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Being refractory to drugs remains an urgent treatment problem in status epilepticus (SE). The fact that y-amino-
butyric acid A receptors (GABA,Rs) become internalized and inactive, N-methyl-D-aspartate receptors (NMDARs)
become externalized and active during SE may explain the refractoriness to benzodiazepine. However, the re-
al-time dynamic efficacy of antiepileptic drugs remains unclear. Therefore, we propose a hypothesis that diaz-
epam monotherapy or diazepam-ketamine dual therapy could terminate seizures and reduce mortality in the
SE model at different time points during ongoing SE.

An SE model was established in adult Sprague-Dawley rats with lithium and pilocarpine. The GABA,R agonist
diazepam was injected at 5, 10, 20, or 30 min when SE continued. In addition, diazepam and the NMDAR an-
tagonist ketamine were injected at 10 to 60 min at 6 different time points. We measured seizure-free rates,
seizure duration, degree of behavioral seizure, and mortality.

Diazepam monotherapy at 5 min and 10 min from the beginning of SE was able to terminate seizures and im-
proved survival rates. Diazepam-ketamine dual therapy at 10 min, 20 min, and 30 min from the beginning of
SE terminated seizures and achieved high survival rates.

In this parallel randomized controlled trial with a rat model, we found that diazepam monotherapy was an
effective antiepileptic strategy at the early stage of SE less than 10 min after SE onset. If SE lasts more than
10 min but less than 30 min, the diazepam-ketamine dual therapy strategy may be an appropriate choice.
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Material and Methods

Status epilepticus (SE) is a frequently occurring neurological
emergency. Its sudden, violent, self-sufficient, or repeated sei-
zures can produce irreversible damage, including neuronal in-
jury, respiratory and circulatory failure, and even death [1,2].
Pharmaceutical treatment as a preferred intervention can ter-
minate SE and reduce its harm to the body as much as pos-
sible. Previous randomized controlled trials proposed a con-
sensus about benzodiazepines as the standard first-choice
drugs when treating patients with SE [3]. General anesthet-
ics such as midazolam, propofol, and even dexmedetomidine
(DMT) are commonly used to terminate SE, but these agents
are associated with neuronal death, prolonged hospitalization,
and poor prognosis [4]. Therefore, the simplest and most ef-
fective therapeutic strategy is generally considered the best.
Benzodiazepines, as the standard first-choice drugs, are usu-
ally successful in terminating the self-sustaining or repeated
seizures, but 11-57% of SE patients are resistant to benzodi-
azepines and develop refractory SE. Why? Studies suggested
that treatment delay results in failed SE termination. For ex-
ample, benzodiazepines given 1 h after the beginning of SE
often fail to have an anti-seizure effect [5-7].

Different kinds of drugs have been studied in animal models
for controlling SE. The NMDAR antagonist ketamine showed
good anticonvulsant activity in several SE models. Even when
SE lasts 1 h, ketamine could terminate SE in an electrical stim-
ulation model [8-10]. The pilocarpine-induced SE rat model
was the most used in seizure research, which mostly mimics
the clinically evident SE, electrographic discharges, and short-
term consequences in humans. Synergistic actions between
benzodiazepine (GABA,R agonist) and ketamine (NMDAR an-
tagonism) in this SE model were described [11,12]. One study
found that ketamine effectively controlled pilocarpine-in-
duced SE with other antiepileptic drugs when SE lasted for
30 min [13]. Niquet et al [12] found that midazolam and ket-
amine dual therapy instead of monotherapy could control SE
successfully in animal models when the duration of SE before
treatment was 40 min.

However, several issues regarding diazepam and NMDAR an-
tagonists therapy strategy in SE treatment should be consid-
ered, and how to choose therapy strategies for controlling SE
when treatment is delayed is still an unresolved issue. In the
present study, we used the classical SE rat model, administered
diazepam monotherapy or diazepam-ketamine dual therapy at
shorter or longer time points from the beginning of SE to ex-
plore the efficacy of drugs in SE control and animal survival.
This study may provide a theoretical basis for clinical applica-
tions to select the appropriate treatment strategy according
to the time elapsed from the beginning of SE.

