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Abstract

The Epilepsy Therapy Screening Program (ETSP), formerly known as the Anticonvulsant
Screening Program (ASP), has played an important role in the preclinical evaluation of many of
the antiseizure drugs (ASDs) that have been approved by the FDA and thus made available for the
treatment of seizures. Recent changes to the animal models used at the contract site of the ETSP at
the University of Utah have been implemented in an attempt to better model the unmet clinical
needs of people with pharmacoresistant epilepsy and thus identify improved therapies. In this
review, we describe the changes that have occurred over the last several years in the screening
approach used at the contract site and, in particular, detail the pharmacology associated with
several of the animal models and assays that are either new to the program or hve been recently
characterized in more depth. There is optimism that the refined approach used by the ETSP
contract site, wherein etiologically relevant models that include those with spontaneous seizures
are used, will identify novel, potentially disease modifying therapies for people with
pharmacoresistant epilepsy and those at risk for developing epilepsy.

Introduction

The Epilepsy Therapy Screening Program (ETSP), formerly known as the Anticonvulsant
Screening Program (ASP), has played an important role for over 44 years in the preclinical
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evaluation of many of the antiseizure drugs (ASDs) that have been approved by the FDA and
thus made available for the treatment of seizures. The National Institute of Neurological
Diseases and Stroke (NINDS) of the National Institute of Health (NIH) funds and
administers the ETSP and, since 1975, has awarded consecutive 5-year contracts to the
University of Utah to perform the blinded screening of compounds in a variety of acute and
chronic seizure models as well as, more recently, in animals with epilepsy. The ETSP has
helped investigators from academia, industry, and government assemble compelling efficacy
packages that serve to facilitate advancement of new compounds toward the clinic for the
symptomatic control of seizures (Kehne et al., 2017). While the newer ASDs are better
tolerated and can be effective in preventing seizures, it is still widely recognized that nearly
a third of all people with epilepsy do not have their seizures adequately controlled with
existing ASDs (Chen et al., 2018). Thus, there is a significant unmet clinical need to treat
pharmacoresistant epilepsy. In addition, none of the currently available ASDs can modify
the disease; they only reduce seizure incidence and seizures will recur if the person stops
taking the medication. Finally, there are currently no therapies to prevent those people who
are at risk from developing epilepsy. Therefore, in response to reports generated following
review of the ETSP by the 2012 and 2015 National Advisory Neurological Disorders and
Stroke (NANDS) Council Working groups (Kehne et al., 2017), wherein recommendations
regarding testing of novel compounds were made, changes were made to the animal models
used at the contract site at the University of Utah in an attempt to better model the unmet
clinical needs of people with pharmacoresistant epilepsy.

The new models and screening approaches implemented by the ETSP contract site have
dramatically transformed the program, which traditionally evaluated compounds for the
ability to prevent evoked seizures in either naive or kindled animals in a search for anti-
seizure drugs (ASDs). A team of experts comprising the External Consultant Board (ECB)
has also informed this progress. The ECB regularly reviews work performed by the ETSP
and the contract site, and makes recommendations that aid in the development and
evaluation of new models. Since the release of the first working group report in 2012, the
contract site has introduced more etiologically relevant animal models of chronic seizures
and epilepsy. Historically, the contract site has used models consisting of acute evoked
seizures induced in naive animals or kindled animals. While these models are useful in the
identification of the anti-seizure potential of novel compounds, they are lacking in key
pathophysiological changes that occur in human epilepsy populations. Conversely,
spontaneous seizure models recapitulate many of the key clinical findings of epilepsy such
as hippocampal sclerosis, network-level changes, neuroinflammation, and behavioral/
cognitive dysfunction. Therefore, these models are more etiologically relevant for the
evaluation of novel compounds. The ETSP, as well as some of these incorporated changes,
has been described in great detail in three recent publications (Barker-Haliski et al., 2017,
Kehne et al., 2017, Klein et al., 2017). Therefore, we will focus this review on recent
developments within the program that have sought to determine the in-depth
pharmacological profiles of some of the newer assays introduced to identify improved
treatments for pharmacoresistant epilepsy. In particular, we will review the development and
implementation of the 6 Hz rat model of focal seizures, an /n vitro brain slice model, the
lamotrigine-resistant kindled (LTG-K) rat model of temporal lobe epilepsy (TLE), and a
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summary of an infection-induced model of TLE. We will also briefly discuss and review
changes that have been implemented in the program over the last several years with the
assumption that the models of pharmacoresistant acute and chronic evoked seizures (e.g.
kindling), as well as those models with chronic epilepsy now included in our testing scheme,
are clinically relevant to human pharmacoresistant epilepsy. This should provide an
improved screening platform for the identification of novel compounds for the prevention,
treatment, and modification of epilepsy, wherein pharmacoresistant seizures pose the
greatest challenge for treatment. We propose that this approach will yield novel compounds
with improved tolerability and efficacy.

