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Abstract The identification of potential therapeutic
agents for the treatment of epilepsy requires the use of
seizure models. Except for some early treatments, includ-
ing bromides and phenobarbital, the antiseizure activity of
all clinically used drugs was, for the most part, defined by
acute seizure models in rodents using the maximal electro-
shock and subcutaneous pentylenetetrazole seizure tests
and the electrically kindled rat. Unfortunately, the clinical
evidence to date would suggest that none of these mod-
els, albeit useful, are likely to identify those therapeutics
that will effectively manage patients with drug resistant
seizures. Over the last 30 years, a number of animal mod-
els have been developed that display varying degrees of
pharmacoresistance, such as the phenytoin- or lamotrig-
ine-resistant kindled rat, the 6-Hz mouse model of par-
tial seizures, the intrahippocampal kainate model in mice,
or rats in which spontaneous recurrent seizures develops
after inducing status epilepticus by chemical or electrical
stimulation. As such, these models can be used to study
mechanisms of drug resistance and may provide a unique
opportunity for identifying a truly novel antiseizure drug
(ASD), but thus far clinical evidence for this hope is lack-
ing. Although animal models of drug resistant seizures are
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now included in ASD discovery approaches such as the
ETSP (epilepsy therapy screening program), it is impor-
tant to note that no single model has been validated for
use to identify potential compounds for as yet drug resist-
ant seizures, but rather a battery of such models should
be employed, thus enhancing the sensitivity to discover
novel, highly effective ASDs. The present review describes
the previous and current approaches used in the search for
new ASDs and offers some insight into future directions
incorporating new and emerging animal models of therapy
resistance.
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Abbreviations
ADD Antiepileptic drug development

ASD Antiseizure drugs

ASP Anticonvulsant Screening Project

CNS Central nervous system

ECB External Consultant Board

EST Electroshock threshold

ETSP Epilepsy Therapy Screening Program

GAERS Genetic Absence Epilepsy Rat from
Strasbourg

MES Maximal electroshock seizure

NIH National Institutes of Health

NINDS National Institutes of Neurological Disorders
and Stroke

NMDA N-methyl-p-aspartate

PANACHE Public access to neuroactive and anticonvul-
sant chemical evaluations

P-gp P-glycoprotein

PTZ Pentylenetetrazole

s.C. Subcutaneous
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SRS Spontaneous recurrent seizures
TBI Traumatic brain injury

TLE Temporal lobe epilepsy
Introduction

For the last 80 years, animal models have been the foun-
dation on which many new therapies have been identified
for the treatment of epilepsy (Fig. 1). The numerous novel
antiseizure drugs (ASDs; previously termed antiepileptic or
anticonvulsant drugs), which have been discovered by test-
ing of large numbers of investigational compounds in ani-
mal models over the last 40 years (Fig. 2), have undoubt-
edly expanded the therapeutic options. This has been
particularly important for those in need for a change in
medical regimen [1], clearly supporting the value of animal
models in the early identification of promising new drugs
for the patient with epilepsy. The value of animal models
in ASD development also demonstrates that animal models
resemble human seizures in their response to ASDs, which
is a logical prerequisite for any drug development program,

but is often dismissed in the clinical arena. Indeed, animal
models with a similarly high predictive value do not exist
for other central nervous system (CNS) disorders, such as
bipolar disorders or migraine [2].

Unfortunately, despite this success, approximately 30%
of patients with epilepsy fail to achieve full seizure control
or suffer intolerable adverse events [5]. Furthermore, many
of the new drugs are not really much improved in terms of
adverse events and side effects, but they often tend to have
less efficacy than some of the classical, older drugs, such as
carbamazepine in head-to-head comparisons [5]. As such,
no one would disagree with the idea that there is a clear
need for more effective and better tolerated therapies for
the treatment of epilepsy. Several interesting concepts how
to achieve this goal have been presented in recent years [2,
4, 6-11]. However, whether any of these concepts will be
successful cannot be readily determined.

In this review, I will shortly describe and discuss the
past, present, and future role of animal models for the
discovery of ASDs. There are several excellent published
reviews on the history of animal models and ASD develop-
ment [12-22], which I partly used as sources for the first
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Fig. 1 Milestones in the development of animal models for antisei-
zure drug (ASD) discovery and development. All models, except the
electroshock threshold method in cats described by Putnam and Mer-
ritt [3], are still used in development of new epilepsy therapies. Fur-
thermore, various other models, not shown in the figure, are impor-
tant for different purposes in epilepsy research [4]. The figure has
been modified from Loscher et al. [2]. ASP Anticonvulsant screen-
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Fig. 2 Introduction of AEDs to the market from 1853 to 2016
(adapted from Loscher and Schmidt [S]). Licensing varied from
country to country. Here, the year of first licensing or the first men-
tion of clinical use in a country of Europe, the US or Japan is shown.
As described in the text, ASDs have assigned into three generations.
Some derivatives of listed ASDs (e.g., fosphenytoin) or ASDs used

section of this review. I strongly believe that sophisticated
animal models and differentiated drug testing in such mod-
els will eventually allow discovering drugs in the future
that are also effective in patients (at least subpopulations
of patients) with as yet drug resistant epilepsy. H. Steve
White and his group has played a strong role in improving
and extending the animal model armamentarium for drug
testing in the past and will certainly do so in the future [1,
16, 23-37]. However, at the end only a concerted effort of
animal modelers and clinicians will lead to better therapies
for the epilepsies. The history of antiseizure drug discov-
ery impressively illustrates how important such a concerted
effort is.

The History of Discovery of Antiseizure Drugs

The history of the drug discovery for treatment of epilepsy
is an intriguing and tangled story [18, 19]. The following
account cannot be comprehensive and is in many ways a
personal view. The early years of ASD discovery were
characterized by observation and serendipity, rather than a
rational, targeted approach to drug development. Control of
seizures was seen as the primary aim of therapy, with much
less focus on safety and tolerability. However, the thalido-
mide (Contergan) tragedy of the early 1960s brought safety

solely for treatment of SE are not included. Furthermore, 2nd genera-
tion drugs such as phethenylate, methbarbital, benzchlorpropamide
or aminoglutethimide, which were marketed as ASDs but withdrawn
later, are not shown. The start of drug screening in an animal model
(in ~1937 by Merritt and Putnam) as well as the start the Anticonvul-
sant screening project (ASP) in 1975 are also indicated in the figure

to the fore, resulting in an era of much tighter regulatory
control that still persists today [20].