Animals

We used adult female and male Sprague-Dawley rats
(200-250 g) obtained from the Laboratory Animal Center of
North Sichuan Medical College. Animals were provided with
food and water ad libitum in a facility with constant temper-
ature (22-24°C), humidity (40-50%), and a 12-h light/dark cy-
cle, and housed in individual cages. The animal facilities and
the experiments conformed with the Laboratory Animal Ethics
Committee of North Sichuan Medical College guidelines. All
drugs were administered intraperitoneally.

Electrode Implantation

The same bipolar insulated stainless-steel electrode (Plexon,
Dallas, TX) was implanted into the right posterior ventral hip-
pocampi (-5.3 mm anterior-posterior, +4.9 mm media later-
al, -5.0 depth from touchpoint) using a stereotaxic apparatus
(RWD, China) under 10% pentobarbital sodium anesthesia, and
another 2 electrodes were located over the left and right cor-
tex. The electrode tips were placed in contact with the skull
without penetrating the dura mater. Two fixation screws were
used to ensure that the electrode adhered to the skull and was
enhanced with sufficient resin, followed by standard dental
acrylic cement. The procedure was based on previously de-
scribed experiments [14]. Animals were given 5-7 days for re-
covery before starting the experiment.

SE Model Development Protocols

The animals were intraperitoneally (i.p.) administered 3 mmol/
kg lithium chloride (Sigma, USA) dissolved in distilled water.
Then, 45 mg/kg pilocarpine (Sigma, USA) was injected i.p. 16
h later to induce SE. Thirty min before pilocarpine administra-
tion, scopolamine (2 mg/kg; Sigma, USA) was administered to
every model rat to avoid pilocarpine-induced cholinergic crisis.
Pilocarpine was diluted with normal saline and scopolamine
methyl bromide. Electroencephalographic (EEG) activity was
monitored with animals moving freely for 5 h using bipolar
insulated stainless-steel electrodes, and their behavior was
observed and recorded. After pilocarpine injection, the rats
gradually developed severe seizures; only animals that devel-
oped a seizure class up to 5 on the Racine scale [15] within 1
h were evaluated in this study.

Induction of SE and Classes of Seizures Recording

All the model rat used for this study exhibited SE that lasted
for 5 h or longer and had seizure behavior similar to that in
humans; some animals had seizures that lasted 12 h or more.
After a sufficient dose of pilocarpine injection, animals exhibited
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Figure 1. Experimental design. The SE model was established in adult Sprague-Dawley rats with lithium and pilocarpine (LiCl-Pilo
i.p.). A few minutes later, status epilepticus began. Then, we treated each group (1-4, n=8) with diazepam (intraperitoneal
injection) monotherapy at 4 different time points — 5 min, 10 min, 20 min, and 30 min — then assessed the degree of
behavioral seizure and hippocampal field potential changes over time. Second, we treated each group (I-1V, n=8) with
diazepam-ketamine dual therapy at 6 different time points — 10 min, 20 min, 30 min, 40 min, 50 min, 60 mi n— then
assessed the degree of behavioral seizure and hippocampal field potential changes over time. At each time point in the
control group, 5 SE rats were treated with a 0.5 ml placebo, the same volume as diazepam. Survival rates of animals were
monitored for up to 7 days after SE to analyze the short-term consequences of mono- and dual therapy in SE.

various classes of attacks which were reported before: wet-
dog shaking, facial twitching and automatisms, chewing, star-
ing, hind limb scratching, head bobbing, forelimb clonus, rear-
ing, and falling with full-body convulsions, as documented in
a previous study [15]. According to the Racine classification of
seizures, class 2 included rats exhibiting head bobbing, class 3
included rats exhibiting forelimb clonus, class 4 included rats
exhibiting rearing, and class 5 included rats exhibiting raising
and falling with generalized convulsions [15]. When the epi-
leptic seizures behavioral degree induced by pilocarpine was
up to class 4-5 and continued for more than 5 min, we con-
sidered that SE was beginning [16]. During SE, most rats spent
most of the time in class 3-5 seizures, with some time in class
2 seizures. Electrical attacks usually began with spikes clus-
ters and later decreased in frequency over the first hour, then
converted into rapidly repeated bursts.