Drug resistance in clinical epilepsy is not fully understood, but several mechanisms have
been proposed. These include the “transporter hypothesis”, “target hypothesis”, and poor
drug specificity (Kwan et al., 2011). Animal models of pharmacoresistant epilepsy are often
described as such because few, if any, prototype ASDs effectively reduce or block seizures at
well-tolerated doses (Wilcox et al., 2013). In some cases, molecular or network changes
have been described that are consistent with diminished drug sensitivity. For example, in
animals resistant to phenobarbital in a model of status epilepticus, receptor characteristics
(binding, subunit expression) and cellular damage were observed (MVolk et al., 2006).
Similarly, in kindling and status epilepticus (SE) models, sodium channel inhibition is
diminished, and this finding is consistent with clinical observations in TLE (Bethmann et al.,
2008). However, such changes have not been described for all models of pharmacoresistance
(Potschka, 2012). Despite the lack of data for some models, the preponderance of evidence
for animal models suggests that lack of drug sensitivity is concomitant with cellular/
molecular/network changes, and are similar to those found in clinical populations.

When a compound targeting pharmacoresistant epilepsy enters into the ETSP, the assays
initially used are designed to assess both acute and chronic seizure models in a workflow
that will ensure the proper evaluation of investigational compounds for the ability to provide
improved therapy for pharmacoresistant seizures. This workflow includes animal models
that are currently thought to best model temporal lobe epilepsy. Animal models of TLE are
important resources for identifying potential therapies, provide insight into novel molecular
targets for therapies, and establish useful outcome measures and biomarkers for therapy
development (Clossen and Reddy, 2017). The flow chart that has been optimized for this
approach is shown in Figure 1 (modified and reprinted with permission from (Barker-Haliski
etal., 2017)). The staff at the NINDS office of the ETSP, in consultation with the suppliers
of compounds, recommends testing in the assays of the identification and differentiation
phase and, to ensure rigor, the contract site is routinely blinded with respect to the
compound that is to be tested and the supplier of the compound. Within the identification
phase of testing, assays that allow for higher throughput are at the top of the figure and
include acute seizure models, both maximal electroshock seizures (MES) and 6 Hz
stimulation-induced seizures in both mice and rats. The rat 6 Hz model was recently
developed and incorporated into the testing scheme in 2017 by the contract site of the ETSP
and is reviewed in detail below. Because the 6 Hz models are pharmacoresistant to numerous
ASDs, compounds found to be effective in the 6 Hz models without significant tolerability
issues may be moved into the differentiation phase of the testing scheme. While the MES
test is sensitive to numerous ASDs and it is not considered a pharmacoresistant test, efficacy
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in only this model can indicate activity of a compound that, given information from the
supplier regarding targets, might then be considered sufficiently novel to move into the
differentiation phase. Indeed, the MES model has been very successful in identifying ASDs
since Merritt and Putnam first used this approach in cats and identified phenytoin for the
treatment of epilepsy (Putnam and Merritt, 1937, Merritt and Putnam, 1938). During the
identification phase, compounds are also assessed for the potential to induce impaired
activity using a number of assays including a rotarod assay in mice. In rats, motor
impairment is assessed in both an open field and a modified Irwin test, which has been
recently implemented into the program (Mathiasen and Moser, 2018). Finally, the most
etiologically relevant assays during the identification phase include testing in corneal
kindled mice and, for those compounds for which brain penetration might prove difficult, in
a brain slice preparation that is obtained from kainic acid (KA) treated rats and exhibits
recurrent epileptiform discharges (REDs) in the entorhinal cortex. These REDs are
pharmacoresistant to ASDs that act on the GABAergic system as well as some ASDs with
mixed mechanisms of action and this model is also reviewed below and summarized in
Table 1. When compounds are found to be effective in the initial assays of the identification
phase, more in-depth studies may be performed to determine time to peak effect (TPE) of
the compounds and ED50s.

