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A B S T R A C T

The pilocarpine animal model of status epilepticus is a well-established, clinically translatable model that satisfies
all of the criteria essential for an animal model of status epilepticus: a latency period followed by spontaneous
recurrent seizures, replication of behavioural, electrographic, metabolic, and neuropathological changes, as well
as, pharmacoresistance to anti-epileptic drugs similar to that observed in human status epilepticus. However, this
model is also characterized by high mortality rates and studies in recent years have also seen difficulties in seizure
induction due to pilocarpine resistant animals. This can be attributed to differences in rodent strains, species,
gender, and the presence of the multi-transporter, P-glycoprotein at the blood brain barrier. The current paper
highlights the various alterations made to the original pilocarpine model over the years to combat both the high
mortality and low induction rates. These range from the initial lithium-pilocarpine model to the more recent
Reduced Intensity Status Epilepticus (RISE) model, which finally brought the mortality rates down to 1%. These
modifications are essential to improve animal welfare and future experimental outcomes.
1. Introduction

Status epilepticus (SE) is a fatal neurological disorder with a high
mortality rate. This condition often occurs as a ramification of stroke
(Santamarina et al., 2018; Pauletto et al., 2020), traumatic brain injury
(Dhakar et al., 2015; Andrade et al., 2019), infection (Vezzani et al.,
2015; Lee and Chi, 2018), metabolic disorder (Sharma and Prasad, 2017;
Lin Lin Lee et al., 2018), or alcohol or drug withdrawal (Leach et al.,
2012; Chen et al., 2016) and is observed in patients with a history of
epilepsy (Trinka et al., 2012). SE was previously defined as either a
seizure that lasts �30 min or two or more consecutive seizures with the
absence of complete conscious recovery between them (Milligan, 2010).
However, generalised tonic-clonic seizures only last a maximum of 3min,
thus if a seizure surpasses this duration, it becomes self-sustaining (Wray
and Knupp, 2011). In a typical clinical setting, 30 min is a long time to
wait to assist someone experiencing continuous seizures because a larger
scale of neurological damage will occur, resulting in self-sustaining re-
fractory seizures, thus making the use of anti-epileptic drugs (AEDs)
futile (Chen and Wasterlain, 2006). As the duration of SE increases, the
effectiveness of AEDs gradually decreases, often with a total decline in
drug efficacy (Mayer et al., 2002; Wheless and Treiman, 2008) that re-
sults in increased comorbidities and poor quality of life. Therefore, the
window for diagnosis is further reduced; the current definition of SE
according to the International League Against Epilepsy (ILAE) is a
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persistent seizure that lasts for �5 min, with long-term detrimental
consequences such as neurodegeneration and formation of aberrant
neural networks if the seizure activity exceeds 30 min (Trinka et al.,
2015).

