory amino acid receptors [96–98]. In addition, the
resistance of GABAergic drugs in SE may be due to the phosphorylation status of the
potassium chloride transporter KCC2, which increases intracellular chloride levels and
decreases the inhibition of GABAA receptor activation [99].

4.2. Augment of AMPA Receptor Function Hypothesis

AMPA (α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid) receptors are het-
erotetramers composed of combinations of the protein subunits GluA1, GluA2, GluA3,
and GluA4, which are assembled into ion channels with distinct physiological properties
that mediate rapid (millisecond timescale) excitatory neurotransmission [100,101]. When
glutamate binds, it activates the AMPA receptor, producing an excitatory postsynaptic
potential [102]. AMPA receptors are insensitive to membrane potential, and their opening
is gated by glutamate [103].

During SE, pyramidal neurons of the hippocampus are highly active and both AMPAR-
mediated transmission and NMDA receptors are activated [104,105]. Seizures enhance
AMPAR-mediated transmission in activated neurons by inserting GluA1 into glutamate
synapses [106]. Each seizure alters the transmission of a subset of neurons, so recurrent
seizures reorganize a larger subset of neurons [106]. These neurons finally form a self-
perpetuating and propagating network that ultimately supports SE. Previous studies have
shown that AMPA receptor antagonists have a broad spectrum of anticonvulsant activity
and terminate SE [102,107,108], even in benzodiazepines-resistant conditions [102]. NS1209,
a novel AMPA receptor antagonist, terminated electrically induced and KA-induced SE
without relapse after 24 h [109,110]. GYKI52466, another AMPA antagonist, has also been
shown to terminate benzodiazepines resistant SE by blocking AMPA receptors in a non-
competitive manner via an allosteric site on the receptor channel complex [111]. It indicates
that AMPA receptor antagonists may effectively treat benzodiazepines-resistant SE.

4.3. Overactivation of Neuroinflammation Hypothesis

Neuroinflammation is a CNS response to various injuries, including tissue damage,
infection, autoimmune disorders, stress, and seizures [112]. Neurogenic inflammation is
the inflammatory response in the CNS caused by increased neuronal activity in the absence
of obvious pathological conditions. Experiments have demonstrated that the overexcitation
of neural networks during epileptic seizures results in neurogenic inflammation [95,113].
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Activated microglia and astrocytes, neurons, and endothelial cells of the BBB all cause
neuroinflammation [114]. It has been shown that the expression of inflammatory mediators,
such as Interleukin-1β (IL-1β), high mobility group box 1 (HMGB1), and many other
cytokines, is significantly upregulated during SE [43,44,115]. Neuroinflammation is not
only a consequence of seizures but also contributes to their genesis. Next, we emphasize
the role of IL-1β and HMGB1 in SE by providing the examples listed below:

During recurrent seizures, endogenous “danger signals”, which are activated by po-
tentially pathogenic damage, activate toll-like receptor 4 (TLR4) and brain cells release
HMGB1, while IL-1β, released from neurons, glial cells, and brain endothelial cells during
inflammasome activation, and macrophages expelled from the blood, activate IL-1R1 in
epilepsy [112,116,117]. Similar intracellular signaling molecules are activated by the TLR4
and IL-1R1 receptors. This signaling pathway can be activated by the transcription of
inflammatory genes regulated by transcription factors nuclear factor kappa-B (NF-κB)
and activator protein 1 or by posttranslational modification of neuronal channel proteins
or receptors by other kinases. Signaling through these receptors contributes to neuronal
hyperexcitability, leading to seizures and drug-resistant epilepsy [118–121]. Thus, signifi-
cant drivers of epileptic neuroinflammation, HMGB1 and IL-1R, are widely regarded as
anti-inflammatory therapy targets for treating drug-resistant SE [122–124].

Based on the upregulation of HMGB1 expression during SE, we identified the HMGB1-
TLR4 pathway as a contributor to diazepam-resistant SE. When the onset of SE was 40 min,
diazepam alone was ineffective in terminating SE. Anti-HMGB1 mAb neutralized excessive
HMGB1 or knocked down downstream TLR4 receptors, which significantly increased
the termination percentage of diazepam-resistant SE, indicating that HMGB1 is a crucial
factor in maintaining diazepam resistance. When the onset of SE is prolonged (>60 min),
synergistic therapy appears to be more efficacious [43]. The study demonstrated that anti-
HMGB1 mAb controls led diazepam-resistant SE with a broad intervention window. On the
other hand, the IL-1β protein level increased significantly during prolonged SE, especially
in the diazepam resistance condition of approximately 40 min. We found that prolonged
SE could be terminated by using an antagonist of IL-1R1, in conjunction with diazepam,
and that prolonged SE in IL-1R1 KO mice was not resistant to diazepam. Importantly, we
found that IL-1β administration is sufficient to induce diazepam resistance at early-stage
SE, implying that accumulated IL-1β may promote the progression of diazepam-resistant
SE. The knockdown of the IL-1R1 gene may be able to reverse or prevent the progression
of diazepam resistance [44]. Therefore, IL-1R1 is a practical drug target for treating drug-
resistant SE.

4.4. Upregulated P-glycoprotein (P-gp) Hypothesis

P-glycoprotein (P-gp) is one of the most crucial efflux transporters of exogenous
substances of BBB, highly expressed in secretory epithelial cells of various peripheral
tissues, while expressing a relatively low level in BBB endothelial cells [125,126]. The efflux
effect mediated by P-gp may restrict AEDs’ concentration in the brain [127].

