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Summary 

Bettina Wolf 

Multi-target treatment and molecular imaging of inflammation in preclinical 

epileptogenesis 

 

Epilepsy is characterized by spontaneous recurrent seizures and accounts for 1 % of 

the world’s diseases. Patients suffer from comorbidities like anxiety, depression or 

cognitive impairment. Current available medications target only the symptoms 

whereas 30 % of the patients show seizures despite anti-epileptic medication. 

Temporal lobe epilepsy is the most common form and nearly all patients have 

experienced brain insults at some point prior the first seizure. Within a seizure-free 

latent phase between the initiating insult and the first seizure, various processes 

remodel the brain tissue so it gets susceptible to seizure generation. These 

processes are termed epileptogenesis and are mainly driven by neuroinflammation, 

neurodegeneration and neuronal-hyperexcitability. To save patients from developing 

epilepsy as an aftermath of a brain insult, an attenuation of these processes by so 

called anti-epileptogenic treatments is an auspicious approach. However, no anti-

epileptogenic treatment has reached clinical routine so far which creates an urgent 

need for further research. Success of anti-epileptogenic research is not limited by the 

availability of un-tested pharmacological agents but by low translationality of 

preclinical findings. Furthermore, one of the major challenges is the identification of 

auspicious pharmacological agents as preclinical anti-epileptogenesis studies are 

expensive and last very long. Therefore, a fast method with the power to distinguish 

between drugs which are very likely to have anti-epileptogenic effects and drugs 

which are less likely to do so would accelerate treatment discovery. As preclinical 

molecular imaging allows the visualization of ongoing biological process in vivo, it 

was suggested to provide the requested information. 

In this thesis, we show that preclinical molecular imaging identified treatment induced 

alterations of the epileptogenic process which makes molecular imaging a sufficient 

tool to select auspicious treatment combinations and drugs for longitudinal anti-
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epileptogenesis studies which will accelerate anti-epileptogenic drug research in the 

future. 

We showed this in four different studies which were conducted using two different 

post-status epilepticus (SE) animal models. A group of animal models in which the 

initial brain insult is a long lasting seizure and which is commonly used for anti-

epileptogenic drug research. Within epileptogenesis, neuroinflammation has been 

identified to be crucial, so that evaluation as well as attenuation of the inflammatory 

response became the focus of our research. Therefore, we worked with the positron 

emission tomography (PET) tracer [18F]GE180 which targets the translocator protein 

(TSPO) which is mainly expressed by activated microglia and has been confirmed to 

image neuroinflammation in humans and rodents. Within three imaging-based 

treatment screening studies we investigated three anti-inflammatory drugs, which had 

shown anti-epileptogenic effects in already published studies. 

In the first study we showed that TSPO PET is sufficient to detect anti-inflammatory 

effects of curcumin treatment in the intrahippocampal kainate mouse model two 

weeks after SE induction. In the second study we worked with FTY720, the first 

approved oral drug for multiple sclerosis treatment. In the same mouse model the 

TSPO PET signal was reduced whereas this was not the case in the pilocarpine rat 

model. In the third study, TSPO PET visualized a dose-dependent effect induced by 

minocycline, which is known for its anti-inflammatory mode of action, in rats but not in 

mice. Whereas, major effects in rats were seen when kinetic analysis of the tracer 

was performed, which was not possible for mice. In all three studies, the in vivo PET 

data were confirmed by in in vitro autoradiography. Further histological analysis of 

astrocytes activation and neurodegeneration was performed whereas this did not 

detect a major treatment effects. 

Based on this, we conducted the first anti-epileptogenesis study which investigated a 

treatment combination which partly had been selected based on prior conducted 

imaging-based treatment evaluation studies. As we had detected the strongest 

alteration of the PET signal in minocycline treated rats before, we combined 

minocycline with the anti-convulsive drug phenobarbital. For phenobarbital anti-

epileptogenic effects had been reported before and it has been suggested that 

treatment combinations are more likely to attenuate epilepsy development. In this 

fourth study further imaging parameters as well as comorbidity and seizure 
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development was evaluated to correlate imaging observations with chronic disease 

development. 

Neither the treatment combination of phenobarbital and minocycline, nor the 

corresponding monotherapies had any impact on seizure development, the behavior 

in the open field or the sucrose consumption test. Imaging modalities did not detect 

any impact of the minocycline treatment schedules which was evaluated in this study. 

However, in the animals treated with the drug combination, a reduction of TSPO 

expression at two weeks and less severe brain hypometabolism investigated by 

another PET tracer, six weeks after SE induction, was observed. In rats treated with 

phenobarbital only, attenuation of early brain edema and neuroinflammation as well 

as less severe brain hypometabolism six weeks after SE was detected. The same 

rats performed significantly better in the Morris water maze indicating less impaired 

learning abilities, which has not been reported for phenobarbital before. The fourth 

study proofed that molecular imaging can detect and even differentiate between 

effects induced by a treatment combination and the corresponding monotherapies. 

This highlights the ability of molecular imaging to monitor treatment effects.  

Taken together, these studies showed that molecular imaging detects effects induced 

by treatments applied during epileptogenesis, whereas the effects vary among 

investigated therapy plan, imaging modality, animal model and way of image 

analysis. Thus, molecular imaging can be used for treatment evaluation studies 

identifying auspicious anti-epileptogenic drugs and treatment schedules for further 

longitudinal studies. Furthermore, this may be the first step toward imaging-based 

personalized medicine in humans as molecular imaging has a high translationality. 
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Zusammenfassung 

Bettina Wolf 

Mono- und Kombinationstherapien sowie molekulare Bildgebung von 

Inflammation in der Epileptogenese  

 

Epilepsie ist die weltweit vierthäufigste neurodegenerative Erkrankung. Patienten 

zeigen sogenannte epileptische Anfälle, wobei es sich um unwillkürliche 

Funktionsstörungen handelt, die durch synchrone Entladungen von 

Nervenzellverbände an der Gehirnoberfläche hervorgerufen werden. Darüber hinaus 

leiden Epilepsiepatienten häufig an Komorbiditäten wie Depressionen und 

Angstzuständen sowie Einschränkungen der Lernfähigkeit. Verfügbare Medikamente 

unterdrücken nur die Symptome und darüber hinaus zeigen derzeit ungefähr 30 % 

der Patienten trotz Behandlung weiterhin Anfälle. Die häufigste Epilepsieform ist die 

Temporallappenepilepsie, wobei bei den meisten Patienten ein Zusammenhang zu 

einem Gehirninsult, wie zum Beispiel einem Schlaganfall oder einem 

Schädelhirntrauma, besteht. Zwischen dem initialen Gehirninsult und dem ersten 

epileptischen Anfall liegt eine anfallsfreie Phase, welche Tage bis mehrere Jahre 

dauern kann. Während dieser Latenzphase sorgen verschiedene Prozesse für eine 

Umwandlung des zuvor gesunden Gehirns in anfallsanfälliges Gewebe. 

Zusammengefasst werden diese Prozesse als Epileptogenese bezeichnet und 

werden insbesondere von Entzündung, Gewebsuntergang und neuronaler 

Übererregbarkeit vorangetrieben. 

Es liegt nahe, dass ein Eingreifen in diese Prozesse, vermutlich die Entstehung einer 

Epilepsie abschwächen kann. Dieser Behandlungsansatz wird als 

Antiepileptogenese bezeichnet. Es besteht jedoch noch großer Forschungsbedarf, 

da bisher keine antiepileptogene Therapie in der klinischen Routine verfügbar ist. 

Hierbei ist jedoch nicht die Verfügbarkeit ungetesteter potentiell antiepileptogener 

Wirkstoffe das Hauptproblem. Vielmehr sind präklinische Forschungsergebnisse 

häufig schwer auf den Menschen übertragbar. Eins der größten Probleme ist jedoch 

ist die Identifizierung vielversprechender Wirkstoffe. Präklinischen 

Antiepileptogenese-Studien sind kostenintensiv und nehmen viel Zeit in Anspruch, 
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sodass sie nicht für viele Wirkstoffe durchgeführt werden können. Aus diesem Grund 

würde eine Methode, die innerhalb kurzer Zeit einen vielversprechenden Wirkstoff 

von einem Wirkstoff, welcher eher unwahrscheinlich einen Einfluss auf die 

Epilepsieentstehung hat, unterscheiden kann, die Forschung deutlich voranbringen. 

Eine Methode dieser Art könnte die Präklinsiche Molekulare Bildgebung darstellen, 

da diese die Visualisierung und Quantifizierung von biologischen Prozessen im 

lebenden Organismus ermöglicht. 

In den vier Studien, welche im Rahmen dieser Thesis durchgeführt wurden, konnten 

wir zeigen, dass Molekulare Bildgebung Effekte, welche durch pharmakologische 

Wirkstoffe während der Epileptogenese hervorgerufen wurden, darstellen und auch 

quantifizieren kann. Daher können mittels Bildgebung vielversprechende 

pharmakologische Substanzen für Langzeit-Antiepileptogenese-Studien und 

Kombinationstherapien ausgewählt werden. 

Wir arbeiteten mit zwei sogenannten Post-Status epilepticus (SE) Tiermodelle, 

welche weltweit zur Evaluation von potentiell antiepileptogenen Wirkstoffen 

eingesetzt werden. In diesen Modellen wird der initiale Gehirninsult durch einen 

langanhaltenden epileptischen Anfall ausgelöst. Die herausragende Bedeutung der 

ablaufenden Entzündung für die Epileptogenese wurde mehrfach gezeigt, weshalb 

wir den Forschungsfokus auf die Behandlung und Bildgebung der Neuroinflammation 

legten. Aus diesem Grund arbeiteten wir zunächst ausschließlich mit dem 

Positronen-Emissons-Tomographie (PET) Tracer [18F]GE180, welcher sowohl in der 

Präklinik als auch in der Humanmedizin als zuverlässige Methode zur Evaluierung 

von Neuroinflammation angesehen ist. Dieser Tracer visualisiert das sogenannte 

Translocator Protein (TSPO), welches vorrangig von aktivierten Microglia exprimiert 

wird. Zunächst führten wir drei bildgebungsgestützte Wirkstoff-Screening Studien 

durch und untersuchten drei verschiedene entzündungshemmende Wirkstoffe, die 

bereits in anderen präklinischen Studien ein Einfluss auf die Epileptogenese gezeigt 

haben. 

In der ersten Studie konnten wir zeigen, dass TSPO PET deutlich die 

entzündungshemmende Wirkung von Curcumin zwei Wochen nach SE Induktion, 

mittels intrahippokampaler Kainsäure Injektion, in der Maus darstellen kann. Die 

zweite Studie evaluierte den Effekt von FTY720, welches das erste zugelassene 

Medikament zur oralen Behandlung von Multipler Sklerose ist, auf die 
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Entzündungsantwort während der Epileptogenese. Auch hier konnte eine Reduktion 

der TSPO Expression im Mausmodell festgestellt werden, wobei dies nicht auf das 

Pilocarpin Rattenmodell übertragen werden konnte. Während in Ratten eine 

dosisabhängige Reduktion der Entzündung, induziert das entzündungshemmende 

Minocyclin, im PET Scan deutlich wurde, war dies in den Mäusen nicht der Fall. 

Allerdings waren in den Ratten die Effekte insbesondere in der Auswertung der 

kinetischen Daten zu sehen. Eine Methode, welche in den Mäusen nicht angewendet 

werden konnte. Neben der PET-Bildgebung am lebenden Tier, wurden in den ersten 

drei Studien die PET-Daten mittels Autoradiographie an Gehirnschnitten validiert und 

histologische Färbungen von Astrozyten und zur Erfassung der Neurodegeneration 

durchgeführt, wobei keine deutlichen Behandlungseffekte gefunden wurden. 

Die vierte Studie war die erste Langzeit-Antiepileptogenese-Studie, welche zum Teil 

auf Grundlage eines bildgebungsgestützen Wirkstoffscreenings durchgeführt wurde. 

Da zuvor nach Minocyclin Behandlung die deutlichste Abschwächung des PET-

Signals in Ratten beobachtet worden war, kombinierten wir Minocyclin mit dem anti-

konvulsiven Wirkstoff Phenobarbital, da von Kombinationstherapien höheres anti-

epileptogenes Potential erwartet wird. Außerdem war für Phenobarbital ebenfalls 

eine gewisse anti-epileptogene Wirkung zuvor beschrieben worden. In dieser vierten 

Studie wurde neben weiteren Bildgebungsparameter auch das Auftreten von 

Komorbiditäten und epileptischen Anfällen untersucht. Allerdings hatten weder die 

Kombinationstherapie noch die Einzelbehandlungen einen Einfluss auf die 

Entstehung der epileptischen Anfälle, das Angst- oder das Depression-assoziierte 

Verhalten der Ratten. 

Durch das in dieser Studie untersuchten Minocyclin-Behandlungsschema konnte kein 

Bildgebungsparameter beeinflusst werden. Allerdings konnte in den Tieren, die die 

Kombinationstherapie erhalten hatten, eine reduzierte TSPO Expression zwei 

Wochen und ein weniger stark reduzierter Gehirnstoffwechsel sechs Wochen nach 

SE Induktion mit einem anderen PET Tracer dargestellt werden. In Ratten, welche 

wir ausschließlich mit Phenobarbital behandelten, konnte eine Stabilisierung der 

Bluthirnschranke mittels Magnetresonanztomographie, eine abgeschwächte 

Entzündungsantwort und ein weniger stark reduzierter Stoffwechsel im Gehirn 

dargestellt werden. Im Vergleich zu allen anderen hier untersuchten Gruppen, 

zeigten die Phenobarbital behandelten Tiere auch signifikant bessere Lernfähigkeiten 
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in der chronischen Phase der Epilepsie. Ein Effekt, welcher für Phenobabital zuvor 

noch nicht beschrieben worden war. Wir konnten deutlich zeigen, dass mittels 

Molekularer Bildgebung auch potentiell anti-epileptogene Kombinationstherapien 

identifiziert werden können. 

Zusammenfassend lässt sich sagen, dass mittels Präklinischer Molekularer 

Bildgebung Behandlungseffekte während der Epileptogenese in post-SE 

Tiermodellen dargestellt werden können. Diese Effekte sind jedoch stark von den 

verwendeten Wirkstoffen und Behandlungsschemata, dem untersuchten Tiermodell, 

der Bildgebungsmodalität und der Art der Auswertung abhängig, was die 

Notwenigkeit von Wirkstoffscreenings noch deutlicher macht. Auf dieser Basis lässt 

sich sagen, dass Molekulare Bildgebung zur Identifizierung besonders 

vielversprechender Wirkstoffe zur Antiepileptogenese-Therapie verwendet werden 

kann und sollte. Darrüberhinaus ebnet dies den Weg in Richtung personalisierter 

bildgebungs-gestützter Behandlung im Menschen. 
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1 Introduction 

Epilepsy is one of the oldest described and still one of the most common 

neurodegenerative disorders of mankind (WHO, 2019). Despite progress in research, 

available medications target only the symptoms of the disease, and a prevention of 

the development is not possible (Löscher et al., 2013). Epilepsy patients suffer from 

spontaneous recurrent seizures (SRS) and comorbidities, such as depression, 

anxiety and memory impairment (Chang and Lowenstein 2003; Kanner, 2016). The 

most common form is temporal lobe epilepsy (TLE), which potentially develops after 

any kind of brain insult (Bertram, 2009). This initiating brain insults can be a stroke or 

a traumatic brain injury and therefore can affect any person at any time point. 

After the insult, endogenous mechanisms try to reestablish the former balance, but in 

some cases, they fail and even induce further disease progression (Pitkänen et al., 

2015). The pivotal mechanisms accounting either for disease development or 

recovery are diverse and remain elusive whereas neuroinflammation, 

neurodegeneration and neuronal hyperexcitability have been identified to be crucial 

(Löscher and Brandt, 2010). Taken together these processes are termed 

epileptogenesis. They promote each other and lead to further disease progression 

and therefore can be illustrated as a vicious circle (Vezzani et al., 2011a; Pitkänen et 

al., 2015). 

With the intention to interrupt the vicious circle and in this way to attenuate long-term 

seizure as well as comorbidity development, so called anti-epileptogenic treatments 

are one focus of epilepsy research (Löscher and Schmidt, 2011; Löscher, 2019). 

Within epileptogenesis neuroinflammation has been identified to be crucial (Vezzani 

et al., 2013). Neuroinflammation affects various downstream pathways leading to 

further inflammation, neuronal cell death and changes in neuronal excitability 

(Aronica et al., 2017; Terrone et al., 2017). Therefore, anti-inflammatory drugs belong 

to the group of auspicious anti-epileptogenic treatment agents (Vezzani, 2015). In 

preclinical as well as in first proof-of-principle studies anti-inflammatory treatments 

have shown promising results (Vezzani, 2015; Ravizza and Vezzani, 2018; van Vliet 

et al., 2018). Nevertheless, no anti-epileptogenic treatment has reached clinical 

routine so far, warranting further research (Löscher, 2019). 
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To move forward, epilepsy research needs to overcome two main challenges: First, 

biomarkers which reliably identify patients who are at risk to develop epilepsy after 

they have experienced a severe brain insult, need to be identified, so that these 

patients can be treated with anti-epileptogenic medication (Engel et al., 2013).This 

leads to the second challenge of anti-epileptogenesis research: Efficient anti-

epileptogenic drugs need to be identified and preclinical findings need to be 

translatable into humans (Pitkänen et al., 2015; Löscher, 2019). It is important to note 

that anti-epileptogenic drug research is not limited by the availability of 

pharmacological agents which have not been tested for their anti-epileptogenic 

efficiency. One major drawback is that studies investigating the efficiency of anti-

epileptogenic treatments are very time-consuming and expensive due to longitudinal 

set-ups and complex data evaluation (Galanopoulou et al., 2012). On this account, a 

fast method with the ability to distinguish between medications which are likely to 

attenuate epilepsy development and drugs which are less likely to impact 

epileptogenesis would accelerate anti-epileptogenic drug evaluation substantially 

(Löscher et al., 2013; Pitkänen and Engel, 2014a; Pitkänen et al., 2016). 

As preclinical molecular imaging offers the opportunity to display ongoing processes 

in a living organism it is the method with the ability to meet this demand. Positron 

emission tomography (PET) and magnet resonance imaging (MRI) can provide 

information about ongoing biological processes in a longitudinal study set-up. PET 

tracers like [18F]GE180 targeting the translocator protein (TSPO) which is mainly 

expressed in activated microglia enable localization and quantification of 

neuroinflammation (Amhaoul et al., 2015). [18F]FDG PET provides information about 

brain metabolism while MRI images show anatomical alterations like edema 

development or blood brain barrier impairment (Vezzani and Friedman, 2011b; van 

Vliet et al., 2014; Zhang et al., 2015). 

The combination of (1) the urgent need to accelerate anti-epileptogenic drug 

research with (2) the reported importance of neuroinflammation for epileptogenesis 

with (3) the possibility to image neuroinflammation in vivo, leads to our hypotheses: 

Molecular imaging of neuroinflammation can monitor treatment related effects during 

epileptogenesis. Hence molecular imaging can be used to guide drug selection for 

anti-epileptogenic studies and treatment combinations. 
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To investigate this hypothesis, we first conducted three imaging-based treatment 

evaluation studies to show that TSPO PET detects effects induced by monotherapies 

during epileptogenesis. We further evaluated different dosing protocols, treatment 

durations, treatment starts, different imaging time points and imaging methods. We 

evaluated three different anti-inflammatory drugs: curcumin, FTY720 and 

minocycline. For all of them certain anti-epileptogenic efficiency has been published 

(Gao et al., 2012; Jiang et al., 2015; Wang et al., 2015; Pitsch et al., 2019). We 

worked with two different animal models commonly used for anti-epileptogenic 

treatment evaluation, so called post- status epilepticus (SE) models: the 

intrahippocampal kainate mouse model and the pilocarpine rat model. Furthermore, 

the timecourse of TSPO expression has been described for these models before, 

which guided the selection of the imaging time points (Brackhan et al., 2016; 

Brackhan et al., 2018). 

The findings of the first three studies allowed us to conduct the first long-term anti-

epileptogenesis study which investigated a treatment combination which partly had 

been selected based on an imaging-based treatment evaluation method. We 

combined the anti-inflammatory medication which we had identified to induce the 

strongest alteration in TSPO PET with the anti-convulsive medication phenobarbital. 

We decided for phenobarbital due to its published impact on seizure development 

(Brandt et al., 2010). Additionally, it has been hypothesized that treatment 

combinations are more likely to attenuate epilepsy development (Löscher, 2015). 

With the intention to confirm our imaging-based treatment evaluation method, we 

investigated the impact of the treatment combination of minocycline and 

phenobarbital on further molecular imaging parameters and evaluated long-term 

seizure as well as comorbidity development, to correlate these with prior detected 

imaging parameters. 