2. The animal models of SE

The 30-minute time period is still applicable in experimental animal
models, as this is the time required for the models to develop SE
(Mazarati et al., 1998a). There is a dire need for a new range of AEDs in
patients who exhibit pharmacoresistance, highlighting the necessity of
animal models. A good animal model ensures a smooth transition from
preclinical testing to human clinical trials, thus establishing a better
understanding of the underlying pathophysiology and mechanisms of SE.
Animal models also allow good comprehension of the pharmacokinetics,
side effects, potency, efficacy, and tolerance of the potential therapeutic
agents being tested. Therefore, a successful model must mimic the
observed symptoms of SE in humans, such as convulsions (lasting more
than 5 min), memory loss, muscle spasms, falling, and confusion. As
observed in clinical cases, a “latency period” must occur after the initial
injury, which should then be followed by the occurrence of spontaneous
recurrent seizures (SRS) (Cavalheiro, 1995; L�evesque et al., 2016). The
model must also be able to replicate the neuropathological injuries
observed in the brain regions of SE patients; the 30-minute period is
0
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crucial for this development (Fujikawa, 1996; Varelas and Claassen,
2017). Finally, the model must simulate the development of pharma-
coresistance to certain anticonvulsants (observed in refractory SE) and
allow testing of potential new drugs (Kapur and Macdonald, 1997;
Mazarati et al., 1998b; Jones et al., 2002; Chakir et al., 2006). Before
creating such an animal model, the investigator must first take the
following factors into account: time and effort required to create the
model, costs, laboratory skills of the researchers, availability of materi-
als/research environment, strain/susceptibility of animals to seizures,
pharmacokinetics, and the mortality rate of animals. The kindling model,
for example, is a well-known seizure model created by repeated electrical
stimulation via implanted depth electrodes (Song et al., 2018). Although
this technique is effective, it is also costly, laborious, and time consuming
(L€oscher, 1997; Song et al., 2018) making the use of chemoconvulsants a
more convenient method. The frequency of SRS is also lower (Brandt
et al., 2004) than that of chemoconvulsant models. This technique re-
quires precision and skills on the researcher's part as there is a risk of
damaging the implanted electrodes, rendering them unreliable for
chronic experiments (Song et al., 2018). Other electrical stimulation
models such as the perforant path approach produce less neuro-
degeneration than chemoconvulsant models such as kainic acid and
pilocarpine models (Reddy and Kuruba, 2013), thus making them a less
desirable option. Chemoconvulsants such as pilocarpine and kainic acid
are much easier to use and do not require sophisticated setups. However,
compared with pilocarpine, seizures resulting from intracerebral kainic
acid injections are more severe (Kienzler-Norwood et al., 2017); the
stages of seizure are also difficult to distinguish because their progression
is very rapid (L�evesque et al., 2016), unlike the stages induced by pilo-
carpine, which can be easily distinguished using the Racine scale (Racine,
1972). Kainic acid-induced animals also show a higher degree of anxiety
(Ratt�e and Lacaille, 2006) and depression-like behaviour (Gr€oticke et al.,
2008). Compared with pilocarpine, it is more difficult to induce SE in
mice with systemic administration of kainic acid (McKhann et al., 2003).
Studies in mouse models have shown that the C57BL/6, C57BL/10, and
F1 C57BL/6*CBA/J strains are resistant to systemic administration of
kainic acid, while the FVB/N, ICR, and DBA/2 J strains are vulnerable
(McLin and Steward, 2006). Kainic acid models have also proven to be
impractical for pharmacoresistance studies because of differences in AED
reactions (Reddy and Kuruba, 2013). Another limitation is the excito-
toxic effect of kainic acid, which makes separating direct neuronal
damage from seizure-induced neuronal damage difficult (Reddy and
Kuruba, 2013). As found by Rao and colleagues, while creating a kainic
acid model of SE, 77% of their animals developed moderate bilateral
neurodegeneration in various hippocampal regions, whereas 23%
developed massive neurodegeneration in all regions of the hippocampus
(Rao et al., 2006). This was observed even though the kainic acid dosage
used, and the frequency of SRS recorded were the same for both groups.
Kainic acid is also more expensive to purchase than its competitor,
pilocarpine (L�evesque et al., 2016). Unlike kainic acid, pilocarpine can
replicate the kindling stages of SE development (Pitk€anen et al., 2005),
making it a more efficient chemoconvulsant. Studies have also reported
differences in SRS frequency between kainic acid and pilocarpine
models. Although kainic acid can induce SRS in animal models, these
seizures eventually decline within 22–46 days, making this model un-
desirable (Cavalheiro et al., 1982; Cronin and Dudek, 1988). However,
studies have also shown that pilocarpine-induced SRS occur at a constant
frequency for an extended length of time (120 days - Cavalheiro et al.,
1991; 325 days –Mello et al., 1993). This period has been reported as the
“entire observation period”, meaning that if researchers were to extend
their observation period, the pilocarpine model would most likely exceed
the stated time period, clearly making it a stable model. The pilocarpine
model also mimics the “latency period” after the initial insult (Turski
et al., 1989; L�evesque et al., 2016). Studies have found similar electro-
physiological andmorphological abnormalities in the rat hippocampus of
the pilocarpine model of SE (Isokawa andMello, 1991; Mello et al., 1992)
and human SE (Scheibel et al., 1974; Babb, 1986; Masukawa et al., 1989;
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Isokawa et al., 1991). The pilocarpine model is also capable of replicating
several other characteristics such as dentate granule cell dispersion as
well as supragranular and intragranular mossy fibre sprouting (Mello
et al., 1993), which is commonly observed in clinical cases (Houser et al.,
1990; Babb et al., 1991). Thus, although several seizure models have
been proposed, ranging from the use of chemoconvulsants to electrical
stimulation, the pilocarpine model is one of the oldest and most
well-studied animal models of SE.