During SE, there is a substantial increase in P-gp expression, which is related to
numerous molecular signals. In the pilocarpine-induced SE model, it is reported that
HMGB1 knockdown reduces the expression of MDR1A/B mRNA and P-gp protein via
the RAGE/NF-κB inflammatory signaling pathway [128]. Deng et al. showed that the
overexpression of exogenous miR-146a-5p significantly inhibits the expression of IL-1R-
associated kinase and TNF receptor associated factor 6 in the brains of drug-resistant SE
rats via the NF-κB signaling pathway, which reduces the level of P-gp, and may represent a
promising therapy for drug-resistant SE [129]. The increased expression of P-gp can also
be induced by the activation of cyclooxygenase-2 (COX-2). In other words, the increased
glutamate levels in the brain due to SE attack activates COX-2 to increase the expression of P-
gp. In the KA-induced SE model, Ciceri found that low-dose cefoxib with anti-inflammatory
activity could inhibit central COX-2 and P-gp expression [130]. These findings imply that
anti-neuroinflammatory drugs with the potential to inhibit central COX-2 may restore the
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increased P-gp expression, thereby enhancing the distribution of AEDs in the brain and
aiding in improving the control of drug-resistant SE.

4.5. Neurotrophic Factors (NTFs) Hypothesis

NTFs are molecules that support the growth, survival, and differentiation of develop-
ing neurons. In the CNS, they play a functional role at the synaptic level, and exert distinct
regulatory effects on excitatory and inhibitory synapses in addition to their neurotrophic
effects. The study also suggests that NTFs may play a role in certain aspects of SE [110],
including glial-cell-derived neurotrophic factor [131,132], nerve growth factor [133,134],
and vascular endothelial growth factor [135]. However, the factors fibroblast growth factor
2 (FGF2) and brain-derived neurotrophic factor (BDNF) receive the most attention.

Previous research indicates that FGF2 is closely associated with seizures. However,
it does not appear to be a necessary condition for SE onset, though it may exacerbate
SE [136]. Chris Gall and colleagues demonstrated that SE induces dramatic, multi-day
increases in the expression of BDNF [137]. This increase correlates with the time course of
the SE-induced activation of TrkB signaling [138]. Different downstream pathways may
mediate the detrimental and beneficial effects of SE-induced TrkB signaling in SE, and
selective inhibition of the detrimental pathway may become a novel therapeutic strategy.
For example, activation of chicken phospholipase Cγ1 signaling appears to mediate the
detrimental epileptogenic effects of TrkB activation [139]. Based on this signaling pathway,
some researchers used CEP-701 to inhibit TrkB activation and found that it can reduce
the severity of KA-induced seizures [140]. Currently, NTFs are studied primarily in the
final phase of SE. Therefore, targeting the signaling of distinct NTFs for drug-resistant SE
remains unclear.

5. Summary and Outlook

As we summarized, there are currently many dilemmas in the pharmacological treat-
ment of SE. Despite our review of the common hypotheses of drug resistance mechanisms
for SE, current drugs are single mechanism, which is a daunting challenge for multi-causal
SE. Many new safe and effective drugs are urgently needed to be designed and developed.
Meanwhile, with the advancement of technology and medical treatment, some of the
historical data cannot be updated in real time, so we can only select the content that is
currently well recognized in the field, including models and hypotheses, which might be
the limitation of this article. However, in this review, we provide an updated summary
for an insight into drug-resistant SE, hoping that it will help in the understanding of the
mechanism of refractory SE and provide for an increase in attention in order to develop
active compounds for both research and the industry field. Here we put forward further
future perspectives for the follow-up research on SE.

(1) New Mechanism of SE in both molecular and circuit levels

Apart from the pharmacoresistant hypotheses of SE mentioned before, new mech-
anisms and other drug targets are still needed. For example, miR-15a-5p that targets
negatively regulated NR2B expression [141] and the ATP-gated purinergic P2X7 recep-
tor [142] that may function as novel drug targets for not only epilepsy but also SE. P2X7
receptor antagonists can also play an adjuvant role in the SE model of benzodiazepine drug
failure. Engel et al. found that lorazepam or P2X7 receptor antagonist A438079 alone had no
good effect on drug resistance in long-duration SE, while the combination of the two could
effectively terminate SE [143]. In addition to some new molecules, we should pay more
attention to the neural circuit mechanism of SE. Epilepsy is gradually being accepted as a
circuit-level syndrome pathologically characterized by hypersynchronous seizure activity.
At present, although we have elucidated many neural circuitry mechanisms in epilepsy
with the development of optogenetics, chemogenetics, in vivo imaging, etc. [144,145], the
neural circuit involved in different phases of SE is still largely unknown. A seizure has
its own electrographic evolution feature: a seizure initiation, a spread, and a termination,
which is usually linked with different networks [146]. As prolonged SE is the failure of
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the mechanisms responsible for seizure termination or from the initiation of mechanisms,
revealing the circuit that medicates the termination of SE will be very important for SE
treatment by using the precise intervention of the circuitry approaches.

(2) New smart therapeutics with safe and effective features

SE is a complex process involving complex mechanisms. The hypothetical mechanisms
we have mentioned above may be a process of mutual integration between them, and they
may all participate in the pathogenesis of SE. Whether monotherapy or a multi-drug
combination should be used for optimal treatment (both safe and effective features) of
refractory SE is still in debate and needs to be further clarified, especially in double-blind
randomized control multi-center research. At the same time, as drug resistance in SE is
usually caused by delayed drug treatment, finding more effective and timely treatment
strategies, especially drugs that can broaden the time window, is crucial for clinical patients.
Previously, we developed “smart” electro-responsive drug carriers [147–149], which release
drugs quickly in response to epileptiform discharges. This would be a great advantage for
timely “on-demand” drug delivery to improve the efficacy of pharmacotherapy for SE.

