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Continuous seizure emergency evoked in mice with
pharmacological, electrographic, and pathological features
distinct from status epilepticus
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Department of Pharmacy, School of Pharmacy, University of Washington, Seattle, Washington,
USA

Summary

Objectives: Benzodiazepines are the standard of care for the management of sustained seizure
emergencies, including status epilepticus (SE) and seizure clusters. Seizure clusters are a
variably defined seizure emergency wherein a patient has multiple seizures above a baseline
rate, with intervening periods of recovery, distinguishing clusters from SE. Although these
seizure emergencies are phenotypically distinct, the precise pathophysiological and mechanistic
differences between SE and seizure clusters are understudied. Emergency-specific preclinical
models may differentiate the behavioral and pathological mechanisms that are acutely associated
with seizure emergencies and seizure termination to better manage these events.

Methods: Herein we characterize a novel model of sustained seizure emergency induced in CF-1
mice through the combined administration of high-dose phenytoin (PHT; 50 mg/kg, i.p.) and
pentylenetetrazol (PTZ; 100 mg/kg, s.c.).

Results: We presently describe a mouse model of sustained seizure emergency that is
pathologically, pharmacologically, and behaviorally distinct from SE. Acute administration of
PHT 1 h prior to PTZ led to significantly more mice with unremitting continuous seizure activity
(CSA; 73.4%) vs vehicle-pretreated mice (13.8%; p < .0001). CSA was sensitive to lorazepam
and valproic acid when administered at seizure onset and 30 minutes later. Carbamazepine
worsened seizure control and post-CSA survival. Mice in CSA exhibited electroencephalography
(EEG) patterns distinct from kainic acid—induced SE and PTZ alone, clearly differentiating CSA
from SE and PTZ-induced myoclonic seizures. Neuropathological assessment by Fluoro-Jade C
staining of brains collected 24 h post-CSA revealed no neurodegeneration in any mouse that
underwent CSA, whereas there was widespread neuronal death in brains from KA-SE mice.
Finally, immunohistochemistry revealed acute seizure-induced astrogliosis (glial fibrillary acid

Correspondence Melissa Barker-Haliski, Department of Pharmacy, School of Pharmacy, University of Washington, Seattle, WA,
98195, USA. mhaliski@uw.edu.

CONFLICTS OF INTERESTS

HSW has served on the Scientific Advisory Board of Otsuka Pharmaceuticals and has served as an advisor to Biogen Pharmaceuticals,
Acadia, Neurelis, and Jazz Pharmaceuticals and is a member of the UCB Pharma and SK Life Sciences Speakers Bureau. HSW is
scientific co-founder of NeuroAdjuvants, Inc., Salt Lake City, UT. None of the other authors have any conflict of interest to disclose.

SUPPORTING INFORMATION
Additional Supporting Information may be found in the online version of the article at the publisher’s website.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knox et al.

Page 2

protein; GFAP) in hippocampal structures, whereas hippocampal neuronal nuclei (NeuN) protein
expression was only reduced in KA-SE mice.

Significance: We present a novel mouse model on which to further elucidate the mechanistic
differences between sustained seizure emergencies (ie, SE and seizure clusters) to improve clinical
interventions and define mechanisms of seizure termination.
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1| INTRODUCTION

Although most are brief, extensively long seizures require pharmacological intervention.
Seizure emergencies include status epilepticus (SE) and seizure clusters. Clinically, SE is
defined as a continuous seizure lasting >5 min or two or more sequential seizures without
intervening recovery of consciousness.! SE affects 50 000-150 000 people in the United
States each year, with associated adult mortality ranging from 10% to 30%.23 Between 4%
and 16% of patients with epilepsy will have at least one SE event.* Conversely, seizure
clusters constitute a seizure emergency broadly defined by acute episodes wherein seizure
control is interrupted by recurrent seizures lasting <5 min with bouts of seizure freedom.>6
This seizure cessation and onset cycle uniquely differentiates clusters from SE. However, a
lack of consensus in clinical definition may lead to great variability in clinical prevalence.’
In any case, cluster seizures are a medical emergency unique to patients with epilepsy,
whereas SE can present in any individual, highlighting a key pathogenic difference.

The pharmacological sensitivity of each seizure emergency depends on a multitude of
factors. Seizure clusters remain acutely sensitive to benzodiazepines (BDZs) no matter the
delay in which rescue intervention is administered after cluster onset.8-11 Conversely, SE
can quickly become refractory to BDZs in as little as 10 min after onset in preclinical
models,12-14 |eading to increased morbidity and mortality.1-15-17 However, if left untreated,
cluster seizures can rapidly progress to SE,18-20 implicating conserved mechanisms in two
otherwise distinct indications.

Numerous models of SE reproduce the clinical facets of SE, including behavioral

and electrographic features, BDZ resistance, high seizure-induced mortality, and
neurodegeneration.?1:22 Kainic acid (KA)-induced SE in rodents produces a sustained
behavioral and electrographic seizure that can become refractory to delayed administration
of BDZs and cause neuronal death throughout the limbic system.1# Rat and mouse models
of KA-induced SE have been instrumental in understanding pathogenic mechanisms,23
defining biological underpinnings,14:24 and identifying novel interventions.2® It is important
to note that rodent models of spontaneous recurrent seizures, including those that arise
post-SE, experience sporadic and infrequent “cluster” seizures.26:2” However, there is as yet
no reliable way to evoke cluster seizures in epilepsy models because of the high degree of
interindividual variability?8 and lack of consensus definition of cluster seizures. It has thus
been challenging to consistently and reliably model all types of clinical seizure emergencies
to elucidate the pathophysiological differences between SE and seizure clusters.