SE Treatment

Diazepam and ketamine were obtained from the Pharmacy of
the First Affiliated Hospital of Chongging Medical University for
SE treatment in this research. Ketamine was dissolved in nor-
mal saline, and diazepam was dissolved in anhydrous alcohol
so that the solution could be diluted in saline and rapidly de-
livered. Ketamine (water-soluble) and diazepam (liposoluble)
were not mixed in a single syringe. In the diazepam-ketamine
dual therapy groups, ketamine and diazepam were intraperito-
neally injected sequentially without delay between injections.

Ketamine initial doses for experiments were determined ac-
cording to a previous study by Borris et al [8]. Diazepam ini-
tial doses were determined according to previous research by
Schneider et al [17]. Diazepam (20 mg/kg, 10 mg/kg, 5 mg/kg

i.p.) monotherapy dosages or diazepam (10 mg/kg) and ket-
amine (90 mg/kg, 60 mg/kg, 45 mg/kg, 30 mg/kg i.p.) dual
therapy dosages were tested first [13]. The dose of diazepam
monotherapy was reduced from 20 mg/kg to 10 mg/kg because
of mortality due to respiratory depression (3 of the 5 rats died
in the 20 mg/kg group in the preliminary experiment). High
mortality was experienced at ketamine 60 mg/kg combined
with diazepam (3 of 5 mice died in the preliminary experiment).
Therefore, we decided to use diazepam (10 mg/kg) monother-
apy and diazepam (10 mg/kg) and ketamine (45mg/kg) dual
therapy for subsequent experiments.

According to the parallel randomized controlled trial principle,
SE model rats were randomized into groups. First, we treat-
ed each diazepam monotherapy group (1-4, n=8) at 4 differ-
ent time points — 5 min, 10 min, 20 min, and 30 min - then
assessed the degree of behavioral seizure and hippocampal
field potential changes over time (Figure 1). Second, we treat-
ed each diazepam-ketamine dual therapy group (I-1V, n=8) at
6 different time points — 10 min, 20 min, 30 min, 40 min, 50
min, 60 min — then assessed the degree of behavioral seizure
and hippocampal field potential changes over time (Figure 1).
Finally, 5 SE rats in corresponding control groups at each time
point were treated with 0.5 ml placebo, the same volume as
diazepam.

The drug treatment efficacy was assessed by continuously
monitoring eye seizure behavior and EEG activity through bi-
polar insulated stainless-steel electrodes for 5 h after drug
injection. Experimenters who set the outcome were not the
same who injected the drugs. Each of them had been trained
in corresponding technology before the study started. The sei-
zure termination event was obtained when behavioral seizures
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Figure 2. Representative EEG recordings from hippocampal electrodes (Omniplex Neural Data Acquisition System, Plexon, Inc.) in
control, 10 min, and 30 min after SE onset with diazepam therapy. SE was induced via an injection of lithium chloride
(5 mEg/kg, i.p.) and pilocarpine hydrochloride (40 mg/kg, i.p.) 16 h later. Rats in each time point group were treated with
the same volume of placebo (control, n=5) or 10 mg/kg diazepam (n=8) after 5 min, 10 min, 20 min, and 30 min of SE. As
illustrated in the post-treatment traces, treatments at 5 min or 10 min initially eliminated the epileptiform discharges. As a
result, behavioral seizures were terminated as well. However, 10 mg/kg diazepam monotherapy, when SE lasted more than
10 min, failed to decrease EEG power to reach twice the pre-seizure baseline without bursting. Thus, each trace represents a
20-s period. Scale bar (upper left), 800 pV. EEG, electroencephalograph; SE, status epilepticus.

stopped and when the EEG amplitude fell below 2 times the
baseline amplitude without recurrence of spikes, sharp waves,
or irregular spikes in the following 5 hours. Animals reverted
back to SE within 5 h after treatment were considered fail-
ures in this study. Glucose and sodium chloride were inject-
ed intraperitoneally to compensate for energy for the next 7
days. Survival rates of animals were monitored up to 7 days
after SE to analyze the short-term consequences of mono-
and dual therapy in SE.

