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Abstract

1 Abstract
Lisa Welzel
Rational multitargeted intervention of epileptogenesis in a mouse model of temporal
lobe epilepsy
Epilepsy is one of the most common neurological disorders, which affects more than 50
million people worldwide. One of the most common forms of focal epilepsy in adults is
temporal lobe epilepsy, where seizures originate in the temporal lobe (e.g. the hippocampus).
An acute brain insult, such as traumatic brain injury, stroke, or status epilepticus, can induce
the process of epilepsy development, namely epileptogenesis. The time period between the
initial brain insult and the first spontaneous recurrent seizures is defined as the latent period,
which would be an ideal therapeutic window for early-on modification or prevention of
epileptogenesis. Currently over 20 antiseizure drugs are available for symptomatic treatment
of epilepsy, yet no antiepileptogenic treatment has been developed for preventing the
development of epilepsy after an acute brain insult. The prevention of epilepsy therefore
remains a major unmet clinical need in patients at risk (e.g. after a traumatic brain injury). The
approach of network pharmacology was recently proposed for developing new
antiepileptogenic therapies to target the multiple mechanisms involved in epileptogenesis.
Using an algorithm based on the phases of clinical trials in humans, the objective of this thesis
was to evaluate the tolerability and antiepileptogenic efficacy of rationally chosen and
potentially antiepileptogenic drug combinations, consisting of clinically available drugs, in
the intrahippocampal kainate mouse model.
As a first step, seven promising drug combinations were tested for tolerability in nonepileptic
mice (Phase I). Six of the seven tested drug combinations were subsequently tested for
tolerability in mice during the latent period (Phase IIa, post-status epilepticus), which often
exhibit an increased response to drug adverse effects. All drug combinations were tolerated in
Phase IIa, yet none of the tested drug combinations exerted a neuroprotective effect when
administered twice a day over three days following the status epilepticus.
Next, four of the tolerable drug combinations were evaluated for antiepileptogenic efficacy in
the intrahippocampal kainate mouse model (Phase IIb): levetiracetam + gabapentin +
topiramate, levetiracetam + α-tocopherol, levetiracetam + deferoxamine + gabapentin +
1
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fingolimod, and levetiracetam + atorvastatin + ceftriaxone. The drug combination
levetiracetam + atorvastatin + ceftriaxone did not exert a disease-modifying or
antiepileptogenic effect; instead, a proepileptogenic trend of the frequency of electroclinical
seizures was observed. The efficacy study was therefore repeated with reduced doses to
investigate possible dose-dependent effects of the drug combination. With reduced doses, the
drug combination levetiracetam + atorvastatin + ceftriaxone was found to exert a partially
antiepileptogenic effect on the incidence of electroclinical seizures and a disease-modifying
effect by significantly reducing the frequency of focal electroclinical seizures. Furthermore,
the drug combination levetiracetam + α-tocopherol did not exert a strong disease-modifying
effect. However, the drug combination levetiracetam + gabapentin + topiramate had a diseasemodifying effect by significantly reducing the incidence of electrographic seizures and
neurodegeneration occurring in the hippocampus. Finally, the drug combination levetiracetam
+ deferoxamine + gabapentin + fingolimod exerted a disease-modifying effect by
significantly reducing the frequency of generalized electroclinical seizures.
To conclude, the intrahippocampal kainate mouse model was successfully used to screen
potentially antiepileptogenic drug combinations for antiepileptogenic efficacy. The results of
the present study should be further validated by replicating the experiments in larger groups
of mice. Furthermore, the efficacy of the drug combinations should be tested in a different
mouse or rat model of acquired epilepsy (e.g. a traumatic brain injury model, Phase IIc)
before continuing with clinical trials. The present PhD thesis therefore contributed to
identifying potentially antiepileptogenic drug combinations for multitargeted intervention in
epileptogenesis and a later translation into clinical trials.
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2 Zusammenfassung
Lisa Welzel
Rationale Polypharmazie zur Intervention der Epileptogenese in einem Mausmodell der
Temporallappenepilepsie
Epilepsie ist eine der häufigsten neurologischen Erkrankungen, von der weltweit mehr als 50
Millionen Menschen betroffen sind. Eine der häufigsten Formen der fokalen Epilepsien bei
Erwachsenen ist die Temporallappenepilepsie, bei der die Anfälle ihren Ursprung im
Temporallappen haben (z.B. im Hippocampus). Eine akuter Hirninsult wie ein Schädel-HirnTrauma,

ein

Schlaganfall

oder

ein

Status

epilepticus

kann

den

Prozess

der

Epilepsieentwicklung, welcher als Epileptogenese bezeichnet wird, initiieren. Der Zeitraum
zwischen dem Hirninsult und dem ersten Auftreten von spontanen, wiederkehrenden Anfällen
wird als Latenzzeit definiert, welche ein ideales therapeutisches Fenster zur frühen
pharmakologischen Modifikation oder Verhinderung der Epileptogenese darstellen würde.
Zur Zeit sind über 20 Antikonvulsiva für die symptomatische Behandlung von Epilepsien
zugelassen, jedoch wurde bis jetzt keine antiepileptogene Behandlung entwickelt, um die
Entwicklung von Epilepsien nach einem akuten Hirninsult zu verhindern. Es besteht daher in
der Klinik weiterhin ein großer Bedarf nach Möglichkeiten zur Prävention von Epilepsien bei
Risikopatienten

(z.

B.

nach

einem

Schädel-Hirn-Trauma).

Der

Ansatz

der

Netzwerkpharmakologie wurde kürzlich vorgeschlagen, um neue antiepileptogen-wirksame
Therapien zu entwickeln, die in die zahlreichen Mechanismen der Epileptogenese eingreifen
sollen. Ziel dieser Arbeit war es, anhand eines Algorithmus, der auf den Phasen klinischer
Studien am Menschen basiert, die Verträglichkeit und antiepileptogene Wirksamkeit von
rational selektierten und potenziell antiepileptogenen Substanzkombinationen, die sich aus
bereits zugelassenen Substanzen zusammensetzen, im intrahippocampalen Kainatmodell der
Maus zu überprüfen.
In einem ersten Schritt wurden sieben vielversprechende Substanzkombinationen auf ihre
Verträglichkeit bei nicht-epileptischen Mäusen getestet (Phase I). Sechs der sieben getesteten
Substanzkombinationen wurden anschließend bei Mäusen in der Latenzzeit (Phase IIa,
postStatus Epilepticus) auf ihre Verträglichkeit untersucht, welche häufig ein verstärktes
Ansprechen auf unerwünschte Arzneimittelwirkungen zeigen. Alle Substanzkombinationen
waren in Phase IIa verträglich, jedoch zeigte keine der getesteten Substanzkombinationen bei
3

Zusammenfassung

zweimal täglicher Verabreichung über drei Tage nach dem Status epilepticus eine
neuroprotektive Wirkung.
Als nächstes wurden vier der verträglichen Substanzkombinationen auf ihre antiepileptogene
Wirksamkeit im intrahippocampalen Kainatmodell der Maus untersucht (Phase IIb):
Levetiracetam + Gabapentin + Topiramat, Levetiracetam + α-Tocopherol, Levetiracetam +
Deferoxamin + Gabapentin + Fingolimod, und Levetiracetam + Atorvastatin + Ceftriaxon.
Die Substanzkombination Levetiracetam + Atorvastatin + Ceftriaxon hatte keine
krankheitsmodifizierende oder antiepileptogene Wirkung, jedoch wurde ein proepileptogener
Trend bezüglich der Frequenz elektroklinischer Anfälle beobachtet. Die Wirksamkeitsstudie
wurde daher mit reduzierten Dosierungen wiederholt, um mögliche dosisabhängige
Wirkungen der Substanzkombination zu untersuchen. Mit reduzierten Dosierungen hatte die
Substanzkombination

Levetiracetam

+

Atorvastatin

+

Ceftriaxon

eine

teilweise

antiepileptogene Wirkung auf die Inzidenz von elektroklinischen Anfällen und eine
krankheitsmodifizierende Wirkung durch die signifikante Reduktion der Frequenz von
fokalen

elektroklinischen

Anfällen.

Des

Weiteren

hatte

die

Substanzkombination

Levetiracetam + α-Tocopherol keine starke krankheitsmodifizierende Wirkung. Die
Substanzkombination Levetiracetam + Gabapentin + Topiramat hatte jedoch eine
krankheitsmodifizierende Wirkung, indem sie das Auftreten von elektrographischen Anfällen
und die Neurodegeneration im Hippocampus signifikant verringerte. Darüber hinaus wirkte
die Substanzkombination Levetiracetam + Deferoxamin + Gabapentin + Fingolimod
krankheitsmodifizierend, indem sie die Frequenz generalisierter elektroklinischer Anfälle
signifikant reduzierte.
Zusammenfassend konnte das intrahippocampale Kainatmodell der Maus erfolgreich
verwendet werden, um potenziell antiepileptogene Substanzkombinationen auf ihre
antiepileptogene Wirksamkeit zu untersuchen. Die Ergebnisse der vorliegenden Studien
sollten durch eine Wiederholung der Experimente in größeren Gruppen von Mäusen weiter
validiert werden. Darüber hinaus sollte die Wirksamkeit der Substanzkombinationen in einem
anderen Maus- oder Rattenmodell für erworbene Epilepsien (z. B. einem Schädel-HirnTrauma Modell, Phase IIc) untersucht werden, bevor die Untersuchungen in klinischen
Studien fortgesetzt werden. Die vorliegende PhD-These trägt daher dazu bei, potenziell
antiepileptogene Substanzkombinationen zur zielgerichteten Intervention der Epileptogenese
und für eine spätere Umsetzung in klinische Studien zu identifizieren.
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3 General Introduction
3.1

Epilepsy

3.1.1 Definition and significance
Epilepsy is a neurological disorder comprised of different diseases and conditions, which lead
to the occurrence of spontaneous recurrent seizures (Fisher et al. 2005). Epilepsy occurs with
a lifetime prevalence of 0.76% in humans (Fiest et al. 2017), resulting in more than 50
Million people worldwide suffering from the disorder (WHO 2019). The International League
Against Epilepsy (ILAE) describes epilepsy as a disorder with an enduring predisposition to
generate epileptic seizures, which has cognitive, psychological, neurobiologic, and social
consequences (Fisher et al. 2005). Epileptic seizures are a „transient occurrence of signs
and/or symptoms due to abnormal excessive or synchronous neuronal activity in the brain“,
with a clear start and finish in time (Fisher et al. 2005; Berg et al. 2010). An acute insult of
the central nervous system, which may have metabolic, toxic, structural, or infectious causes,
can induce acute symptomatic seizures; unprovoked seizures occur without clinical cause
(Beghi et al. 2010).
The ILAE has recently updated the classification of epilepsies as a multilevel classification
with different levels of diagnosis (Scheffer et al. 2017). A diagnosis of epilepsy is only made
when at least two unprovoked seizures occur over 24 hours apart (Fisher et al. 2014). The first
level of diagnosis is by seizure type, which is divided into seizures with focal onset,
generalized onset, and unknown onset (Fisher et al. 2017; Scheffer et al. 2017). Focal seizures
originate within networks limited to one hemisphere, which may be discretely localized or
more widely distributed in subcortical structures (Berg et al. 2010; Fisher et al. 2017). A
special seizure type is the focal to bilateral tonic-clonic seizure, which reflects a propagation
pattern of seizure and should be differentiated from generalized seizures (Fisher et al. 2017).
Generalized seizures originate within bilaterally distributed networks in both hemispheres,
including both cortical and subcortical structures, and can be divided into motor and
nonmotor seizures (Berg et al. 2010; Fisher et al. 2017). After the diagnosis of epilepsy and
the definition of seizure type, the second level of diagnosis is used to differentiate between the
different types of epilepsy, namely focal, generalized, combined generalized and focal, and
unknown epilepsy (Scheffer et al. 2017). As a further level of diagnosis an epilepsy syndrome
5
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may be diagnosed (e.g. childhood absence epilepsy or the Dravet syndrome), which refers to a
cluster of features including seizure types and imaging features, and often has age-dependent
features and comorbidities such as intellectual or psychiatric impairment (Scheffer et al.
2017).
Another condition is status epilepticus (SE), characterized by abnormally prolonged seizures
(Trinka et al. 2015). This can be a result from the failure of mechanisms responsible for
seizure termination or the initiation of mechanisms responsible for prolonged seizures (Trinka
et al. 2015). Currently, the two main criteria for the best definition of a SE are the timepoint
beyond which a seizure is regarded as continuous seizure activity and the time of the ongoing
seizure activity after which there is a risk of long-term consequences (Trinka et al. 2015). For
example, a convulsive tonic-clonic seizure lasting longer than five minutes is considered a SE
and may lead to irreversible neuronal injury when lasting longer than 30 minutes (Trinka et al.
2015). Semiology, etiology, electroencephalography (EEG) correlates, and age are further
diagnostic criteria, which can be used for the clinical diagnosis and selection of therapeutic
approaches of status epilepticus (Trinka et al. 2015).
An important part of the clinical diagnosis of epilepsy is the etiology of the patient’s epilepsy,
which can be determined by investigational procedures such as neuroimaging (e.g. magnetic
resonance imaging). Epilepsies can be divided into six etiologic groups: structural, genetic,
infectious, metabolic, immune, and unknown epilepsies (Scheffer et al. 2017). Structural
epilepsies can be acquired (e.g. stroke, trauma, brain tumor) or can have a genetic cause, such
as malformations of cortical development (Scheffer et al. 2017). Certain epilepsies are
frequently associated with specific structural etiologies; for example, mesial temporal lobe
seizures are often associated with hippocampal sclerosis (Scheffer et al. 2017). Genetic
epilepsies are characterized by de novo or heritable genetic mutations that lead to the
development of seizures (Scheffer et al. 2017). Environmental factors may also play an
important role in the genetic etiology, as many patients with sleep deprivation, stress, or
illness are more prone to developing seizures (Scheffer et al. 2017). The most common
etiology of epilepsies is infection (Vezzani et al. 2016). Examples for infectious causes of
epilepsy include tuberculosis, cerebral malaria, congenital infections such as Zika virus, and
also viral encephalitis (Scheffer et al. 2017). Metabolic epilepsy results from a metabolic
defect of the body (e.g. uremia or pyridoxine-dependent seizures), which is often caused by a
genetic defect (Scheffer et al. 2017). Immune disorders such as autoimmune-mediated central

6

General Introduction

nervous system inflammation may lead to immune epilepsy (Scheffer et al. 2017). In cases
where the cause of the epilepsy cannot be diagnosed, the epilepsy is categorized under an
unknown etiology (Scheffer et al. 2017).
In veterinary medicine epilepsy occurs most commonly in companion animals, with a
prevalence of 0.5-5.7% in dogs (Uriarte and Maestro Saiz 2016). Diagnostic methods such as
EEG recordings are not routinely feasible in dogs (Uriarte and Maestro Saiz 2016), therefore
owner-based seizure reporting remains the primary source for classifying seizures. Seizure
types in companion animals are classified as focal seizures, generalized seizures, or focal
seizures evolving into generalized seizures, and are not further differentiated as recommended
by the ILAE in human medicine (Berendt et al. 2015; Fisher et al. 2017).

3.1.2 Temporal lobe epilepsy
Temporal lobe epilepsy (TLE) is one of the most common forms of focal, or localisationrelated, epilepsy in adults (Bertram 2009; van Vliet et al. 2014). The term TLE encompasses
all epilepsies where the seizures originate in the temporal lobe, with no regard to the
pathology or location (Thom and Bertram 2012). Mesial temporal lobe epilepsy (MTLE) is a
more defined term for limbic epilepsy with the seizures arising in limbic structures, such as
the hippocampus, the amygdala, and the entorhinal cortex (Chang and Lowenstein 2003;
Thom and Bertram 2012). However, recent studies indicate that the onset of seizures is
multifocal and is spread over multiple regions of the temporal lobe (Bertram 2014). The
seizures usually begin with an aura, which is commonly epigastric (abdominal), but can also
be nonspecific (e.g. a tingling sensation), emotional (e.g. development of fear and anxiety), or
autonomous-vegetative (e.g. widened pupils) (Engel 2001; Wieser and ILAE Commission on
Neurosurgery of Epilepsy 2004). The primary seizure types in MTLE are focal seizures,
which typically begin with motor arrest and staring, and are followed by oroalimentary
automatisms such as lip-smacking or chewing (Engel 2001; Tatum 2012).
MTLE is typically induced by an initial brain insult, followed by a seizure-free period of
months to years before the first spontaneous recurrent seizures occur (French et al. 1993). The
most common insult leading to MTLE are febrile seizures, yet other etiologies include
traumatic brain injury (TBI), stroke, and infection of the central nervous system (French et al.
1993). In addition to seizures, many patients with MTLE suffer from psychiatric disorders,
such as anxiety and depression (de Oliveira et al. 2010). Up to 70% of patients with MTLE
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are pharmacoresistant, meaning that the syndrome cannot be adequately treated with the
antiepileptic drugs that are currently available (van Vliet et al. 2014). It is therefore currently
one of the most common surgically treated epilepsy syndromes (Muzumdar et al. 2016).
A common pathologic finding in MTLE is hippocampal sclerosis, which can be detected by
magnetic resonance imaging. Hippocampal sclerosis is characterized by pathological changes
such as neuronal loss in the cornu ammonis (CA)1 and CA3 of the hippocampus and hilus, a
reactive change of glial cells (gliosis), granule cell dispersion (GCD), sprouting of mossy
fibers into the inner molecular layer leading to synaptic reorganization, and alterations to
interneurons (Sutula et al. 1989; Chang and Lowenstein 2003; Thom and Bertram 2012;
Blümcke et al. 2013). Adjacent structures such as the amygdala or parahippocampal gyrus
may also be affected by sclerosis (Thom and Bertram 2012). GCD is characterized by the
dispersion of the somata of granule cells, an enlargement of the stratum granulosum, and by
disseminated granule cells in the molecular layer with an elongated bipolar change of cell
bodies (Houser 1990; Suzuki et al. 2005). The gliosis accompanying the loss of neurons
results in a shrinkage and hardening of the tissue (Chang and Lowenstein 2003). Despite the
known association between MTLE and hippocampal sclerosis, it still remains unclear whether
hippocampal sclerosis is a primary cause of MTLE or a consequence of epileptic seizures
(Sendrowski and Sobaniec 2013).

3.1.3 Treatment options
The standard treatment of epilepsy is the systemic administration of antiepileptic (antiseizure)
drugs to prevent the occurrence of seizures in patients at risk (Pitkänen 2010). In patients
where treatment does not lead to the prevention of seizures, a reduction of the frequency or
severity of the seizures is a desirable alternative effect. As antiepileptic drugs are used for
symptomatic treatment of epilepsy, these are now commonly referred to as antiseizure drugs
(ASDs) (Kaminski et al. 2014). Currently more than 20 ASDs are available in human
medicine (Devinsky et al. 2018), which are selected for treatment based on the nature of the
epileptic seizures, the epilepsy syndrome, and further criteria such as age, sex, and
comorbidities (Moshé et al. 2015). Over 80% of people suffering from epilepsy live in lowand middle-income countries (WHO 2019), where the treatment gap is enormous, because
ASDs drugs are inaccessible or too expensive (Cameron et al. 2012).
Due to its complex and multifactorial nature and its heterogeneity, epilepsy continues to be
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difficult to treat in many patients (Pitkänen et al. 2016; Devinsky et al. 2018). Despite the
variety of available ASDs, more than 30% of epilepsy patients are pharmacoresistant
(Löscher and Schmidt 2011; Tang et al. 2017) and, as mentioned above, up to 70% of patients
with MTLE do not respond to treatment (van Vliet et al. 2014). Pharmacoresistance can lead
to a four to seven times higher mortality rate in patients (Sperling 2004) and is defined as two
tolerated and appropriately chosen ASDs (as monotherapy or in combination) not leading to
seizure-freedom in patients (Kwan et al. 2010). Pharmacoresistant patients often have a lower
quality of life due to comorbidities such as anxiety and depression (Meldolesi et al. 2006).
Unfortunately, the underlying mechanisms of pharmacoresistance are still poorly understood
and have to be further investigated in the future for development of novel therapies (Golyala
and Kwan 2017). Alternative treatment of medically refractory MTLE includes vagus nerve
stimulation, deep-brain stimulation, or responsive neurostimulation (Fisher et al. 2010; Laxer
et al. 2014). A further alternative treatment is the surgical resection of the epileptic focus,
where most commonly the anterior temporal lobe is resected, including most of the
hippocampus, the amygdala, and variable portions of the anterior and lateral temporal
neocortex (Muzumdar et al. 2016). Surgical treatment has a long-term outcome of seizurefreedom in about 50% of patients (de Tisi et al. 2011), yet numerous surgical approaches and
their long-term cognitive or intellectual consequences remain debatable (Muzumdar et al.
2016).

3.2

Epileptogenesis and epilepsy prevention

3.2.1 Definition and significance
About 40% of epilepsy cases in patients are of structural etiology and are caused by an initial
brain insult such as TBI, ischemic stroke, infections, tumors, complex febrile seizures, or SE
(Banerjee et al. 2009). The failure to repair the injuries caused by the initial brain insult, in
combination with genetic and environmental factors, a “second hit”, or comorbidities, may
result in the initiation of functional and structural alterations in the brain and an enhanced
probability to generate spontaneous recurrent seizures (Figure 1) (Löscher and Brandt 2010;
Pitkänen and Engel 2014). The seizure-free time interval between the initial epileptogenic
brain insult and the onset of spontaneous recurrent epileptic seizures is defined as the latent
period and may last months to years in humans, depending on the severity and location of the
brain insult, and also other genetic and environmental factors, as mentioned above (French et

9

General Introduction

al. 1993; Löscher and Brandt 2010; Löscher et al. 2013). The term epileptogenesis describes
the cellular and molecular changes initiated by the brain insult that take place during the latent
period (Pitkänen and Lukasiuk 2009). Recent findings suggest that theses epileptogenic
changes can continue to progress after the first spontaneous recurrent seizure into the chronic
phase of epilepsy (Figure 2), leading to dynamic changes in the neuronal network (Williams
et al. 2009; Lillis et al. 2015). The term epileptogenesis may therefore also describe the
progression of the disease after the onset of epilepsy, such as an increase in seizure frequency
or severity (Pitkänen 2010). Common processes occurring during epileptogenesis are
neuroinflammation, neurodegeneration, neuronal hyperexcitability, alterations in expression
and function of receptors and ions channels, neurogenesis, axonal and dendritic sprouting, and
gliosis (Dichter 2009; Pitkänen and Lukasiuk 2009; Löscher and Brandt 2010). However, it is
not known which of these processes play a causal role in epileptogenesis (Löscher et al.
2015).

Figure 1: Steps in the development and progression of temporal lobe epilepsy and
possible therapeutic interventions
Adapted from Löscher (2002b).

Antiepileptogenesis describes the ability of a prophylactic drug treatment to interfere with the
process of epileptogenesis and counteract its effects, thereby preventing the development of
epilepsy (Löscher and Brandt 2010; Pitkänen 2010). An alternative desirable effect of a drug
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would be a disease-modifying effect, resulting in a reduction of frequency, severity, or
duration of seizures, a lower resistance to treatment with ASDs, or the prevention of the
progression of epilepsy (Löscher and Brandt 2010; Pitkänen 2010). This can also include the
ability of a drug to alleviate or completely eliminate epilepsy-related comorbidities such as
cognitive decline, anxiety, or depression (Pitkänen 2010). An antiepileptogenic or diseasemodifying effect has to be distinguished from an insult modification, which alters
epileptogenesis by modifying the initial brain insult (Figure 1) (Pitkänen et al. 2015). The
timing of drug treatment during or after an initial brain insult in preclinical and clinical trials
is therefore essential to identify the effect of the tested drug (Pitkänen et al. 2015).

Figure 2: A model of progressive epileptogenesis
Recent findings suggest that epileptogenic changes can continue to progress after the first
spontaneous recurrent seizure and the end of the latent period into the chronic phase of epilepsy.
Adapted from Maguire (2016).

Currently only symptomatic treatment of epilepsy is available and pharmacoresistance in
many epilepsy patients remains problematic (see Chapter 3.1.3). Hence, epilepsy prevention
remains a major unmet clinical need in patients at risk (e.g. after a brain insult) (Weaver and
Pohlmann-Eden 2013; Klein and Tyrlikova 2017). The risk of developing epilepsy after
severe TBI can be as high as 17% in patients (Ferguson et al. 2010). In patients at risk, the
latent period would be an ideal time window for a preventive antiepileptogenic drug treatment
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before the onset of epilepsy (Pitkänen and Lukasiuk 2011a; White and Löscher 2014). The
development of an antiepileptogenic treatment would allow preventive treatment and reduce
the development of epilepsy in patients at risk, thus lowering the need for lifelong
symptomatic treatment and eradicating the problem of pharmacoresistance (Kaminski et al.
2014). Recently, the antiepileptogenic potential of various ASDs was evaluated in different
studies in post-TBI and post-stroke patients, but none of the trials identified an
antiepileptogenic effect of the tested drugs (Temkin 2009; Sykes et al. 2014). This indicates
that the molecular mechanisms underlying ictogenesis (the generation of a seizure), which
initiate and maintain a seizure, are different from the mechanisms involved in epileptogenesis,
even though some mechanisms, such as inflammation, may be relevant for both (Löscher and
Brandt 2010).
Although there are still major challenges in understanding the biological mechanisms
involved in epileptogenesis and planning preclinical and clinical trial designs (e.g. the choice
of study parameters and the time and duration of treatment), progress has been made in recent
years in finding new approaches for antiepileptogenesis (Löscher et al. 2013; Kaminski et al.
2014; Schmidt et al. 2014). In clinical trials in patients at risk for post-TBI epilepsy, treatment
with the ASD levetiracetam was well tolerated, had favorable pharmacokinetics, and indicated
a positive signal for antiepileptogenic efficacy (Klein et al. 2012a; Klein et al. 2012b; Pearl et
al. 2013). Although these Phase II studies were not powered to show efficacy, the incidence
of post-traumatic epilepsy after TBI was reduced in levetiracetam-treated adults and children
(Klein et al. 2012a; Pearl et al. 2013). These findings indicate that clinical trials in epilepsy
prevention are feasible and that further studies to prevent post-traumatic epilepsy in patients
should be pursued.

3.2.2 Network pharmacology
As described in Chapter 3.2.1, epileptogenesis is a multifactorial process and most epilepsies
develop due to complex alterations of multiple targets, which then form an epileptic network
in the brain (Engel et al. 2013b; Löscher et al. 2013; White and Löscher 2014). It is therefore
unlikely that a drug acting via one specific target (e.g. a single protein, an ion channel, or a
specific biochemical pathway) is able to intervene in the development of epilepsy (White and
Löscher 2014). This has been shown in preclinical studies where valproate, which has
multiple mechanisms of action, exerted disease-modifying effects, while other more selective
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ASDs did not (Schmutz et al. 1988; Silver et al. 1991; Ebert et al. 1997; Stratton et al. 2003;
Brandt et al. 2006a; Brandt et al. 2006b). Hence, multiple-target treatments acting on different
pathways may be more effective in counteracting the multifactorial changes of
epileptogenesis (White and Löscher 2014). This approach is based on the principles of
systems biology, which focuses on deciphering a complex biological system, such as the
brain, as a whole network rather than reducing it to single molecular pathways. The strategy
of combining polypharmacology with systems biology to treat disruptions in a network (e.g.
epileptogenesis) is termed “network pharmacology” (Hopkins 2008; Ainsworth 2011). In
network pharmacology either multitarget drugs are used, which act on several targets, or
registered or newly developed drugs are combined and administered as a multidrug treatment,
where each individual drug acts on a different target (Margineanu 2012; Löscher et al. 2013;
White and Löscher 2014). The rational selection and repurposing of clinically available drugs
with known safety and tolerability profiles allows a faster approach to clinical trials (further
described in Chapter 3.3.2; Schmidt et al. 2014). This approach has been successfully applied
in multiple areas of research, such as human immunodeficiency virus (HIV)-1, cancer,
diabetes, traditional chinese medicine, and ischemic stroke research (Liu et al. 2013; Gao et
al. 2016; Muhammad et al. 2018; Casas et al. 2019). Network pharmacology has also recently
been proposed for the development of ASDs and antiepileptogenic drugs (Loeb 2011; Löscher
et al. 2013; White and Löscher 2014).
An example for a multitarget drug is the ASD levetiracetam. Its main binding site is the
synaptic vesicle glycoprotein 2A (SV2A), which causes a reduction of presynaptic
neurotransmitter release (Lynch et al. 2004; Custer et al. 2006; Chang and Südhof 2009;
Meehan et al. 2011). Further mechanisms include reversing the inhibition of neuronal γaminobutyric acid (GABA)- and glycine-gated currents by negative allosteric modulators
(Rigo et al. 2002) and the inhibition of high-voltage-gated calcium channels leading to a
reduction of intracellular calcium release (Carunchio et al. 2007). Due to its multiple
mechanisms and positive signal in clinical trials (Klein et al. 2012a; Pearl et al. 2013),
levetiracetam is a promising drug for the development of new antiepileptogenic therapies.
A multidrug treatment can be used to target specific mechanisms and has the advantage of the
combined drugs possibly exerting a synergistic effect. It has been shown in multiple
antiepileptic and antiepileptogenic studies that drugs not exerting the desired effect when
given alone may be effective when administered as a combined treatment (Löscher et al.
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1993; Brandt et al. 2010; Kwon et al. 2013). In a recent preclinical study, a combined
treatment with the presynaptically acting ASD levetiracetam and the postsynaptically acting
drug topiramate had an antiepileptogenic effect in the intrahippocampal kainate mouse model,
a post-SE model of TLE (Schidlitzki et al., submitted). When the drug combination was
administered over five days during the latent period before the onset of spontaneous recurrent
seizures, a significant decrease in the incidence and frequency of spontaneous recurrent
seizures was observed (Schidlitzki et al., submitted). This effect was not observed following
single drug treatment, which confirms the finding of an additional performed in-silico
analysis of drug-protein interaction networks, which showed that the combined treatment
affects a larger functional network of epilepsy-relevant proteins (Schidlitzki et al., submitted).
The promising approach of network pharmacology was therefore applied in this PhD thesis
for testing the antiepileptogenic efficacy of novel drug combinations.