 

The following chapters will provide an overview of the scientific background of the 

conducted studies. Epilepsy and the meaning of epileptogenesis will be explained, 

followed by an outline of the challenges of studies investigating anti-epileptogenic 

treatments. As the main target of the imaging modalities as well as of the investigated 

treatments was the inflammatory response, this will be discussed in more detail. This 

is followed by a brief overview of used imaging modalities, their physical background 



Introduction 

 

12 
 

as well as their value in the field of inflammation and epilepsy. Finally, the impact of 

anti-inflammatory treatments on epileptogenesis as well as all treatments used in this 

thesis will be explained in detail. 
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2 State of the art review 

2.1 Epilepsy 

2.1.1  Definition and significance 

Epilepsy is one of the first known diseases of the central nervous system (CNS) but 

still an illness with many uncertainties. It is one of the most common chronic diseases 

of the CNS worldwide and can be described as an enduring predisposition to 

generate epileptic seizures (Fisher et al., 2005). Epileptic seizures are episodes of 

symptoms due to abnormal excessive or synchronous electronical discharges (Fisher 

et al., 2005) and vary in frequency, duration, involved brain regions, responsiveness 

to treatments and many other factors (Fisher et al., 2017). 

Globally up to 50 million people suffer from epilepsy and the neurobiological, 

cognitive, psychological and social consequences of this condition (Fisher et al., 

2005; WHO, 2019). Comorbidities such as depression, anxiety, or deficits in learning 

have an impact on the daily life of the patients (Kanner, 2016). Worldwide estimated 

2.4 million people are diagnosed with epilepsy each year, whereas around 80 % of 

epilepsy patients live in third world countries. Thus, about three quarters of the 

patients may not receive adequate treatment. The fact that up to 70 % of epilepsy 

patients could become seizure free if they would have access to anti-seizure 

medicine is an alarming situation (Löscher et al., 2013). 

Despite the enormous progress of modern medicine, available medications target 

only the symptoms but are not capable to cure epilepsy. Standard therapy plans 

consist of anti-seizure drugs whereas 30 % of the patients never become seizure-free 

(Löscher, 2002; Sirven, 2015). Epilepsy is defined to be resistant in the moment that 

two approaches of two tolerated and appropriately chosen antiepileptic drug 

schedules, have failed to achieve sustained seizure freedom (Kwan et al., 2010). 

Reasons for this high rate of resistance remain obscure (Golyala and Kwan, 2017). In 

some cases, surgical resection of the epileptic focus after imaging evaluation is an 

alternative treatment option, whereas only 50 % of the patients remain seizure-free 

afterwards (de Tisi et al., 2011). In the last years, deep brain stimulation as well as 

vagus nerve stimulation has gained relevance as treatment for drug-resistant patients 
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in whom surgical resistance of the epileptic focus is not an option due to localization 

of the focus (Tecoma and Iragui, 2006; Klinger and Mittal, 2018). 

In 2014, the International League Against Epilepsy (ILAE) renewed the clinical 

definition of epilepsy (Fisher et al., 2014). Since then, patients must meet one of the 

following three conditions to be diagnosed as epileptic: (1) At least two unprovoked 

(or reflex) seizures occurring more than 24 hours apart; (2) One unprovoked (or 

reflex) seizure and a probability of further seizures similar to the general recurrence 

risk (at least 60 %) after two unprovoked seizures, occurring over the next 10 years; 

(3) Diagnosis of an epilepsy syndrome (Fisher et al., 2014). Within this renewed 

definition the ILAE implemented the option that epilepsy can be considered as 

‘resolved’ for some patients. This may be the case in patients who suffered from an 

age-dependent epilepsy syndrome and have overcome this age and in patients who 

have not had a seizure for ten years without any epilepsy medication for the last five 

years (Fisher et al., 2014). 

To classify epilepsy a flow chart of three levels was suggested by Scheffer et al. 

(2017) (Figure 2.1). The classification starts with the seizure type, which can have a 

focal, a generalized or an unknown onset. Generalized seizures arise from neuronal 

circuits of both hemispheres, whereas focal seizures generate from one outlined 

region of one brain hemisphere. Generalized seizures can further be classified into 

tonic, clonic, tonic-clonic, myoclonic, atonic and absence subtypes (Engel, 2006; 

Berg et al., 2010; Stafstrom and Carmant, 2015). Behavioral manifestation of the 

seizure depends on the involved brain region (Berg et al., 2010). 

A special variant of seizures is the status epilepticus (SE), an abnormally prolonged 

seizure. SE results either from a failure of mechanism responsible for seizure 

termination or a persistent activation of pathways (Trinka et al., 2015). SE is a clinical 

emergency that, depending on type and duration, may have long-term consequences 

such as neuronal death or alteration of neuronal networks or even, in some cases, 

the death of the patient. Especially the type and the duration of the SE account for 

the probability to develop long-term consequences (Trinka et al., 2015). It has been 

defined that for example, a tonic-clonic seizure lasting for more than five minutes is 

called an SE and after thirty minutes is likely to have long-term consequences (Trinka 

et al., 2015). 
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The second level of the epilepsy classification focuses on the epilepsy type 

(Figure 2.1). Epilepsy can either be focal, generalized, combined generalized and 

focal or unknown. The last level is the diagnosis of an epilepsy syndrome which 

refers to a cluster of features integrating various disease characteristics like seizure 

type, EEG (electroencephalogram) or imaging results (Scheffer et al., 2017). 

 

 

Figure 2.1. Classification of epilepsies and etiological groups (modified from Scheffer et al. 
(2017)). 

The seizure type is the first aspect to be classified, followed by the epilepsy type. The last level is 
about the epilepsy syndrome which refers to a cluster of features integrating various disease 
characteristics like seizure type, electroencephalogram or imaging results. Epilepsy may have a 
structural, genetic, infectious, metabolic and immune or an unknown etiological background. 

 

The diagnosis of epilepsy always includes the classification of the six etiology groups: 

structural, genetic, infectious, metabolic, immune or unknown. However, patients can 

be assigned to more than one group (Figure 2.1) (Scheffer et al., 2017). The group of 

structural epilepsies is diverse and in most cases can be diagnosed by anatomical 

imaging technics like MRI. Structural alterations can be separated in acquired 

structural alterations which have been caused for example by strokes, trauma or 

infections, and hereditary structural alterations like malformations of cortical 

development. Genetic epilepsies result from known or presumed genetic mutations. 

Infections causing epilepsy are for example neurocysticercosis, tuberculosis, human 

immunodeficiency viruses or cerebral malaria. Metabolic and immune disorders in 
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which seizures are a core syndrome account for the fourth and fifth etiology class of 

epilepsy (Scheffer et al., 2017). 

 

2.1.2 Temporal lobe epilepsy 

TLE is the most common form of epilepsy, accounting for a quarter of all epilepsy 

cases, and belongs to the group of structural epilepsies (Bertram, 2009; Tellez-

Zenteno and Ronquillo, 2012). TLE is the most pharmacoresistant form of epilepsy 

and in up to 75 % of TLE patients drug treatments fail to convey seizure freedom 

(Engel, 2001; Spencer, 2002). In TLE, seizures generate from the hippocampus, the 

amygdala or the entorhinal cortex (Chang et al., 2003) and spread along the medial 

temporal lobe (Bertram, 2014). Shortly before a seizure, patients report sensorial 

hallucinations, nausea, mood changes and fear (Engel, 1996; Wieser, 2004). A 

majority of TLE patients have experienced brain insults prior to the onset of epilepsy 

symptoms. In many cases they report febrile seizures, traumatic brain injury, stroke 

or CNS infections (French et al., 1993). Prior the epilepsy onset, patients go through 

a clinical seizure-free latent period which can last few days or many years (French et 

al., 1993). 

A major pathological finding in TLE patients is hippocampal sclerosis (Thom, 2014). It 

is characterized by neuronal cell loss and astrogliosis, in the hippocampal hilus and 

the cornu ammonis (CA) region 1. Astrogliosis describes an abnormal increase in the 

number as well a change of the morphology and the function of astrocytes (Blümcke 

et al., 1999; Wieser, 2004). In addition, alterations in neuronal connectivity and 

plasticity are part of the hippocampal sclerosis and relate to memory deficits in 

chronic epilepsy. Furthermore, dispersion of the granule cell layer and mossy fiber 

sprouting of granule cell axons have been described (Wieser, 2004; Malmgren and 

Thom, 2012; Blümcke et al., 2013). There is still an ongoing debate whether 

hippocampal sclerosis is a consequence or a cause of recurrent seizures in TLE 

which shows that further research especially focusing on epilepsy development is 

needed (Blümcke, 2010).  
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2.1.3 Epileptogenesis 

Nearly 130 years ago, the British neurologist Gowers recognized a seizure-free 

interval, lasting months to years, between initial brain insults and clinically identifiable 

seizures in TLE patients (Gowers, 1881). This suggests that there are processes 

transforming former healthy brains into tissue being susceptible of generating 

seizures (Pitkänen and Sutula, 2002b; Pitkänen and Lukasiuk, 2009; Löscher et al., 

2010). These processes of variable length are termed epileptogenesis. 

Epileptogenesis is also thought to be part of the development of epilepsies with an 

idiopathic or cryptogenic background (Löscher et al., 2010). 

There has been a long discussion whether epileptogenesis ends with the first 

observed generalized seizure or also includes changes happening during further 

disease progression (Figure 2.2) (Pitkänen et al., 2015). I has been suggested that 

the latent phase may not be a defined time period, but a continuum describing the 

transformation of initially subclinical focal epileptiform events to clinically detectable 

discharges (Bumanglag and Sloviter, 2008; Sloviter, 2008). This is supported by 

recordings from depth electrodes directly from the hippocampus in a rat model 

showing that immediately after an SE granule cells generate epileptiform discharges 

(Rattka et al., 2013). This means that after a convulsive SE, delayed secondary 

mechanisms are not imperative for seizure generation (Sloviter and Bumanglag, 

2013). Nevertheless, some mechanisms being relevant in the early phase, also 

impact processes after the first spontaneous seizure (Pitkänen and Lukasiuk, 2011). 

The term ‘epilepsy maturation’ describes the observation that during epileptogenesis 

the contribution of different mechanisms is changing over time. For example: a study 

with continuous EEG recording for around 100 days in rats after an SE, provided 

evidence that frequency and severity of SRS increase after the first unprovoked 

seizure (Williams et al., 2009). A progression of neuronal atrophy has been observed 

in rats and in humans (Pitkänen et al., 2002a; Coan et al., 2009) and a change of the 

intensity of the inflammatory response has been shown in longitudinal imaging 

studies (Brackhan et al., 2016; Breuer et al., 2016; Bankstahl et al., 2018; Brackhan 

et al., 2018). Based on all this, the recent epileptogenesis definition comprises 

development of an epileptic condition as well as the progression of the disease 

(Figure 2.2) (Löscher et al., 2015). 
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Figure 2.2. Simplified scheme of epileptogenesis 

After an initial brain insult repair mechanisms try to compensate for the damage. In case of failure, the 
tissue is transformed into tissue being susceptible of generating seizures. Processes responsible for 
this transformation are termed epileptogenesis. Within a vicious circle neuroinflammation, neuronal-
hyperexcitability and neurodegeneration promote each other and lead to further disease progression. 

 

Thanks to functioning repair mechanisms, not every person who has experienced a 

brain insult does develop TLE as an aftermath (Dichter, 2009). Nevertheless, in some 

cases those mechanisms fail, leading to epilepsy development. Predisposing genetic 

and environmental factors or a ‘second hit’ have been suggested to account for 

individual susceptibility (Walker et al., 2002; Löscher et al., 2010). It still remains 

elusive which molecular, cellular and functional processes are causal, how 

mechanisms interact and finally lead to the occurrence of SRS. Nevertheless, 

neurodegeneration, neuroinflammation, hyperexcitability of neurons and disruption of 

neuronal circuits, changes in neuronal plasticity, neurogenesis and gliosis have been 

stated to be relevant. These processes promote each other and create a vicious 

circle leading to further disease progression (Figure 2.2) (Pitkänen et al., 2009; 

Löscher et al., 2010). 

The fact that a brain insult does not imperatively lead to epilepsy development, 

creates one of the major challenges of epilepsy research: the identification of persons 

who are at risk to develop epilepsy as an aftermath of their brain insult. To meet this 

challenge, the development of biomarkers with the ability to predict epilepsy 

development, has attracted the attention of researchers in the recent years (Engel et 

al., 2013; Löscher et al., 2013). The term biomarker originally refers to medical signs 

that are objective indications of the medical state observed from outside the patient 
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(Strimbu and Tavel, 2010). Thus, a biomarker of epilepsy development would be an 

objectively measurable characteristic of a biological progress, that allows the 

identification of the development, presence, severity, and progression or localization 

of an epileptic abnormality (Engel, 2011; Simonato et al., 2012; Pitkänen et al., 

2014a). Preclinical studies have identified promising imaging as well as blood 

biomarkers like high mobility group box 1 (HMGB1) which in future will be validated 

also in humans (Pitkänen et al., 2016; Walker et al., 2017). Nevertheless, even if it 

would be possible to identify patients at risk to develop epilepsy, there is an urgent 

need to develop medications which would be able to stop or attenuate the 

epileptogenic-process at this point. 

 

2.2 Anti-epileptogenesis 

2.2.1 Definition and significance 

Epilepsy patients suffer from SRS as well as comorbidities as available epilepsy 

medications only attenuate the symptoms of the disease. Thus, an approach saving 

persons to develop epilepsy in the first place would improve quality of life of many 

people. The aim of these ‘anti-epileptogenic’ therapies is a partial or complete 

prevention of epilepsy development: reduction of seizure frequency, duration or 

severity as well as a deceleration of disease progress (Pitkänen et al., 2015). Some 

comorbidities do already occur during disease development and are also a target of 

anti-epileptogenic therapy (Pitkänen et al., 2015). 

Already at the beginning of anti-epileptogenic research, the latent period was 

identified as an auspicious time window for drug intervention (Pitkänen, 2004; 

Dichter, 2009). Several clinical trials investigated the impact on prolonged treatment 

with anti-epileptic drugs (AED) in head trauma patients. However, these conventional 

AEDs such as phenytoin, carbamazepine or valproate failed to prevent epilepsy 

development (Temkin, 2001; Temkin, 2009). On the other hand, some treatments 

induced some neuroprotective as well as disease-modifying effects when 

administered during epileptogenesis in preclinical epilepsy models (Löscher et al., 

2010). This speaks in favor for an opportunity to prevent or at least to modify long-

term consequences after initial brain insults. However, the time-window for anti-
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epileptogenic treatments depends on the initial insult, in preclinical as well as in 

clinical set ups (Pitkänen, 2004). Besides first proof-of-principle studies (Scicchitano 

et al., 2015; Aronica et al., 2017), no treatment has reached clinical routine so far 

(Kobow et al., 2012a; Löscher et al., 2015). This lack of transfer from ‘bench to 

bedside’ may partly be explained by the complexity of epileptogenesis itself or by the 

fact that relevant mechanisms differ between model organisms and humans 

(Löscher, 2019). This emphasizes the compelling necessity to conduct thoughtful 

planned studies which aim to identify anti-epileptogenic treatments, without missing 

the main target of this research, the translation of findings to humans. 

 

2.2.2 Anti-epileptogenesis studies 

To investigate mechanisms of epileptogenesis as well as for treatment evaluation, 

further research is needed. Thanks to the fact that surgical removal of the epileptic 

focus is a common treatment method, affected human brain tissue is easily 

accessible. Nevertheless, different circumstances minimize the validity of this 

research approach (Löscher et al., 2011). The lack of tissue from healthy aged 

matched controls as well as the fact that mechanisms may differ between immature 

and mature brain tissue need to be kept in mind. In addition, surgical dissection is 

normally performed at a late disease stage, ruling out the investigation of 

epileptogenesis during the latent phase. Furthermore, patient as well as insult 

heterogeneity minimize the comparability between studies (Becker, 2018). However, 

technics like cell culture or and even recently developed organoids do not account for 

the complexity of the epileptogenic-process (Amin and Pasca, 2018). Thus, epilepsy 

research requires information from animal models to understand basic mechanisms 

and to investigate treatment effects (Löscher, 2011; Löscher, 2016). 
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2.2.2.1 Animal models of epileptogenesis 

2.2.2.1.1 Classification 

To study epileptogenesis, models of symptomatic epilepsy, which primary use 

rodents, are the preferred choice (Löscher et al., 2010). There is a wide range of 

epilepsy models: kindling, post-SE, post traumatic brain injury (TBI), post stroke and 

febrile seizure models as well as genetic models of generalized epilepsy. A review on 

transcriptome data identified only a minor fraction of transcripts relevant in different 

epileptogenesis models which emphasizes the diversity of the approaches (Pitkänen 

et al., 2011). Nevertheless, the selection of the animal model should base on the aim 

of the study and should have a high predictive value (Löscher, 2016). Therefore, in 

2002 the National Institutes of Health and/ National Institute of Neurological 

Disorders and Stroke (NIH/NINDS) recommended only two groups of models for anti-

epileptic treatment discovery: kindling and post-SE models of TLE (Stables et al., 

2003). 

Kindling models premise on repetitive electrical or chemical stimulation of limbic brain 

structures leading progressively to after discharges, changes in neuronal plasticity 

and increasing seizure susceptibility (Löscher, 1999; Löscher, 2016). In most cases, 

depth electrodes are implanted in a specific brain area and initially repeated 

excitatory stimuli induce sub-convulsive or partial seizures. A fully kindled seizure 

resembles complex partial seizures which can generalize subsequently. Kindling 

models have been studied extensively worldwide and have proven substantiality for 

AED discovery (McIntyre et al., 2002). Nevertheless, these models have several 

drawbacks. Beside others: their translationality is limited, they are time consuming 

and work intensive and some people argue that they do not offer an optimal 

treatment window when potentially anti-epileptogenic can be applied (Löscher et al., 

2010). In contrast to post-SE models, kindled animals show less neuropathological 

changes and spontaneous seizures (Goddard et al., 1969; Becker, 2018).  

Contrary to that, epidemiologic data from Hesdorffer et al. (1998) state that 43 % of 

the patients experiencing an SE develop epilepsy as an aftermath. Therefore, post-

SE models are a logic approach. In these models, a locally or systemically applied 

chemo-convulsant induces an SE. This provokes the development of SRS and leads 

to one key pathological finding of TLE, hippocampal sclerosis which can be seen in 
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approximately two-thirds of hippocampi resected from TLE patients (Blümcke et al., 

2013). In addition, post-SE models show seizure-free latent periods of days or 

weeks, which can be used to investigate potentially anti-epileptogenic treatments. 

After this period, SRS typically escalate in frequency over time and animals develop 

comorbidities known to be associated with epilepsy. Another advantage of post-SE 

model is the development of behavioral comorbidities comprising of cognitive deficits, 

anxiety, depression-like behavior and hyperactivity. These offer the opportunity to 

study whether a treatment is likely to have an impact on comorbidities in human TLE 

as well (Brandt et al., 2015; Klein et al., 2015a). However, some of these described 

model characteristics also account for the limitations of post-SE models (Gorter et al., 

2016). In some models the observed widespread brain damage is more severe than 

in human TLE patients (Sloviter, 2009; Thom, 2014) and the prior described latent 

period may be not as clear as previously thought (Sloviter et al., 2013). 

Kainic acid and pilocarpine belong to the most common used chemo-convulsants for 

SE induction (Löscher, 2016). The following paragraphs describe characteristics of 

both and provide detailed information on the specific animal models used within this 

thesis (Table 2.1). 

 

2.2.2.1.2 Kainic acid models 

Already in 1978, Ben-Ari and Lagowska described epileptogenic action after kainic 

acid injections. Kainic acid which originally was isolated from the seaweed Digenea 

simplex (Ben-Ari, 1985) activates the kainate class of inotropic glutamate receptors. 

These receptors are responsible for excitatory transmission of certain central 

synapses. In addition, kainic acid has direct neurotoxic effects and induces seizure 

activity by activating glutamatergic pathways in the limbic system (Ben-Ari, 1985). An 

etiological correlate in humans can be seen in epilepsies with hippocampal sclerosis 

induced by domoic acid. Domoic acid, which is structurally similar to kainic acid, is 

produced by a seaweed and can accumulate in shells, leading to food intoxication 

followed by seizures in humans (Cendes et al., 1995). 

Kainic acid can be applied systemically or focally, whereas the mortality rate is lower 

in the focal models. Although the focal injections are more invasive, there are 

advantages in regard to the size of the brain lesion. The lesions are smaller in the 
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focal models and therefore these models may be more translational (Henshall, 2017). 

Sloviter et al. (2013) pointed out that an animal model with one primary epileptogenic 

site is favorable. His explanation was that, in animals with widespread brain damage 

and multiple sites of seizure onset, a therapy capable of preventing epileptogenesis 

in one of the multiple lesions, is likely to be overseen in preclinical studies. The focal 

injections are performed within a stereotactic surgery requiring a general anesthesia 

which may influence the SE itself. In addition, already the insertion of a needle into 

the brain causes damage, leads to blood brain barrier (BBB) leakage and may have 

an impact on the SE (Bankstahl et al., 2018; Brackhan et al., 2018). In the majority of 

kainic acid models, SE termination is not performed (Henshall, 2017). 

Focal kainic acid injection models are used to investigate focal seizures with 

subsequent generalization as well as the development of SRS (Löscher, 1999). 

Therefore they can be used to evaluate mechanisms of epileptogenesis, to study 

treatments for prevention of epileptogenesis, to get further insights into 

pharmacoresistant epilepsy and to evaluate new AEDs (Stables et al., 2003). Looking 

on interrelations between EEG results and pathology, a correlation between severity 

of neuronal damage and frequency of SRS was shown (Rattka et al., 2013). 

