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Abstract
Purpose of review—Preclinical research in epileptology has been very successful in producing
effective drugs. Unfortunately, however, seizures are still not adequately controlled in a third of
the affected individuals, and comorbidities still impose a major burden on quality of life. New
preclinical and clinical drug development strategies are needed to identify drugs that target these
unmet medical needs.

Recent findings—Even in recent years, the antiseizure approach based on screenings has
contributed to the identification of new drugs. Thus, it should not be abandoned. However, we
propose that a radically new approach, specifically designed to tackle the existing gaps in care,
should be developed to complement the traditional screening. This new approach will require
integrated strategies for preclinical screening and experimental trial design. In this review, we will
attempt to address some of the issues that must be resolved to engage this effort. Are there suitable
models to tackle the unmet therapeutic needs in epilepsy? Are there ways de-risk the transition
from pre-clinical to clinical studies? Are there ways to improve the efficiency of clinical trials and
to design ad hoc trials for the unmet therapeutic needs?

Summary—Development and validation of a new, integrated strategy for anti-epilepsy drug
development is needed to identify truly innovative drugs.
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INTRODUCTION
Preclinical research in epileptology has been very successful in producing effective drugs.
Since the identification of phenytoin using maximal electroshock (MES) and, subsequently,
of trimethadione using subcutaneous pentylenterazole (PTZ), these predictive seizure
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models have been used for decades, allowing the development of many effective drugs that
prevent seizures in approximately 70% of the patients. However, while all epileptic
syndromes share the common symptom of seizures, they dramatically differ in terms of
etiology, other symptomatology, natural history, sensitivity to available drug treatments, and
all available AED are symptomatic agents that may control the seizures but do not modify
the disease [1, 2▪ ▪]. Thus, we will avoid here the commonly used term anti-epileptic drugs
(AED) and, to describe drug effects, we will use instead the words “antiseizure” for
symptomatic effects, “antiepileptogenic” for prevention and cure, and “antiepilepsy” as a
general term [2▪ ▪].

Screening programs based on the classic acute seizure models (MES and PTZ), more
recently integrated with other models like kindling and 6 Hz electrical stimulation, continue
to identify new antiseizure drugs. For example, the anticonvulsant screening program (ASP)
of the American National Institutes for Neurological Disorders and Stroke (NINDS) have
tested more than 30,000 potential drugs, identifying or contributing to the identification of at
least nine new drugs [3]. Availability of these new drugs have expanded the therapeutic
armamentarium and offered alternatives in patients suffering side effects from previous
drugs, but have not significantly decreased the proportion of patients with drug-resistant
epilepsy [1]. This suggests that, while current screening approaches remain valuable and
may continue to identify drugs in the future, the newly found drugs are likely to have an
incremental value, with improved tolerability and pharmacokinetics profiles, but little
additional benefit for drug-resistant patients. Moreover, they will not tackle other crucial
therapeutic gaps in care for epilepsy, namely: disease modification (none of the existing
AED can alter the natural history of epilepsy or prevent development of epilepsy in at-risk
patients); comorbidities (many patients with epilepsy also suffer other diseases like
depression, cognitive impairment, anxiety, that are not attenuated by AEDs); targeted and
optimized intervention on specific epileptic subtypes [2–4]. Another important consideration
is the frequency of failures in the clinical development. The success rate of phase III clinical
studies for AED has gradually declined to about 10%. As a result there is increasing
skepticism regarding the possibility of identifying truly transformational new drugs for
epilepsy using conventional screening and concern of the high risk associated with the
clinical phase, with the interest of pharmaceutical industries in embarking in development of
new AED reduced dramatically in the past few years.

Altogether, these considerations suggest that, while the traditional antiseizure approach
based on screenings should not be abandoned, a radically new approach should be
developed to complement it. To pursue this goal, however, a series of critical questions must
be addressed. Are there suitable models to tackle the unmet therapeutic needs (disease
modification, pharmaco-resistance, comorbidities, targeted intervention)? Are these models
sufficiently validated and suitable for drug identification? Can we de-risk the transition from
pre-clinical to clinical studies, preventively identifying putative drugs that would fail in
phase III? Are there ways to improve the efficiency of clinical trials and to design ad hoc
trials for the unmet therapeutic needs?