Epilepsia. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knox et al.

2|
2.1

2.2

Page 3

Acute administration of high doses of sodium channel-blocking antiseizure drugs (ASDS),
including phenytoin (PHT), can be proconvulsant and reduce seizure threshold in
rodents.2%30 Previous studies have suggested that high-dose PHT pretreatment in the
subcutaneous pentylenetetrazol (s.c.PTZ) model of myoclonic seizures in mice results in
continuous seizures that were sensitive to midazolam and thus by de facto represented
SE.3! Furthermore, others have shown that PHT may potentiate the efficacy of various
BDZs in the mouse s.c.PTZ model.32:33 Yet, the phenotypic, neuropathologic, and
electrographic characterization of this model has been notably absent. In combination
with our serendipitous observations and prior publications demonstrating a proconvulsant
effect of high-dose PHT,29-31 we sought to define whether the seizure induced by
high-dose PHT administration in the s.c.PTZ model would generate a sustained seizure
with a distinguishable behavioral phenotype, electroencephalography (EEG) profile, or
neuropathology.2129 Mice pretreated with high-dose PHT prior to s.c.PTZ exhibit worsened
acute seizure severity and duration; we thus hypothesized that this drug combination

and resulting aberrant continuous seizure activity (CSA) represented a preclinical seizure
that is behaviorally similar to, yet pharmacologically and pathologically distinct from,
SE. The present investigation thus sought to establish the phenotypic, electrographic,

and neuropathologic features of this mouse model of CSA. The present CSA model

is additionally suitable for high-throughput drug screening to potentially identify new
treatments for non-SE seizure emergencies. Furthermore, we present a new preclinical
platform, which when compared with SE models may help to clarify the mechanistic basis
underlying sustained seizures, seizure termination, and neurodegeneration.

METHODS

Animals

Male CF-1 mice (25-40 g; 5 to 6 weeks old; Envigo) were housed five mice/cage with
corncob bedding in a temperature-controlled specific pathogen-free vivarium on a 14:10
light/dark cycle (on: 0600 hours, off: 2000 hours). Animals were given free access to
irradiated chow (Picolab 5053) and filtered water, except during periods of behavioral
manipulation. Mice were allowed to acclimate to the housing facility for at least 5 days and
to the testing room for at least 1 h prior to testing. All studies were conducted during the
animals’ light phase. Animals were euthanized by CO, asphyxiation. This study was not
designed to assess the impact of sex as a biological variable, thus only male mice were used.
All animal use was approved by the University of Washington Institutional Animal Care
and Use Committee, conformed to the Animal Research: Reporting of In Vivo Experiments
(ARRIVE) guidelines,34 and was conducted in accordance with the United States Public
Health Service’s Policy on Humane Care and Use of Laboratory Animals.

Chemical compounds

PTZ (catalog #P6500), PHT (catalog #PHR1139), methylcellulose (VEH; catalog #M0430),
valproic acid (VPA, catalog #P4543), carbamazepine (CBZ; catalog #C4024), potassium
permanganate (KMnQy; catalog #223468), xylenes (catalog #XX0060), xylazine (X1251-
1G), and DPX mounting medium (catalog #06522) were all from Sigma Aldrich (St. Louis,
MO, USA). Lorazepam (LZP; NDC 0641-6046-01) was from Westward Pharmaceuticals
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as a solution, which was further diluted in 40% hydroxypropyl-p--cyclodextrin. Formal

Fixx (catalog #9990244), Hoeschst 33342 (catalog #62249), and NaOH (catalog #SS254)
were from Thermo Fisher Scientific (Waltham, MA, USA). Fluoro-Jade C (FJ-C; catalog
#1FJC) was from Histo-Chem Inc (Jefferson, AR, USA). Kainic acid (KA, catalog #0222)
was from Tocris (Bristol, UK). Ketamine (Ketaset) was from Zoetis, Inc (Parsippany, NJ).
Anticonvulsant drugs (PHT; CBZ; VPA) administered to mice were suspended in VEH; PTZ
was administered after dissolving in saline.

2.3 | Induction of continuous seizure activity

Each mouse was pre-treated with either 50 mg/kg PHT or VEH administered by the i.p.
route (/7= 8/pre-treatment group). One hour later, 100 mg/kg PTZ was administered s.c. to
each mouse, which was then placed in an individual observation chamber (7.6H x 10.1W
x 12.7L cm). At this dose, the seizure associated with s.c.PTZ is characterized by hindlimb
extension and differs phenotypically from the minimal clonic seizure endpoint typically
evaluated in drug-intervention studies.3® The latency to onset of the PTZ-induced seizure,
characterized by first twitch, clonic seizures, and onset of CSA, was recorded for each
mouse. Onset of CSA was visually defined as the time when the mouse jumped violently
and then exhibited unremitting forelimb and hindlimb clonus. Body weights were recorded
24 h post-CSA and brains were collected for histology.