From Serendipitous Clinical Drug Discovery
to First Animal Models of Seizures for Drug
Testing

Epileptic disorders have been treated for thousands of years
with a variety of botanicals and herbs [18]. Potassium
bromide was the first single compound, which was used
for the treatment of epilepsy following the serendipitous
(chance) discovery of its activity in this area by Sir Charles
Locock in 1857 [18]. During the mid-1800s, a number of
inorganic salts of bromide were reported to produce good
sedative effect and were accepted into medical practice.
Sir Charles Locock, in 1857, aware that potassium bro-
mide had been noted to cause impotence, used it to treat
catamenial seizures. He reported its success to the Royal
Medical and Chirurgical Society, introducing drug therapy
for the epilepsies. This development led other physicians to
administer bromides to their patients whose seizures were
uncontrolled by other therapies. Bromide’s ability to reduce
the seizure frequency in many of these patients led to the
establishment of its efficacy and its subsequent widespread
replacement of nondrug therapy [13].

@ Springer



1876

Neurochem Res (2017) 42:1873—-1888

Because bromide salts were the only drug available for
the treatment of epilepsy at the time, these were used reg-
ularly for the next 50 years, despite their limited efficacy
and serious adverse effects, including severe skin eruptions
and psychoses. Other medicinal therapies such as borax,
employed in this period when bromide salts failed, are now
largely forgotten [18].

Phenobarbital was the second single compound dis-
covered serendipitously for the treatment of epilepsy [38].
The history of the barbiturates started with the synthesis
of barbituric acid (malonylurea) by the German chem-
ist and Nobel Prize winner Adolf von Baeyer in 1864.
Although barbituric acid itself does not exert any effects
on the CNS, probably because it is not lipophilic enough
to penetrate sufficiently through the blood-brain barrier, it
formed the backbone for all subsequently developed CNS-
active barbiturates. In 1903, two German chemists working
at Bayer, Emil Fischer and Joseph von Mering, discovered
that the more lipophilic barbituric acid derivative barbital
(5,5-diethylbarbituric acid) was very effective in inducing
sleep in dogs. The same group synthesized phenobarbital
(5-ethyl-5-phenylbarbituric acid) in 1911, and both barbital
(Veronal®) and phenobarbital (Luminal®) were soon mar-
keted by Bayer as hypnotic drugs for patients with insom-
nia. In 1912, the German psychiatrist Alfred Hauptmann
discovered the anticonvulsant activity of phenobarbital
[39]. Alfred Hauptmann, then a young clinical assistant in
Freiburg, gave phenobarbital to his epilepsy patients as a
tranquilizer and observed that their epileptic seizures were
also suppressed. Subsequent clinical experience substanti-
ated the drug’s antiseizure efficacy. It proved to be more
effective than the bromide salts and patients taking it did
not suffer their overt toxicity. Consequently, phenobarbital
supplanted the bromides as the major ASD [38].

Based on the large medical success of these first bar-
biturates, more than 2500 barbiturates were synthesized
in following decades, some 50 of which were eventu-
ally employed clinically as sedatives and hypnotics. One
of these, mephobarbital, demonstrated good antiseizure
activity when given to man [40, 41] and was marketed in
the United States in 1935. Controlled trials comparing its
antiepileptic efficacy with phenobarbital’s indicated that in
some patients mephobarbital was more effective and pro-
duced less sedation than phenobarbital [42, 43].

In the absence of validated animal models in which to
test antiseizure activity, the discovery of the antiseizure
effect of the bromides and, later, phenobarbital and mepho-
barbital was the result of keen observation on the part of
clinicians who used them to treat epilepsy [13]. The dem-
onstration of their widespread efficacy occurred after they
were marketed. The paucity of effective drugs for epilepsy
(Fig. 2) and the widespread need favored investment in
ASDs by the pharmaceutical industry. For testing large
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numbers of drugs for antiseizure activity in an industry set-
ting, predictive animal models were needed.

In 1882, the Italian physiologist Pietro Albertoni
reported the induction of experimental seizures in dogs by
direct electrical stimulation of the motor cortex [44]. He
was among the first to use such a procedure to test chemi-
cals for antiseizure activity. Although Albertoni success-
fully investigated the properties of the bromides, atropine
and a cinchona alkaloid, the laborious preparation of his
canine seizure model for identifying potential ASDs pre-
vented its use for drug screening.

The convulsant properties of a number of naturally
occurring chemicals were explored beginning in the
late 1880s [13]. Pentylenetetrazole (PTZ; also termed
Metrazol®, Cardiazol®, or pentetrazole) was synthesized
in 1924 and used in several laboratories to test drugs for
antiseizure activity soon after the first report of its convul-
sant action [45]. Although it supplanted most other chemi-
cal convulsants, its use for screening antiseizure chemicals
was not yet standardized and was considered unreliable [3].

Reports of a new electroshock technique for producing
experimental convulsions in the intact animal [46] and of a
similar technique for testing chemicals for antiseizure activ-
ity [3, 47] opened the door for experimental evaluation of
chemicals prior to their first administration to humans [13].

The Discovery of Novel, More Effective
Antiseizure Drugs by Animal Models: How It
Started

In the 1930s, Tracy Putnam and Houston Merritt, working
at the Neurological Unit of the Boston City Hospital, codis-
covered the antiseizure properties of phenytoin, by using
an electroshock seizure model in cats [3]. Their triumph
is among the first translational partnerships between aca-
demia and pharmaceutical companies in which a chemical
“library” that had been screened for efficacy in an animal
model was used. Putnam and Merritt collaborated in trials
that led to the verification of the antiseizure properties of
phenytoin in humans. This singular triumph places Putnam
and Merritt at the forefront in the history of therapeutic
development and clinical neuroscience [17].

