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Abstract

Drug resistant epilepsy affects ~30% of people with epilepsy and is associated with epilepsy
syndromes with frequent and multiple types of seizures, lesions or cytoarchitectural abnormalities,
increased risk of mortality and comorbidities such as cognitive impairment and sleep disorders.

A limitation of current preclinical models is that spontaneous seizures with comorbidities take
time to induce and test, thus making them low-throughput. KcnaZ-null mice exhibit all the
characteristics of drug resistant epilepsy with spontaneous seizures and comorbidities occurring
naturally; thus, we aimed to determine whether they also demonstrate pharmacoresistanct
seizures and the impact of medications on their sleep disorder comorbidity. In this exploratory
study, KcnaZ-null mice were treated with one of four conventional antiseizure medications,
carbamazepine, levetiracetam, phenytoin, and phenobarbital using a moderate throughput protocol
(vehicle for 2 days followed by 2 days of treatment with high therapeutic doses selected based

on published data in the 6 Hz model of pharmacoresistant seizures). Spontaneous recurrent
seizures and vigilance states were recorded with video-EEG/EMG. Carbamazepine, levetiracetam
and phenytoin had partial efficacy (67%, 75% and 33% were seizure free, respectively),

whereas phenobarbital was fully efficacious and conferred seizure freedom to all mice. Thus,
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seizures of KcnaZ-null mice appear to be resistant to three of the drugs tested. Levetiracetam
failed to affect sleep architecture, carbamazepine and phenytoin had moderate effects, and
phenobarbital, as predicted, restored sleep architecture. Data suggest KcnaZ-null mice may be
a moderate throughput model of drug resistant epilepsy useful in determining mechanisms of
pharmacoresistance and testing novel therapeutic strategies.
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1. Introduction

Most people with epilepsy attain seizure freedom with antiseizure medications, however,
one-third of patients have seizures that are refractory to current antiseizure medications
(Kwan and Brodie, 2000; Chen et al., 2018; Kalilani et al., 2018; Blond et al., 2020).
Epilepsy is considered drug-resistant when sustained seizure freedom is not accomplished
with the trial of two adequately dosed medications (Kwan et al., 2010). This failure rate

is independent of initial drug treatment or subsequent drugs but may be associated with
seizure types. In humans, risk analyses have identified that focal and generalized seizures
associated with lesions or cytoarchitectural abnormalities, high seizure frequency, high
interictal spike frequency and early onset of epilepsy are among the most predictive factors
of drug-resistant epilepsy (Kalilani et al., 2018). Drug resistant epilepsy is associated with
epilepsy syndromes exhibiting multiple seizure types, increased risk of mortality, sudden
unexpected death in epilepsy (SUDEP) and co-morbidities such as cognitive impairment and
sleep disorders (Loscher, 2011; Jehi, 2016; Strzelczyk et al., 2017; Gavrilovic et al., 2019;
Bergmann et al., 2020).

There are several animal models of drug resistant epilepsy (Loscher, 2011), however,

the lack of development of effective therapies for the pharmacoresistant population may
be hampered by the reliance on models that do not fully recapitulate the drug resistant
epilepsy phenotype. Each of the current models has limitations including having a singular
seizure type, limited pharmacoresistance, increased susceptibility to toxicity, or lacking
drug resistant epilepsy co-morbidities, among others (Léscher, 2011). The development

of additional models that more closely resemble the phenotypic context of drug resistant
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epilepsy and thus complement the current models may improve the ability to discover and
develop effective treatments.

Kcnal global knockout mice exhibit multiple characteristics associated with drug resistant
epilepsy. The KCNA1 gene encodes the alpha subunit of the K,1.1 voltage-dependent
potassium channel. Several point mutations in the KCNAI gene identified in humans are
associated with epilepsy and result in near complete reduction of channel function in a
dominant negative manner (Paulhus et al., 2020). Other KCNA1 genetic alterations, such

as a de novo gain in copy number variant, are associated with drug resistant epilepsy

and sudden unexpected death in epilepsy (SUDEP) (Klassen et al., 2014). Kcnal-null

mice experience spontaneous myoclonic, focal and generalized seizures multiple times

per day, and die suddenly between the fifth and tenth postnatal week (in our colony

50% of mice die by postnatal day 46), thus these mice are also considered a model of
SUDEP (Smart et al., 1998; Wenzel et al., 2007; Moore et al., 2014; Simeone et al.,

2016, 2018; lyer et al., 2020). Seizures range from mild to severe. The focal to bilateral
tonic-clonic seizures in these mice have been shown to arise in the hippocampus and
propagate to cortical and subcortical regions (Wenzel et al., 2007; Roundtree et al., 2016).
Kcnal-null mice develop sleep disorder comorbidities including increased latency to sleep
onset, increased time spent awake, and decreased rapid eye movement sleep (REMS) and
non-REMS (NREMS) (Roundtree et al., 2016). The co-morbid sleep disorder may worsen
seizures and/or vice versa. Kcnal-null mice also have cognitive impairments and co-morbid
cardiorespiratory abnormalities that may contribute to SUDEP (Kim et al., 2015; Dhaibar et
al., 2019; Simeone et al., 2018; lyer et al., 2020). These attributes resemble the risk factors
associated with human drug resistant epilepsy. Here, in this initial exploratory study to
determine whether KcnaZ-null mice are resistant to conventional antiseizure medications, we
tested phenytoin, carbamazepine, levetiracetam, and phenobarbital. Using a within subject,
moderate throughput experimental paradigm, we performed continuous video-EEG/EMG
monitoring during multiple days of vehicle and drug administration to determine rates of
seizure freedom and effects of the antiseizure medications on the sleep comorbidity.