Results

Diazepam Monotherapy Terminated SE and Reduced
Mortality at an Early Stage of SE

We used 10 mg/kg diazepam as the maximum effective dos-
age for seizure treatment in all subsequent experiments. We
treated each group of SE animals with diazepam or an equal
volume of placebo at 4 different time points — 5 min, 10 min,
20 min, and 30 min. ANOVA revealed that 10 mg/kg diaze-
pam terminated seizures more effectively in the 5-min and
10-min groups than in the 20-min and 30-min groups in both
EEG (Figure 2) and behavior (*** P<0.0001, Figure 3A). In the

5-min and 10-min groups, EEG power and amplitude quick-
ly declined to twice the baseline. In the 20-min and 30-min
groups, EEG power and amplitude had not changed obviously.
Continuous behavior and seizure discharges in the 5-min and
10-min groups were distinctly shorter than in the 20-min and
30-min groups during the first hour of diazepam treatment
(*** P<0.0001, Figure 3C). The degree of behavioral seizure in
the 20-min and 30-min groups was controlled at grades 2 or 3
(*** P<0.0001, Figure 3B) with continuous EEG signals without
obvious attenuation. We calculated the mortality in the follow-
ing 7 days. A significant positive prognosis in survival was ob-
served in cholinergic SE rats treated with diazepam at 5 min
and 10 min compared to the control group and the other 2
groups. Earlier diazepam administration increased 1-week sur-
vival from 62% to 87% after SE (** P=0.0100; Figure 3D). The
result was similar to that reported in a previous study [18]. In
all, diazepam could terminate 5-min and 10-min SE effective-
ly, but had less efficacy in 20-min and 30-min SE.

Diazepam and Ketamine Dual Therapy Terminated SE and
Reduced Mortality at a Later Stage of SE

In the study, 10 mg/kg diazepam combined with 45 mg/kg
ketamine as the maximum effective dosage was used in
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Comparisons of 10 mg/kg diazepam monotherapy for SE at different time points. (A) Monotherapy with 10 mg/kg diazepam
when SE lasted longer than 10 min rapidly and significantly decreased the seizure-free rate. Only 1 SE rat was controlled
when SE lasted for 20 min, and no rats were controlled in the 30 min group compared to the 7 controlled rats in the 10-
min group and all controlled rats in the 5-min group (*** P<0.0001). ANOVA with Dunnett’s multiple comparisons. (B) The
class of seizure was assessed according to the Racine scale at the end of the first hour after diazepam treatment, showing
that rats in the 5-min and 10-min groups were treated successfully, but the class of seizure stayed 2-3 in the 20-min and
30-min groups with continued EEG signals (*** P<0.0001). (C) Diazepam (10 mg/kg) administration for SE in the first 10 min
was effective (5 min, 10 min) and drastically reduced seizure duration (*** P<0.0001 vs 20 min, 30 min), which suggests a
temporal effect of diazepam treatment. Values are means+SEM. ANOVA with Dunnett’s multiple comparisons. (D) Survival
rates of animals that received placebo (n=5) or diazepam treatment at 10 min and 30 min (n=8) were monitored 7 days after
therapy (** P=0.0100, log-rank test). Data are shown as the means+SEM (GraphPad Prism, Prism 8.0.2, GraphPad Software,

Figure 3.

Inc.). EEG, electroencephalograph; SE, status epilepticus.

subsequent experiments. We treated each group of SE ani-
mals with dual therapy or an equal volume of placebo at 6
different time points in SE — 10 min, 20 min, 30 min, 40 min,
50 min, and 60 min. Electrographic seizure activity terminat-
ed rapidly and exhibited distinctly higher seizure-free rates in
the 10-min, 20-min, and 30-min time point groups compared
to the 50-min and 60-min time point groups (*** P<0.0001,
Figures 4, 5A). Five animals in the 40-min time point group
were well-controlled by the dual therapy, while the other 3
animals exhibited prominent seizure discharges on EEG, de-
spite the disappearance of faint myoclonia during narco-
sis (Figure 4). The seizure-free rate in the 40-min time point
group was also higher than in the 50-min and 60-min groups
(* P=0.0221, Figure 5A). The latency to termination on EEG
and behavior ranged from several minutes to half an hour