Although Merritt and Putnam were not the first to use
electroshock for seizure induction in animals, they devised
a simple and reliable method, the so-called electroshock
threshold (EST) method in cats, to assess drugs for antisei-
zure effects. In this model, tonic seizures were induced in
cats by applying rectangular current to the animal’s head
through mouth and scalp electrodes attached to a 45-V
battery. Merritt and Putnam used the model to systemati-
cally screen more than 700 compounds between 1936 and
1945. Among the first compounds tested was phenytoin [3],
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which had been first synthesized in 1908 by the German
chemist Heinrich Biltz, who sold his discovery to Parke-
Davis, which did not find an immediate use for it. In the
experiments of Merritt and Putnam, phenytoin was among
the most potent compounds and more effective than either
bromide or phenobarbital in protecting animals from elec-
trically induced convulsions. Because toxicology studies
showed phenytoin to be well tolerated by laboratory ani-
mals, it was subjected to clinical trials. Merritt and Put-
nam [48] reported phenytoin’s clinical efficacy in 1938, the
same year in which it was marketed. The time that elapsed
between the first report of phenytoin’s antiseizure effect in
the cat and its availability on the market slightly exceeded
1 year. The large number of epileptic patients for whom
barbiturates or bromides were ineffective, their dramatic
improvement when phenytoin was added to barbiturate
therapy, and the absence of a pronounced sedative effect
were factors in this rapid marketing [13].

Merritt and Putnam’ s demonstration of the antiseizure
efficacy of phenytoin was a keystone event (Fig. 1), not
only because it provided a successful therapy for many
patients with uncontrolled epilepsy but also because of
its effect on the process of drug study and development
[13]. The electroshock test was later modified for mice
and rats, and the maximal electroshock seizure (MES) test
created by Toman et al. [49] (Fig. 1) is still the most com-
monly used first screen in the search for new ASDs, being
quite effective in identifying drugs that block generalized
tonic—clonic seizures in humans [1].

Following the discovery by Merritt and Putnam that
electroshock seizures in animals can be used to identify
clinically effective ASDs, the 2nd milestone discovery in
the development of animal models was reported by Ever-
ett and Richards in 1944 [50] (Fig. 1). They used the PTZ
seizure model in mice to demonstrate the antiseizure effect
of trimethadione, which was subsequently demonstrated to
block absence seizures in humans and introduced for this
indication in 1946 (Fig. 2). Everett and Richards [50] also
showed that phenytoin was ineffective in the PTZ model,
which is in line with its lack of efficacy against absence
seizures in patients. Therefore, two simple animal mod-
els, the MES and PTZ tests, could be used to differentiate
ASDs with different clinical effects, which subsequently
formed the basis for Swinyard [51] and Swinyard et al. [52]
to propose the MES and subcutaneous (s.c.) PTZ seizure
tests in mice and rats as standard procedures for predicting
clinical antiseizure activity of investigational drugs. Some
years after the discovery of trimethadione, the PTZ test was
crucial to the successful identification of the succinimides
[53], including phensuximide, methsuximide, and ethosux-
imide (Fig. 2), which rapidly replaced oxazolidinediones
such as trimethadione because of their superior tolerability.
Furthermore, numerous other drugs were evaluated by the

MES and PTZ seizure tests in rodents, resulting in several
clinically effective ASDs that were marketed in the 1950s
and 60 s (Fig. 2).

Historically, ASDs can be classified into three gen-
erations (Fig. 2). The first generation, entering the market
from 1857 to 1958, includes potassium bromide, phenobar-
bital, and a variety of drugs that were derived mainly by
modification of the barbiturate structure, including mepho-
barbital, phenytoin, primidone, trimethadione, and etho-
suximide [5, 13]. The second generation ASDs, including
carbamazepine, valproate, and the benzodiazepines, which
were introduced between 1960 and 1975 (Fig. 2), differed
chemically from the barbiturates and exhibited superior tol-
erability compared to barbiturate-based structures [5].

By the early 1970s, there were few new ASDs approach-
ing clinical trial. Consequently, the Epilepsy Branch
of the National Institute of Neurological Disorders and
Stroke (NINDS) of the U.S. National Institutes of Health
(NIH), which was formed in 1966, began to turn its atten-
tion toward ways in which it could spur development in
the preclinical ASD identification phases [13], leading to
the implementation of the Anticonvulsant Screening Pro-
ject (ASP) in 1975. The ASP was founded by Kiffin Penry
(director of the Epilepsy Branch) with Ewart Swinyard
(Department of Pharmacology, University of Utah, where
the ASP was based) and Harvey Kupferberg (head of the
preclinical section of the Epilepsy Branch) with the aid
of Roger Porter (Fig. 1) [54]. Harvey Kupferberg at the
Epilepsy Branch of the NIH successfully liaised for many
years with the ASP [55].

The Establishment of the Anticonvulsant
Screening Project (ASP)

When the ASP, the first preclinical segment of the NINDS
Antiepileptic Drug Development (ADD) Program was
established in 1975 (Fig. 1), the main goal of the program
was to increase the involvement of both industry and aca-
demia throughout the world in the discovery and develop-
ment of new ASDs by inviting them to submit chemicals
for testing [56]. From its start, the drug testing in animal
models was performed at a contract facility based at the
University of Utah on a blinded and confidential basis and
at no cost to the ASP participants. Several of the pioneers
of modelling seizures in animals and using such models for
drug testing, including Ewart Swinyard, Louis Goodman,
and Dixon Woodbury, all faculty members in the Depart-
ment of Pharmacology and Toxicology in Salt Lake City,
were responsible for the NINDS-sponsored ASP in Utah.
Later (1986) Steve White, who had been trained by Dixon
Woodbury, joined the ASP as a junior faculty member in
Pharmacology and Toxicology and assumed the role of
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Senior Scientist until 2001 when he followed Harold Wolf
as the PI of the Utah Screening Contract until his move
to the University of Washington in early 2016 to become
chair of the Department of Pharmacy of the University of
Washington in Seattle. After he left, Karen Wilcox (Uni-
versity of Utah) became responsible for the program in Salt
Lake City. During his almost 30 year tenure with the Utah
Program, White played a pivotal role in the introduction of
several of the newer models currently in use for the early
identification and characterization of investigational ASDs.