As was the case for the identification stage, the staff at the NINDS office of the ETSP, in
consultation with the suppliers of compounds, recommends testing in the assays of the
differentiation phase. The models in this part of the workflow include the intrahippocampal
kainate (IHK) mouse model of TLE and the LTG-K rat. The IHK assay is performed as a
subaward to Synapcell in Grenoble France. This model exhibits differential sensitivity to
different classes of ASDs, with suppression of hippocampal paroxysmal discharges (HPDs)
occurring most readily to compounds that work through the GABAergic system (see Table
1) (Duveau et al., 2016) and is a model of TLE that has been used extensively in epilepsy
research (Bouilleret et al., 1999, Langlois et al., 2010, Armstrong et al., 2013, Krook-
Magnuson et al., 2013, Twele et al., 2017). In the LTG-K rat model, seizures are
pharmacoresistant to not only lamotrigine, but also several additional sodium channel-
blocking compounds. Once efficacy of a compound is noted in one of these models, or with
significant rationale based on previous data, (e.g., knowledge of the molecular target by
NINDS ETSP staff, etc.), a compound could be advanced to the kainic acid-induced, status
epilepticus (KA-SE) rat model of spontaneous recurrent seizures. This model of TLE has
also been used extensively to understand the basic mechanisms of epilepsy as well as to
evaluate potential therapies for pharmacoresistant seizures (Buckmaster and Dudek, 1997,
Ben-Ari and Cossart, 2000, Grabenstatter and Dudek, 2005, Grabenstatter et al., 2005,
Takahashi et al., 2010, Thomson et al., 2017). In this assay, compounds can be administered
in a subchronic dosing regimen to determine their ability to block seizures that are recorded
with 24hr/7d/week video EEG; the gold standard of epilepsy research. Recent unpublished
data on the pharmacology of this model by the contract site of the ETSP suggests that
spontaneous seizures in this model of epilepsy may also be pharmacoresistant to several
commonly used ASDs. The ability of a compound to perform well in all of these models is
unusual and could very well differentiate a novel compound from many of the commonly
used ASDs. The reliance on KA-SE (both rat and mouse) models in the differentiation phase
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arises from the recognized face validity of these models and the long history associated with
its use in epilepsy research (Ben-Ari and Cossart, 2000, Levesque and Avoli, 2013,
Levesque et al., 2016). It is our contention that compounds that successfully emerge from
this new approach are more likely to be efficacious in a diverse array of people with
pharmacoresistant seizures, especially those with TLE.

Assessment of Tolerability in Rodents

Rodent assessments of tolerability have been reviewed and described elsewhere (Klitgaard et
al., 2002, Nampoothiri et al., 2017). While tolerability assessments can be broad-ranging,
the ETSP generally limits evaluation to motor impairment. In mice, the ETSP has
historically used a fixed speed (6 rpm) rotarod as a primary measure. Similarly, the open
field locomotor assay has also been used when needed. In addition, animals are observed by
experienced technical staff, and untoward behaviors may also be noted. Quantification of
motor impairment (i.e., the number of animals failing the rotarod test within a single
treatment group) across several doses for a test compound allows for determination of a
median toxic dose (TD50), and when compared to the ED50, allows for calculation of the
protective index (therapeutic index, TD50/ED50; see Table 1). In rats both the rotarod and
open field locomotor assay can be used. Within the ETSP, a modified behavioral assessment
of motor impairment (minimal motor impairment, MMI) has been used (Metcalf et al.,
2017). As described above, quantification of the number of animals with notable behavioral
impairment across a dose range allows for calculation of a TD50 and a protective index (see
Table 1). While these assays are commonly used and well-described, they are limited to
assessment of motor impairment. Recently, the ETSP has expanded behavioral observation
through implementation of a modified functional observation battery (also referred to as the
Irwin assay)(Mathiasen and Moser, 2018). This assay is commonly performed in pre-clinical
drug development settings using rats and includes a variety of behavioral assessments
(Gauvin et al., 2016). Therefore, these methods provide a rough assessment of tolerability,
with emphasis on the potential for candidate drugs to affect motor function. However,
tolerability assessment focused primarily on motor function may limit extrapolation of
rodent data to humans. Even when the more expanded Irwin test is used, correlation between
rodent and human data is low (Mead et al., 2016). Continuing efforts to refine pre-clinical
measures of tolerability are therefore needed.