3. The pilocarpine model: the early days

First described in the early 1980s, the pilocarpine model is charac-
terised by a single large dose of pilocarpine; the dose lies in the range of
300–400 mg/kg for rats (Turski et al., 1983a). The preferred method of
administering the drug is usually via intraperitoneal (i.p.) or intra-
hippocampal injections; both methods elicit identical electrographic and
behavioural effects, as well as similar histopathological alterations
(Furtado et al., 2002). Intrahippocampal injections, however, have a
higher survival rate (71%) than i.p. injections (Furtado et al., 2002).
Upon pilocarpine administration, the animals are usually stationary for
10 min, followed by facial twitching (Stage I); head nodding (Stage II);
forelimb clonus (Stage III); bilateral forelimb clonus and rearing (Stage
IV); and bilateral forelimb clonus with rearing and falling (Stage V)
(Racine, 1972). The Racine scale is often used to grade seizure severity;
Stage V and above indicate severe brain damage and development of SE
(Racine, 1972). After 30 min, these seizures become self-sustaining and
occur at 15-minute intervals, persisting for hours until a suitable AED is
used to stop the seizures (Curia et al., 2008). SE induced via chemo-
convulsants are shown to be more difficult to terminate as compared to
electrically induced models (Bankstahl and L€oscher, 2008). Thus, several
studies utilize a repetitive dose or a combination of AEDs to terminate SE
and reducemortality rates. Pilocarpine is anM1muscarinic acetylcholine
receptor agonist that promotes continuous excitatory activity, resulting
in brain tissue damage (Lee et al., 2018). M1 receptor knockout mice
show no signs of seizures when administered pilocarpine, and M1 is the
only muscarinic receptor subtype that can mediate seizure activity
(Hamilton et al., 1997; Bymaster et al., 2003). In addition, when atro-
pine, a competitive antagonist of the muscarinic acetylcholine receptor,
is applied to rats prior to pilocarpine treatment, there is an absence of
seizure initiation, which is significant for large (150 mg/kg) and small
doses (1 mg/kg) of atropine (Honchar et al., 1983; Jope et al., 1986;
Birch, 2012). Atropine administration to pilocarpine-treated rats imme-
diately upon forelimb clonus results in termination of seizures, whereas
those administered atropine 20 min after forelimb clonus do not indicate
any decline in seizure activity, proceeding to SE and eventually death
(Jope et al., 1986; Birch, 2012). This finding clearly shows that musca-
rinic receptors are responsible for the onset of seizure activity in the
pilocarpine model of SE, and as observed in clinical cases, anticholiner-
gics are inefficient anticonvulsants for SE. Furthermore, when pilocar-
pine pre-treated rats are given hemicholinium-3, an acetylcholine
synthesis inhibitor, progression of SE is blocked (Jope et al., 1986). This
occurs because hemicholinium-3 prevents the re-uptake of choline by
high-affinity choline transporters at the presynaptic membrane, causing
an 80% reduction in the normal acetylcholine concentration (Freeman
et al., 1975). This indirectly reduces the efficiency of the M1 muscarinic
acetylcholine receptors on the postsynaptic membrane (Choudhary et al.,
2017), highlighting the importance of presynaptic cholinergic activity in
the pilocarpine model of SE. Similarly, studies have shown that seizure
activity in pilocarpine models can be blocked by a 15-minute
pre-treatment with diazepam (a common AED), and initial tonic-clonic
seizures can also be terminated via diazepam administration, making
this a suitable model for SE (Jope et al., 1986). Seizures induced by
pilocarpine begin in the ventral forebrain; the nucleus accumbens is most
likely the primary site of injury because of the presence of a high density
of muscarinic receptors (Kobayashi et al., 1978; Nonaka and Moroji,
1984). The neocortex suffers the most significant injuries, characterised
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by swollen dendrites and cell bodies and pruning of axons (Clifford et al.,
1987). Animals often suffer a 10%–20% reduction in body weight
post-SE, with eventual recovery to baseline values after 1 week (Turski
et al., 1989). Mortality rates in this model are very high, with some
studies reporting 30%–40% mortality in male Wistar rats treated with a
pilocarpine dose of 300–400 mg/kg (Turski et al., 1983a, 1989; Liu et al.,
1994) and other studies reporting 40%–55% mortality with a dose of
320–360 mg/kg (Esclapez et al., 1999; Goffin et al., 2007). A notable
observation is the differences in rat strains; Sprague-Dawley rats appear
to have lower mortality rates (5%) than Wistar rats (30%) when treated
with the same dose of pilocarpine, 380 mg/kg (Leite et al., 1990; Poirier
et al., 2000). However, the mortality rate is still a problem, as it is not
standardised even within the same rat strain. Thus, using
Sprague-Dawley rats does not always ensure a reduction in the number of
deaths. For instance, when Sprague-Dawley rats are treated with 400
mg/kg of pilocarpine, SE is generated in 83% of animals, but the mor-
tality rate is 100% (Jope et al., 1986). Another observation in this study is
that SE is not induced in all rats. Therefore, when using pilocarpine
alone, a higher dose is required to increase the likelihood of replicating
the entire disease as well as reducing the latency to SE, which further
increases the mortality rate (Clifford et al., 1987; Liu et al., 1994). Studies
have also tried to induce SE by splitting the single large dosage of pilo-
carpine into several smaller doses (Glien et al., 2001). This however was
not fruitful in all animal models. For example, studies have administered
single injections of 100 mg/kg of pilocarpine intraperitoneally to induce
SE in mice, with the total dosage reaching up to 800 mg/kg (Neumann
et al., 2017). Even with such a high overall dose, only 54% of the animals
survived the procedure and developed SE. Using such a high dosage of
pilocarpine results in an unnecessary wastage of the drug. There is also a
limit to the concentration of pilocarpine that can be administered to
animals; a higher concentration of pilocarpine results in a higher toxicity
level (Pitk€anen et al., 2005). To combat this issue, studies have suggested
the use of lithium as a pre-treatment before pilocarpine administration
(Honchar et al., 1983; Vezzani, 2009).