After its start in 1975, the ASP rapidly enjoyed a
renewed interest of pharmaceutical industry in epilepsy and
the drugs used to treat it, and it has played an important
role in the development of various new ASDs (Fig. 2). For
the pharmaceutical companies, the ASP offered an oppor-
tunity to evaluate new antiseizure compounds in rodent
seizure models against a large number and variety of com-
pounds in a standardized, consistent manner. Until now,
more than 32,000 compounds have been tested. Since its
establishment in 1975, the program has made important
contributions to the development of several FDA-approved
drugs for epilepsy, including felbamate, topiramate, lacosa-
mide, and retigabine [57].

Initially, the ASP was primarily based on drug testing in
three models, the MES test, the s.c. PTZ seizure test, and
the rotarod neurotoxicity test [56] (Fig. 3), but later addi-
tional models were added, such as the 6-Hz test of ASD-
resistant partial seizures and the lamotrigine-resistant kin-
dled rat model of partial seizures [27]. Furthermore, in
recent years the aims of the ASP were broadened to include
also the search for disease-modifying and antiepileptogenic
treatments.

The New Epilepsy Therapy Screening Program
(ETSP)

In 2015, it was decided to change the name of the ASP to
ETSP to reflect the emphasis on identifying differentiated
agents to address the unmet medical needs of epilepsy [57].
Furthermore, an External Consultant Board (ECB) of sci-
entists from academia and industry was formed to provide
regular feedback to the ETSP. One of the major aims of the
ETSP is to identify drugs with efficacy against pharmacore-
sistant seizures. As shown in Fig. 4, a battery of rodent and
in vitro tests is used for this aim. As described in detail by
Kehne et al. [57] in this issue of Neurochemical Research,
testing is divided into an initial “Identification” phase, fol-
lowed by a “Differentiation” phase (Fig. 4). Evaluation of
compounds begins with assessment in two acute seizure
models in normal mice, the MES test and the 6-Hz test
for partial seizures, which is performed at a current inten-
sity of 44 mA, at which many clinically established ASDs
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Fig. 3 Schematic illustration of drug screening by the Anticonvul-
sant Screening Project (ASP) shortly after its start in 1975. The fig-
ure has been redrawn and modified from its original version shown by
Krall et al. [13]. MES maximal electroshock seizure, PTZ pentylene-
tetrazole

do not suppress the seizures [4, 37]. The inclusion of this
“high-hurdle”, acute seizure assay at the initial stage of
the Identification phase is intended to raise the threshold
for advancing compounds forward, thereby increasing the
probability that agents with improved efficacy relative to
existing agents will be detected [57]. After a compound has
been tested in the MES and 6-Hz 44 mA models in mice,
it is usually also tested in the MES model in rats. Further-
more, the rat 6 Hz model, which is relatively new [58], is
available on an “as needed” basis. For example, if a com-
pound is not active in the MES model, it can be used to
generate rat dosing information for the lamotrigine-resist-
ant amygdala kindled rat model of the Differentiation phase
(see below).

To avoid the possibility that compounds with novel
mechanisms of action that are not effective in the MES
or 6 Hz 44 mA tests, but may have potential as improved
antiseizure agents, are missed, there are additional assay
options available in the Identification phase to evaluate
the activity of such compounds (Fig. 4). These assays
include the corneal kindled mouse and an in vitro assay
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in which spontaneous electrical bursting occurs in a
hippocampal/entorhinal cortex-containing brain slice
removed from rats made chronically-epileptic by prior
exposure to kainate. Finally, in addition to antiseizure
activity, in vivo assessments of neurotoxicity are obtained
using performance on the rotarod in mice, and locomotor
activity and neurological scores in the rat, in addition to
overall behavioral observations (Fig. 4). The quantifica-
tion of EDsqs in these tests allows an estimation of thera-
peutic index of test compounds.

Recently, the Identification phase of the new ETSP
preclinical testing platform for pharmacoresistant epi-
lepsy has been evaluated by testing a number of mecha-
nistically diverse, commercially available ASDs as well
as several experimental compounds [59]. These studies
suggested that the Identification phase of this testing plat-
form will identify numerous compounds to be advanced
to further differentiation studies in etiologically-relevant
models of epilepsy.

The Differentiation phase of the ETSP flow chart is cur-
rently comprised of three assays, one in mice and two in
rats (Fig. 4): the intrahippocampal kainate model of mesial
temporal lobe epilepsy (TLE) in mice, the lamotrigine-
resistant amygdala kindled rat, and a chronic epilepsy rat
model, in which epilepsy develops after induction of status
epilepticus (SE) by kainate [57]. Furthermore, as shown in
Fig. 4, for compounds with unique mechanisms of action
or compelling justification, testing in Theiler’s virus-treated
mice (a model of viral encephalitis-induced epilepsy) may
be added. These models will be discussed in more detail in
the next section of this review.

Theiler’s Virus Model of Acute Seizures (m)
Sub-chronic drug administration

Furthermore, the ETSP has initiated activity for identi-
fying antiepileptogenic compounds using several chronic
epilepsy models, including the kainate post-SE model
of TLE in rats and Theiler’s model of viral encephalitis-
induced TLE in C57BL/6 mice [57]. The latter model has
been developed by Steve White in cooperation with Rob-
ert Fujinami and Karen Wilcox [30] and represents the
first infection-induced rodent model of epilepsy. This is an
important contribution to the experimental armamentarium
of drug discovery and development, because epilepsies are
frequent consequences of brain infections in humans, par-
ticularly in developing countries [60].

Finally, an important milestone for the ETSP has been
the release of a publicly-accessible database referred to
by the acronym PANAChHE (Public Access to Neuroactive
and Anticonvulsant Chemical Evaluations; http://panache.
ninds.nih.gov) [57]. PANAChHE provides detailed informa-
tion on tests, procedures, and flowcharts used by the ETSP,
both currently and historically. Furthermore, it provides
a searchable repository for non-confidential data on com-
pounds tested by the program.