(Figure 5C). Seizures were continuous during the 5-h obser-
vation period in each control group due to lack of effective
treatment. Notably, the degree of behavioral seizure sudden-
ly decreased to class 1 or disappeared entirely in the 50-min
and 60-min groups (Figure 5B). The prognosis in survival ob-
tained in post-SE rats that received dual therapy in the 30-
min group was better than that in control and 60-min groups
(Figure 5D). The earlier administration of diazepam combined
with ketamine improved 1-week survival from 50% to 87% af-
ter SE (* P=0.0232; Figure 5D). In general, diazepam-ketamine
dual therapy had better efficacy than diazepam monotherapy
when SE onset was over 10 min and kept effectiveness to 30
min from the beginning of SE.
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Figure 4. Representative EEG recordings from hippocampal electrodes (Omniplex Neural Data Acquisition System, Plexon, Inc.) in
control, 30 min, and 60 min SE with diazepam-ketamine dual therapy. SE was induced via injection of lithium chloride (5
mEq/kg, i.p.) and pilocarpine hydrochloride (40 mg/kg, i.p.) 16 h later. The rats in each time point group were treated with
the same volume of placebo (control, n=5) or 10 mg/kg diazepam combined with 45 mg/kg ketamine (n=8) at 10, 20, 30,
40, 50, or 60 min SE. As illustrated in the post-treatment traces, dual therapy at 10 min to 30 min SE initially eliminated the
epileptiform discharges. Behavioral seizure activity was also terminated. The SE EEG pattern exhibited no changes when
dual therapy was administered after 50 min or 60 min SE. Five animals in the 40-min group were controlled well with dual
therapy. but the other 3 animals exhibited apparent seizure discharges in EEG despite the disappearance of faint myoclonia
during narcosis. Each trace represents a 20-s period: scale bar (upper left), 800 pV.

Discussion

Decreased GABAergic inhibition drives the brain state to-
ward the ictal state at the beginning of a seizure. Improving
GABAergic function controls seizures successfully. A recent
randomized controlled trial recommended that benzodiaze-
pine monotherapy was the preferred treatment strategy (Level
A) for SE therapy when SE was in the early stage [19]. Our re-
sults demonstrate that a total dose of diazepam monotherapy
terminated early SE successfully when administered less than
10 min from the beginning of SE. As time went on, gene ex-
pression of hippocampal tissue in SE model rats changed [20].
Thus, SE becomes progressively resistant to benzodiazepine
anti-seizure drugs. Animal studies proposed a receptor-traf-
ficking hypothesis stating that SE causes y-aminobutyric acid A
receptors (GABA,Rs) to be internalized and functionally inacti-
vated [3,21,22]. This may explain why diazepam monotherapy
failed when SE lasted longer. The results of the present study
suggest that a sufficient dose of diazepam to control seizures
has a relatively narrow therapeutic time window in cholinergic
stimulation-induced SE animal models. When diazepam injec-
tion was delayed over 10 min from the beginning of SE, mild
clonus in behavior was contained, and EEG spikes were mon-
itored for the next 5 h.

The receptor-trafficking hypothesis states that internal iono-
tropic glutamatergic N-methyl-D-aspartate receptors (NMDARs)
are transferred from the inner space to the postsynaptic
membrane to be functionally activated, which likely increas-
es excitability and promotes continued seizure activity [23].
Furthermore, ketamine, as an N-methyl-D-aspartate (NMDA) re-
ceptor noncompetitive antagonist, has been successfully used to
control SE in animal models and humans in some research [24].

The present results are consistent with the hypothesis that
dealing with GABA,R and NMDAR real-time trafficking would
terminate prolonged SE [12]. A sufficient dose of diazepam-
ketamine dual therapy had efficacy when SE onset was over
10 min and kept effectiveness to 30 min from the beginning of
SE, but the effectiveness decreased rapidly when SE was over
30 min, even in combination with other anti-seizure drugs [13];
then, refractory SE developed.