6 Hz Rat Model of Focal Seizures

Focal seizures induced in the mouse with 6 Hz corneal stimulation, at an intensity of two
times the convulsive current in 50% of the animals (CC50), are very difficult to prevent with
currently available antiseizure drugs (ASDs) and are generally regarded as a
pharmacoresistant (Barton et al., 2001, Metcalf et al., 2017). For example in the mouse 6 Hz
assay, levetiracetam (as well as sodium channel blockers) block seizures at the 32 mA
stimulus intensity whereas this efficacy is lost at the 44 mA stimulus intensity (Barton et al.,
2001, Metcalf et al., 2017). This observation, however, is not true for all ASDs. Valproic
acid, retigabine, brivaracetam, and perampanel all retain efficacy at the 44 mA stimulus
intensity (Barton et al., 2001, Metcalf et al., 2017). Therefore, the mouse 6 Hz seizure model
is useful in the differentiation (i.e. based on mechanism of action) of novel ASDs with
potential activity against pharmacoresistant seizures(Hanada et al., 2011, Loscher, 2017,
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Klein et al., 2018). In the testing flow adopted by the ETSP, this mouse model serves as a
rapid and inexpensive test and provides information regarding the potential of submitted
compounds to be useful for pharmacoresistant seizures. In addition, with a sufficient
protective index, the ED50 that is calculated at the time to peak effect (TPE) for a compound
is then selected as an initial test dose for the IHK model of TLE.

While the mouse 6 Hz model has been in the testing scheme of the ETSP for over 15 years, a
rat 6 Hz model was only recently developed and characterized by the contract site of the
ETSP (Metcalf et al., 2017). This was an important model to develop within the ETSP, to
help guide dosing for rat assays used in the differentiation phase of the flow chart (Figure 1)
for compounds that are not active in the rat MES test. Indeed, the ETSP is very interested in
novel compounds that might not necessarily be active in the MES test but are active in the
more pharmacoresistant 6 Hz models. Seizures induced by 6 Hz corneal stimulation in the
rat are very similar in nature to those observed in mice, with head nodding, jaw clonus,
forelimb clonus, twitching of the vibrissae, and Straub tail observed. Like all new animal
models, before its introduction into the testing scheme of the ETSP, the rat 6 Hz model was
extensively tested with available and clinically validated ASDs. Metcalf et al. 2017 recently
published this work (Metcalf et al., 2017) and the primary findings are summarized here and
in Table 1.

The effects of numerous ASDs on 6 Hz seizures induced at two different stimulation
intensities were evaluated in the rat in this study. After establishing the convulsive voltage
required to induce a seizure in 97% of the animals (CV97), the tests were performed at 1.5
and 2 times the CV97. It has been demonstrated in mouse that seizures induced at a stimulus
intensity 1.5 times greater than the CC97 (32 mA) are somewhat resistant to many ASDs
and that moving to a stimulation intensity of 2 times the CC97 (44 mA) results in a seizure
that is very resistant to most ASDs. When we tested a battery of ASDs in the 6 Hz rat model,
we found that sodium channel blockers such as phenytoin, carbamazepine, lacosamide, and
lamotrigine were less efficacious than in the mouse model when tested at 2 times the CV97
(Metcalf et al., 2017). ASDs targeting the GABAergic system, while fairly effective in the
mouse model, only conferred protection in rats at doses that were accompanied with motor
impairments. Therefore, the protective index for these compounds was not ideal in the rat
model. Of all the compounds evaluated in this model, only three compounds proved to be
efficacious at well tolerated doses at both stimulus intensities: ezogabine, sodium valproate,
and phenobarbital. Overall, compounds with efficacy in the mouse 6 Hz model that are less
effective in the rat 6 Hz model suggest that the rat 6 Hz model is less sensitive to compounds
acting on sodium channels, GABA, receptors, or GABA uptake in comparison to the mouse
6 Hz model. This also suggests that the rat 6 Hz model may be helpful in detecting
compounds with novel mechanisms of action and potential activity against
pharmacoresistant focal seizures.

In Vitro Slice Model of Pharmacoresistant Recurrent Epileptiform Discharges (REDSs).

The incorporation of etiologically relevant /n vivo models of epilepsy in the early
identification stages of compound evaluation within the ETSP has been challenging due to
the economic, labor, and time constraints often associated with these models. Therefore, /n
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vitro models that may circumvent these constraints and compliment other early drug
discovery efforts have been explored. In particular, models that employ brain slices obtained
from animals that have undergone the enduring changes in CNS function that occur during
epileptogenesis, such as the kainic acid (KA) models of TLE, are especially intriguing.
Brain slices from these rodents often produce spontaneous REDs under otherwise normal
conditions (i.e., in the absence of hyperexcitable saline or chemoconvulsants), and they
exhibit altered sensitivities to various ASDs and other pharmacologic agents (Smith et al.,
2007, Carter et al., 2011, Maslarova et al., 2013, West et al., 2018). Accordingly, an /n vitro
model of REDs based on brain slices from the rat kainic acid-induced status epilepticus
(KA-SE) model of temporal lobe epilepsy in rats was developed and characterized in the
ETSP (Smith et al., 2007, West et al., 2018).