(3) Prediction of drug resistance in SE

In the future, how to predict drug resistance in advance in patients with SE is also
an important direction to control SE. If so, we may be able to prepare and intervene
in advance before a patient develops SE. Although some studies are trying to find some
biomarkers [150], such as the neuron-specific enolase and progranulin, glia-specific HMGB1
et al., the correct rate of prediction has not been successfully verified in a larger population.
Combined with big data analytics, artificial intelligence [151,152], and a deeper insight into
the mechanism, we may prospectively identify the risk factors that are apparent for SE or
even drug resistance in SE, which may bring the intervention window forward to a much
earlier point of treatment.
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Abbreviations

SE Status epilepticus
ILAE International League Against Epilepsy
AED Antiepileptic drug
EEG Electroencephalogram
KA Kainic acid
FS Febrile seizure
CNS Central nervous system
RSE Refractory status epilepticus
SRSE Super-refractory status epilepticus
NMDA N-methyl-D-aspartic acid
GABA γ-aminobutyric acid
LPS Lipopolysaccharide
AMPAR α-Amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor
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IL-1β Interleukin-1β
HMGB1 High mobility group box 1
TLR4 Toll-like receptor 4
NF-κB Nuclear factor kappa-B
P-gp P-glycoprotein
COX-2 Cyclooxygenase-2
NTFs Neurotrophic factors
BDNF Brain-derived neurotrophic factor
FGF2 Fibroblast growth factor 2
TrkB Tropomyosin-related kinase B

References
1. Trinka, E.; Cock, H.; Hesdorffer, D.; Rossetti, A.O.; Scheffer, I.E.; Shinnar, S.; Shorvon, S.; Lowenstein, D.H. A definition

and classification of status epilepticus–Report of the ILAE Task Force on Classification of Status Epilepticus. Epilepsia 2015,
56, 1515–1523. [CrossRef] [PubMed]

2. Leitinger, M.; Trinka, E.; Giovannini, G.; Zimmermann, G.; Florea, C.; Rohracher, A.; Kalss, G.; Neuray, C.; Kreidenhuber, R.;
Höfler, J.; et al. Epidemiology of status epilepticus in adults: A population-based study on incidence, causes, and outcomes.
Epilepsia 2019, 60, 53–62. [CrossRef] [PubMed]

3. Nazerian, P.; Lazzeretti, D.; Vanni, S.; Donnarumma, E.; Magazzini, S.; Ruggiano, G.; Giannasi, G.; Grifoni, S.; Zaccara, G.
Incidence, management and short-term prognosis of status epilepticus in the emergency department: A population survey. Eur. J.
Emerg. Med. 2019, 26, 228–230. [CrossRef]

4. Tiamkao, S.; Pranboon, S.; Thepsuthammarat, K.; Sawanyawisuth, K. Incidences and outcomes of status epilepticus: A 9-year
longitudinal national study. Epilepsy Behav. 2015, 49, 135–137. [CrossRef] [PubMed]

5. Sutter, R.; Dittrich, T.; Semmlack, S.; Rüegg, S.; Marsch, S.; Kaplan, P.W. Acute Systemic Complications of Convulsive Status
Epilepticus—A Systematic Review. Crit. Care Med. 2018, 46, 138–145. [CrossRef] [PubMed]

6. Hawkes, M.A.; Hocker, S.E. Systemic Complications Following Status Epilepticus. Curr. Neurol. Neurosci. Rep. 2018, 18, 7.
[CrossRef] [PubMed]

7. Alldredge, B.K.; Gelb, A.M.; Isaacs, S.M.; Corry, M.D.; Allen, F.; Ulrich, S.; Gottwald, M.D.; O’Neil, N.; Neuhaus, J.M.;
Segal, M.R.; et al. A comparison of lorazepam, diazepam, and placebo for the treatment of out-of-hospital status epilepticus. N.
Engl. J. Med. 2001, 345, 631–637. [CrossRef]

8. McTague, A.; Martland, T.; Appleton, R. Drug management for acute tonic-clonic convulsions including convulsive status
epilepticus in children. Cochrane Database Syst. Rev. 2018, 1, Cd001905. [CrossRef]

9. Silbergleit, R.; Durkalski, V.; Lowenstein, D.; Conwit, R.; Pancioli, A.; Palesch, Y.; Barsan, W. Intramuscular versus intravenous
therapy for prehospital status epilepticus. N. Engl. J. Med. 2012, 366, 591–600. [CrossRef]

10. Alvarez, V.; Rossetti, A.O. Monotherapy or Polytherapy for First-Line Treatment of SE? J. Clin. Neurophysiol. 2016, 33, 14–17.
[CrossRef]

11. Kapur, J.; Elm, J.; Chamberlain, J.M.; Barsan, W.; Cloyd, J.; Lowenstein, D.; Shinnar, S.; Conwit, R.; Meinzer, C.; Cock, H.; et al.
Randomized Trial of Three Anticonvulsant Medications for Status Epilepticus. N. Engl. J. Med. 2019, 381, 2103–2113. [CrossRef]
[PubMed]