However, none of the anti-epileptic drugs which have been translated to humans 

were discovered through profiling with focal kainic acid models (Henshall, 2017). The 

most frequently used animal species are rats and mice (Williams et al., 2009).  

In this thesis, intrahippocampal kainate injections were only performed in mice. In the 

intrahippocampal kainate mouse model, SE is triggered via unilateral injection of 

kainic acid into the dorsal hippocampus. The induced SE lasts for some hours 

(Gröticke et al., 2008) and is marked by continuous high frequent poly-spike-waves in 

the EEG (Riban et al., 2002). Depending on the selected mouse strain, sex and 

definition of the latent phase, the latent phase after the SE lasts for up to 14 days 

(Riban et al., 2002; Twele et al., 2016b). Subsequent further disease progression can 

be observed (Henshall, 2017).  

In the chronic phase, the most common observations are short-lasting non convulsive 

seizures, called electrographic seizures which can be recorded within the 

hippocampus. These ‘seizure like events’ either lack obvious clinical features or are 

accompanied by short immobility or muscle twitches of face muscles (Riban et al., 

2002). Therefore, electrode implantation and EEG monitoring are necessary for 
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seizure evaluation in this model (Riban et al., 2002). The electrographic seizures can 

be divided into two types within the EEG: ‘high voltage sharp waves’ and 

‘hippocampal paroxysmal discharge’, whereas their exact definition varies among 

publications (Riban et al., 2002; Maroso et al., 2011a). In anti-epileptogenesis studies 

the analysis of the ‘electrographic seizures’ is a frequently used method (Twele et al., 

2016b), implicating a fast read out compared to other post-SE models. Generalized 

tonic-clonic seizures are rare and are marked by a high spike amplitude and 

frequency in the EEG followed by a flat EEG amplitude subsequent to the seizure 

(Riban et al., 2002). In the intrahippocampal kainate mouse model, seizures respond 

to phenobarbital, diazepam, levetiracetam, perampanel and NBQX but do not 

respond to phenytoin or carbamazepine (Klein et al., 2015b; Twele et al., 2016a). 

Hippocampal sclerosis and neuronal loss can be observed mainly in the CA1, the 

CA3 and the hilus of the hippocampus (Twele et al., 2016b). In addition mossy fiber 

sprouting and granule cell dispersion has been reported (Gröticke et al., 2008). 

During the last years, this model helped to reveal some cellular changes involved in 

epileptogenesis. Activation of microglia and astrocytes during epileptogenesis has 

been reported (Pernot et al., 2011) as well as neuronal death and BBB breakdown 

(Chen et al., 1999).  

Furthermore, common epilepsy comorbidities such as learning and memory deficits 

and depression-associated behavior develop reliably in this model (Gröticke et al., 

2008; Klein et al., 2015a). In regard to animal welfare, the low mortality is an 

advantage. Moreover, nearly every individual treated with intrahippocampal kainate 

develops epilepsy which reduces the number of animals required (Baraban and 

Löscher, 2014). The latent phase is short compared to other animal models for 

example TBI-models which enables relatively fast acquisition of comparable and 

reproducible data.  

Limitations of the intrahippocampal kainate mouse model need to be considered. An 

impact of sex, mouse strain and kainate dose has been shown (Twele et al., 2014; 

Twele et al., 2016b). Furthermore, an impact of the injection itself, the kainic acid 

quality as well as an impact of the used anesthesia was reported (Twele et al., 

2016b). In contrast to that, the major advantage of this model can be seen in the 

occurrence of the electrographic seizures in the EEG which facilitates a fast 
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evaluation of anti-epileptogenic drug effects, especially in comparison to other 

epilepsy models (Twele et al., 2014). 

 

2.2.2.1.3 Pilocarpine models 

For more than 30 years, models of pilocarpine induced SE have been used to 

evaluate relevant variables associated with SE attenuation, acute seizure 

mechanisms and processes involved in epileptogenesis as well as in chronic epilepsy 

(Turski et al., 1983; Turski et al., 1984; Clifford et al., 1987). 

Pilocarpine is a parasympathomimetic alkaloid and is derived from Pilocarpus 

microphyllus (De Abreu et al., 2005). It activates the M1 subtype of muscarinic 

receptors. A proof for that can be seen in the fact that mice lacking this receptor are 

resistant to tonic-clonic seizures induced by pilocarpine (Hamilton et al., 1997). 

Furthermore, atropine, a muscarinic antagonist, prevents the development of SE if 

administered prior pilocarpine (Honchar et al., 1983; Clifford et al., 1987). However, 

after first seizure generation, atropine loses its efficiency pointing towards other 

mechanisms being relevant. Limbic convulsions generated by pilocarpine lead to an 

increase of extracellular hippocampal glutamate (Smolders et al., 1997). 

Furthermore, glutamate antagonists targeting N-methyl-D-aspartate (NMDA) 

receptors can block pilocarpine-induced seizures pointing towards a crucial role of 

the exciting neurotransmitter glutamate. 

SE induction with pilocarpine is possible in mice and rats, whereas the genetic 

background has a huge impact on epilepsy development (Cavalheiro et al., 1996; 

Bankstahl, M. et al., 2012). In most cases pilocarpine is injected systemically but 

intracerebroventricular or intrahippocampal administration has been performed as 

well whereas this results in less widespread damage (Jefferys et al., 2016). In this 

thesis, only the systemic pilocarpine model in rats was used. 

For the SE induction pilocarpine in combination with several other substances is 

applied in defined time frames: Some protocols start with lithium pre-treatment 12-24 

hours prior the first pilocarpine dose. The administration of lithium lowers the 

mortality rate and the dose of pilocarpine necessary to induce a SE (Curia et al., 

2008). The exact mode of action remains elusive but it is known that lithium 

enhances the potency of pilocarpine (Curia et al., 2008) and that it induces systemic 
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inflammation and BBB damage (Honchar et al., 1983). In addition, a pre-treatment 

with muscarinic antagonists to reduce peripheral cholinergic effects of pilocarpine is 

performed 30 minutes prior first pilocarpine dose. The start of an SE can be defined 

either by behavioral observation or by EEG monitoring. The period after the first 

injection of pilocarpine is marked by mild tremors, immobility, and occasional tonic 

extension of the tail. With increasing dose and time, the likelihood of intermittent 

behavioral manifestation of limbic seizure activity increases. These behavioral 

seizures are classified according to the original description of limbic motor seizures 

the ‘Racine scale’ (Racine and Method, 1972). Briefly, the ‘Racine scale’ denotes five 

stages of behavioral seizures: Class 1 and 2 are thought to reflect partial, focal 

seizure events occurring in limbic regions. Animals show rhythmic head nodding, eye 

blinking and chewing. In class 3 unilateral clonic rhythmic movement of one forepaw 

can be observed. In class 4 this is true for both forepaws and the animals show 

rearing. When the rearing is followed by falling rather than lowering, the animal is 

classified with score 5. The onset of SE is defined when the behavioral 

manifestations of seizure activity continuous without periods of normal behavior in 

between. 

The dose of pilocarpine needed to induce an SE varies among age, sex, strains and 

vendor of the animals used in the experiment and therefore needs to be defined in 

regard to planed experimental set-up (Curia et al., 2008; Bankstahl, M. et al., 2012; 

Pitkänen and Immonen, 2014b). The pilocarpine dose also influences survival rate 

and the rate of animals not developing an SE. The severity and duration of the SE 

influences the profile of development as well as the frequency of SRS, the resulting 

neuropathology and survival rate and correlates with the duration of the latent phase 

(Curia et al., 2008; Kelly and Coulter, 2017). 

To decrease mortality, an intensive post SE care, including fluid substitution and 

feeding, is an effective tool. The first hours after the SE animals can relapse into 

epileptiform discharges and are hyper excitable (Rattka et al., 2013). Depending on 

the initial SE and the animal background the subsequent latent period varies from 

one to three weeks in rats (Rattka et al., 2013; Brandt et al., 2015). During this 

phase, EEG and behavior are inconspicuous (Curia et al., 2008). Nevertheless, 

damage in the hippocampus is already reported at this stage (Turski et al., 1983). 

Later, widespread damage in several brain regions also including amygdala, 
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thalamus and neocortex can be observed (Scholl et al., 2013; Kelly et al., 2017). One 

major drawback in terms of practicability of the pilocarpine model is the huge 

variation within the seizure severity and frequency in the chronic stage (Bankstahl, M. 

et al., 2012; Kandratavicius et al., 2014). This necessitates a long lasting EEG 

evaluation. However, the high variation between individual animals accounts more for 

the variation within human epilepsy patients, facilitating a better translatability 

(Löscher, 2011) which is also true for the fact that the response rate to AED varies 

among animals (Glien et al., 2002; Bankstahl, M. et al., 2012). Taken all together, the 

comparable histopathologic findings, the presence of a latent period and the variation 

among individuals in regard to anti-convulsive drug treatment make the pilocarpine 

rat model a suitable tool for investigating epileptogenesis (Curia et al., 2008). 

 

Table 2.1- Comparison of the two animal models which have been used in this thesis 

 

 

2.2.2.2 Treatment selection 

Epileptogenesis offers multiple treatment targets and last years research has 

provided multiple new pharmacologically active substances. Thus, the availability of 

medications which have not been tested for their anti-epileptogenic impact is not the 

limiting factor (Löscher et al., 2013; Löscher, 2019). The main challenge for anti-
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epileptogenesis studies is the identification and selection of auspicious drugs which 

are likely to have an impact on epilepsy development (Galanopoulou et al., 2012; 

Pitkänen et al., 2014a). The conduction of anti-epileptogenesis studies is very time-

consuming due to the latent periods and long-term EEG monitoring, leading to even 

longer and complex data evaluation (Pitkänen et al., 2016). For example in the 

pilocarpine rat model EEG evaluation is often performed for several weeks around 10 

weeks after SE (Bankstahl, M. et al., 2012; Brandt et al., 2016), resulting in material 

which necessitates additional weeks for analysis. Therefore, long-term 

epileptogenesis studies demand thoughtful planning and are only conducted in 

pharmacological agents which are have a high likelihood to attenuate the disease 

development (Löscher et al., 2010).  

Just like for all pharmacological interventions, drug characteristics like specific 

pharmacodynamics and pharmacokinetics including BBB permeability as well as 

tolerability need to be considered (Welzel et al., 2019). Talking about the starting 

point of a therapy, insult-modifying treatments and anti-epileptogenic treatments need 

to be distinguished from each other (Löscher, 2011) . If in post-SE models drugs with 

anti-convulsive mode of action are applied prior or during the initial insult, conclusions 

about actual anti-epileptogenic efficacy may be limited (Pitkänen et al., 2015). 

Another point about treatment duration is that translationality of preclinical treatment 

protocols needs to be kept in mind. A patient with a potentially epileptogenic brain 

insult should be treated during hospitalization as compliance may be low afterwards 

(Schmidt et al., 2014). Therefore, treatments which show an impact after a short 

period would be favorable (Klee et al., 2015). 

In the last years, the idea of treatment combinations targeting various aspects of 

complex diseases, has led to first positive results for example in cancer or human 

immunodeficiency virus therapy. Especially in multilayered diseases like epilepsy, 

these ‘network approaches’ are promising (Ainsworth, 2011). For identification of 

network approaches two main strategies can be named: (1) ‘top down’ – drug 

combinations are chosen on a rational level; (β) ‘bottom up’ – major crossroads are 

defined and form the basis for specific drug selection (Eder and Herrling, 2016). For 

these treatment combinations an algorithm for testing tolerability and efficacy in a 2-

stage approach has been suggested (Klee et al., 2015; Welzel et al., 2019). 
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Another aspect which accelerates the translation from ‘bench to bedside' is the 

repurposing of drug which are already approved for other diseases. Approval 

processes for new pharmacological compounds can last many years (Ainsworth, 

2011). Therefore, all drugs evaluated in this thesis are potentially available for 

humans.  

 

2.2.2.3 Behavioral test for comorbidity evaluation 

In many cases epilepsy is associated with behavioral and cognitive comorbidities 

(WHO, 2019). Among the psychological conditions, depression is the most frequent 

one and affects almost 30 % of epileptic patients (Kanner et al., 2012). Compared to 

healthy controls, twice as much people suffering from epilepsy are diagnosed with 

anxiety disorders (Verrotti et al., 2014). Autism, attention deficits as well as 

hyperactivity, mood instabilities and psychosis are also more common in epilepsy 

patients (Verrotti et al., 2014). Impaired cognitive performance along with slower 

spatial learning impacts their daily life in a negative manner (Hermann and 

Seidenberg, 2007). 

These neuro-psychiatric comorbidities can be observed in animal models of chronic 

epilepsy as well (Pineda et al., 2014). To investigate these alterations and to reveal a 

potential treatment impact, animals can be subjected to various behavioral tests 

(Gastens et al., 2008; Klein et al., 2015a). To access the reaction to a certain 

stimulus, the test battery of the hyperexcitability (HE) -test can be used (Rice et al., 

1998; Polascheck et al., 2010). Furthermore, the sucrose consumption test (SCT) 

allows a statement about anhedonia which is one main symptom in depression 

(Kanner et al., 2012). In addition, the open field test (OF) is used to investigate 

explorative behavior of animals (Prut and Belzung, 2003). To make an assertion 

about spatial learning, the Morris water maze (MWM) is a common research tool 

(Gastens et al., 2008; Müller et al., 2009). Throughout this test, animals are trained to 

swim to a platform which is located under the water surface and therefore out of the 

visual field. The duration needed by an animal to learn the task and to orientate in the 

surrounding, allows conclusions about its learning ability and memory (Morris et al., 

1982). 
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All these tests reported altered behavior in chronic epileptic animals (Polascheck et 

al., 2010; Bankstahl, M. et al., 2012; Zanirati et al., 2018). Furthermore, behavioral 

tests during the chronic state of the disease revealed positive effects of treatments 

applied during epileptogenesis. Two different anti-inflammatory treatments which 

were also used in this thesis, reduced hyperactivity and hyperlocomotion or reduced 

depression-like behavior (Russmann et al., 2016; Leo et al., 2017). Additionally, it 

has been shown that low responsiveness to anti-epileptic treatment correlated with 

more severe behavioral changes (Gastens et al., 2008; Bankstahl, M. et al., 2012). 

Behavioral tests in animal models of epilepsy allow conclusions about the severity of 

the disease and therefore about the impact of applied anti-epileptogenic treatments. 

 

2.2.2.4 Challenges of anti-epileptogenesis studies 

Beside the already discussed challenges of anti-epileptogenesis studies, some 

additional points account for the fact that despite the development of over fifteen 

novel anti-seizure drugs in the last 30 years and promising preclinical studies 

reporting disease modifying effects (Löscher et al., 2010), epilepsy development still 

cannot be prevented (Löscher, 2019).  

On one hand, epileptogenesis may be too complex and therefore only targeting 

single aspects may not be enough (Löscher, 2015). Like already mentioned, this 

problem could be addressed by applying multi-target treatments for example anti-

inflammatory and anti-convulsive medication (Klee et al., 2015). One the other hand, 

the fact that efficacy of a treatment already varies between different animals models 

shows the strong impact of the individual background (Bankstahl, M. et al., 2012; 

Klein et al., 2015b). To meet this problem, anti-epileptogenic efficacy should be 

tested in at least two different types of epileptogenesis models (Klee et al., 2015; 

Welzel et al., 2019). However, the lack of function in one animal model does not 

obligatorily determine a lack of function in humans (Löscher et al., 2011). 

Furthermore, for example, studies with dexamethasone have suggested that the 

dose of a treatment is crucial for inducing beneficial or negative effects (Al-Shorbagy 

et al., 2011; Duffy et al., 2014). All over, the design of the optimal therapy plan does 

become even more challenging in human patients and creates a demand for 

personalized therapy monitoring. 
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All this leads to the conclusion that anti-epileptogenic research would highly benefit 

from methods which can predict which pharmacological compound is likely to impact 

epilepsy development and which compound is less likely to do so (Pitkänen et al., 

2016). An approach allowing identification of most auspicious drug combinations, 

treatment duration and start time point of a therapy would save money and enhance 

research progress (Pitkänen et al., 2014a). In an optimum manner, such method 

would be translational to human clinics and would focus on a mechanism crucial for 

epileptogenesis. The mechanism which is crucial on multiple levels in 

epileptogenesis and therefore may offer a target for monitoring as well as for 

treatments is neuroinflammation (Vezzani et al., 2011a; Vezzani et al., 2013; Terrone 

et al., 2017). 

 

2.3 Neuroinflammation 

2.3.1 Definition and significance 

Neuroinflammation is defined as an inflammatory response in the CNS. The initial 

aim of the immune response is the re-establishment of balanced conditions which got 

distracted by an insult (DiSabato et al., 2016). Therefore, the inflammatory cascade is 

activated to avoid further damage and therefore initiates to be only beneficial 

(DiSabato et al., 2016). However, in some cases endogenous anti-inflammatory 

mechanism fail and neuroinflammation gets out of control, never resolves and even 

aggravates the situation leading to further disease progression (Schain and Kreisl, 

2017). 

The inflammatory cascade can be activated by any kind of disturbance of the steady 

state conditions, whereas its intensity is influenced by the context, duration and 

initiating stimulus (Dey et al., 2016). Chemokines and cytokines like interleukin (IL), 

interferon (IFN) or tumor-necrosis factor (TNF) and others are the mediators of 

neuroinflammation. They initiate signal cascades, guide cells towards the injury by 

chemotaxis, alter neuronal activity and activate immune cells, like microglia 

(DiSabato et al., 2016). 

Microglia represent the primary immune surveillance of the CNS and are the innate 

macrophages of the brain (Eyo et al., 2017). Originating from myeloid cells in the yolk 
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sac, they invade the brain during early embryogenesis and finally comprise 10 % of 

the CNS cell population (Ginhoux et al., 2010). They are crucial for CNS homeostasis 

(Szepesi et al., 2018). Recent studies have shown that after artificially induced 

elimination, microglia are replenished from residual microglia rather than from 

progenitors (Huang et al., 2018). They actively survey their surrounding using their 

processes for immune surveillance (Nimmerjahn et al., 2005). In case of exposure to 

pro-inflammatory mediators, rapid changes of their transcriptome profile can be 

observed. Microglia change the pattern of their surface receptors, their shape and 

obtain the ability to move towards an injury (Russo and McGavern, 2015). The type 

of activation is defined by the composition of surrounding cytokines, cells and 

activated receptors in the present micro milieu. Ligands for toll-like receptors (TLR) or 

IFN-  receptors induce production of more pro-inflammatory and neurotoxic 

molecules, so called M1 polarization. Whereas in a surrounding of IL-4 and IL-10, 

microglia become M2 polarized and neuroprotective (Saijo et al., 2013; Orihuela et 

al., 2016; Tang and Le, 2016). This separation has been questioned and loosened in 

the last years, but the fact that microglia can have beneficial as well as negative 

consequences remains true (Ransohoff, 2016). 

Another cell type known to be crucial for brain immune response are the astrocytes, 

the most diverse and biggest group of neuroglia cells (Kettenmann and Verkhratsky, 

2011). In the mature brain, protoplasmatic astrocytes can be found in the gray matter, 

while fibrous astrocytes are present in white matter. In most cases they have a star 

like shape and form processes towards blood vessels and neurons where they 

connect to their surface with endfeets building the fundament of the brain structure 

(Kettenmann et al., 2011). Astrocytes are crucial for neurons as they transform 

glucose to lactate which is essential for these (Bélanger et al., 2011). In addition, they 

influence synaptogenesis, synaptic maturation, and the amount of available 

neurotransmitters, maintain the ion balance and regulate water movement. The term 

tripartite synapse accounts for the triad of pre- and postsynaptic neuronal terminal 

and the surrounding astrocyte. Here astrocytes act as modulators of 

neurotransmission and isolator of the synaptic cleft (Perea et al., 2009). The 

response of astrocytes to an inflammatory stimulus is termed reactive astrogliosis. 

Astrogliosis is on one hand essential for recovery of the neuronal function. On the 

other hand, it aims to limit the area of damage by formation of a glia scar. 
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Furthermore, astrocytic endfeet are part of the BBB and form a bridge from neurons 

to the blood (Nedergaard et al., 2003; Kettenmann et al., 2011)  

The BBB is responsible to protect the brain against potential harmful external 

molecules. It consists of the basal membrane, endothelial cells which build up 

continuous non-fenestrated vessels with multiple tight junctions and pericytes 

(Daneman and Prat, 2015). The BBB regulates the exchange of molecules and 

immune cells from the brain to the blood and vice versa. BBB impairment occurs in 

neurologic conditions like stroke or neurological disorders (Daneman et al., 2015). 

BBB impairment can be caused by seizure activity but also impacts neuronal 

excitability and can therefore be involved in the generation of seizures (Gorter et al., 

2015; Ravizza et al., 2018). Conveyed by pro-inflammatory mediators, tight junctions 

are downregulated (Greene and Campbell, 2016). The increased permeability leads 

to immigration of proteins like albumin into the brain, causing brain edema and further 

damage (Rapoport, 2000; Ivens et al., 2007; van Vliet et al., 2007; Morin-Brureau et 

al., 2011). 