In this study, the efficacy of dual therapy was consistent with the
hypothesis that pharmaco-resistant involves GABAR and NMDAR
trafficking, so the treatment targets were changed [25-27].
Therefore, the combination of 2 therapeutic agents, which
have different mechanisms, should be considered. These re-
sults may lead to reconsideration of the traditional reliance
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Figure 5. Comparisons of diazepam and ketamine dual therapy for SE at different time points. (A) Diazepam-ketamine dual therapy
was injected when SE lasted over 40 min; the seizure-free rate decreased rapidly and significantly. SE was only controlled in
1 rat when SE was over 50 min; none of the rats were controlled in the 60-min group compared to all controlled in 10-min,
20-min, and 30-min groups (*** P<0.0001). ANOVA with Dunnett’s multiple comparisons. (B) The degree of seizures was
assessed according to the Racine scale. SE in 10-min, 20-min, and 30-min groups were terminated successfully. The degree of
behavioral seizure suddenly decreased to class 1 or disappeared completely in the 50-min and 60-min groups (*** P<0.0001).
(C) Dual therapy was injected when SE was over 40 min, and it failed to decrease EEG power to reach twice the pre-seizure
baseline, a pattern that indicates seizure termination. Dual therapy was administrated when SE lasted less than 30 min, and
it drastically terminated SE. (*** P<0.0001), which suggests a temporal effect of diazepam-ketamine dual therapy. Values
are means+SEM. ANOVA with Dunnett’s multiple comparisons. (D) Survival rates of animals that received placebo (n=5) or
diazepam-ketamine 30 min (n=8) or diazepam-ketamine 60 min up to 7 days after SE treatment (* P=0.023, Log-rank test).
Data are shown as the means+SEM (GraphPad Prism, Prism 8.0.2, GraphPad Software, Inc.). SE, status epilepticus; diazepam-

ketamine, diazepam 10 mg/kg+ketamine 45 mg/kg.

on monotherapy as initial treatment in SE without consider-
ing other aspects. In the future, if we want to choose an effec-
tive SE treatment strategy to control self-sustained seizures,
successfully avoiding behavior and EEG spikes recurrence and
having a good prognosis, SE duration before therapy injection
as an essential influence factor must be considered [28-30].
We still have much work to do if we want to apply results ob-
tained from experimental animals [31] to clinical use, such as
translating the ketamine dosages used in experimental ani-
mals to clinical application with pharmacologically equivalent
drugs. Because of undesired psychological effects, adverse
reactions, and problems with therapeutic efficacy and safety,
ketamine-treated patients with prolonged SE must be stud-
ied in prospective randomized clinical trials.

Refractory SE developed when seizures lasted for 40 min or
longer. Seizure activity exhausts the post-ictal state, which is
intrinsically unstable, and changes to a stable refractory con-
dition. The latter process may result from irreversible chang-
es, such as neuronal death, receptor expression, and altered
neurotransmitter release. For example, calcium entry through
NMDARs activates nitric oxide synthase (NOS), which is pri-
marily present in inflammatory cells [32]. The nitric oxide pro-
duced by NOS generally plays an important physiological role,
but overproduction leads to DNA injury, lipid peroxidation, and
cellular signaling change following SE. Therefore, therapeutic
strategies that target the extra-synaptic 3-GABAR should be
more effective in prolonged SE [33]. Studies demonstrated that
extra-synaptic GABARs might not change during prolonged SE,
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and targeting these receptors may control refractory SE more
effectively. Thus, further studies should focus on extra-synap-
tic refractory mechanisms in controlling SE, which have lasted
for a longer time from the beginning.

Conclusions

Status epilepticus (SE) is an emergency that must be stopped
as early as possible. The longer an SE episode lasts, the more
significant the damage caused and the more difficult it is to
stop. The present study in an animal model showed that diaz-
epam monotherapy could terminate early SE lasting less than
10 min. Diazepam and ketamine dual therapy could end lon-
ger SE when treatment was delayed 10-30 min after SE on-
set. Our results provide a reference for SE treatment in hu-
mans in future research.
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