12. Chamberlain, J.M.; Kapur, J.; Shinnar, S.; Elm, J.; Holsti, M.; Babcock, L.; Rogers, A.; Barsan, W.; Cloyd, J.; Lowenstein, D.; et al.
Efficacy of levetiracetam, fosphenytoin, and valproate for established status epilepticus by age group (ESETT): A double-blind,
responsive-adaptive, randomised controlled trial. Lancet 2020, 395, 1217–1224. [CrossRef]

13. Lyttle, M.D.; Rainford, N.E.A.; Gamble, C.; Messahel, S.; Humphreys, A.; Hickey, H.; Woolfall, K.; Roper, L.; Noblet, J.;
Lee, E.D.; et al. Levetiracetam versus phenytoin for second-line treatment of paediatric convulsive status epilepticus (EcLiPSE): A
multicentre, open-label, randomised trial. Lancet 2019, 393, 2125–2134. [CrossRef] [PubMed]

14. Dalziel, S.R.; Borland, M.L.; Furyk, J.; Bonisch, M.; Neutze, J.; Donath, S.; Francis, K.L.; Sharpe, C.; Harvey, A.S.; Davidson, A.; et al.
Levetiracetam versus phenytoin for second-line treatment of convulsive status epilepticus in children (ConSEPT): An open-label,
multicentre, randomised controlled trial. Lancet 2019, 393, 2135–2145. [CrossRef] [PubMed]

15. Alolayan, Y.S.; McKinley, K.; Bhatia, R.; Alkhachroum, A. Review and Updates on the Treatment of Refractory and Super
Refractory Status Epilepticus. J. Clin. Med. 2021, 10, 3028. [CrossRef] [PubMed]

16. Vossler, D.G.; Bainbridge, J.L.; Boggs, J.G.; Novotny, E.J.; Loddenkemper, T.; Faught, E.; Amengual-Gual, M.; Fischer, S.N.; Gloss,
D.S.; Olson, D.M.; et al. Treatment of Refractory Convulsive Status Epilepticus: A Comprehensive Review by the American
Epilepsy Society Treatments Committee. Epilepsy Curr. 2020, 20, 245–264. [CrossRef]

17. Rosati, A.; De Masi, S.; Guerrini, R. Ketamine for Refractory Status Epilepticus: A Systematic Review. CNS Drugs 2018,
32, 997–1009. [CrossRef]

18. Stetefeld, H.R.; Schaal, A.; Scheibe, F.; Nichtweiß, J.; Lehmann, F.; Müller, M.; Gerner, S.T.; Huttner, H.B.; Luger, S.; Fuhrer, H.;
et al. Isoflurane in (Super-) Refractory Status Epilepticus: A Multicenter Evaluation. Neurocrit. Care 2021, 35, 631–639. [CrossRef]

19. Shorvon, S. Super-refractory status epilepticus: An approach to therapy in this difficult clinical situation. Epilepsia 2011,
52 (Suppl. 8), 53–56. [CrossRef]

http://doi.org/10.1111/epi.13121
http://www.ncbi.nlm.nih.gov/pubmed/26336950
http://doi.org/10.1111/epi.14607
http://www.ncbi.nlm.nih.gov/pubmed/30478910
http://doi.org/10.1097/MEJ.0000000000000568
http://doi.org/10.1016/j.yebeh.2015.04.040
http://www.ncbi.nlm.nih.gov/pubmed/25962656
http://doi.org/10.1097/CCM.0000000000002843
http://www.ncbi.nlm.nih.gov/pubmed/29099419
http://doi.org/10.1007/s11910-018-0815-9
http://www.ncbi.nlm.nih.gov/pubmed/29417304
http://doi.org/10.1056/NEJMoa002141
http://doi.org/10.1002/14651858.CD001905.pub3
http://doi.org/10.1056/NEJMoa1107494
http://doi.org/10.1097/WNP.0000000000000217
http://doi.org/10.1056/NEJMoa1905795
http://www.ncbi.nlm.nih.gov/pubmed/31774955
http://doi.org/10.1016/S0140-6736(20)30611-5
http://doi.org/10.1016/S0140-6736(19)30724-X
http://www.ncbi.nlm.nih.gov/pubmed/31005385
http://doi.org/10.1016/S0140-6736(19)30722-6
http://www.ncbi.nlm.nih.gov/pubmed/31005386
http://doi.org/10.3390/jcm10143028
http://www.ncbi.nlm.nih.gov/pubmed/34300194
http://doi.org/10.1177/1535759720928269
http://doi.org/10.1007/s40263-018-0569-6
http://doi.org/10.1007/s12028-021-01250-z
http://doi.org/10.1111/j.1528-1167.2011.03238.x


Int. J. Mol. Sci. 2023, 24, 2039 13 of 17

20. Hocker, S.; Tatum, W.O.; LaRoche, S.; Freeman, W.D. Refractory and super-refractory status epilepticus—An update. Curr. Neurol.
Neurosci. Rep. 2014, 14, 452. [CrossRef]

21. Owens, J. Medical management of refractory status epilepticus. Semin. Pediatr. Neurol. 2010, 17, 176–181. [CrossRef] [PubMed]
22. Gaspard, N.; Foreman, B.P.; Alvarez, V.; Cabrera Kang, C.; Probasco, J.C.; Jongeling, A.C.; Meyers, E.; Espinera, A.; Haas, K.F.;

Schmitt, S.E.; et al. New-onset refractory status epilepticus: Etiology, clinical features, and outcome. Neurology 2015, 85, 1604–1613.
[CrossRef] [PubMed]

23. Lowenstein, D.H.; Alldredge, B.K. Status epilepticus. N. Engl. J. Med. 1998, 338, 970–976. [CrossRef] [PubMed]
24. Rossetti, A.O.; Alvarez, V. Update on the management of status epilepticus. Curr. Opin. Neurol. 2021, 34, 172–181. [CrossRef]

[PubMed]
25. Jehi, L. Consequences of status epilepticus in the intensive care unit: What we know and what we need to know. Epilepsy Curr.