In the context of neurological diseases, after a brain trauma or during an 

inflammatory process immune cells from the periphery like macrophages and 

lymphocytes invade the brain (Abbott et al., 2010; Varvel et al., 2016). They 

transmigrate either via the paracellular pathway which requires fast remodeling of 

interendothelial tight junctions, or via the transcellular pathway. Therefore 

transcellular pores are formed by the endothelial cells (Abadier et al., 2015). Similar 

to microglia, they produce mediators of inflammation and perform phagocytosis. All 

immune cells interact with each other and especially the interaction of both microglia 

and macrophages has aroused interest of scientists in the last years (Prinz et al., 

2011). It has been shown that both cell types express different types of cytokines 

(Zarruk et al., 2018). Recently, it has been shown in a mouse model that the 

blockage of macrophage-microglia communication enhanced microglial activation 

and worsens the recovery of spinal cord injury (Greenhalgh et al., 2018). 

Another involved mechanism of brain inflammation is oxidative stress. Reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) are a natural by-product 

of oxidative phosphorylation in mitochondria producing adenosine triphosphate 

(ATP). Under normal conditions harmful effects are neutralized by the antioxidant 

system. When ROS production exceeds the capacity of the antioxidant system, 
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extensive protein oxidation and lipid peroxidation occurs. This causes cellular 

degeneration and impacts neuronal plasticity. The antioxidant system consists of two 

main components. On the one hand, enzymes like superoxide dismutase, glutathione 

reductase and glutathione peroxidase and, on the other hand, the low-molecular-

weight antioxidants like glutathione, ascorbic acid and melatonin are relevant (Salim, 

2017).  

Taken all together, mechanisms involved in neuroinflammation aim to maintain and if 

needed to restore the balance in neuronal tissue (DiSabato et al., 2016). 

Nevertheless, in case of maladjustment of the inflammatory response, 

neuroinflammation also has the power to induce severe damage and to enhance 

disease progress which may be the case in epilepsy development (Vezzani et al., 

2013; DiSabato et al., 2016).  

 

2.3.2 Neuroinflammation in epilepsy and epileptogenesis 

A plethora of evidence from preclinical and clinical studies points towards a critical 

role of brain inflammation in epileptogenesis (Figure 2.3) (Pitkänen et al., 2011). After 

brain insults the inflammatory response is initiated to protect and repair the injured 

tissue. However, in epileptogenesis endogenous anti-inflammatory mechanisms fail 

and the inflammation becomes pathological (Vezzani et al., 2013). The overshooting 

immune response enhances cell activity including immune cells as well as neurons 

and causes further damage. This leads even to further activation of the immune 

cascade resulting in a vicious circle connect via the inflammatory process (Devinsky 

et al., 2013; Vezzani et al., 2013; van Vliet et al., 2018). 

Key players of this vicious circle are the mediators of inflammation which are involved 

at all levels of the immune response, activating and guiding cells. However, they also 

have the ability to act as neuromodulators contributing to hyperexcitability by 

influencing voltage gated ion channels and regulating neurotransmitter release 

(Vezzani et al., 2011a; Ravizza et al., 2018; van Vliet et al., 2018). This link between 

inflammation and hyperexcitability has been termed ‘neurogenic neuroinflammation’ 

and initially may be an attempt of the organism to cope with the increased metabolic 

demand during seizures (Xanthos and Sandkuhler, 2014). The fact that febrile 

seizures are associated with elevation of cytokine levels and that transgenic mice 
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with elevated pro-inflammatory cytokines show SRS supports this theory (Vezzani et 

al., 2011a; Vezzani et al., 2011b; Choy et al., 2014a). Complementary to that, 

neuronal activity itself is sufficient to trigger synthesis and release of pro-

inflammatory molecules (Xanthos et al., 2014). Beside this enhancement of neuronal 

excitability, inflammatory mediators induce activation of cells like microglia. 

Microglia which have been shown to be elevated already four hours after SE have a 

peak of activation between one and two weeks post SE in the pilocarpine rat and the 

intrahippocampal kainate mouse model (Ravizza et al., 2008; Pernot et al., 2011; 

Estrada et al., 2012; Brackhan et al., 2016; Wyatt-Johnson et al., 2017; Brackhan et 

al., 2018). They produce more pro-inflammatory mediators enhancing the vicious 

circle (Benson et al., 2015). Besides that, a contribution of microglia to 

epileptogenesis independent of cytokine production has been suggested. Transgenic 

mice with genetically elevated mammalian target of rapamycin (mTOR) pathway 

expressed reactive proliferative microglia and developed SRS while microglia purified 

from these mice showed decreased pro-inflammatory cytokine production (Zhao et 

al., 2018). Microglia are also involved in synaptic pruning, meaning the elimination of 

synapses. Therefore they are able to impact neuronal plasticity and to modulate 

synaptic structure (Stevens et al., 2007). This is mediated by the complement system 

which shows enhanced expression in epilepsy (Wyatt et al., 2017). In line with that, 

seizure frequency and the concentration of components of the complement system 

correlated in a positive manner in the pilocarpine rat model (Hiragi et al., 2018; 

Schartz et al., 2018). Furthermore, it has been shown that the interaction of neurons 

and microglia is increased during epileptogenesis. The contact between hippocampal 

neurons and microglia was increased three days after kainate injection and was 

associated with increased neurotoxicity (Hasegawa et al., 2007). 

Beside microglia, activated astrocytes also try to prevent further damage via 

substitution of destroyed tissue by forming a glia scar to protect uninjured brain 

regions by restricting the potential epileptic focus (Robel, 2017). Furthermore, 

astrocytes play a major role in the glutamate metabolism. Glutamate is the 

predominant excitatory neurotransmitter of the CNS and seizures induce elevations 

of extracellular glutamate (Barker-Haliski and White, 2015). Glutamate is neurotoxic; 

therefore in healthy conditions it is enzymatically converted into glutamine in 

astrocytes, to be transferred back to neurons safely (Kettenmann et al., 2011). 
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Astrocytes also control the density of glutamate receptors on postsynaptic neurons 

via release of TNF-α or activity dependent neurotrophic factors. Furthermore, 

astrocytes can alter synaptic density via secretion of proteolytic enzymes. During 

neuroinflammation all these processes are altered causing increased extracellular 

glutamate levels, inducing hyperexcitability and neuronal death (Maroso et al., 

2011b; Vezzani et al., 2011c; Alyu and Dikmen, 2017). As mentioned before, 

astrocytes are also part of the BBB. 

As the survival of neurons as well as the stability of the BBB correlates with seizure 

development (van Vliet et al., 2007; Zhang et al., 2015) the activation of astrocyte 

which impacts the nutritional support of neurons and cells at the BBB, may also be 

relevant in epileptogenesis (Coulter and Steinhäuser, 2015). At the BBB, astrocytes 

form a neurovascular bridge connecting vessels to neurons and neuronal activity 

influences the blood flow via this way. Among neuroinflammation the stability of the 

BBB is reduced and vascular permeability is enhanced causing enhanced 

extravasation of serum proteins like albumin (Seiffert et al., 2004; van Vliet et al., 

2007) Mediated by astrocytes and elevated extracellular potassium levels the 

albumin enhances neuronal excitability leading to seizure development (Janigro, 

2012; Obermeier et al., 2013). In addition, albumin extravasation contributes to 

further decreased glutamate transporter expression on astrocytes, and initiates 

further release of pro-inflammatory cytokines and chemokines (Obermeier et al., 

2013; Gorter et al., 2015). 

Besides these processes, initiation as well as exacerbation of seizures can also be 

caused by the peripheral cellular immune response. Invading cells produce further 

pro-inflammatory cytokines and induce oxidative stress which can lead to 

neurodegeneration (Zattoni et al., 2011; Varvel et al., 2016). If the amount of 

oxidative stress, caused by cell death and activity of immune cells, exceeds capacity 

of control systems, excessive free radical production induces further damage and 

alters neuronal plasticity again inducing further neuronal hyperexcitability (Salim, 

2017).  

In chronic epilepsy patients, pro-inflammatory cytokines are still elevated pointing 

towards an ongoing systemic inflammation (Sivakova et al., 2018) and also imaging 

studies identified neuroinflammation in TLE patients (Gershen et al., 2015). 

Nevertheless, neuroinflammation might not miss its initial target to protect the brain 
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completely. Beneficial effects of neuroinflammation during epileptogenesis have also 

been suggested (Devinsky et al., 2013). SE can cause ATP release from neurons 

which was shown to increase motility of microglia and to enhance their interaction 

with neurons via P2Y12 signaling. P2Y12 knockout mice showed decreased seizure 

threshold which points towards an inhibition of neuronal excitability of this pathway 

and therefore also of microglia activation (Eyo et al., 2014). Another study reported 

that microglia prefer to contact with neurons showing higher spontaneous activity, 

and that this contact reduces neuronal activity (Li et al., 2012). 

Nevertheless, taken together neuroinflammation and seizure generation are linked to 

each other, indicating that an efficient anti-epileptogenic therapy needs the power to 

disrupt this vicious circle (Vezzani et al., 2013). In addition, the connection of 

neuroinflammation with seizure generation constitutes optimal properties for a 

mechanism which on one hand can be a treatment target for anti-epileptogenic 

medication and on the other hand an informative target for different imaging methods 

(Kobow et al., 2012b; Pitkänen et al., 2016). 

 

 

Figure 2.3. Inflammatory processes during epileptogenesis 

Activated microglia and astrocytes produce pro-inflammatory cytokines. These promote an endothelial 
activation enabling invasion of inflammatory cells from the periphery. Additionally, they convey an 
increase of permeability of the blood-brain barrier and plasma leakage. Immune cell activation 
together with oxidative stress and neuronal hyperexcitability promote each other and lead to further 
neurodegeneration resulting in a vicious circle. Abbreviations: Blood brain barrier (BBB). 
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2.4 Molecular Imaging 

2.4.1 Definition and significance 

Molecular imaging offers the opportunity to display ongoing processes in a living 

organism. Combined with anatomical information from computed tomography (CT) or 

MRI, imaging in nuclear medicine can provide information that is unattainable with 

other non-invasive techniques. Improvement of technology during the last years 

paved the way for the development of scanners dedicated for rodents. These allow 

detailed analysis and offer a research application with strong translationality due to 

the use of similar protocols in preclinical as well as clinical imaging facilities 

(Bankstahl and Bankstahl, 2012; Kuntner and Stout, 2014). In vivo molecular imaging 

allows serial analysis in the same animal, enabling a reduction of sample size. 

Furthermore, statistical power of the studies is maximized as each animal can be 

used as its own control (Cherry and Gambhir, 2001). 

 

2.4.2 Principle of positron emission tomography 

PET imaging is based on the tracer principle. A radiolabeled compound is injected 

into the bloodstream and distributes according to its pharmacological properties 

within the body. Only very low doses, in small animal imaging occupying 5-10 % of 

the target, are applied which does not induce any pharmacological effect (Gröhn et 

al., 2017). For labelling of the tracer + emitting isotopes like carbon11 or fluorine18 

are used. Emitted positrons interact with electrons in the surrounding tissue which 

leads to annihilation (Figure 2.4). This results in two opposing gamma rays in an 

angle of 180 degrees. Scintillation crystals coupled to photodetectors arranged in a 

ring, detect the coincidences of the two gamma rays (Turkington, 2001). 

Reconstructed 3D images, co-registered to anatomical information obtained by MRI 

or CT, provide a physiological map of the tracer distribution. Typical µPET resolutions 

range between 1.2 and 2 millimeter (mm) with sensitivities between 1 % and 14 % 

(Gröhn et al., 2017). Despite chemical characteristics allowing radiolabeling, a 

valuable radiotracer has to fulfil various criteria: Low non-specific binding, high target 

affinity and selectivity, as well as useful kinetics are some of these. 
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Figure 2.4. Principle of positron emission tomography 

Positron emission and subsequent positron-electron annihilation leads to the release of two anti-
parallel gamma photons that are registered by gamma ray detectors. 

 

The big advantage of PET imaging is the possibility to quantify the uptake of the 

tracer, which means that tissue properties can be depicted by absolute 

measurements. Thus, a direct relationship between the measured activity 

concentration in the tissue of interest and the functional parameters representing the 

underlying biological processes can be seen (Kuntner et al., 2014). Furthermore, 

kinetic parameters like binding potential (BPND) or volume of distribution (VT) can be 

calculated (Gröhn et al., 2017). Therefore, tracer uptake into tissue needs to be 

measured as function of time. Thus, PET data needs to be acquired in dynamic 

instead of static imaging mode and an arterial plasma time activity curve (TAC) 

needs to be generated. For analysis, the tissue TAC is fitted to an appropriate kinetic 

model equation, using the plasma TAC as input function. The best fit provides 

estimates of the kinetic parameters. Each tracer can be described by its own kinetic 

model, depending on its pharmacokinetic properties. 

The two tissue compartment model accounts for ligands of a specific binding site in 

the brain, such as neuroreceptors. The two compartments (C) stand for free (C1) and 

bound or metabolized tracer (C2). Based on that, tracer kinetics in tissue can be 

expressed by the plasma compartment (CPlasma) and four kinetic rate constants K1, k2, 

k3, and k4 (Figure 2.5). K1 corresponds to tracer influx from the blood into the brain, k2 

to tracer efflux out of the brain into the blood; k3 reflects tracer binding to the receptor 

and k4 its dissociation from the receptor (Innis et al., 2007). 
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Figure 2.5. Two tissue compartment model (modified from Gunn et al. (2001)) 

Kinetic model which describes the kinetics of tracers binding to receptor in the brain. The first 
compartment (C1) corresponds to the concentration of free tracer in brain tissue. The second 
compartment (C2) represents specifically bound tracer. K1 is the rate constant for transport from 
plasma to tissue, k2 for transport from tissue to plasma, and k3 and k4 are kinetic rate constants 
describing exchange between C1 and C2. 

 

Based on these constants, the VT of the radiotracer can be calculated by the 

following equation. VT is defined as ratio between the tracer concentration in tissue 

and the concentration in plasma at equilibrium (Innis et al., 2007). 

 

Figure 2.6. Equation Volume of distribution (VT) 

The rate constant K1 corresponds to the transport from plasma to tissue, while k2 stands for the 
transport from tissue to plasma. The kinetic rate constants k3 and k4 describe the exchange between 
the two compartments within the target tissue. 

 

Furthermore, statements about the specific binding of the tracer can be given by 

quantifying the BPND. It is defined as the ratio between receptor density Bmax and 

dissociation constant Kd corresponding to the k3/k4 ratio (Mintun et al., 1984; Innis et 

al., 2007). 

 

Figure 2.7. Equation Binding potential (BPND) 

The binding potential is the ratio of Bmax to KD. Bmax is the total density (concentration) of receptors in a 
sample of tissue. KD is the (radioligand) equilibrium dissociation constant. The kinetic rate constants k3 
and k4 describe the exchange between the two compartments within the target tissue. 
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As described before, an arterial plasma TAC as input function is required for these 

two models. Classically this is derived by multiple blood sampling. But, as this is 

invasive and therefore, especially in longitudinal or small animal studies not 

practicable, alternatives have been established. For example, an image derived input 

function (IDIF) can be extracted from big blood vessels (Thackeray et al., 2015). 

Another alternative are reference tissue models, which do not require plasma input 

functions. These models use a reference region within the brain where no specific 

binding of the radiotracer occurs. Based on the assumption that the concentration of 

free radiotracer is the same in the regions of interest as well as in the reference 

tissue, quantification of the BPND is feasible (Lammertsma and Hume, 1996). 

Beside these models, kinetic modelling based on multiple-time graphical analysis is 

possible. In this approach the TAC of the target tissue and the arterial plasma TAC 

are transformed and combined in a single curve. This curve approaches linearity and 

a line fitted into the linear phase provides information about kinetic data. These 

graphical-based methods do not require an a priori definition of the number of 

compartments and have been developed for reversible (Logan plot) as well as for 

irreversible (Patlak plot) tracers (Patlak et al., 1983; Logan et al., 1990). 

Image analysis, independent from static or kinetic evaluation, can be performed via 

different approaches. While in clinical routine, often just visual non-objective analysis 

is performed, research requires quantification of data (Kuntner et al., 2014). To study 

differences between data-sets, either a comparison between specific prior defined 

volumes of interest (VOI) or a comparison on voxel level is possible. In the context of 

neuroimaging, brain region related VOI atlases are a commonly used tool (Bohm et 

al., 1992; Schwarz et al., 2006). They provide quantitative information about tracer 

distribution in anatomically related brain areas. Contrary, comparisons calculated by 

statistical parametric mapping show differences of tracer distribution between two 

group independent from their anatomical localization, but on the voxel level. 

Nowadays, PET imaging is part of clinical routine in various fields and has obtained 

further attention by combining diagnostic with therapy, so called theranostic. The 

same molecule radiolabeled differently can be used for diagnosis and therapy 

(Yordanova et al., 2017). 
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2.4.3 Principle of magnetic resonance imaging 

By using the magnetic properties of certain anatomic nuclei, MRI is a versatile 

imaging technique, providing information about anatomy, function and metabolic 

changes. The discovery of the phenomenon of nuclear magnetic resonance was 

awarded with the Nobel Prize in 1952 and is the foundation of this imaging principle 

(Figure 2.8). 

Certain anatomic nuclei have a property known as ‘spin’ and therefore behave like 

compasses. Due to the high amount of hydrogen nuclei in tissue and their magnetic 

properties, these are used in clinical MRI (Joseph-Mathurin et al., 2011). Brought to a 

strong external magnetic field, which is the case in the MRI scanner, the nuclei are 

partially aligned in equilibrium. As next step, additional short pulses of a second 

radiofrequency are applied. This leads to absorption of the energy by the nuclei and 

induces protons to spin at the same direction and phase. In the following, protons 

relax again, meaning that magnetization falls back into equilibrium state 

accompanied by emittance of the energy by a voltage. This voltage can be detected 

by coils which are the actual sensor of the scanner (Grover et al., 2015). 

The ‘fall back to equilibrium’ can be divided in longitudinal and transversal relaxation. 

Longitudinal relaxation describes the realignment of the spin to the external field 

(spin-lattice), whereas the loss of the phase coherence of spins vertical to the 

external field is termed transversal relaxation (spin-spin). Both relaxations occur at 

exponential rates with time constants T1 for longitudinal and T2 for transversal 

relaxation. These time constants depend on the local chemical microenvironment and 

therefore provide detailed information about tissue habits. For example: water and 

cerebrospinal fluid (CSF) have long T1 values, thus appearing dark in T1-weighted 

images. In contrast, in T2-weighted images water and CSF are displayed light. 

Determined by initiating pulse frequencies, measurements can be designed to 

emphasize T1 or T2 or proton density differences providing great flexibility for 

contrast determination. In humans T1-weighing is typically used to assess anatomical 

details whereas T2-weighing provides information about pathological lesions. 

Furthermore, contrast-enhanced MRI allows the quantitative investigation of BBB 

pathology (Grover et al., 2015). 
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Figure 2.8. Basic principle of MRI (modified from Joseph-Mathurin N. et al. (2011) 

A. In natural conditions spins are randomly oriented. B. When the object is brought into the strong 
magnetic field of an MRI (magnet resonance imaging) scanner, spins are forced to orientate in the 
direction of this field. C. A radiofrequency wave flips the spins to a transverse plain. D. Spins fall back 
to the equilibrium. Doing so, they emit energy by a voltage, which is detected by coils of the MRI 
scanner. Depending on the surrounding tissue, spins fall back to the equilibrium with different speed. 
This speed difference of relaxation between spins provides contrast between the different tissues. 

 

Beside T1- and T2-weighted images, multiple further sequences like diffusion 

weighted imaging, functional imaging or sequences suppressing fat or CSF signal 

can be applied (Grover et al., 2015). For small animal MRI, dedicated scanners with 

higher magnetic fields than typically used for humans are needed so that a higher 

polarization can compensate for the small size of the rodent brain (Hoyer et al., 

2014). 

 

2.4.4 Imaging neuroinflammation 

As mentioned before, neuroinflammation leads to multiple changes in cell activity as 

well as to changes of patterns of expressed receptors and molecules. Therefore, 

neuroinflammation offers various targets for treatments as well as for molecular 

imaging methods (Vezzani et al., 2011b; Galovic and Koepp, 2016; Koepp et al., 

2017). The following paragraphs introduce the targets which have been used in this 

thesis. 

The most frequent used radiotracer is the radiolabeled glucose analogue 2-fluoro-2-

desoxy-D-glucose (FDG) (Phelps et al., 1979). Like glucose, FDG is taken up by 

cells, gets phosphorylated but not further metabolized, getting trapped inside cells 

where the decay of the radioactive fluoride can be localized by PET. Therefore it 

accumulates in tissue of high glucose demand. It enables imaging of glucose 
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metabolism which can be altered due to neuronal death, increased energy demand 

due to cell activation or dysfunction (Hong and Fryer, 2010). 