Models of Seizures or Epilepsy Beyond Simple
Screening Tests in Rodents

Simple seizure tests, such as the MES and PTZ tests, have
been instrumental to identify many of the ASDs that are
clinically used today (Fig. 2) [1]. One important reason is
that such simple seizure tests, particularly the MES test,
allow mass-screening of novel compounds, which is also an
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advantage of the 6-Hz partial seizure test in mice, which
was first described by Toman in 1951 [61] and later pro-
posed as a model for pharmacoresistant partial seizures
by Steve White’s group in 2001 [37] (Fig. 1) and subse-
quently added to the ASP/ETSP. However, it is question-
able whether these three tests alone are capable of discov-
ering new compounds that are effective in the about 30% of
patients with drug resistant epilepsy. This was the reason
to add additional models to the ETSP as shown in Fig. 4.
Overall, choosing an optimal model for the search of more
effective compounds is a complex endeavour in the quest to
balance out the requirements of mass-screening versus the
validity of models to discover drugs for previously drug-
resistant epilepsies [5]. The chronic epilepsy models now
used in the Differentiation phase of the ETSP (Fig. 4) cer-
tainly represent a valid approach to include the complex
brain alterations that are associated with chronic difficult-
to-treat epilepsy in drug evaluation; however, these models
only reflect one type of epilepsy in adults, i.e., TLE.

The Amygdala Kindling Rat Model of Temporal
Lobe Epilepsy

Whereas the MES, PTZ, and 6-Hz seizure models induce
acute seizures in healthy, neurologically intact rodents,
amygdala kindling is a chronic model in which the repeated
application of electrical stimuli via a depth electrode in the
basolateral amygdala of rats induces permanently enhanced
seizure susceptibility and other enduring brain alterations
that are similar to those occurring in human TLE [62, 63].
Both partial and secondarily generalized seizures in fully
kindled rats are more difficult to suppress by most clini-
cally established ASDs than seizures in the MES test, so
that amygdala kindling was the first proposed animal model
of drug resistant partial epilepsy [64]. Furthermore, the rat
kindling model is one of the few models that adequately
predicted the clinical utility of novel ASDs such as leveti-
racetam against partial seizures in patients with epilepsy
[4]. It has been used extensively in studying mechanisms
underlying epileptogenesis and thus represents a true mile-
stone in the development of animal models (Fig. 1). How-
ever, it is often argued that this model, at best, may only
reflect partial epileptogenesis, because kindled rats do not
exhibit spontaneous recurrent seizures (SRS) at the fully
kindled stage [65]. On the other hand, the possibility to
induce partial and secondarily generalized seizures at any
time in fully kindled rats largely simplifies drug testing in
this model. Different modifications of the amygdala kin-
dling model, such as the lamotrigine-resistant kindled rat
[32] or the phenytoin-resistant kindled rat [66] have been
developed in an attempt to obtain new models of drug
resistant epilepsy that can be used in the search for more
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effective ASDs. Furthermore, such models are important to
better understand the mechanisms underlying drug resist-
ance [2].

The Corneal Kindling Model in Mice

To my knowledge, the first demonstration that animals can
be noninvasively kindled by an electrical 60-Hz stimulus
applied via corneal electrodes was by Sangdee et al. [67],
using male CF1 mice. Matagne and Klitgaard [68] reported
corneal kindling in male NMRI mice and characterized
and validated this new model, including testing of several
ASDs. Based on their data, they proposed that corneally
kindled mice represent a very sensitive and valid nonin-
vasive screening model that may improve the preclinical
evaluation of efficacy and adverse effect potential of drug
candidates being developed for the treatment of partial epi-
lepsy [68].

In a subsequent study by Potschka and Loscher [69],
the antiseizure efficacy of phenytoin in corneally kindled
NMRI mice and amygdala kindled Wistar rats was com-
pared. Large groups of kindled mice were used to examine
whether phenytoin non-responders can be selected in the
corneal kindling model as reported previously for amygdala
kindled rats [66]. Furthermore, in view of the enhanced
adverse effect potential of NMDA antagonists in amyg-
dala kindled rats [70] and patients with TLE [71], it was
evaluated whether corneally kindled mice also differ in this
respect from non-kindled animals. Phenytoin proved highly
potent and efficacious to block corneally kindled seizures.
Only one non-responder could be selected out of 75 fully
kindled mice repeatedly tested with phenytoin. At 6 days
after the last kindled seizure, kindled mice were more sen-
sitive than non-kindled mice to phencyclidine-like behav-
ioral adverse effects of the competitive NMDA antagonist
D-CPPene, but this altered sensitivity was not long-last-
ing, having almost disappeared 27 days after the last sei-
zure, indicating that, in contrast to traditional kindling,
brain alterations after corneal kindling are not permanent.
Potschka and Loscher [69] concluded that although corneal
kindling may have advantages for the identification of new
drugs during initial screening of large numbers of com-
pounds, it cannot replace traditional electrical kindling dur-
ing later phases of drug development.

Rowley and White [29] further evaluated the utility of
the corneal kindled mouse model as a tool for rapid screen-
ing of investigational ASDs. Results obtained with nine
ASDs (valproic acid, lamotrigine, phenytoin, carbamaz-
epine, levetiracetam, vigabatrin, topiramate, tiagabine, and
ezogabine) with varying mechanisms of action and clinical
spectrums, as well as six investigational compounds were
evaluated in the corneal kindled mouse, using CF1 mice.
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EDs,, values were compared to those obtained in the hip-
pocampal kindled rat, the mouse MES model, the 6-Hz
partial psychomotor seizure model, and the s.c. PTZ test.

With the exception of topiramate, all of the ASDs tested
displayed a dose-dependent protection against secondarily
generalized seizures in the corneal kindled mouse model.
Importantly, the corneal kindled mouse model was the
only model to demonstrate efficacy of all tested prototype
ASDs at non-toxic doses. The authors concluded that the
corneal kindled mouse model of partial and secondar-
ily generalized epilepsy is a sensitive and valid screening
model, and that early demonstration of efficacy of an inves-
tigational ASD in the corneal kindled mouse could provide
sufficient proof-of-concept in a chronic seizure model to
support more extensive studies in the labor-intensive elec-
trical kindled rat [29]. As shown in Fig. 4, the corneal kin-
dled mouse model is part of the Identification phase of the
ETSP.