4. A new hope: the lithium-pilocarpine model of SE

The lithium-pilocarpine model of SE is generally characterised by
administration of lithium chloride (LiCl; 127 mg/kg), followed by pilo-
carpine administration (30 mg/kg) 18 h later (Fan et al., 2020). Meth-
ylscopolamine (1 mg/kg in rats) is also given to the animals 30 min
before pilocarpine administration to reduce any peripheral effects caused
by pilocarpine, which unlike scopolamine, does not cross the blood brain
barrier (BBB) (Davis and Berger, 2013). Absence of methylscopolamine
results in animals displaying symptoms of peripheral cholinergic activity
such as tremor, salivation, piloerection, chromodacryorrhoea, and diar-
rhoea after pilocarpine administration (Clifford et al., 1987; Vezzani,
2009). However, higher doses of methylscopolamine (�20mg/kg in rats)
can block seizure activity (Turski et al., 1983a, 1983b). Lithium, used
previously for psychiatric chemotherapy and bipolar disorder (Duvall
and Gallicchio, 2017), potentiates the effect of pilocarpine by indirectly
activating T-lymphocytes and mononuclear cells, which in turn results in
higher serum IL-1β levels, thus altering the BBB permeability and
increasing pilocarpine uptake (Marchi et al., 2009). Researchers have
also found variation in muscarinic receptor binding in the presence of
lithium (Hruska et al., 1984; Gibbons et al., 2015). Pre-treatment with
LiCl has been reported to increase acetylcholine release, with some
studies observing a six-fold increase in the hippocampus (Haas and Ryall,
1977; Jope, 1979; Hillert et al., 2014). This results in more acetylcholine
crossing the synaptic cleft and reaching the postsynaptic membrane
where it activates M1 muscarinic receptors. LiCl is suggested to play a
role in phosphoinositide metabolism, with lithium pre-treatment result-
ing in a 40-fold increase in myo-inositol-1-phosphate compared with the
mere 4-fold increase with pilocarpine alone (Allison et al., 1980; Honchar
et al., 1983; Sherman et al., 1985; Clifford et al., 1987). Myo-inositol-1,4,
5-trisphosphate (IP3), an inositol phosphate derived from
3