3.3

Animal models in epilepsy research

The complexity and heterogeneity of epileptogenesis and the pathophysiology of epilepsy are
important factors that make the use of animal models in epilepsy research indispensable
(Bialer and White 2010; Löscher 2016). Numerous animal models have been established to
study seizures and different types of epilepsy in rodents (Löscher and Brandt 2010; Löscher
2016), which have played an important role in the development of novel ASDs (Löscher
2017). It is important to keep in mind that an animal model cannot reproduce a human disease
with all its complexities and is rather used to model specific aspects (Löscher 2016). An
animal model should therefore be selected to best fit the research question and purpose to
ensure a high translational value in drug development (Simonato et al. 2014; Löscher 2016).
Animal models in epilepsy research are important for identifying novel ASDs and
antiepileptogenic drugs and determining their specific efficacies against different types of
seizures or epilepsy, to investigate if novel drugs are more effective than clinically established
ASDs in difficult-to-treat types of seizures, to characterize the preclinical efficacy of novel
drugs during chronic administration, and to study if epileptogenesis induces an altered
sensitivity to drug adverse effects (Löscher 2011).
There are different acute and chronic preclinical animals models of seizures or epilepsy which
have been validated in that they were used to identify novel treatments that were also effective
in patients (Löscher 2016). The two most common models of acute seizures are the
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electrically-induced maximal electroshock seizure test and the chemically-induced
subcutaneous pentylenetetrazole (PTZ) seizure test (Bialer and White 2010; Barker-Haliski
2019). Furthermore, the kindling model of TLE is a commonly used chronic model for the
development of novel ASDs (Bialer and White 2010; Barker-Haliski 2019). In addition, other
unvalidated animal models, such as animal models of pharmacoresistant epilepsy, are used in
preclinical ASD development (Löscher 2016; Kehne et al. 2017).
In preclinical studies on antiepileptogenesis, the most commonly used animal models are the
kindling model, post-SE models of TLE, and models of TBI (Löscher and Brandt 2010).
None of these models have been clinically validated, as no truly antiepileptogenic or diseasemodifying drug has been proven to be effective in a clinical trial after having been evaluated
in an animal model (White and Löscher 2014). An animal model for testing the
antiepileptogenic potential of drugs should have a brain insult similar to those leading to the
development of epilepsy in patients and a clear latent period, during which the potentially
antiepileptogenic drugs can be administered (Löscher and Brandt 2010; White and Löscher
2014). In addition, the animal model should lead to the development of high frequent
spontaneous

recurrent

seizures

and

result

in

long-term

consequences

such

as

neurodegeneration and behavioral and cognitive alterations in the animals (White and Löscher
2014). The kindling model, as described above, can be used to evaluate whether a drug
interferes in the process of kindling or retards kindling after drug withdrawal (Löscher and
Brandt 2010). For post-SE models of TLE, a SE is induced either by an intracerebral
electrical stimulation (e.g. in the amygdala or hippocampus) or by the administration of
chemoconvulsants, which is then followed by a latent period before the development of
spontaneous recurrent seizures (Löscher and Brandt 2010). The most common animal models
with induction of a SE by chemoconvulsant are the kainate and pilocarpine models (Löscher
and Brandt 2010). There are many different types of post-TBI animal models, including focal,
diffuse, and mixed brain injury models (Morales et al. 2005), which also lead to the
development of spontaneous recurrent seizures after a clear latent period (Kharatishvili et al.
2006; Löscher et al. 2013). In the present PhD thesis, the antiepileptogenic potential of drug
combinations was evaluated using the intrahippocampal kainate mouse model, which is
explained in the following chapter.
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3.3.1 Intrahippocampal kainate mouse model
Kainic acid (kainate) is a neuroexcitatory acid that can be isolated and extracted from red
algae (Digenea simplex). It is an agonist of ionotropic glutamate receptors of the kainate
subtype, which are highly expressed in the hippocampus (Bloss and Hunter 2010), but can
also be found in the amygdala (Rogawski et al. 2003), the entorhinal cortex (Patel et al. 1986),
in basal ganglia (Jin and Smith 2011), and in the cerebellum (Wisden and Seeburg 1993). The
kainate model was discovered by Ben-Ari in 1978, when he showed that intraamygdala
injections of kainate induce generalized convulsive seizures in rats that culminate in a fatal SE
(unless an anticonvulsant drug is administered) (Ben-Ari and Lagowska 1978; Ben-Ari et al.
1979). Depending on the dose of kainate, the kainate injections resulted in neurodegeneration
and gliosis in the (ipsilateral) hippocampus similar to lesions occurring in patients with TLE
(Ben-Ari et al. 1979).
The kainate model is a widely established model of TLE, which is used to evaluate the
anticonvulsive properties of novel ASDs, to investigate the efficacy of drugs for the treatment
of pharmacoresistant seizures, and to evaluate the antiepileptogenic potential of drugs and
their ability to intervene in the process of epileptogenesis (Lévesque and Avoli 2013; Löscher
2016; Kehne et al. 2017). The kainate model is well established in mice (Suzuki et al. 1995;
Bouilleret et al. 1999; Gröticke et al. 2008; Twele et al. 2016b) and rats (Bragin et al. 1999;
Rattka et al. 2013; Klee et al. 2017), yet is also applied in other species such as guinea pigs
(Carriero et al. 2012). Kainate can be administered systemically by subcutaneous
(Schauwecker et al. 2000), intraperitoneal (Brandt et al. 2003; Tse et al. 2014), or intravenous
injection (Cramer et al. 1994). An alternative is the focal intracerebral administration of
kainate into the ventricle (Gall 1988; Gordon et al. 2014), the amygdala (Ben-Ari et al. 1979;
Tanaka et al. 2010), or the hippocampus (Suzuki et al. 1995; Bouilleret et al. 1999; Riban et
al. 2002; Klee et al. 2017).
The intrahippocampal kainate mouse model was selected for the experimental studies of the
present PhD thesis. In this model, kainate is injected into the dorsal hippocampus of
anesthetized mice (Suzuki et al. 1995; Twele et al. 2016b). The unilateral intracerebral
injection of kainate induces a mostly nonconvulsive, limbic SE in mice, with only some mice
showing generalized convulsive seizures (Riban et al. 2002; Twele et al. 2016b). Typical
behavioral signs of a limbic SE include mild clonic movements of the forelimbs, rotations,
head nodding, and freezing (immobility) (Riban et al. 2002). The SE is characterized by high16
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frequency spikes, spike-and-wave, and polyspikes in the EEG, which are recorded from the
ipsilateral hippocampus (Riban et al. 2002; Twele et al. 2016b). As mentioned above, the
intraamygdala injection, but also the systemic administration of kainate, lead to a severe SE
that may be fatal unless an anticonvulsive drug is administered to terminate the SE (Ben-Ari
et al. 1979; Lévesque and Avoli 2013; Tse et al. 2014). A clear advantage of the
intrahippocampal kainate mouse model is the low mortality rate of 12% (Lévesque and Avoli
2013) and that no pharmacological intervention of the SE is required (Löscher 2016). The
model has been established in different mouse strains, for which the inter-strain and inter-sex
differences have previously been described (Klein et al. 2015; Twele et al. 2016b). Twele et
al. (2016b) showed that only male NMRI (Naval Medical Research Institute) mice, yet not
female NMRI, C57BL/6, or FVB/N mice, develop a clear latent period after SE induction
(Twele et al. 2016b). In male NMRI mice, the average latency from kainate to SE is 5.1 h,
with the SE lasting on average 18.3 hours when induced under chloral hydrate anesthesia
(Twele et al. 2016b). The selection of anesthesia is critical for obtaining a clear latent period,
as not all male NMRI mice had a clear latent period when the SE was induced under
isoflurane anesthesia instead of chloral hydrate anesthesia (Twele et al. 2016b). A clear latent
period before the first occurrence of spontaneous recurrent seizures is crucial for the
administration of potentially antiepileptogenic drugs as it determines the therapeutic time
window for intervention of epileptogenesis. For this reason, male NMRI mice were used in
the experimental studies of the present PhD thesis.
During the latent period of the intrahippocampal kainate mouse model, the hippocampal EEG
only shows basal activity and low-voltage spikes, which are sporadically occurring single
spikes that are sometimes grouped in short discharges and do not result in any noticeable
behavior (Riban et al. 2002; Twele et al. 2016b). After the latent period the mice develop both
electrographic seizures, which can be differentiated into hippocampal paraoxysmal discharges
(HPDs) and high voltage sharp waves (HVSWs), and electroclinical (convulsive) seizures
(Riban et al. 2002; Twele et al. 2016b). Electrographic seizures occur without obvious
concomitant behavior and can therefore only be detected by implanting an electrode into the
brain (Riban et al. 2002; Twele et al. 2016b; Twele et al. 2017). In addition, HPDs can only
be recorded when the electrode is implanted at the kainate injection site, meaning that these
are limited to the epileptic focus (Riban et al. 2002). Electrographic seizures are described as
paroxystic events (Maroso et al. 2011) and are therefore similar to the subclinical seizures
seen in humans, which can be detected by intracranial monitoring and are not associated with
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clinical symptoms (Sperling and O'Connor 1990; Zangaladze et al. 2008). Further
characteristics of electrographic seizures are described in Chapter 6.2.4. In previous studies,
the first occurrence of HPDs was considered as the onset of epilepsy and the end of the latent
period (Riban et al. 2002; Heinrich et al. 2011; Maroso et al. 2011). Occurrences before the
onset of HPDs were considered as preictal or interictal activity (Riban et al. 2002; Heinrich et
al. 2011; Maroso et al. 2011) and it was suggested that HVSWs may initiate HPDs (Riban et
al. 2002). However, as HVSWs have been observed to occur in the absence of any HPDs
(Klein et al. 2015; Twele et al. 2016b) and can be suppressed by ASDs, while this is often not
the case with interictal events, HVSWs can be considered as electrographic seizures and can
indicate the end of the latent period (Twele et al. 2016b). In male NMRI mice, the first
HVSWs were detected five to seven days after SE induction, while the first HPDs occurred
after 10 to 14 days (Twele et al. 2016b). In female NMRI mice, no HPDs were detected
(Twele et al. 2016b), which is a further reason why only male NMRI mice were used in the
experimental studies of the present PhD thesis. In addition to electrographic seizures, male
NMRI mice developed electroclinical (convulsive) seizures after three to 12 days (Twele et al.
2016b), which are characterized in the EEG by an increased frequency and amplitude of the
spikes, and a typical postictal depression of the baseline (Racine 1972). The focal and
secondarily generalized electroclinical seizures are rated by their appearance into stage I-V
seizures based on a modified Racine scale by Racine (1972) (further described in Chapter
6.2.4).
Contrary to a systemically kainate-induced SE, which results in neurodegeneration in both the
ipsi- and contralateral hippocampus and parahippocampal structures (Lévesque et al. 2016),
the intrahippocampal kainate model is characterized by unilateral neurodegeneration and
GCD, similar to the hippocampal sclerosis in MTLE in humans (Bouilleret et al. 1999). The
unilateral kainate injection into the hippocampus typically leads to a high degree of
neurodegeneration in the CA1 and CA3 and in the dentate hilus of the ipsilateral dorsal
hippocampus, and progressively results in a complete neuronal loss in the CA1 and CA3
(Bouilleret et al. 1999). The extent of neurodegeneration in the ipsilateral hippocampus can
vary considerably, yet no significant neurodegeneration is normally seen in the contralateral
hippocampus after kainate injection (Gröticke et al. 2008). In addition, there is a progressive
increase of thickness of the granule cell layer (GCD) in the ipsilateral dorsal hippocampus
starting as early as two days after kainate injection (Heinrich et al. 2011; Schidlitzki et al.
2017), which may also extend to the ventral hippocampus and seems to be correlated with the
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neurodegeneration occurring in the CA1 and CA3c (Bouilleret et al. 1999; Gröticke et al.
2008). Further histological alterations in the intrahippocampal kainate model include
sprouting of mossy fiber collaterals, which was observed in the supragranular layer of the
dentate gyrus and in the infrapyramidal layer of the ipsilateral and, to a lesser extent, the
contralateral hippocampus (Bouilleret et al. 1999). As the sprouting occurs after the
development of the first spontaneous recurrent seizures, it does not seem to be a requisite for
the development of seizures in this model, yet might be involved in the maintenance of
seizures (Bouilleret et al. 1999).
Due to the similar histological (Houser 1990; Bouilleret et al. 1999) and also
electroencephalographic features (Lévesque and Avoli 2013), the intrahippocampal kainate
model is a promising model of TLE in humans. Contrary to mice, rats do not develop high
frequent electrographic seizures in the intrahippocampal kainate model and have a low
frequency of electroclinical seizures, which necessitates longer video/EEG monitoring (Rattka
et al. 2013; Jefferys et al. 2016; Klee et al. 2017). The clear latent period in the
intrahippocampal kainate model in male NMRI mice and the high frequency of electrographic
and electroclinical seizures (Twele et al. 2016b) are ideal prerequisites for evaluating the
disease-modifying or antiepileptogenic potential of promising drugs and drug combinations.
The intrahippocampal kainate mouse model was therefore selected to evaluate the
antiepileptogenic or disease-modifying potential of promising drug combinations.

3.3.2 Preclinical drug development in epilepsy research
Due to the standstill in the development of more efficacious ASDs, scientists, physicians, and
also patients have become increasingly disappointed and reluctant in using recently
developed, pricier ASDs (Löscher and Schmidt 2011; Löscher et al. 2013). In addition, there
has been a retreat from clinical epilepsy prevention research in the last years (Klein and
Tyrlikova 2017). In the past, the development of ASDs and epilepsy prevention research have
relied on preclinical testing in animal seizure models before going into clinical trials (Löscher
et al. 2013; Klein and Tyrlikova 2017). Preclinical studies with sufficient evidence for the
desired effect of a drug treatment are critical to later proceed into costly and complex clinical
trials in humans (Schmidt et al. 2014). The selection of the animal model and the species, the
study design (e.g. blinded, statistically powered), the timing, dosing, and duration of
treatment, the outcome measures, and the data analysis are important aspects for the
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translational value of a preclinical study (Galanopoulou et al. 2012; Pitkänen et al. 2013).
Ideally, the efficacy of a drug or drug combination should be verified in a replication study in
another laboratory (guided by the data of the first study) and also tested in another model of
the same syndrome, preferably in a different species, before advancing to clinical studies
(Pitkänen et al. 2013).
In preclinical ASD development, different strategies such as the screening of newly
synthesized compounds with as yet unknown mechanisms, the development of novel drugs
with chemical structures derived from older ASDs, and the hypothesis-driven, target-based
drug design, are commonly applied (Perucca et al. 2007; Bialer and White 2010; Löscher and
Schmidt 2011; Löscher et al. 2013). For the development of antiepileptogenic drugs or drug
combinations, the approach of network pharmacology, based on the principles of systems
biology, was proposed (Chapter 3.2.2). One strategy is to identify specific targets involved in
epileptogenesis and then develop or select drugs likely to affect these targets (bottom-up
approach) (Butcher et al. 2004; Swinney and Anthony 2011). This target-based approach can
be very effective in developing novel treatments, yet the process of target validation can be
very difficult, as the complexity of the physiological role of the target is often underestimated
(Sams-Dodd 2005). Another strategy is to combine drugs that are likely to affect different
targets involved in epileptogenesis and to test these in animal models (top-down approach)
(Butcher et al. 2004; Swinney and Anthony 2011). This approach has previously been
successfully used in our group to screen novel antiepileptogenic drug combinations for
antiepileptogenic efficacy (Schidlitzki et al. 2017; Schidlitzki et al., submitted). If a drug
combination has the desired antiepileptogenic effect in an animal model, different methods,
such as gene, protein, or metabolite expression analysis, can then be used to identify drugdrug interactions and their mechanisms of action (Butcher et al. 2004; Loeb 2011).
When using novel compounds in preclinical and clinical studies, the safety and
pharmacokinetics of the drugs have to be determined for later clinical trials (Schmidt et al.
2014). Repurposing drugs which are approved for other indications and have already been
tested for safety and tolerability would therefore allow a more rapid translation of promising
treatments into clinic (Schmidt et al. 2014). Previous preclinical studies with drug
combinations in our group resulted in a high mortality due to inadequate assessment of
tolerability (Schidlitzki et al. 2017), as epileptic animals and animals after SE often exhibit an
increased response to drug adverse effects (Klee et al. 2015; Löscher 2016). We therefore
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previously reported an algorithm for the development of antiepileptogenic drug combinations
based on the phases of clinical trials in humans (Figure 3), which encompasses tolerability
testing and important aspects for a higher translational value of the preclinical studies, such as
testing in two different species and epilepsy models (two-stage approach) (Klee et al. 2015;
Welzel et al. 2019). In Phase I, promising drug combinations are evaluated for tolerability in
naive mice, before they are subsequently evaluated for tolerability in mice during the latent
period after SE (Phase IIa). Sufficiently tolerated drug combinations are then evaluated for
antiepileptogenic efficacy in larger groups of mice in more time-consuming and laborious
studies (Phase IIb) (Klee et al. 2015; Welzel et al. 2019). If effective, these drug combinations
are subsequently tested for antiepileptogenic efficacy in a different species (e.g. rats) and a
different epilepsy animal model (Phase IIc, e.g. TBI model). Several preclinical
antiepileptogenesis trials based on this algorithm have resulted in the discovery of effective
drug combinations (Klee et al. 2015; Schidlitzki et al. 2017; Schidlitzki et al., submitted). The
present PhD thesis is based on the proposed algorithm and will apply the top-down approach
for testing the antiepileptogenic efficacy of drug combinations in the intrahippocampal
kainate mouse model.

Figure 3: Algorithm for testing drug combinations in a two-stage approach in mice and
rats
Adapted from Welzel et al. (2019). i.h. = intrahippocampal, SE = status epilepticus, TBI = traumatic
brain injury.
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3.4

Potentially antiepileptogenic drugs and their mechanisms of
action

The development of an antiepileptogenic treatment for early intervention in the process of
epileptogenesis remains a major unmet clinical need (Klein and Tyrlikova 2017). As
mentioned above, repurposing approved drugs could immensely accelerate the development
of an antiepileptogenic or disease-modifying drug combination (Schmidt et al. 2014). In
numerous preclinical and clinical studies the administration of drugs as monotherapy did not
yield the desired antiepileptogenic effect (Temkin 2009; Löscher and Brandt 2010; Kaminski
et al. 2014; Sykes et al. 2014). We therefore selected 10 clinically approved drugs with
diverse mechanisms (Figure 4), which were recently proposed for the development of an
antiepileptogenic drug combination (Klein and Tyrlikova 2017), to be combined and
evaluated in the present PhD thesis. All of the selected drugs had disease-modifying or
antiepileptogenic effects when given as monotherapy in different animal models, but none of
the drugs were capable of preventing epilepsy when administered alone (Klein and Tyrlikova
2017). The following chapters will focus mainly on preclinical and clinical studies with
positive outcomes and promising findings.

Figure 4: Mechanisms of action of the selected drugs and their points of intervention
in epileptogenesis
Simplified schema of the mechanisms of action of the selected drugs and their points of intervention in
epileptogenesis. Adapted from Welzel et al. (2019). GABA = γ-aminobutyric acid.
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3.4.1 α-Tocopherol
α-Tocopherol, the most lipophilic and active form of vitamin E, exerts antioxidant properties
by acting as a free radical scavenger and thereby protects cell membranes against lipid
peroxidation (Tomassi and Silano 1986; Burton and Traber 1990). Lipid peroxidation is
associated with various diseases, such as atherosclerosis, cancer, diabetes, neurodegenerative
disorders, and also epilepsy (Dal-Pizzol et al. 2000; Yin et al. 2011). Previous studies have
shown that SE and spontaneous seizures can induce oxidative stress by generating free radical
species (Dal-Pizzol et al. 2000; Frantseva et al. 2000; Eraković et al. 2003; Santos et al.
2008). Inversely, oxidative stress can also be a cause of epileptic seizures (Patel 2004). Free
radical species can directly inactivate the glutamine synthetase, which leads to an abnormal
build-up of the excitatory neurotransmitter glutamate and as a consequence to the generation
of seizures (Swamy et al. 2011). Furthermore, free radical species can injure cells, tissues, and
organs by damaging the DNA or by reacting with lipids in the cell membrane (lipid
peroxidation) (Yin et al. 2011).
In clinical studies, coadministration of α-tocopherol with ASDs significantly reduced the
seizure frequency in adults (Mehvari et al. 2016) and children (Ogunmekan and Hwang 1989)
with uncontrolled epilepsy, yet it did not exert an effect on seizure frequency in patients with
refractory epilepsy (Raju et al. 1994). In several animal models of epilepsy and seizures,
pretreatment with α-tocopherol before SE or seizure induction exerted anticonvulsant,
antioxidant, and neuroprotective effects (Rubin and Willmore 1980; Levy et al. 1990; Levy et
al. 1992; Ribeiro et al. 2005; Tomé et al. 2010a; Tomé et al. 2010b; Betti et al. 2011). In the
intraperitoneal kainate mouse model, α-tocopherol treatment over four consecutive days
starting three hours after SE significantly reduced microglia activation, astrocytosis, neuronal
degeneration, lipid peroxidation, and dendritic spine loss in addition to downregulating the
proinflammatory cytokines interleukin-1β and tumor necrosis factor α (Ambrogini et al.
2014). In a similar animal model, treatment with α-tocopherol over 15 consecutive days
reduced hippocampal neuroinflammation and neurodegeneration, and promoted the bloodbrain-barrier recovery (Ambrogini et al. 2018). In a mouse model with pilocarpine-induced
SE, chronic treatment with α-tocopherol over 120 consecutive days following SE did not
reduce the seizure frequency or hippocampal volumetry, but prevented oxidative damage in
the hippocampus and increased hilar parvalbumin expression, a marker of inhibitory
GABAergic interneurons (Pansani et al. 2018). Furthermore, treatment with α-tocopherol had
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a neuroprotective effect in rats after TBI (Yang et al. 2013). Due to their promising
therapeutic potential, antioxidants such as α-tocopherol have been proposed as an add-on
therapy and also as a preventive treatment for epilepsy patients (Martinc et al. 2014). Due to
the positive effects of α-tocopherol treatment in preclinical studies, we selected α-tocopherol
as a potential antiepileptogenic drug for the studies in this PhD thesis.

3.4.2 Atorvastatin
Atorvastatin belongs to the class of statins, which have a cholesterol-lowering effect and are
therefore used in the treatment of dyslipidemia and as prophylactic treatment of
cardiovascular disease and stroke. Its primary mechanism of action is the competitive and
reversible inhibition of 3-hydroxy-3-methylglutaryl-coenzyme A (HMG-CoA) reductase,
thereby preventing the production of cholesterol (McIver and Siddique 2019). The reduction
of cholesterol results in an up-regulation of low-density lipoprotein receptor expression,
leading to an increase in low-density lipoprotein clearance from plasma (Brown and Goldstein
1986; McFarland et al. 2014). In addition, statins lead to a reduction of the synthesis and
secretion of triglycerides and an increase in high-density lipoprotein (McFarland et al. 2014),
and have also been shown to exert immunomodulatory (Dunn et al. 2006), antioxidant
(Barone et al. 2011; Violi et al. 2014; Sehar et al. 2015), antithrombotic (Gaddam et al. 2002;
Lu et al. 2004b; Violi et al. 2014), antiinflammatory (Clarke et al. 2008; Kumar et al. 2012),
and antiexcitotoxic properties (Bösel et al. 2005). Statins have therefore been discussed as
possible preventive or curative treatment for neurodegenerative disorders (e.g. Alzheimer’s
disease, Parkinson’s disease, multiple sclerosis), as well as for other neurological conditions
such as epilepsy, stroke, and brain injury (Banach et al. 2014; McFarland et al. 2014;
Scicchitano et al. 2015).
In preclinical studies, acute and chronic treatment with atorvastatin had an anticonvulsant
effect in different epilepsy models (Moezi et al. 2012; Shafaroodi et al. 2012; Sehar et al.
2015). Furthermore, treatment with atorvastatin had disease-modifying and antiepileptogenic
effects in both preclinical and clinical studies. When atorvastatin was administered orally in a
TBI model in rats over seven consecutive days starting one day after TBI, the neurological
deficits were significantly reduced and the neuronal survival and synaptogenesis in the
boundary zone of the injured area and the CA3 of the hippocampus were increased (Lu et al.
2004a). In a similar TBI model in rats, treatment with atorvastatin over 14 days following TBI
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had a neuroprotective effect, enhanced neurogenesis and angiogenesis, and improved spatial
learning 31-35 days after TBI (Lu et al. 2007). In a post-SE model induced by pilocarpine in
mice, atorvastatin improved behavioral alterations and had an antiinflammatory effect during
epileptogenesis (Oliveira et al. 2018a). Mice treated with atorvastatin over 14 days after a
pilocarpine-induced SE exerted a lower seizure susceptibility to the convulsant effect of PTZ
on days seven and 14 post-SE (Oliveira et al. 2018b). However, treatment with atorvastatin
over 14 days starting seven days before the electrical induction of SE in rats did not affect the
duration of SE, the development of epilepsy, or neurodegeneration (van Vliet et al. 2011). In a
clinical study, Guo et al. (2015) showed that acute statin use, including atorvastatin, reduces
the risk of poststroke early-onset seizures and may also prevent the progression of initial
poststroke seizures to chronic epilepsy. In addition, two other clinical studies suggested
antiepileptogenic effects of statins (Pugh et al. 2009; Etminan et al. 2010). The promising
preclinical and clinical studies indicate that atorvastatin is a promising drug for the
intervention of epileptogenesis.

3.4.3 Ceftriaxone
Ceftriaxone is a -lactam antibiotic of the cephalosporin family (third generation) used for
therapy of bacterial infections. Cephalosporin antibiotics have been reported to be neurotoxic
at high doses, resulting in neurological symptoms such as disturbed mentation, coma,
seizures, and SE (Grill and Maganti 2008). The mechanism behind cephalosporin-induced
convulsions is thought to be the inhibition of GABA A receptors (Sugimoto et al. 2003).
However, in several in-vivo studies, lower doses of ceftriaxone exerted an anticonvulsive
effect (Jelenkovic et al. 2008; Hussein et al. 2016; Uyanikgil et al. 2016). Furthermore,
ceftriaxone has been shown to stimulate the glutamate transporter-1 (GLT-1) expression in
astrocytes (Lee et al. 2008), which is an essential transporter for the clearance of extracellular
glutamate and may be downregulated in epilepsy (Tanaka et al. 1997). GLT-1 transgenic
mice, with a 1.5 to 2-fold increase in GLT-1 protein levels, showed a decreased mortality rate
post-SE, a reduced seizure frequency, reduced neurodegeneration, and decreased
neurogenesis and mossy fiber sprouting when tested in a pilocarpine-induced SE model
(Kong et al. 2012). Enhancing GLT-1 expression has therefore been suggested as a promising
approach in epilepsy prevention and also for the therapy of neurodegenerative diseases (Lin et
al. 2012).
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In a rat model of TBI, treatment with ceftriaxone over five days reversed the downregulation
of GLT-1 following TBI, reduced brain edema, and improved the cognitive function (Cui et
al. 2014). In addition, ceftriaxone reduced neuronal autophagy in the hippocampus (Cui et al.
2014), which is a contributing factor of neuronal death and is increased after TBI (Erlich et al.
2007). In another TBI model in rats, ceftriaxone was administered over seven days after TBI
and was also able to restore GLT-1 expression and, in addition, reduced the perilesional
increase of glial fibrillary acidic protein (astrogliosis) and the frequency and duration of
seizures 12 weeks post-TBI (Goodrich et al. 2013). These recent findings indicate that
ceftriaxone exerts a mechanism that could be highly relevant for antiepileptogenesis.