2. Methods and Methods

2.1. Animals:

Breeding pairs of heterozygous Kcnal-null mice on a C3HeB/FeJ congenic background
were purchased from Jackson Laboratories (Bar Harbor, Maine) and the colony has been
maintained since 2009 in the Animal Resource Facility at Creighton University School of
Medicine. Mice were given food and water ad /ibitum and kept on a 12-hour light/dark
cycle with lights on at zeitgeber time 00:00 hr and lights off at ZT12:00 hr. Tail clips
were collected on postnatal day 12—15 and genotypes were determined by Transnetyx, Inc
(Cordova, TN, USA). Experimental groups contained equal numbers of male and female
mice. All experiments conformed to NIH guidelines in accordance with the United States
Public Health Service’s Policy on Humane Care and Use of Laboratory Animals and were
approved by the Institutional Animal Care and Use Committee at Creighton University
School of Medicine (Protocol No. 0875).
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2.2 Electroencephalography (EEG) and electromyography (EMG) neurosurgeries:

Mice (postnatal day 30—33) were allowed to habituate for 5 days in a round (10” diameter

x 10” height) transparent plexiglass cage used during tethered EEG recordings and. On
postnatal day 35-38, mice were implanted with EEG/EMG electrodes as we have previously
described (Fenoglio-Simeone et al., 2009a,b; Roundtree et al., 2016; Simeone et al., 2014,
2016, 2017). Mice were anesthetized with isoflurane (5% initiation and 3% maintenance)
and two subdural, ipsilateral cortical electrodes were implanted at 1.2 mm anterior to
Bregma and 1 mm lateral to midline. A reference electrode was implanted 1.5 mm posterior
to bregma and 1 mm lateral to midline, contralateral from recording electrodes. EMG
electrode wires were inserted into the nuchal muscles in all mice. Electrodes were soldered
to the head mount (Pinnacle Technologies, Inc., Lawrence, KS, USA), and secured to the
skull with dental cement. During 5-7-day recovery and throughout the experiment, mice
were housed individually and were given access to food and water ad /ibitum.

2.3. Drug administration:

Following recovery, mice (postnatal day 42—43) were injected intraperitoneally with the
appropriate vehicle matching the subsequent antiseizure medication (sterile saline or 0.5%
carboxy methylcellulose (CMC)) once daily between zeitgeber time 01:30 — 02:00 hrs for
two consecutive days, followed by two days of once daily phenobarbital (30 mg kg™t in
saline), phenytoin (30 mg kg™t in 0.5% CMC), carbamazepine (30 mg kg~ in 0.5% CMC)
or levetiracetam (200 mg kg1 in saline). These doses represent high therapeutic doses in
other models of drug resistance in mice and rats (Koneval et al., 2018; Metcalf et al., 2019;
Thomson et al., 2020). Video-EEG-EMG recordings were started after injection using a
time-synched infrared video surveillance system (Pinnacle Technology, Inc.) as we have
described (Fenoglio-Simeone et al., 2009a,b; Roundtree et al., 2016; Simeone et al., 2014,
2016, 2017).

2.4. Seizure analysis:

EEG recordings were imported into Spike2 v7 software (Cambridge Electronic Design,
Cambridge, England. U.K.) for initial seizure identification using short-time fast Fourier
transform time-frequency analysis. Subsequently, behavioral aspects of EEG seizures

were confirmed using video recordings and Sirenia software (Pinnacle Technology, Inc.).
Behavioral manifestations were manually scored and verified by 2 blinded investigators.
Seizures were identified based on ictal cortical EEG activity, high EMG activity and
previously defined seizure behaviors for this mouse strain. Seizure behavior was scored
using a modified Racine scale for generalized seizures: Type 1 — myoclonic jerk; Type 2 —
head stereotypy; Type 3 — bilateral clonus manifested as hunched, forelimb clonus with or
without rearing; Type 4 — hindlimb clonus with a head tilt, tail extension with 1 or 2 rearing
and falling events; Type 5 — bilateral clonus and continuous rearing and falling of 3 or
more times; Type 6 — tonic-clonic seizures involving running, energetic myoclonic jumping,
falling, limb tonus and clonus. Seizure burden (Zseizure Type,_g % seizure duration) was
calculated as we have previously described (Roundtree et al., 2016; Simeone et al., 2014,
2016, 2017).
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2.5. Sleep analyses:

Using Sirenia Sleep Pro (v1.4.2, Pinnacle Technologies, Inc.), recordings were divided into
10s epochs for sleep state scoring and analyzed using a semi-automated method as we have
described previously (Roundtree et al., 2016). Recordings were initially scored into different
sleep states based on EEG power in the delta band of the anterior cortical electrode, located
over the motor cortices and the corpus callosum, and EMG power (10-50 Hz). Sleep states
were defined as follows: Wake = low delta power, high EMG; NREMS = high delta power,
low to medium EMG power; REMS = low delta power, low EMG. Scoring based on EEG
and EMG was then manually verified with video recording. Importantly, the epochs during
which an animal was seizing were excluded from the analyses.

2.6. Statistics:

Seizure and sleep data were analyzed using a one-way ANOVA with Sidak’s or Dunnett’s
post hoc test or paired #test where appropriate. For correlation analyses, statistical
dependence was determined using Spearman’s non-parametric rank correlation coefficient.
A p-value < 0.05 was considered statistically significant.