More recently, Leclercq et al. [72] reported that corneal
kindling of NMRI mice with 6-Hz stimuli may be more
advantageous than the previously described 50/60-Hz cor-
neal kindling models due to its robustness and persistence
of the fully kindled state. When assessing the protective
efficacy of four mechanistically different ASDs (clonaze-
pam, valproate, carbamazepine and levetiracetam) in 6 and
50-Hz fully kindled NMRI mice, all tested ASDs showed a
relatively lower potency in the 6-Hz kindling model, and a
limited efficacy against partial seizures was observed with
carbamazepine and levetiracetam. The authors suggested
that the observed low potency and limited efficacy of ASDs
in 6-Hz fully kindled mice indicate that this model could
be a useful tool in the discovery of novel ASDs targeting
treatment-resistant epilepsy.

Post-Status Epilepticus Models of Temporal Lobe
Epilepsy

Another important category of chronic models of epilepsy
are models in which SRS develop after chemical or electri-
cal induction of a sustained SE. One of these models uses
kainate, a cyclic analog of L-glutamate and an agonist of
the ionotropic kainate receptors [73]. Although it was first
shown by Nadler et al. [74] that hippocampal pyramidal
cells are highly sensitive to damage induced by kainate, the
use of this drug as a model of TLE was originally proposed
by Ben-Ari et al. [75], who reported that intra-amygdala
injections of kainate in rodents induce behavioral seizures
and produce neuropathological lesions in the hippocam-
pus that are similar to those occurring in patients with TLE
(Fig. 1). The initial SE produced by kainate was followed
days later by the occurrence of spontaneous seizures [76].

More recently, the intrahippocampal kainate mouse
model of mesial TLE has been characterized pharmacologi-
cally [77-79], and this model is now part of the Differentia-
tion phase of the ETSP (Fig. 4). The advantage of the latter
model is the occurrence of highly frequent electrographic
seizures in the hippocampal kainate focus that allow drug
testing on spontaneous seizures with only short periods
of EEG recording [80]. These frequent electrographic sei-
zures are resistant to several ASDs, so that the model has
been proposed to be suited for discovering novel drugs with
higher efficacy against difficult-to-treat focal seizures [79].
Interestingly, such frequent electrographic seizures are not
observed in the rat intrahippocampal kainate model [81].

When kainate is injected systemically for SE induc-
tion, more wide-spread and bilateral neuronal damage
is observed, particularly in limbic regions [73]. In con-
trast to the intrahippocampal kainate mouse model, only
a few studies have tested the effects of ASDs on the SRS
developing after systemic administration of kainate in rats
[82—85]. Such studies are complicated and extremely labo-
rious because of at least two problems. First, frequency
of SRS in the kainate rat model is extremely variable, so
that continuous (24/7) video-EEG monitoring over weeks
is needed to correctly determine a drug’s efficacy to sup-
press the seizures. Second, most drugs are much more rap-
idly eliminated by rodents than by humans, so that studies
necessitating chronic treatment have to resolve the problem
of maintaining effective drug concentrations in the animals
over the period of prolonged drug administration. Steve
White’s group has developed a novel computer-automated
pellet delivery system which allows for tight experimenter
control of drug treatment in rodents using a drug-in-food
protocol [33]. The problem of large inter-individual varia-
tion in SRS frequency can be partially resolved by selecting
epileptic rats with high SRS frequency for drug testing. By
using the latter approach, the ETSP, which includes the sys-
temic kainate rat model in its Differentiation phase (Fig. 4)
has started to characterize the pharmacological profile of
SRS in this model, using a pragmatic vehicle/drug crosso-
ver design with only 5 days of treatment for each drug and
repeated use of the same epileptic rats for several consecu-
tive drug trials, thus allowing for intermediate drug screen-
ing [86]. First experiments with this approach showed that
treatment with high doses of carbamazepine (90 mg/kg/
day) and levetiracetam (300 mg/kg/day) led to a signifi-
cant reduction in seizure frequency compared to vehicle,
whereas lamotrigine (60 mg/kg/day) and VPA (600 mg/kg/
day) did not [86]. It will be important to determine whether
individual rats respond differently to ASDs so that, similar
to other post-SE models of TLE [4, 87], drug responders
and nonresponders can also be selected in the rat kainate
model. If so, such nonresponders would be extremely inter-
esting animals for testing of promising novel compounds.
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An ex vivo approach for drug testing in the kainate
rat model has been described by West et al. [88] and this
approach has been included in the Identification phase of
the ETSP (Fig. 4) [59]. In this approach, compounds are
tested for their ability to eliminate the spontaneous electro-
graphic bursting observed in the medial entorhinal cortex-
hippocampus of brain slices obtained from rats that have
experienced kainate-induced SE. To improve throughput,
8-10 brain slices are recorded simultaneously. Although
phenytoin, carbamazepine, lamotrigine, lacosamide,
ezogabine, clobazam, midazolam, phenobarbital, tiagabine,
vigabatrin, and topiramate significantly attenuated sponta-
neous electrographic bursts in this model, these compounds
(with the exception of carbamazepine) did so only at con-
centrations between 2 and 200 times the effective plasma
concentrations reported in rats and/or humans [59, 88].
Furthermore, ethosuximide, gabapentin, levetiracetam, val-
proic acid, and felbamate failed to affect spontaneous bursts
at any concentration tested. This model’s profile is therefore
consistent with accepted definitions of pharmacoresistance
and may be useful for the early identification of compounds
effective against pharmacoresistant seizures [59, 88].

The most frequently used model of post-SE TLE is
the pilocarpine model [73, 89]. This model, which uses
the cholinergic muscarinic agonist pilocarpine, was first
described by Turski and Cavalheiro [90], who showed
that systemic intraperitoneal administration of pilocarpine
in rodents was followed by a sequence of automatisms
and motor limbic seizures evolving into SE. Analysis of
the brain of these animals revealed widespread damage
in the olfactory cortex, amygdala, thalamus, neocortex,
hippocampus and substantia nigra [91]. As with kainate,
pilocarpine-treated animals showed spontaneous seizures
approximately 2 weeks after the initial SE, which estab-
lished the model as a model of TLE [92], reproducing both
the typical histopathological alterations and spontaneous
chronic seizures seen in patients with TLE (Fig. 1). Esper
Cavalheiro’s group was also the first to describe the phar-
macology of the SRS in the pilocarpine model [93]. Later,
Loscher’s group showed interindividual differences in the
response of SRS in this model to levetiracetam [94] and
phenobarbital [95], indicating that, similar to the phenytoin
response in kindled rats [66] and patients with TLE, two
individuals with seemingly similar spontaneous seizures
may differ in their response to ASDs.