2.4 | Assessing the impact of pharmacological intervention on continuous seizure

activity

To define whether CSA was phenotypically distinct from acute SE, we employed two
ASD intervention paradigms (all i.p.): (1) immediate intervention (administration of ASDs
within <1 min CSA onset); or (2) delayed intervention (administration of ASDs 30 min
post-CSA onset). Once a mouse entered CSA, it was randomized to receive VEH (0.5%
methylcellulose), CBZ (20 or 40 mg/kg), LZP (2 or 4 mg/kg), or VPA (150 or 300 mg/kg).
Each mouse was then monitored for 1 h and all seizure activity was recorded. There were
n= 8 mice/group, which gives 80% power at 95% significance to detect a 1.5 standard
deviation difference in seizure severity between each group vs VEH with p < .05. Low and
high doses of VPA and CBZ were chosen as those that can block a maximal electroshock
(MES) tonic hindlimb extension seizure in 50% of mice (ED50) and produce rotarod
impairment in 50% of mice (TD50), respectively.36:37 The dose of LZP was selected based
on our ED50 in CF-1 mice in the MES test (1.20 mg/kg [95% confidence interval (CI)
0.801-1.79 mg/kg]; not shown) and was consistent with the efficacy of other BDZs in the
MES and rotarod tests.36:37

2.5] Kainic acid-induced status epilepticus

Status epilepticus was induced with KA according to a modified method for C57BL/6
mice.38 Male CF-1 mice (7= 10 for FJ-C histology; 7= 6 for immunohistochemistry; 7= 3
for EEG) were treated with an initial 10 mg/kg (i.p.) dose of KA, followed by an additional
5 mg/kg (i.p.) dose of KA every 20 min until the presentation of multiple Racine stage 4

or stage 5 generalized seizures. Seizures were recorded during the SE induction period and
for 1 h after the onset of secondarily generalized behavioral seizures. Brains of mice that
survived for 24 h after the onset of SE were collected by flash-freezing on dry ice.
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Surgical implantation of EEG electrodes for video-EEG monitoring

A separate cohort of mice (7= 12) was used for video-EEG (VEEG) recordings. Mice
were anesthetized with ketamine/xylazine (100/10 mg/kg; i.p.) and placed in a stereotaxic
instrument. A midline incision of ~1-2 cm was made exposing the skull. A three-channel
stainless steel electrode unit (MS333/1-A; Plastics One, Roanoke, VVA) was placed in two
holes, which were drilled bilaterally, 4 mm posterior and lateral to bregma to overlay the
hippocampus. The third electrode was placed as a ground posterior to lambda to overlay
the cerebellum, a region known to be electrically silent. Three stainless steel mounting
screws (00-96 X 1/16; InVivol, Roanoke, VA) were placed, two posterior and lateral to
the hippocampal electrodes and one anterior and lateral to bregma.3? The entire assembly
was anchored with dental cement (Lang, 1223CLR). Mice were allowed to recover from
anesthesia on a heating pad until ambulatory, and given oral Rimadyl (Bio-Serve, MD150
as an analgesic (0.5 mg). All implanted mice were individually housed and allowed to
recover for 1 week after surgery.

2)

Video-EEG monitoring of electrographic seizures

On the VEEG acquisition day, implanted mice (7= 12) were connected to EEG electrodes
and allowed 1 h to acclimate to the room before obtaining a baseline 1 h recording.
Implanted mice were randomized into one of three experimental groups: VEH + PTZ (n
= 3; ie, 5.c.PTZ control group); KA-induced SE (n7= 3); or PHT + PTZ induced CSA (n=
6). Recording of behavioral and electrographic seizures continued for >2 h after onset for
each experimental condition.

Video-EEG was recorded using a customized data acquisition system with an MP160

and EEC100 (Biopac, Goleta, CA) and three-channel electrodes (InVivo1).28:3% The
electrographic seizure analysis was conducted offline following completion of in-life studies
using the baseline and active seizure period according to the following methods: the average
power of two, 10 min EEG recording bins was first defined from the 1 h baseline period.
Then, the average power of two, 10 min active EEG recording bins was defined from the 1
h period surrounding the onset of active VEH + PTZ induced clonic seizures, KA-induced
SE, or PHT + PTZ induced CSA. The 10 min recording period for both baseline and active
seizures was binned in 30 s epochs by Assyst EEG analysis software (KaosKey; Sydney,
Australia). The time of onset of clonic seizures, SE, or CSA was visually noted by a

trained investigator and the EEG spectrum was analyzed for each mouse in the 1 h period
immediately following the seizure onset.

Fluoro-Jade C assessment of post-insult neurodegeneration

Mice for histology (7= 15 for KA-SE; n= 16 for VEH-rescued CSA; n= 6 for VEH-naive)
were euthanized 24 h after seizure onset, and the brains were removed, flash frozen,

and maintained at —80°C until processing. Two consecutive 20 um-thick sections/mouse
from the dorsal hippocampus (anteroposterior [AP] from Bregma: —1.34 mm) and ventral
hippocampus (AP from Bregma: —2.24 mm) were sectioned on a cryostat (Leica DM1860)
and slide-mounted. Slides were fixed in 4% Formal Fixx (10 min) and rinsed in DI water
followed by FJ-C and Hoechst staining.2%41 Slides were imaged on an upright fluorescent
microscope (Leica DM-4) with a 10x objective (40x final magnification) with constant
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acquisition settings. Photomicrographs (/7= 4 brain sections/mouse) were analyzed by

an investigator who was blinded to treatment and visually scored for the presence of

FJ-C positive cells in limbic structures (CA1, CA3, and dentate gyrus [DG] of dorsal
hippocampus) and hypothalamic nucleus. If two or more of the consecutive sections from
each mouse demonstrated FJ-C- positive staining in the designated brain region, the animal
was considered to have FJ-C positive labeling.