2014, 14, 337–338. [CrossRef]
26. Leppik, I.E. Status epilepticus in the elderly. Epilepsia 2018, 59 (Suppl. 2), 140–143. [CrossRef]
27. Gasparini, S.; Ferlazzo, E.; Gigli, G.; Pauletto, G.; Nilo, A.; Lettieri, C.; Bilo, L.; Labate, A.; Fortunato, F.; Varrasi, C.; et al. Predictive

factors of Status Epilepticus and its recurrence in patients with adult-onset seizures: A multicenter, long follow-up cohort study.
Seizure 2021, 91, 397–401. [CrossRef]

28. Orlandi, N.; Gozzi, A.; Giovannini, G.; Turchi, G.; Cioclu, M.C.; Vaudano, A.E.; Meletti, S. Recurrent status epilepticus: Clinical
features and recurrence risk in an adult population. Seizure 2022, 97, 1–7. [CrossRef]

29. Bateman, D.E. Pseudostatus epilepticus. Lancet 1989, 2, 1278–1279. [CrossRef]
30. Appleton, R.E. Treatment of childhood epilepsy. Pharmacol. Ther. 1995, 67, 419–431. [CrossRef]
31. Simonato, M.; Brooks-Kayal, A.R.; Engel, J., Jr.; Galanopoulou, A.S.; Jensen, F.E.; Moshé, S.L.; O’Brien, T.J.; Pitkanen, A.; Wilcox,

K.S.; French, J.A. The challenge and promise of anti-epileptic therapy development in animal models. Lancet Neurol. 2014,
13, 949–960. [CrossRef] [PubMed]

32. Wang, Y.F.; Luo, Y.; Hou, G.L.; He, R.J.; Zhang, H.Y.; Yi, Y.L.; Zhang, Y.; Cui, Z.Q. Pretreatment with Methylene Blue Protects
Against Acute Seizure and Oxidative Stress in a Kainic Acid-Induced Status Epilepticus Model. Med. Sci. Monit. 2021, 27, e933469.
[CrossRef] [PubMed]

33. Rusina, E.; Bernard, C.; Williamson, A. The Kainic Acid Models of Temporal Lobe Epilepsy. eNeuro 2021, 8. [CrossRef] [PubMed]
34. Sperk, G.; Lassmann, H.; Baran, H.; Seitelberger, F.; Hornykiewicz, O. Kainic acid-induced seizures: Dose-relationship of

behavioural, neurochemical and histopathological changes. Brain Res. 1985, 338, 289–295. [CrossRef] [PubMed]
35. Hu, R.Q.; Koh, S.; Torgerson, T.; Cole, A.J. Neuronal stress and injury in C57/BL mice after systemic kainic acid administration.

Brain Res. 1998, 810, 229–240. [CrossRef]
36. McKhann, G.M., 2nd; Wenzel, H.J.; Robbins, C.A.; Sosunov, A.A.; Schwartzkroin, P.A. Mouse strain differences in kainic acid

sensitivity, seizure behavior, mortality, and hippocampal pathology. Neuroscience 2003, 122, 551–561. [CrossRef]
37. Cui, H.S.; Kim, M.R.; Sok, D.E. Protection by petaslignolide A, a major neuroprotective compound in the butanol extract of

Petasites japonicus leaves, against oxidative damage in the brains of mice challenged with kainic acid. J. Agric. Food Chem. 2005,
53, 8526–8532. [CrossRef]

38. Terrone, G.; Pauletti, A.; Salamone, A.; Rizzi, M.; Villa, B.R.; Porcu, L.; Sheehan, M.J.; Guilmette, E.; Butler, C.R.; Piro, J.R.; et al.
Inhibition of monoacylglycerol lipase terminates diazepam-resistant status epilepticus in mice and its effects are potentiated by a
ketogenic diet. Epilepsia 2018, 59, 79–91. [CrossRef]

39. West, P.J.; Thomson, K.; Billingsley, P.; Pruess, T.; Rueda, C.; Saunders, G.W.; Smith, M.D.; Metcalf, C.S.; Wilcox, K.S. Spontaneous
recurrent seizures in an intra-amygdala kainate microinjection model of temporal lobe epilepsy are differentially sensitive to
antiseizure drugs. Exp. Neurol. 2022, 349, 113954. [CrossRef]

40. Lu, M.O.; Zhang, X.M.; Mix, E.; Quezada, H.C.; Jin, T.; Zhu, J.; Adem, A. TNF-α receptor 1 deficiency enhances kainic acid-induced
hippocampal injury in mice. J. Neurosci. Res. 2008, 86, 1608–1614. [CrossRef]

41. Sabilallah, M.; Fontanaud, P.; Linck, N.; Boussadia, B.; Peyroutou, R.; Lasgouzes, T.; Rassendren, F.A.; Marchi, N.; Hirbec, H.E.
Evidence for Status Epilepticus and Pro-Inflammatory Changes after Intranasal Kainic Acid Administration in Mice. PLoS ONE
2016, 11, e0150793. [CrossRef] [PubMed]