phosphoinositide hydrolysis, has also been associated with increased
seizure activity (Meldrum, 1983; Griffiths et al., 1984). IP3 is a second
messenger molecule, which upon binding to IP3 receptors (Ca2þ chan-
nels), induces Ca2þ release from the endoplasmic reticulum (ER) to the
cytoplasm, which in turn causes store-operated Ca2þ entry in an attempt
to refill the depleted ER stores (Kelly et al., 2005). This further increases
the concentration of intracellular Ca2þ, resulting in enhanced vesicular
transport and acetylcholine release at the presynaptic membrane (Cas-
tellano-Mu~noz and Ricci, 2014), which then enhances the activation of
muscarinic receptors on the postsynaptic membrane. The increased Ca2þ

levels are also accompanied by cellular damage and oxidative stress,
which increase extracellular lactate, choline, and glycerol; the use of a
Ca2þ channel blocker reduces SE-induced membrane damage (Imran
et al., 2015). Animals pre-treated with LiCl show an increased sensitivity
to pilocarpine, with a 20-fold shift in the dose-response curve for seizure
generation (Clifford et al., 1987). Thus, the use of LiCl allows for a
substantial reduction in the pilocarpine dose required, along with a
reduction in the time to SE onset. Both the LiCl-pilocarpine and high-dose
pilocarpine models follow the same pattern in seizure initiation and
propagation (Clifford et al., 1987; Müller et al., 2009). Both models also
generate identical behavioural, electrographic, metabolic, and neuro-
pathological symptoms (Clifford et al., 1987; Müller et al., 2009). The
LiCl-pilocarpine model has a higher SE induction rate than pilocarpine
alone, with some investigators even reporting 100% SE induction
compared with pilocarpine, which only results in 60% SE induction
(Goffin et al., 2007; Ahmad, 2013), although the numbers may vary
among laboratories. The LiCl-pilocarpine model has a lower mortality
rate and has been shown to generate more consistent and prolonged
seizures with reproducible results, thus making it a promising model for
studying SE.