In addition to chemical SE induction, SE can be induced
by sustained electrical stimulation of hippocampus or
amygdala, resulting in development of SRS following a
seizure-free latent period [96]. In one of these electrical
SE models, in which SE was induced by electrical stimula-
tion of the basolateral amygdala, Brandt et al. [97] demon-
strated that individual epileptic rats differ strikingly in their
response to phenobarbital. The majority of phenobarbital
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nonresponders also did not respond to phenytoin [98], so
that this model fulfills the minimum criteria of a model of
drug resistant epilepsy, i.e., persistent seizure activity that
does not respond, or respond poorly, to monotherapy at tol-
erable doses with at least two current ASDs [99]. By using
this model, we tried to identify the factors that determine
whether an individual epileptic rat responds or does not
response to ASD treatment [87]. Factors thus identified to
be associated with drug resistance included high seizure
density before onset of treatment, hippocampal damage
(which does not occur in all rats of this model), alterations
in brain drug target composition, behavioral abnormali-
ties, and increased expression of the multidrug transporter
P-glycoprotein (P-gp) in the epileptic focus [87]. All these
factors have also been described in patients with drug
resistant TLE [2], demonstrating that the rat model reflects
clinically relevant alterations that could be targeted for
obtaining more effective therapies. One interesting find-
ing in this regard is that inhibition of P-gp in phenobarbital
nonresponders restores the antiseizure effect of this ASD
[100]. Thus, imaging of P-gp expression and functionality
by positron emission tomography may be a biomarker for a
mechanism of pharmacoresistance, thus allowing selective
treatment of affected patients by either coadministration
of a P-gp inhibitor or switching treatment to an ASD that
is not transported by P-gp [101]. Although this possibility
needs to be proven clinically, it demonstrates how advanced
animal models can guide novel strategies for therapy [2].

Induction of Acute Seizures in Epileptic Rodents

Most of the post-SE models of TLE described above are
not suited for drug screening, because drug testing on SRS
necessitates laborious video-EEG seizure monitoring.
More recently, it was proposed that, instead of monitor-
ing SRS, chemical or electrical induction of acute seizures
in epileptic rodents may be used as a surrogate for testing
the efficacy of novel ASDs against refractory SRS [102].
Indeed, several ASDs were shown to lose their efficacy on
acute seizures, when such seizures were induced by PTZ in
epileptic rather than nonepileptic rats, whereas this was not
observed when using the MES test [102]. Subsequent stud-
ies confirmed the loss of anti-seizure efficacy of valproate
against PTZ-induced seizures in epileptic mice, but several
other ASDs, including valproate, phenytoin, and phenobar-
bital, were more potent against PTZ in epileptic than none-
pileptic mice [103]. This was also observed when using the
6-Hz model of partial seizures in epileptic mice, in which
the potency of levetiracetam, in particular, was markedly
increased compared to nonepileptic animals [104, 105].
Furthermore, when using the MES test in epileptic mice,
the efficacy of a bumetanide/phenobarbital combination
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was significantly larger compared to this test in nonepilep-
tic mice [106], indicating that, similar to the findings with
levetiracetam in the 6-Hz test [104, 105], the targets for
these drugs are altered in epileptic rodents [106]. Overall,
these observations suggest that performing acute seizure
tests in epileptic rodents provides valuable information on
the pharmacological profile of ASDs, in particular those
with mechanisms inherent to disease-induced brain altera-
tions. However, it appears that further work is needed to
define optimal approaches for acute seizure induction and
generation of epileptic/drug refractory animals that would
permit reliable screening of new ASDs with improved
potential to provide seizure control in patients with phar-
macoresistant epilepsy [107].

Animal Models of Epilepsy Developing After
Traumatic Brain Injury and Stroke

One inherent problem of models in which normal, healthy
adult rodents are used to induce SE and subsequent epi-
lepsy is the fact that de novo SE is rare in adult humans and
thus not a frequent cause of acquired epilepsy. The most
common causes of acquired epilepsy in adult humans are
traumatic brain injury (TBI), stroke, and CNS infections
[108]. Limited clinical evidence suggests that the suscep-
tibility of seizures to ASDs may differ as a function of the
underlying cause of epilepsy [109—111]. If so, it would be
important to include animal models of TBI, stroke, and
brain infections in the Differentiation phase of drug devel-
opment. However, as yet models of post-traumatic epilepsy
or of post-stroke epilepsy are rarely used for pharmacologi-
cal studies in the preclinical arena, because in most of these
models, only 20-50% of the animals develop epilepsy after
several months, so that drug experiments in such models
are difficult [112, 113]. As a consequence, the pharma-
cology of SRS developing in models of TBI and stroke is
largely unknown with some exceptions [114, 115]. Inter-
estingly, in models of TBI and viral encephalitis, valproate
reduced seizure burden, while carbamazepine was ineffec-
tive, indicating commonalities in pharmacology [35, 114].
Thus, models of infection-induced epilepsy should be
included during differentiation of novel compounds.

Models of Infection-Induced Epilepsy: Theiler’s
Virus Model of Encephalitis-Induced Epilepsy
in Mice

Theiler’s model of viral encephalitis-induced seizures in
C57BL/6 mice exhibits two types of seizures, frequent
early (encephalitis-associated) seizures in the first week
after infection and less frequent late seizures developing in

the months after encephalitis [30, 116]. Wilcox et al. [117]
have recently evaluated the effect of prototype ASDs on
early seizures in this novel model. Of the compounds eval-
uated, clonazepam and ethosuximide were without effect in
this model. Gabapentin, lacosamide, tiagabine, topiramate,
valproate, and lamotrigine reduced cumulative seizure bur-
den. The anti-inflammatory compound minocycline also
reduced cumulative seizure burden [36]. Thus, these stud-
ies suggest that novel compounds can be evaluated in this
assay for anti-inflammatory, anti-seizure, or mixed mecha-
nisms of action [36, 59, 117]. In addition to evaluating the
effect of drugs on acute seizures, the model can be used to
study disease-modifying or antiepileptogenic drug effects
[36].