3.4.4 Celecoxib
Celecoxib is a non-steroidal antiinflammatory drug (NSAID) and a selective inhibitor of
cyclooxygenase-2 (COX-2), an enzyme that mediates the conversion of arachidonic acid to
prostanoids such as prostaglandins and thromboxane. In various animal models of epilepsy,
COX-2 expression was upregulated after SE and seizures (Okada et al. 2001; Tu and Bazan
2003; Kawaguchi et al. 2005; Dhir et al. 2006; Zhang et al. 2008). Previous studies indicate
that celecoxib may also exert an antioxidant (Kirkova et al. 2007; Sozer et al. 2011) and an
immunomodulatory effect (Morales-Sosa et al. 2018). COX-2 inhibitors are most commonly
prescribed as a treatment for osteoarthritis, rheumatoid arthritis, and pain (Pascucci 2002). In
addition, celecoxib is used for treatment of familial adenomatous polyposis, a condition that
leads to colon cancer. COX-2 inhibitors may become more important as a preventive or
curative treatment for Alzheimer’s disease (in t' Veld et al. 2001) and cancer (Chau and
Cunningham 2002; Kern et al. 2002; Bock et al. 2007; Ogunwobi et al. 2012; Hashemi
Goradel et al. 2019) in the future.
Celecoxib has been shown to exert anticonvulsant effects on PTZ- (Zandieh et al. 2010) and
electroshock-induced (Shafiq et al. 2003) convulsions. In a post-SE model in rats, the
administration of celecoxib over 14-28 days starting 45 minutes prior to induction of SE by
lithium-pilocarpine-injection reduced the morbidity and duration of pilocarpine-induced
seizures, and the duration and frequency of spontaneous recurrent seizures (Zhang et al.
2008). Further, treatment with celecoxib reduced the abnormal neurogenesis and astrogliosis
in the hippocampus and prevented microglia activation in the hilus (Zhang et al. 2008). When
celecoxib was administered during the latent period over 14-28 days in a similar model in
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rats, starting one day after SE induction, it reduced neuronal death and microglia activation in
the hilus and CA1 of the hippocampus and suppressed abnormal neurogenesis/gliogenesis
(Jung et al. 2006). In addition, treatment with celecoxib during the latent period had a diseasemodifying and antiepileptogenic effect in that it reduced the incidence, length, and frequency
of spontaneous recurrent seizures (Jung et al. 2006). Finally, Gobbo and O'Mara (2004)
showed that rats treated with celecoxib two hours after a kainate-induced SE performed better
in spatial and non-spatial behavioral tasks than the control group, while treatment two hours
prior to SE induction did not improve the learning deficits. We therefore conclude that
celecoxib is a promising drug with potentially disease-modifying and antiepileptogenic
properties.

3.4.5 Deferoxamine
Deferoxamine is an iron chelator that is used for therapy of aluminum overload and iron
intoxication or overload induced by transfusion-dependent anemia (Cohen 1990). Iron
chelators can form a stable complex with chelated ferric iron and hemosiderin and prevent the
Haber-Weiss reaction (Selim 2009), in which toxic hydroxyl radicals are formed that cause
oxidative stress, cell death, lipid peroxidation, and excitotoxicity (Regan and Panter 1996;
Goldstein et al. 2003; Yu et al. 2009). In preclinical studies, deferoxamine was effective in
preventing the formation of free radicals and lipid peroxidation (Suzer et al. 2000; Aguiar et
al. 2008), and also exerted an antiinflammatory effect (Zhang et al. 2010). Deferoxamine had
a beneficial effect in preclinical models of intracerebral hemorrhage, which is often associated
with stroke, and was found to reduce iron accumulation, attenuate brain edema, ameliorate
neurological deficits, and reduce neurodegeneration and injury in the brain (Nakamura et al.
2004; Okauchi et al. 2009; Okauchi et al. 2010; Cui et al. 2015; Ni et al. 2015). Deferoxamine
treatment was also effective in preclinical animal models of spinal cord injury (Liu et al.
2011; Dinc et al. 2013), stroke (Palmer et al. 1994; Freret et al. 2006; Hanson et al. 2009),
TBI (Panter et al. 1992; Zhang et al. 2013; Zhao et al. 2016), and neurodegenerative diseases
(Chen et al. 2013; Guo et al. 2013a; Guo et al. 2013b), and exerted a positive effect as
treatment for intracerebral hemorrhage in a clinical trial (Yu et al. 2017).
So far, not many in-vivo studies have been conducted to assess the disease-modifying or
antiepileptogenic potential of deferoxamine. In a rat model of post-traumatic epilepsy, where
epilepsy was induced by intracortical ferric chloride injection, deferoxamine treatment over
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14 days decreased the intracerebral iron concentration and reduced the length of epileptic
discharges eight days and the severity of the seizures 21 and 28 days after surgery (Zou et al.
2017). In a further iron-induced epilepsy model in rats, treatment with deferoxamine
significantly reduced the frequency of epileptic discharges starting on day four after surgery
(Gusakov et al. 1993). The findings of these studies indicate that deferoxamine may be a
promising drug for intervention of epileptogenesis and should be further investigated in the
future.

3.4.6 Fingolimod
Fingolimod is a functional antagonist and modulator of the sphingosine 1-phosphate (S1P)
receptor, which is expressed on the cell membrane of lymphocytes in the immune,
cardiovascular, and central nervous system (Chae et al. 2004). The downmodulation of S1P
receptors slows the egress of lymphocytes from lymphoid organs and their recirculation into
the central nervous system (Matloubian et al. 2004), thereby reducing central inflammation
(Fujino et al. 2003). In addition, fingolimod promotes the neuroprotective effects of microglia
(Noda et al. 2013) and may also have direct effects on neural cells such as astrocytes,
oligodendrocytes, and neurons (Cohen and Chun 2011). Fingolimod is effective as
prophylactic and therapeutic treatment in experimental autoimmune encephalomyelitis, an
animal model of multiple sclerosis (Brinkmann et al. 2002; Fujino et al. 2003; Webb et al.
2004; Kataoka et al. 2005; Balatoni et al. 2007), and is approved for the treatment of patients
with the relapsing-remitting form of multiple sclerosis. Furthermore, fingolimod is discussed
as a potential treatment for epilepsy (Gao et al. 2012), cancer (White et al. 2016), stroke (Wei
et al. 2011; Li et al. 2016), brain tumors (Estrada-Bernal et al. 2012), and neurodegenerative
diseases such as Alzheimer’s disease (Takasugi et al. 2013), Huntington’s disease (Miguez et
al. 2015), and Rett syndrome (Deogracias et al. 2012; Brunkhorst et al. 2014).
A previous study showed that mice with a genetic deletion of the S1P receptor developed
spontaneous recurrent seizures and electroencephalographic abnormalities between three and
seven weeks of age, indicating that the S1P receptor plays an important role in the regulation
of neuronal excitability (MacLennan et al. 2001). Pitsch et al. (2019) demonstrated that
messenger RNAs of fingolimod, which target S1P receptors (S1P1, S1P3) in the hippocampus,
were augmented in the suprahippocampal kainate mouse model and in the pilocarpine mouse
model, and that the increased expression levels correlated to the severity of the
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neuropathological alterations. In the suprahippocampal kainate mouse model, treatment with
fingolimod starting one hour after SE induction over 14 consecutive days had a diseasemodifying effect by significantly reducing the frequency of spontaneous recurrent seizures,
even when treatment was discontinued four weeks after SE induction (Pitsch et al. 2019). In a
rat model of lithium-pilocarpine-induced epilepsy, treatment with fingolimod for 14
consecutive days starting one day after SE decreased the activation of microglia and
astrocytes in the hippocampus, prevented the abnormal expression of the proinflammatory
cytokines interleukin-1β and tumor necrosis factor

, and reduced neuronal loss (Gao et al.

2012). In addition, treatment with fingolimod had an antiepileptogenic and disease-modifying
effect by reducing the incidence, frequency, duration, and severity of spontaneous recurrent
seizures compared to the control group (Gao et al. 2012). In another animal model with PTZinduced kindling, pretreatment with fingolimod administered one hour before PTZ injections
and treatment with fingolimod over seven consecutive days in the fully kindled stage both
reduced the frequency of seizures and epileptiform discharges, increased myelin levels, and
reduced neuronal death and the activation of astrocytes and microglia in the CA1 and CA3 of
the hippocampus (Gol et al. 2017). Furthermore, treatment with fingolimod in the fully
kindled stage supported the endogenous remyelination in the hippocampus and increased the
number of oligodendrocyte precursor cells (Gol et al. 2017). In conclusion, fingolimod has
been shown to exert various disease-modifying and also antiepileptogenic effects in
preclinical studies and is a promising drug for network pharmacology.

3.4.7 Gabapentin
Gabapentin is an ASD used for therapy of partial onset seizures, with and without secondary
generalization, and neuropathic pain. It is a derivative of the inhibitory neurotransmitter
GABA, yet its pharmacological mechanism still partially remains unclear (Sills 2006).
Gabapentin has an inhibitory effect on voltage-dependent calcium channels containing the
2 -1 subunit (Sills 2006), which is a neuronal thrombospondin receptor (Eroglu et al. 2009).
Thrombospondins are astrocyte-derived proteins that are involved in the formation of
excitatory synapses in the central nervous system and are normally absent from the adult brain
(Christopherson et al. 2005). They are expressed by activated microglia and reactive
astrocytes following injury, such as cerebral ischemia (Lin et al. 2003), intracerebral
hemorrhage (Zhou et al. 2010), and peripheral nerve injury (Lo et al. 2011). By binding to the
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2 -1 receptor, Gabapentin was shown to block new excitatory synapse formation in the
central nervous system (Eroglu et al. 2009).
In a freeze-lesion model of developmental cortical malformation, which is often associated
with drug-resistant epilepsy, treatment with gabapentin over seven days following the insult
prevented in-vitro epileptiform activity in acute brain slices at P7 and P28 (Andresen et al.
2014). In addition, treatment with gabapentin at P1-P7 decreased in-vivo seizure activity in
mice with a kainate-induced SE at seven weeks of age (Andresen et al. 2014). In a cortical
injury model in neonatal rats, treatment with gabapentin over two days decreased the
incidence of epileptiform discharges in brain slices 13-15 days after insult and had a
neuroprotective effect (Li et al. 2012). In a similar cortical injury model, treatment with
gabapentin for two to three days up to 14 days following the insult decreased the incidence of
slices with epileptiform activity, resulted in fewer presumptive excitatory synapses, and also
indicated a neuroprotective effect (Prince et al. 2012). Finally, rats with a lithium-pilocarpineinduced SE treated with gabapentin for either four or 14 days showed reduced
neurodegeneration in the CA1, while treatment over only four days also reduced reactive
gliosis and microglial cell reactivity (Rossi et al. 2013). These findings indicate that
gabapentin has a mechanism of action that supports the neuroregeneration after a brain insult,
which may be beneficial for antiepileptogenic treatment.

3.4.8 Levetiracetam
Levetiracetam is an ASD used for adjunctive therapy of primary generalized tonic-clonic and
myoclonic seizures, as well as for treatment of partial onset seizures, with or without
secondary generalization. Levetiracetam binds SV2A, found in the membrane of secretory
vesicles, which leads to an increase of available secretory vesicles and a calcium-dependent
neurotransmitter release (De Smedt et al. 2007). SV2A-deficient mice were shown to have a
proepileptic phenotype, accelerated epileptogenesis, and a reduced anticonvulsant activity of
levetiracetam (Kaminski et al. 2009). These findings indicate that SV2A is not only a
promising target for anticonvulsant activity, but also for antiepileptogenesis (Kaminski et al.
2009; Kaminski et al. 2014). In addition, levetiracetam has several other molecular and
cellular effects, including the inhibition of high-voltage-gated calcium channels leading to a
reduction of intracellular calcium release, modulation of GABAergic neurons and the
metabolism and turnover of GABA, inhibition of the α-amino-3-hydroxy-5-methyl-4-
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isoxazolepropionic acid (AMPA) receptor for glutamate, and reversal of zinc-induced
suppression of GABAA-mediated excitatory transmission (Carunchio et al. 2007; Rogawski et
al. 2016). Due to its independent metabolism, levetiracetam most likely does not interact with
other drugs (Dannhardt and Kiefer 2007).
In two genetic animal models of epilepsy, prolonged treatment with levetiracetam before the
onset of seizures reduced the development of seizures (Yan et al. 2005; Russo et al. 2010).
Moreover, treatment with levetiracetam was shown to have potentially antiepileptogenic
effects by retarding the development of PTZ-induced kindling in mice (Gower et al. 1992). In
further studies in electrically amygdala-kindled rats, treatment with levetiracetam dosedependently suppressed the progression of kindling and reduced the duration of seizures
(Löscher et al. 1998) and the number of stimulations required to produce seizures (Stratton et
al. 2003), even after the treatment was discontinued. In a different study with electricallyinduced SE in rats, prolonged treatment with levetiracetam did not have an antiepileptogenic
or neuroprotective effect (Brandt et al. 2007). In a kainate-induced SE model in rats, treatment
with levetiracetam over 25 days decreased the mean duration of spontaneous seizures 58 days
after SE (Sugaya et al. 2010). When SE was induced by pilocarpine injection in rats, chronic
treatment with levetiracetam was able to dose-dependently inhibit the development of
hippocampal hyperexcitability (Margineanu et al. 2008). In another study where the SE was
induced by lithium-pilocarpine injection in rats, treatment with levetiracetam had a
neuroprotective effect, yet did not improve visual-spatial memory (Zhou et al. 2007). These
and further in-vivo studies indicate the antiepileptogenic and disease-modifying properties of
levetiracetam (Löscher and Brandt 2010) for multitargeted intervention of epileptogenesis in
combination with further promising drugs (White and Löscher 2014). Previously, the safety
and feasibility of epilepsy prevention trials were demonstrated when levetiracetam was
administered over 30 days after TBI (Klein et al. 2012a; Pearl et al. 2013). In these clinical
Phase II studies, a positive signal of reduced post-traumatic epilepsy in adults and children
was found (Klein et al. 2012a; Pearl et al. 2013), which will be further investigated in future
clinical trials.

3.4.9 Melatonin
Melatonin is a hormone of the pineal gland, which regulates circadian and seasonal rhythms
(Hardeland et al. 2006) and is commonly used for treatment of insomnia, jetlag, and
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depression. Melatonin is synthesized in many vertebrate tissues and also produced by
protozoa, bacteria, fungi, plants, and invertebrates (Hardeland et al. 2006). It is known to have
an immunomodulatory effect mediated via membrane and nuclear receptors (Guerrero and
Reiter 2002) and an antiinflammatory effect by downregulating COX-2 (Mayo et al. 2005). In
addition, it has been discussed as an adjuvant cancer treatment (Li et al. 2017) and shown to
be protective against oxidative stress in many in-vivo and in-vitro studies (Poeggeler et al.
2002; Srinivasan 2002; Mareš et al. 2013). Melatonin’s antioxidative effect is mediated by the
upregulation of antioxidant enzymes, the downregulation of prooxidant enzymes, the direct
interaction with reactive oxygen and nitrogen species, and multiple other suggested
mechanisms (Hardeland 2005).
In preclinical studies, Melatonin had an anticonvulsant effect in electrically und chemically
induced models of epilepsy (Albertson et al. 1981; Yamamoto and Tang 1996; Lapin et al.
1998; Mevissen and Ebert 1998; Yildirim and Marangoz 2006), as well as protecting against
iron-induced seizures by scavenging free radicals (Kabuto et al. 1998). In a pilocarpineinduced SE model in rats, treatment with melatonin over two days after onset of SE
significantly reduced the number of seizures in the chronic period and had a neuroprotective
effect by reducing mossy fiber sprouting and cell loss in the CA3 of the hippocampus (Lima
et al. 2011). In a kainate-induced model of epilepsy in spontaneously hypertensive rats,
treatment with melatonin starting three hours after the beginning of SE over eight weeks
increased the latency to the first spontaneous recurrent seizures, decreased the frequency of
seizures, and attenuated the circadian rhythm of seizure activity (Petkova et al. 2014). In
addition, treatment reduced cell loss in the CA1 and piriform cortex, yet was not able to
improve epilepsy-associated behavioral abnormalities (Petkova et al. 2014). In another study
in rats with kainate-induced SE, melatonin treatment 20 minutes prior to and one and two
hours after SE induction reduced neurodegeneration in the CA1 and CA3 of the hippocampus,
and attenuated kainate-induced microglial activation and lipid peroxidation (Chung and Han
2003). Furthermore, in a clinical setting, melatonin decreased the frequency of intractable
seizures in children when given adjacent to a ASD (Peled et al. 2001) and also improved the
quality of life of children with valproate as monotherapy when compared with the placebo
group (Gupta et al. 2004). These preclinical and clinical findings support the selection of
melatonin for drug combination therapy in epilepsy prevention research.

32

General Introduction

3.4.10 Topiramate
Topiramate is an ASD used for therapy of focal and generalized seizures and the LennoxGastaut syndrome in children. In addition, it is prescribed for prophylaxis of migraine and
cluster headaches. In the United States, topiramate, in combination with the stimulant and
appetite suppressant phentermine, is also used to treat obesity. Topiramate acts by blocking
voltage-gated sodium channels at low, therapeutically relevant concentrations, modulating
GABAA receptors, and acting on ionotropic glutamate receptors of the kainate type (Porter et
al. 2012; Rogawski et al. 2016). In addition, it may block high-voltage-activated calcium
channels and influences glutamate-mediated excitatory neurotransmission (Porter et al. 2012).
Topiramate has been shown to exert a disease-modifying effect in multiple preclinical studies
(Löscher and Brandt 2010). In a congress abstract DeLorenzo et al. (2002) reported that
treatment with topiramate over four days after a pilocarpine-induced SE in rats exerted an
antiepileptogenic effect by decreasing the incidence of epileptic animals by 60% three to six
months after SE. Furthermore, DeLorenzo et al. (2002) reported that treatment with
topiramate had a dose-dependent neuroprotective effect on the CA1 of the hippocampus. In a
lithium-pilocarpine induced SE model in rats, treatment with topiramate beginning five hours
after SE induction over five weeks decreased the frequency of spontaneous recurrent seizures
and decreased neurodegeneration in the dentate hilus at five weeks after SE induction, yet not
at one week after SE (Chen et al. 2010). In addition, treatment with topiramate increased the
number of newborn neurons in the dentate granular cell layer after seizures (Chen et al. 2010).
A study in a pilocarpine-induced SE model in rats showed that topiramate treatment after SE
had a neuroprotective effect and improved short-term memory deficits (Frisch et al. 2007).
The neuroprotective effect of topiramate on the hippocampus was further shown in a similar
animal model and in rats with an electrically-induced SE (Niebauer and Gruenthal 1999;
Rigoulot et al. 2004; Shatskikh et al. 2009). When topiramate was administered as combined
treatment with diazepam after SE in lithium-pilocarpine induced rats, it did not modify the
latency to or frequency of spontaneous recurrent seizures, yet had a neuroprotective effect in
the hippocampus and ventral entorhinal cortex (François et al. 2006). Finally, the
administration of topiramate led to improved motor and cognitive functions in multiple TBI
animal models (Hoover et al. 2004; Kouzounias et al. 2011) and age-dependently delayed the
progression of seizures in electrically kindled rats (Mazarati et al. 2007). Due to the various
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positive outcomes in preclinical studies, topiramate was selected for network pharmacology
and the antiepileptogenic studies of this PhD thesis.
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4 Working hypothesis and aim of studies
Until now no antiepileptogenic treatment has been identified which could intervene in the
process of epileptogenesis after an initial brain insult such as TBI or SE (White and Löscher
2014; Löscher 2016). Currently available ASDs only provide symptomatic treatment by
suppressing or reducing the occurrence of spontaneous recurrent seizures. No preventive
antiepileptogenic treatment has yet been developed for patients at risk (Kaminski et al. 2014).
A novel approach in the development of antiepileptogenic treatments is administering
rationally chosen and potentially antiepileptogenic drugs as drug combinations (network
pharmacology) to target the multiple mechanisms involved in epileptogenesis (Löscher et al.
2013; Margineanu 2014; White and Löscher 2014). We therefore selected promising
clinically approved drugs, which previously exerted a disease-modifying or promising effect
in preclinical or even clinical studies (Chapter 3.4), to be combined as drug combinations and
tested for antiepileptogenic efficacy.
The selected drugs (Chapter 3.4) were combined as the following drug combinations based on
their different mechanisms of action:
A) Levetiracetam + gabapentin + topiramate
B) Levetiracetam + α-tocopherol
C) Levetiracetam + deferoxamine + melatonin
D) Levetiracetam + deferoxamine + celecoxib
E) Levetiracetam + deferoxamine + gabapentin + fingolimod
F) Levetiracetam + atorvastatin + ceftriaxone
G) Levetiracetam + deferoxamine + α-tocopherol + celecoxib
The ASD levetiracetam was included in all of the drug combinations due to its unique targets
(Chapter 3.4.8) and the promising preliminary results in clinical studies when levetiracetam
was administered after TBI in adults and children (Klein et al. 2012a; Pearl et al. 2013).
The intrahippocampal kainate model is a post-SE model and was previously established in
male NMRI mice in our group (Twele et al. 2016b). Male NMRI mice exhibit a clear latent
period of about five days after SE before the first spontaneous recurrent seizures occur (Twele
et al. 2016b), which offers an ideal time frame for the administration and evaluation of
potentially antiepileptogenic drug combinations. An advantage of the intrahippocampal
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kainate model in mice is the development of high frequent electrographic and electroclinical
seizures, which has not been shown for the intrahippocampal kainate model in rats (Twele et
al. 2016b; Klee et al. 2017). It is therefore an ideal screening model for the evaluation of the
antiepileptogenic efficacy of the selected drug combinations.
Before the drug combinations were evaluated for antiepileptogenic efficacy, we performed
solubility, pharmacokinetic, and tolerability studies, and evaluated the drug combinations for
a preliminary signal of neuroprotective efficacy (Welzel et al. 2019). Using the algorithm we
developed based on the phases of clinical trials in humans, the drug combinations were first
evaluated for tolerability in naive mice (Phase I) and subsequently in mice during the latent
period after a kainate-induced SE (Phase IIa). We hypothesized that the combination of up to
four drugs with different targets would result in serious adverse effects and the exclusion of
not sufficiently tolerated drug combinations from further testing. In addition, our aim was to
identify drug combinations with an early signal for disease-modifying efficacy after SE
(neuroprotective effect).
As a next step, the following drug combinations were evaluated for their antiepileptogenic or
disease-modifying efficacy:
A) Levetiracetam + gabapentin + topiramate
B) Levetiracetam + α-tocopherol
C) Levetiracetam + deferoxamine + gabapentin + fingolimod
D) Levetiracetam + atorvastatin + ceftriaxone
We hypothesized that the administration of a multitargeted drug combination during the latent
period after a kainate-induced SE has an antiepileptogenic effect by preventing the
development of spontaneous seizures in the intrahippocampal kainate mouse model. An
alternative desirable effect would be a disease-modification resulting in the reduction of the
frequency, length, or severity of seizures, or the degree of neurodegeneration in the
hippocampus. Due to the lacking efficacy and a proepileptogenic signal of drug combination
D, a further antiepileptogenesis study was conducted with the drug combination levetiracetam
+ atorvastatin + ceftriaxone with reduced doses (30% of doses used in first study) to
determine possible dose-dependent effects of the drug combination:
E) Levetiracetam + atorvastatin + ceftriaxone (reduced doses).
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5.1

Abstract

Network-based approaches in drug discovery comprise both development of novel drugs
interacting with multiple targets and repositioning of drugs with known targets to form novel
drug combinations that interact with cellular or molecular networks whose function is
disturbed in a disease. Epilepsy is a complex network phenomenon that, as yet, cannot be
prevented or cured. We recently proposed multitargeted, network-based approaches to prevent
epileptogenesis by combinations of clinically available drugs chosen to impact diverse
epileptogenic processes. In order to test this strategy preclinically, we developed a multiphase
sequential study design for evaluating such drug combinations in rodents, derived from
human clinical drug development phases. Because pharmacokinetics of such drugs are
known, only the tolerability of novel drug combinations needs to be evaluated in Phase I in
„healthy” controls. In Phase IIa, tolerability is assessed following an epileptogenic brain
insult, followed by antiepileptogenic efficacy testing in Phase IIb. Here, we report Phase I and
Phase IIa evaluation of seven new drug combinations in mice, using 10 drugs (levetiracetam,
topiramate, gabapentin, deferoxamine, fingolimod, ceftriaxone, α-tocopherol, melatonin,
celecoxib, atorvastatin) with diverse mechanisms thought to be important in epileptogenesis.
Six of the seven drug combinations were well tolerated in mice during prolonged treatment at
the selected doses in both controls and during the latent phase following status epilepticus
induced by intrahippocampal kainate. However, none of the combinations prevented
hippocampal damage in response to kainate, most likely because treatment started only 16-18
h after kainate. This suggests that antiepileptogenic or disease-modifying treatment may need
to start earlier after the brain insult. The present data provide a rich collection of tolerable,
network-based combinatorial therapies as a basis for antiepileptogenic or disease-modifying
efficacy testing.
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6.1

Introduction

Epilepsy is one of the most common neurological disorders (Devinsky et al. 2018), which
affects more than 50 million worldwide (WHO 2019). It is characterized by an enduring
predisposition to generate epileptic seizures (Fisher et al. 2014) and is associated with stigma
and psychosocial burden (Thomas and Nair 2011). Despite the availability of over 20 ASDs,
more than one third of epilepsy patients are pharmacoresistant (Tang et al. 2017). Currently,
only symptomatic treatment for the suppression or reduction of seizures is available, and no
preventive antiepileptogenic treatment has yet been developed (Kaminski et al. 2014). The
development of preventive treatments for patients at risk, e.g. after TBI, therefore remains a
major unmet clinical need (Löscher et al. 2013; Klein et al. 2018). The latent period, defined
as the time period between an acute epileptogenic brain insult and the occurrence of first
clinical unprovoked seizures, can last days to years (Pitkänen et al. 2015) and would be an
ideal window of opportunity to prevent or modify the development of epilepsy (White and
Löscher 2014). Multiple processes such as neuroinflammation, development of neuronal
hyperexcitability, and neurodegeneration are involved in the development of epilepsy
(“epileptogenesis”) (Pitkänen et al. 2015). Based on the concept of “network pharmacology”
(Hopkins 2008; Ainsworth 2011), we recently proposed to rationally combine drugs that act
on different targets to prevent or modify epileptogenesis (Löscher et al. 2013; White and
Löscher 2014). Rather than creating new multitargeted drugs, the combination and
repurposing of clinically established drugs may be more effective and would allow a faster
translation into clinic (Schmidt et al. 2014). Various clinically established drugs have been
shown to have a disease-modifying effect in preclinical studies, yet no drug when given as
monotherapy was able to prevent the development of epilepsy (Brandt et al. 2010; Klein and
Tyrlikova 2017).
We recently developed a two-stage algorithm similar to the different phases of clinical trials
(Figure 3) to efficiently test drug combinations for tolerability in nonepileptic mice (Phase I)
and mice during the latent period (Phase IIa) before continuing with more time- and costintensive preclinical antiepileptogenesis studies (Phase IIb) (Klee et al. 2015; Welzel et al.
2019). Tolerability testing is critical to avoid mortalities and the termination of an experiment,
as epileptic animals following brain injury are often more susceptible to drug adverse effects
(Löscher 2016). For the preclinical development of antiepileptogenic drug combinations, we
selected the intrahippocampal kainate mouse model of TLE, a post-SE model, which has a
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low mortality and exhibits various features of MTLE, including the development of
spontaneous recurrent seizures and hippocampal alterations that resemble hippocampal
sclerosis of MTLE in humans (Lévesque and Avoli 2013; Jefferys et al. 2016; Löscher 2016).
Eleven drug combinations with two to four clinically established drugs were recently tested
for tolerability in smaller groups of mice (Klee et al. 2015; Welzel et al. 2019). In a
subsequent antiepileptogenesis trial in larger groups of mice, one drug combination had a
significant effect on the development of epilepsy (Schidlitzki 2018), which confirmed that the
proposed algorithm is effective and that the intrahippocampal kainate mouse model is a
suitable model for screening promising drug combinations.
In the present study, four drug combinations that were previously screened for tolerability and
preliminary neuroprotective effects (Welzel et al. 2019) were evaluated for disease-modifying
or antiepileptogenic efficacy when administered after an epileptogenic brain insult in the
intrahippocampal kainate mouse model: A) levetiracetam + gabapentin + topiramate, B)
levetiracetam +

-tocopherol, C) levetiracetam + deferoxamine + gabapentin + fingolimod,

and D) levetiracetam + atorvastatin + ceftriaxone. The drug combinations were given three
times a day (t.i.d.) over five days, starting six hours after SE, as we previously showed that
this is the minimal SE duration needed to induce epileptogenesis (Twele et al. 2016b). As the
drug combination D) levetiracetam + atorvastatin + ceftriaxone was not effective in
preventing epileptogenesis and instead exerted a proepileptogenic signal, we performed an
additional antiepileptogenesis study in which the doses of each drug were reduced by 70% to
test the hypothesis that the drug combination exerts a dose-dependent disease-modifying or
antiepileptogenic effect: drug combination E) levetiracetam + atorvastatin + ceftriaxone
(reduced doses).

6.2

Materials and Methods

6.2.1 Animals
Outbred male NMRI mice, which are used as a general-purpose stock in many fields of
research including pharmacology (Chia et al. 2005), were obtained from Charles River
(Sulzfeld, Germany) at the age of seven weeks (body weight 35-40 g). In total, 117 mice were
used (six naive animals for histology, 22 animals for localisation surgeries, and 89 kainatetreated animals) and adapted to the laboratories for at least one week before being used in the
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experiments. Due to hierarchical fights, all male mice were housed singly and were kept
separately from female mice. All animals were housed under controlled conditions (ambient
temperature 22-24°C, humidity 30-50%, lights on from 6:00 am to 6:00 pm). Food (Altromin
1324 standard diet) and water were freely available. Experiments were performed according
to the EU council directive 2010/63/EU and the German Law on Animal Protection
(“Tierschutzgesetz”). Ethical approval for the study was granted by an ethical committee
(according to §15 of the Tierschutzgesetz) and the government agency (Lower Saxony State
Office for Consumer Protection and Food Safety) responsible for approval of animal
experiments in Lower Saxony. All efforts were made to minimize both the suffering and the
number of animals.