Translocator protein (TSPO) is a target for PET tracers which can visualize 

neuroinflammation more specifically than FDG (Dupont et al., 2017). Previously, 

TSPO has been described as the peripheral benzodiazepine receptor (Papadopoulos 

et al., 2006). It is part of the mitochondrial permeability transition pore and is thought 

to work as an importer of cholesterol. It is mainly expressed on the outer 

mitochondrial membrane, whereas its expression in healthy brain tissue is low and 

gets foremost elevated among activation of microglia (Rupprecht et al., 2010). Even 

though the expression of TSPO has been reported for other cell types like endothelial 

cells, neurons and reactive astrocytes (Pitsch et al., 2019), its expression was proven 

to correlate with the activation of microglia by several studies (Amhaoul et al., 2014; 

Dupont et al., 2017; Tronel et al., 2017). Differences in TSPO expression 

mechanisms in humans due to a polymorphism in the tspo gene as well as 

differences comparing humans and rodents have been recognized and need to be 

considered for analysis (Owen et al., 2017). Within the last years, various TSPO 

tracers have been established. The one used in this thesis was [18F]GE180 which is 

also called flutriciclamide. It belongs to the third-generation of TSPO tracers and has 

an improved signal-to-background ration compared to prior generations. By now, first 

studies in humans have been conducted using [18F]GE180 (Fan et al., 2016). 

MRI also provides information about neuroinflammation. As T1- and T2-relaxation 

times mostly depend on the amount of water in the tissue, relaxation-based MRI is 

particularly useful to detect pathologic alterations like edema, BBB impairment and 

micro-hemorrhages (Blitstein and Tung, 2007; Yoo et al., 2013; Heye et al., 2014). 

Further insides into hemodynamic parameters as well as BBB integrity can be 

obtained by using contrast agents like gadolinium which shortens T1-relaxation (Xiao 

et al., 2016). The contrast agent mainly remains inside the blood vessels if the BBB is 

intact, but crosses a damaged BBB (van Vliet et al., 2014). It has been observed that 

the same brain areas which had an impaired BBB, also show other signs of 

neuroinflammation like microglia activation confirming an association between BBB 

impairment and inflammation (Vezzani et al., 2011b).  
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2.4.5 Imaging in epilepsy and epileptogenesis 

Molecular imaging in epilepsy is used in clinical diagnostics and offers further insights 

into the ongoing disease process and new opportunities for biomarker research 

(Allone et al., 2017; Koepp et al., 2017). In epilepsy patients the main imaging targets 

are altered metabolism due to neurodegeneration or energy demand and 

morphological alterations. Contrary, during epileptogenesis neuroinflammation, 

changes in neurotransmitter density and cerebral blood flow are in the focus of 

research (Reddy et al., 2019). For imaging in epilepsy and epileptogenesis, some 

limitations need to be kept in mind. Epileptogenic brain insults are often associated 

with an impairment of the BBB and alterations of brain perfusion (Gorter et al., 2015; 

van Vliet et al., 2018). Therefore, interpretation of data may become more 

challenging.  

Already in the 1980s PET imaging was implemented in human epilepsy diagnostic, 

identifying that focal interictal hypometabolism correlates with the localization of the 

epileptic focus (Malmgren et al., 2012). Thus, FDG PET can be used for pre-surgical 

assessment, especially in MR-negative cases (Bankstahl, J. P. et al., 2012; Sidhu et 

al., 2018). Various reasons for this hypometabolism have been suggested: reduction 

in cerebral blood flow, neuronal cell loss as well as decreased expression of BBB 

glucose transporters (Knowlton et al., 2001; Nelissen et al., 2006; Dedeurwaerdere et 

al., 2007; Goffin et al., 2008). In line with that, preclinical imaging during 

epileptogenesis showed hypometabolism in the hippocampal structures (Zhang et al., 

2015). In post-SE models, hypometabolism was also detected shortly after the initial 

insult and partly persisted until the chronic phase of epilepsy (Bascuñana et al., 

2018). In the pilocarpine rat model, reduced metabolism in the hippocampus during 

the latent phase correlates with neuronal cell loss (Goffin et al., 2009; Guo et al., 

2009; Jupp et al., 2012; Zhang et al., 2015; Bascuñana et al., 2018). Contrary, during 

SE and seizures, glucose metabolism assessed by FDG PET is elevated and the 

increased metabolic activity in the hippocampus correlates with acute seizure 

severity (Mirrione et al., 2006; Lee et al., 2012). 

A misbalance of neurotransmitters is one of the key findings in epilepsy and is 

associated with increased expression of pro-inflammatory cytokines (Werner and 

Covenas, 2011; Sivakova et al., 2018). Therefore, imaging of neurotransmitters and 

their receptors is auspicious. For example, radiolabeled flumazenil binds to the 
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benzodiazepine site on the -aminobutyric acid (GABAA) receptor complex and can 

be used to localize the epileptic focus via PET (Vivash et al., 2013). Reduced binding 

of flumazenil is found in hippocampal sclerosis (Galovic et al., 2016). In post-SE 

rodent studies, a decrease in GABAA-receptor density in hippocampal and cortical 

regions has been reported (Vivash et al., 2014). 

TSPO PET has been used in clinical as well as preclinical studies to investigate 

neuroinflammation in epilepsy and epileptogenesis. Starting with preclinical results 

and relations of TSPO and seizures, a study in a kainic acid model reported a 

correlation between severity of the initial SE and TSPO expression (Dedeurwaerdere 

et al., 2012). Furthermore, TSPO expression in temporal lope regions also correlated 

with the frequency of spontaneous seizures (Bogdanovic et al., 2014; Amhaoul et al., 

2015) and had a predictive power of the individual seizure burden in a rat TLE model 

(Bertoglio et al., 2017). In preclinical epilepsy studies TSPO expression is elevated in 

brain regions which are known to be important for seizure generation like the 

hippocampus, the piriform cortex or the amygdala which may imply a link between 

neuroinflammation and hyperexcitability (Dedeurwaerdere et al., 2012; Russmann et 

al., 2017). In addition, TSPO expression is associated to the development of 

behavioral comorbidities (Bertoglio et al., 2017; Russmann et al., 2017). Beside 

these, TSPO PET showed first promising results on its ability to serve as a biomarker 

for pharmacoresistance (Bogdanovic et al., 2014). 

In the post-SE models used in this thesis, TSPO levels peak between one and two 

weeks post SE and remain high for up to ten weeks after initial SE (Brackhan et al., 

2016; Yankam Njiwa et al., 2016; Brackhan et al., 2018). Another longitudinal 

imaging study in the intrahippocampal kainate mouse model investigated the origin of 

the TSPO signal: At seven days post SE the signal originated mainly from activated 

microglia and at six month post SE from astrocytes (Nguyen et al., 2018).  

Beside this preclinical data, TSPO PET has already produced auspicious data in 

human epilepsy patients. A study with two different TSPO tracers revealed increased 

uptake in temporal regions ipsilateral to the epileptic focus (Gershen et al., 2015). 

[11C]PBR28, a second generation TSPO tracer, identified higher uptake ipsilateral to 

the seizure focus in the hippocampus, amygdala, parahippocampal and fusiform 

gyrus and choroid plexus. Whereby, patients with more severe hippocampal sclerosis 

showed more pronounced asymmetry of tracer uptake (Hirvonen et al., 2012). In a 
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patient with refractory epilepsy [11C]PK11195, the first TSPO tracer, identified the 

seizure focus whereas a scan thirty-six hours subsequent to a seizure showed that 

the uptake was higher compared to a scan in a seizure-free period (Butler et al., 

2016). 

Looking on clinical routine in epilepsy patients, MRI is used more often compared to 

PET, as it is the default option for focus or lesion localization which offers a great 

opportunity for a fast translation of preclinical findings (Pitkänen et al., 2016). In post-

SE models, T1- as well as T2-relaxation time increased after SE onset, peaked in the 

first two days after SE and declined during the next days as the edema got 

reabsorbed (Roch et al., 2002a; Breuer et al., 2016; Bankstahl et al., 2018). Towards 

the chronic stage of the pilocarpine rat model, the hyperintensity on T2-weighted 

images increased in the hippocampus and periventricular regions which correlated 

with the progressive loss of neurons and hippocampal sclerosis (Roch et al., 2002a). 

For preclinical investigation of BBB integrity, T1-weighted contrast-enhanced MRI 

was identified to be superior to PET with [68Ga]DTPA or SPECT using [99mTc]DTPA 

(Breuer et al., 2016). After kanic-acid induced SE in rats, an impairment of the BBB 

was detectable for up to six weeks (van Vliet et al., 2014). Other MRI contrast agents 

like iron oxides, allowing cell tracking, or manganese (Mn2+) also have been used in 

epilepsy research and provided information about disease progression 

(Gkagkanasiou et al., 2016; Saar and Koretsky, 2018). Based on diffusion weighted 

MRI, a correlation between the changes of a diffusion coefficient in the hippocampus 

at seven days post SE and chronic hyperexcitability was shown in mice (Kharatishvili 

et al., 2014). Functional MRI, measuring hemodynamic changes in the blood oxygen 

level can indirectly measure neuronal activity and therefore can be used to examine 

network connectivity (Reddy et al., 2019). 

In summary, imaging techniques have promoted the understanding of epilepsy and 

the epileptogenic-process. Based on this, we went one step further and aimed to 

show that molecular imaging can be used to monitor treatment induced effect and 

therefore can identify auspicious anti-epileptogenic drugs which will be discussed in 

the next chapter. 
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2.5 Potential anti-epileptogenic treatments  

2.5.1 Anti-inflammatory treatments for anti-epileptogenesis 

As mentioned before, epileptogenesis comprises the vicious circle of inflammation, 

neurodegeneration and hyperexcitability (Vezzani et al., 2013). An interruption of this 

cycle may be effective to attenuate epilepsy development (Galanopoulou et al., 

2012). Targeting inflammation seems auspicious as it connects the different 

components of epileptogenesis (Pitkänen et al., 2016; Ravizza et al., 2018; van Vliet 

et al., 2018). For example the attenuation of a whole cell type like microglia would 

impact various downstream mechanisms like cytokine production, phagocytosis and 

neuronal excitability. Furthermore, it has been shown that during epileptogenesis 

endogenous anti-inflammatory mechanisms fail to control the immune response 

which implicates that a treatment compensating for this may have beneficial effects 

(Rana and Musto, 2018). Similar to prior suggested inhibition of one cell type, a 

reduction of inflammatory mediators would also affect downstream pathways, would 

hinder the communication between cells and may interrupt positive feedback-loops 

attenuating disease progression (Woo et al., 2015). This was seen for example in 

statins which reduced pro-inflammatory cytokines while they increased the seizure 

threshold in mice and had a positive impact on early-onset seizures in humans in the 

early phase post stroke (Guo et al., 2015; Scicchitano et al., 2015; Siniscalchi and 

Mintzer, 2015; Quintana-Pájaro et al., 2018). 

In addition, single inflammatory pathways induce multiple mechanisms which 

therefore can be attenuated by one treatment agent. The IL-1R1/TLR pathway is a 

good example for that (Maroso et al., 2011b; Rana et al., 2018). Beside preclinical 

studies, a caspase-1 inhibitor targeting IL1-R1/TLR pathway induced a reduction of 

seizures in a phase IIa study with patients suffering from drug-resistant focal-onset 

epilepsy and this effect lasted longer than the drug treatment (Maroso et al., 2010; 

Bialer et al., 2017; Iori et al., 2017). Furthermore, anakinra, an IL1-R1-antagonist, 

increased the degree of seizure control in three different epilepsy case reports 

(Jyonouchi and Geng, 2016; Kenney-Jung et al., 2016; DeSena et al., 2018). 

Besides this, a treatment with the efficiency to reduces oxidative stress, on one hand 

directly protects the tissue against further degeneration, and on the other hand 

interrupts the self-sustaining mechanism of further promotion of the immune 
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response (Salim, 2017). For example the drug combination N-acetylcysteine and 

sulforaphane, targeting oxidative stress, attenuated seizure frequency, neuronal cell 

loss and cognitive deficits in a post-SE model (Pauletti et al., 2017). 

Another group of anti-inflammatory treatments which has been shown to impact 

epileptogenesis targets the arachidonic-acid pathway and the subsequent 

prostaglandin synthesis. Selective cyclooxygenases (COX) -2 inhibitors like 

celecoxib, parecoxib and refecoxib attenuated seizure development and reduced 

microglia activation and neuronal cell death in different post-SE models (Kunz and 

Oliw, 2001; Jung et al., 2006; Polascheck et al., 2010). In contrast to that, the 

selective COX-2 inhibitor SC-58236 did not impact seizure development and lead to 

increased mortality and seizure amount in other studies (Holtman et al., 2009; 

Holtman et al., 2010). Due to side effects, no clinical trial using specific COX-2 

inhibitors has been conducted so far (Radu et al., 2017). Therefore targeting 

downstream receptor molecules like the EP2 receptor of prostaglandin E2 may be 

promising and have shown promising results (Jiang et al., 2013).  

Taken all together, it has been shown in preclinical as well as in first clinical studies, 

various treatments targeting different aspects of neuroinflammation are able to 

impact epilepsy development (Ravizza et al., 2018; van Vliet et al., 2018). This is why 

we decided to work with anti-inflammatory treatments in this thesis which will be 

introduced in the following chapters. 

 

2.5.1.1.1.1 Curcumin 

In the last years, Curcumin, a phytochemical isolated from Curcuma longa, has 

attracted the attention of various research fields. Multiple modes of actions have 

been identified (Figure 2.9). Focussing on its anti-inflammatory and neuroprotective 

impact, reduced expression of pro-inflammatory cytokines, anti-oxidative effects, 

reduced migration and cytotoxicity of microglia as well as promotion of macrophages 

towards the M2 stage, have been identified (Karlstetter et al., 2011; Ghasemi et al., 

2019). These properties of curcumin are conveyed by the alteration of multiple 

pathways. 

Curcumin inhibits the signal transducer and activator of transcription 3 (STAT3) which 

decreases the expression of suppressor of cytokine signaling 3 (SOCS3) (Alexander 
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and Hilton, 2004; Hahn et al., 2018). SOCS3 plays a key role in M1 polarization and 

therefore accounts for a curcumin related push towards M2 polarization (Qin et al., 

2012; Chaves de Souza et al., 2013; Arnold et al., 2014; Wilson, 2014; Liu et al., 

2017). Furthermore, STAT3 inhibition as well as curcumin’s inhibiton of the NF-κB 

pathway reduces pro-inflammatory cytokine levels (McFarland et al., 2013; Yu et al., 

2018). In addition, curcumin reduces cytokine levels via inhibition of the 

phosphoinositide 3-kinases/ protein kinase B pathway (Cianciulli et al., 2016) and the 

activator protein 1 (AP-1) pathway (Mishra et al., 2015). This is also true for 

curcumin’s impact on the mitogen-activated protein kinases (MAPK) pathway. 

Additionally, MAPK inhibition may influence apoptosis (Shi et al., 2015; Zhou et al., 

2015). Furthermore, curcumin activates peroxicome-activated-receptor- , a 

transcription factor relevant for the anti-inflammatory response in microglia and 

astrocytes (Jacob et al., 2007; Iglesias et al., 2017). 

The anti-oxidative mode of action of curcumin is caused by curcumin induced 

activation of nuclear factor (erythroid-derived 2)-like 2 (NRF-2) and heme 

oxygenase-1 (Hmox-1) (Drion et al., 2018). During inflammation, NRF2 translocates 

to the nucleus, binds to the antioxidant response element which induces protein 

biosynthesis of anti-oxidant proteins like Hmox-1. Hmox-1 is a rate-limiting enzyme in 

the degradation of heme and can potect the tissue against damage by free radicals 

and programed cell death (Parada et al., 2015; Drion et al., 2018). Furthermore, 

curcumin can suppress the expression of inducible nitric oxide synthase (Tocharus et 

al., 2012; Naeimi et al., 2018) and the phenolic and methoxy groups in curcumin can 

neutralise ROS and RNS (Trujillo et al., 2014).  
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Figure 2.9. Main anti-inflammatory modes of action of curcumin 

Curcumin reduces oxidative stress via enhancing neutralization of reactive nitrogen species (RNS) 
and reactive oxygen species (ROS); reducing the production of inducible nitric oxide synthase (iNOS) 
and via promoting nuclear factor (erythroid-derived 2)-like 2 (NRF-2) translocation to the nucleus 
which induces Heme oxygenase-1 (Hmox-1) production. Pro-inflammatory cytokine production is 
reduced by peroxisome-activated-receptor-  (PPAR ) and the attenuation of the nuclear factor kappa-
light-chain-enhancer of activated B cells (NFκB) pathway. Due to inhibition of mitogen-activated 
protein kinases (MAPK) pathway cytokine production and apoptosis is reduced. The janus kinase/ 
signal transducer and activator of transcription 3 (JAK/STAT) pathway is down regulated leading to 
reduced cytokine signaling 3 (SOC3). Thereby the proportion of pro-inflammatory microglia (M1) is 
diminished in favor of reparatory microglia (M2).  

 

In regard to pharmacotherapy with curcumin, its low bioavailability, chemical 

instability, rapid metabolism, and short half-life needs to be kept in mind, whereas 

nowadays multiple methods have been established to overcome this (Stanic, 2017). 

Curcumin is a pro-drug that requires oxidative activation into reactive metabolites to 

exert anti-inflammatory activities (Edwards et al., 2017). Curcumin, also called 

diferuloylmethane, is a polyphenol with the ability to pass the BBB (Tsai et al., 2011). 

Pharmacokinetic interactions of curcuminoids with conventional drugs via inhibition of 

cytochrome isoenzymes and P-glycoprotein (P-gp), a brain efflux transporter, have to 

be considered (Bahramsoltani et al., 2017). 

In vitro as well as in vivo studies have shown effects on cancer, ischemia, diabetes, 

thrombosis and many more. Looking on in vivo epilepsy studies, in the pilocarpine rat 

model an anticonvulsant effect (Ezz et al., 2011) as well as improved cognitive 

dysfunction and reduced oxidative damage has been shown (Ahmad, 2013). 

Curcumin even potentiated the anticonvulsant activity of different AEDs (Reeta et al., 



State of the art review 

 

52 
 

2011). Focussing on neuroinflammation, reduced activation of microglia and 

astrocytes as well as decreased expression of pro-inflammatory cytokines was 

reported in pentylenetetrazol (PTZ)-induced kindling in rats (Kaur et al., 2015). So far, 

only a few studies have looked onto the effect of curcumin on epileptogenesis. In 

organotypic intrahippocampal slice culture, an in vitro model for epileptogenesis, 

curcumin reduced the percentage of cells displaying spontaneous seizure like events 

(Drion et al., 2019). Jiang et al. (2015) injected kainic acid into the hippocampus of 

Wistar rats followed by curcumin treatment for two weeks. They reported reduced 

IL-1  and TNF-α expression, as well as a reduction in glial fibrillary acidic protein 

(GFAP) expression, mossy fibre sprouting and neuronal cell loss in the hippocampus. 

The frequency of abnormal spikes and the severity of seizures was reduced in the 

curcumin treated animals. In addition curcumin-treated animals performed better in 

the morris water maze, investigating learning ability, compared to untreated controls 

(Jiang et al., 2015). 

Looking on clinical trials, no data for epilepsy patients treated with curcumin are 

available yet. Nevertheless, some studies have been conducted in other 

neuroscience context: curcumin improved cognitive function and reduced fatigue and 

psychological stress in a healthy older population (Cox et al., 2015), but failed to 

improve cognitive function in clinical studies on mild cognitive impaired persons and 

Alzheimer disease patients; whereas their vitamin E blood levels were elevated. No 

adverse effects at a high dose were reported in Alzheimer Disease patients (Baum et 

al., 2008). In summary, curcumin acts against inflammation via multiple pathways, 

and therefore is likely to impact also the neuroinflammation during epileptogenesis. 

 

2.5.1.1.1.2  Fingolimod 

Fingolimod (FTY720) is a first-in-class immunosuppressive approved drug for oral 

multiple sclerosis (MS) treatment (Gilenya®). It is a synthetic analogue of 

sphingosine-1-phosphate (S1P) and mainly acts as modulator of 

sphingosine-1-phosphate receptors (S1PR) (Leo et al., 2016) (Figure 2.10). 

The lipophilic FTY720 is administered as a prodrug. It circulates in a 

dephosphorylated form, can cross the BBB and accumulates in the brain (Cohen et 

al., 2010). After phosphorylation, mainly by sphingosine kinase 2, phosphorylated 
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FTY720 (pFTY720) acts on four of the five S1PR, excluding S1PR2 whereas S1PR1 

is thought to be the most relevant one for FTY7β0’s pharmacological effect 

(Brinkmann et al., 2004). In the moment of binding, pFTY720 activates S1PR1 briefly 

before it induces receptor internalization (Mullershausen et al., 2009). Thereby, 

pFTY720 inhibits the egress of lymphocytes from lymphoid tissue, preventing further 

auto-immune induced damage which accounts for its efficiency in MS treatment 

(Cohen and Chun, 2011). S1PRs are G protein-coupled receptors (Brinkmann, 

2009). In the brain all types of S1PR are expressed on neurons, astrocytes and 

microglia except S1PR4 (Chae et al., 2004; Brunkhorst et al., 2014). 