In this article, we will briefly address these questions and propose specific solutions that we
believe may improve the situation. This review is based on the work of a joint ILAE-AES
task force for the optimization of preclinical epilepsy therapy discovery and, in particular, on
the results of the discussion in a two-day workshop held in London in September 2012.
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ANIMAL MODELS TO DEVELOP DRUGS FOR RELEVANT THERAPEUTIC
NEEDS AND ISSUES RELATED TO THEIR USE

Preclinical epilepsy research has the privilege of hosting the largest number of animal
models among neurological disciplines. Yet, this also reflects the multivariate types of
seizures, epilepsies and pathogenetic mechanisms. With the possible exception of certain
genetic or inbred models, most of the available animal models of seizures are induced.
Induction methods include (a) focal or systemic exposure to drugs that activate excitatory or
inhibit inhibitory signaling systems and have been used to model status epilepticus (SE) and
post-SE epilepsy (kainic acid, pilocarpine), clonic seizures (flurothyl, PTZ) or absence
seizures (low dose PTZ); (b) electrical stimulation models (electroshock or kindling); (c)
physical models that reproduce specific epilepsy-related insults (traumatic brain injury,
hypoxia-ischemia). Furthermore, models of conditions predisposing to epilepsy (febrile
seizures, methylazoxymethanol acetate-induced dysplasias) exist. Rodents are the most
popular species although lower (i.e. drosophila) or higher species (dogs, rabbits, primates)
have been utilized. Despite the significant preclinical advances, at a time when the goals of
epilepsy care are shifting from stopping seizures to curing epilepsy and its comorbidities, it
may be worth discussing ways to improve translation into clinically relevant applications.

Preclinical models generate relatively homogeneous populations of animals in regards to
etiology, pathology and seizure types. This approach minimizes the sample size and costs of
the study, but cannot reproduce the variable presentations of human epilepsy syndromes.
Also, the induction methods are more commonly experimental than naturally encountered in
human patients. Validation of a drug’s efficacy across models and etiologies, where
possible, might perhaps help better determine whether the treatment effect is etiology
(model) specific or might target a common pathogenetic pathway of the studied seizure or
epilepsy type.

In most acute models of seizures, drugs are given prior to seizure induction. Preemptive
antiseizure treatment is not usually, however, possible in the clinical practice. This creates a
gap in translation, since the efficacy of a drug is often tightly connected with the timing of
its administration. Benzodiazepines are more effective if given early in the course than if
given during established SE, because GABAA receptors are internalized [5]. Testing
therefore a drug’s efficacy by delivering it after seizure onset and providing the therapeutic
time window of administration may better guide subsequent clinical trials.

Animal models of acute seizures are typically done on otherwise naïve animals, representing
therefore models of “first seizure”. This may be fine for projects aiming to develop better
therapies for SE, which need better therapies even at first occurrence, but not sufficient to
identify better antiseizure drugs for patients with recurrent or drug-resistant seizures. Prior
seizures or exposure to antiseizure drugs may alter the expression of neurotransmitter
systems, the connectivity patterns in the affected areas, but also the accessibility of drugs to
the epileptogenic focus due to the underlying pathology or the expression of multidrug
transporters [6–9]. These issues can to some extent be overcome by testing the antiseizure
effect on spontaneous seizures using models of chronic epilepsy or of drug resistant
seizures.

Chronic models of epilepsies are an excellent setting to test antiepileptogenesis and disease-
modifying treatments, albeit these are not available for all epilepsy syndromes. Such studies
require robust sample sizes and long periods of observation, including after treatment
washout, and extensive testing with continuous video-EEG and/or additional behavioral
endpoints. As in humans, spontaneous seizures in animals are known to cluster or show
progressively increased frequencies with time or have variable inter-seizure intervals which
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may make data analysis cumbersome [10]. Treatment effects may vary according to the
timing of administration, dose, model, species, and measured outcome, as shown for
rapamycin [11–13]. Due to the significant time and cost requirements for preclinical and
clinical studies of antiepileptogenesis and disease modification, it is imperative to obtain
early on guidance for therapeutic time window, target mechanism relevance in the target
population, objective measures of target engagement, and clinically relevant measures of
success, so as to minimize the chance of failure to translate in the clinical trials.

Early life epilepsies hold a special place among epilepsies in need for better therapies as
they leave lifelong sequelae, both because of poor epilepsy therapies and of the associated
comorbidities. Treatments developed in adult models may not have the same efficacy of
tolerability in early life seizures or epilepsies [14–16]. A number of animal models of early
life epilepsies are emerging, such as models of infantile spasms [17, 18], yet more needs to
be done.