3. Results

3.1. Dependence of seizure phenotypes on state of vigilance.

The epilepsy phenotype of Kcnal-null mice consists of interictal spikes, focal seizures and
multiple generalized seizure types. Here, we focused on five different types of generalized
seizures (Type 2-6). The EEG signature of all seizures began with an initial spike, followed
by a brief quiescence and then high frequency activity with a concentrated band of beta
frequency with (Types 2—4) or without (Types 5-6) harmonics in gamma or scattered
increases in all frequencies in between (Types 3-6; Fig. 1A-E). Type 2 seizures were
associated with behavioral automatisms and stereotypy consisting of head-bobbing and
swaying (Fig. 1A). Type 3 seizures displayed bilateral clonus manifesting as hunched,
forelimb clonus (Fig. 1B). Type 3 seizures could progress into Type 4 seizures with hindlimb
clonus, a head tilt, tail extension and 1 or 2 rearing and falling events (Fig. 1C). Type 5
seizures involved bilateral clonus and continuous rearing and falling of 3 or more times
(Fig. 1D). The most severe Type 6 seizures were tonic-clonic seizures that involved running,
energetic myoclonic jumping, falling, limb tonus and clonus, and ended with the mouse
going limp, then quickly recovering (Fig. 1E). On the EEG, high frequency activity ended
abruptly for all seizure types. Type 3-6 seizures with clonus had post-ictal periodic spikes
with delta representation which in some cases would lead into EEG depression.

The most prevalent seizures on average for individual mice were Type 4 followed by

Type 2 which together constitute about 80% of seizures (Fig. 1F). The daily frequency of
generalized seizures varied between mice (5.2 + 1.5 day~?; range 1 — 33; coefficient of
variation = 1.36; n = 22), but the within mouse daily seizure frequency was more consistent
with a smaller coefficient of variation of 0.53 + 0.11. Daily seizure severity (averaged
Racine Scale) was 3.48 + 0.15 and daily seizure burden, a metric for accounting for the
severity and duration of individual seizures (XType,_g % duration), was 1052 + 195.
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We examined the generalized seizures during the rest and active phases. Generalized
seizures occurred in a diurnal rhythm with a periodicity of 23.83 + 0.35 hours, the

zenith was at zeitgeber time 8:00 and nadir at zeitgeber time 20:00 (Fig. 2A), similar to
previous reports for KcnaZ-null mice (Fenoglio-Simeone et al., 2009b; Wright et al., 2016).
Approximately two-thirds of generalized seizures occurred during the rest (light) phase (Fig.
2B).

Sleep architecture was determined during the active (dark) and rest phases. Importantly, any
epoch that contained a seizure was removed from sleep architecture analyses and data were
normalized to the total number of epochs. During the active phase, KcnaZ-null and WT
littermates spent similar amounts of time awake and in NREMS and REMS (Fig. 2C). In
contrast, during the rest phase KcnaZ-null mice spent more time awake and less time in
NREMS and REMS when compared with WT (Fig. 2D) supporting our previous findings
[9,33]. These data highlight that KcnaZ-null mice do not have a typical 24-hr sleep-wake
cycle. Therefore, irrespective of the diurnal phase, we determined whether specific seizure
types arose during specific states of vigilance. When considering all seizure types, half of
seizures occurred during wake and half occurred during sleep evenly split between NREMS
and REMS (Fig. 2E). Type 2 and 3 occurred more during wake, whereas Type 4 and 5
seizures were more prominent during sleep, specifically during REMS. Interestingly, of the
4 severe Type 6 seizures that were recorded, 3 occurred during wake while the remaining
seizure occurred during REMS.

3.2. Antiseizure medication Effects on Kcnal-null seizures.

Antiseizure medications were administered between zeitgeber time 01:30 and 02:00 hrs.
First, we pooled all the vehicle data and compared responses of all subjects for each

drug. To account for differential pharmacokinetics, we examined seizure frequency in 4-hr
bins from the time of injection, constructed the average daily cumulative frequency (Fig

3A) and determined the area under the curve (Fig 3B). These data suggest that only
phenobarbital prevented generalized seizures in every mouse for the entire 24-hr period post-
injection, whereas carbamazepine, phenytoin, and levetiracetam resulted in non-significant
reductions of seizures in the first few time bins. However, when the data is pooled in

this manner, which is common practice, it was unclear whether carbamazepine, phenytoin
or levetiracetam resulted in seizure freedom in any of the mice. Therefore, we depicted
seizure frequency as heatmaps which visually indicated that individual mice responded to
carbamazepine, phenytoin or levetiracetam with either seizure freedom, decreased seizures,
increased seizures or no effect (Fig. 4A; Table 1). To quantify these differences, seizure
frequency was normalized during drug treatment within subject to their respective vehicle in
each 4-hr bin.

As depicted in Figures 4B-D seizure frequency is plotted as a group average and

separated into groups based on whether drug treatment increased or decreased seizures.
Carbamazepine significantly reduced seizures for 12 hrs post-injection in 3/6 mice, whereas
seizures increased in 3/6 mice (Fig. 4B). Phenytoin significantly reduced seizures for 24 hrs
post-injection in 4/6 mice, whereas seizures increased in 2/6 mice (Fig. 4C). Levetiracetam

Eur J Pharmacol. Author manuscript; available in PMC 2022 December 15.
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achieved significantly reduced seizures for 16 hrs post-injection in 3/4 mice, whereas no
effect was seen in 1/4 mice (Fig. 4D).