42. Fritsch, B.; Stott, J.J.; Donofrio, J.J.; Rogawski, M.A. Treatment of early and late kainic acid-induced status epilepticus with the
noncompetitive AMPA receptor antagonist GYKI 52466. Epilepsia 2010, 51, 108–117. [CrossRef] [PubMed]

43. Zhao, J.; Zheng, Y.; Liu, K.; Chen, J.; Lai, N.; Fei, F.; Shi, J.; Xu, C.; Wang, S.; Nishibori, M.; et al. HMGB1 Is a Therapeutic
Target and Biomarker in Diazepam-Refractory Status Epilepticus with Wide Time Window. Neurotherapeutics 2020, 17, 710–721.
[CrossRef]

44. Xu, Z.H.; Wang, Y.; Tao, A.F.; Yu, J.; Wang, X.Y.; Zu, Y.Y.; Zhang, S.H.; Chen, Z. Interleukin-1 receptor is a target for adjunctive
control of diazepam-refractory status epilepticus in mice. Neuroscience 2016, 328, 22–29. [CrossRef] [PubMed]

45. Turski, L.; Ikonomidou, C.; Turski, W.A.; Bortolotto, Z.A.; Cavalheiro, E.A. Review: Cholinergic mechanisms and epileptogenesis.
The seizures induced by pilocarpine: A novel experimental model of intractable epilepsy. Synapse 1989, 3, 154–171. [CrossRef]

46. Curia, G.; Longo, D.; Biagini, G.; Jones, R.S.; Avoli, M. The pilocarpine model of temporal lobe epilepsy. J. Neurosci. Methods 2008,
172, 143–157. [CrossRef]

47. Turski, W.A.; Cavalheiro, E.A.; Schwarz, M.; Czuczwar, S.J.; Kleinrok, Z.; Turski, L. Limbic seizures produced by pilocarpine in
rats: Behavioural, electroencephalographic and neuropathological study. Behav. Brain Res. 1983, 9, 315–335. [CrossRef]

http://doi.org/10.1007/s11910-014-0452-x
http://doi.org/10.1016/j.spen.2010.06.006
http://www.ncbi.nlm.nih.gov/pubmed/20727487
http://doi.org/10.1212/WNL.0000000000001940
http://www.ncbi.nlm.nih.gov/pubmed/26296517
http://doi.org/10.1056/NEJM199804023381407
http://www.ncbi.nlm.nih.gov/pubmed/9521986
http://doi.org/10.1097/WCO.0000000000000899
http://www.ncbi.nlm.nih.gov/pubmed/33664203
http://doi.org/10.5698/1535-7597-14.6.337
http://doi.org/10.1111/epi.14497
http://doi.org/10.1016/j.seizure.2021.07.009
http://doi.org/10.1016/j.seizure.2022.02.012
http://doi.org/10.1016/S0140-6736(89)91885-0
http://doi.org/10.1016/0163-7258(95)00023-2
http://doi.org/10.1016/S1474-4422(14)70076-6
http://www.ncbi.nlm.nih.gov/pubmed/25127174
http://doi.org/10.12659/MSM.933469
http://www.ncbi.nlm.nih.gov/pubmed/34628461
http://doi.org/10.1523/ENEURO.0337-20.2021
http://www.ncbi.nlm.nih.gov/pubmed/33658312
http://doi.org/10.1016/0006-8993(85)90159-3
http://www.ncbi.nlm.nih.gov/pubmed/4027598
http://doi.org/10.1016/S0006-8993(98)00863-4
http://doi.org/10.1016/S0306-4522(03)00562-1
http://doi.org/10.1021/jf051595q
http://doi.org/10.1111/epi.13950
http://doi.org/10.1016/j.expneurol.2021.113954
http://doi.org/10.1002/jnr.21600
http://doi.org/10.1371/journal.pone.0150793
http://www.ncbi.nlm.nih.gov/pubmed/26963100
http://doi.org/10.1111/j.1528-1167.2009.02205.x
http://www.ncbi.nlm.nih.gov/pubmed/19682025
http://doi.org/10.1007/s13311-019-00815-3
http://doi.org/10.1016/j.neuroscience.2016.04.036
http://www.ncbi.nlm.nih.gov/pubmed/27133574
http://doi.org/10.1002/syn.890030207
http://doi.org/10.1016/j.jneumeth.2008.04.019
http://doi.org/10.1016/0166-4328(83)90136-5


Int. J. Mol. Sci. 2023, 24, 2039 14 of 17

48. Liu, Z.; Gatt, A.; Werner, S.J.; Mikati, M.A.; Holmes, G.L. Long-term behavioral deficits following pilocarpine seizures in immature
rats. Epilepsy Res. 1994, 19, 191–204. [CrossRef]

49. Maia, O.A.C.; Malheiros-Lima, M.R.; Oliveira, M.A.; Castro, C.L.; Moriya, H.T.; Tavares-de-Lima, W.; Takakura, A.C.; Moreira, T.S.
Pilocarpine-induced status epilepticus reduces chemosensory control of breathing. Brain Res. Bull. 2020, 161, 98–105. [CrossRef]

50. de Aquino, P.E.A.; Rabelo Bezerra, J.; de Souza Nascimento, T.; Tavares, J.; Lustosa, Í.R.; Filho, A.J.M.C.; Mottin, M.; Gaspar,
D.M.; Andrade, G.M.; Neves, K.R.T.; et al. A Proline Derivative-Enriched Fraction from Sideroxylon obtusifolium Protects the
Hippocampus from Intracerebroventricular Pilocarpine-Induced Injury Associated with Status Epilepticus in Mice. Int. J. Mol.
Sci. 2020, 21, 4188. [CrossRef]