6.2.2 Intrahippocampal kainate mouse model
In this model, SE is induced by unilateral injection of kainate into the CA1 of the dorsal
hippocampus (Suzuki et al. 1995; Bouilleret et al. 1999). For this purpose, mice were
anesthetized with chloral hydrate (500 mg/kg i.p. in 10 ml/kg saline initially, then 0.05 ml i.p.
for further injections) and kainate monohydrate (0.21 μg in 50 nl saline), which was obtained
from Sigma-Aldrich (Steinheim, Germany), was stereotaxically injected into the right CA1 of
the dorsal hippocampus as described previously (Twele et al. 2016b; Schidlitzki et al. 2017).
Stereotaxic coordinates, which were based on previous experiments in NMRI mice (Twele et
al. 2016b; Schidlitzki et al. 2017), were verified before the beginning of and during
experiments in the different batches of NMRI mice. Based on the brain atlas of Paxinos and
Franklin (2001), the stereotaxic coordinates were at anteroposterior -2.1, laterolateral -1.6,
and dorsoventral -1.7 mm from bregma (Figure 5). Kainate was slowly injected over 60
seconds with a 0.5 μl Hamilton® microsyringe (SGE Europe Ltd, Milton Keynes, UK). After
injection of kainate, the needle of the syringe was maintained in situ for an additional two
minutes to limit reflux along the injection track. For EEG recordings, the animals were
immediately implanted with bipolar electrodes aimed at the site of kainate injection in the
ipsilateral CA1, using the same coordinates as for kainate injection. A screw, placed above
the left parietal cortex, served as the indifferent reference electrode. Two additional skull
screws, superglue, and dental acrylic cement (described below) were used to anchor the head
assembly. For each experiment, the aim was to have 16 mice for video/EEG recording (eight
drug-treated and eight vehicle-treated animals). In order to reach this aim, up to 24 mice were
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enrolled in each experiment to compensate for any losses during or after surgery.

Figure 5: Localisation of the kainate injection and electrode implantation site
After intrahippocampal kainate injection, a bipolar electrode is implanted into the CA1 of the right
dorsal hippocampus. Adapted from Paxinos and Franklin (2001).

Due to a relatively high loss of electrode head assemblies during the subsequent weeks after
kainate injection in previous experiments (Schidlitzki et al. 2017), we compared Paladur®
dental acrylic cement (Kulzer GmbH, Hanau, Germany) with Harvard® polycarboxlate
cement (Harvard Dental International GmbH, Hoppegarten, Germany) for the fixation of the
head assembly in preliminary experiments. For additional fixation of the base of the head
assembly, these dental cements were combined with iBond® Universal (Kulzer GmbH),
Surgibond® (SMI, Vith, Belgium), or superglue (Pattex® Ultra Gel, Henkel, Düsseldorf,
Germany). Construction of the head assembly with Paladur® dental cement additionally
fixated by superglue remained the most long-lasting and stable head assembly in male NMRI
mice and was therefore used for all subsequent experiments.
During all surgical procedures and for about one hour thereafter, mice were kept on a
warming pad to avoid hypothermia. Directly after surgery mice were visually or video/EEG
monitored to verify the development of SE by kainate. All mice received 0.5 ml Sterofundin®
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VG-5 subcutaneously and pellet pap twice a day for seven days after surgery to compensate
fluid and nutrient deficits through surgery and SE induction. To ensure principles of animal
welfare, animals were scored twice daily for two weeks after SE induction for pain, distress,
and discomfort using welfare score sheets for humane endpoints (Stokes 2002; Fentener van
Vlissingen et al. 2015; Lidster et al. 2016). Using a distress scoring system (Morton and
Griffiths 1985; Lloyd and Wolfensohn 1999), distress was rated from 0 (normal) to 3 (severe)
based on food/water intake and body weight, movement and body posture, and grooming and
fur (Table 1). Due to the strain of the animal model, a score 1 was considered as normal, and
mice received no special treatment. Mice with a score 2 received continuous treatment of 0.5
ml Sterofundin® VG-5 subcutaneously and pellet pap twice a day. The same treatment was
implemented for mice that reached score 3. If score 3 persisted for more than three days, the
experiment was terminated.
Parameter
Score

Food/water intake
and weight

Movement and body
posture

Grooming and fur

0

Normal food-/water
intake, normal body
weight

Quick and typical
movement, curious,
normal body posture

Normal grooming
behavior, normal fur

1

Reduced food-/water
intake, loss of body
weight <10%

Reduced activity,
normal reaction to
stimuli

Normal grooming
behavior, reduced gloss of
the fur

2

Severely reduced
food-/water intake,
loss of body weight
<20%

No spontaneous
activity, reduced
reaction to stimuli

Reduced grooming
behavior, reddish fur
around eyes and nose;
Penis prolapse (male
mice)

3

No food-/water intake,
loss of body weight ≥
20%

No spontaneous
activity, no reaction to
stimuli and/or humpy
back

No grooming, shaggy fur,
red exudate around eyes
and nose; Penis prolapse
(male mice)

Table 1: Score sheet with specific criteria for the termination of an experiment
Distress scoring system based on food-/water intake and body weight, movement and body posture,
and grooming and fur. Body weight of mice before SE induction was used as a reference for
calculations.
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6.2.3 Drug treatment
We previously reported the tolerability experiments for seven drug combinations with two to
four drugs from different mechanistic categories in nonepileptic male NMRI mice and mice
during the latent period following intrahippocampal injection of kainate (Welzel et al. 2019).
The tolerability was assessed using a modified Irwin screen, a rotarod test, rectal
measurement of body temperature, and measurement of body weight, which were repeatedly
performed over the course of four days (Welzel et al. 2019). Despite animals after brain injury
(e.g. post-SE) often exhibiting increased adverse effects in response to drug administration
(Löscher 2016), six of the seven drug combinations were sufficiently tolerated in mice during
the latent period (Welzel et al. 2019).
In the present study, we tested four of the tolerable drugs for antiepileptogenic efficacy in the
intrahippocampal kainate mouse model. As treatment group D did not exert any diseasemodifying or antiepileptogenic effect and instead showed a proepileptogenic signal, the drug
combination levetiracetam + atorvastatin + ceftriaxone was tested with reduced doses (30% of
doses used) in an additional antiepileptogenesis study (treatment group E):
A) Levetiracetam + gabapentin + topiramate
B) Levetiracetam + α-tocopherol
C) Levetiracetam + deferoxamine + gabapentin + fingolimod
D) Levetiracetam + atorvastatin + ceftriaxone
E) Levetiracetam + atorvastatin + ceftriaxone (reduced doses)
Levetiracetam was included in all drug combinations, as preliminary evidence of efficacy was
shown in clinical studies, where levetiracetam was administered after TBI in adults and
children (Klein et al. 2012a; Pearl et al. 2013). The study design for testing drug combinations
for antiepileptogenic efficacy is shown in Figure 6. Mice were treated with the drug
combination or respective vehicle three times a day over five days (except fingolimod, which
was administered once a day), starting six hours after intrahippocampal injection of kainate.
The routes of administration, doses, respective vehicles, and injection volumes used for
antiepileptogenesis studies are shown in Table 2. After SE, animals were randomly assigned
to treatment and vehicle groups. For subsequent video/EEG monitoring and analyses, all
experiments were performed in a blinded fashion, so that it was not clear which mice received
drugs or the respective vehicles.
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Figure 6: Study design for testing drug combinations for antiepileptogenic efficacy
Mice were treated with the drug or respective vehicle three times a day over five days starting six
hours after intrahippocampal kainate injection. Video/EEG monitoring was performed four and 12
weeks after SE induction. SE = status epilepticus.
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Drug combination

A

B

C

D

E

Respective vehicles

(1) Levetiracetam (200 mg/kg i.p.) +
(2) Gabapentin (200 mg/kg i.p.),
(3) Topiramate (30 mg/kg i.p.)

(1) Aqua ad injectabilia i.p. (3 ml/kg)*
(2) Aqua ad injectabilia i.p. (3 mll/kg)*
(3) 0.9% NaCl i.p. (5 ml/kg)

(1) Levetiracetam (200 mg/kg i.p.),

(1) Aqua ad injectabilia i.p. (3 ml/kg)

(2) α-Tocopherol (250 mg/kg s.c.)

(2) 10% Ethanol absolute + 90% Miglyol ®
812 s.c. (3 ml/kg)

(1) Levetiracetam (200 mg/kg i.p.) +
(2) Deferoxamine (40 mg/kg i.p.),

(1) Aqua ad injectabilia i.p. (3 ml/kg)*
(2) Aqua ad injectabilia i.p. (3 ml/kg)*

(3) Gabapentin (200 mg/kg i.p.) +

(3) Aqua ad injectabilia i.p. (3 ml/kg)*

(4) Fingolimod (1 mg/kg i.p.)

(4) Aqua ad injectabilia i.p. (3 ml/kg)*

(1) Levetiracetam (200 mg/kg i.p.),
(2) Atorvastatin (10 mg/kg i.p.),
(3) Ceftriaxone (200 mg/kg s.c.)

(1) Aqua ad injectabilia i.p. (3 ml/kg)
(2) 4% DMSO + 10% Solutol® HS 15 +
86% PBS i.p. (5 ml/kg)
(3) Aqua ad injectabilia s.c. (3 ml/kg)

(1) Levetiracetam (60 mg/kg i.p.),
(2) Atorvastatin (3 mg/kg i.p.),
(3) Ceftriaxone (60 mg/kg s.c.)
(reduced doses)

(1) Aqua ad injectabilia i.p. (3 ml/kg)
(2) 4% DMSO + 10% Solutol® HS 15 +
86% PBS i.p. (5 ml/kg)
(3) Aqua ad injectabilia s.c. (3 ml/kg)

* Two drugs (#1 and 2 in drug combination A and C, and #3 and 4 in drug combination C) were
dissolved together in the same vehicle (water).

Table 2: Drug combinations, routes of administration, doses, respective vehicles, and
injection volumes used for antiepileptogenesis studies
Based on pharmacokinetics (overview in Welzel et al. (2019)), all drugs were administered three times
a day at the indicated doses, except for fingolimod, which was administered once a day. Adapted from
Welzel et al. (2019). i.p.=intraperitoneally, s.c.=subcutaneously, DMSO=dimethyl sulfoxide,
PBS=phosphate-buffered saline.
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6.2.4 Video/EEG monitoring
After induction of SE, mice were visually (drug combination A-D) or video/EEG monitored
(drug combination E, 24 h) for signs of SE. At four and 12 weeks post-SE, mice were
continuously (24 h/day) video/EEG monitored for seven days (Figure 6) to record the
different types of spontaneous electrographic and electroclinical seizures developing after a
latent period following intrahippocampal injection of kainate in mice (Twele et al. 2016a).
For EEG-recordings, mice were connected via a flexible cable to a system consisting of eight
one-channel bioamplifiers (ADInstruments Ltd., Sydney, Australia) and an analog-digital
converter (PowerLab 4/35 PL3504/P, ADInstruments). The data were recorded (sampling rate
200 Hz, time constant 0.1 seconds, low pass filter of <60 Hz, 50 Hz notch filter) and analyzed
with LabChart 8 for Windows software (ADInstruments). The EEG recording was directly
linked to simultaneous digital video-recordings of four mice per system using four infrared
board cameras (Sony, Tokio, Japan) for four mice merged by one video quad processor
(Monacor International GmbH & Co. KG, Bremen, Germany). For video/EEG monitoring,
mice were housed singly in clear plexiglass cages (20 cm x 18 cm x 28 cm, one mouse per
cage). For monitoring during the dark phase, infrared lighting was mounted above the cages.
As shown in Figure 6, mice were video/EEG monitored in the chronic period (four and 12
weeks post-SE) to compare the occurrence of spontaneous seizures in vehicle and drug treated
groups. For evaluation of effects on the development of chronic epilepsy, all electrographic
and electroclinical seizures occurring after SE and in the chronic epileptic phase were
analyzed manually. After intrahippocampal kainate injection, male NMRI mice develop focal
and generalized electroclinical (convulsive) seizures (Twele et al. 2016b), which occur several
times per week. Electroclinical seizures are characterized by a high spike frequency and
amplitude, and a typical postictal depression of the EEG baseline (Figure 7B, C).
For comparison of the frequency of electroclinical seizures in vehicle- and drug-treated mice,
seizures were counted manually in the video/EEG recordings of the seven days (24 h) of
continuous recordings at four and 12 weeks post-SE. Based on the video recordings, the
electroclinical seizures were rated for severity using the following modified scale by Racine
(1972): stage 1, behavioral arrest with minor facial clonus (stereotypical sniffing, tremor of
tactile hair); stage 2, severe facial clonus (head nodding, mouth or facial movements); stage 3,
unilateral forelimb clonus; stage 4, bilateral forelimb clonus with rearing; stage 5, generalized
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tonic-clonic seizure with loss of righting reflexes. Stage I-III seizures were considered as
focal and stage IV and V seizures as generalized convulsive seizures. Furthermore, the
average duration of electroclinical seizures was determined and compared between the vehicle
and drug treated groups.

Figure 7: Examples of electroclinical seizures in the intrahippocampal kainate mouse
model
Seizures are rated for severity based on a modified Racine scale by Racine (1972). Shown are
examples of A) basal EEG activity, B) a focal electroclinical seizure (stage I), and C) a generalized
convulsive seizure (stage V) recorded from the kainate injection site in the CA1 of the right dorsal
hippocampus.

As an additional parameter for the severity of the disease, the seizure load was calculated
based on the severity (summation of electroclinical seizures multiplied by seizure stage) or
the duration of electroclinical seizures (cumulative seizure duration). During the course of the
experiments, several mice lost their electrode head assembly and had to be omitted from final
EEG analyses. Furthermore, two mice died during generalized convulsive seizures.
In addition to electroclinical seizures, mice develop high frequent electrographic seizures
without any behavioral alterations or motor correlate in the intrahippocampal kainate mouse
model, which can only be detected at the kainate injection site of the ipsilateral hippocampus
(Riban et al. 2002; Maroso et al. 2011). Based on the findings by Riban et al. (2002), we
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recently characterized these electrographic seizures for male NMRI mice (Twele et al. 2016a;
Twele et al. 2016b) and differentiate between HVSWs and HPDs (Figure 8). As recently
described (Twele et al. 2016a; Schidlitzki et al. 2017), HVSWs are characterized by sharp
waves with high amplitude ≥3 times the EEG baseline with a frequency of at least 2 Hz
(spikes per second), a duration of at least five seconds, and an inter-event interval of at least
three seconds. The inter-event interval is characterized by the occurrence of either no epileptic
EEG activity, isolated spikes, or spike trains with an amplitude of less than three times the
baseline. Spikes or spikes trains <3 times the baseline are considered as interictal activity.
HVSWs can show evolution in frequency or pattern, but can also be regular. HPDs are often
longer (over 20 seconds) than typical HVSWs and always show evolution in morphology and
frequency. HPDs typically start with large amplitude HVSWs, followed by a train of loweramplitude spikes (≥2 times the baseline) of at least five seconds of increased frequency (≥5
Hz). HPDs also have an inter-event interval of at least three seconds, in which either no
epileptic EEG activity, isolated spikes, or spike trains with an amplitude of less than two
times baseline are observed (also considered as interictal activity). A special type of
electrographic seizures are mixed events (ME), which begin with HPD-like activity (5 Hz)
that evolves into a longer section of HVSW-like activity (2 Hz) (Twele et al. 2016a). When
analyzing the electrographic seizures, MEs were considered and counted as HPDs. Examples
of the different types of electrographic seizures are shown in Figure 8.
For comparison of the frequency of HVSWs and HPDs in vehicle- and drug-treated mice,
electrographic seizures were counted visually in the EEG during the one-week video/EEG
monitoring periods at four and 12 weeks post-SE. Four 30-min periods (typically at 6:00 am
and 12:00, 6:00, and 11:00 pm) were selected and analyzed for days one, four, and seven of
the respective video/EEG monitored weeks for calculation of the average number of
electrographic seizures occurring per hour.
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Figure 8: Examples of electrographic seizures in the intrahippocampal kainate mouse
model
Examples of the different types of electrographic seizures based on Riban et al. (2002), which were
recorded from the kainate injection site in the CA1 of the right dorsal hippocampus: A) basal EEG
activity, B) a high voltage sharp wave (HVSW), C) a hippocampal paraoxysmal discharge (HPD) with
HVSW-like beginning followed by a lower-amplitude activity with increased spike frequency (C1), and
D) a mixed event (ME) with a shorter HPD-like section (D1), followed by a longer section of HVSW-like
activity.

6.2.5 Histology
For histological analysis, mice were anesthetized with chloral hydrate (720 mg/kg
intraperitoneally (i.p.) in 10 ml/kg) after the last video/EEG recording (13-14 weeks after
intrahippocampal kainate injection) and transcardially perfused with 0.01 M phosphatebuffered saline followed by 4% paraformaldehyde. The brains were removed after one hour,
postfixed in 10% sucrose solution (4% paraformaldehyde) for 24 h, and then transferred to
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30% sucrose solution (saline). 1 mg/ml of thymol was added to the sucrose solution if the
brains were stored for a longer period of time. As previously described (Bröer et al. 2016),
four series of coronal brain sections (40 μm) were prepared using a cryomicrotome and
subsequently stained with cresyl violet (containing thionin). Naive age-matched groups of
mice were used as controls.
For determining neurodegeneration in the hippocampus, five to six thionin-stained brain
sections (at -1.56 to -2.18 mm from bregma) were semi-quantitatively scored using a score
system that was applied to detect potential differences (Gröticke et al., 2008). The left and
right hippocampi were scanned in a meander-like fashion and scores were noted for each of
the subregions of the hippocampal formation (CA1, CA2, CA3a, Ca3c, and hilus,; Figure 9):
score 0, no obvious damage; score 1, abnormal appearance of the structure without clear
evidence of visible neuronal loss; score 2, moderate neurodegeneration (lesions involving 20–
50% of neurons); score 3, severe neurodegeneration (lesions involving over 50% of neurons).
Furthermore, the extent of the GCD in the dentate gyrus was visually assessed in the thioninstained brain sections. Visual analysis was graded with a score system: score 0 = no GCD,
score 1 = mild GCD, score 2 = moderate GCD, score 3 = severe GCD.

Figure 9: Subregions of the hippocampal formation of a mouse
A thionin-stained coronal brain section of the right hippocampus of a mouse at -1.82 mm from bregma.
Different subregions of the hippocampal formation are scored for neurodegeneration: CA1, CA2,
CA3a, CA3c, and the hilus, whose boundaries are marked by the dashed lines. The extent of granule
cell dispersion (GCD) is assessed in the dentate gyrus.

52

Antiepileptogenic efficacy of promising drug combinations in the intrahippocampal
kainate mouse model

6.2.6 Drugs
We previously reported the solubility experiments for 10 clinically approved drugs for
parenteral administration in mice (Welzel et al. 2019). The selected drugs, drug doses, and
respective vehicles chosen for drug solutions are shown in Table 2. In case of drugs that were
used as salts, all doses (in mg/kg body weight) refer to the free acid or base forms of the
respective drugs. Drug absorption following parenteral administration of drug suspensions is
highly variable and lower compared to administration of drug solutions in mice (Löscher et
al., 1990), which is why all drugs were administered as solutions except α-tocopherol, which
was emulsified in Miglyol® 812 (90%) and ethanol (10%). Levetiracetam and deferoxamine,
levetiracetam and gabapentin, and gabapentin and fingolimod were mixed in the same
aqueous solution shortly before injection to reduce the number of injections over the period of
treatment.

Drug

Vendor / Supplier

Compound
number (vendor)

CAS Registry
Number

(+)-α-Tocopherol

Sigma-Aldrich, Steinheim,
Germany

T3634

59-02-9

Atorvastatin (hemicalcium
salt sesquihydrate)

Sigma-Aldrich, Steinheim,
Germany

PHR1422

344423-98-9

Ceftriaxone (disodium salt
hemi(heptahydrate))

Sigma-Aldrich, Steinheim,
Germany

PHR1382

104376-79-6

Deferoxamine (mesylate salt)

Sigma-Aldrich, Steinheim,
Germany

D9533

138-14-7

Fingolimod (FTY20)

Sigma-Aldrich, Steinheim,
Germany

SML0700

162359-56-0

Gabapentin

Provided by Pfizer,
Sandwich, Kent, UK

-

60142-96-3

Kainate

Sigma-Aldrich, Steinheim,
Germany

K0250

58002-62-3

Levetiracetam

Provided by UCB Pharma,
Brussels, Belgium

-

102767-28-2

Topiramate

Provided by Hexal,
Holzkirchen, Germany

-

97240-79-4

Table 3: Overview of drugs used for drug testing
Adapted from Welzel et al. (2019).
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All drugs were prepared freshly once a day, except ceftriaxone, which was prepared freshly
twice a day due to the limited stability of the solution. The injection volume was 3 ml/kg for
all substances except topiramate and atorvastatin, which were not soluble below an injection
volume of 5 ml/kg. All injection volumes were kept as low as possible to avoid total injection
volumes of over 10-12 ml/kg in mice. Sources for drugs and drug vehicles with product
numbers and, if available, CAS registry numbers are shown in Table 3 and Table 4,
respectively.

Vehicle

Vendor / Supplier

Vehicle number
(vendor)

CAS Registry
Number

Aqua ad injectabilia

B. Braun Melsungen AG,
Melsungen, Germany

308452

-

Dimethyl sulfoxide (DMSO)

Sigma-Aldrich, Steinheim,
Germany

D8418

67-68-5

Ethanol absolute (EMSURE®)

Merck KGaA, Darmstadt,
Germany

1009831000

64-17-5

Miglyol® 812

Caesar & Loretz GmbH,
Hilden, Germany

3274

52622-27-2

Phosphate-buffered saline
(PBS) tablets

Sigma-Aldrich, Steinheim,
Germany

P4417

-

Polyethylene glycol (PEG)
400 (ROTIPURAN®)

Carl Roth GmbH + Co. KG,
Karlsruhe, Germany

0144.1

25322-68-3

Solutol® HS 15 (former name,
now Kolliphor® HS 15)

BASF SE, Ludwigshafen,
Germany; Provided by
PIQUR Therapeutics AG,
Basel, Switzerland

-

70142-34-6

Table 4: Overview of drug vehicles used for drug testing
Adapted from Welzel et al. (2019).

6.2.7 Animals excluded from analysis
Some animals from both the vehicle and the treated groups did not develop electrographic and
electroclinical seizures, and also did not show GCD and only focal neurodegeneration at the
kainate injection and electrode implantation site in the ipsilateral hippocampus. We therefore
concluded that the kainate injection or SE induction may not have worked correctly in some
animals and excluded animals with no electrographic and electroclinical seizures, only focal
neurodegeneration, and no GCD in the ipsilateral hippocampus. In Table 5 is an overview of
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the respective group sizes used for analysis and the number of excluded animals per group in
each drug combination study.
As the lack of electroclinical and electrographic seizures, as well as neurodegeneration and
GCD, may also be a treatment effect in drug-treated animals, the analysis of the drug
combination studies C, levetiracetam + deferoxamine + gabapentin + fingolimod and E,
levetiracetam + atorvastatin + ceftriaxone (reduced doses) was also performed without the
exclusion of drug-treated animals (Chapter 6.3.4 and 6.3.6).
Drug combination

Vehicle group

Treatment group

A) Levetiracetam + gabapentin + topiramate

8 (1)

7 (0)

B) Levetiracetam + -tocopherol

8 (1)

7 (0)

7 (1)

6 (1)

7 (1)

8 (0)

8 (0)

7 (2)

C) Levetiracetam + deferoxamine + gabapentin +
fingolimod
D) Levetiracetam + atorvastatin + ceftriaxone
E) Levetiracetam + atorvastatin + ceftriaxone
(reduced doses)

Table 5: Overview of group sizes and excluded animals in drug combination studies
Group sizes of vehicle- and drug-treated animals which were used for analysis in the drug combination
studies. The number of excluded animals is shown in parentheses, respectively. Animals were
excluded from analysis if they did not exhibit electrographic and electroclinical seizures, and showed
only focal neurodegeneration and no granule cell dispersion (GCD) in the ipsilateral hippocampus.

6.2.8 Statistics
In all experiments, mice were randomly assigned to the drug and vehicle groups and
experiments were performed in a blinded fashion. Results were documented using Microsoft
Excel® 2010. For the antiepileptogenesis studies, the sample size was restricted to eight
vehicle controls and eight drug-treated mice due to limited video/EEG monitoring capacities.
Individual vehicle control experiments were performed parallel to each drug experiment
instead of using historical controls to minimize the bias of batch-to-batch differences in
animal responsiveness to the convulsant and seasonal effects on data (Löscher et al. 2017).
Based on a sample size of eight mice per group and using the results of previous experiments,
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the statistical power to determine a significant effect on seizure frequency was calculated at
0.81 before beginning the studies. The software G*Power 3.1 was used for post hoc power
analysis to compute the achieved power of the experiments and to calculate the estimated
group size to achieve a power 0.8.
All antiepileptogenesis experiments were analyzed separately and in an overall comparison
with the pooled vehicle groups (see Chapter 6.3). Depending on whether data were normally
distributed or not (tested with the Kolmogorov-Smirnov test), either parametric or
nonparametric tests were used for statistical evaluation. For comparison of two groups and for
intragroup comparison, either the Student’s t-test or the Mann-Whitney U-test was used. For
comparison of more than two groups, we used a one-way analysis of variance (ANOVA) with
post hoc testing and correction for multiple comparisons. Depending on data distribution,
either the ANOVA F-test, followed post hoc by Dunnett’s multiple comparisons test, or the
Kruskal-Wallis test, followed post hoc by Dunn’s multiple comparisons test, was used. For
analysis of body weights over the first two weeks post-SE, a two-way ANOVA followed post
hoc by Sidak’s multiple comparisons test was used for intergroup comparisons, followed by
the Student’s t-test for individual days. For comparison of incidences in a 2 x 2 table,
Barnard’s unconditional test (Barnard 1947) was used, because this test preserves the
significance level and generally is more powerful than Fisher’s exact test for moderate to
small sample sizes (Lydersen et al. 2009). Except for Barnard’s unconditional test
(http://scistatcalc.blogspot.com/2013/11/barnards-test-calculator.html), all statistical analyses
were performed with the Prism 8 software from GraphPad (La Jolla, CA, USA). All tests
were used two-sided and a P<0.05 was considered significant.