2.9 | Immunohistochemistry for astrocytes (GFAP) and neurons (NeuN)

A subset of tissues from mice for histology studies (7= 6 for KA-SE; n= 6 for CSA;

n= 6 for VEH) was processed for semi-quantitative immunohistochemistry for neurons
(NeuN) and astrocytes (glial fibrillary acidic protein; GFAP). Briefly, NeuN directly
conjugated to Alexa Fluor488 (1:300; MAB377X, Millipore) and GFAP directly conjugated
to Cy3 fluorophore (1:1000; C9205 Sigma-Aldrich) antibodies were applied under 200 uL
coverwells in a 5% goat serum in 1 x phosphate-buffered saline (PBS) solution overnight

at 4°C according to previously published methods.#2-44 Photomicrographs were acquired as
above for FJ-C at 20x magnification and processed by semi-quantitative analysis of percent
field area with fluorescently labeled signal, as previously published.*2

2.10| Statistics

The dose of PTZ necessary to elicit sustained twitch and clonus in >99% of mice
(convulsant dose, CD99) was calculated by Probit.4>46 Weights (in grams) and latency

to any seizure (in seconds) for acute pharmacological studies were analyzed by one-

way analysis of variance (ANOVA). The number of mice displaying CSA in acute
pharmacological studies and mortality rates were compared by Fisher’s exact test. Survival
after CSA onset was determined with a Kaplan-Meier plot. The number of animals in each
treatment group with FJ-C positive cells within each brain region were compared by Fisher’s
exact test; semi-quantitative analysis of NeuN and GFAP immunoreactivity within each
brain region were compared by one-way ANOVA with Tukey’s post hoc tests. Except for
CD99, all statistical analysis was performed in GraphPad Prism version 8.0 or later, with p <
.05 considered significant.

3| RESULTS

3.1| Pentylenetetrazol and phenytoin dose responses

We first sought to establish the dose of s.c.PTZ necessary to reliably induce seizures in
>99% of mice (CD99), as well as the dose of PHT necessary to elicit CSA with low
mortality when administered in combination of s.c.PTZ. The CD99 of s.c.PTZ was 102
mg/kg [95% CI 83.4-220], thus 100 mg/kg PTZ was used for further studies (Figure 1B).
We then quantified the dose-related impact of PHT on the conversion to CSA following
administration of 100 mg/kg of PTZ (Figure 1D); pretreatment of mice with high dose PHT
(50 mg/kg) induced CSA rather than typical myoclonic seizures, consistent with previous
findings.3 Thus subsequent behavioral, pharmacological, and electrographic studies were
conducted with this combination; that is, 50 mg/kg, i.p., PHT administered 1 h before 100
mg/kg s.c.PTZ.
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3.2 | Phenytoin pretreatment precipitates onset of continuous seizure activity

Of the 94 mice pretreated with VEH 1 h prior to 100 mg/kg s.c.PTZ, 13 of 94 (13.8%)
developed seizures characteristic of CSA as defined above (Figure 2A). In contrast, 179 of
244 mice (73%) pretreated with high-dose PHT (50 mg/kg) 1 h prior to 100 mg/kg s.c.PTZ
developed CSA (Fisher’s exact test, p < .0001; Figure 2A). We then characterized the
progression and stability of CSA across time in the delayed intervention studies (Figure 2B).
Of the 118 mice enrolled in the delayed intervention studies after PHT + PTZ induced-CSA,
64 of 118 (54.2%) survived while remaining in CSA to the 30 min window to become
candidates for pharmacological intervention. Of the mice that did not survive until the

30 min intervention window, the median latency to mortality after CSA onset without
pharmacological intervention was 10 min (Figure 2B). Thus there was a notable selection
bias for mice that survived the CSA insult to the 30 min intervention. If a mouse survived to
the 30 min intervention, it was more likely to survive, which may have also contributed to
the discrepancy in improved survival between VEH-pretreated animals in the immediate and
delayed intervention studies (Table 1).

3.3 | Continuous seizure activity is sensitive to administration of both lorazepam and
valproic acid

We sought to characterize the sensitivity of CSA to both immediate (0 min) and delayed
(30 min) interventions using standard-of-care ASDs: LZP, a frontline rescue BDZ for
both seizure clusters and SE1>47; \VPA, often utilized as a second-line treatment for
BDZ-resistant SEL; and CBZ, which can aggravate seizure clusters in humans1948:49 and
rodent models.28 Pharmacological intervention within 1 min of CSA onset reduced total
time in CSA (F361) = 195.7, p < .0001). However, only LZP and VVPA significantly
reduced the time in CSA (p < .0001; Figure 3B). Conversely, immediate administration
of escalating doses of CBZ did not impact CSA duration. Immediate intervention with
high doses of both LZP and VPA significantly improved survival (Table 1). Finally,
immediate administration of all rescue therapies significantly attenuated CSA-induced 24
h body weight loss vs vehicle-treated CSA mice (A3 27) = 3.750, p = .0225); however,
only surviving mice were weighed at this point and there was significant mortality in
VEH-treated mice (Table 1). Therefore, immediate intervention with both LZP and VPA
markedly reduced CSA duration, improved survival, and reduced CSA-induced body weight
loss, whereas immediate intervention with CBZ did not improve any outcome measures
aside from improving 24 h body weight.