51. Martin, B.S.; Kapur, J. A combination of ketamine and diazepam synergistically controls refractory status epilepticus induced by
cholinergic stimulation. Epilepsia 2008, 49, 248–255. [CrossRef] [PubMed]

52. Reddy, D.S.; Zaayman, M.; Kuruba, R.; Wu, X. Comparative profile of refractory status epilepticus models following exposure of
cholinergic agents pilocarpine, DFP, and soman. Neuropharmacology 2021, 191, 108571. [CrossRef]

53. Jones, D.M.; Esmaeil, N.; Maren, S.; Macdonald, R.L. Characterization of pharmacoresistance to benzodiazepines in the rat
Li-pilocarpine model of status epilepticus. Epilepsy Res. 2002, 50, 301–312. [CrossRef] [PubMed]

54. Kapur, J.; Macdonald, R.L. Rapid seizure-induced reduction of benzodiazepine and Zn2+ sensitivity of hippocampal dentate
granule cell GABAA receptors. J. Neurosci. 1997, 17, 7532–7540. [CrossRef]

55. Gorter, J.A.; van Vliet, E.A.; Lopes da Silva, F.H. Which insights have we gained from the kindling and post-status epilepticus
models? J. Neurosci. Methods 2016, 260, 96–108. [CrossRef] [PubMed]

56. Löscher, W. Fit for purpose application of currently existing animal models in the discovery of novel epilepsy therapies. Epilepsy
Res. 2016, 126, 157–184. [CrossRef] [PubMed]

57. Borris, D.J.; Bertram, E.H.; Kapur, J. Ketamine controls prolonged status epilepticus. Epilepsy Res. 2000, 42, 117–122. [CrossRef]
58. Brandt, C.; Glien, M.; Potschka, H.; Volk, H.; Löscher, W. Epileptogenesis and neuropathology after different types of status

epilepticus induced by prolonged electrical stimulation of the basolateral amygdala in rats. Epilepsy Res. 2003, 55, 83–103.
[CrossRef]

59. Bankstahl, J.P.; Löscher, W. Resistance to antiepileptic drugs and expression of P-glycoprotein in two rat models of status
epilepticus. Epilepsy Res. 2008, 82, 70–85. [CrossRef]

60. Seinfeld, D.S.; Pellock, J.M. Recent Research on Febrile Seizures: A Review. J. Neurol. Neurophysiol 2013, 4, 19519. [CrossRef]
61. Shinnar, S. Febrile Seizures and Mesial Temporal Sclerosis. Epilepsy Curr. 2003, 3, 115–118. [CrossRef]
62. Rakgantsho, C.; Mabandla, M.V. Acetylcholine receptor agonist effect on seizure activity and GABAergic mechanisms involved in

prolonged febrile seizure development in an animal model. Brain Res. Bull. 2019, 149, 203–207. [CrossRef] [PubMed]
63. Mittal, R. Recent advances in febrile seizures. Indian J. Pediatr. 2014, 81, 909–916. [CrossRef] [PubMed]
64. Shinnar, S.; Pellock, J.M.; Moshé, S.L.; Maytal, J.; O’Dell, C.; Driscoll, S.M.; Alemany, M.; Newstein, D.; DeLorenzo, R.J. In whom

does status epilepticus occur: Age-related differences in children. Epilepsia 1997, 38, 907–914. [CrossRef]
65. Bender, R.A.; Dubé, C.; Baram, T.Z. Febrile seizures and mechanisms of epileptogenesis: Insights from an animal model. Adv.

Exp. Med. Biol. 2004, 548, 213–225. [CrossRef] [PubMed]
66. Yu, Y.; Yang, Z.; Jin, B.; Qin, X.; Zhu, X.; Sun, J.; Huo, L.; Wang, R.; Shi, Y.; Jia, Z.; et al. Cannabidiol inhibits febrile seizure by

modulating AMPA receptor kinetics through its interaction with the N-terminal domain of GluA1/GluA2. Pharmacol. Res. 2020,
161, 105128. [CrossRef]

67. Chen, B.; Feng, B.; Tang, Y.; You, Y.; Wang, Y.; Hou, W.; Hu, W.; Chen, Z. Blocking GluN2B subunits reverses the enhanced seizure
susceptibility after prolonged febrile seizures with a wide therapeutic time-window. Exp. Neurol. 2016, 283, 29–38. [CrossRef]

68. Wang, X.; Yang, F.; Deng, L.; Qiu, D.; Liu, Y.; Kang, Y. Liraglutide Is Protective against Brain Injury in Mice with Febrile Seizures
by Inhibiting Inflammatory Factors. Comput. Math. Methods Med. 2022, 2022, 7563281. [CrossRef]

69. Dutton, S.B.B.; Dutt, K.; Papale, L.A.; Helmers, S.; Goldin, A.L.; Escayg, A. Early-life febrile seizures worsen adult phenotypes in
Scn1a mutants. Exp. Neurol. 2017, 293, 159–171. [CrossRef]

70. Eun, B.L.; Abraham, J.; Mlsna, L.; Kim, M.J.; Koh, S. Lipopolysaccharide potentiates hyperthermia-induced seizures. Brain Behav.
2015, 5, e00348. [CrossRef]