6.3

Results

6.3.1 Tolerability of drug combinations
During the antiepileptogenesis studies none of the drug combinations were associated with
any obvious adverse effects when administered during the latent period after
intrahippocampal kainate injection, which confirmed the previous findings in the tolerability
experiments in nonepileptic mice and mice during the latent period (Welzel et al. 2019). The
tolerability of the drug combinations is also illustrated by body weight, which moderately
(~10-15%) decreased in both vehicle- and drug-treated groups after SE and in most cases
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returned towards the pre-SE body weight within 10 days (Figure 10). In the efficacy study
with drug combination A (levetiracetam + gabapentin + topiramate), the drug-treated group
still had a significant lower body weight on day 14 post-SE and significant intergroup
differences were found on day 12 and 13 (Figure 10A). A significant intergroup difference
was also found on day one for drug combination B (levetiracetam +

-tocopherol) (Figure

10B). Further, both the vehicle- and drug-treated groups of drug combination E still had a
significant lower body weight on day 14 post-SE (Figure 10E). However, all mice
continuously gained weight post-SE and had a score 1 on day 14 post-SE (based on the score
sheet for termination of an experiment, see Table 1), which is considered a normal score in
this post-SE model. Based on the body weight and the distress score system used to assess the
well-being of all animals (Table 1), three drug-treated mice from the antiepileptogenesis
studies with drug combinations A) levetiracetam + gabapentin + topiramate, B) levetiracetam
+ α-tocopherol, and C) levetiracetam + deferoxamine + gabapentin + fingolimod were
sacrificed during the first week post-SE.
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Figure 10: Body weights after SE induction
Mice were treated with the drug combinations levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM), levetiracetam +

-tocopherol (LEV+AT), levetiracetam + levetiracetam +

deferoxamine + gabapentin + fingolimod (LEV+DFX+GBP+FGL), levetiracetam + atorvastatin +
ceftriaxone (LEV+ATV+CFX), LEV+ATV+CFX with reduced doses (RD) or the respective vehicles
after status epilepticus (SE) over five days. Shown are the changes in body weight (%) following
kainate-induced status epilepticus (SE) in the vehicle- and drug-treated groups as means ± SEM.
Analysis of data by one-way ANOVA followed post hoc by Dunnett’s multiple comparisons test
indicated significant differences within each group. Significant differences to body weight before
kainate injection (day 0) within each group are indicated by asterisks (*P<0.05; **P<0.01; ***P<0.001;
****P<0.001). Analysis of data by two-way ANOVA followed by Sidak’s multiple comparisons test
indicated significant intergroup differences, which were confirmed by a Student’s t-test for individual
days and are indicated by hashes (#P<0.05).
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6.3.2 Levetiracetam + gabapentin + topiramate
When drug combination A, levetiracetam (200 mg/kg t.i.d.) + gabapentin (200 mg/kg t.i.d.) +
topiramate (30 mg/kg t.i.d), was administered over five days during the latent period after a
kainate-induced SE, a significant effect on the development of epilepsy (electrographic
seizures) and a neuroprotective effect on the hippocampus were observed. Eight vehicle- and
seven drug-treated animals were included in the analysis, of which two vehicle-treated mice
lost their electrode head assembly before the second monitoring period at 12 weeks post-SE.
Based on video/EEG monitoring at four and 12 weeks post-SE, treatment with levetiracetam
+ gabapentin + topiramate did not significantly reduce the incidence of electroclinical seizures
at four, 12, or 4+12 weeks post-SE (stage I-V based on a modified Racine scale by Racine
(1972); Figure 11A-C). Furthermore, the treatment did not significantly reduce the frequency
of electroclinical seizures (stage I-V; Figure 11G-I) or the frequency of electroclinical
seizures when these were classified into focal (stage I-III) and generalized (stage IV and V)
convulsive seizures (Figure 11D-F). No significant effect was observed concerning the
duration of electroclinical seizures (Figure 11J-L) and the calculated seizure load based on
seizure duration or seizure severity (not illustrated).
Treatment with the drug combination levetiracetam + gabapentin + topiramate significantly
reduced the incidence of electrographic seizures at 12 weeks post-SE (Figure 12B, P<0.05).
When electrographic seizures were further subdivided into HVSWs and HPDs (see Chapter
6.2.4), the incidence of HPDs was significantly reduced (Figure 12E, P<0.05). However,
treatment with levetiracetam + gabapentin + topiramate did not have a significant effect on
the frequency of electrographic seizures (Figure 12G-L).
Furthermore, treatment with levetiracetam + gabapentin + topiramate significantly reduced
the neurodegeneration in the CA2 and CA3a of the ipsilateral hippocampus induced by
intrahippocampal kainate (Figure 14B, P<0.05; Figure 14C, P<0.01), yet had no significant
effect on neurodegeneration in the CA1 and CA3c, the hilus, and the piriform cortex (Figure
14A, D-F). The development of GCD was not prevented or reduced by treatment, as marked
GCD was seen in both groups (Figure 14G). No neuronal loss or GCD was observed in the
contralateral hippocampus, as seen in the contralateral CA3c (Figure 13A and C; Figure 14H),
which is a typical feature of the intrahippocampal kainate model.
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Figure 11: Levetiracetam + gabapentin + topiramate: Incidence, frequency, and
duration of electroclinical seizures (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM) or the respective vehicle after status epilepticus (SE) over five days and video/EEG
monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle-treated animal
was excluded from the analysis. Shown are the incidence of spontaneous electroclinical seizures
(stage I-V according to Racine (1972); A-C), the frequency of focal (stage I-III) and generalized (stage
IV and V) electroclinical seizures (D-F), the frequency of electroclinical seizures (stage I-V; G-I), and
the average duration of electroclinical seizures (stage I-V; J-L) at four, 12, and 4+12 weeks post-SE.
Data (D-L) are shown as boxplots with whiskers from minimum to maximal values; the horizontal line
in the boxes represents the median value. In addition, individual data are shown. The frequency and
duration of electroclinical seizures were averaged for each animal.
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Figure 12: Levetiracetam + gabapentin + topiramate: Incidence, frequency, and
duration of electrographic seizures (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM) or the respective vehicle after status epilepticus (SE) over five days and video/EEG
monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle-treated animal
was excluded from the analysis. Shown are the incidence of electrographic seizures (all types; A-C),
the incidence of hippocampal paroxysmal discharges (HPDs; D-F), the frequency of high voltage
sharp waves (HVSW) and HPDs (G-I), and the frequency of all types of electrographic seizures (J-L)
at four, 12, and 4+12 weeks post-SE. Data (G-L) are shown as boxplots with whiskers from minimum
to maximal values; the horizontal line in the boxes represents the median value. In addition, individual
data are shown. The frequency of electrographic seizures was averaged for each animal. Significant
differences between the vehicle- and drug-treated groups are indicated by asterisks (Barnard’s test,
*P<0.05).
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Figure 13: Examples of neurodegeneration and granule cell dispersion in the
ipsilateral vs. contralateral hippocampus
Representative photomicrographs of thionin-stained coronal hippocampal sections of the contralateral
(A, C) and the ipsilateral (B, D) hippocampus at -1.90 mm from bregma. Mice were with the drug
combination levetiracetam + gabapentin + topiramate or the respective vehicle after status epilepticus
(SE) over five days and transcardially perfused 13-14 weeks post-status epilepticus. A and B are
hippocampal sections of a vehicle-treated mouse; C and D are hippocampal sections of a drug-treated
mouse. Severe neurodegeneration was observed in the ipsilateral CA1, CA2, CA3, and dentate hilus,
as well as severe granule cell dispersion (GCD) in the ipsilateral dentate gyrus (B, D). Scale bar = 200
μm.

62

Antiepileptogenic efficacy of promising drug combinations in the intrahippocampal
kainate mouse model

Figure 14: Levetiracetam + gabapentin + topiramate: Neurodegeneration and granule
cell dispersion in the hippocampus (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM) or the respective vehicle after status epilepticus (SE) over five days and
transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, one vehicle-treated
animal was excluded from the analysis. The neurodegeneration was scored in the CA1, CA2, CA3a,
CA3c, hilus, and piriform cortex of the ipsilateral hippocampus (A-F). The granule cell dispersion
(GCD) was assessed in the dentate gyrus of the ipsilateral hippocampus (G). No neurodegeneration
or GCD was found in the contralateral hippocampus, as shown for the contralateral CA3c (H).
Individual data, the average score of five to six assessed brain sections between -1.56 to -2.18 mm
from bregma, are shown for each animal; the horizontal line represents the median value. Significant
differences between the vehicle- and drug-treated groups are indicated by asterisks (Kruskal-Wallis
test followed post hoc by Dunn’s multiple comparisons test, *P<0.05, **P<0.01).
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6.3.3 Levetiracetam + -tocopherol
When drug combination B, levetiracetam (200mg/kg t.i.d.) + -tocopherol (250 mg/kg t.i.d.),
was administered over five days during the latent period after a kainate-induced SE, a
significant effect was found at four weeks, but not 12 weeks post-SE (focal electroclinical
seizures). Eight vehicle- and seven drug-treated animals were included in the analysis, of
which one vehicle-treated mouse and two drug-treated mice lost their electrode head assembly
before the second monitoring period at 12 weeks post-SE.
Based on video/EEG monitoring at four and 12 weeks post-SE, treatment with levetiracetam
+ -tocopherol completely prevented the development of focal electroclinical seizures (stage
I-III based on a modified Racine scale by Racine (1972)) at four weeks post-SE (Figure 15D,
P<0.05). At four weeks post-SE, four out of eight (50%) vehicle-treated mice exhibited focal
electroclinical seizures compared to zero out of seven (0%) drug-treated mice, while at 12
weeks post-SE zero out of seven (0%) vehicle-treated mice and two out of five (40%) drugtreated mice had focal electroclinical seizures. This finding should be critically discussed, as
none of the vehicle-treated mice had focal electroclinical seizures at 12 weeks post-SE.
Treatment with levetiracetam +

-tocopherol did not significantly reduce the frequency of

electroclinical seizures (stage I-V; Figure 15J-L) or the frequency when these were classified
into focal (stage I-II) and generalized (stage I-V) convulsive seizures (Figure 15G-I). No
significant effect was observed concerning the duration of electroclinical seizures (Figure
15M-O) and the calculated seizure load based on seizure duration or seizure severity (not
illustrated).
Treatment with levetiracetam + -tocopherol did not have a significant effect on the incidence
(Figure 16A-C) or frequency (Figure 16D-I) of electrographic seizures at four, 12, or 4+12
weeks post-SE. Furthermore, it did not prevent or significantly reduce the neurodegeneration
in the CA1, CA2, CA3, hilus, or piriform cortex of the ipsilateral hippocampus induced by
intrahippocampal kainate (Figure 17A-F). Treatment did not significantly reduce GCD in the
ipsilateral hippocampus (Figure 17G), and no neuronal loss or GCD was observed in the
contralateral hippocampus, as seen in the ipsilateral CA3c (Figure 17H).
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Figure 15: Levetiracetam +

-tocopherol: Incidence, frequency, and duration of

electroclinical seizures (with exclusion of drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + -tocopherol (LEV+AT) or the respective
vehicle after status epilepticus (SE) over five days and video/EEG monitored at four and 12 weeks
post-SE. Based on the exclusion criteria, one vehicle-treated animal was excluded from the analysis.
Shown are the incidence of spontaneous electroclinical seizures (stage I-V according to Racine
(1972); A-C), the incidence of focal electroclinical seizures (stage I-III; D-F), the frequency of focal
(stage I-III) and generalized (stage IV and V) electroclinical seizures (G-I), the frequency of
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electroclinical seizures (stage I-V; J-L), and the average duration of electroclinical seizures (stage I-V;
M-O) at four, 12, and 4+12 weeks post-SE. Data (G-O) are shown as boxplots with whiskers from
minimum to maximal values; the horizontal line in the boxes represents the median value. In addition,
individual data are shown. The frequency and duration of electroclinical seizures were averaged for
each animal. Significant differences between the vehicle- and drug-treated groups are indicated by
asterisks (Barnard’s test, *P<0.05).

Figure 16: Levetiracetam +

-tocopherol: Incidence, frequency, and duration of

electrographic seizures (with exclusion of drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + -tocopherol (LEV+AT) or the respective
vehicle after status epilepticus (SE) over five days and video/EEG monitored at four and 12 weeks
post-SE. Based on the exclusion criteria, one vehicle-treated animal was excluded from the analysis.
Shown are the incidence of electrographic seizures (all types; A-C), the frequency of high voltage
sharp waves (HVSWs) and hippocampal paroxysmal discharges (HPDs; D-F), and the frequency of all
types of electrographic seizures (G-I) at four, 12, and 4+12 weeks post-SE. Data (D-I) are shown as
boxplots with whiskers from minimum to maximal values; the horizontal line in the boxes represents
the median value. In addition, individual data are shown. The frequency of electrographic seizures was
averaged for each animal.
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Figure 17: Levetiracetam +

-tocopherol: Neurodegeneration and granule cell

dispersion in the hippocampus (with exclusion of drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + -tocopherol (LEV+AT) or the respective
vehicle after status epilepticus (SE) over five days and transcardially perfused 13-14 weeks post-SE.
Based on the exclusion criteria, one vehicle-treated animal was excluded from the analysis. The
neurodegeneration was scored in the CA1, CA2, CA3a, CA3c, hilus, and piriform cortex of the
ipsilateral hippocampus (A-F). The granule cell dispersion (GCD) was assessed in the dentate gyrus
of the ipsilateral hippocampus (G). No neurodegeneration or GCD was found in the contralateral
hippocampus, as shown for the contralateral CA3c (H). Individual data, the average score of five to six
assessed brain sections between -1.56 to -2.18 mm from bregma, are shown for each animal; the
horizontal line represents the median value.
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6.3.4 Levetiracetam + deferoxamine + gabapentin + fingolimod
When drug combination C, levetiracetam (200 mg/kg t.i.d.) + deferoxamine (40 mg/kg t.i.d.)
+ gabapentin (200 mg/kg t.i.d) + fingolimod (1 mg/kg once daily), was administered over five
days during the latent period after a kainate-induced SE, a significant effect on the severity of
epilepsy (electroclinical seizures) was observed. Seven vehicle- and six drug-treated animals
were included in the analysis, of which one vehicle- and one drug-treated mouse were only
used for histological analysis due to poor EEG quality.
Based on video/EEG monitoring at four and 12 weeks post-SE, treatment with levetiracetam
+ deferoxamine + gabapentin + fingolimod did not significantly reduce the incidence of
electroclinical seizures at four, 12, or 4+12 weeks post-SE (stage I-V based on a modified
Racine scale by Racine (1972); Figure 18A-C). Furthermore, the treatment did not have a
significant effect on the frequency of electroclinical seizures (stage I-V; Figure 18G-I).
However, when the electroclinical seizures were classified into focal (stage I-III) and
generalized (stage IV and V) convulsive seizures, a significant reduction of the frequency of
generalized convulsive seizures at 4+12 weeks post-SE was observed compared to the vehicle
group (Figure 18F, P<0.05). No significant effect was observed concerning the calculated
seizure load based on seizure duration (Figure 19A-C) or seizure severity (Figure 19D-F).
Treatment with levetiracetam + deferoxamine + gabapentin + fingolimod did not significantly
reduce the incidence (Figure 20A-C) or the frequency (Figure 20D-I) of electrographic
seizures at four, 12, or 4+12 weeks post-SE. Moreover, the drug combination did not
significantly reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex
(Figure 21A-F), or prevent GCD (Figure 21G) in the ipsilateral hippocampus induced by
intrahippocampal kainate. No neuronal loss or GCD was observed in the contralateral
hippocampus, as seen in the ipsilateral CA3c (Figure 21H).
Based on the exclusion criteria explained in Chapter 6.2.7, one drug-treated animal was
excluded from the analysis reported above. However, the lack of electroclinical and
electrographic seizures, as well as neurodegeneration and GCD, may also be a treatment
effect in drug-treated animals. We therefore repeated the analysis of this study without
excluding the drug-treated animal to investigate potential effects of the drug combination
which might be overseen when excluding drug-treated animals from this study.
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When including all drug-treated animals in the analysis, treatment with levetiracetam +
deferoxamine + gabapentin + fingolimod did not significantly reduce the incidence of
electroclinical seizures at four, 12, or 4+12 weeks post-SE (stage I-V based on a modified
Racine scale by Racine (1972); Figure 22A-C). However, the treatment significantly reduced
the frequency of electroclinical seizures at 4+12 weeks post-SE (stage I-V; Figure 22I,
P<0.05). When the electroclinical seizures were classified into focal (stage I-III) and
generalized (stage IV and V) convulsive seizures, a significant reduction of the frequency of
generalized convulsive seizures at 4+12 weeks post-SE was observed compared to the vehicle
group (Figure 22F, P<0.05). However, the treatment did not have a significant effect on the
frequency (stage I-V; Figure 22G-I) or duration (stage I-V; Figure 22J-L) of electroclinical
seizures. Furthermore, the seizure load based on seizure duration (Figure 23A-C) and the
seizure load based seizure severity (Figure 23D-F) were significantly reduced at 4+12 weeks
post-SE.
Treatment with levetiracetam + deferoxamine + gabapentin + fingolimod did not significantly
reduce the incidence (Figure 24A-C) or the frequency (Figure 24D-I) of electrographic
seizures at four, 12, or 4+12 weeks post-SE. Moreover, the drug combination did not
significantly reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex
(Figure 25A-F), or prevent GCD (Figure 25G) in the ipsilateral hippocampus induced by
intrahippocampal kainate. No neuronal loss or GCD was observed in the contralateral
hippocampus, as seen in the ipsilateral CA3c (Figure 25H). In conclusion, the inclusion of the
drug-treated animal for the analysis indicated further significant effects of the drug
combination levetiracetam + deferoxamine + gabapentin + fingolimod.
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Figure 18: Levetiracetam + deferoxamine + gabapentin + fingolimod: Incidence,
frequency, and duration of electroclinical seizures (with exclusion of drug- and
vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle- and
one drug-treated animal were excluded from the analysis. Shown are the incidence of spontaneous
electroclinical seizures (stage I-V according to Racine (1972); A-C), the frequency of focal (stage I-III)
and generalized (stage IV and V) electroclinical seizures (D-F), the frequency of electroclinical
seizures (stage I-V; G-I), and the average duration of electroclinical seizures (stage I-V; J-L) at four,
12, and 4+12 weeks post-SE. Data (D-L) are shown as boxplots with whiskers from minimum to
maximal values; the horizontal line in the boxes represents the median value. In addition, individual
data are shown. The frequency and duration of electroclinical seizures were averaged for each animal.
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Significant differences between the vehicle- and drug-treated groups are indicated by asterisks
(Student’s t-test, *P<0.05).

Figure 19: Levetiracetam + deferoxamine + gabapentin + fingolimod: Seizure load
(with exclusion of drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle- and
one drug-treated animal were excluded from the analysis. The respective vehicle groups were pooled
for analysis. Shown are the seizure load based on seizure duration (A-C) and the seizure load based
on seizure severity (D-F) at four, 12, and 4+12 weeks post-SE. Data (A-F) are shown as boxplots with
whiskers from minimum to maximal values; the horizontal line in the boxes represents the median
value. In addition, individual data are shown.
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Figure 20: Levetiracetam + deferoxamine + gabapentin + fingolimod: Incidence,
frequency, and duration of electrographic seizures (with exclusion of drug- and
vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle- and
one drug-treated animal were excluded from the analysis. Shown are the incidence of electrographic
seizures (all types; A-C), the frequency of high voltage sharp waves (HVSWs) and hippocampal
paroxysmal discharges (HPDs; D-F), and the frequency of all types of electrographic seizures (G-I) at
four, 12, and 4+12 weeks post-SE. Data (D-I) are shown as boxplots with whiskers from minimum to
maximal values; the horizontal line in the boxes represents the median value. In addition, individual
data are shown. The frequency of electrographic seizures was averaged for each animal.
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Figure

21:

Levetiracetam

+

deferoxamine

+

gabapentin

+

fingolimod:

Neurodegeneration and granule cell dispersion in the hippocampus (with exclusion of
drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, one vehicle- and one
drug-treated animal were excluded from the analysis. The neurodegeneration was scored in the CA1,
CA2, CA3a, CA3c, hilus, and piriform cortex of the ipsilateral hippocampus (A-F). The granule cell
dispersion (GCD) was assessed in the dentate gyrus of the ipsilateral hippocampus (G). No
neurodegeneration or GCD was found in the contralateral hippocampus, as shown for the contralateral
CA3c (H). Individual data, the average score of five to six assessed brain sections between -1.56 to 2.18 mm from bregma, are shown for each animal; the horizontal line represents the median value.
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Figure 22: Levetiracetam + deferoxamine + gabapentin + fingolimod: Incidence,
frequency, and duration of electroclinical seizures (without exclusion of drug-treated
animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicletreated animal was excluded from the analysis; no drug-treated animals were excluded from the
analysis. Shown are the incidence of spontaneous electroclinical seizures (stage I-V according to
Racine (1972); A-C), the frequency of focal (stage I-III) and generalized (stage IV and V) electroclinical
seizures (D-F), the frequency of electroclinical seizures (stage I-V; G-I), and the average duration of
electroclinical seizures (stage I-V; J-L) at four, 12, and 4+12 weeks post-SE. Data (D-L) are shown as
boxplots with whiskers from minimum to maximal values; the horizontal line in the boxes represents
the median value. In addition, individual data are shown. The frequency and duration of electroclinical
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seizures were averaged for each animal. Significant differences between the vehicle- and drug-treated
groups are indicated by asterisks (Student’s t-test, *P<0.05).

Figure 23: Levetiracetam + deferoxamine + gabapentin + fingolimod: Seizure load
(without exclusion of drug-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicletreated animal was excluded from the analysis; no drug-treated animals were excluded from the
analysis. The respective vehicle groups were pooled for analysis. Shown are the seizure load based
on seizure duration (A-C) and the seizure load based on seizure severity (D-F) at four, 12, and 4+12
weeks post-SE. Data (A-F) are shown as boxplots with whiskers from minimum to maximal values; the
horizontal line in the boxes represents the median value. In addition, individual data are shown.
Significant differences between the vehicle- and drug-treated groups are indicated by asterisks
(Student’s t-test, *P<0.05).
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Figure 24: Levetiracetam + deferoxamine + gabapentin + fingolimod: Incidence,
frequency, and duration of electrographic seizures (without exclusion of drug-treated
animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicletreated animal was excluded from the analysis; no drug-treated animals were excluded from the
analysis. Shown are the incidence of electrographic seizures (all types; A-C), the frequency of high
voltage sharp waves (HVSWs) and hippocampal paroxysmal discharges (HPDs; D-F), and the
frequency of all types of electrographic seizures (G-I) at four, 12, and 4+12 weeks post-SE. Data (D-I)
are shown as boxplots with whiskers from minimum to maximal values; the horizontal line in the boxes
represents the median value. In addition, individual data are shown. The frequency of electrographic
seizures was averaged for each animal.
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Figure

25:

Levetiracetam

+

deferoxamine

+

gabapentin

+

fingolimod:

Neurodegeneration and granule cell dispersion in the hippocampus (without exclusion
of drug-treated animals)
Mice were treated with the drug combination levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL) or the respective vehicle after status epilepticus (SE) over five days and
transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, one vehicle-treated
animal was excluded from the analysis; no drug-treated animals were excluded from the analysis. The
neurodegeneration was scored in the CA1, CA2, CA3a, CA3c, hilus, and piriform cortex of the
ipsilateral hippocampus (A-F). The granule cell dispersion (GCD) was assessed in the dentate gyrus
of the ipsilateral hippocampus (G). No neurodegeneration or GCD was found in the contralateral
hippocampus, as shown for the contralateral CA3c (H). Individual data, the average score of five to six
assessed brain sections between -1.56 to -2.18 mm from bregma, are shown for each animal; the
horizontal line represents the median value.
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6.3.5 Levetiracetam + atorvastatin + ceftriaxone
When drug combination D, levetiracetam (200 mg/kg t.i.d.) + atorvastatin (10 mg/kg t.i.d.) +
ceftriaxone (200 mg/kg t.i.d), was administered over five days during the latent period after a
kainate-induced SE, no significant effect on the development of epilepsy was observed, yet
the drug combination exerted a proepileptogenic signal (electroclinical seizures). Seven
vehicle- and eight drug-treated animals were included in the analysis, of which one vehicletreated mouse lost its electrode head assembly before the second monitoring period at 12
weeks post-SE.
Based on video/EEG monitoring at four and 12 weeks post-SE, treatment with levetiracetam
+ atorvastatin + ceftriaxone did not significantly reduce the incidence (Figure 26A-C),
frequency (Figure 26G-I), or duration (Figure 26J-L) of electroclinical seizures (stage I-V
based on a modified Racine scale by Racine (1972)) at four, 12, or 4+12 weeks post-SE.
However, a proepileptogenic trend concerning the frequency (stage I-V; Figure 26G-I) of
electroclinical seizures was observed at four, 12, and 4+12 weeks post-SE. This
proepileptogenic trend was also observed when the electroclinical seizures were classified
into focal (stage I-III) and generalized (stage IV and V) convulsive seizures (Figure 26D-F).
Furthermore, treatment with levetiracetam + atorvastatin + ceftriaxone had no significant
effect on the calculated seizure load based on seizure duration or seizure severity (not
illustrated).
In addition, the treatment with levetiracetam + atorvastatin + ceftriaxone also had no
significant effect on the incidence (Figure 27A-C) or frequency (Figure 27D-I) of
electrographic seizures at four, 12, or 4+12 weeks post-SE. Moreover, treatment did not
significantly reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex
(Figure 28A-F), or prevent GCD (Figure 28G) in the ipsilateral hippocampus induced by
intrahippocampal kainate. No neuronal loss or GCD was observed in the contralateral
hippocampus, as seen in the ipsilateral CA3c (Figure 28H).
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Figure 26: Levetiracetam + atorvastatin + ceftriaxone: Incidence, frequency, and
duration of electroclinical seizures (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) or the respective vehicle after status epilepticus (SE) over five days and video/EEG
monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle-treated animal
was excluded from the analysis. Shown are the incidence of spontaneous electroclinical seizures
(stage I-V according to Racine (1972); A-C), the frequency of focal (stage I-III) and generalized (stage
IV and V) electroclinical seizures (D-F), the frequency of electroclinical seizures (stage I-V; G-I), and
the average duration of electroclinical seizures (stage I-V; J-L) at four, 12, and 4+12 weeks post-SE.
Data (D-L) are shown as boxplots with whiskers from minimum to maximal values; the horizontal line
in the boxes represents the median value. In addition, individual data are shown. The frequency and
duration of electroclinical seizures were averaged for each animal.
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Figure 27: Levetiracetam + atorvastatin + ceftriaxone: Incidence, frequency, and
duration of electrographic seizures (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) or the respective vehicle after status epilepticus (SE) over five days and video/EEG
monitored at four and 12 weeks post-SE. Based on the exclusion criteria, one vehicle-treated animal
was excluded from the analysis. Shown are the incidence of electrographic seizures (all types; A-C),
the frequency of high voltage sharp waves (HVSWs) and hippocampal paroxysmal discharges (HPDs;
D-F), and the frequency of all types of electrographic seizures (G-I) at four, 12, and 4+12 weeks postSE. Data (D-I) are shown as boxplots with whiskers from minimum to maximal values; the horizontal
line in the boxes represents the median value. In addition, individual data are shown. The frequency of
electrographic seizures was averaged for each animal.
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Figure 28: Levetiracetam + atorvastatin + ceftriaxone: Neurodegeneration and granule
cell dispersion in the hippocampus (with exclusion of drug- and vehicle-treated
animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) or the respective vehicle after status epilepticus (SE) over five days and
transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, one vehicle-treated
animal was excluded from the analysis. The neurodegeneration was scored in the CA1, CA2, CA3a,
CA3c, hilus, and piriform cortex of the ipsilateral hippocampus (A-F). The granule cell dispersion
(GCD) was assessed in the dentate gyrus of the ipsilateral hippocampus (G). No neurodegeneration
or GCD was found in the contralateral hippocampus, as shown for the contralateral CA3c (H).
Individual data, the average score of five to six assessed brain sections between -1.56 to -2.18 mm
from bregma, are shown for each animal; the horizontal line represents the median value.
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6.3.6 Levetiracetam + atorvastatin + ceftriaxone (reduced doses)
Due to the lack of an antiepileptogenic or disease-modifying effect and an observed
proepileptogenic signal of the drug combination at higher doses, a further antiepileptogenesis
study was performed with the drug combination levetiracetam + atorvastatin + ceftriaxone
with reduced doses. The dose of each drug was reduced by 70%: levetiracetam (60 mg/kg
t.i.d.) + atorvastatin (3 mg/kg t.i.d.) + ceftriaxone (60 mg/kg t.i.d). When drug combination E,
levetiracetam + atorvastatin + ceftriaxone (reduced doses), was administered over five days
during the latent period after a kainate-induced SE, a significant effect on the development of
epilepsy was observed (electroclinical seizures). Eight vehicle- and seven drug-treated
animals were included in the analysis, of which two drug-treated mice died during a
convulsive seizure before the second monitoring period at 12 weeks post-SE.
Based on video/EEG monitoring at four and 12 weeks post-SE, treatment with levetiracetam
+ atorvastatin + ceftriaxone (reduced doses) significantly reduced the incidence of focal
electroclinical seizures (stage I-III based on a modified Racine scale by Racine (1972)) at
4+12 weeks post-SE (Figure 29F). Six out of eight (~75%) vehicle-treated mice developed
focal electroclinical seizures compared to one out of six (~17%) drug-treated mice.
Furthermore, treatment with levetiracetam + atorvastatin + ceftriaxone (reduced doses) did
not have a significant effect on the frequency of electroclinical seizures (stage I-V; Figure
29J-L), but significantly reduced the frequency of focal electroclinical seizures at 4+12 weeks
post-SE (stage I-III; Figure 29I). No significant effect was observed concerning the duration
of electroclinical seizures (Figure 29M-O) and the calculated seizure load based on seizure
duration or seizure severity (not illustrated).
Treatment with levetiracetam + atorvastatin + ceftriaxone also did not have a significant
effect on the incidence (Figure 30A-C) or frequency (Figure 30D-I) of electrographic seizures
at four, 12, or 4+12 weeks post-SE. Finally, treatment with levetiracetam + atorvastatin +
ceftriaxone (reduced doses) did not significantly reduce the neurodegeneration in the CA1,
CA2, CA3, hilus, or piriform cortex (Figure 31A-F), or prevent GCD (Figure 31G) in the
ipsilateral hippocampus induced by intrahippocampal kainate. No neuronal loss or GCD was
observed in the contralateral hippocampus, as seen in the ipsilateral CA3c (Figure 31H).
Based on the exclusion criteria explained in Chapter 6.2.7, two drug-treated animals were
excluded from the analysis reported above. However, the lack of electroclinical and
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electrographic seizures, as well as neurodegeneration and GCD, may also be a treatment
effect in drug-treated animals. We therefore repeated the analysis of this study without
excluding the drug-treated animals to investigate potential effects of the drug combination
which might be overseen when excluding drug-treated animals from this study.
When including all drug-treated animals in the analysis, treatment with levetiracetam +
atorvastatin + ceftriaxone (reduced doses) significantly reduced the incidence of focal
electroclinical seizures (stage I-III based on a modified Racine scale by Racine (1972)) at
4+12 weeks post-SE (Figure 32F). Furthermore, treatment with levetiracetam + atorvastatin +
ceftriaxone (reduced doses) did not have a significant effect on the frequency of
electroclinical seizures at four, 12, or 4+12 weeks post-SE (stage I-V, Figure 32J-L), but
significantly reduced the frequency of focal electroclinical seizures at 4+12 weeks post-SE
(stage I-III; Figure 32I). No significant effect was observed concerning the duration of
electroclinical seizures (Figure 32M-O) and the calculated seizure load based on seizure
duration or seizure severity (not illustrated). Treatment with levetiracetam + atorvastatin +
ceftriaxone also had no significant effect on the incidence (Figure 33A-C) or frequency
(Figure 33D-I) of electrographic seizures at four, 12, or 4+12 weeks post-SE. Finally,
treatment with levetiracetam + atorvastatin + ceftriaxone (reduced doses) did not significantly
reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex (Figure 34AF), or prevent GCD (Figure 34G) in the ipsilateral hippocampus induced by intrahippocampal
kainate. No neuronal loss or GCD was observed in the contralateral hippocampus, as seen in
the ipsilateral CA3c (Figure 34H). In conclusion, the exclusion of the two drug-treated
animals from the analysis did not result in a different outcome of the present study or conceal
possible additional effects of the drug combination levetiracetam + atorvastatin + ceftriaxone
(reduced doses).
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Figure 29: Levetiracetam + atorvastatin + ceftriaxone (reduced doses): Incidence,
frequency, and duration of electroclinical seizures (with exclusion of drug- and
vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria,
two drug-treated animals were excluded from the analysis. Shown are the incidence of spontaneous
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electroclinical seizures (stage I-V according to Racine (1972); A-C), the incidence of focal
electroclinical seizures (stage I-III; D-F), the frequency of focal (stage I-III) and generalized (stage IV
and V) electroclinical seizures (G-I), the frequency of electroclinical seizures (stage I-V; J-L), and the
average duration of electroclinical seizures (stage I-V; M-O) at four, 12, and 4+12 weeks post-SE.
Data (G-O) are shown as boxplots with whiskers from minimum to maximal values; the horizontal line
in the boxes represents the median value. In addition, individual data are shown. The frequency and
duration of electroclinical seizures were averaged for each animal. Significant differences between the
vehicle- and drug-treated groups are indicated by asterisks (Barnard’s test, *P<0.05; Mann-Whitney Utest, *P<0.05).