Previous studies determining the pharmacological characteristics of current and potential
models of drug resistant epilepsy have defined full efficacy as achieving seizure freedom in
all mice, whereas anything less, even if seizures are reduced, is partial efficacy (Barton et
al., 2001; Duveau et al., 2016; Metcalf et al., 2017, 2019; Koneval et al., 2018; Thomson et
al., 2020; West et al., 2020; Wilcox et al., 2020; Pernici et al., 2021). To determine changes
to the cumulative rate of seizure freedom, we compared the proportion of mice that remain
seizure free by a given 4hr-bin post-injection of vehicle or drug. This can be seen in the
heat map of Figure 4A and in Table 1. After vehicle injection 14% mice were seizure free
for the first 4 hrs which fell to 5% by 8 hrs and all mice had seizures by 24 hrs. The

rates of seizure freedom were significant for 12 hrs for carbamazepine (50% of mice) and
16 hrs for levetiracetam (50-75% of mice) (p < 0.05, Fisher’s exact test). Phenytoin failed
to induce significant seizure freedom. Thus, carbamazepine, levetiracetam and phenytoin
exerted partial efficacy, whereas phenobarbital had full efficacy.

Additional measures of antiseizure medication impact on seizures are changes in severity
and seizure. Regardless of the effects on seizure frequency, phenytoin and levetiracetam
shifted seizure severity from Type = 4 seizures to Type 2 and 3 seizures (Fig. 5A). Within
subject changes are plotted in Figure 5B to highlight individual changes in severity and
burden. Carbamazepine did not affect the overall proportion of seizure Types, average
severity within subject or overall seizure burden (Fig. 5A, B).

3.3. Antiseizure medication Effects on Kcnal-null comorbid sleep disorder

The comorbid sleep disorder of KcnaZ-null mice involves increased wake and decreased
non-REM and REM sleep during the light (rest) phase (Roundtree et al., 2016). The
hypnotic effect of each antiseizure medication was determined during the rest phase (the
first 4 hrs post injection, zeitgeber time 02:00-06:00 hrs) and during the active phase
(12-16 hrs post injection, zeitgeber time 14:00-18:00 hrs). During the rest (light) phase,
phenobarbital was the only antiseizure medication to restore sleep architecture to levels that
did not differ from WT littermates (Fig. 6A). Carbamazepine was effective in increasing
NREMS and reducing wake (Fig. 6B). Within subject analyses indicated that phenobarbital
and carbamazepine treatment increased the number of REMS bouts (p< 0.01 and p < 0.05,
respectively) and the amount of time mice stayed in NREMS and REMS (p < 0.01 and

p < 0.05, respectively; Fig. 6Ai, Bi). Phenytoin reduced wake (Fig. 6C), but along with
levetiracetam was unsuccessful in restoring sleep architecture (Fig. 6D).

During the active (dark) phase, KcnaZ-null mice and WT have similar vigilant state
proportions (Fig. 2C) and the antiseizure medications did not influence these proportions
(Fig. 6E-H). For the most part, antiseizure medications also did not affect the vigilant state
out of which seizures occurred (Fig. 7A-D). The exception was phenytoin which increased
the proportion of seizures that occurred during NREMS (Fig. 7C).

Lastly, whether the Kcnal-null sleep disorder correlated with generalized seizure frequency
during the rest phase was determined. When examined alone each treatment failed to reveal

Eur J Pharmacol. Author manuscript; available in PMC 2022 December 15.
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a correlation (Veh: r =0, p = 0.95, n = 44 days, 22 mice; carbamazepine: r = 0.26, p = 0.48,
n = 12 days, 6 mice; phenytoin: r = 0.48, p = 0.14, n = 12 days, 6 mice; phenobarbital:
vertical line, n = 12 days, 6 mice; levetiracetam: r = 0.65, p = 0.33, n = 8 days, 4 mice)
indicating the antiseizure medication effects on seizures were independent of their effects on
sleep. However, when the treatments were pooled to provide more power, a slight negative
correlation was found (r = 0.51, p < 0.001, n = 44 treatments, 22 mice) indicating decreased
time spent in NREMS is associated with higher seizure frequency in general.

4. Discussion

4.1. Seizures

In nearly a quarter century of research utilizing KcnaZ-null mice, it has been determined that
these mice exhibit a multitude of attributes that are risk factors for drug resistant epilepsy;
however, there has been no consistent effort to determine whether these mice are resistant

to current pharmacotherapies or meet the definition of drug resistant epilepsy. According to
the International League Against Epilepsy clinical description of pharmacoresistance or drug
resistant epilepsy is the “failure of adequate trials of two tolerated, appropriately chosen

and used antiepileptic drug schedules (whether as monotherapies or in combination) to
achieve sustained seizure freedom” (Kwan and Brodie, 2000; Kwan et al., 2010; Chen et

al., 2018; Blond et al., 2020) [4,5,21,22]. In the context of animal models this has been
adapted to mean that at least two conventional antiseizure medications fail to provide seizure
freedom to all animals tested, and that multiple drugs do not need to be tested in the same
animal (Barton et al., 2001; Duveau et al., 2016; Metcalf et al., 2017; Koneval et al., 2018;
Thomson et al., 2020; West et al., 2020). As no model is perfect, the collective results from
multiple models can provide insight for anti-seizure efficacy of a drug. There are five models
of drug resistant epilepsy that are currently employed by the NINDS preclinical Epilepsy
Therapy Screening Program: the 6 Hz mouse and rat models, the lamotrigine-resistant
kindled rat model, the intrahippocampal kainate mouse model and the kainic acid-induced
status epilepticus rat model of spontaneous recurrent seizures (Wilcox et al., 2020). Many;, if
not all, clinically available antiseizure medications have been tested in these models.