FTY720 promotes macrophage polarization towards the anti-inflammatory M2 stage, 

facilitated via STAT3 inhibition (Qin et al., 2017). An antagonistic effect on 

cannabinoid receptors 1 (CB1), a receptor known to have pro-inflammatory 

properties, has been identified as well (Paugh et al., 2006; Zhang et al., 2009). The 

non-phosphorylated form of FTY720 impacts the arachnoid acid pathway, thereby 

impairing cluster of differentiation CD8+ T-cell function (Ntranos et al., 2014). 

Furthermore, various studies point towards an effect of FTY720 on astrocytes (Choi 

et al., 2011). Beside these effects on the immune system, which have been 

confirmed in animal models of brain ischemia and spinal cord injury (Lee et al., 2009; 

Wei et al., 2011), FTY720 is also thought to affect neuronal excitability by binding to 

intracellular targets of S1P. This is also thought to be one mode of action of the anti-

epileptic drug valproic acid (Phiel et al., 2001; Brunkhorst et al., 2013). 
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Figure 2.10. Main anti-inflammatory modes of action of FTY720 

In multiple sclerosis treatment fingolimod‘s (FTY7β0) main mode of action is its ability to sequester 
lymphocytes in the lymphatic tissue preventing further autoimmune mediated damage. Beside this, 
enhancement of the polarization of macrophages towards the reparative M2 type as well as 
antagonistic impact on the cannabinoid receptor 1 (CB1) attenuate inflammatory response. Via the 
arachnoid acid pathway, cluster of differentiation CD8+ T-cell function is reduced. The activity of p-
glycoprotein (P-gp), responsible for drug efflux from the brain, is also reduced. 

 

First studies reporting impact of FTY720 on epileptogenesis have been published 

(Gao et al., 2012; Pitsch et al., 2019). In the pilocarpine rat model, two weeks of 

fingolimod treatment starting one day after SE led to reduced seizure occurrence, 

frequency, severity and duration. Decreased microglia activation, abated IL1-  and 

TNF-α expression, reduced mossy fiber sprouting and neuroprotection were 

observed (Gao et al., 2012). In the suprahippocampal kainate mouse model, FTY720 

treatment during the chronic state had an anti-seizure effect by reducing seizure 

frequency and severity (Pitsch et al., 2019). In addition, reduced neuronal cell loss, 

astrogliosis and reduced immune cell infiltration in the CA3 region of the 

hippocampus was observed. In the study by Pitsch et al. (2019), an additional batch 

of mice was treated with FTY720 for two weeks starting one hour after 

suprahippocampal kainate injection. A decrease of seizure frequency and duration 

was still present four weeks after SE and was interpreted as anti-epileptogenic effect. 

The same group reported elevated S1PR1 and S1PR3 expression at the chronic 

stage in mice after SE which points out that FTY720 may be even more efficient 

(Pitsch et al., 2019). Shortly after SE by pilocarpine or kainate, they reported an 

acute decrease in S1PR1 expression in both models while another group reported an 

increase of S1PR1 expression two days post kainate which correlated with elevated 

GFAP expression (Lee et al., 2010). Pitsch et al. (2019) showed that S1PR3 was 
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increased after kainate as well as pilocarpine SE induction and co-localized with 

GFAP expressing cells in the hippocampus shortly after SE. Thus, the target 

receptors for FTY720 treatment are even upregulated after SE. Taken together this 

shows that FTY720 may induce different effects depending on the investigated post-

SE animal model. In PTZ-kindled mice, treatment before as well as treatment after 

kindling had positive impact on seizure development and neuroprotective effects (Gol 

et al., 2017). In WAG/Rij rats, a genetic model for absence epilepsy, FTY720 also 

had anti-epileptogenic and anti-depressive effects whereas these were just transient 

(Leo et al., 2017).  

In addition, FTY720 impacts other pathways known to be relevant in epilepsy. P-gp 

acts as efflux transporter at the BBB and has been suggested to be involved in drug-

resistant epilepsies by being overexpressed (Wang et al., 2016). FTY720 can reduce 

P-gp’s pump activity through S1PR1 and therefore could ameliorate drug delivery into 

the CNS (Cannon et al., 2012). In rats subjected to SE induction by pilocarpine, 

FTY720 treatment starting after termination of SE, reduced hippocampal P-gp levels 

two days after SE and elevated phenytoin brain uptake (Gao et al., 2018).  

In a pilot trial in human stroke patients, FTY720 treatment in combination with 

alteplase reduced neurologic impairment directly after stroke as well as three month 

later (Zhu et al., 2015). In humans as well as in mice, a rebound effect of 

inflammatory cells after stop of FTY720 treatment has been reported confirming the 

strong impact of FTY720 on these cells (Cavone et al., 2015). Taken all together, 

FTY720 is an auspicious drug to alter inflammation during epileptogenesis. 

 

2.5.1.1.1.3  Minocycline 

Originally synthesized from natural tetracycline, minocycline belongs to the group of 

semisynthetic broad-spectrum antibiotics. Within the tetracycline family, it has the 

greatest brain penetrance which also accounts for side effects affecting for example 

the vestibular pathway. It is termed a second generation tetracycline and has been 

postulated as ‘microglia inhibitor’ (Figure 2.11) (Möller et al., 2016). 

Detailed modes of actions remain elusive but reduction of pro-inflammatory 

cytokines, matrix metalloproteinases, RNS, COX-2 and microglia specific markers 

have been reported (Scholz et al., 2015; Hou et al., 2016; Papa et al., 2016; Bialer et 
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al., 2017). Inhibition of a more pro-inflammatory microglia phenotype has been shown 

for example in an amyotrophic lateral sclerosis mouse model (Kobayashi et al., 

2013). These effects may be mediated by alteration of MAPK, AP-1 and NF-κB and 

the c-Jun N-terminal kinase pathways (Cai et al., 2010). Beside this, inhibition of 

cytochrome-c release and various effects on astrocytes, oligodendrocytes and 

neurons have been reported and in astrocytes, minocycline reduced GFAP and pro-

inflammatory cytokine expression (Zhu et al., 2002; Bernardino et al., 2009; Hou et 

al., 2016). By attenuating the CD4+ T-cell activation and downregulation of the CD40 

ligand on T-cells preventing microglia T-cell interaction, minocycline also influences 

the innate immune response (Garrido-Mesa et al., 2013). But, beside neuroprotective 

effects, some studies point towards neurotoxic effects which need to be considered 

whereas this depended on the investigated animal species and applied dose (Diguet 

et al., 2004; Domercq and Matute, 2004; Tsuji et al., 2004). In summary, 

minocycline’s exact modes of actions are not clear but broad anti-inflammatory, 

anti-apoptotic and neuroprotective properties have been found in multiple studies 

(Möller et al., 2016). 

 

 

Figure 2.11. Main anti-inflammatory modes of action of minocycline 

Minocycline inhibits the inflammatory response via reducing the synthesis of: proinflammatory 
cytokines, Matrix metalloproteinases (MMP), Reactive nitrogen species (RNS) and Cyclooxygenases 2 
(COX-2). Furthermore minocycline reduces the polarization of macrophages towards a pro-
inflammatory phenotype (M1) and decreases T-cell and microglia interaction. 
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Looking on minocycline impact on epilepsy, a dose dependent anti-convulsive effect 

has been shown in the 6Hz minimal clonic seizure test in mice, whereas this was not 

true for the maximal electric shock and the subcutaneous metrazol seizure model 

(Wang et al., 2012). In contrast to that, minocycline increased the seizure score in 

lamotrigine-resistant corneally kindled mice, a model of pharmacoresistant epilepsy 

(Koneval et al., 2018). Furthermore minocycline had anti-convulsive effects on 

seizures induced by amygdala kindling in rats and repetitive treatment retarded the 

kindling acquisition (Beheshti Nasr et al., 2013). Anti-convulsive activity could even 

be translated to a first human case study with a patient suffering from drug resistant 

epilepsy caused by an astrocytoma (Nowak et al., 2012). 

The inhibiting impact of minocycline on inflammation was shown in a double-hit early 

life seizure model with Cx3cr1GFP/+  (short for: CXC-Motiv-Chemokinrezeptor 1; green 

fluorescent protein) mice. Animals treated with minocycline showed less microglia 

activation as well as reduced seizure susceptibility which may be a first hint for 

minocycline’s potential anti-epileptogenic activity (Abraham et al., 2012). Mice 

subjected to intrahippocampal kainate injection and minocycline treatment, showed 

decreased neurodegeneration which was mediated by both: the caspase-dependent 

and caspase–independent pathway (Heo et al., 2006). In the pilocarpine rat model, 

the effect of two weeks of minocycline treatment, starting immediately after SE 

termination, was investigated (Wang et al., 2015). Already three days post SE 

induction reduced microglia activation assessed via histology as well as reduced 

IL-1  and TNF-α was detected (Wang et al., 2015). The amount of GFAP positive 

cells was not altered at that time point. Two weeks after SE, minocycline treated rats 

showed less severe neuronal cell loss than untreated rats. The incidence of seizures 

was not affected by the treatment, but the frequency, duration and severity was 

reduced after minocycline treatment during epileptogenesis (Wang et al., 2015). In 

rats subjected to electrically induced SE (Russmann et al., 2016), two weeks of 

minocycline treatment starting 5 minutes after SE termination did not affect SRS 

development nine weeks post SE. However, it had a positive impact on spatial 

learning, hyperactivity, hyperlocomotion and neurodegeneration in the piriform cortex 

and the hippocampal hilus (Russmann et al., 2016). 

Further proofs for minocycline’s impact on comorbidities associated to epilepsy have 

been published as well. Depressive like behavior was prevented by minocycline 
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treatment in a lipopolysaccharides mouse model as well as in the pilocarpine rat 

model (O'Connor et al., 2008; Xie et al., 2014). In the Theiler’s Virus Model of TLE, 

minocycline treatment reduced model related anxiety behavior (Barker-Haliski et al., 

2016) and in combination with N-acetylcysteine, minocycline prevented cognitive and 

memory deficits in a rat model of mild traumatic brain injury (Haber et al., 2013). 

Taken together minocycline has multiple anti-inflammatory effects which have shown 

auspicious results in anti-epileptogenic studies and therefore may be a good choice 

for further evaluation. 

 

2.5.2 Treatment combinations for anti-epileptogenesis 

As already mentioned in the chapter about treatment selection (2.2.2.2), is has been 

suggested that a combination of different treatments and therefore targeting different 

aspects of the epileptogenic process may be more likely to attenuate disease 

development (White and Löscher, 2014). This approach is termed ‘network 

pharmacology’ and has been suggested to be efficient in complex diseases like 

epilepsy (Klee et al., 2015). Especially, combining drugs of different treatment-target-

groups is promising (Welzel et al., 2019). An example for synergistic effects of 

treatments can be seen in a study in the pilocarpine rat model (Brandt et al., 2010). 

The study compared treatment effects of bumetanide, an inhibitor of the neuronal 

chloride cotransporter (NKCC) 1, and phenobarbital alone with the combinations of 

the two drugs. Only the combined treatment reduced the development of behavioral 

alterations associated with epilepsy, indicating a disease-modifying effect (Brandt et 

al., 2010). Referring to this study, a treatment combination including phenobarbital 

seems auspicious. Therefore, it was also used within this thesis. 

 

2.5.2.1.1.1  Phenobarbital 

Phenobarbital was synthesized for the first time in 1911 and belongs to the group of 

barbiturates. Despite advanced generations AEDs, phenobarbital remains to be the 

first choice anticonvulsive treatment in third world countries due to its low costs 

(Kwan and Brodie, 2004). The WHO still lists phenobarbital as standard AED and, 

given the acquisition costs, recommends it in line with other drugs at first option for 
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convulsive epilepsy (WHO, 2012). However, due to known behavioral and cognitive 

side effects, its application has declined in industrial countries (Kwan et al., 2004). 

Phenobarbital’s anti-convulsive effect is due to its allosteric interaction with 

postsynaptic GABAA -receptors. It enhances the mean duration of the opening of the 

receptor but, in contrast to benzodiazepines, does not alter the frequency of the 

opening or the conductance of the GABAA -receptor. The increased influx of GABA 

results in an increase of chloride-ions leading to a hyperpolarization of the post 

synaptic membrane, preventing transmission of epileptic activity (Löscher and 

Rogawski, 2012). In high concentrations, phenobarbital leads to opening of the 

GABAA receptor even in absence of GABA, which explains its sedative effect (Rho et 

al., 1996). In addition, phenobarbital has some inhibitory effects on voltage-gated 

glutamate receptors of the α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

and kainate subtype which may lead to neuroprotection (Rogawski and Löscher, 

2004). Phenobarbital is a substrate of multidrug transporters like P-gp which has 

been shown to be overexpressed in epileptic tissue. This may explain the high 

number of pharmacoresistant epilepsy patients (Potschka et al., 2002; Bankstahl and 

Löscher, 2008). 

Beside its well-known anti-convulsive effects, some studies have also investigated 

phenobarbital’s anti-epileptogenic efficiency. In juvenile rats subjected to SE induced 

by systemic kainate, 35 days of phenobarbital treatment did not attenuate the 

development of SRS (Bolanos et al., 1998). In contrast to that, phenobarbital reduced 

the frequency of SRS when administrated during the first two weeks after SE in the 

pilocarpine rat model (Brandt et al., 2010). As mentioned before, in the same study a 

combination with bumetanide attenuated epilepsy associated behavior (Brandt et al., 

2010). To explain the discrepancy between these two studies, the authors referred to 

the different start point of the treatment. In the non-efficient protocol (Bolanos et al., 

1998), treatment was started 24 hours, in the efficient protocol (Brandt et al., 2010) 

90 minutes after SE induction. In clinical studies no anti-epileptogenic effect of 

phenobarbital was observed (Temkin, 2009). Considering the results in the 

pilocarpine rat model, a treatment with phenobarbital in combination with other drugs 

seems auspicious. 
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2.5.3 Imaging of therapy response 

The ability to image in vivo the response of an organism to a therapy would have 

various applications. The specification of treatment protocols, including dose and 

duration could be guided by thresholds of imaging signals and their changes among 

therapy. In preclinical research, treatment related changes could advise future study 

design by identifying auspicious agents and schedules (Pitkänen et al., 2016). First 

studies also in epilepsy models have shown that PET as well as MRI can detect 

changes induced by pharmacological agents (Galovic et al., 2016; Koepp et al., 

2017). 

In post-SE models, the anti-depressive drugs fluoxetine as well as metyrapon 

treatments were able to impact [18F]FDG assessed brain metabolism (Shiha et al., 

2015; García-García et al., 2016). In rats after intrahippocampal kainate injection, 

isoflurane reduced TSPO expression assessed five days after SE and had an anti-

epileptogenic effect (Bar-Klein et al., 2016). In the same animals, no difference of 

BBB leakage assessed by MRI at two days after SE between treated and untreated 

rats was found. Another group of rats underwent SE induction by paraoxon injection. 

In these animals, isoflurane had an anti-epileptogenic effect and increased BBB 

stability was visible in MRI scans at one, seven and thirty days after SE (Bar-Klein et 

al., 2016). In another study, rapamycin reduced BBB impairment in the chronic phase 

of epilepsy assessed with gadobutrol enhanced MRI in rats subjected to SE induction 

by kainate acid (van Vliet et al., 2016). In rats with chronic focal experimental 

autoimmune encephalitis like lesions, the prior introduced anti-inflammatory drug 

FTY720 reduced the binding potential of a TSPO tracer in the lesions (Airas et al., 

2015). 

To conclude, some molecular imaging approaches identified treatment related effects 

(Bar-Klein et al., 2016; van Vliet et al., 2016). However, only limited data is available 

for post-SE animal models which are commonly used for anti-epileptogenic drug 

evaluation. Therefore, further research is needed to evaluate the usability of 

preclinical molecular imaging for treatment monitoring. 
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3 Objectives 

A treatment with the ability to save patients who have experienced severe brain 

insults from developing epilepsy would improve their quality of life substantially 

(Löscher et al., 2011; Löscher et al., 2013). Despite progress in research methods 

and scientific knowledge, no anti-epileptogenic treatment has reached clinical routine 

yet. Nevertheless, epilepsy research has identified neuroinflammation to be crucial 

for epileptogenesis, connecting the processes which transform healthy brain tissue 

into tissue being susceptible of developing seizures (Devinsky et al., 2013; Vezzani 

et al., 2013; Aronica et al., 2017; Terrone et al., 2017). Therefore, a pharmacological 

intervention early after brain insults targeting neuroinflammation is a logical and 

auspicious approach (Terrone et al., 2017; Ravizza et al., 2018; van Vliet et al., 

2018). 

The missing translation of anti-epileptogenic treatments from ‘bench to bedside' is not 

due to the lack of un-tested potentially anti-epileptogenic treatments (Löscher et al., 

2013). Besides the multifactorial and complex nature of epilepsy itself (Pitkänen et 

al., 2016), one major problem of preclinical anti-epileptogenic drug research is the 

identification of auspicious treatments. Due to long study-set ups as well as 

complicate data evaluation, investigating potentially anti-epileptogenic treatments is a 

time-consuming process (Klee et al., 2015; Löscher, 2019). Hence, only a few 

pharmacological components are actually examined for their anti-epileptogenic 

potential (Löscher, 2019). 

Based on that, a fast treatment evaluation method which is able to distinguishes 

pharmacological agents which are likely to attenuate epilepsy development from 

those which are less likely to do so, would accelerate research progress (Pitkänen et 

al., 2014a; Pitkänen et al., 2016). As molecular imaging allows the visualization and 

quantification of ongoing biological processes like neuroinflammation in vivo, it may 

be able to answer this demand (Dupont et al., 2017; van Vliet et al., 2018). Based on 

that, our hypothesis was: 

Molecular imaging of neuroinflammation can monitor treatment related effects during 

epileptogenesis. Hence molecular imaging can be used to guide drug selection for 

anti-epileptogenic studies and treatment combinations. 
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Study 1 – TSPO PET identifies reduced microglia activation after 

curcumin treatment during experimental epileptogenesis 

 To evaluate effects of curcumin treatment on microglial activation during 

epileptogenesis assessed via in vivo PET, autoradiography and 

immunohistochemistry in the intrahippocampal kainate mouse model. 

 

Study 2 - Molecular imaging evaluation of FTY720 treatment reveals 

different anti-inflammatory response in two post-status epilepticus 

animal models of epileptogenesis 

 To assess the effect of fingolimod treatment on microglial activation and BBB 

leakage during epileptogenesis in mice and rats post SE induction by serial in vivo 

PET imaging, in vivo MRI, autoradiography, and immunohistochemistry. 

 

Study 3 - TSPO PET identifies different minocycline treatment 

response in two rodent models of epileptogenesis 

 To determine the impact of minocycline treatment on microglial activation during 

epileptogenesis, investigated by in vivo TSPO PET, autoradiography and 

immunohistochemistry in two animal models of epileptogenesis. 

 

Study 4 – Molecular imaging, behavioral and chronic seizure 

evaluation of combinatorial anti-epileptogenic treatment 

 To investigate the relationship between individual early treatment responses and 

late disease outcome by evaluating a treatment combination which was partly 

selected based on prior conducted imaging-based treatment evaluation studies. 

Hence we investigated the impact of the treatment combination of phenobarbital 

and minocycline and its corresponding monotherapies on BBB leakage, microglial 

activation and brain metabolism during epileptogenesis by in vivo MRI and in vivo 

TSPO- and FDG-PET imaging. In combination with the evaluation of treatment 

effects on long-term seizure and comorbidity development in the pilocarpine rat 

model. 
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4.1 Summary 

As neuroinflammation and neuronal hyperexcitability seem to have reciprocal effects 

on each other, anti-inflammatory treatments might disrupt this vicious circle in insult-

induced epilepsy development. Individual positron emission tomography (PET) 

targeting the translocator protein (TSPO) might be a useful tool for in vivo evaluation 

of anti-inflammatory treatment effectivity during epileptogenesis. Here, we 

investigated whether TSPO PET is capable of detecting curcumin treatment-related 

effects in a post-status-epilepticus (SE) mouse model of epileptogenesis. After sham 

surgery or SE induction via intrahippocampal kainate injection, mice were treated 

with curcumin for five days. Two weeks after surgery [18F]GE180 in vivo PET scans, 

supplemented by in vitro autoradiography and histology, were performed. While 

TSPO PET revealed significantly reduced radiotracer uptake in epileptogenesis-

associated brain regions of curcumin-treated animals, no effect was found on 

neurodegeneration or astrocyte activation. This study provides first evidence that 

PET imaging of neuro-inflammation during epileptogenesis is able to detect treatment 

effects, confirming curcumin’s anti-inflammatory potential. Imaging of treatment 

related alterations during early epileptogenesis may guide therapy selection for long-

term disease modification. 

 

4.2 Introduction 

Preclinical and clinical studies provide evidence for a mutual link between 

neuroinflammation and epilepsy development. Thus, treatments targeting 

inflammation are auspicious tools to impact epileptogenesis1. In the last years 

curcumin, a phytochemical isolated from Curcuma longa, has attracted the attention 

of multiple research fields. Curcumin has shown anti-inflammatory and 

neuroprotective effects such as reduced expression of pro-inflammatory cytokines, 

anti-oxidative effects, reduced migration and cytotoxicity of microglia as well as 

promotion of macrophages towards the M2 stage2. 