5. The limitations strike back: imperfections in the lithium-
pilocarpine model

Unfortunately, the lower mortality rate is not negligible because it
ranges between 92% and 95% (Jope et al., 1986; Morrisett et al., 1987;
Huang et al., 2018). Decreasing the pilocarpine dose in the
lithium-pilocarpine model reduces the mortality rate, but this is also
accompanied with a decline in SE induction (Jope et al., 1986; Huang
et al., 2018). Another factor to consider is the reports of alterations in SE
induction and mortality rates among different rodent strains (Chen et al.,
2005; Winawer et al., 2007a, 2007b). Researchers have observed varia-
tions in SE induction and pilocarpine sensitivity between different
batches of the same strain of rats (Sprague-Dawley) purchased from
different breeders (Bankstahl et al., 2009). These groups indicate strong
substrain differences between each other that most likely result in the
wide-ranging experimental data reported from different laboratories.
These differences between strains and substrains have also been noted in
mice (Borges et al., 2003; Müller et al., 2009c; Schauwecker, 2012;
Bankstahl et al., 2012). Another study also found remarkable intrastrain
differences in seizure predisposition between Wistar rats from two
different breeding locations as well as rats purchased at different times
from the same breeding location (Portelli et al., 2009). Therefore, these
genetic differences can have a major impact on the development of SE
models, causing difficulty in reproducing results even within the same
facility. One possibility for the observed pilocarpine resistance is the
presence of the multidrug transporter P-glycoprotein (PGP), which is a
transporter that removes pilocarpine from the BBB, serving a protective
role. Studies have shown that PGP knockout mice require a lower dose of
pilocarpine for SE induction than their wild-type counterparts
(R€omermann et al., 2015). Studies have revealed that PGP knockout mice
injected with a low dose of pilocarpine do not show any increase in brain
uptake of the drug, but those injected with a higher dose show signifi-
cantly increased brain uptake (Sahin et al., 2003; van Vliet et al., 2007; Li
et al., 2013). In addition, pre-treatment of wild-type mice with the PGP
inhibitor tariquidar causes an increase in pilocarpine brain uptake similar
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to that observed in PGP knockout mice, thus emphasizing that pilocar-
pine is carried by the PGP multidrug transporter (Bankstahl et al., 2013).
Female wild-type mice reportedly require a higher pilocarpine dose for
SE induction than males (R€omermann et al., 2015). The absence of this
phenomenon in PGP knockout mice could therefore be explained by a
PGP-dependent mechanism (R€omermann et al., 2015). Verapamil, a
common PGP substrate, showed lower brain uptake in female mice than
male mice, suggesting higher PGP expression levels in female mice
(Dagenais et al., 2001). Because PGP expression levels are influenced by
sexual hormone levels occurring during the oestrus cycle (Schiengold
et al., 2006), several studies have reported similar sex-related differences
in SE development in both rats and mice (Mejías-Aponte et al., 2002;
Morris et al., 2003; Buckmaster and Haney, 2012). Several studies have
implicated the excitatory neurotransmitter glutamate in the underlying
mechanism that activates PGP (Bauer et al., 2007; Zibell et al., 2009;
Hartz et al., 2019; Soldner et al., 2019). As mentioned earlier, animals
that reach Stage V on the Racine scale develop SE and no longer show any
response to atropine treatment, suggesting activation of other down-
stream pathways, in addition to cholinergic cells, resulting in SE (Jope
et al., 1986; Birch, 2012). Cultured hippocampal neuron studies have
revealed that pilocarpine-induced M1 receptor activation results in an
imbalance between excitatory and inhibitory signals, which in turn re-
sults in the development of SE (Priel and Albuquerque, 2002). Seizures
are considered to be initiated by M1 receptors and maintained by
N-methyl-D-aspartate (NMDA) receptors (ionotropic glutamate re-
ceptors) (Nagao et al., 1996; Smolders et al., 1997). In vivo microdialysis
studies have also shown increased hippocampal glutamate levels upon
pilocarpine administration (Smolders et al., 1997). Seizures result in
NMDA receptor activation and an increase in glutamate release from
neurons, which accumulates in the brain interstitial fluid (Holmes,
2002). This contributes to the excitotoxic damage, loss of neurons, and
resulting pathophysiology of SE (Barnes and Slevin, 2003; Gardoni and
Di Luca, 2006). This increase in glutamatergic signalling increases
Cycloogenase-2 (COX-2) levels (Strauss and Marini, 2002). The enzyme
COX-2 plays an essential role in peroxidation of arachidonic acid and
prostaglandin synthesis, which is responsible for inflammation (Pepicelli
et al., 2005). Transcriptional upregulation of the COX-2 gene has been
observed in both animal (Voutsinos-Porche et al., 2004; Kawaguchi et al.,
2005; Takemiya et al., 2006; Lee et al., 2007) and human cases of seizure
(Desjardins et al., 2003). Inhibition of COX-2 terminates NMDA
receptor-mediated excitotoxic damage of neurons (Manabe et al., 2004;
Hewett et al., 2006). Generation of COX products such as prostaglandin
E2 can also be blocked by inhibiting the NMDA receptor (Pepicelli et al.,
2005), thus suggesting a strong link between NMDA receptor activation
and COX-2 expression. Both in vivo and in vitro rodent studies have
revealed that glutamate increases PGP expression and transport activity
in the brain (Zhu and Liu, 2004), both of which can be blocked using
either MK-801, a non-competitive NMDA receptor antagonist, or indo-
methacin, a non-selective COX inhibitor (Bauer et al., 2007), as COX-2
has also been shown to increase PGP levels (Patel et al., 2002). In addi-
tion to pilocarpine, several AEDs are also PGP substrates. Studies have
shown that an increase in seizure activity causes an increase in expres-
sion of PGP, resulting in an increased rate of AED efflux at the BBB, which
might explain why AEDs are ineffective in stopping SE onset (L€osher and
Potschka, 2005; Kwan and Brodie, 2006). Studies on pharmacoresistant
rats show lower PGP expression levels in the brain than those in
AED-responsive rats (Volk and L€oscher, 2005). Similar to its effect on
pilocarpine uptake, application of tariquidar results in enhanced brain
uptake of AEDs as well (Brandt et al., 2006; van Vilet et al., 2006). It
could be assumed that PGP has a protective role when activated against
pilocarpine in animal models. However, this prolonged activation also
occurs as a result of seizures. Thus, an initial protective mechanism be-
comes the cause of pharmacoresistance.