The drug resistant epilepsy models have advantages and disadvantages. In three models,
6 Hz mouse, 6 Hz rat and lamotrigine-resistant kindled rat, subjects are moderate to

high throughput for /in vivo drug screening, however, they do not experience spontaneous
recurrent seizures or comorbidities: The 6 Hz mouse and rat models measure seizure
threshold of acute, focal seizures, and the lamotrigine-resistant kindled rat model of
temporal lobe epilepsy uses the acquisition of a lowered seizure threshold through repeated
electrical stimulation. The intrahippocampal kainate mouse model and the kainic acid-
induced status epilepticus rat model induce focal and generalized spontaneous recurrent
seizures, respectively, and have been reported to have cognitive comorbidities, however,
the lag time for spontaneous recurrent seizures onset and potentially infrequent seizures,
make them comparatively lower throughput to test anti-seizure efficacy of a drug. Here,
we propose that KcnaZ-null mice may be a moderate throughput model that complements
current drug resistant epilepsy models. KcnaZ-null mice have multiple daily spontaneous
recurrent seizures (i.e. no lag time) with focal and generalized seizures, which allows
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for relatively quick within subject comparisons of vehicle and drug treatments. In

addition to spontaneous recurrent seizures, Kcnal-null mice experience cognitive and sleep
comorbidities that are associated with human drug resistant epilepsy providing additional
opportunities for drug testing (Léscher et al., 2011; Kim et al., 2015; Jehi, 2016; Roundtree
et al., 2016; Strzelczyk et al., 2017; Kalilani et al., 2018; Gavrilovic et al., 2019; Bergmann
et al., 2020)

Each drug resistant epilepsy model has a specific pharmacoresponsive profile (Barton et al.,
2001; Duveau et al., 2016; Metcalf et al., 2017, 2019; Thomson et al., 2020; Wilcox et al.,
2020). It is important to note that in all of the current drug resistant epilepsy models, many
antiseizure medications provide seizure freedom to some mice and/or reduce seizure burden
in other mice (i.e., partial efficacy) and a few antiseizure medications provide complete
seizure freedom in every subject (i.e., full efficacy); they are still considered models of
pharmacoresistance because at least two antiseizure medications failed to exert full efficacy.
In the present study, we systematically evaluated four conventional antiseizure medications
at high therapeutic doses (Koneval et al., 2018; Metcalf et al., 2019; Thomson et al., 2020)
for effects on spontaneous recurrent seizures (seizure frequency, severity, and burden) and
on the sleep comorbidity. We found that KcnaZ-null mice are resistant to carbamazepine,
phenytoin and levetiracetam, supporting previous reports in drug resistant epilepsy models.
Carbamazepine, phenytoin and levetiracetam have partial efficacy in all five current drug
resistant epilepsy models, the 6 Hz mouse and rat models, the lamotrigine-resistant kindled
rat model, intrahippocampal kainate mouse model and the kainic acid-induced status
epilepticus model. In addition, similar results have been reported for other drug resistant
epilepsy models under development such as the lamotrigine-resistant corneal kindled mouse,
and against spontaneous recurrent seizures of intra-amygdala kainic acid injected mouse and
hyperthermia-induced seizures in Scnia?1783V/WT mice (Koneval et al., 2018; West et al.,
2020; Pernici et al., 2021).

Of the four antiseizure medications tested, we found that phenobarbital provided seizure
freedom to all KenaZ-null mice. Similarly, phenobarbital fully protected against seizures

in the 6 Hz mouse, lamotrigine-resistant kindled rat and intrahippocampal kainate mouse
models; sub-chronic treatment with phenobarbital had partial efficacy with seizure freedom
for 10 of 12 kainic acid-induced status epilepticus rats (83%); and phenobarbital failed to
provide full protection in the 6 Hz rat model at nontoxic doses. The efficacy of phenobarbital
strengthens the translational relevance of KcnaZ-null as human drug resistant convulsive and
non-convulsive status epilepticus often respond well to phenobarbital (Brodie and Kwan,
2012). In addition, the intrinsic severity hypothesis of drug refractoriness posits that drug
resistance is related to epilepsy severity and suggests that in models of epilepsy with
frequent spontaneous recurrent seizures (or high seizure susceptibility) no drug may be fully
efficacious (Rogawski and Johnson, 2013; Ldscher et al., 2020); thus, demonstration that at
least one current antiseizure medication has full efficacy against seizures in drug resistant
epilepsy models strengthens the notion that other as yet unknown compounds will also
provide pharmacotherapy.

Potential mechanisms of drug resistant epilepsy have recently been elegantly and
comprehensively reviewed by Loscher et al. (2020). Evidence of varying strength have led to
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the proposal of multiple hypotheses involving drug targets, drug uptake, pharmacokinetics,
neural networks, intrinsic epilepsy severity, gene variants, epigenetics, neuoroinflammation
and blood-brain barrier dysfunction. However, drug resistant epilepsy is most likely
multifactorial and could involve several of these mechanisms. Although not previously
investigated in the context of drug resistant epilepsy, studies have thus far demonstrated
that KenaZ-null mice display intrinsic epilepsy severity, neural network hyperexcitability,
neuroinflammation, blood-brain barrier dysfunction and epigenetic alterations (Smart et al.,
1998; Wenzel et al., 2007; Kim et al., 2015; Roundtree et al., 2016; Wright et al., 2016;
Simeone et al., 2013, 2014, 2016, 2017). It is unknown whether drug targets, drug uptake or
pharmacokinetics are altered in KcnaZ-null mice. It will be important to determine whether
any of these play a role in the pharmacoresponsiveness of KcnaZ-null mice. The multitude
of disease-related physiological alterations and comorbidities in KcnaZ-null mice may lend
this model to the dissection of individual mechanistic contributions to overall drug resistant
epilepsy and/or development of new hypotheses of drug resistant epilepsy.