The ETSP has evaluated the concentration-dependent actions of 20 ASDs from various
mechanistic classes in this 7n vitro slice model. REDs were recorded from the superficial
layers of the medial entorhinal cortex. Although ASDs that target voltage-gated sodium
channels (VGSCs) and potassium channels effectively attenuate REDs in this model, our
results clearly show that most ASDs targeting GABAergic synaptic transmission and/or
other molecular targets incompletely block REDs at concentrations well beyond their
expected therapeutic ranges or have no effects at all (West et al., 2018). Thus, these data
illustrate a spectrum of ASD-mediated effects on REDs and are expected to serve as a
foundation upon which future therapeutics may be identified, differentiated, and assessed for
potentially translatable efficacy in people with pharmacoresistant epilepsy.

Taken together, data from the development and characterization of this /n vitro assay
suggests that epileptiform activity recorded from the superficial layers of the mEC in slices
obtained from KA-SE rats is differentially sensitive to existing ASDs. In the context of
previously reported data using tissues from naive rodents, the different sensitivities of REDs
to ASDs may reflect persistent molecular and/or network changes resulting from disease.
Therefore, we propose that /n vitro models of spontaneous epileptiform activity that employ
tissues from translationally relevant epilepsy models may better reflect the underlying
molecular and/or network substrate and, therefore, better predict the efficacy of
investigational therapeutics for the treatment of pharmacoresistant epilepsy, particularly
those with novel mechanisms of action.

Lamotrigine-resistant, Amygdala Kindled Rat.

The LTG-K model has been a part of the ETSP testing scheme for well over 15 years.
However, only recently has a detailed pharmacological profile of this model been published.
This model was first described by Postma et a/, 2000 (Postma et al., 2000) and soon after
was adopted by the ETSP following in-house development (Srivastava et al., 2004,
Srivastava and White, 2005). Rats are kindled via electrical stimulation in the amygdala, but
during the kindling process are also treated with a low dose of LTG prior to each stimulation
session (5 mg/kg). While this treatment does not in any way interfere with the kindling
process, the treatment results in kindled rats whose seizures are no longer sensitive to LTG,
whereas rats that are fully kindled in the absence of LTG exhibit seizures that are readily
blocked by LTG. In addition to being pharmacoresistant to LTG, rats kindled in this manner
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also are generally no longer sensitive to other ASDs that block sodium channels (e.g.
carbamazepine, eslicarbazepine, lacosamide, and rufinamide) (Srivastava and White, 2013,
Metcalf et al., 2019). This is in stark contrast to rats kindled in the absence of LTG, as
sodium channel blockers often block kindled seizures (Metcalf et al., 2019, Wu et al., 2019).
Furthermore, in contrast to sodium channel blockers, compounds targeting either GABAA
receptors (clobazam, clonazepam, phenobarbital) or GABA uptake proteins (tiagabine)
produced dose-dependent efficacy against behavioral seizures (Metcalf et al., 2019).
Furthermore, compounds acting to modulate Ca* channels show differential activity: while
ethosuximide (T-type CaZ* channel modulator) was not effective in blocking seizures in this
model, gabapentin (@26 Ca?* channel subunit modulator) was highly efficacious at well
tolerated doses. Finally, while ezogabine and valproate were also highly effective,
topiramate and levetiracetam were not effective at the doses tested in this model of
pharmacoresistant seizures (Metcalf et al., 2019). Cross-tolerance to compounds with similar
mechanisms of action (e.g. sodium channel blockers for the LTG-K rat model) is a limitation
of this model, but it is noteworthy that tolerance to drugs with other mechanisms of action
may also occur in kindling models (Zhang et al., 2003, Koneval et al., 2018). Beyond the
pharmacoresistant nature of the kindled seizures, perhaps one of the most intriguing findings
from this comprehensive study was the fact that tolerability of some of the compounds was
notably different in the LTG-K rats compared to naive rats. In particular, whereas rufinamide
was found to induce impairment in the minimal motor impairment (MMI) test in naive rats
with a TD50 greater than 350 mg/kg, in LTG-K rats, the TD50 was noted to be less than 40
mg/Kkg. In contrast, whereas gabapentin is found to impact MMI at approximately 76 mg/kg
in naive rats, it is much better tolerated in LTG-K rats, with a TD50 greater than 300 mg/kg
(Metcalf et al., 2019). While traditionally the ETSP has assessed the impact of compounds
on the rotarod in naive mice and on a functional observation battery or MMI in naive rats,
the contract site of the ETSP is now moving towards evaluating tolerability of NCEs in LTG-
K rats as well. To avoid complications in interpretation due to the use of LTG however, the
ETSP may consider using drug-naive kindled rats. In addition, before any subchronic studies
are performed in the KA spontaneous seizing rat model, a compound is administered to a
group of KA-treated rats to inform on tolerability. It is hypothesized that tolerability
concerns of ASDs that arise in people with epilepsy may be identified at an earlier
preclinical step if evaluated in either a kindled animal that has had many seizures and a
reduced seizure threshold or a SE model which exhibits spontaneous seizures, rather than a
naive animal.