This effect is the reason why some studies report diazepam as having
a positive effect, while others report that it fails to terminate SE (Treiman
et al., 1998; Kapur and Macdonald, 1997; Walton and Treiman, 1988;
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Jones et al., 2002; Goodkin et al., 2003; Nardou et al., 2011; Apland
et al., 2014; Zhao et al., 2016). In addition to diazepam, several other
drugs have also been tested against SE to reduce mortality rates in animal
models; diazepam, phenobarbital, phenytoin, valproate, and carbamaz-
epine have been shown to be ineffective in terminating SE in the
LiCl-pilocarpine model (Morrisett et al., 1987; Biagini et al., 2001;
Kubova et al., 2005). The combination of diazepam with barbiturates
such as pentobarbital is reported to be more useful in stopping SE (Lemos
and Cavalheiro, 1995; Fujikawa, 1996; Biagini et al., 2001). NS-398, a
COX-2 inhibitor, administered along with diazepam has also been shown
to reduce SE severity (Trandafir et al., 2015). A study showed that use of
MK-801 combined with diazepam was able to terminate all manifesta-
tions of SE (Walton and Treiman, 1991). The use of MK-801 alone cannot
completely stop seizure activity; however, unlike diazepam, it can block
electroencephalogram (EEG) pattern changes that usually occur during
SE (Walton and Treiman, 1991). Applying MK-801 alone also allows rats
to survive SE; however, the recovery period is much longer than the time
required when MK-801 is administered along with diazepam, thus sug-
gesting that MK-801 potentiates the effects of diazepam (Walton and
Treiman, 1991). Ketamine, an NMDA receptor antagonist, has also been
shown to have a neuroprotective role post-SE (Fujikawa, 1995). An
interesting modification of the LiCl-pilocarpine model is the protocol
used by Glien et al. (2001), wherein LiCl is injected as per the original
protocol; however, the pilocarpine dose to be given the following day is
altered. Instead of a single dose of 30 mg/kg, the dose is divided into
individual doses of 10 mg/kg that are administered at 30-minute in-
tervals until SE onset. Compared with the original protocol, this revised
protocol dramatically reduces the mortality rates by 50%. As animals
differ in their tolerance to pilocarpine, this method ensures that animals
are not unnecessarily given high doses and improves the induction
probability. These results were also observed in several other studies
using both pilocarpine and LiCl-pilocarpine models (Brandt et al., 2010;
Leung et al., 2015; Neumann et al., 2017; Wu and Wang, 2018).