Positron emission tomography (PET) targeting the 18kDa translocator protein 

(TSPO) allows non-invasive detection of neuroinflammation during epileptogenesis3-

6. TSPO is expressed on the outer mitochondrial membrane. Its expression in healthy 
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brain tissue is low and gets enhanced when microglia is activated7. To evaluate anti-

inflammatory treatments in vivo TSPO PET imaging might be used as a screening 

method in order to guide future long-term anti-epileptogenesis studies. 

In the present study, we aimed to investigate the effect of curcumin treatment on 

microglia activation during epileptogenesis. Therefore, small animal PET imaging 

with the TSPO tracer [18F]GE180 as well as histologic evaluation of 

neurodegeneration and astrocyte activation was performed in the intrahippocampal 

kainate mouse model. 

 

4.3 Materials and Methods 

Male NMRI mice were purchased from Charles River Laboratories (Sulzfeld, 

Germany) at the age of 7 weeks. Animal handling and housing was done as 

described earlier4. Experiments were approved by the responsible local authority and 

the principles of the ARRIVE guidelines and the Basel declaration including the 3R 

concept have been considered during planning and reporting of the experiments. 

Mice underwent either intrahippocampal kainate injection, to induce a status 

epilepticus (SE), or sham injection under chloral hydrate anesthesia (500 mg/kg, i.p.; 

Sigma-Aldrich, Steinheim, Germany) as described before4. They were randomly 

assigned either to the curcumin treated group (SE-curcumin (n=8), sham-curcumin 

(n=2)) or the vehicle group (SE-vehicle (n=4), sham-vehicle (n=2)). Sham animals 

were exemplarily investigated to exclude gross alteration compared to previous 

investigations4 and not included in the statistical analysis. For treatment, curcumin (≥ 

94% curcuminoid, Sigma Aldrich, Steinheim, Germany) was dissolved in 100% 

DMSO and animals were injected intraperitoneally with 150 mg/kg curcumin or 

vehicle. Treatment started 6 hours after the kainate or sham injection, followed by 

once-daily injections over the consecutive 4 days. For baseline control, mice of the 

same strain and age were used (n=8 for PET; n=5 for histology). 

At day 14 after surgery, mice were subjected to [18F]GE180 PET/CT scans (Inveon 

PET/CT; Siemens, Knoxville, USA) as described before4. After i.v. injection of 13.45 

± 1.04 MBq of [18F]GE180 and after a 40-minute uptake period including a low-dose 

CT scan for co-registration, a 20-minute static PET acquisition was performed. For 

the uptake phase as well as for the scan period, mice remained under isoflurane 
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anesthesia. Images were reconstructed using an iterative algorithm including 

standard corrections, and regional analysis of tracer uptake (PMOD 3.7, Zürich, 

Switzerland) as well as statistical parametric mapping analysis (SPM12, UCL, 

London, UK; 2-sample unpaired t-test, P < 0.05 uncorrected for multiple 

comparisons, minimum cluster size: 50 voxels) was performed as described before4.  

Fifteen days after surgery animals were sacrificed by decapitation under deep 

anesthesia for further analysis of the tissue by immunohistochemistry and 

autoradiography. Brains were dissected, cryo-sliced (14 µm, -1.82 and -2.92 mm 

relative to bregma) and autoradiography was performed by incubation of brain slices 

with 2.42 MBq/100 ml [18F]GE180 in PBS for 30 minutes, and analyzed as described 

previously3. Brain tissue was stained for neuronal-nuclear-antigen (NeuN, Millipore 

#ABN78) a marker of neurons and glial-fibrillary-acidic-protein (GFAP, Dako) a 

marker of astrocytes using a standard procedure3. Severity of neuronal damage and 

astrocyte activation was assessed as described earlier3. Hippocampal subregions 

cornu ammonis (CA) 1, CA3a, CA3c and dentate hilus were scored separately and 

values averaged afterwards. In addition, dispersion of the dentate gyrus (DG) was 

scored in the NeuN-stained sections: 0, no dispersion of the DG; 1, slight dispersion, 

cells are packed less condense; 2, moderate dispersion, gaps between cells; 3, 

severe dispersion, big gaps between cells; 4, very severe dispersion, many cells are 

separated from each other.  

Data analysis was performed in a blinded fashion. In vivo [18F]GE180 uptake was 

analyzed by 1-way analysis of variance using Prism7 (GraphPad Software, La Jolla, 

CA, USA), followed by Tukeys‘s multiple comparison test. In vitro [18F]GE180 

binding was analyzed by Student’s t-test, and correlation by Pearson’s linear 

regression analysis. For histology, results were analyzed by Kruskal Wallis test, 

followed by Dunn’s multiple comparison test. Data are presented as mean ± SD and 

P < 0.05 was considered statistically significant. 
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4.4 Results 

All mice injected with kainate developed SE whereas sham-injected mice did not 

show convulsive symptoms. As described before4, [18F]GE180 uptake was low and 

symmetrically distributed at baseline, but increased two weeks after SE induction 

(Figure 4.1 A, C). This increase peaked in the ipsilateral hippocampus but also 

affected surrounding brain regions and the contralateral side. In mice undergoing SE 

induction, curcumin treatment reduced [18F]GE180 uptake in comparison to vehicle 

treated animals by 14.9% in the ipsilateral hippocampus (P = 0.022, Figure 4.1 C). 

This decrease was also present in adjacent brain regions like the thalamus (18.7%, P 

= 0.006) and in the contralateral hemisphere. SPM analysis (Figure 4.1 B) showed 

that curcumin treatment led to significantly decreased voxels compared to vehicle in 

regions distant to the kainate injection site. In vitro [18F]GE180 autoradiography 

confirmed the in vivo PET results (Figure 4.1D), and analysis of both techniques 

correlated (r = 0.818; P < 0.001; Figure 4.1 E).  

SE induction led to severe neuronal loss in the ipsilateral hippocampus and moderate 

to low neurodegeneration in ipsilateral cortex and thalamus (Figure 4.2 A, B). No 

significant neurodegeneration was observed in sham animals as well as on the 

contralateral side. Dispersion of the DG was only present in the ipsilateral 

hippocampus of post SE animals (Figure 4.2 C). Curcumin treatment had neither 

neuroprotective effects nor impact on the dispersion in the DG (Figure 4.2 A-C). 

GFAP staining showed intense astrocyte activation in hippocampus and moderate 

activation in cortex and thalamus for post-SE animals on the ipsilateral side (Figure 

4.2 D,E). In the contralateral hippocampus some astrocyte activation was present in 

post-SE animals. Increased scores were neither observed for baseline and sham 

animals nor for other brain regions. Curcumin treatment had no significant impact on 

astrocyte activation. 
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Figure 4.1 

(A) Coronal average [18F]GE180 PET images (~1.82 mm (top row) and ~2.92 mm (bottom row) 

caudal to bregma). (B) Statistical parametric mapping (SPM) analysis (t-maps; 14 days post SE; 

curcumin vs. vehicle). (C) [18F]GE180 PET uptake and (D) in vitro binding (autoradiography, * 

indicates statistical significance; p < 0.05) in selected brain regions. (E) Correlation of [18F]GE180 in 

vivo uptake and autoradiography binding in the ipsi- and contralateral hippocampus of sham and post 

SE mice. 
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Figure 4.2 

Representative images of (A) neuronal nuclear antigen (NeuN)- or (D) glia acidic fibrillary protein 

(GFAP)-stained brain slices (scale bar: 200 µm for overview and 10 µm for detailed images). Scoring 

of selected brain regions for (B) neuronal cell loss, (C) cell dispersion or (E) astrocyte activation. (* 

indicates statistical significance; p < 0.05). 
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4.5 Discussion 

In the present study, curcumin treatment during epileptogenesis reduced 

neuroinflammation investigated by [18F]GE180 PET. Data gained in the same model 

have shown that during early epileptogenesis, TSPO is mainly expressed on 

microglia5. As curcumin-related effects were still present 9 days after end of 

treatment, our results point towards treatment-related long-term impact on 

epileptogenesis-associated microglia activation. This result might mainly be caused 

by a reduction of total microglia activation. As M1-polarized macrophages have been 

shown to express significantly more TSPO than M2 macrophages8, a polarization 

shift from pro-inflammatory M1 to reparative M2 microglia/macrophages, which has 

been shown before in curcumin treated mice subjected to experimental stroke9, could 

have led to the observed reduced TSPO PET signal. 

For curcumin, anti-inflammatory, neuroprotective, anti-convulsant and also 

epileptogenesis-modifying properties have been described 10-12. Curcumin reduced 

neuronal cell loss and GFAP positive cells at 7 days post SE in rats with 

intrahippocampal kainate injection11. In the current study, we found no evidence for 

neuroprotection or reduced astrocyte activation. In contrast to our study, Jiang et al.11 

started treatment earlier after SE, potentially leading to a more effective SE 

termination due to curcumin’s anticonvulsive properties. This may explain the 

neuroprotection reported there. However, we abstained from earlier treatment start 

for the present study as this may lead to an initial insult modification, obstructing the 

investigation of actual anti-epileptogenic effects. 

As described before, the increased tracer signal in post SE animals was not limited to 

the kainate injection area but spreads to further epilepsy associated brain regions4. 

Here we could show that curcumin treatment effects are not limited to the subregion 

of the most prominent microglia activation, i.e. the ipsilateral hippocampus, but are 

also present in more distant ipsi- and contralateral brain regions.  

In summary, this study provides first evidence that imaging of neuroinflammation 

during epileptogenesis is suitable to detect anti-inflammatory treatment effects. 

Curcumin influenced microglia activation beyond treatment duration. Thus, future 

studies need to investigate how the early imaging signal after treatment is related to 

the anti-epileptogenic efficacy. 
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5.1 Abstract 

Neuroinflammation is one key component of brain-insult induced epileptogenic 

processes. FTY720, well known for its anti-inflammatory efficiency in multiple 

sclerosis treatment, has been shown to also impact epileptogenesis and has been 

identified as a promising constituent of combinatorial, potentially epilepsy-preventing 

drug treatments. Here, multi-modal brain imaging was used for in vivo monitoring of 

FTY720 treatment effects during insult-induced epileptogenesis in mice as well as in 

rats. 

Status epilepticus (SE) was induced either by intrahippocampal kainate injection 

(mice) or by systemic pilocarpine administration (rats). Mice were treated with a daily 

dose of 0.3 mg/kg FTY720 6 times starting 6 hours after SE, while rats received 

1 mg/kg daily for 8 days starting at the day after SE. Vehicle-treated mice and rats as 

well as mice undergoing sham surgery served as controls. Mice were subjected to 

[18F]GE180 PET scans at days 8 and 15 post SE. Rats underwent T2-weighted and 

contrast-enhanced-T1-weighted MRI at day 2, [18F]GE180 PET scans at day 7, and 

behavioral tests for assessing hyperexcitability at days 6 and 14 post SE. Regional 

T1 and T2 signal intensity or [18F]GE180 uptake was determined and statistical 

parametric mapping (SPM) was performed. In addition volume of distribution 

(Vt[ml/cc]) was calculated for rats. Brain tissue was collected for [18F]GE180 in vitro 

autoradiography and immunohistochemistry (NeuN, GFAP). 

In FTY720-treated mice a significant decrease of [18F]GE180 uptake was observed 

15 days post SE in the dorsal ipsilateral as well as contralateral hippocampus, cortex 

and thalamus . SPM analysis identified reduced TSPO signal in further brain regions 

(amygdala, pirifom/entorhinal cortex). A minor reduction of astrocyte activation was 

found in the ipsilateral hippocampus of FTY720- compared to vehicle treated mice 

post SE but neurodegeneration as well as neuronal cell dispersion in the dentate 

hilus remained unaltered. While BBB leakage was not affected by FTY720 treatment 

in rats SPM analysis of [18F]GE180 PET data at day 7 post SE revealed a limited 

extent of decreased voxels in the ventral hippocampus. [18F]GE180 autoradiography 

and histological evaluation on day 15 post SE did not reveal significant differences 

between FTY720- and vehicle-treated rats. 
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While anti-inflammatory effects of FTY720 remained limited in the pilocarpine rat 

model, clear reduction of TSPO expression was found in the intrahippocampal 

kainate mouse model even one week after ending of the treatment. These findings 

emphasize the value of in vivo evaluation of treatments in different animal models 

and will contribute to the design of future studies using combinatorial treatment 

schemes for epilepsy prevention. 

 

5.2 Introduction 

Epilepsy is one of the most common neurodegenerative diseases affecting up to 

50 million people worldwide (WHO, 2019). However, until now therapies mainly 

consist of symptomatic treatment aiming at suppression of spontaneous recurrent 

seizures. Temporal lope epilepsy (TLE) is the most common form of epilepsy and is 

associated with hippocampal sclerosis (Thom, 2014). A majority of TLE patients have 

experienced brain insults followed by a seizure-free latent phase prior to the onset of 

first epileptic seizures (French et al., 1993) which is regarded as suitable time window 

for epilepsy-preventive therapeutic intervention. Multiple cerebral alterations are 

involved in epileptogenesis, i.e. the process transforming healthy brain tissue into 

tissue being susceptible of generating seizures, including an imbalance of 

neurotransmitters causing hyperexcitability, increased permeability of the blood-brain 

barrier in close interaction with prominent neuroinflammatory changes as well as 

neurodegeneration (Löscher and Brandt, 2010). The idea of anti-epileptogenic 

treatments implies the alteration of these processes to prevent or modify epilepsy 

development (Pitkänen et al., 2015). Neuroinflammation may be an auspicious target 

for anti-epileptogenic therapies, as preclinical as well as first clinical case studies 

report anti-epileptogenic effect of anti-inflammatory drugs (Ravizza and Vezzani, 

2018).  

An anti-inflammatory drug of growing interest is fingolimod (FTY720). It is the first 

FDA approved drug for oral multiple sclerosis treatment, acting as modulator of 

sphingosine-1-phosphate receptors (S1PR), thereby inhibiting the egress of 

lymphocytes from lymphoid tissue (Cohen and Chun, 2011). As fingolimod easily 

enters and accumulates in the brain, where S1PR are expressed on neurons and 

glial cells, effects on neuronal excitability and cytokines have also been suggested 
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(Brunkhorst et al., 2014). Moreover, long term anti-epileptogenesis studies have 

reported anti-epileptogenic effects (Gao et al., 2012; Pitsch et al., 2019). 

However, despite progress in preclinical research and some first proof-of-principle 

studies, no anti-epileptogenic drug has reached clinical routine yet (Ravizza et al., 

2018; Löscher, 2019). This lack of translation on one hand may be due to species 

differences, and on the other hand to the time consuming evaluation in preclinical 

anti-epileptogenesis studies and the lack of sufficient biomarkers allowing treatment 

evaluations at early time points (Löscher, 2019). Preclinical imaging could help to 

overcome some of these limitations, as it may provide early and continuous 

information about treatment efficacy in vivo. Thereby, imaging may help pre-selecting 

drug candidates for long-term anti-epileptogenesis studies and to define treatment 

time frames as well as optimal doses. Positron emission tomography (PET) targeting 

translocator protein (TSPO), contrast enhanced T1-weighted MRI as well as T2 

sequences can principally be used to image different aspects of neuroinflammation 

(Brackhan et al., 2016; Dupont et al., 2017; Bankstahl et al., 2018; Brackhan et al., 

2018). In this regard, there is also a certain need to test the sensitivity of imaging 

approaches not only to image pathogenic processes during epileptogenesis but also 

to image treatment effects of promising anti-epileptogenic compounds.  

Based on this, we aimed to characterize the impact of FTY720 treatment on the 

neuroinflammatory response evoked by status epilepticus (SE) as epileptogenic brain 

insult in two animal models using [18F]GE180 PET imaging and MRI. 

 

5.3 Materials and Methods 

Animals 

Male NMRI mice were purchased from Charles River Laboratories (Sulzfeld, 

Germany) at the age of 7 weeks. Adult female Sprague-Dawley rats (200-220g) were 

obtained from Envigo (Netherlands). Mice were housed in groups and rats were 

housed in pairs under controlled climate conditions in individually ventilated cages 

under a 14/10-h light-dark cycle. They received standard laboratory chow (Altromin 

1324, Lage, Germany) and autoclaved tap water ad libitum. After delivery, animals 

were allowed to adapt to the new conditions for at least 1 week and were handled at 

least three times before the experiments started. Experiments were conducted in 
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accordance with European Communities Council Directives 86/609/EEC and 

2010/63/EU and were formally approved by the responsible local authority. Animals 

were randomly added to experimental groups, and all efforts were made to minimize 

pain, suffering, and the number of animals. The principles outlined in the ARRIVE 

guidelines and the Basel declaration including the 3R concept have been considered 

when planning and reporting the experiments. 

 

General study design 

Mice underwent either intrahippocampal kainate injection to induce a SE, or sham 

surgery to investigate impact of the treatment on just the surgical procedure. In rats, 

SE was induced via systemic pilocarpine injection. Animals were randomly assigned 

to either vehicle or FTY720 treatment groups. Mice were subjected to [18F]GE180 

PET/CT scans at 8 and 15 days after the SE induction. Rats underwent MRI at 

2 days and [18F]GE180 PET/CT imaging 7 days after SE induction. Scan time points 

were selected based on the time course of epileptogenesis associated brain changes 

previously determined (Brackhan et al., 2016; Breuer et al., 2017; Bankstahl et al., 

2018; Brackhan et al., 2018). Hyperexcitability testing was conducted in rats 6 and 14 

days after SE induction. Fifteen days after SE induction animals were killed under 

deep isoflurane anesthesia for further analysis of the tissue by immunohistochemistry 

and in vitro autoradiography. For healthy control (baseline), mice of the same strain 

and age were used (n=8 for PET; n=5 for histology). Unless stated otherwise, all 

chemicals used were of analytic grade and purchased from Sigma-Aldrich 

(Steinheim, Germany). 

 

Status epilepticus induction 

SE was induced in mice via unilateral microinjection of kainate (n=26) as described 

elsewhere (Brackhan et al., 2018). Briefly, mice anesthetized by chloral hydrate (500 

mg/kg i.p.) were injected with kainate monohydrate (0.21 µg in 50 nL saline) into the 

right CA1 region of the dorsal hippocampus (AP: -2.1; L: -1.6; DV: -2.3 (Paxinos and 

Franklin, 2012)). Mice undergoing sham surgery received an identical volume of 

saline (Braun, Melsungen, Germany; n=13). Mice were observed for at least 2 hours 

for clinical signs of SE upon awakening from anesthesia. All mice receiving 
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intrahippocampal kainate injections showed clinical signs of limbic SE (circling 

behavior, head nodding, head tilt, chewing, mild clonic movements of the forelimbs), 

whereas mice undergoing sham injections did not show convulsive symptoms.  

In rats (n=24), SE was induced by pilocarpine injections as described before 

(Brackhan et al., 2016). Shortly, 14–16 hours after oral administration of lithium 

chloride (127 mg/kg) and 30 minutes after i.p. injection of methyl scopolamine (1 

mg/kg), a bolus of pilocarpine hydrochloride was injected i.p. (30 mg/kg). Injections of 

pilocarpine hydrochloride (10 mg/kg in 0.9% saline) were repeated up to 3 times 

every 30 minutes if SE was not reached at that time point. SE was characterized by 

the onset of repetitive generalized convulsive seizures without intermediate recovery 

of normal behavior. The overall SE induction rate was 91.7% (22 of 24 rats) requiring 

an average pilocarpine dose of 40.0 mg/kg. Two rats in which SE could not be 

induced were excluded from all further experiments. Ninety minutes after onset, SE 

was interrupted by diazepam injections given at intervals of 15–20 minutes (maximal 

total dose 25 mg/kg, i.p., Ratiopharm). The mortality rate was 9.1% (2/22) with death 

occurring within the first 30 h after SE. 

Both, mice and rats were closely monitored during the days post SE and received 

mashed laboratory chow and subcutaneous injections of glucose electrolyte solution 

(Sterofundin HEG-5; Braun, Melsungen, Germany) until baseline weight recovery.  

 

FTY720 treatment 

FTY7β0 (Fingolimod hydrochloride (≥ 98 % HPLC)) was dissolved in 100 % ethanol 

and diluted with aqua ad injectabilia resulting in an ethanol concentration of 0.15 %. 

Mice (n=14 in total) were treated with a dose of 0.3 mg/kg according to an earlier 

study in a multiple sclerosis mouse model (Airas et al., 2015). Treatment started 6 

hours after kainate or saline microinjection, followed by once-daily injections over the 

consecutive 6 days. In rats, FTY720 treatment started 24 hours after SE induction 

with a dose of 1 mg/kg (Gao et al., 2012) lasting for 8 days (n=11). All injections took 

place during the first hours of the light cycle. In both experiments, the vehicle groups 

received the same injection volume (mice n=25; rats n=9). Animals did not show 

obvious injection or treatment related changes of behavior or body weight 
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development, and general post mortem examination did not reveal obvious 

abnormalities in FTY720- or vehicle-treated groups. 