Animal Models of Pediatric Epilepsies

Despite the fact that 70% of epilepsy begins in childhood,
drug screening is typically done in young adult rodents.
Although one may argue that age probably does not have
a major impact on preclinical screening, it is a concern of
pediatric neurologists. Indeed, the pathophysiology and
hence pharmacology of epileptogenesis in the developing
brain may differ markedly [118, 119]. Several epilepsy or
seizure models in neonatal rats or mice, including mod-
els of febrile seizures and infantile spasms, have been
described and are increasingly being used for developing
new therapies [4, 34, 120-122]. In addition, genetic mouse
models of pediatric epilepsies are available [34].

Genetic Animal Models of Epilepsy

The identification of spontaneous, and also induced,
genetic epilepsies in mice has proven invaluable for mod-
eling human epilepsies [11]. Furthermore, spontaneous
genetic epilepsies have been found in several other species,
including rats, non-human primates, and dogs [4, 123].
Such genetic models are providing essential insight into the
role of a specific mutation in ictogenesis and epileptogene-
sis [4]. Furthermore, models such as the audiogenic seizure
susceptible DBA/2 mouse or the Genetic Absence Epilepsy
Rat from Strasbourg (GAERS) are widely used for testing
drugs for antiseizure properties. While audiogenic seizures
in DBA/2 mice do not discriminate between different cat-
egories of ASDs, the GAERS model in Wistar rats, first
described by Christan Marescaux’s group in Strasbourg
in 1982 [124] (Fig. 1), exhibits absence-like spike-wave
discharges that are particularly sensitive to anti-absence
drugs such as ethosuximide and valproate, but not to drugs
that do not exhibit anti-absence effects in the clinic [125].
Thus, the GAERS model is better suited than the PTZ test
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to identify drugs with anti-absence efficacy. Shortly after
the discovery of the GAERS rat, the WAG/Rij rat model
of absence epilepsy was discovered; importantly, the WAG/
Rij rat exhibits similar pharmacological characteristics to
that of the GAERS rat [126].

Many of the genetic models are emerging as important
tools for validating novel targets for the treatment and pre-
vention of epilepsy [34]. One example here is the use of
models of channelopathies to predict efficacy of ASDs in
the increasing number of human epilepsies associated with
channel dysfunction [34, 127]. Furthermore, genetic mod-
els are interesting tools to study antiepileptogenic or dis-
ease-modifying drug potential as exemplified by interest-
ing data on ethosuximide, levetiracetam, and zonisamide.
Thus, in the WAG/Rij rat model of absence epilepsy, early
prophylactic treatment with ethosuximide, levetiracetam
or zonisamide (but not carbamazepine) before the onset
of SWDs in the EEG suppressed the development of
such absence-like seizures [128-130]. This phenomenon
was subsequently also observed in the GAERS model of
absence epilepsy [131]. These findings suggest that mod-
els are available in which epileptogenesis can be controlled
and that early treatment during development may provide a
strategy for preventing genetic epilepsy in susceptible indi-
viduals. In addition to inducing epileptogenic mutations in
mice, such mutations can be induced in zebrafish, a verte-
brate genetic model organism with tremendous potential for
modeling acute seizures and genetic epilepsies [11]. For
instance, zebrafish with a mutation in the SCN1A homo-
logue recapitulate spontaneous seizure activity and mimic
the convulsive behavioral movements observed in Dravet
syndrome [11]. Griffin et al. [132] recently reported that
phenotypic screening of drug libraries in zebrafish scnl
mutants rapidly and successfully identifies new therapeu-
tics. The latter study demonstrated that drugs acting on
serotonin signalling pathways, e.g. trazodone and lorca-
serin, block seizures in zebrafish SCN1 mutants, and this
finding could be translated to medically intractable Dravet
syndrome patients [132].

The Future Role of Animal Models
for the Discovery of Antiseizure Drugs

As in other fields of biomedical research, there is not one
“ideal” animal model or battery of animal models for ASD
discovery, but rather the “fit-for-purpose” paradigm should
be used when choosing animal models for a specific clini-
cal condition, such as discovering novel drugs for as yet
pharmacoresistant seizures [4]. An essential requirement
for improving success in drug development is the avail-
ability of animal models with high predictive validity for a
therapeutic drug response. Animal models when carefully
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selected, designed and conducted are important parts of any
translational drug development strategy. The translational
value of animal models can be further enhanced when com-
bined with other translational tools such as quantitative sys-
tems pharmacology, biomarkers or experimental clinical
trials [4, 133]. However, it should be kept in mind that an
animal model is a simple representation of a complex sys-
tem. Consequently, an animal model for a human disease
is by no means attempting to reproduce the human disease
with all its complexities but rather to model specific aspects
of the disease, for instance drug resistant partial seizures.
Whenever using animal models, it is thus of utmost impor-
tance to define a specific question and to ensure that the
chosen model is fit-for-purpose [4, 133—-135]. As recently
outlined by Harward and McNamara [9], development of
novel therapies for the epilepsies requires properly aligning
the animal model with the clinical syndrome, necessitat-
ing continuous and effective interactions of skilled clini-
cians and basic scientists. Apart from animal models, the
intuition and creativity of experienced scientists is essential
to discover novel targets or correctly interpret unexpected
findings that may ultimately lead to novel drugs that really
make a difference. In this respect, new pharmacology and
gene discovery strategies are likely to permit targeting sub-
populations of patients with drug resistant epilepsy rather
than searching for the magic bullet that is effective in all
types of difficult-to-treat epilepsies. Advanced animal mod-
els such as those discussed in this review will play a deci-
sive role in how the utilization of such novel strategies will
contribute to the identification and development of drugs
that lead to marked changes for treating the drug resistant
patient population.
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