Because SE in humans and preclinical models can become refractory to BDZs, we sought

to establish whether CSA was also refractory to any intervention administered 30 min
post-CSA (Figure 3C). Delayed intervention significantly reduced the total time in CSA
(F,66) = 7-246, p=.0003). However, only LZP reduced the time in CSA in a dose-related
fashion (p < .01; Figure 3D). CBZ and VPA were without significant effect on CSA duration
at any dose tested. Delayed intervention with 4 mg/kg LZP also significantly improved
survival from CSA (Table 1). There was a main effect of drug dose on 24 h body weight loss
(Figure 3D; F1,34) = 5.20, p=.029); CBZ-treated mice (40 mg/kg) had significantly worse
CSA-induced body weight loss vs VEH-treated mice (Figure 3D; p=.0374) Thus PHT +
PTZ-induced CSA remained sensitive to LZP up to 30 min post-onset, and administration of

Epilepsia. Author manuscript; available in PMC 2022 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Knox et al.

3.4 |

Page 8

this agent alone markedly improved acute CSA-induced behavioral outcomes. Such efficacy
of LZP starkly contrasts with traditional SE models that develop BDZ resistance within 30
min of seizure onset.

PHT + PTZ-induced electrographic seizure activity is distinct from KA-and s.c.PTZ-

induced electrographic seizure activity

3.5]

3.6

We recorded paired VEEG activity from the PHT + PTZ treated mice to characterize the
electrographic seizure profile of a mouse in CSA to more clearly define whether these
events were electrographically like those of KA-induced SE or s.c.PTZ-induced myoclonic
seizures (Figure 4A). Paired VEEG from mice treated with VEH + PTZ (s5.c.PTZ), KA (SE),
and PHT + PTZ (CSA) demonstrated qualitatively distinct waveforms in the active seizure
period (Figure 4B). Mice treated with VEH + PTZ showed acute electrographic patterns
consistent with the behavioral hindlimb extension seizures that are prototypical of high dose
s.c.PTZ (Figure 4C). Mice in KA-induced SE showed a rhythmic pattern of electrographic
bursting (Figure 4D) consistent with rodent SE.2>:38 Mice in CSA experienced continual
electrographic activity with consistent dyssynchronous spiking throughout the recording
duration, distinct from the patterns of KA-induced SE and s.c.PTZ alone (Figure 4E). All
groups showed a 10-fold increase in EEG power during the active seizure vs their respective
baseline, but the small group sizes of this qualitative study did not support statistical
comparisons (Figure 4F—H). Nonetheless, there were clear behavioral and electrographic
distinctions between s.c.PTZ, KA-SE, and CSA.

Continuous seizure activity does not induce neurodegeneration within 24 h

We quantified hippocampal neurodegeneration with FJ-C staining of tissues collected 24 h
after visually confirmed behavioral CSA onset (7= 16) vs tissues obtained from visually
confirmed KA-induced SE (7= 15 surviving/17 treated mice) and VEH-treated naive mice
(n=6). KA-SE mice demonstrated extensive neurodegeneration in CAl, CA3, and DG of
dorsal hippocampus, as well as neurodegeneration in hypothalamic nucleus (Figure 5A). No
mouse that entered CSA showed any neurodegeneration, whereas every mouse treated with
KA had significant neurodegeneration detectable 24 h after seizure onset (Figure 5A and
Table S1). Notably, treatment with ASDs did not affect FJ-C immunoreactivity in any CSA
mice (Table S1). FJ-C positive staining was similarly absent in VEH-treated naive mice.
This extensive and thorough evaluation conclusively demonstrates that CSA insult was not
associated with neurodegeneration 24 h after insult in any brain structure examined across a
diversity of treatment paradigms, starkly contrasting this model with KA-SE in CF-1 mice.

Continuous seizure activity induces reactive gliosis in hippocampus

To better define the pathological differences acutely associated with CSA and KA-induced
SE, we evaluated the extent to which protein markers of astrocytes (GFAP) and neurons
(NeuN) were altered in the brains of mice relative to VEH-treated animals (Figure 5B

and C) 24 h after insult. Sustained seizures generally increased GFAP expression in area
CAL of the dorsal hippocampus (A2 15) = 6.177, p=.0110), with Tukey’s post hoc test
demonstrating that GFAP immunoreactivity was significantly elevated in CSA-treated vs
VEH-treated mice (p=.0097), but did not reach significance in KA-SE mice (p=.0761).
This effect was similarly observed in DG (£,15) = 5.932, p = .0126), with a significant
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elevation in CSA-treated vs VEH-treated mice (p=.0127), but did not reach significance

in KA-SE mice (p=.0597). There was no effect of insult on GFAP immunoreactivity in
area CA3. The extent of NeuN immunoreactivity in dorsal hippocampus was also generally
affected by insult in area CA3 (F2,15) = 4.546, p=.0286) and DG (F2,15) = 4.819, p=
.0256), but not CA1. However, Tukey’s post hoc tests revealed only that NeuN labeling

was reduced in KA-treated mice within the DG (p = .0203); the difference did not reach
statistical significance in area CA3 (p = .06). These findings further illustrate that both CSA
and KA are associated with sustained behavioral seizures, but only KA significantly reduced
NeuN immunoreactivity in DG.