Three limitations of this study are that (i) each drug was given at one high-therapeutic
dose, (ii) once daily and (iii) only for two days. However, this relatively simple within
subject vehicle-drug administration design provides key advantages. First, it allowed the
model to be used at a moderate throughput rate and second, it was able to stratify mice

into responders and non-responders. As genetic mice are inbred clones and testing a single
drug on individual mice can equate to testing multiple drugs on each mouse, the overall
failure rate of KcnaZ-null mice after testing the four drugs is 36% in the first 8 hours (Table
1), similar to the calculated ~30% of people with epilepsy that continue to have seizures
after trying 4 drugs (Kwan et al., 2000; Chen et al., 2018; Blond et al., 2020). Third, this
simple administration design was also capable of identifying the duration of drug efficacy.
Considering only mice that experienced seizure reduction or freedom, the rank order of

the duration of efficacy is phenobarbital (24 hrs) > phenytoin (20 hrs) > levetiracetam

(16 hrs) > carbamazepine (12 hrs) (Figs 4B-D and Table 1), which is similar to the rank
order of published mouse and rat t1,,s for each drug, 9-20 hrs, 5-16 hrs, 2-3 hrs and

1-3.5 hrs, respectively (Markowitz et al., 2010; Fortuna et al., 2013; Thomson et al., 2020).
This suggests a reasonable chronic dosing schedule would be phenobarbital qd, phenytoin
and levetiracetam bid and carbamazepine tid, which is in precise agreement with previous
reports of dosing schedules (Metcalf et al., 2019; Thomson et al., 2020).

Although previous studies in mice and rats indicate that the antiseizure medication doses
used in this study represent high-therapeutic doses (Koneval et al., 2018; Metcalf et

al., 2019; Thomson et al., 2020), it is acknowledged that this must be established in
Kcnal-null mice and represents another limitation. Future studies will perform dose
responses to determine adequate dosing, use more frequent dosing to establish steady
state concentrations, and expand the antiseizure medications tested to determine the
pharmacoresponsiveness of the KcnaZ-null model more fully. Interestingly, as the primary
purpose of drug resistant epilepsy models is to identify novel and non-traditional
anti-seizure therapeutics, thus far, KcnaZ-null mice have identified antiseizure efficacy
with unconventional and novel pharmacotherapies including almorexant (dual orexin
recptor antagonist), ramelteon (melatonin receptor agonist), pioglitazone (PPARgamma
agonist), vorinostat (broad HDAC inhibitor), RG2833 (HDAC1 and HDAC3 inhibitor),
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b-hydroxybutyrate (ketone body), NIM811 (cyclophilin D inhibitor) (Fenoglio-Simeone et
al., 2009a; Kim et al., 2015; Roundtree et al., 2016; Simeone et al., 2017; Ibhazehiebo et
al., 2018); and metabolic therapies including the ketogenic diet (Kim et al., 2015; Simeone
etal., 2016, 2017), and supplementation with pyruvate, alpha-tocopherol and ascorbic acid
(Simeone et al., 2014).

Apart from the relative consistent development of and frequency of seizures, an additional
advantage of using KcnaZ-null mice is the presence of multiple comorbidities. The Kcnal-
null sleep comorbidity manifests as a deficiency in NREM sleep and near loss of REM
sleep in the rest phase compared to non-epileptic wildtype littermates. The dynamic
interdependency of seizures and sleep remains unclear and is not readily distinguishable,
however, we did observe a diurnal rhythm to seizures as previously described (Fenoglio-
Simeone et al., 2009b; Wright et al., 2016). In humans, seizures may arise during wake

or sleep, but with increased occurrence in NREMS and few occurring during REMS

(Ng et al., 2013). Preclinical studies using epileptic mice suggest that most spontaneous
recurrent seizures occur during sleep, similar to humans, however, they occur in either
equal proportions between NREMS and REMS or predominantly in REMS (Bastlund et al.,
2005; Strohl et al., 2007; Sedigh-Sarvestani et al., 2014). In our study, KcnaZ-null mice
experienced approximately ¥ of seizures out of NREMS and ¥ out of REMS, and the rest
during wake. We did observe a trend towards type 4 and 5 seizures arising from sleep, and
type 2,3, and 6 arising primarily out of wake, raising the possibility that different seizure
types are promoted in different vigilance states.

Antiseizure medications have varying effects on sleep in patients with epilepsy which is
not fully understood. It is thought the differential effects likely depend on the type of
seizures, mono- vs poly-therapy, acute vs chronic treatment and dose (Bazil, 2003; Jain
and Glauser, 2014). The sodium channel blockers, carbamazepine and phenytoin, either
increase or decrease NREMS depending on dose or length of treatment (Wolf et al, 1984;
Gigli et al., 1988; Manni et al., 1990; Bazil, 2003; Legros and Bazil, 2003). Phenobarbital
increases NREMS and reduces arousals during sleep in healthy adults and in people with
epilepsy (Karacan et al., 1981; Prinz et al., 1981; Wolf et al, 1984). This is not surprising
given its positive modulatory action on inhibitory GABA, receptors and use as a sedative
hypnotic. In contrast, levetiracetam, which binds to the synaptic vesicle protein SV2A,
does not significantly affect sleep in epilepsy (Cho et al., 2011). Here, in KcnaZ-null
mice, carbamazepine and phenytoin moderately reduced wake and improved NREMS,
phenobarbital fully restored sleep architecture and levetiracetam did not have any significant
effects on sleep patterns. Only phenytoin significantly altered the occurrence of seizures
during vigilance states to a greater proportion during NREMS. This may have been due to
the ability of phenytoin to shift the major seizure type from Type 4 which occur during
REMS to Type 2 which occur during NREMS.