A LTG-resistant, corneal kindled mouse model has also been recently described (Koneval et
al., 2018). A mouse model of drug resistant kindled seizures is important as it shows that the
insensitivity to LTG is not restricted to kindled rats. Additionally, when considering
investigations of novel compounds for therapy development, mouse studies require
significantly less drug than those in rats and thus this model may be a cost effective
alternative to the LTG-K rat model. While there were some differences in efficacy for some
compounds between the rats and mice (e.g. ezogabine), the findings that resistance to many
currently available ASDs in both models suggests that novel compounds found to be
effective in both models may be useful in people with pharmacoresistant epilepsy (Koneval
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et al., 2018, Metcalf et al., 2019). Future studies in both models will be necessary to
determine the mechanisms by which LTG-kindled seizures become resistant to ASDs.

Special Populations and Genetic Epilepsies.

While many of the animal models mentioned above are particularly geared to identifying
therapies for the people with difficult to treat TLE, it is very clear that numerous other types
of epilepsy, especially the pediatric epileptic encephalopathies, result in pharmacoresistant
seizures (Helbig and Tayoun, 2016). Therefore, developing approaches to identify novel
therapies for special populations and genetic epilepsies is an exciting new direction for the
ETSP contract site. Due to heterogeneity in the etiologies of epilepsy, there is reason to
suspect that therapies identified with the models described above may not always be
efficacious across different types of epilepsy. Therefore, the 2015 Working Group review
recommended that the ETSP should incorporate additional animal models to address
pharmacoresistant seizures in different populations of people. Currently two models have
been formally incorporated into the testing scheme in this performance area — a
benzodiazepine-resistant, pilocarpine-induced status epilepticus (SE) model in rats and a
novel model of infection-induced seizures with a distinct and robust inflammatory
component (Kirkman et al., 2010, Patel et al., 2017). Of note, the pilocarpine model
demonstrated that a unique investigational compound, sec-Butyl-propylacetamide (SPD),
was able to block benzodiazepine resistant SE (White et al., 2012) and is available to
suppliers with compounds that are thought to be useful in terminating benzodiazepine-
resistant SE. As new models of genetic epilepsies are developed by investigators in the field,
the ETSP may also consider incorporation of those models into the testing scheme. For
example, the ETSP is currently characterizing a mouse model of Dravet Syndrome and this
is also briefly addressed below.

Theiler’'s Murine Encephalomyelitis Virus (TMEV) Infection Model of TLE.

While there are numerous models of TLE based on acquired insults and chemoconvulsant-
induced SE, there has been a notable absence of models of TLE that arise from a CNS
infection. The TMEV model is the first animal model of infection-induced TLE and was
developed through collaborations in ETSP-participating labs at the University of Utah
(Libbey et al., 2008, Stewart et al., 2010b, a, Barker-Haliski et al., 2015, Patel et al., 2017).
This model was also recently established in the Léscher lab (Broer et al., 2016), which
confirmed and replicated key findings. Animals infected with TMEV exhibit both behavioral
and focal temporal lobe spontaneous seizures generally between 3 and 8 days following
infection and then, several weeks later, seizure thresholds are reduced and a majority of the
animals that demonstrated acute seizures develop TLE and behavioral comorbidities
(Stewart et al., 2010a, Umpierre et al., 2014). The virus is trophic for hippocampal CA1 and
CA2 neurons and these neurons die during the acute infection period, resulting in profound
hippocampal sclerosis (Libbey et al., 2008, Loewen et al., 2016). In addition, during the
acute infection period, resident microglia in the hippocampus are a significant source of
TNFa, whereas infiltrating macrophages are a significant source of IL-6, another cytokine
which has been shown to be important for seizure activity following TMEV infection
(Kirkman et al., 2010, Cusick et al., 2013, Patel et al., 2017). This is an important new
animal model of TLE, as CNS infection dramatically increases the risk of developing
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epilepsy, especially if seizures occur during the infection period. Indeed, recent work has
shown that 1/3 of all pediatric patients with febrile SE have a CNS Human Herpes Virus
(HHV) 6b or HHV7 infection that can account for SE and an increased risk for subsequent
development of TLE (Epstein et al., 2012). Thus, the TMEV model of TLE provides an
etiologically relevant and unique platform for determining therapies for infection-induced
seizures and epileptogenesis.