6. Rise of the pilocarpine model: an improved approach

The most remarkable improvement made to the LiCl-pilocarpine
model, however, is the Reduced Intensity Status Epilepticus (RISE)
model (Modebadze et al., 2016; Needs et al., 2019). This model is an
accumulation of several observations. Built on the same fundamentals as
the previous protocol suggested by Glien et al. (2001), this study also
divides the single pilocarpine dose into smaller doses that are adminis-
tered at 30-minute intervals. However, upon animals scoring � Stage 3
on the Racine scale, 2.5 mg/kg of xylazine is injected. One hour later, this
is followed by administration of a 1 ml/kg drug cocktail consisting of
MK-801 (0.1 mg/kg), diazepam (2.5 mg/kg), and 2-methyl-6-(phenyle-
thynyl)pyridine (MPEP) (20 mg/kg). SE terminates within 30 min,
with animals fully recovering within 12 h. The frequency of seizures is
comparable to those observed with high doses of pilocarpine in previous
studies. Animals demonstrate variability and clusters of seizures, which
are also observed in human SE, further highlighting the translational
significance of this model (French et al., 1993; Arida et al., 1999; Bajorat
et al., 2011). Consistent SRS also develop after a latency period. Ac-
cording to Modebadze et al. (2016), there is an absence of overall brain
damage compared with other models, accompanied by alterations in the
temporal network. The in vitro studies also revealed similar electro-
physiological readings as observed in paediatric and adult patients.
Features such as fast oscillatory activity and ictal-like events were also
observed in in vivo as well as in vitro studies. Xylazine is an adrenergic
alpha-receptor agonist that is a common muscle relaxant. Studies show
that administration of a low dose of xylazine to animals with SE can
minimise the intensity of clonic muscle contractions without changing
electrographic seizures (Yang et al., 2006; Thompson et al., 2007). This is
important as locomotor hyperactivity and ataxia can cause fatigue in
animals, thus increasing their mortality (Modebadze et al., 2016).
Although both convulsive and non-convulsive SE share the same EEG
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patterns, convulsive seizures are associated with a higher mortality rate
(Tatum, 2013). With this reduction in convulsive SE, there is a reduced
likelihood of secondary generalization in sub-cortical sites, especially the
brainstem (Samoriski and Applegate, 1997). As stated previously, several
studies have used NMDA antagonists, alone or combined with diazepam
(Walton and Treiman, 1991; Fujikawa, 1995). However, the inspiration
to use a combination of MPEP and an mGluR5 antagonist along with
MK-801 and diazepam came from Tang et al. (2007). This previous study
used the same drug cocktail in a pilocarpine mouse model (300 mg/kg)
and was able to terminate the seizures, simultaneously preventing early
hippocampal cell death. The RISE model utilises the same drug cocktail
with a small modification; the MPEP dose is reduced, and the diazepam
dose is increased. Thus, it is able to reduce the mortality rate to 1% but
still maintain high morbidity, replicating the epileptogenic characteris-
tics observed in clinical cases of SE and making it a consistent, repro-
ducible, and clinically translatable model for SE. This study on the RISE
model was further followed up by another study investigating the un-
derlying biochemical mechanisms involved in the initiation, develop-
ment and establishment of this model (Needs et al., 2019). Similar to
human SE, the study observed alterations in several different receptor
expression levels at various time points leading up to SE. These changes
also varied depending on the brain regions, for example there were
delayed receptor changes in the temporal lobe structures, suggesting that
the epileptogenic activity continued long after the initial seizure (Slo-
viter, 2005; Sloviter and Bumanglag, 2013; Needs et al., 2019). This is
beneficial to the model as absence of any ictal activity would make the
creation of this model futile. All in all, this proves that the RISE model is
reproducible and a good representative model for studying SE.

7. Conclusion

The pilocarpine model of SE has undergone several modifications
over the last few decades. From its initial single high dose of 400 mg/kg
to its most recent improvement with the RISE model, all of these re-
finements were essential to ensure reduced mortality rates without
compromising the SE induction probability. Even though the use of the
original model resulted in higher mortality rates, its use was necessary
because of the lack of sufficient clinically translatable models of SE at the
time. The high-dose pilocarpine model was the first of its kind that
satisfied all of the criteria essential for an animal model of SE: a latency
period followed by SRS, replication of behavioural, electrographic,
metabolic, and neuropathological changes, and pharmacoresistance to
AEDs similar to that observed in human SE. Comparedwith other models,
the original pilocarpine model was also more suitable for investigating
the underlying mechanisms of SE and its resulting AED pharmacoresist-
ance, thus for the first time giving researchers hope of designing potential
therapeutics. The obvious drawbacks were the high mortality rates and
limited SE induction in animals. These problems were soon mitigated
with the introduction of the LiCl-pilocarpine model. This model was able
to replicate all aspects of the pilocarpine model with the addition of
lithium (24 h prior) and a much lower dose of pilocarpine. Although this
alteration did improve themodel to a certain extent, it did not completely
curtail the problems. Several animals did not survive SE onset, and most
AEDs were shown to be ineffective in stopping seizure activity. High
mortality rates need to be considered because it is animal lives that are
being dealt with. In animal studies, scientists must abide by the principles
of the 3Rs: replacement, reduction, and refinement. To this end, several
researchers have suggested modifications that could be made to the
pilocarpine model. Of these, the novel protocol suggested by Glien et al.
(2001) was of significant advantage. Dividing the single large dose of
pilocarpine into several smaller doses to be administered at 30-minute
intervals ensured lower mortality rates than the previous models. This
new strategy was also able to generate a larger number of animals with
induced SE. However, the most critical advancement was the introduc-
tion of the RISE model, which not only reduced the mortality rate (1%)
but also increased SE induction and morbidity. This model, using a
5

combination of previous research, presented a drug cocktail that was able
to successfully stop seizures, thus also achieving two of principles of the
3Rs: reduction and refinement. With these improvements, animals are
now able to survive longer, thus reigniting the hope for potential new
therapeutics and effective drug targets for SE.
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