Individually, antiseizure medication effects on sleep did not correlate with seizures;
however, pooling all treatment data suggest that low seizure frequency correlated with
increased NREMS. This suggests that reducing seizures may improve sleep and vice versa.
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Thus, intentionally treating sleep may be a therapeutic strategy to indirectly (or directly)
improve seizures in epilepsy patients. Our previous studies support this notion as we
found that modern sleep aids including the melatonin receptor agonist ramelteon and the
dual orexin receptor antagonist almorexant effectively improved sleep of KcnaZ-null mice
and improved seizure profiles (Fenoglio-Simeone et al., 2009a; Roundtree et al., 2016).
The mechanism of action of these drugs is not directly related to seizure control, thus
providing probationary evidence that improved sleep could result in reducing some seizure
phenotypes. Additionally, metabolic antiseizure therapeutics, including the ketogenic diet,
have been shown to reduce seizures and improve sleep in preclinical models and clinical
studies (Hallbook et al., 2015; Simeone et al., 2014, 2016, 2017; lyer et al., 2018). Thus,
Kcnal-mice may aid in understanding the interconnection of sleep and epilepsy.

4.3. Conclusions

The current pharmacological characterization of KcnaZ-null mice suggests a degree of
drug resistance comparable to the human epilepsy experience. In addition, previous studies
have found that KcnaZ-null mice exhibit multiple factors associated with drug resistant
epilepsy. Kcnal-null mice have multiple spontaneous recurrent seizures types from focal
seizures and myoclonic jerks (not studied here) to severe generalized seizures which occur
numerous times per day (Smart et al., 1998). They exhibit neuropathology risk factors for
drug resistant epilepsy like mossy fiber sprouting, hippocampal sclerosis and cell loss, which
are markers of TLE, as well as hippocampal hyperexcitability, mitochondrial dysfunction,
and increased oxidative stress (Wenzel et al., 2007; Simeone et al., 2013, 2014, 2021;

Kim et al., 2015). Kcnal-null mice have CNS comorbidities such as cognitive memory
deficits (Kim et al., 2015; Scantlebury et al., 2017), and a sleep disorder that progressively
worsens with age (lyer et al., 2018). Additionally, KcnaZ-null mice exhibit cardiac and
respiratory abnormalities and experience SUDEP, of which drug resistant epilepsy is a

risk factor (Moore et al., 2014; lyer et al., 2018, 2020; Simeone et al., 2018; Dhaibar et

al., 2019). Although the short life span prevents reuse of mice and limits the number of
drugs tested on any individual mouse, it has proven beneficial when studying therapeutic
effects on longevity and disease progression. The findings of this exploratory study suggest
Kcnal-null mice are pharmacoresistant to certain antiseizure medications and support the
need for future studies to fully characterize the pharmacoresponsivenss of KcnaZ-null mice.
Currently, the multitude of overt, clinically relevant comorbidities present in KcnaZ-null
mice are not exhibited by other proposed drug resistant epilepsy models suggesting that
Kcnal-null mice may have added value in differentiating promising compounds.
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2 3 456
Seizure Type

Kcnal-null mice exhibit multiple types of generalized seizures. (A-E) Examples of EEG
recordings and spectrograms of Types 2—6 generalized seizures. (F) The proportion of

seizure types expressed in individual mice (n = 22).
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Figure 2.
The diurnal relationship of seizures and sleep in KcnaZ-null mic

Total=4

e. (A) Seizures occurred

with a diurnal rhythm with periodicity of 23.83 £ 0.35 hrs (non-linear regression: sine wave
with non-zero baseline, wavelength constraint > 23 and phase shift constraint = —3.65). The
zenith was at ZT8:00 and nadir at ZT20:00 (one-way repeated measures ANOVA, F = 2.285,

p = 0.05; followed by Dunnett’s multiple comparisons test, *p <

0.05 vs ZT8:00; n =22

mice). (B) Overall, more seizures occurred during the light (rest) phase (paired t-test, ***p
< 0.001; n =22 mice). (C) Comparison of vigilance states between genotypes during the
active (dark) phase (unpaired t-test, p > 0.05; n = 22 mice). (D) Comparison of vigilance

states between genotypes during the rest (light) phase (unpaired
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mice). (E) Relationship of seizure types and vigilance states for all 226 seizures detected in
22 mice.

Eur J Pharmacol. Author manuscript; available in PMC 2022 December 15.