DISCUSSION

Status epilepticus is a distinct seizure emergency characterized by prolonged seizures lasting
>5 min with no recovery of consciousness. BDZs are the standard-of-care, but untreated

SE can quickly become refractory to BDZs, increasing morbidity and mortality risk. We
presently demonstrate that mice pretreated with high-dose PHT (50 mg/kg) 1 h prior to
s.c.PTZ (100 mg/kg) exhibit a seizure phenotype distinct from the hindlimb extension
seizures characteristic of s.c.PTZ.2% These seizures are unequivocally distinct from KA-
induced SE at the behavioral, pharmacological, electrographic, and neuropathological levels.
CSA is thus a unique seizure emergency model.

The precise mechanisms that contribute to the presently described onset of CSA following
PHT + PTZ remain to be elucidated; future mechanistic studies are also needed to
interrogate the processes underlying seizure termination. PHT, an ASD that blocks sodium
channels, does not prevent minimal clonic seizures induced by s.c.PTZ, even at PHT doses
above 100 mg/kg, but PHT effectively prevents maximal hindlimb tonic extension seizures
resulting from suprathreshold doses of s.c.PTZ.29 PHT likely blocks seizure spread but
does not increase seizure threshold, in contrast to other ASDs.2? The National Institute

of Neurological Disorders and Stroke’s Epilepsy Therapy Screening Program has even
demonstrated that PHT (>41 mg/kg) can actually decrease seizure threshold in the mouse
i.v.PTZ test (https://panache.ninds.nih.gov). Consistent with earlier reports,3! we herein
demonstrate that pretreatment with high-dose PHT (50 mg/kg) shifts the phenotype of
high-dose s.c.PTZ-induced seizures from hindlimb tonic extension to sustained CSA. PHT
+ PTZ promotes CSA in over 73% of mice (n7= 244 total), a phenomenon that is best
described as sustained clonic seizures. Conversely, only 14% of VEH + PTZ-treated mice
(n =94 total) demonstrated CSA,; the majority exhibited hindlimb extension seizures typical
of suprathreshold doses of s.c.PTZ. The fact that PHT prevents seizure spread and blocks
tonic hindlimb extension but reduces seizure threshold at high (ie, proconvulsant) doses
likely contributed to the CSA phenomenon when PHT was administered in combination
with s.c.PTZ. Seizures in patients and preclinical models will generally self-terminate within
1-2 min and seizure duration is relatively short.59 Until now, this statement generally held
true for all events except SE, which likely explains the rationale for a prior study wherein
combined administration of PHT + PTZ was used to explore the efficacy of midazolam

for SE.31 CSA in mice is distinguished from KA-induced SE based on electrographic,
behavioral, and pharmacological features, demonstrating that our model is not only distinct
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from acute seizures and SE, but that it is also a novel platform on which to better define the
mechanisms of seizure initiation and termination.

Seizure emergencies are clinically managed with BDZs.% The activity of LZP, a first-

line therapy for both seizure clusters and SE,%1547 administered with a 30-min delay,
demonstrates that CSA is not refractory to BDZs.3! Rodent models of SE are refractory to
BDZs, consistent with clinical SE.152 Furthermore, VPA, a common second-line therapy
for SE and seizure clusters,53-55 was as effective as LZP in reducing CSA duration and
improving 24 h survival following immediate administration (Figure 3B), but in contrast to
LZP, VPA lost efficacy by 30 min (Figure 3D). Efficacy of these two pharmacologically
distinct, clinically effective ASDs supports the face validity of this model as a new tool to
interrogate the mechanisms underlying the onset and termination of seizure emergencies.

Continuous seizure activity could also be worsened by ASD intervention. Specifically,
administration of CBZ 30 min after onset did not reduce CSA duration, increased 24 h
body weight loss, and instead worsened overall mortality. These findings align with clinical
reports wherein CBZ and other sodium channel blockers can aggravate seizure clusters

in patients with epilepsy,194849 as well as in a rat model of temporal lobe epilepsy with
documented spontaneous seizure clusters.28 Seizure clusters can also arise in the course

of rapid withdrawal of ASDs in patients with drug-refractory epilepsy,>6 representing a
so-called “rebound” effect, and this clustering phenomenon may be particularly common
in patients with a history of lamotrigine and other sodium channel blocking ASD use.?8 In
fact, Henning et al reported that of the 60 patients with drug-resistant epilepsy who were
undergoing ASD withdrawal for EEG monitoring in an epilepsy monitoring unit, 25 (42%)
experienced seizure clustering within 24 h of ASD withdrawal.®8 Although the patients in
that study most commonly used lamotrigine rather than CBZ, it was not specified whether
patients who experienced seizure clusters were more likely to have also used lamotrigine.
In any case, there is clear preclinical and clinical evidence that sodium channel blocking
ASDs can aggravate seizure clusters. Thus use of CBZ in our present study confirmed that
CSA was bidirectionally sensitive to ASDs, consistent with seizure clusters. Our current
investigation clearly indicates that the observed phenomenon associated with PHT and
s.c.PTZ coadministration is not representative of SE, but rather another altogether distinct
seizure emergency, that is, non-SE CSA, as evidenced by the findings that LZP (our study),
other BDZs,3! and CBZ worsen outcomes.