TMEV-infected mice have handling-induced seizures during the acute infection period, thus
making this model well-suited to evaluate compounds known to either reduce inflammation
or behave as more traditional ASDs. Screening for efficacy of compounds in this model can
be done either at a single time point (e.g. during the peak of spontaneous seizures at 5-6
days post infection (dpi)) or sub-chronically, during the entire acute infection/seizure period
(Cusick et al., 2013, Barker-Haliski et al., 2015, Patel et al., 2017). Test compounds or
vehicle can be administered, and then TMEV-infected mice may be handled to induce a
seizure at the time to peak effect (TPE) of the compound. Compounds that confer protection
prevent a seizure from being induced from the handling. This approach has been used
successfully to date by multiple labs to determine the efficacy of numerous compounds to
prevent seizures during the acute infection period. Compounds such as cannabidiol (CBD),
valproic acid, and wogonin have all demonstrated activity in this model (Cusick et al., 2013,
Barker-Haliski et al., 2015, Patel et al., 2019). As CNS infections are an important cause of
acquired epilepsy, it is anticipated that compounds found to be effective in this model may
be especially useful in people during periods where seizures occur concomitantly with
inflammation and high levels of CNS cytokine activity. It is important to note that the testing
performed in this model in the ETSP occurs during the acute infection period, at a time
when there is an active infection and a concomitant cytokine storm. Thus the mechanisms
underlying seizure generation during the acute infection period are likely different than those
at play during the chronic epilepsy period. Handling induced seizures do not occur at the
later time points, the virus has cleared, and the extensive temporal lobe damage observed as
a consequence of viral infection likely contributes to the development of seizures after the
acute period concludes. While it is still early days with use of this model in the ETSP, we
anticipate that activity in this model could help differentiate novel ASDs during preclinical
development.

New Model Development.

In addition to the presently incorporated models, a genetic model of pediatric epilepsy is
currently in development within the program to address the unmet clinical needs of special
populations: a mouse model of Dravet Syndrome (DS). This DS mouse model, developed by
the Dravet Syndrome Foundation of Spain and Jackson Laboratories, incorporates a human
DS-conferring conditional knock-in mutation, A1783V, in the Scrniagene (Kuo et al., 2019).
Both hyperthermia-induced seizures and spontaneous seizures are currently being evaluated
in this pediatric genetic model and ASD pharmacological profiles are being assessed for
both seizure types. The ETSP contract site will evaluate the collected data and, in
conjunction with the ETSP and discussions with the ECB, determine if this model should be
adopted by the program and offered to suppliers with an interest in developing compounds
for DS.
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Development of Disease Modifying Therapies.

While numerous ASDs are available for the symptomatic treatment of seizures for the
people with epilepsy, there are currently no available compounds that can either prevent the
development of epilepsy in those people at risk or that can modify the course of the disease
and provide either a cure or reduce the severity of the seizure burden in people. Thus, there
continues to be an unmet clinical need for those types of medications and treatment
approaches. Therefore, the ETSP contract site has, for the first time, adopted a strategy to
explore the potential of novel compounds to prevent epilepsy or to be disease modifying.
Currently, the contract site of the ETSP utilizes the KA-SE rat model to identify compounds
that might be disease modifying. This assay is performed as a subcontract from the
University of Utah to the University of Washington and is an approach that has been used in
numerous other studies evaluating the potential of compounds to prevent epilepsy (Zeng et
al., 2009, Tchekalarova et al., 2014, Liu et al., 2016). Following rat KA-SE, treatment
strategies with various compounds are tested and the outcomes on the development of
spontaneous seizures are captured with video-EEG for several weeks after the initial insult
and treatment. In addition, the IHK model employed by Synapcell, can also be used to
evaluate treatment approaches that might prevent the development of seizures or modify the
seizure burden following the KA insult. Furthermore, while not currently employed, assays
using chronically seizing rats and fully kindled rodents that are used in within the program
may also be adapted to provide information regarding the potential of a drug to be disease
modifying. Finally, the TMEV model may also be a candidate assay to assess disease
modifying therapies, although the low seizure frequency in animals that go on to develop
epilepsy in this model complicates study design by requiring large numbers of animals in
each study. Nevertheless, for the first time in its long history, the ETSP is now well-
positioned to help the field in identifying disease modifying therapies, especially given the
more etiologically relevant assays now employed.