1duosnue Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Deodhar et al. Page 20

>

(&)

S

25587 4 cmz y 1 g _ 3007
£g 15 ® Vehicle 3 200
o2 PhT l 1 ® & 1504
s LEV £3

‘D g 1.0 v PhB ® o N 100+
@3 s ¢ S
805 2 S5 E 5ol
= g © ‘°'

=3 ’* sk Diokk Dxkek _Fkk _kkk 2=z

Ez 0.0 v e i - < 0-
5 4 8 12 16 20 24

o

Hours after injection

Figure 3.
Pharmacoresponsivess of Kcnal-null seizure frequency. (A) Cumulative seizure frequency

over 24 hrs post-injection of vehicle or antiseizure medication presented in 4 hr bins. Two-
way repeated measures ANOVA for each treatment vs. vehicle over time; carbamazepine
(CB2): F(5, 110) = 2.151, p = 0.065; time: F(5, 110) = 6.8, p < 0.0001, n = 6; phenytoin
(PhT): F(5, 110) = 0.19, p = 0.97; time: F(5, 110) = 20.9, p < 0.0001, n = 6; levetiracetam
(LEV): F(5, 70) = 0.91, p = 0.48; time: F(5, 70) = 12.8, p < 0.0001, n = 4; phenobarbital
(PhB): F(5, 110) = 11.8, p < 0.0001; time: F(5, 110) = 11.9, p < 0.0001, n = 6; followed
by Sidak’s multiple comparisons test, *p < 0.05, ***p < 0.001 vs. vehicle. Bottom bar
represents light (empty)-dark (filled) phases associated with the hours post-injection. (B)
Calculated area under the curve for graph in A (paired t-test, ***p< 0.001).
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Figure 4.

Individual variation of drug effects. (A) Heat maps of seizure frequency of individual mice
after injection of vehicle or drug. (B-D) The mean effect for all mice for each drug is
depicted in by the squares (CBZ is purple, n = 6; PhT is green, n = 6; LEV is orange, n = 4).
Stratification of antiseizure medication effects on seizure frequency normalized to vehicle
for each 4 hr bin. Red triangles indicate seizures increased or did not change (CBZ, n = 3;
PhT, n = 2; LEV, n = 1). Blue triangles indicate seizures were reduced (CBZ, n = 3; PhT, n
=4; LEV, n = 3). Two-way repeated measures ANOVA for each treatment vs. vehicle over
time followed by Sidak’s multiple comparisons test, *p < 0.05, **, p < 0.01, ***p < 0.001.
Bottom bar represents light-dark phases associated with the hours post-injection.
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Carbamazepine, phenytoin, levetiracetam effects on seizure type and burden. (A) Average
proportion of seizure types for individual mice during vehicle and antiseizure medication
treatment (paired t-tests, *p< 0.05). (B) Average seizure types and burdens during vehicle
and antiseizure medication (circle symbols; CBZ is purple, PhT is green and LEV is orange,
paired t-test, *p< 0.05). In addition, the responses of individual mice in which seizure
frequency increased or did not change (red triangles: CBZ, n = 3; PhT,n=2; LEV,n=1) or
was reduced (blue triangles: CBZ, n = 3; PhT, n = 4; LEV, n = 3) are also indicated.
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Pharmacoresponsivess of Kcnal-null sleep architecture. (A-D) In the first four hours post-
antiseizure medication injection and in the normal rest (light) phase, phenobarbital, CBZ
and PhT decreased wake and phenobarbital and CBZ significantly increased NREMS and
REMS. (Ai) Phenobarbital achieved a strong effect on sleep architecture (/ef?) by increasing

the number of REMS bouts by 250% and reducing wake bouts by 40% and (right) by

increasing the average time spent in a bout of NREMS and REMS by 250% and 270%,
respectively. (Bi) Moderate effects on sleep by CBZ were achieved (/ef?) by increasing the
number of REMS bouts by 188%, and (righ) by increasing the average length of NREMS

and REMS bouts by 67% and 112%. (E-H) Twelve hrs later, in the active (dark) phase,
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no antiseizure medication affected wake, NREMS or REMS. One-way ANOVA for each
vigilance state followed by Tukey’s multiple comparisons test, *p < 0.05, **, p < 0.01, ***p
<0.001 (PhB, n=6; CBZ,n=6; PhT,n=6; LEV, n=4).
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Figure 7.

Antiseizure medication effects on the emergence of seizures from vigilance states. (A)
phenobarbital prevented seizures in all vigilance states. (B) CBZ did not affect the
proportion of seizures occurring in wake, NRMS or REMS. (C) PhT significantly increased
the proportion of seizures occurring in NREMS. (D) There was a trend for LEV to prevent
seizures from occurring in REMS in favor of NREMS. (A-D) Fisher’s exact test, *p < 0.05.
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Table 1.

Antiseizure Medication Effect on Seizure Frequency

| seizure free | >75% reduction | 250% reduction | seizure increase

4hr post-injection |

Vehicle 3/22
Carbamazepine 46* 4/6 5/6 1/6
Levetiracetam 3/4* 3/4 3/4 0/4
Phenytoin 2/6 2/6 4/6 1/6
Phenobarbital 667 6/6 6/6 0/6
All Drugs 15/22 *** 15122 18/22 122

8hr post-injection

Vehicle 1722
Carbamazepine 36~ 3/6 3/6 3/6
Levetiracetam 3/47*" 3/4 3/4 0/4
Phenytoin 2/6 3/6 4/6 1/6
Phenobarbital 6l6%"* 6/6 6/6 0/6
Al Drugs 14/22*** 15/22 16/22 4422

24hr post-injection

Vehicle 0122
Carbamazepine 1/6 2/6 2/6 3/6
Levetiracetam 1/4 2/4 2/4 0/4
Phenytoin 26 2/6 416 2/6
Phenobarbital 6l6 % 6/6 6/6 0/6
Al Drugs 10/22*** 12122 14122 5/22

Drug vs. vehicle
p<0.5

Ak
p<0.01

Hok:

*
p < 0.001, Fisher’s exact test.
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