Figure 30: Levetiracetam + atorvastatin + ceftriaxone (reduced doses): Incidence,
frequency, and duration of electrographic seizures (with exclusion of drug- and
vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria,
two drug-treated animals were excluded from the analysis. Shown are the incidence of electrographic
seizures (all types; A-C), the frequency of high voltage sharp waves (HVSWs) and hippocampal
paroxysmal discharges (HPDs; D-F), and the frequency of all types of electrographic seizures (G-I) at
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four, 12, and 4+12 weeks post-SE. Data (D-I) are shown as boxplots with whiskers from minimum to
maximal values; the horizontal line in the boxes represents the median value. In addition, individual
data are shown. The frequency of electrographic seizures was averaged for each animal.

Figure

31:

Levetiracetam

+

atorvastatin

+

ceftriaxone

(reduced

doses):

Neurodegeneration and granule cell dispersion in the hippocampus (with exclusion of
drug- and vehicle-treated animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, two drugtreated animals were excluded from the analysis. The neurodegeneration was scored in the CA1,
CA2, CA3a, CA3c, hilus, and piriform cortex of the ipsilateral hippocampus (A-F). The granule cell
dispersion (GCD) was assessed in the dentate gyrus of the ipsilateral hippocampus (G). No
neurodegeneration or GCD was found in the contralateral hippocampus, as shown for the contralateral
CA3c (H). Individual data, the average score of five to six assessed brain sections between -1.56 to 2.18 mm from bregma, are shown for each animal; the horizontal line represents the median value.
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Figure 32: Levetiracetam + atorvastatin + ceftriaxone (reduced doses): Incidence,
frequency, and duration of electroclinical seizures (without exclusion of drug-treated
animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, no
vehicle- or drug-treated animals were excluded from the analysis. Shown are the incidence of
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spontaneous electroclinical seizures (stage I-V according to Racine (1972); A-C), the incidence of
focal electroclinical seizures (stage I-III; D-F), the frequency of focal (stage I-III) and generalized
(stage IV and V) electroclinical seizures (G-I), the frequency of electroclinical seizures (stage I-V; J-L),
and the average duration of electroclinical seizures (stage I-V; M-O) at four, 12, and 4+12 weeks postSE; all drug-treated animals were included in the analysis. Data (G-O) are shown as boxplots with
whiskers from minimum to maximal values; the horizontal line in the boxes represents the median
value. In addition, individual data are shown. The frequency and duration of electroclinical seizures
were averaged for each animal. Significant differences between the vehicle- and drug-treated groups
are indicated by asterisks (Barnard’s test, *P<0.05; Mann-Whitney U-test, *P<0.05).

Figure 33: Levetiracetam + atorvastatin + ceftriaxone (reduced doses): Incidence,
frequency, and duration of electrographic seizures (without exclusion of drug-treated
animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and video/EEG monitored at four and 12 weeks post-SE. Based on the exclusion criteria, no
vehicle- or drug-treated animals were excluded from the analysis. Shown are the incidence of
electrographic seizures (all types; A-C), the frequency of high voltage sharp waves (HVSWs) and
hippocampal paroxysmal discharges (HPDs; D-F), and the frequency of all types of electrographic
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seizures (G-I) at four, 12, and 4+12 weeks post-SE; all drug-treated animals were included in the
analysis. Data (D-I) are shown as boxplots with whiskers from minimum to maximal values; the
horizontal line in the boxes represents the median value. In addition, individual data are shown. The
frequency of electrographic seizures was averaged for each animal.

Figure

34:

Levetiracetam

+

atorvastatin

+

ceftriaxone

(reduced

doses):

Neurodegeneration and granule cell dispersion in the hippocampus (without exclusion
of drug-treated animals)
Mice were treated with the drug combination levetiracetam + atorvastatin + ceftriaxone
(LEV+ATV+CFX) with reduced doses (RD) or the respective vehicle after status epilepticus (SE) over
five days and transcardially perfused 13-14 weeks post-SE. Based on the exclusion criteria, no
vehicle- or drug-treated animals were excluded from the analysis. All drug-treated animals were
included in the analysis. The neurodegeneration was scored in the CA1, CA2, CA3a, CA3c, hilus, and
piriform cortex of the ipsilateral hippocampus (A-F). The granule cell dispersion (GCD) was assessed
in the dentate gyrus of the ipsilateral hippocampus (G). No neurodegeneration or GCD was found in
the contralateral hippocampus, as shown for the contralateral CA3c (H). Individual data, the average
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score of five to six assessed brain sections between -1.56 to -2.18 mm from bregma, are shown for
each animal; the horizontal line represents the median value.

6.3.7 Post hoc power analysis
In the antiepileptogenesis studies, the sample size was restricted to eight vehicle controls and
eight drug-treated mice due to limited video/EEG monitoring capacities. Based on a sample
size of eight mice per group and the results of previous experiments, the statistical power to
determine a significant effect on seizure frequency was calculated at 0.81 before beginning
the studies. The drug combinations C, levetiracetam + deferoxamine + celecoxib +
fingolimod, and E, levetiracetam + atorvastatin + ceftriaxone, were selected for an exemplary
post hoc statistical analysis. The program G*Power 3.1 and the collected data (e.g. means and
standard deviations of both groups, and α=0.05) were used to compute the achieved power of
the experiments for the frequency of electroclinical seizures (stage I-III, IV+V, and I-V based
on a modified scale by Racine (1972)) at 4+12 weeks post-SE. The original group sizes were
reduced due to excluded animals, the loss of electrode headsets, EEGs with poor quality, or
the death of animals during generalized convulsive seizures. The final group sizes, the post
hoc calculated power of the experiments, and the group size needed to achieve a power of
0.8 are shown in Table 5 for drug combination C and in Table 7 for drug combination E.
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Frequency of

Frequency of

Frequency of

electroclinical seizures

electroclinical seizures

electroclinical seizures

(stage I-III)

(stage IV-V)

(stage I-V)

Vehicle

LEV+DFX+
GBP+FGL

Vehicle

LEV+DFX+
GBP+FGL

Vehicle

LEV+DFX+
GBP+FGL

5

5

5

5

5

5

Mean

1.80

0.40

8.40

2.12

10.20

2.40

Standard
deviation

3.49

0.55

2.58

0.95

7.60

2.30

Group size

Significance

n.s.

*P<0.05

n.s.

Calculated
power

0.12

0.99

0.49

52

3

10

Group size
needed for a
power ≥0.8

Table 6: Levetiracetam + deferoxamine + gabapentin + fingolimod: Post hoc analysis
of the frequency of electroclinical seizures at 4+12 weeks post-SE
Post hoc analysis of the frequency of electroclinical seizures (stage I-V based on a modified scale by
Racine (1972)) and the frequency of focal (stage I-III) and generalized convulsive (stage IV and V)
seizures at 4+12 weeks post-SE. Shown are the group sizes, significant results, the calculated power,
and the group size (animals per vehicle-/drug-treated group) to achieve a power of ≥0.8 of the study
for the drug combination study with levetiracetam + deferoxamine + gabapentin + fingolimod
(LEV+DFX+GBP+FGL). n.s.=not significant.
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Frequency of

Frequency of

Frequency of

electroclinical seizures

electroclinical seizures

electroclinical seizures

(stage I-III)

(stage IV-V)

(stage I-V)

Vehicle

LEV+ATV+
CFX (RD)

Vehicle

LEV+ATV+
CFX (RD)

Vehicle

LEV+ATV+
CFX (RD)

8

6

8

6

8

6

Mean

1.38

0.17

10.00

5.67

11.38

5.83

Standard
deviation

1.06

0.41

13.33

6.38

13.75

6.40

Group size

Significance
Calculated
power
Group size
needed for a
power ≥0.8

*P<0.05

n.s.

n.s.

0.80

0.12

0.16

7

83

53

Table 7: Levetiracetam + atorvastatin + ceftriaxone (reduced doses): Post hoc analysis
of the frequency of electroclinical seizures at 4+12 weeks post-SE
Post hoc analysis of the frequency of electroclinical seizures (stage I-V based on a modified scale by
Racine (1972)) and the frequency of focal (stage I-III) and generalized convulsive (stage IV and V)
seizures at 4+12 weeks post-SE. Shown are the group sizes, significant results, the calculated power,
and the group size (animals per vehicle-/drug-treated group) to achieve a power of ≥0.8 for the drug
combination study with levetiracetam + atorvastatin + ceftriaxone with reduced doses (LEV+ATV+CFX
(RD)). n.s.=not significant.
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6.3.8 Overall comparison of tested drug combinations
As seen in the post hoc analysis, a high variation in the power of the data for the frequency of
focal and generalized electroclinical seizures was observed (range of 0.12-0.99). As there was
no significant difference between the vehicle-treated groups of the drug combinations (not
illustrated) and to better compare the drug combination studies, the vehicle-treated groups
were pooled and compared with the drug-treated groups. The exclusion of drug-treated
animals from the analysis based on the exclusion criteria (Chapter 6.2.7) may result in
treatment effects of the drug combinations being overseen and drug-treated animals being
falsely excluded from the analysis. However, as it is not clear whether the lack of
electroclinical and electrographic seizures, neurodegeneration, and GCD was due to the drug
treatment of the animals or the intrahippocampal kainate injection not working correctly, all
vehicle- and drug-treated animals that matched the exclusion criteria were excluded from the
analysis for the overall comparison of the drug combinations.
When comparing the drug-treated groups with the pooled vehicle groups, significant effects
of the drug combinations on the development of epilepsy were observed. The drug
combination levetiracetam + gabapentin + topiramate did not have a significant effect on the
incidence (stage I-V based on a modified Racine scale by Racine (1972); Figure 35A-C),
frequency (stage I-V; Figure 35J-L), or duration of electroclinical seizures (stage I-V; Figure
35M-O), or the calculated seizure load based on seizure duration (stage I-V; Figure 36A-C) or
seizure severity (stage I-V; Figure 36D-F) at four, 12, or 4+12 weeks post-SE. However, the
drug treatment significantly reduced the incidence of electrographic seizures (all types; Figure
37B) and HPDs (Figure 37H) at 12 weeks post-SE, but did not exert a significant effect on the
frequency of electrographic seizures (all types; Figure 37J-L). Furthermore, treatment with
levetiracetam + gabapentin + topiramate did not significantly reduce the neurodegeneration in
the CA1, CA2, CA3, hilus, or piriform cortex of the ipsilateral hippocampus induced by
intrahippocampal kainate (Figure 38A-F) or significantly reduce the GCD in the ipsilateral
hippocampus (Figure 38G). The significant effects of the drug combination levetiracetam +
gabapentin + topiramate concerning the incidence of electrographic seizures (Chapter 6.3.2)
were also observed in the single analysis of the drug combination.
In the overall comparison of all drug combinations, the drug combination levetiracetam + αtocopherol did not have a significant effect on the incidence (stage I-V; Figure 35A-C),
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frequency (stage I-V; Figure 35J-L), or duration of electroclinical seizures (stage I-V; Figure
35M-O), or the calculated seizure load based on seizure duration (stage I-V; Figure 36A-C) or
seizure severity (stage I-V; Figure 36D-F) at four, 12, or 4+12 weeks post-SE. Furthermore,
the drug treatment did not significantly reduce the incidence (Figure 37A-I) or frequency
(Figure 37J-L) of electrographic seizures (all types) at four, 12, or 4+12 weeks post-SE.
Treatment

with

levetiracetam

+

α-tocopherol

did

not

significantly

reduce

the

neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex of the ipsilateral
hippocampus induced by intrahippocampal kainate (Figure 38A-F), although it significantly
increased the neurodegeneration in the piriform cortex (Figure 38E). Moreover, treatment did
not significantly reduce the GCD in the ipsilateral hippocampus (Figure 38G). The significant
effect of the drug combination levetiracetam + α-tocopherol on the incidence of focal
electrographic seizures at four weeks post-SE (Chapter 6.3.3) was not observed in the overall
comparison of the drug combinations.
The drug combination levetiracetam + deferoxamine + gabapentin + fingolimod did not have
a significant effect on the incidence (stage I-V; Figure 35A-C) or frequency (stage I-V; Figure
35J-L) of electroclinical seizures, or the calculated seizure load based on seizure duration
(stage I-V; Figure 36A-C) or seizure severity (stage I-V; Figure 36D-F) at four, 12, or 4+12
weeks post-SE. However, the drug treatment significantly increased the duration of
electroclinical seizures (stage I-V; Figure 35N) and generalized electroclinical seizures (stage
IV+V; not illustrated) at 12 weeks post-SE. Treatment with levetiracetam + deferoxamine +
gabapentin + fingolimod did not significantly reduce the incidence (Figure 37A-I) or
frequency (Figure 37J-L) of electrographic seizures (all types) at four, 12, or 4+12 weeks
post-SE. Furthermore, the drug treatment did not significantly reduce the neurodegeneration
in the CA1, CA2, CA3, hilus, or piriform cortex of the ipsilateral hippocampus induced by
intrahippocampal kainate (Figure 38A-F) or significantly reduce the GCD in the ipsilateral
hippocampus (Figure 38G). The significant effect of the drug combination levetiracetam +
deferoxamine + gabapentin + fingolimod on the frequency of generalized electroclinical
seizures at 4+12 weeks post-SE (Chapter 6.3.4) was not observed in the overall comparison of
the drug combinations.
When comparing the drug combination levetiracetam + atorvastatin + ceftriaxone with the
pooled vehicle groups, it did not have a significant effect on the incidence (stage I-V; Figure
35A-C), frequency (stage I-V; Figure 35J-L), or duration of electroclinical seizures (stage I94

Antiepileptogenic efficacy of promising drug combinations in the intrahippocampal
kainate mouse model

V; Figure 35M-O), or the calculated seizure load based on seizure duration (stage I-V; Figure
36A-C) or seizure severity (stage I-V; Figure 36D-F) at four, 12, or 4+12 weeks post-SE.
However, treatment with the drug combination indicated a proepileptogenic trend concerning
the frequency of electroclinical seizures at 12 and 4+12 weeks (stage I-V; Figure 35K+L).
Furthermore, the drug treatment did not significantly reduce the incidence (Figure 37A-I) or
frequency (Figure 37J-L) of electrographic seizures (all types) at four, 12, or 4+12 weeks
post-SE. Treatment with levetiracetam + atorvastatin + ceftriaxone did not significantly
reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex of the
ipsilateral hippocampus induced by intrahippocampal kainate (Figure 38A-F), or significantly
reduce the GCD in the ipsilateral hippocampus (Figure 38G). As in the analysis of the drug
combination alone (Chapter 6.3.5), only a proepileptogenic trend was observed for
levetiracetam + atorvastatin + ceftriaxone in the overall comparison of the drug combinations.
The drug combination levetiracetam + atorvastatin + ceftriaxone with reduced doses had a
significant effect on the incidence of electroclinical seizures (stage I-V; Figure 35B) and
generalized electroclinical seizures (stage IV+V; Figure 35H) at 12 weeks post-SE. However,
the drug treatment had no significant effect on the frequency (stage I-V; Figure 35J-L) or
duration of electroclinical seizures (stage I-V; Figure 35M-O), or the calculated seizure load
based on seizure duration (stage I-V; Figure 36A-C) or seizure severity (stage I-V; Figure
36D-F) at four, 12, or 4+12 weeks post-SE. Furthermore, the drug treatment did not
significantly reduce the incidence (Figure 37A-I) or frequency (Figure 37J-L) of
electrographic seizures (all types) at four, 12, or 4+12 weeks post-SE. Moreover, it did not
significantly reduce the neurodegeneration in the CA1, CA2, CA3, hilus, or piriform cortex of
the ipsilateral hippocampus induced by intrahippocampal kainate (Figure 38A-F), or
significantly reduced the GCD in the ipsilateral hippocampus (Figure 38G). The significant
effects were not found in the analysis of the drug combination alone (Chapter 6.3.6), where
the drug combination significantly reduced the incidence and frequency of focal
electroclinical seizures at 4+12 weeks post-SE.
When comparing the drug-treated groups of the drug combinations levetiracetam +
atorvastatin + ceftriaxone and levetiracetam + atorvastatin + ceftriaxone (reduced doses), no
significant changes in the incidence (Figure 35A-I), frequency (Figure 35J-L), duration
(Figure 35M-O), or the seizure load (Figure 36A-F) of electroclinical seizures were observed.
Furthermore, no significant changes in the incidence of electrographic seizures were found
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(Figure 37A-I). However, reducing the doses of levetiracetam + atorvastatin + ceftriaxone by
70% resulted in a significant lower frequency of electrographic seizures (all types) at four and
4+12 weeks post-SE (Figure 37J and L, P<0.05).
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Figure 35: Overall comparison of all tested drug combinations: Incidence, frequency,
and duration of electroclinical seizures
Mice were treated with the drug combinations levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM), levetiracetam +

-tocopherol (LEV+AT), levetiracetam + levetiracetam +

deferoxamine + gabapentin + fingolimod (LEV+DFX+GBP+FGL), levetiracetam + atorvastatin +
ceftriaxone (LEV+ATV+CFX), or LEV+ATV+CFX with reduced doses (RD) after status epilepticus
(SE) over five days and video/EEG monitored at four and 12 weeks post-SE. The respective vehicle
groups were pooled for analysis. Shown are the incidence of spontaneous electroclinical seizures
(stage I-V according to Racine (1972); A-C), the incidence of focal electroclinical seizures (stage I-III;
D-F), the incidence of generalized electroclinical seizures (stage IV+V; G-I), the frequency of
electroclinical seizures (stage I-V; J-L), and the average duration of electroclinical seizures (stage I-V;
M-O) at four, 12, and 4+12 weeks post-SE. Data (J-O) are shown as boxplots with whiskers from
minimum to maximal values; the horizontal line in the boxes represents the median value. In addition,
individual data are shown. The frequency and duration of electroclinical seizures was averaged for
each animal. Significant differences between the vehicle- and drug-treated groups are indicated by
asterisks (Barnard’s test, *P<0.05, ***P<0.001; one-way ANOVA followed post hoc by Dunnett’s
multiple comparisons test t-test, *P<0.05).
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Figure 36: Overall comparison of all tested drug combinations: Seizure load
Mice were treated with the drug combinations levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM), levetiracetam +

-tocopherol (LEV+AT), levetiracetam + levetiracetam +

deferoxamine + gabapentin + fingolimod (LEV+DFX+GBP+FGL), levetiracetam + atorvastatin +
ceftriaxone (LEV+ATV+CFX), or LEV+ATV+CFX with reduced doses (RD) after status epilepticus
(SE) over five days and video/EEG monitored at four and 12 weeks post-SE. The respective vehicle
groups were pooled for analysis. Shown are the seizure load based on seizure duration (A-C) and the
seizure load based on seizure severity (D-F) at four, 12, and 4+12 weeks post-SE. Data (A-F) are
shown as boxplots with whiskers from minimum to maximal values; the horizontal line in the boxes
represents the median value. In addition, individual data are shown.
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Figure 37: Overall comparison of all tested drug combinations: Incidence and
frequency of electrographic seizures
Mice were treated with the drug combinations levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM), levetiracetam +

-tocopherol (LEV+AT), levetiracetam + levetiracetam +

deferoxamine + gabapentin + fingolimod (LEV+DFX+GBP+FGL), levetiracetam + atorvastatin +
ceftriaxone (LEV+ATV+CFX), or LEV+ATV+CFX with reduced doses (RD) after status epilepticus
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(SE) over five days and video/EEG monitored at four and 12 weeks post-SE. The respective vehicle
groups were pooled for analysis. Shown are the incidence of electrographic seizures (all types; A-C),
the incidence of high voltage sharp waves (HVSWs; D-F), the incidence of hippocampal paroxysmal
discharges (HPDs; G-I), and the frequency of all types of electrographic seizures (J-L) at four, 12, and
4+12 weeks post-SE. Data (J-L) are shown as boxplots with whiskers from minimum to maximal
values; the horizontal line in the boxes represents the median value. In addition, individual data are
shown. The frequency of electrographic seizures was averaged for each animal. Significant
differences between the vehicle- and drug-treated groups are indicated by asterisks (Barnard’s test,
*P<0.05). Significant differences between the LEV+ATV+CFX-treated and LEV+ATV+CFX (RD)treated groups are indicated by hashes (Student’s t-test, Mann-Whitney U-test, #P<0.05).
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Figure 38: Overall comparison of all tested drug combinations: Neurodegeneration
and granule cell dispersion in the hippocampus
Mice were treated with the drug combinations levetiracetam + gabapentin + topiramate
(LEV+GBP+TPM), levetiracetam +

-tocopherol (LEV+AT), levetiracetam + levetiracetam +

deferoxamine + gabapentin + fingolimod (LEV+DFX+GBP+FGL), levetiracetam + atorvastatin +
ceftriaxone (LEV+ATV+CFX), or LEV+ATV+CFX with reduced doses (RD) after status epilepticus
(SE) over five days and transcardially perfused 13-14 weeks post-SE. Naive age-matched animals
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and the respective vehicle groups were pooled for analysis. The neurodegeneration was scored in the
CA1, CA2, CA3a, CA3c, hilus, and piriform cortex of the ipsilateral hippocampus (A-F). The granule
cell dispersion (GCD) was assessed in the dentate gyrus of the ipsilateral hippocampus (G). No
neurodegeneration or GCD was found in the contralateral hippocampus, as shown for the contralateral
CA3c (H). Individual data, the average score of five to six assessed brain sections between -1.56 to 2.18 mm from bregma, are shown for each animal; the horizontal line represents the median value.
Significant differences between the naive and vehicle-/drug-treated groups are indicated by asterisks
(Kruskal-Wallis test followed post hoc by Dunn’s multiple comparisons test, *P<0.05, **P<0.01,
***P<0.001, ****P<0.0001). Significant differences between the vehicle- and drug-treated groups are
indicated by hashes (Kruskal-Wallis test followed post hoc by Dunn’s multiple comparisons test,
#P<0.05).

6.4

Discussion

The concept of network pharmacology has been successfully applied in multiple areas of
research, such as HIV-1 infection, cancer, diabetes, traditional chinese medicine, and
ischemic stroke (Liu et al. 2013; Gao et al. 2016; Muhammad et al. 2018.; Casas et al. 2019).
While single treatment strategies act on a single protein or an individual biochemical
pathway, a multitargeted treatment is used to modulate multiple mechanisms, which is a
promising approach for the development of new therapies for complex diseases such as
epilepsy (Löscher et al. 2013; White and Löscher 2014). Epilepsy is a complex network
phenomenon difficult to treat in many patients due to its heterogeneous pathophysiology
(Devinsky et al. 2018; Klein et al. 2018). There are multiple processes induced by an initial
brain insult (e.g. brain injury), which are involved in epileptogenesis. None of the available
antiseizure drugs that were evaluated for their ability to modify or prevent epileptogenesis
after an epileptogenic brain insult were effective in preventing the development of seizures in
patients (Temkin 2009; Sykes et al. 2014). For the development of novel therapies, the
evaluation of drugs or drug combinations in preclinical trials is crucial before proceeding with
costly and complex clinical trials in humans (Klein and Tyrlikova 2017). An important aspect
of preclinical studies is the translational value and accurate reporting of the study design, the
outcome measures, and also of adverse effects, which is often neglected (Galanopoulou et al.
2012; Pitkänen et al. 2013). It was suggested that positive outcomes in preclinical studies
should ideally be verified in a replication study in another animal model of the same
syndrome (Pitkänen et al. 2013). The algorithm we developed for testing drug combinations
therefore comprises the evaluation of adverse effects of the drug combinations in Phase I and
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IIa, the evaluation of efficacy in mice in Phase IIb, and, if effective, a further trial in rats in a
different epilepsy model in Phase IIc to confirm the positive findings (Klee et al. 2015;
Welzel et al. 2019).
There are two principal strategies for developing treatments that act on targets that form an
epileptic network in the brain and are altered during epileptogenesis. One strategy is the
bottom-up approach, where potential targets or critical nodes in the network are identified to
then develop novel treatments likely to affect these targets or nodes (Butcher et al. 2004;
Swinney and Anthony 2011). However, the process of target validation is complex and the
complexity of the disease and the physiological role of the target are often underestimated
(Sams-Dodd 2005). The second strategy is the more unspecific top-down approach,
resembling phenotypic drug screening (Eder et al. 2014; Moffat et al. 2017), where drugs are
combined that are likely to affect different targets within an epileptogenic network and are
then tested for efficacy in animal models (Butcher et al. 2004; Swinney and Anthony 2011). If
a drug combination is effective in an animal model, drug-drug interactions and their
mechanisms of action can then be evaluated using different methods, such as gene, protein, or
metabolite expression analysis (Butcher et al. 2004; Loeb 2011). This more pragmatic
approach has had a higher contribution to the discovery of first-in-class small molecule drugs
than the target-based approach (Eder et al. 2014) and was used to select promising drugs for
evaluating potentially antiepileptogenic or disease-modifying drug combinations in the
intrahippocampal kainate mouse model. While the ultimate goal is the prevention of
spontaneous recurrent seizures, i.e. an antiepileptogenic effect, a disease modification by
reducing the frequency or severity of seizures or the progression of the disease is an
alternative goal in the development of novel therapies (Löscher and Brandt 2010; Löscher et
al. 2013). Furthermore, a neuroprotective effect and a reduction of cognitive or behavioral
disturbances would be favorable effects of a drug treatment after a brain insult (Löscher and
Brandt 2010; Löscher et al. 2013).
The drug combinations we tested in Phase I and IIa consist of promising and clinically
available drugs, which are approved for other indications and have a known safety profile to
allow a more rapid translation of promising treatments from preclinical into clinical trials
(Schmidt et al. 2014). In each drug combination, the selected drugs came from different
mechanistic categories, i.e. antiinflammatory drugs (atorvastatin, celecoxib, fingolimod),
antioxidant drugs (α-tocopherol, deferoxamine, melatonin), drugs affecting regeneration and
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plasticity (gabapentin), GABA-potentiating and/or glutamate-suppressing drugs (ceftriaxone,
deferoxamine, topiramate), or drugs with presynaptic effects (levetiracetam, gabapentin). All
of the selected drugs had some disease-modifying or, in the case of atorvastatin, an
antiepileptogenic effect in preclinical trials (references of literature and selection of drugs
further described in Welzel et al. (2019)). Atorvastatin also had a promising effect in clinical
studies by reducing the risk of poststroke early-onset seizures and also preventing the
progression of initial poststroke seizures to chronic epilepsy in a clinical study (Guo et al.
2015). Further antiepileptogenic effects were also observed in two other clinical studies (Pugh
et al. 2009; Etminan et al. 2010). Levetiracetam was included in all drug combinations, as it
had a disease-modifying effect in several preclinical studies (Löscher and Brandt 2010;
Kaminski et al. 2014) and also a positive signal of reduced post-traumatic epilepsy in clinical
trials (Klein et al. 2012a; Pearl et al. 2013). Although these clinical Phase II studies were not
powered to show efficacy, the incidence of post-traumatic epilepsy after TBI was reduced in
levetiracetam-treated adults and children (Klein et al. 2012a; Pearl et al. 2013). These findings
are the groundwork for a prospective clinical study to investigate the efficacy of levetiracetam
in preventing post-traumatic epilepsy in patients at risk (Pearl et al. 2013).
As mentioned in the introduction, the intrahippocampal kainate mouse model exhibits
histological (Houser 1990; Bouilleret et al. 1999) and also electroencephalographic features
(Lévesque and Avoli 2013) similar to TLE in humans. It has previously been established as
part of the compound testing paradigm of the Epilepsy Therapy Screening Program (ETSP)
for the development of new therapies for pharmacoresistant epilepsy, epilepsy prevention, and
therapies for special populations (Kehne et al. 2017) and is used for “medium-throughput
drug screening”, as the high frequency of spontaneous recurrent seizures allows for short
video/EEG monitoring periods (Klein et al. 2015). We recently showed that only male NMRI
mice, yet not female NMRI, C57BL/6, or FVB/N mice, develop a clear latent period of five to
seven days after SE induction in this model (Twele et al. 2016b). Furthermore, the average
latency from kainate to SE is 5.1 h, with the SE lasting on average 18.3 hours when induced
under chloral hydrate anesthesia (Twele et al. 2016b). The drug combinations A)
levetiracetam + gabapentin + topiramate, B) levetiracetam + α-tocopherol, C) levetiracetam +
deferoxamine + gabapentin + fingolimod, D) levetiracetam + atorvastatin + ceftriaxone, and
E) levetiracetam + atorvastatin + ceftriaxone (reduced doses) were therefore administered
over five days starting six hours after intrahippocampal kainate injection. This corresponds to
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the time period where patients are still hospitalized after a TBI, as patients have a lower
compliance when they are discharged from the hospital (Schmidt et al. 2014). Ideally, an
antiepileptogenic effect should be reached after a few days of treatment, which was
previously achieved in a preclinical trial in our group (Schidlitzki et al., submitted). The
outcomes of preclinical studies in epilepsy models also indicate that a short treatment period,
as applied in the present study, or even a one-time administration is sufficient to exert a
disease-modifying effect (Brandt et al. 2003; Lippman-Bell et al. 2013; Schidlitzki et al.
2017).
Due to the rapid elimination of most drugs in mice, the drug combinations were administered
three times a day, except fingolimod, which was administered once a day, as it has a long
elimination half-life (Meno-Tetang et al. 2006; Mao et al. 2014). Although the number of
administrations was higher than in the previous tolerability studies (Welzel et al. 2019), no
adverse effects were observed for any of the drug combinations during treatment. In both the
drug- and vehicle-treated animals of drug combinations B-E, a similar weight loss and then
continuous weight gain until day 14 post SE was observed, indicating favorable tolerability of
the drug combinations. Animals treated with the drug combination A, levetiracetam +
gabapentin + topiramate, still had a significant lower weight on day 14 post-SE compared to
their pre-surgery weight, while the vehicle-treated animals recovered by day 10 post-SE. This
might be a side effect of topiramate, which is known to induce weight loss and is also used to
treat obesity in patients (Verrotti et al. 2011; Garvey et al. 2012). However, in a similar
antiepileptogenesis study with the drug combination levetiracetam + topiramate the drugtreated group recovered by day 11 while the vehicle-group recovered by day 10 (Schidlitzki et
al., submitted). This indicates that the additional administration of gabapentin or drug-drug
interactions in drug combination A might have had an influence on the slower recovery of the
drug-treated group. Furthermore, three drug-treated mice (drug combinations A, B, and C)
were sacrificed during the first week post-SE based on the distress score system. This was not
considered an adverse effect, as the severity of the SE induced by intrahippocampal kainate
injection can lead to a mortality of 12% in animals (Lévesque and Avoli 2013).
Both in the analysis of the drug combinations alone and in the overall comparison of all drug
combinations, significant effects on the development of epilepsy were observed. Based on the
exclusion criteria, both vehicle- and drug-treated animals were excluded in the individual
studies. Even though the exclusion of drug-treated animals from the analysis may result in
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treatment effects of the drug combinations being overseen, as for the drug combination
levetiracetam + deferoxamine + gabapentin + fingolimod, it is not clear whether the lack of
electroclinical