71. Baram, T.Z.; Gerth, A.; Schultz, L. Febrile seizures: An appropriate-aged model suitable for long-term studies. Brain Res. Dev.
Brain Res. 1997, 98, 265–270. [CrossRef] [PubMed]

72. Mohammed, H.S.; Aboul Ezz, H.S.; Sayed, H.M.; Ali, M.A. Electroencephalographic and biochemical long-lasting abnormalities
in animal model of febrile seizure. Biochim. Biophys. Acta Mol. Basis Dis. 2017, 1863, 2120–2125. [CrossRef]

73. Tang, Y.; Feng, B.; Wang, Y.; Sun, H.; You, Y.; Yu, J.; Chen, B.; Xu, C.; Ruan, Y.; Cui, S.; et al. Structure-based discovery of CZL80, a
caspase-1 inhibitor with therapeutic potential for febrile seizures and later enhanced epileptogenic susceptibility. Br. J. Pharmacol.
2020, 177, 3519–3534. [CrossRef] [PubMed]

74. Wu, D.; Tang, Y.; Li, W.; You, Y.; Shi, J.; Xu, C.; Du, Y.; Chen, Z.; Wang, Y. Thermo-sensitive micelles extend therapeutic potential
for febrile seizures. Signal Transduct. Target. Ther. 2021, 6, 296. [CrossRef]

75. Feng, B.; Tang, Y.S.; Chen, B.; Xu, Z.H.; Wang, Y.; Wu, D.C.; Zhao, H.W.; Zhang, S.H.; Chen, Z. Early hypoactivity of hippocampal
rhythms during epileptogenesis after prolonged febrile seizures in freely-moving rats. Neurosci. Bull. 2015, 31, 297–306. [CrossRef]
[PubMed]

http://doi.org/10.1016/0920-1211(94)90062-0
http://doi.org/10.1016/j.brainresbull.2020.05.002
http://doi.org/10.3390/ijms21114188
http://doi.org/10.1111/j.1528-1167.2007.01384.x
http://www.ncbi.nlm.nih.gov/pubmed/17941842
http://doi.org/10.1016/j.neuropharm.2021.108571
http://doi.org/10.1016/S0920-1211(02)00085-2
http://www.ncbi.nlm.nih.gov/pubmed/12200221
http://doi.org/10.1523/JNEUROSCI.17-19-07532.1997
http://doi.org/10.1016/j.jneumeth.2015.03.025
http://www.ncbi.nlm.nih.gov/pubmed/25842270
http://doi.org/10.1016/j.eplepsyres.2016.05.016
http://www.ncbi.nlm.nih.gov/pubmed/27505294
http://doi.org/10.1016/S0920-1211(00)00175-3
http://doi.org/10.1016/S0920-1211(03)00114-1
http://doi.org/10.1016/j.eplepsyres.2008.07.007
http://doi.org/10.4172/2155-9562.1000165
http://doi.org/10.1046/j.1535-7597.2003.03401.x
http://doi.org/10.1016/j.brainresbull.2019.04.022
http://www.ncbi.nlm.nih.gov/pubmed/31051225
http://doi.org/10.1007/s12098-014-1532-2
http://www.ncbi.nlm.nih.gov/pubmed/25103013
http://doi.org/10.1111/j.1528-1157.1997.tb01256.x
http://doi.org/10.1007/978-1-4757-6376-8_15
http://www.ncbi.nlm.nih.gov/pubmed/15250596
http://doi.org/10.1016/j.phrs.2020.105128
http://doi.org/10.1016/j.expneurol.2016.05.034
http://doi.org/10.1155/2022/7563281
http://doi.org/10.1016/j.expneurol.2017.03.026
http://doi.org/10.1002/brb3.348
http://doi.org/10.1016/S0165-3806(96)00190-3
http://www.ncbi.nlm.nih.gov/pubmed/9051269
http://doi.org/10.1016/j.bbadis.2017.05.024
http://doi.org/10.1111/bph.15076
http://www.ncbi.nlm.nih.gov/pubmed/32346861
http://doi.org/10.1038/s41392-021-00638-9
http://doi.org/10.1007/s12264-014-1524-2
http://www.ncbi.nlm.nih.gov/pubmed/25913039


Int. J. Mol. Sci. 2023, 24, 2039 15 of 17

76. Singh, T.; Joshi, S.; Williamson, J.M.; Kapur, J. Neocortical injury-induced status epilepticus. Epilepsia 2020, 61, 2811–2824.
[CrossRef]

77. Andrade, P.; Banuelos-Cabrera, I.; Lapinlampi, N.; Paananen, T.; Ciszek, R.; Ndode-Ekane, X.E.; Pitkänen, A. Acute Non-
Convulsive Status Epilepticus after Experimental Traumatic Brain Injury in Rats. J. Neurotrauma 2019, 36, 1890–1907. [CrossRef]

78. Hoover, D.B.; Craig, C.R.; Colasanti, B.K. Cholinergic involvement in cobalt-induced epilepsy in the rat. Exp. Brain Res. 1977,
29, 501–513. [CrossRef]

79. Wang, J.; Wu, C.; Peng, J.; Patel, N.; Huang, Y.; Gao, X.; Aljarallah, S.; Eubanks, J.H.; McDonald, R.; Zhang, L. Early-Onset
Convulsive Seizures Induced by Brain Hypoxia-Ischemia in Aging Mice: Effects of Anticonvulsive Treatments. PLoS ONE 2015,
10, e0144113. [CrossRef]
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