Systemic administration of KA to rodents is an established method to induce electrographic
seizures that arise from limbic structures,1* which progress to rhythmic recurrent
electrographic spiking and convulsive SE; these events are detectable by cortical EEG.
Although the systemic low-dose KA-induced SE model has been reported previously in
inbred C57BI/6 mice,38 we have established this model in outbred CF-1 mice and find

it to reliably evoke acute SE with clear and consistent rhythmic spiking. However, mice
that underwent CSA did not demonstrate such rhythmic EEG firing patterns (Figure 4).
KA-SE also leads to severe and dispersed neurodegeneration throughout numerous limbic
structures, as assessed by FJ-C staining, in all mice 24 h after insult; none of the CSA mice,
including all mice rescued with ASDs (Table S1), did not demonstrate consistent evidence
of neurodegeneration in any examined brain region 24 h later (Figure 5). Altogether, the
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electrographic seizure patterns, changes in EEG power between experimental groups, and
the clear lack of neurodegeneration 24 h after insult confirm that this CSA model induces a
sustained seizure insult that is altogether pathologically distinct from SE.

The CSA model provides a unique platform to define the mechanisms underlying seizure
emergencies, as well as their differences in ASD sensitivity. The majority of mice that
entered CSA survived for at least 30 min post-insult, allowing for interventions to be
administered at an investigator-defined time point in a manner similar to that of preclinical
SE models.5” Whether BDZs are the only and best-suited interventions for all seizure
emergencies has not yet been rigorously evaluated in a preclinical model. There may be
better-tolerated or more effective interventions that are specific to SE vs seizure clusters.
Furthermore, this study establishes the CSA model as a platform on which to identify

other potential treatments, even with delayed administration, to rescue seizure emergencies.
Rescue therapies for seizure emergencies are not often readily available in an outpatient
setting; the timing of drug administration may be long after seizure onset.>® In this regard,
rodent models with sustained seizures that remain sensitive to protracted interventions could
be highly informative to drug discovery and differentiation. Whether this CSA model

will ultimately prove useful in the identification of novel interventional agents for the
management of seizure emergencies clearly remains to be established.
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. Seizure clusters are a variably defined seizure emergency that are sensitive to

. The mechanistic differences between seizure clusters and status epilepticus

. We report a mouse seizure emergency model that is phenotypically,

. This mouse model provides a novel platform on which to further interrogate

Key Points

benzodiazepines, an event distinct from status epilepticus.

are not well defined.

pathologically, and pharmacologically distinct from status epilepticus.

the mechanisms underlying seizure emergencies.
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FIGURE 1.
Pentylenetetrazol (PTZ) administered by the subcutaneous (s.c.) route normally induces

clonic seizures in male CF-1 mice in a dose-related manner. This clonic seizure was shifted
to continuous seizure activity (CSA) with pre-administration of high-dose intraperitoneal
(i.p.) phenytoin (PHT). (A) The timeline of dose-response studies to determine convulsant
doses of PTZ in male CF-1 mice. Mice were allowed to habituate to the testing environment
for 1 h prior to administration of escalating doses of s.c.PTZ. (B) The doses of s.c.PTZ
were administered until at least two points could be established between the limits of 0%
and 100% of mice with seizures to define the convulsant dose of 99% of mice (CD99). The
CD99 of s.c.PTZ was determined to be 102 mg/kg. (C) The timeline of the experimental
design used to determine the pretreatment dose of i.p. PHT that would result in CSA in
male CF-1 mice treated with s.c.PTZ (100 mg/kg). (D) Administration of 50 mg/kg PHT 1
h prior to s.c.PTZ resulted in CSA in at least 50% of tested mice (/7= 4), which aligned
with our pilot studies to develop this model (not shown) and previously published work.3!
Administration of lower doses of PHT 1 h prior to s.c.PTZ administration did not result in
CSA onset in any mice
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FIGURE 2.

The combined administration of phenytoin (PHT; 50 mg/kg, i.p.) 1 h prior to s.c.
administration of pentylenetetrazol (PTZ) greatly increased the number of male CF-1 mice
that present with continuous seizure activity (CSA). (A) There was a significant increase in
the conversion to CSA caused by PHT pretreatment vs VEH treatment alone. *Indicates p <
.0001 by Fisher’s exact test. (B) PHT + PTZ treatment groups were divided into immediate
(0 min post-seizure onset) and delayed (30 min post-seizure onset) intervention groups for
subsequent pharmacology studies. The majority of PHT + PTZ-treated mice that presented
with CSA and were candidates for delayed intervention studies survived for at least 30 min
after seizure onset (64/118; 54%). Of the PHT + PTZ mice that were enrolled for delayed
intervention group, 50% of mice died within 10 min of CSA onset and were thus unable to
be rescued with any intervention
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FIGURE 3.
Administration of the antiseizure drugs (ASDs) lorazepam (LZP) and valproic acid (VPA)

but not carbamazepine (CBZ) reduced the duration of phenytoin (PHT) + pentylenetetrazol
(PTZ)-induced continuous seizure activity (CSA) when administered immediately (0 min;
A,B) after CSA onset. LZP also reduced CSA duration when administered 30 min after
CSA onset (C,D) relative to mice treated with vehicle. (A) The timeline of the immediate
intervention paradigm to define the pharmacological efficacy of ASDs in this model of
seizure clusters. (B) There was a significant effect of treatment on CSA duration in mice
treated with both doses of LZP (2, 4 mg/kg) and VPA (150, 300 mg/kg) vs vehicle