and electrographic seizures, neurodegeneration, and GCD was due to

treatment of the animals or the intrahippocampal kainate injection not working correctly. To
avoid false positive outcomes, the exclusion criteria were applied to both vehicle- and drugtreated animals in all drug combination studies, resulting in not as many and also less
significant effects of the drug combinations levetiracetam + deferoxamine + gabapentin +
fingolimod and levetiracetam + atorvastatin + ceftriaxone (reduced doses). In the following
we discuss the summarized results of the single analysis and overall comparison of the drug
combinations with the exclusion of both vehicle- and drug-treated animals.
Drug combination A, levetiracetam + gabapentin + topiramate, exerted a disease-modifying
effect by significantly reducing the incidence of all types of electrographic seizures and HPDs
at 12 weeks post-SE. As previously reported, no behavioral correlates of electrographic
seizures were observed in the animals (Maroso et al. 2011; Twele et al. 2016a; Twele et al.
2017). Electrographic seizures therefore resemble subclinical seizures in humans, which can
only be detected by intracranial monitoring and are not associated with clinical symptoms
(Sperling and O'Connor 1990; Zangaladze et al. 2008). As some mice without electrographic
seizures still exhibited electroclinical seizures, the reduction of the incidence of electrographic
seizures was only considered a disease-modifying effect. Furthermore, treatment had a
neuroprotective effect in the ipsilateral hippocampus. The prevention of neurodegeneration in
patients does not necessarily prevent the development of epilepsy or cognitive effects (Walker
2015). In a study in rats, a single low dose of the N-methyl-D-aspartate (NMDA) receptor
antagonist dizocilpine (MK-801) had a significant neuroprotective effect when given 90
minutes post-SE, yet did not prevent the development of epilepsy (Brandt et al. 2003). It is
therefore not clear to what extent neurodegeneration is involved in epileptogenesis and may
therefore not be a prerequisite for the development of seizures. A disease-modifying and
partially antiepileptogenic effect was also observed in a recent antiepileptogenesis study,
where treatment with the drug combination levetiracetam + topiramate significantly reduced
the incidence and frequency of electroclinical seizures and the seizure load based on seizure
duration and severity at 4+12 weeks post-SE (Schidlitzki et al., submitted). Furthermore, the
frequency of generalized convulsive seizures was significantly reduced at four and 12 weeks
post-SE (Schidlitzki et al., submitted). The drug combination levetiracetam + gabapentin +
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topiramate therefore did not have as many effects on electroclinical seizures as this previously
tested drug combination consisting of only two drugs. However, to our knowledge, no
significant reduction of the incidence of electrographic seizures has been achieved in a
preclinical study so far. The disease-modifying effect of the drug combination levetiracetam +
gabapentin + topiramate is therefore a validation that it is possible to prevent the development
of electrographic seizures in this animal model.
Drug combination B, levetiracetam + α-tocopherol, exerted a disease-modifying effect by
significantly reducing the incidence of focal electroclinical seizures at four weeks post-SE.
However, at 12 weeks post-SE no significant effect on focal electroclinical seizures was
observed, which may be due to none of the vehicle-treated animals exhibiting focal
electroclinical seizures at this timepoint. In the present studies, only 45% of vehicle-treated
mice developed focal electroclinical seizures, while 78% developed generalized
electroclinical seizures. The low and irregular incidence and frequency of focal electroclinical
seizures in this model is therefore not ideal for identifying a disease-modifying or
antiepileptogenic effect on only focal electroclinical seizures. Furthermore, the drug-treated
group showed significantly more neurodegeneration in the ipsilateral piriform cortex than the
vehicle-treated group. However, clear neurodegeneration (moderate to severe, score 2-3) in
the ipsilateral piriform cortex was only observed in one out of seven drug-treated animals.
This finding may therefore not have been statistically significant with larger group sizes.
Drug combination C, levetiracetam + deferoxamine + gabapentin + fingolimod, exhibited a
disease-modifying effect by significantly reducing the frequency of generalized electroclinical
seizures at 4+12 weeks post-SE. An opposing observation was the significant increase of the
duration of electroclinical seizures at 12 weeks post-SE. However, as the drug-treated group
for analysis of the average seizure duration was very small and only three of five treatedanimals exerted electroclinical seizures, it should be verified in a replication study that this
outcome was not due to the small group size and intragroup variation.
Contrary to expected, treatment with drug combination D, levetiracetam + atorvastatin +
ceftriaxone had no disease-modifying or antiepileptogenic effect in this study, but indicated a
proepileptogenic effect of the drug combination on the frequency of electroclinical seizures.
We therefore reduced the administered doses of each drug by 70% to detect possible dosedependent effects. With reduced doses (drug combination E), treatment with levetiracetam +
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atorvastatin + ceftriaxone exerted an antiepileptogenic effect in part of the animals by
significantly reducing the incidence of electroclinical seizures and the incidence of
generalized electroclinical seizures at 12 weeks post-SE, and by significantly reducing the
incidence of focal electroclinical seizures at 4+12 weeks post-SE. Furthermore, a diseasemodification was achieved by a significant reduction of the frequency of focal electroclinical
seizures at 4+12 weeks post-SE. Treatment with reduced doses of levetiracetam + atorvastatin
+ ceftriaxone therefore had a supraadditive effect in this study, proving that higher doses do
not always correspond with a higher efficacy of treatment. This was also observed in a
preclinical study in mice of Alzheimer’s disease, where the optimal doses of cholinergic drugs
for the best outcome in a memory retention test were significantly lower in combination than
when administered alone (Flood et al. 1985). The combination of drugs from different
mechanistic categories has also been used to achieve supraadditive effects in other areas of
research, such as experimental pain, cancer, and congestive heart failure (Sigurd et al. 1975;
Filitz et al. 2008; Guérin et al. 2008).
In summary, the drug combinations A, levetiracetam + gabapentin + topiramate, B,
levetiracetam + deferoxamine + gabapentin + fingolimod, and E, levetiracetam + atorvastatin
+ ceftriaxone (reduced doses), exerted promising antiepileptogenic or disease-modifying
effects in the present study. An important limitation of this study were the group sizes, which
were not larger due to limited video/EEG monitoring capacities. Group sizes were further
reduced due to loss of electrode headsets, EEGs with poor quality, or the loss of animals
during generalized seizures. In the performed post hoc power analysis a high variation in the
power of the data for the frequency of focal and generalized electroclinical seizures was
observed (range of 0.12-0.99). In both studies the significant results had a post hoc power
0.8, indicating that the type II error of the analyzed data was in the predicted range.
However, the statistically nonsignificant results had a large type II error, meaning that
possible effects of the drug combinations may not have been detected due to the small group
sizes. Based on the post hoc power analyses, the efficacy studies should therefore be repeated
to obtain larger group sizes for analysis and a higher power of the studies to increase
informative value.
The screening of drug combinations for disease-modifiying or antiepileptogenic efficacy
remains a rational and pragmatic approach in epilepsy prevention research. In the present
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study, none of the drug combinations were able to completely halt the process of
epileptogenesis, but exerted partially antiepileptogenic and disease-modifying effects. Due to
the injection of excitotoxic kainate and the subsequent surgical implantation of the EEG
electrode into the hippocampus, the intrahippocampal kainate model can be considered a
double-hit insult model (Brackhan et al. 2018). The severity of the brain insult might therefore
make it difficult to prevent or modify epileptogenesis in this model (Shima et al. 2015; Twele
et al. 2016a; Schidlitzki et al. 2017). Nevertheless, the applied algorithm was effective for
identifying the most promising drug combinations of the ones selected for testing. As a next
step, the drug combination studies should be replicated in the same model to obtain larger
group sizes and confirm the findings. Effective drug combinations will subsequently be tested
in a different model of acquired epilepsy in rats (e.g. a TBI model, Phase IIc) to see if the
observed efficacy translates to other models. A positive outcome in different preclinical
epilepsy models would strengthen the evidence to progress from preclinical to clinical trials
(Galanopoulou et al. 2012) and provide the groundwork for a prospective clinical trial in
humans.
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7 General Discussion
Epilepsy prevention is an unmet clinical need in patients at risk, as no antiepileptogenic
treatment has been identified which could intervene in the process of epileptogenesis after an
initial brain insult such as TBI or SE (White and Löscher 2014; Löscher 2016). Using the
approach of network pharmacology, the aim of this PhD thesis was to screen promising drug
combinations for tolerability in nonepileptic mice and mice during the latent phase, and
subsequently evaluate these drug combinations for antiepileptogenic efficacy in the
intrahippocampal kainate mouse model.

7.1

Selection of drugs, drug doses, and dose intervals

To screen drug combinations for disease-modifying or antiepileptogenic efficacy, we used the
algorithm developed in our group based on the different phases of clinical trials in humans
(Figure 3). The selection of the drugs to be combined as drug combinations was based on
preclinical and also clinical studies, in which the drugs exerted disease-modifying or
antiepileptogenic effects when given as monotherapy (Chapter 3.4). In each drug combination
two to four drugs from different mechanistic categories were combined to target different
mechanisms involved in epileptogenesis: antiinflammatory drugs (atorvastatin, celecoxib,
fingolimod), antioxidant drugs (α-tocopherol, deferoxamine, melatonin), drugs affecting
regeneration and plasticity (gabapentin), GABA-potentiating and/or glutamate-suppressing
drugs (ceftriaxone, deferoxamine, topiramate), or drugs with presynaptic effects
(levetiracetam, gabapentin). Intolerable drug combinations were planned to be excluded from
further phases of testing or to be tested again for tolerability lower doses of the drugs. The
drug combinations selected for testing are only a few of many promising drug combinations
that could be tested for disease-modifying or antiepileptogenic efficacy. This is a
disadvantage of the top-down approach, which is more unspecific than the bottom-up
approach, where potential targets or critical nodes in the network are identified to then
develop novel treatments likely to affect these targets or nodes in (Butcher et al. 2004;
Swinney and Anthony 2011). However, the process of target validation in the bottom-up
approach is complex and the complexity of the disease and the physiological role of the target
are often underestimated (Sams-Dodd 2005). The ASD levetiracetam was included in every
drug combination due to a positive signal of reduced post-traumatic epilepsy in preclinical
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trials (Klein et al. 2012a; Pearl et al. 2013). By combining levetiracetam with drugs from
other mechanistic categories, we therefore anticipated a higher probability of attaining an
antiepileptogenic effect in the efficacy studies. The combination of levetiracetam with the
ASD topiramate was recently found to exert a disease-modifying and partially
antiepileptogenic effect in the intrahippocampal kainate mouse model (Schidlitzki et al.,
submitted), which supported our hypothesis that treatment after SE can modify or prevent the
development of epilepsy. This finding confirmed the effectiveness of the algorithm for testing
further drug combinations for tolerability and antiepileptogenic efficacy.
For the selection of doses and also dose intervals, the pharmacokinetic data available from the
literature and also the lethal dose 50 (LD50) of each drug, which causes the death of 50% of a
group of animals, was taken into account to avoid intoxication of the mice. In network
pharmacology, drug doses are normally reduced when drugs are administered as drug
combinations (Hopkins 2008). However, to increase the probability of achieving a diseasemodifying or antiepileptogenic effect in the subsequent efficacy studies, the drugs were
administered at high and pharmacological effective doses. Furthermore, rodents have a higher
metabolism of drugs than humans, which means that drugs have a significantly shorter
elimination half-life in rodents than in humans and that higher plasma levels are longer
maintained when drugs are administered at higher doses. Based on the literature, the half-life
of levetiracetam is only 1.5 hours in mice, while it is six to 11 hours in humans (Löscher
2007; Markowitz et al. 2010). Fingolimod was the only drug in the present study with a
longer half-life in rodents, i.e. 19 hours in mice (Mao et al. 2014). All drugs, except
fingolimod, were therefore administered two to three times a day to maintain effective plasma
levels.
In the tolerability studies (Phase I and Phase IIa), the drug combinations were administered
twice a day over three days (inter-administration interval 10-14 h), as we aimed at evaluating
the adverse effects of the drug combinations after administration in an effective and timesaving manner. In the efficacy studies (Phase IIb), we administered the drugs three times a
day (every eight hours) over five days to maintain effective drug plasma levels throughout the
treatment period. As mentioned above, most of the drugs had very short elimination halflives, meaning that despite administering these three times a day, drug plasma levels may not
have been transiently maintained at effective levels and therefore an antiepileptogenic effect
may not have been achievable. However, to minimize the strain on the animals caused by SE
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induction, handling, and drug injections, the government agency limited the number of drug
injections to nine times per day (three injections, three times a day), which is why a more
frequent administration of the drug combinations was not feasible. An alternative method to
constantly maintain high drug plasma concentrations would be the administration of drug
combinations

via

osmotic

minipumps,

which

are

implanted

subcutaneously

or

intraperitoneally in rodents for a continuous, rate-controlled administration of drugs (Urquhart
2000). Osmotic minipumps were used for the administration of levetiracetam in a recent
antiepileptogenesis study in rats (Brandt et al. 2007). However, the administration of drug
combinations via osmotic minipumps could be problematic due to the drug-drug interactions
in the solution and the stability of solutions. A further alternative would be the oral
administration of drugs via drinking water, but as rodents drink and eat mostly during the
night, effective drug levels would not be maintained during the day (Löscher and Schmidt
1988; Löscher 2007). Moreover, not all of the selected drugs were water soluble and also here
the drug-drug interactions in the solution and the stability of the solution could be
problematic. The continuous administration of drug combinations in rodents therefore
remains an unsolved problem.
In Phase IIb, the drug combinations were administered over five days starting six hours after
intrahippocampal kainate injection, as the average latency from kainate injection to SE is 5.1
hours (Twele et al. 2016b). The duration of drug treatment was restricted to five days, as the
latent period in this model is five to seven days (Twele et al. 2016b). The selected treatment
period corresponds to the time period where patients are still hospitalized after a TBI, as there
is often a lower compliance when patients are discharged from the hospital (Schmidt et al.
2014). The latent period is an ideal therapeutic time window for early intervention in
epileptogenesis, as a disease-modifying or antiepileptogenic effect should ideally be reached
after a few days of treatment. Brandt et al. (2003) previously showed that one low dose of the
NMDA receptor antagonist dizocilpine (MK-801) had a disease-modifying effect in the
systemically induced kainate model when injected 90 minutes after onset of SE. In a recent
study by Lippman-Bell et al. (2013), rats with hypoxia-induced neonatal seizures were treated
twice a day over two days with the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid
(AMPA) receptor antagonist NBQX, which prevented the development of epilepsy.
Furthermore, a disease-modifying effect of the drug combination of the glutamate receptor
antagonists NBQX and ifenprodil (Schidlitzki et al. 2017) and a disease-modifying and
partially antiepileptogenic effect of the drug combination levetiracetam + topiramate
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(Schidlitzki et al., submitted) were observed in the intrahippocampal kainate mouse model
after only five days of treatment. These findings support our hypothesis that early-on
treatment after a brain insult is able to modify or prevent the development of epilepsy.

7.2

Solubility experiments

Before beginning drug testing in nonepileptic mice (Phase I), we performed solubility
experiments with all drugs to avoid administering these as drug suspensions. While poor
aqueous and lipid soluble drugs may be easier to administer as a suspension than as a
solution, the use of suspension formulations can be challenging due to particle size changes,
uniformity of dispersion, and viscosity issues (Kaukonen et al. 2004). Suspensions are often
administered intraperitoneally in preclinical studies, which can result in a reduced and highly
variable drug absorption compared to the administration of drug solutions (Löscher et al.
1990). The exemplary pharmacokinetic study with celecoxib confirmed that a similar
elimination half-life as in the literature was attained when using the vehicle ethanol, Solutol®
HS 15, and water (Paulson et al. 2000; Welzel et al. 2019). However, when celecoxib was
administered using the vehicle Miglyol® 812, no obvious elimination was observed over the
24 hours of the experiment, indicating that the use of Miglyol® 812 resulted in a depot
preparation. While a different vehicle was selected for administering celecoxib, Miglyol® 812
was used as a vehicle for administering α-tocopherol, which had an oily consistency. It is
therefore not clear how well α-tocopherol was absorbed in the experiments, which should be
taken into consideration for the results of the tolerability studies and also the subsequent
antiepileptogenesis study in mice. α-Tocopherol, also known as Vitamin E, is not commonly
known to exert adverse effects, yet the sufficient absorption of the drug should be questioned
when interpreting the results of the efficacy study, as no further pharmacokinetic studies were
performed to determine drug plasma concentrations. Lipophilic vehicles can exert effects of
its own and change the efficacy of the dissolved drug (Löscher 2007), such as ethanol, which
can exert mild neuroprotective effects and thereby reduce the statistical power of experiments
on neuroprotection (Rivers-Auty and Ashton 2013).
In the conducted studies, levetiracetam and gabapentin, levetiracetam and deferoxamine, and
gabapentin and fingolimod were administered together in the same aqueous solution for
injections to reduce the number of injections per mouse and day. The administration of two
drugs in the same solution can lead to pharmaceutical drug-drug interactions in the solution
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(Aronson and Grahame-Smith 1981). Even though the solutions were checked for visible
precipitation, possible chemical interactions between the drugs in solution cannot be
completely ruled out. The joint administration of drugs is not ideal, yet the regulations of the
government agency only allowed a certain number of drug injections per day to reduce the
strain on the animals. Furthermore, the simultaneous administration of drugs can lead to
pharmacokinetic (e.g. protein binding, metabolism, excretion) and direct or indirect
pharmacodynamic interactions (Aronson and Grahame-Smith 1981). These often occur
depending on the doses or concentration ratios of the drugs administered in a drug
combination (Zaccara and Perucca 2014). Levetiracetam, which was included in all drug
combinations, most likely does not interact with other drugs due to its independent
metabolism (Dannhardt and Kiefer 2007). Before going into clinical trials with a promising
antiepileptogenic drug combination, the bioavailability of the drug combination should be
evaluated to avoid misinterpretations because of poor drug absorption (Löscher 2007). Drugdrug interactions can also be evaluated using commercially available software, such as the
AiDKlinik® 3.6.0. software, which is further described in Chapter 7.5.1.

7.3

Mouse strain

For the present experiments adolescent male NMRI mice obtained from Charles River were
used. As described in Chapter 3.3.1, male NMRI mice were selected for the present study, as
they exhibit a clear latent period in the intrahippocampal kainate model and high frequent
electrographic and electroclinical seizures (Twele et al. 2016b), which is ideal for subsequent
efficacy testing in Phase IIb. NMRI mice are a randomly outbred strain, which may more
closely reflect the diversity of human populations and could therefore have greater
translational value (Löscher et al. 2017). As allelic variations can occur across separate
colonies, outbred strains can be very different when obtained from different vendors, which
may cause discrepancies in studies (Langer et al. 2011). Klee et al. (2015) recently
investigated behavioral differences between male and female NMRI mice purchased from two
different vendors (i.e. Charles River and Janvier) and showed that, apart from NMRI mice
from Janvier being less responsive to the induction of a startle reflex response, no significant
differences were found between the groups. While only NMRI mice from Charles River were
used in the present PhD thesis, the use of other mouse strains (e.g. C57BL/6) or substrains of
mouse strains (e.g. C57BL/6N or C57BL/6J) may lead to completely different results
concerning the tolerability and the efficacy of drug combinations (Langer et al. 2011; Löscher
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et al. 2017). The selection of the mouse strain for testing seizures and epilepsy is dependent
on the research problem that is being addressed and the strain should not be switched to
another vendor or substrain during a series of experiments (Löscher et al. 2017). Consistent
with these findings and recommendations, male NMRI mice from Charles River were used
throughout all experiments in the present PhD thesis.
As described in Chapter 6.2.2, different dental acrylic cements and materials for the
construction and fixation of the electrode head assemblies were evaluated in male NMRI mice
prior to beginning with the efficacy studies. A high loss of electrode head assemblies was
observed in previous experiments (Schidlitzki et al. 2017), which also occurred in six mice in
the performed efficacy studies. The loss of electrode headsets may have been caused by the
NMRI mice developing crusts around the edges of the electrode head assembly in the chronic
phase of video/EEG monitoring, which was also previously observed by Schidlitzki (2018).
These crusts were not observed in any other mouse strain (e.g. FVB/N, C57BL/6) and no
bacterial or mycological cause was found when these were pathologically examined
(unpublished data). Another cause for the loss of electrode head assemblies may be the
insufficient fixation to the skull, which we tried to avoid by using superglue in addition to
dental acrylic cement for the fixation of the base of the head assembly. Nevertheless, the
development of crusts, which led to a deformation of the skull, loss of electrode head
assemblies, and an inflamed area around the eyes of the mice, was only observed in NMRI
mice and not in any other mouse strain, for which we have not found a plausible explanation
so far.
In all experiments, age-matched controls were used to avoid using historical controls. In the
efficacy studies (Phase IIb), the stereotaxic coordinates of the implanted electrodes were
continuously verified in the different batches of male NMRI mice used for the present
experiments. In previous studies in the same mouse strain, which were also obtained from
Charles River, the stereotaxic coordinates were at anteroposterior -2.1, laterolateral -1.6, and
dorsoventral -2.3 mm from bregma (Schidlitzki 2018), based on the brain atlas of Paxinos and
Franklin (2001). Schidlitzki (2018) reported a continuous change and need for adaptation of
the stereotaxic coordinates over time, which explains why the stereotaxic coordinates were at
anteroposterior -2.1, laterolateral -1.6, and dorsoventral -1.7 mm from bregma in the present
studies. The change in the dorsoventral coordinate in male NMRI mice indicates that changes
in the brain anatomy of the mice occurred over time. This can be caused by random genetic
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drift in gene frequency, selective breeding, and/or genetic contamination in outbred strains,
which can lead to changes in phenotypic characteristics that often go undetected (Löscher et
al. 2017). The observed intrastrain evolution supports the recommendation that control
subjects should be closely matched within a study (Löscher et al. 2017).

7.4

Intrahippocampal kainate mouse model

The most common models employed for the development of antiepileptogenic or diseasemodifying therapies are kindling, post-SE, and TBI models (Löscher 2011; White and
Löscher 2014). An ideal animal model for developing antiepileptogenic therapies should have
a brain insult comparable to the brain insults occurring in humans, which leads to epilepsy in
only a proportion (e.g. 50%) of animals to allow for the investigation of biomarkers (White
and Löscher 2014). Moreover, the animal model should have a latent period following the
brain insult, long-term consequences such as the development of spontaneous recurrent
seizures or neurodegeneration, and a high frequency of spontaneous recurrent seizures (White
and Löscher 2014). Contrary to the development of new ASDs, which are tested in the
chronic phase of the disease (weeks to months after the initial insult), promising
antiepileptogenic drugs or drug combinations need to be tested immediately after the brain
insult, before spontaneous recurrent seizures occur (Löscher 2002a, 2011).
In the present studies, we selected the intrahippocampal kainate model, a post-SE model, for
the evaluation of tolerability in Phase IIa and for testing the antiepileptogenic efficacy of the
drug combinations in Phase IIb. The intrahippocampal mouse model has been established as
part of the compound testing paradigm of the Epilepsy Therapy Screening Program (ETSP)
for the development of new therapies for pharmacoresistant epilepsy, epilepsy prevention, and
therapies for special populations (Kehne et al. 2017). The model permits a “mediumthroughput drug screening” due to a high frequency of spontaneous recurrent seizures
allowing for short video/EEG recording periods (Klein et al. 2015). As described in Chapter
3.3.1, the intrahippocampal kainate mouse model exhibits histological (Houser 1990;
Bouilleret et al. 1999) and also electroencephalographic features (Lévesque and Avoli 2013)
similar to TLE in humans. In a recent study, Twele et al. (2016b) demonstrated the influence
of sex, strain, and anesthesia on the duration and severity of and latency to SE, the latent
period, and the development of electrographic and electroclinical seizures in the
intrahippocampal kainate mouse model (Twele et al. 2016b). Especially the clear latent period
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before the first occurrence of spontaneous recurrent seizures is important for the
administration of potentially antiepileptogenic drugs, which was not seen when a SE was
induced under isoflurane anesthesia instead of chloral hydrate anesthesia (Twele et al. 2016b).
Based on these findings, chloral hydrate was used for anesthesia of the mice in Phase IIa and
IIb. The use of chloral hydrate for anesthesia has been critically discussed as it causes
respiratory depression, does not provide analgesia, and can cause peritonitis when injected
intraperitoneally at concentrations over 20% (Fleischman et al. 1977; Silverman and Muir
1993; Baxter et al. 2009). Furthermore, chloral hydrate can lead to multifocal liver necrosis
and loss in body weight (Hüske et al. 2016). In the present studies chloral hydrate was used at
concentrations from 5-7.2% and none of the described side effects were observed in the mice
during the experiments or when these were transcardially perfused at the end of the studies.
Although all mice exhibited weight loss after surgery, this was more likely due to the severity
of SE. Moreover, local anesthetics (tetracaine and bupivacaine) were applied during surgery
on the skin and skull for analgesia. In the present experiments, only four mice died during
surgery, which may have been due to respiratory depression. Even though the use of chloral
hydrate for anesthesia is not recommended for anesthesia of small animals (Baxter et al.
2009), it was the anesthesia of choice for the present studies in the intrahippocampal kainate
mouse model.
In post-SE models typically more than 90% of animals develop epilepsy after the initial brain
insult (White and Löscher 2014). When the intrahippocampal kainate mouse model was
originally established in our laboratory, 60% of male NMRI mice developed electroclinical
seizures and 100% developed electrographic seizures (Twele et al. 2016b). In the present
efficacy studies (Phase IIb), ~80% of the vehicle-treated animals developed electroclinical
seizures (Figure 35C) and ~85% developed electrographic seizures (Figure 37C) after
intrahippocampal kainate injection. Further animals did not develop epilepsy, yet these were
excluded from the studies based on the exclusion criteria (Chapter 6.2.7). A possible
explanation for fewer animals developing electrographic seizures than when the animal model
was first established in male NMRI mice in our group is that alterations in the mouse strain
occurred over time, which would also explain the change in the dorsoventral stereotaxic
coordinates for electrode implantation (Chapter 7.3). The electrographic seizures observed in
this animal model are similar to subclinical seizures in humans, which are not associated with
clinical symptoms (Sperling and O'Connor 1990; Zangaladze et al. 2008). Changes in the
EEG and subclinical seizures are often associated with periods of increased probablility of
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seizure onset (Litt and Echauz 2002), which is why electrographic seizures can be seen as
precursors of electroclinical seizures in this animal model. This would further explain why
more animals exhibited electrographic seizures than electroclinical seizures. However, some
of the animals that showed electroclinical seizures did not develop electrographic seizures.
The prevention of the development of electrographic seizures was therefore not considered a
true antiepileptogenic effect, but rather a disease-modifying effect. A future goal should be
the optimization of the intrahippocampal kainate mouse model (e.g. using a different kainate
dose or obtaining mice from a different vendor) to achieve a development of electrographic
seizures in 100% of the mice as when the model was first established (Twele et al. 2016b).