While these numerous models of epilepsy provide a framework for investigating the disease
modifying potential of novel compounds within the ETSP, this remains a difficult task. For
example, there are currently no known clinically available compounds that could serve as a
positive control for preventing acquired epilepsy or for disease modification. Therefore,
there are numerous unanswered questions with respect to the proper experimental design for
use in the screening assays that would serve to rapidly and inexpensively identify
compounds that would be effective. For example, following a CNS insult such as SE,
traumatic brain injury, or infection, it is unclear what the time window for treatment is for
the prevention of the development of epilepsy. In addition, significant methodological
considerations such as how to determine the timing, dose and treatment regimen for
compounds, the duration of treatment, and even the duration of time one must monitor
animals subsequent to treatment to be able to conclude that the course of the disease has
been permanently altered, remain. Therefore, to help inform the research community and the
ETSP with respect to these and a host of related issues, the NINDS sponsored a two-day
workshop in August of 2018 entitled “Accelerating Therapies for Anti-Epileptogenesis and
Disease Modification.” This workshop brought together numerous experts in the field to
discuss the role of biomarkers in therapy discovery, preclinical and clinical experimental
design considerations, as well as regulatory issues that might inform the development of
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such a novel class of compounds. The workshop also identified major impediments and
obstacles to therapy development. The recommendations that emerged from the workshop
are being developed into a series of white papers that are well beyond the scope of the
present manuscript. However, it is anticipated that continued efforts on the part of NINDS
and the greater epilepsy research community would continue to inform the ETSP in this
important research area and provide concrete recommendations to pursue in this new
performance area.

Summary and conclusions

With the beginning of the new ETSP contract in 2016, numerous changes that were
recommended by the NANDS Council working groups in 2012 and 2015 and the External
Consultant Board (ECB) resulted in significant changes in the scope of work for the program
(https://lwww.ninds.nih.gov/Current-Research/Focus-Research/Focus-Epilepsy/ETSP). These
changes included a renewed emphasis in finding therapies for pharmacoresistant epilepsy as
well as new efforts to identify agents that could confer disease modification or even
prevention of epilepsy. Since 2012, five etiologically relevant animal models have been
introduced into the testing scheme of the ETSP and several new models are also currently in
development and being considered for implementation into the screening paradigm. As a
consequence, there is considerable optimism that the unmet clinical needs of people with
epilepsy will be more readily addressed by the continued success of the ETSP. Furthermore,
the Division of Translational Research (DTR) at NINDS has put into place several important
new funding mechanisms that can help the supplier move forward with successful
compounds that emerge with a complete data package from the ETSP (Klein et al., 2017).
Funding mechanisms such as the IGNITE, CREATE, small business programs, and the
Blueprint Neurotherapeutics for Small Molecules, can help facilitate further development of
efficacious compounds and provide resources to ensure that the compounds have a
competitive chance of getting into human clinical trials (Kehne et al., 2017). Indeed, several
suppliers to the ETSP have now taken advantage of these new programs for the continued
development of their compounds. Thus, there is optimism that the refined approach used by
the ETSP contract site, wherein etiologically relevant models that include those with
spontaneous seizures are used, will identify novel, potentially disease modifying therapies
for people with pharmacoresistant epilepsy and those at risk for developing epilepsy. Finally,
while it is perhaps too early to determine if the strategies adopted by the ETSP contract site
will be successful in these new endeavors, the fact that many of the validated assays that
have been successful in the past in the program, (e.g., 6 Hz and kindled animals) are still
employed, suggests that novel ASDs that are perhaps better tolerated and more efficacious in
people with pharmacoresistant epilepsy may ultimately be brought to the clinic.
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Highlights

. The contract site of the Epilepsy Therapy Screening Program (ETSP) has
revised its screening approach to focus on identifying therapies for
pharmacoresistant epilepsy

. The pharmacological profile of antiseizure drugs (ASDs) in several models
incorporated into the refined workflow are described

. Etiologically relevant models that include those with spontaneous seizures
may identify novel, potentially disease modifying therapies for people with
pharmacoresistant epilepsy
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Figure 1.

Pharmacoresistant epilepsy workflow for the Epilepsy Therapy Screening Program
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