(A1) = 195.7, p< .0001). Administration of CBZ immediately after seizure onset did

not significantly reduce CSA duration at either a low or high dose. Data are shown as

mean percent body weight loss (£SEM) in 24 h. ****|ndicates significantly different from
VEH-treated mice, p<.0001. (C) The timeline of the delayed intervention paradigm to
define the pharmacological efficacy of antiseizure drugs in this model of seizure clusters.
(D) There was a significant effect of ASD treatment on CSA duration only in mice treated
with low- and high-dose LZP vs vehicle (/3 6) = 7.246, p=.0003). Administration of VPA
and CBZ 30 min after seizure onset did not significantly reduce CSA duration at either a low
or high dose. Only LZP effectively reduced seizure duration when administered 30 min after
CSA onset; **indicates p < .01. Data are shown as mean percent body weight loss (+tSEM)
in 24 h. Furthermore, 40 mg/kg CBZ significantly increased the CSA-induced body weight
loss relative to VEH-treated mice; *indicates p = .037

Epilepsia. Author manuscript; available in PMC 2022 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Knox et al. Page 19

(A) [0.5% methylcellulose }——{  PTZ (100 mg/kg) |—— Clonic Seizure |

Baseline |—1 Kainic acid (10 mg/kg) ——{ Kainic acid (5 mg/kg) ——{2 generalized seizures )—| end vEEGl

Phenytoin (50 mg/kg) ——{ PTZ (100 mg/kg) }— CSA onset T

7 days 1 hour 1 hour (PTZ) Time to 4 hours
20 min (KA) endpoint (min)

(F) Baseline (G) Active (H) Change

Power (mV?)

‘
0.0
SO PRRSLOEEES LEACEEANLESLSLSS

SEDDDD OO SO OS,
SERUENRIIIIEDT e RSOSSN,
SAUWAIIRLLS0ES 55

Frequency (Hz) Frequency (Hz) Frequency (Hz)

FIGURE 4.
A novel mouse model of continuous seizure activity was produced through the combined

administration of PHT (50 mg/kg, i.p.) 1 h prior to PTZ (s.c., 100 mg/kg) administration.
PHT + PTZ produced electrographic patterns visually distinct from those produced

during KA-induced status epilepticus (SE). (A) This timeline displays the three distinct
experimental flows of the clonic seizure model with VEH + PTZ, the SE model with KA,
and the CSA model with PHT + PTZ. (B) 100 min of active EEG with each of the three
seizure types. Green arrows indicate time of death during a seizure. Red arrows indicate
mice in SE following repeated KA administration. Orange arrow indicates a mouse that
replaced a deceased animal and that was pretreated with 0.5% methylcellulose vehicle prior
to s.c.PTZ administration but never presented with a clonic spasm during the subsequent
observation period. Scale bar for 100 min of recording. (C-E) 10 min of active EEG
corresponding to an s.c.PTZ-induced clonic hindlimb extension seizure (C), KA-induced
generalized seizures (D), and PHT + PTZ induced CSA (E). (F) Average baseline power at
all frequencies for each testing group (7= 2, s.c.PTZ; n=3, KA SE; n= 3, CSA mice).

(G) Average power for the active seizing time measured for a 10 min period following the
onset of a clonic seizure induced by s.c.PTZ, a Racine stage 4 or 5 induced by KA, or CSA
induced by PHT + PTZ. The y-axis scale shows over a 10-fold increase in power during the
active seizing period. (H) The change in EEG power from the baseline recording to active
seizing recording periods
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FIGURE 5.
(A) Fluoro-Jade C (FJ-C) staining of coronal sections from VEH, kainic acid (KA)-induced

SE, and CSA mice collected 24 h after insult demonstrates that CSA did not induce any
neurodegeneration in any limbic structure examined, like that which was observed in a
vehicle-treated naive mouse (no seizure activity). FJ-C staining of whole brain slices from
VEH, KA, and CSA mice only showed evidence of neurodegeneration in the hippocampus
and hypothalamic nucleus of a CF-1 mouse that underwent kainic acid—induced SE.
Arrows highlight regions with FJ-C positive cells, indicative of dead and dying neurons,
which are observed only in KA-treated mice 24 h after SE onset. Higher magnification
(40x) photomicrographs reveal that there is widespread and distinct neurodegeneration in
CALl, CA3, dentate gyrus, and hypothalamic nucleus of a mouse following KA-induced

SE. There were no dead and dying neurons present in the CA1, CA3, dentate gyrus,

or hypothalamic nucleus following PHT + PTZ-induced CSA, or in VEH-treated mice.

(B) Immunohistochemistry from (left-right) CA1, CA3, and DG for astrocytes (GFAP;

red) and neurons (NeuN; green) from a subset of tissues from VEH-treated, KA-SE,

and CSA mice collected for histology. DAPI (blue) was used as nuclear counter stain.

(C) Semi-quantitative analysis of total field area with GFAP-positive immunolabeling and
NeuN-positive immunolabeling revealed a significant main effect of seizure insult in several
limbic brain structures. GFAP immunoreactivity was generally increased by seizure activity
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in area CAl (F2,15) = 6.177, p=.0110) and DG (F,15) = 5.932, p=.0126), with post

hoc Tukey’s tests demonstrating significant differences from VEH for CSA-treated mice

in CAl (p=.0097) and DG (p=.0127). There was no main effect of seizure on GFAP
immunoreactivity in area CA3. NeuN expression was also generally affected by seizure
history in area CA3 (F2,15) = 4.546, p=.0286) and DG (F,15) = 4.819, p=.0256). Post
hoc Tukey’s test demonstrated that only KA-treated mice showed reduced NeuN expression
in DG (p =.0203), although the difference in area CA3 did not attain statistical significance
(o =.06). There was no main effect of seizure on CA1 NeuN expression
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