7.5

Tolerability of drug combinations (Phase I and IIa)

In Chapter 5, the tolerability of the seven promising drug combinations we selected for a
potential intervention of epileptogenesis was evaluated using the two-stage algorithm we
developed based on the phases of clinical trials in humans (Figure 3) (Klee et al. 2015; Welzel
et al. 2019). Phase I of the algorithm corresponds to the administration of drugs or treatment
in healthy volunteers (tolerability, safety, and pharmacokinetics), while Phase IIa reflects the
administration of drugs or treatment to ill people in clinical trials for further evaluation
(safety). In Phase I and IIa the tolerability of the drug combinations was assessed by
performing a modified Irwin screen test battery (Irwin 1968) including a hanging wire test
(Coughenour et al. 1977), a rotarod test (Dunham and Miya 1957), and measuring the body
temperature up to four times a day over the course of four days. The replication and
standardization of behavioral tests between laboratories is often not feasible due to different
protocols, apparatus, and environmental factors (Wahlsten 2001). We therefore took measures
to keep the performed experiments as objective and constant as possible and to reduce the
variability in the studies, which is becoming increasingly relevant when studying mechanisms
that underlie complex human disorders (Editorial 2009). To avoid inter-experimental
variation, all behavioral tests were performed in the same behavioral testing rooms under
standardized conditions and in the same sequence and manner throughout the experiments.
Furthermore, as there is often a high intra- and inter-experimenter variation in behavioral
testing (Lynch et al. 2011), all experimenters were trained before the begin of testing and all
experiments were performed in a blinded fashion.
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Epileptic mice and mice after a brain injury (e.g. post-SE) often exhibit an increased response
to drug adverse effects (Löscher 2016), which is why Phase IIa was critical to avoid mortality
in subsequent phases of testing. Drugs that are generally safe when administered alone cannot
be assumed to be safe when given in combination with other drugs (Hopkins 2008). Adverse
drug reactions are commonly under-reported in preclinical and clinical studies (Hazell and
Shakir 2006; Galanopoulou et al. 2012; Pitkänen et al. 2013), yet can result in a high
mortality, which we previously observed in an epilepsy prevention study where tolerability
testing was only performed in nonepileptic mice, yet not in mice during the latent phase
(Schidlitzki et al. 2017). However, factors influencing the occurrence of adverse effects are
not always only drug-related, but may also be caused by age, gender, genetic susceptibility, or
socially related factors (Alomar 2014). As there was a similar tolerability of drug
combinations in epileptic mice and mice during the latent phase (Klee et al. 2015), the
algorithm was adapted for the present studies and the tolerability of drug combinations was
only assessed in nonepileptic mice (Phase I) and in mice during the latent phase (Phase IIa).
Six of the seven drug combinations that were evaluated were considered as tolerable for the
subsequent evaluation for antiepileptogenic efficacy in Phase IIb.

7.5.1 Phase I: Tolerability in nonepileptic mice
In Phase I in nonepileptic mice, seven drug combinations were tested for tolerability in
nonepileptic mice, of which six drug combinations were subsequently tested in Phase II in
mice during the latent phase: levetiracetam + gabapentin + topiramate, levetiracetam + αtocopherol, levetiracetam + deferoxamine + melatonin, levetiracetam + deferoxamine +
celecoxib, levetiracetam + deferoxamine + gabapentin + fingolimod, and levetiracetam +
atorvastatin + ceftriaxone (Welzel et al. 2019). The seventh drug combination, levetiracetam
+ deferoxamine + α- tocopherol + celecoxib, was tolerated in nonepileptic mice at selected
doses and vehicles, but resulted in the formation of subcutaneous bumps and depots of the
administered drugs when administered over three days, which was likely caused by the
vehicle Miglyol® 812. As discussed in Chapter 7.2, this confirms that the absorption of the
vehicle Miglyol® 812 is not ideal for a rapid absorption of drugs. As the selected drug doses
of all drug combinations were very high, we anticipated the possibility of having higher
adverse effects, as observed in previous studies (Klee et al. 2015; Schidlitzki et al. 2017).
However, the drug combination levetiracetam + gabapentin + topiramate was the only drug
combination where the drug-treated group had a significantly higher summation score than
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the vehicle-treated group over the course of the four days of tolerability testing, which was
mainly due to ataxia. Further, on day four of testing, where the mice were not treated with the
drug combination, no significant difference between the two groups was observed.
Gabapentin has been reported to cause ataxia or problems with walking (Kanao-Kanda et al.
2016), yet these adverse effects may also be caused by drug-drug interactions of the drug
combination. The drug-drug interactions of the drug combinations were post hoc evaluated
using the AiDKlinik® 3.6.0. software, which is a digital reference catalog for clinically used
drugs that offers information on indications and contraindications, composition of the
preparations, and also possible drug adverse effects. Even though the commercially available
drugs may have different vehicles and methods of administration, the software gave an insight
on possible adverse effects to be expected when administering the tested drug combinations.
For none of the drug combinations adverse effects or pharmacokinetic- or dynamic
interactions were reported, except for the drug combination levetiracetam + gabapentin +
topiramate. According to AiDKlinik® 3.6.0., the simultaneous administration of levetiracetam
+ gabapentin + topiramate may cause moderate to severe drug-drug interactions between
levetiracetam and topiramate, resulting in a higher risk for anorexia and depression of the
central nervous system (i.e. ataxia, confusion, dizziness, respiratory depression, or weakness).
Interestingly, this correlates with the observed ataxia of the drug-treated group in the
tolerability study in Phase I. However, no severe or long-lasting adverse effects were
exhibited by the tested drug combinations in nonepileptic mice and, as a next step, these were
evaluated for tolerability in mice during the latent phase (Phase IIa).

7.5.2 Phase IIa: Tolerability in mice during the latent phase (post-SE)
In Phase IIa, a SE was induced by intrahippocampal kainate injection 16-18 hours before the
begin of tolerability testing in mice during the latent phase (post-SE) (Welzel et al. 2019). To
derisk the experiments, only four mice were tested per group in comparison to eight mice per
group in tolerability testing in Phase I. The drug combination levetiracetam + gabapentin +
topiramate was, as in Phase I, the only drug combination that resulted in a significant
difference to the vehicle-treated group, which was mainly due to the drug-treated animals
showing ataxia. As up to four drugs were administered at high doses in the drug combinations
and the combination of more than three drugs previously led to a high mortality in animals
(Töllner et al., unpublished data), we expected the mice to exhibit adverse effects, or even
mortality, especially in Phase IIb. However, all drug combinations were sufficiently tolerated
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and, contrary to our expectations, none of the tolerability studies had to be repeated with
lower doses.
None of the tested drug combinations exerted a neuroprotective effect in Phase IIa, although
many of the selected drugs exhibited neuroprotective properties in preclinical studies
following a brain insult (Chapter 3.4.). The neurodegeneration in the hippocampus was
semiquantitatively scored in thionin-stained brain sections and brain sections stained with
fluoro-jade C, which is a sensitive and specific marker of neuronal degeneration that stains
degenerating neurons (Schmued et al. 2005). An explanation for the lacking neuroprotective
effect may be the late begin of treatment with the drug combinations 16-18 hours post-SE.
Following intrahippocampal kainate injection, pyknotic cells were seen as early as 2 hours
after injection in the ipsilateral CA1, CA3c, and hilus (Bouilleret et al. 1999). Furthermore,
Bedner et al. (2015) reported that fluoro-jade C-positive dying neurons in the hippocampus
were observed as early as four and six hours after kainate injection, which we also observed
in fluoro-jade C-stained brain sections at the same time points after kainate injection
(Schidlitzki et al., submitted). In order to target neuronal damage, treatment should therefore
start before four hours after kainate injection, which will be further discussed in the next
chapter. Due to the rapid elimination of the drugs in mice, the administration of the drugs
twice a day may not have sufficed to maintain effective plasma levels, which could explain
the lack of a significant neuroprotective effect. The drugs were therefore administered three
times a day in the more time-consuming and laborious efficacy studies.

7.6

Antiepileptogenic efficacy of drug combinations (Phase IIb)

In Phase IIb, the disease-modifying or antiepileptogenic efficacy of four of the six drug
combinations tested in Phase I and IIa was evaluated in the intrahippocampal kainate mouse
model: levetiracetam + gabapentin + topiramate, levetiracetam + α-tocopherol, levetiracetam
+ deferoxamine + gabapentin + fingolimod, and levetiracetam + atorvastatin + ceftriaxone. As
the drug combination levetiracetam + atorvastatin + ceftriaxone did not exert a diseasemodifying or antiepileptogenic effect but rather a proepileptogenic effect, the efficacy study
was repeated with reduced doses to investigate possible dose-dependent effects of the drug
combination. To minimize the bias of batch-to-batch differences, age-matched vehicle control
groups were included in every efficacy study. During the experiments, the mice were housed
in single cages and, during the video/EEG monitoring periods, without environmental
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enrichment. Environmental enrichment has been shown to reduce the frequency of
spontaneous recurrent seizures in different animals models of epilepsy (Korbey et al. 2008;
Manno et al. 2011), yet was not feasible during the video/EEG monitoring periods due to the
monitoring of the mice via cable. Furthermore, single housing has been shown to increase
stress and the frequency of seizures (Manouze et al. 2019). Overall, we aimed at putting less
strain on the animals than in Phase IIa, where these were frequently handled every day during
the tolerability testing. However, the hierarchical fighting between male mice necessitated
single housing and could therefore not be eliminated as a factor for stress.
For the evaluation of efficacy, the drug combinations were administered three times a day
over five days starting six hours after intrahippocampal kainate injection. By administering
the drugs more often than in Phase IIb, we hoped to increase the probability of achieving
effective drug plasma levels in the mice. As the animals had an average frequency of 0.5 focal
and five generalized electroclinical seizures per week, the monitoring period might not have
been long enough to detect whether the mice truly did not develop electroclinical seizures or
only did not exhibit them during the monitoring periods. Hence, more than the detected 80%
of animals may have exhibited electroclinical seizures. However, longer periods of
video/EEG monitoring were not possible, as only limited monitoring periods were authorized
by the government agency to limit the strain put on the animals.
During the course of the experiments, we observed that not all of the animals exhibited the
same degree of neurodegeneration and GCD in the ipsilateral hippocampus. Surprisingly,
some animals did not develop electrographic and electroclinical seizures, and also did not
show GCD and only focal neurodegeneration at the kainate injection and electrode
implantation site in the ipsilateral hippocampus. We therefore concluded that the kainate
injection or SE induction may not have worked correctly in some animals and excluded all
animals which matched these criteria from the analysis of the efficacy studies. The exclusion
of drug-treated animals from the analysis may result in treatment effects of the drug
combinations being overseen, yet to avoid false positive outcomes, the exclusion criteria were
applied to all vehicle- and drug-treated animals in the drug combination studies.
SE monitoring is important to ensure that the duration and severity of the SE is consistent
between the vehicle- and drug-treated group (White and Löscher 2014), yet was only
performed via video/EEG monitoring in one of the efficacy studies due to the strain on the
animals. Although animals were visually or video/EEG monitored for signs of SE, the length
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and severity of SE varied between animals and no correlation was found between animals
exhibiting signs of SE or the length and duration of SE (for drug combination levetiracetam +
atorvastatin + ceftriaxone (reduced doses)) and the development of epilepsy.
Due to the rapid elimination of most drugs in mice, the drug combinations were administered
three times a day, except fingolimod, which was administered once a day. Although the
number of administrations was higher than in the previous tolerability studies (Welzel et al.
2019), no adverse effects were observed for any of the drug combinations during treatment.
Levetiracetam + gabapentin + topiramate was the only drug combination where the drugtreated animals had a significant lower weight on day 14 post-SE compared to their presurgery weight, while the vehicle-treated animals recovered by day 10 post-SE. This might be
a side effect of topiramate, which is known to induce weight loss and is also used to treat
obesity in patients (Verrotti et al. 2011; Garvey et al. 2012). As mentioned in Chapter 7.5.1,
the AiDKlinik® 3.6.0. software indicated that drug-drug interactions between levetiracetam
and topiramate can cause anorexia in patients. However, in a similar antiepileptogenesis study
with the drug combination levetiracetam + topiramate the drug-treated group recovered by
day 11, similar to the vehicle-treated group (day 10) (Schidlitzki et al., submitted). It is
therefore not clear whether there was an interexperimental variation or if the additional
administration of gabapentin resulted in drug-drug interactions or stress that had an influence
on the slower recovery of the drug-treated group in the present study. Furthermore, three
drug-treated mice (drug combinations A, B, and C) were sacrificed during the first week postSE based on the distress score system. This was not considered an adverse effect, as the
severity of the SE induced by intrahippocampal kainate injection can lead to a mortality of
12% in animals (Lévesque and Avoli 2013).

7.6.1 Levetiracetam + gabapentin + topiramate
The drug combination levetiracetam + gabapentin + topiramate exerted a disease-modifying
effect in part of the animals by significantly reducing the incidence of all types of
electrographic seizures and HPDs at 12 weeks post-SE. However, the drug treatment did not
have an effect on electroclinical seizures, which was previously reported for a similar drug
consisting of only two drugs, namely levetiracetam + topiramate (Schidlitzki et al.,
submitted). Treatment with the drug combination levetiracetam + topiramate significantly
reduced the incidence and frequency of electroclinical seizures at 4+12 weeks post-SE, and
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the seizure load based on seizure duration and severity (Schidlitzki et al., submitted), which
was not observed in the present study. However, to our knowledge, no significant reduction of
the incidence of electrographic seizures has been achieved in a preclinical study in the
intrahippocampal kainate mouse model so far. The present finding is therefore a validation
that it is possible to prevent the development of electrographic seizures in this animal model.
As a reduction in the incidence of electrographic seizures was seen at 12 weeks, but not four
weeks post-SE, a further study should be performed to see if this is a long-lasting effect and is
still observed at a later timepoint (e.g. at 20 weeks post-SE).
Levetiracetam + gabapentin + topiramate was the only drug combination to exert a significant
neuroprotective effect in the present study. In recent studies neurodegeneration was observed
as early as two to four hours after kainate injection in the intrahippocampal kainate mouse
model (Bedner et al. 2015; Schidlitzki et al., submitted). Drug treatment beginning 6 hours
after kainate may therefore have been too late for promising drug combinations to prevent
neurodegeneration in this model. However, as the average latency from kainate injection to
SE was 5.1 hours in male NMRI mice (Twele et al. 2016b), an earlier treatment begin may
have modified the initial insult (SE) and led to the false conclusion that a treatment had a
disease-modifying or antiepileptogenic effect (White and Löscher 2014). It is not clear to
what extent neurodegeneration is linked to the development of epilepsy, as the prevention of
neurodegeneration in patients does not necessarily prevent the development of epilepsy or
cognitive effects (Walker 2015). In a previous study, treatment with the NMDA receptor
antagonist dizocilpine (MK-801) prevented hippocampal damage in part of the rats after
kainate-induced SE, but did not prevent the development of spontaneous recurrent seizures
(Brandt et al. 2003), which further supports the assumption that neurodegeneration is not a
prerequisite for the development of seizures. As the excitotoxic properties of kainate lead to a
very early onset of neurodegeneration (see above), other animal models where the primary
lesion is not in the hippocampus might be more suited to determine neuroprotective effects of
drug treatment. An alternative would be the systemic pilocarpine model, in which the
neurodegeneration in the hippocampus occurs more gradually over the course of the first 48
hours (Covolan and Mello 2000), allowing for a longer period of time for preventive
treatment. However, the systemic pilocarpine injection induces a severe SE and a relatively
high mortality in animals (Lévesque et al. 2016), which is why this model was not suited for
the aims of this PhD thesis.
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Treatment with levetiracetam + gabapentin + topiramate (or any of the other tested drug
combinations) was not able to prevent GCD in this animal model, which was observed as
early as one week post-SE in this model (Welzel et al. 2019). After SE, GCD progressively
develops over time, leading to severe GCD at 8-22 weeks post-SE (Heinrich et al. 2006;
Heinrich et al. 2011; Schidlitzki et al. 2017; Schidlitzki 2018). Suzuki et al. (2005)
demonstrated that treatment with the NMDA receptor antagonist dizocilpine (MK-801) four
hours after intrahippocampal kainate injection in mice was able to delay the progression of
GCD over 14 days, yet could not prevent neurodegeneration in this model. These findings
indicate that GCD is not correlated to the neurodegeneration occurring in the CA1, CA3, and
hilus, which corresponds to the findings of the present study. Furthermore, treatment with the
mechanistic Target of Rapamycin (mTOR) antagonist Rapamycin reduced the severity of
GCD, yet did not prevent neurodegeneration or the incidence or frequency of electrographic
seizures (Shima et al. 2015). The involvement of GCD in epileptogenesis in human TLE as
well as in animal models therefore remains unclear (Houser 1990; Kienzler et al. 2009).

7.6.2 Levetiracetam + α-tocopherol
Treatment with the drug combination levetiracetam + α-tocopherol significantly reduced the
incidence of focal electroclinical seizures at four weeks post-SE, but not at 12 weeks post-SE.
This may have been due to none of the vehicle-treated animals exhibiting focal electroclinical
seizures at 12 weeks post-SE. In the efficacy studies, only 45% of vehicle-treated animals
developed focal electroclinical seizures in the intrahippocampal kainate model, but often did
not exhibit these at both monitoring time points. The low and irregular incidence and
frequency of focal electroclinical seizures in this model is therefore not ideal for identifying a
disease-modifying or antiepileptogenic effect on only focal electroclinical seizures. As
generalized electroclinical seizures occur more frequently and regularly, the animal model
should be used to find an effect on only these or all electroclinical seizures. An unexpected
finding was that the drug-treated group showed significantly more neurodegeneration in the
ipsilateral piriform cortex than the vehicle-treated group. As clear neurodegeneration
(moderate to severe, score 2-3) in the ipsilateral piriform cortex was only observed in one out
of seven drug-treated animals, a replication study should be performed to confirm this
outcome, as this finding may not have been statistically significant if the group sizes had been
larger.
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7.6.3 Levetiracetam + deferoxamine + gabapentin + fingolimod
Treatment with the drug combination levetiracetam + deferoxamine + gabapentin +
fingolimod had a disease-modifying effect by significantly reducing the frequency of
generalized convulsive electroclinical seizures at 4+12 weeks post-SE. This finding indicates
that treatment was able to prevent the progression from focal to electroclinical seizures in this
animal model. An opposing observation was the significant increase of the duration of
electroclinical seizures at 12 weeks post-SE. However, the size of the drug-treated group for
analysis was very small, as only three of five treated-animals exerted electroclinical seizures
and the group sizes were reduced by the exclusion of animals. One of the drug-treated animals
had a significantly longer average seizure duration than the other two animals. Although the
detection of outliers can be used to exclude abnormal data caused by mechanical faults,
changes in system behaviour, instrument error, or human error (Hodge and Austin 2004), it
was not applied in any of the conducted studies to not falsely manipulate the data by
excluding data occurring through natural deviations in the population.

7.6.4 Levetiracetam + atorvastatin + ceftriaxone
Contrary to expected, treatment with the drug combination levetiracetam + atorvastatin +
ceftriaxone had no disease-modifying or antiepileptogenic effect in this study, but rather
exerted a proepileptogenic effect. We therefore reduced the administered doses of each drug
by 70% to detect possible dose-dependent effects. Treatment with levetiracetam + atorvastatin
+ ceftriaxone with reduced doses exerted an antipileptogenic effect in part of the animals by
significantly reducing the incidence of electroclinical seizures and the incidence of
generalized electroclinical seizures at 12 weeks post-SE, and by significantly reducing the
incidence of focal electroclinical seizures at 4+12 weeks post-SE. Furthermore, a diseasemodification was achieved by a significant reduction of the frequency of focal electroclinical
seizures at 4+12 weeks post-SE. Treatment with reduced doses of levetiracetam + atorvastatin
+ ceftriaxone therefore had an supraadditive effect in this study, proving that higher doses do
not always correspond with a higher efficacy of treatment. This phenomen was also observed
in a preclinical study in mice of Alzheimer’s disease, where the optimal doses of cholinergic
drugs for a memory retention test were significantly lower in combination than when
administered alone (Flood et al. 1985). The combination of drugs from different mechanistic
categories has also been used to achieve supraadditive effects in other areas of research, such
as experimental pain, cancer, and congestive heart failure (Sigurd et al. 1975; Filitz et al.
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2008; Guérin et al. 2008). However, in a recent study, the effective drug combination
levetiracetam + topiramate was tested with 50% reduced doses of each drug, which did not
have the antiepileptogenic or disease-modifying effect that was found at very high doses
(Schidlitzki et al., submitted). The effective doses and the interaction of drugs in combination
are therefore difficult to predict in drug combination studies.

7.6.5 Post hoc power analysis
In each experiment, the aim was to have 16 mice for video/EEG recording (eight drug-treated
and eight vehicle-treated animals). Due to excluded animals, the loss of electrode head
assemblies, EEGs with poor quality, and the death of animals during generalized convulsive
seizures, the planned group size of eight animals per group was not achieved in most of the
drug combination studies. This may have resulted in a lower power of the studies, which is
why an exemplary post hoc power analysis was performed for the drug combination studies
with levetiracetam + deferoxamine + gabapentin + fingolimod and levetiracetam +
atorvastatin + ceftriaxone (reduced doses) (Chapter 6.3.7). The statistical power to determine
a significant effect on seizure frequency was calculated at 0.81 before the start of
experiments, yet in the post hoc power analysis a high variation in the power of the data for
the frequency of focal and generalized electroclinical seizures was observed (range of 0.120.99). In both studies the significant results had a post hoc power 0.8, indicating that the type
II error of the analyzed data was in the predicted range. The statistically nonsignificant results
however had a large type II error, meaning that possible effects of the drug combinations may
not have been detected due to the small group sizes. Based on the post hoc power analyses,
the efficacy studies should therefore be repeated to achieve the group sizes needed for the
majority of the data to attain a power 0.8.

7.7

Concluding remarks

In the present PhD thesis the intrahippocampal kainate mouse model was successfully used to
evaluate the tolerability of seven drug combinations and to subsequently screen four of the
drug combinations (one was repeated with reduced doses) for disease-modifying or
antiepileptogenic efficacy. The drug combinations levetiracetam + gabapentin + topiramate,
levetiracetam + deferoxamine + gabapentin + fingolimod, and levetiracetam + atorvastatin +
ceftriaxone (reduced doses) were found to exert multiple disease-modifying and/or partially
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antiepileptogenic effects in this model. The drug combination levetiracetam + atorvastatin +
ceftriaxone was not effective at higher doses and the drug combination levetiracetam + αtocopherol did not exert a strong disease-modifying effect. Due to smaller group sizes than
originally anticipated, the studies with the most effective drug combinations should be
repeated to achieve a higher power for the performed experiments and to confirm the
reproducibility of the experiments.
Unfortunately, none of the drug combinations in the present PhD thesis were able to
completely prevent the development of epilepsy in the intrahippocampal kainate mouse
model. This finding is similar to the majority of the outcomes in preclinical studies on
potential antiepileptogenic or disease-modifying treatments, where reduced behavioral or
neurodegenerative alterations, or reduced frequency of spontaneous seizures were achieved by
drug treatment, but not the prevention of the development of epilepsy (Löscher and Brandt
2010). One explanation might be that the brain insult in this model was too severe to allow for
the prevention of epilepsy by treating the animals after the initial insult (White and Löscher
2014). Due to the injection of excitotoxic kainate and the subsequent surgical implantation of
the EEG electrode into the hippocampus, the intrahippocampal kainate model can be
considered a double-hit insult model (Brackhan et al. 2018). In previous studies, this doublehit insult resulted in marked BBB disruption, neuroinflammation, and neurodegeneration in
the ipsilateral hippocampus and associated areas (Riban et al. 2002; Pernot et al. 2011; Zattoni
et al. 2011; Bitsika et al. 2016; Brackhan et al. 2018). The severity of the brain insult might be
why epilepsy is difficult to prevent or modify in the intrahippocampal kainate model (Shima
et al. 2015; Twele et al. 2016a; Schidlitzki et al. 2017). Furthermore, the latent period in
epilepsy models is very short (or nonexistent), so that the time window for a prophylactic
treatment might not be long enough (Sloviter 2008; Sloviter and Bumanglag 2013). An
important goal for the future is therefore the modification of available animal models to
reduce the severity of the brain insult and thereby increasing the duration of the latent period
(White and Löscher 2014). A further aim is the reduction of the percentage of animals that
develop epilepsy in animal models to identify possible biomarkers responsible for animals
developing or not developing spontaneous recurrent seizures after the brain insult (White and
Löscher 2014). Only 50% of the animals after TBI develop epilepsy over several months after
TBI (Pitkänen et al. 2007), which makes TBI models more laborious and time-consuming
than the intrahippocampal kainate model. However, TBI models are important for identifying
biomarkers of epileptogenesis, which could be used to predict the development of epilepsy,
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identify the presence and severity of tissue capable of generating spontaneous seizures,
measure progression after the condition is established, and determine pharmacoresistance
(Engel et al. 2013a). In addition, biomarkers could be used to create high-throughput
screening models for potential antiepileptogenic compounds and could serve as surrogate
endpoints for clinical trials (Pitkänen and Engel 2014).
Based on the algorithm we used for drug testing, the most promising drug combinations in the
intrahippocampal kainate mouse model will next be tested for antiepileptogenic efficacy in a
different epilepsy model in rats (e.g. a TBI model, Phase IIc). Sufficient preclinical evidence
and the feasibility of clinical antiepileptogenesis trials remain the two most important
challenges for testing new disease-modifying or antiepileptogenic drugs or drug combinations
(Schmidt et al. 2014). As it is not known whether antiepileptogenic or disease-modifying
effects of drug combinations identified in a post-SE model will translate to a TBI model or
even to patients with TBI (Pitkänen and Lukasiuk 2011b), efficacy of a treatment should be
demonstrated in at least two different models and species (White and Löscher 2014). This
recommendation is further supported by the observation that many factors (e.g. sex, strain,
anesthesia, definition of electrographic seizures) can influence the outcome of a preclinical
trial in an animal model (Twele et al. 2016a; Twele et al. 2016b). It is therefore important to
study effective drug combinations in other mouse and rat models of acquired epilepsy to see if
the efficacy translates to other models. A positive outcome in a different epilepsy model
would strengthen the evidence to progress from preclinical to clinical trials (Galanopoulou et
al. 2012).
To investigate the disease-modifying and partially antiepileptogenic effects of the drug
combinations in the present studies, further efficacy studies should be performed with single
administration of the drugs in the future. This would elucidate whether the effects were
caused by individual drugs or truly generated by the combination of the drugs. This approach
was also recently applied to confirm the efficacy of the drug combination levetiracetam +
topiramate in the intrahippocampal kainate mouse model (Schidlitzki et al., submitted).
Furthermore, the mechanisms of action of effective drug combinations could be investigated
by performing gene-regulatory network analysis of hippocampal tissue to identify genes with
potential disease-modifying or antiepileptogenic activity (Johnson et al. 2015).
To conclude, the present studies were effective in screening promising drug combinations for
disease-modifying or antiepileptogenic efficacy in the intrahippocampal kainate mouse
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model. By using an algorithm based on the different phases of clinical trials, we were able to
identify several disease-modifying and partially antiepileptogenic drug combinations, which
should be further investigated in different models of acquired epilepsy in the future. The
conducted studies provide first preclinical evidence for translating these effective drug
combinations to later clinical trials and are an important step in the development of drug
combinations for multitargeted intervention in epileptogenesis.
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9 Supplemental material
9.1

Histological and immunohistological stainings

9.1.1 Materials
Materials

Vendor / Supplier

Acetic acid

Merck KGaA, Darmstadt, Germany

DPX mounting medium

Sigma-Aldrich, Munich, Germany

Ethanol absolute (100%)

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Fluoro-jade C

Merck KGaA, Darmstadt, Germany

Entellan® mounting medium

Merck KGaA, Darmstadt, Germany

Potassium permanganate (KMnO4)

AppliChem GmbH, Darmstadt, Germany

Sodium hydroxide (NaOH)

Merck KGaA, Darmstadt, Germany

Terpineol

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

Thionin (acetate salt)

Sigma-Aldrich, Munich, Germany

Xylene substitute medium (Roti®-Histol)

Carl Roth GmbH + Co. KG, Karlsruhe,
Germany

•

Fluoro-jade C stock solution:
Dissolve 5 mg fluoro-jade C in 50 ml distilled water.

•

Fluoro-jade C solution for staining:
Mix 1 ml of fluoro-jade C stock solution (0.0001%) with 99 ml 0.1% acetic acid.

•

Thionin solution:
Heat 100 ml 1 M acetic acid, 36 ml 1 M sodium hydroxide (NaOH) solution, and 864 ml
distilled water to 60-70 ºC. Next, dissolve 1.25 g of thionin acetate salt in the solution and
let it stir for 1 hour. Filtrate solution and adjust pH to 4.5.
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9.1.2 Protocol for fluoro-jade C staining
1.

5 min in 80% ethanol

2.

2 min in 70% ethanol

3.

2 min in distilled water

4.

Stir 10 min in 0.06% potassium permanganate (KMnO4) in distilled water (60 mg/100
ml)

5.

Rinse 1-2 min with distilled water

6.

30 min in fluoro-jade C solution

7.

3 x 1 min in distilled water

Let the stained slides air dry overnight. Place the stained slides in xylene substitute medium
(Roti®-Histol) for 1 min before mounting them with DPX mounting medium and cover glass.
Complete steps five to seven and also store stained slides under protection from light
exposure.

9.1.3 Protocol for thionin staining
1.

3 min in 100% ethanol

2.

3 min in 95% ethanol

3.

3 min in 70% ethanol

4.

3 min in 50% ethanol

5.

3 min in distilled water

6.

75-90 sec in thionin solution

7.

3 min in 50% ethanol

8.

3 min in 70% ethanol

9.

3 min in 95% ethanol

10.

3 min in 100% ethanol

11.

3 min in terpineol/xylene substitute medium (Roti®-Histol) 1:1
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12.

2 x 3 min in xylene substitute medium (Roti®-Histol)

After completing the staining protocol, mount the slides with Entellan ® mounting medium
and cover glass and let them air dry.
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