Animal models have been and will be invaluable in drug discovery, even though species and
model-related differences may hinder translation into clinically successful interventions.
Identification of clinically relevant biomarkers of treatment relevance, implementation, and
success might significantly help filter out the possible winner drugs, and de-risk the
transition to clinical trials.

DE-RISKING THE TRANSITION FROM PRE-CLINICAL TO CLINICAL DRUG
DEVELOPMENT

There is increasing concern from industry and other funders of drug development that results
of pre-clinical drug testing studies are often not replicable on independent testing, including
in-house testing by industry [19, 20]. Furthermore there is concern that the results of
preclinical studies often fail to translate into positive results in clinical trials [19–21]. The
failure of clinical trials is very expensive and provides a major disincentive for further
development in the field. There are likely multiple reasons for the failure of replication and
translation, but methodological issues such as inadequately powered studies, publication and
other biases, and lack of study design rigor likely play a role [19, 20].

The Workshop proposed a potential solution to address this problem by implementing a
“Phase II” multi-center pre-clinical trial paradigm. This paradigm would be modeled on the
methodology used for double-blinded multicenter clinical trials. Phase II trials would be
adequately powered with a larger number of animals studied than single lab studies can
undertake. This process would reduce biases related to individual laboratory practices and
conditions, implement rigorous blinding and statistical design, and incorporate independent
monitoring of data collection and analysis.

Current pre-clinical drug testing usually involves a relatively small number of animals from
one or few laboratories using the particular animal models in which they have experience
and expertise. While we believe that this should remain as the mainstay of drug discovery,
Phase II trials would represent a second optional state of testing that aims to improve the
evidence base for efficacy prior to proceeding to expensive clinical trials. A candidate
therapy moving into Stage II multicenter preclinical studies could either be a “pure” proof of
concept compound or therapy or a “true” preclinical drug candidate compound (i.e. one that
has potential to ultimately be a therapeutic drug in clinical practice).

It is envisaged that 5–20 laboratories would participate in a particular Phase II pre-clinical
trial, with 2–5 different models used, with more than one model for each participating group.
The choice of the models to be used would be selected on the basis that they have readily
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quantifiable efficacy endpoints that relate to specific syndromes and gaps in clinical care
(i.e. drug resistant seizures, anti-epileptogenesis, disease modification or co-morbidities).
The numbers of animals per study would be based on power calculation from Stage I studies
performed by biomedical statisticians with experience in clinical trial design. This is
estimated to likely be between 40–200, with the number of subjects required to be studied
likely to be less than in clinical studies because of the less variability (i.e. noise) in the
experimental models, study conditions and endpoint assessments than with clinical studies
(e.g. measuring seizures with continuous EEG recordings rather than patient reported
seizures). Phase II studies would be pre-registered as is currently done for clinical trials, to
reduce the potential for publication bias [21].

There would be a central coordinating site for each study, which should be independent from
the data collections sites. Data collected at individual sites could be analyzed (blinded to
treatment arm) in at least part by the local sites for relevant endpoints (e.g. seizure
quantification, neuro-behavioral testing). The raw and/or analyzed data would be transmitted
to the central coordinating site for any higher level analysis and pooling with data from other
sites for the final data analysis. There would also be independent monitoring of data
collection and analysis, as currently occurs with multicenter clinical trials. Standards for
reporting the outcomes of these trials would be adopted [19].

While not the primary endpoints of the Phase II studies, ideally some toxicity and PK data
could be collected during these studies. This would involve obtaining sufficient PK
measurements to ensure that the parent compound reaches the target and drive the
pharmacological read outs – in particular in models or paradigms necessitating chronic
administration. Conventional chronic toxicity testing would not be necessary but the
efficacy experiments should be associated with a behavioral assessment of adverse effects.

It is recognized that these Phase II multicenter pre-clinical studies will be expensive, and
resource and time intensive, compared with traditional pre-clinical studies. However the cost
is likely to be significantly less that of failed Phase II/III clinical studies, and therefore
overall should prove to be cost-effective. The funding model will likely require a
combination of government funding and industry funding. The government funding will
establish the basic structures, protocols, laboratory credentialing, databases etc. Industry or
venture capital would fund the primary costs of undertaking the study, potentially
supplemented by grants from government and philanthropy. Participating investigators
would receive “investigator payments” to cover the costs of undertaking the studies in the
laboratories, and appropriate infrastructure costs. The intellectual property for the
compounds would remain owned by the “sponsor” of the compound.

IMPROVED DESIGN OF CLINICAL TRIALS AND DESIGN OF SPECIFIC
CLINICAL TRIALS FOR THE THERAPEUTIC NEEDS

Once a new chemical entity is identified and validated, it will go through preclinical
assessment to ensure that it is likely to be safe, and that the pharmacological properties (eg
half-life, route of elimination, drug interactions) are acceptable. This will be followed by
testing in human volunteers. Subsequently, clinical trials must be performed to determine
whether the compound will be efficacious in the condition for which it will be used. At
present, anti-seizure drugs typically undergo efficacy trials that assess their impact over a 3
month evaluation period when added on to the patient’s existing regimen, in comparison to
placebo (Figure 1). These trials are usually done in treatment resistant patients who are
having very frequent partial-onset seizures [22].
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This standard trial design has been effective in supporting the approval of a score of AEDs
over the last 2 decades, and in that sense has been very successful. Yet, it is quite likely that
there will be changes needed for future trials. These are necessitated on a number of
grounds. The first is that the feasibility of the present design is in question. The design
requires patients to possibly receive placebo for up to three months, despite the fact that they
maybe experiencing a large number of seizures. This was acceptable when there were a few
antiepileptic drugs available to patients. In contrast, when there are up to 17 drugs available,
patients do not want to wait three months before they are to be tried on the next potentially
successful therapy. This has made recruitment to these trials challenging. Moreover, recent
data suggests that patients remaining in an add on placebo arm of a randomized controlled
trial may have an increased risk of sudden unexplained death [23]. This raises the possibility
that this trial design may pose potential danger to patients. For these reasons, new trial
designs that reduce exposure to placebo are optimal, and are being considered. These might
take the form, for example, of “time to nth seizure”, a design which allows the patient to exit
from the study after they have experienced sufficient seizures to determine that the study
intervention (whether active drug or placebo) has failed [24].

Current epilepsy trials are not set up to determine whether one drug is superior to another, as
all drugs are compared to placebo. Differences in effect size from trial to trial could be a
result of minor differences in trial design, outcome measures, or patient population enrolled.
In the future, it is to be hoped that new therapies will actually be substantial improvements
over available agents. If this is the case, current treatment options could be used as a
comparison instead of placebo, with the expectation that the investigational therapy would
demonstrate superiority. There are issues inherent to such “active control comparisons”,
which are currently being addressed through modified trial designs [25].

In the future, it is to be hoped that in addition to anti-seizure agents that are currently in use,
novel therapeutics will also be developed that have either disease modifying or anti-
epileptogenic properties. These properties would not be uncovered through standard trial
designs. At present, epilepsy prevention trials are typically done in patients after traumatic
brain injury. However, other trial populations (for example post refractory status epilepticus,
encephalitis or stroke) need to be explored [26]. There is also an urgent need for new trial
designs to assess disease modification. No such designs currently exist.

CONCLUSIONS
The traditional screening approach and the current clinical trial design have been successful
in identifying effective AED and should not be abandoned. Nonetheless, these approaches
are not capable to tackle crucial therapeutic gaps in care for epilepsy like drug-resistance,
disease modification, co-morbidities. We believe that the development of new, truly
innovative anti-epileptic drugs will require an intense effort in multiple directions:
employment of new epilepsy models; rigorous experimental design; new kinds of clinical
trials. To ensure optimal translation of preclinical findings and to de-risk costly development
efforts, these efforts should be orchestrated in an integrated manner, involving both
preclinical and clinical scientists. One essential tool will be the identification of biomarkers
or surrogate endpoints that reliably predict the efficacy of a potential AED without the need
to wait for another seizure (antiseizure effects in diagnosed patients) or of spontaneous
seizures (anti-epileptogenic effect) [27]. Predictive, noninvasive biomarkers would facilitate
development of anti-seizure and anti-epileptogenic compounds as well as clinical trials,
reducing their costs.

To help pursuing these efforts, a Cochrane-like collaboration that publishes systematic
reviews of preclinical data would be very useful. Such reviews should address
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appropriateness and best utilization of animal models, tools for behavioral or outcome
assessment, methodological design, and critical, comparative evaluation of the preclinical
efficacy data for specific seizure types or syndromes. For these systematic reviews, it will be
essential to access negative as well as positive data, and therefore it will also be essential to
provide a forum to publish negative studies.
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Figure 1.
Typical placebo-controlled add-on trial of new anti-seizure drugs in treatment-resistant focal
epilepsy.
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