 

PET imaging  

A small animal PET/computed tomography (CT) camera (Inveon PET/CT; Siemens, 

Knoxville, USA) was used. The synthesis of [18F]GE180 was performed as described 

before (Brackhan et al., 2018). Animals were anesthetized with isoflurane (CP-

Pharma, Burgdorf, Germany; 1.5%-2.5%) during tracer uptake and image acquisition 

and breathing frequency was monitored (BioVet software; m2m Imaging, Cleveland, 

OH, USA). Animals were positioned prone in imaging chambers (Minerve, Esternay, 

France) and custom made catheters were inserted into a lateral tail vein. For mice, a 

static PET acquisition was performed over 20 minutes, starting 40 minutes after 

[18F]GE180 (12.73 ± 1.03 MBq) injection. For rats, the PET scan started with the 

injection of [18F]GE180 (18.44 ± 0.78 MBq) and dynamic data were acquired over 

1 hour in 32 frames as described before (Brackhan et al., 2016). In addition, fast low-

dose CT scans were performed for all animals. For attenuation correction a 20-

minute 57Co transmission scan was used. Images were reconstructed using an 

iterative OSEM3D/fastMAP (ordered subset expectation maximization 3-

dimensional/maximum a posteriori) algorithm with corrections for decay, attenuation, 

random events, and scatter. 

CT images were matched to a magnetic resonance imaging (MRI) template (Schwarz 

et al., 2006; Mirrione et al., 2007) using PMOD software (PMOD 3.7, Zürich, 

Switzerland) resulting in a transformation matrix which could be used to fuse the 

corresponding PET images to the MRI template. Subsequently, a brain atlas based 

on the MRI template was applied to the co-registered images. [18F]GE180 uptake in 

mouse brain was calculated as percentage injected dose per cubic centimeter of 

tissue (%ID/cc) for the hippocampus, the thalamus and the cortex for the side of the 

injection and the contralateral side. In rats, uptake (%ID/cc) of the last 20 minutes of 

the scan as well as the volume of distribution (Vt) of [18F]GE180 for the 

hippocampus, the thalamus and the sum of the entorhinal and piriform cortex were 

calculated. To calculate Vt, [18F]GE180 kinetic data was modelled using a two-

tissue-compartment-model and an image derived input function extracted from the 

right and left carotid arteries.  
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In addition, differences in uptake between FTY720- and vehicle-treated animals was 

calculated by statistical parametric mapping (SPM) as described before (Brackhan et 

al., 2018, Leiter et al., 2019). A two-sample unpaired t-test using MATLAB software 

(The MathWorks) and SPM12 (University College London) was performed setting 

significance level threshold of 0.001 (uncorrected for multiple comparison). A 

minimum cluster size of 50 voxels for mice and 100 voxels for rats were selected. For 

visualization of the resulting t-maps, threshold was set to show p values between 

0.05 and 0.001 according to the degrees of freedom of the comparison. 

 

MRI imaging  

MRI was conducted as described before (Breuer et al., 2017; Bankstahl et al., 2018). 

Briefly, images were acquired using ParaVision 6.1 (Bruker, Ettlingen, Germany) For 

detection of edema, T2-weighted 2D multi slice multi echo images (MSME; repetition 

time = 2500 ms, echo time = 11 ms, 96 slices of 0.8 mm, 256x256 matrix, 

35x35x25.6mm3 field of view) were acquired. T1-weighted images were acquired 

using a 3D modified driven equilibrium Fourier transform method (MDEFT) with same 

slice thickness and field of view. T1 MDEFT sequences were acquired before and 

30 min after the start of contrast agent infusion. The resulting voxel size was 

0.13x0.13x0.8mm3. For contrast agent infusion, a catheter was placed in a lateral tail 

vein and connected to a syringe pump (PHD Ultra, Harvard Apparatus, South Natick, 

MA, USA). Rats were infused with Gadobutrol (Gadovist 1 mmol/ml; Bayer 

HealthCare) using a 20-min step-down infusion schedule (Breuer et al., 2017). 

Using PMOD software, MRI images were co-registered to the prior mentioned MRI 

template and rat brain atlas. Subsequently, MR images were normalized to pons as 

described before (Breuer et al., 2017) and values were obtained for the regions of 

interest mentioned above for PET data analysis. 

 

Hyperexcitability test battery 

A hyperexcitability (HE) test battery (approach-response test, touch-response test, 

finger-snap test and pick-up test) was performed as described before (Brandt et al. 

2015). Behavior was assessed by four blinded investigators with 30 min break 

between testers. One hour prior as well as during testing, rats were monitored for 
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motor seizures. In case of a seizure, the test was repeated for this animal after a time 

interval of at least 1 hour. Mean scores for each test were used for analysis. 

 

Autoradiography and immunohistochemistry 

At day 15 post SE, animals were sacrificed and brains were immediately removed, 

covered with Tissue-Tek® O.C.T. Compound (Sakura® Finetek, USA) and snap-

frozen using liquid nitrogen. Mouse brains were sliced at -1.82 and -2.92 mm relative 

to bregma (Paxinos et al., 2012) and rat brains at -3.6 mm and -5.2 mm caudal to 

bregma (Paxinos and Watson, 2007) in a cryostat (Microm HM560; Schwerte, 

Germany) achieving 14 μm thick coronal slices. Slices were mounted on superfrost® 

plus slides (Thermo scientific, Braunschweig, Germany) and stored at -20°C until 

further processing 

Autoradiography was performed on rat brain slices as described before (Brackhan et 

al., 2016). Sections were incubated for 30 minutes with [18F]GE180 (0.02 MBq/ml 

PBS). Slides were then exposed to a high-resolution phosphor imaging plate 

(PerkinElmer) and digitized using a cyclone scanner (PerkinElmer). A calibration 

curve was obtained by including a dilution series with known activity concentrations 

(range, 10–500 kBq/mL in 1.5 μL). Images were co-registered to the corresponding 

level of the same atlas which was used for the PET image analysis using PMOD 

software. Gray-scale values were quantified in hippocampus, entorhinal and piriform 

cortex and thalamus. Activity concentration (Bq/mm2) was calculated by interpolating 

these values to the calibration curve. 

Brain tissue was fixed with 4% paraformaldehyde and stained for neuronal-nuclear-

antigen (anti-NeuN, mouse tissue: Millipore #ABN78; rat tissue: MAB #377) a marker 

of neurons or glial-fibrillary-acidic-protein (polyclonal rabbit anti-GFAP, Dako) a 

marker of astrocytes using biotinylated secondary antibodies according to 

established protocols (Brackhan et al., 2016). Slides were incubated with Vectastain 

ABC reagent (Biozol) and subsequently stained by nickel-intensified 

diaminobenzidine reaction. All sections were stained on the same day to obtain 

comparable staining intensity. 

The severity of neuronal damage and astrocyte activation was assessed in 

hippocampus, dorsal thalamus and piriform/entorhinal cortex in both slicing levels 
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and values averaged afterwards. Subregions of the hippocampus (cornu ammonis 

(CA) 1, CA3a, CA3c, dentate hilus) were scored separately and values averaged 

afterwards. A semi quantitative scoring system adapted from Polascheck et al. (2010) 

was used to assess neuronal loss in NeuN-stained sections : 0, no obvious neuronal 

cell loss; 1, <20% neuronal cell loss; 2, 20%–50% neuronal cell loss; 3, >50-80% 

neuronal cell loss; 4, >80-100% neuronal cell loss. In the same slides dispersion of 

the gyrus dentatus (GD) was scored: 0, no dispersion of the GD; 1, slight dispersion, 

cells are less condensely packed; 2, moderate dispersion, gaps between cells; 3, 

severe dispersion, big gaps between cells; 4, very severe dispersion, many cells are 

separated from each other. In addition, in rat tissue, the area of the dentate hilus as 

well as the number of hilus neurons was assessed using Fiji software (Schindelin et 

al., 2012) and the number of neurons per µm2 was calculated. Astroglia activation 

score was defined as: 0, resting, <10% activated cells; 1, mostly resting, 

approximately 30% activated cells; 2, approximately 60% activated cells, some 

resting; 3, >90% activated cells, densely packed (Brackhan et al., 2016; Leiter et al., 

2019). For the rat study a fourth score, splitting score 3, was implemented. Every 

analysis was performed at 100×-magnification (Leica, Wezlar, Germany) and 

investigators were blinded for experimental groups. 

 

Statistics 

Data analysis was performed in a blinded fashion using Prism7 (GraphPad Software, 

La Jolla, CA, USA). In the mouse study, in vivo and in vitro [18F]GE180 uptake was 

analyzed by one-way analyses of variance and Dunnett‘s multiple comparison post 

hoc test comparing vs. baseline and Sidak‘s multiple comparison post hoc test 

comparing treatment vs. vehicle and SE vs. sham. Results of histology were 

analyzed by Kruskal Wallis tests, followed by Dunn’s multiple comparison test 

comparing to baseline, or comparing treatment vs. vehicle and SE vs. sham. For the 

rat study, Student’s t-test was used for all analyses of imaging and autoradiography 

data while Mann-Whitney test was applied for data of histological and behavioral 

assessment Data are presented as mean ± SD and P < 0.05 was considered 

statistically significant. 
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5.4 Results 

Intrahippocampal kainate mouse model 

Mice were subjected to [18F]GE180 PET scans at baseline and at 8 and 15 days 

after SE induction. Comparing tracer uptake vs baseline, significant increase of 

[18F]GE180 uptake was observed already in sham mice, both ipsi- and contralateral 

to the injection site at 8 and 15 days after surgery (Figure 5.1 B). In mice undergoing 

SE induction, [18F]GE180 uptake was increased compared to baseline in all 

investigated areas at both time points peaking at day 15 in the ipsilateral 

hippocampus (+200%, p < 0.001, Figure 5.1 A,B).  

No significant differences were found between sham mice treated with FTY720 or 

vehicle. Nevertheless, uptake data of the sham mice treated with vehicle revealed 

more differentiation to baseline at both imaging time points than sham mice treated 

with FTY720 (Figure 5.1 B). After SE, FTY720 treatment resulted in significantly 

decreased [18F]GE180 uptake in all brain areas of interest at day 15. SPM analysis 

(Figure 5.1 A) generally confirmed the results of the VOIs analysis. T-maps of the 15-

days time point even showed a generalized decrease of tracer uptake, excluding 

dorsal portions of the hippocampus and cortex. In contrast, and apart from a 

decrease in the ipsilateral amygdala/piriform cortex region, SPM analysis of the early 

imaging time point also revealed an increased uptake in the ipsilateral hippocampus 

of animals treated with FTY720.  

Neuronal degeneration and astrocyte activation was assessed in mouse brain slices 

at 15 days after surgery (Figure 5.2). All post SE animals showed severe 

neurodegeneration in hippocampus and thalamus, significantly increased compared 

to baseline and sham mice (Figure 5.2 A,B). On the contralateral side and the 

ipsilateral cortex neither SE nor FTY720 treatment had a significant effect on 

neuronal density. Nevertheless, animals post SE treated with FTY720 showed a 

trend towards decreased dispersion of the dentate gyrus on the ipsilateral side (p = 

0.095, Figure 5.2 C). Post SE, astrocyte activation was found in all investigated areas 

on the ipsilateral side comparing to baseline as well as to the sham group (Figure 5.2 

D,E). On the contralateral side, SE-related astrocyte activation was only detected in 

the hippocampus, where also a minor, but significant reduction by FTY720 treatment 

was observed (p = 0.022). 
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Figure 5.1 

Analysis of [18F]GE180 PET in the intrahippocampal kainate mouse model. (A) Coronal average 
[18F]GE180 PET images at the level of -1.82 mm (left) and -2.92 mm (right) caudal to bregma before 
(baseline – top), 8 (left) and 15 (right) days post status epilepticus (SE) induction. Rows represent 
treatment groups, or statistical parametric mapping (SPM) analysis comparing FTY720 and vehicle 
treated animals (t-test, p < 0.001, minimum cluster size of 50 voxels). (B) [18F]GE180 uptake [%ID/cc] 
in selected brain regions. Data are mean ± SD. * (vs. baseline) and # (vs. sham or vehicle) indicate 
significant difference calculated by one-way ANOVA and Dunnett’s or Sidak’s multiple comparison 
post hoc test (p < 0.05). 
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Figure 5.2 

Histologic analysis of neuronal degeneration and astrocyte activation in the intrahippocampal kainate 
mouse model. Representative images of (A) neuronal nuclear antigen (NeuN)- or (D) glia acidic 
fibrillary protein (GFAP)-stained hippocampi (scale bar: 500 µm for overview and 10 µm for detailed 
images). Scoring results of selected brain regions for (B) neuronal cell loss, (C) neuronal cell 
dispersion or (E) astrocyte activation. Data are mean ± SD. * (vs. baseline) and # (vs. sham or vehicle) 
indicate significant difference calculated by Kruskal-Wallis’ and Dunn’s multiple comparison post hoc 
test (p < 0.05). 
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Lithium-pilocarpine rat model 

Rats were subjected to dynamic [18F]GE180 scans 7 days after SE induction, 

whereas at 15 days [18F]GE180 autoradiography was performed on brain slices 

instead of a second PET scan. Atlas-based uptake (not shown) and kinetic analysis 

did not reveal significant differences (Figure 5.3 A,B). Nevertheless, SPM analysis 

identified decreased [18F]GE180 uptake in FTY720- vs vehicle-treated rats in 

subregions of the ventral hippocampus (Figure 5.3 A). In a previous study, we found 

a strong correlation of [18F]GE180 in vitro autoradiography with the respective in vivo 

TSPO PET data using another ligand (Brackhan et al., 2016). This close correlation 

could be confirmed and even improved by using [18F]GE180 for both PET and 

autoradiography (data not shown). 15 days after SE induction, autoradiography 

revealed only a tendency of decreased TSPO expression by FTY720 treatment in 

hippocampus (p=0.070) (Figure 5.3 C). 

Additionally, rats were subjected to MRI scans 2 days after SE induction. Neither in 

the contrast-enhanced T1 sequence assessing BBB leakage, nor in the T2 sequence 

assessing cellular edema FTY720 treatment resulted in MRI signal reduction (Figure 

5.3 D-G).  

The analysis of neurodegeneration (Figure 5.3 H-J) in the hippocampus showed a 

trend towards neuroprotection in FTY720-treated animals (p = 0.069, Figure 5.3 I). 

Astrocyte activation was not altered by the treatment (Figure 5.3 K,L). In addition, 

rats underwent a behavioral test battery, assessing their hyperexcitability, at 6 and 14 

days after SE induction. No significant FTY720 treatment related effect was found 

(Table 1). 
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Figure 5.3 

Effects of FTY720 treatment in the pilocarpine rat model. (A, D, F) Coronal brain images at the level of 
-5.2 mm caudal to bregma in vehicle (left) and FTY720 (right) treated animals. (A) Averaged 
[18F]GE180 PET images showing uptake (percentage injected dose per cubic centimeter of tissue 
[%ID/cc]) 7 days after pilocarpine induced Status epilepticus (SE). Right: corresponding statistical 
parametric mapping (SPM) analysis comparing treatment groups (t-test, p < 0.001, minimum cluster 
size of 100 voxels). (B) Atlas-based regional analysis of the volume of distribution (Vt, [ml/cc]) of 
[18F]GE180 in the same PET scans. (C) [18F]GE180 in vitro binding (autoradiography, [Bq/mm2]) 
15 days after SE induction. (D) Illustrative images of contrast-enhanced T1-MRI (MDEFT) and (E) 
corresponding quantification 2 days after SE induction (signal intensity normalized to pons). (F) 
Illustrative T2-MRI (MSME) images and (G) quantification 2 days after SE induction (signal intensity 
normalized to pons). (H) Representative images of neuronal nuclear antigen (NeuN)- or (K) glia acidic 
fibrillary protein (GFAP)-stained brain slices (scale bar: 500 µm for overview and 10 µm for detailed 
images). Scoring of selected brain regions for (I) neuronal cell loss and (L) astrocyte activation. (J) 
Number of hippocampal hilus neurons per µm2. Data are mean ± SD. 
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Table 5.1 

Hyperexcitability test battery 

 

 

5.5 Discussion 

This study aimed to investigate effects of transient FTY720 treatment on 

epileptogenesis-associated neuroinflammation and BBB impairment in two rodent 

post-SE models by molecular imaging and complementary histological analyses. In 

the intrahippocampal kainate mouse model, FTY720 reduced TSPO expression 

primarily at 15 days after SE which was not accompanied by neuroprotection but 

slight reduction of astrocyte activation. In contrast, in the pilocarpine rat model 

FTY720 treatment exerted only a minor impact on TSPO expression and left MRI 

signals, excitable behavior, neurodegeneration and astrogliosis unaffected.  

We selected FTY720 as a promising drug candidate for treatment during 

epileptogenesis as it has shown effects on different aspects of neuroinflammation as 

well as on disease outcome in animal models of epilepsy before (Cohen et al., 2011; 

Gao et al., 2012; Gol et al., 2017; Leo et al., 2017; Pitsch et al., 2019). Acting mainly 

as a modulator of S1PR, the main mechanism of FTY720 is its inhibition of 

lymphocyte egress from lymphoid tissue, thereby preventing further auto-immune 

induced damage (Cohen et al., 2011). Besides, it has been described to attenuate 

microglial and astroglial activation as well as to reduce pro-inflammatory cytokine 

production or mTOR (mammalian target of rapamycin) signaling pathway activity 

(Gao et al., 2012; Leo et al., 2017). For the mouse model used here, the dose and 

treatment duration were selected based on findings in fully pentylentetrazole-kindled 

mice, which demonstrated a dose of 0.3 mg/kg to be superior, compared to 1 mg/kg 

(Gol et al. 2017). The study found decreased neuronal death, hippocampal glia 

activation and reduced frequency of seizures in treated mice (Gol et al., 2017). In 

 
Approach response Touch response Finger Snap Pick-up 

 
Vehicle FTY720 p-value Vehicle FTY720 p-value Vehicle FTY720 p-value Vehicle FTY720 p-value 

6d 1.94± 
0.11 

1.93± 
0.16 

0.847 
2.14± 
0.51 

2.50± 
0.42 

0.105 
1.89± 
0.38 

2.01± 
0.3 

0.340 
2.39± 
0.88 

2.86± 
0.86 

0.251 

14d 2.03± 
0.23 

1.93± 
0.46 

0.458 
2.31± 
0.39 

2.43± 
0.57 

0.257 
1.89± 
0.25 

1.86± 
0.23 

0.613 
2.58± 
1.6 

2.84± 
1.16 

0.536 
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addition, the same dose, albeit administered for a longer period of time, was sufficient 

to reduce microglial activation which were detected by TSPO PET in a multiple 

sclerosis mouse model (Airas et al., 2015). For the rat model, we defined the 

treatment protocol mainly based on a study in the same animal model, reporting 

reduced seizure burden in the chronic state (Gao et al., 2012). The treatment 

duration and imaging time points in both approaches were chosen to cover up the 

phase of prominent BBB leakage (Bankstahl et al., 2018) and the phase until the 

peak of TSPO expression is reached (previously defined in (Brackhan 2016, 2018). 

The 15-days time point for TSPO PET was selected to discover also effects 

potentially persisting after treatment ending.  

In the mouse model, PET analysis confirmed increased TSPO expression, indicating 

microglia activation (Brackhan et al., 2016; Dupont et al., 2017). In the injection side 

of post SE mice and, to a lesser extent, in sham-injected mice, [18F]GE180 uptake 

was increased and spread also to the contralateral side, which has been 

characterized before (Brackhan et al., 2018; Nguyen et al., 2018). FTY720 

attenuated [18F]GE180 uptake 8 days post SE only slightly, but a clear and 

comprehensive decrease was observed at 15 days post SE. Interestingly, in a 

recently published study (Pitsch et al., 2019), mice in the suprahippocampal kainate 

mouse model were treated with FTY720 for two weeks starting 1 hour after kainate 

injection, with a daily dose twenty times higher than in the present study. The authors 

report a reduction in seizure frequency, but, in agreement with our data, neuronal 

damage, and astroglia activation was not altered 14 as well as 28 days after SE. In 

contrast to our imaging findings, they did not observe a decrease in microglia 

activation. It remains unclear if this difference may be caused by differences in 

neuroinflammation detection methods, in the animal models, or in the treatment 

regimens.  

Contrarily to the effects shown in the mouse model, FTY720 treatment in the rat 

pilocarpine model showed no attenuation of glia activation or neuroprotective effects. 

However, previous studies have reported decreased microglia and astrocyte 

activation as well as neuroprotection at four days after SE assessed via 

immunostaining in FTY720-treated rats (Gao et al., 2012). The discrepancy to our 

study may be explained by the differences in SE duration (60 min in Gao et al., 2012, 

vs. 90 min in the present study), as later termination of SE has been reported to 
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result in more severe damage (Lemos and Cavalheiro, 1995) or sex of Sprague-

Dawley rats used (male vs. female, respectively). It is also possible that the optimal 

time point to find decreased microglia activation was missed. Further, counting of 

activated microglia in immunostained brain slices might be more sensitive to small 

changes than in vivo PET imaging. SPM analysis at 7 days post SE revealed a 

hippocampal decrease of TSPO expression and in vitro autoradiography at 15 days 

post SE detected a tendency of decreased TSPO expression in the hippocampus. 

Unfortunately, it was not possible to perform SPM analysis from autoradiography 

slices, as this analysis method is more sensitive to discover changes affecting small 

volumes than atlas-based regional analysis. Further, while FTY720 induced BBB-

stabilizing effects in rats with experimental autoimmune encephalomyelitis subjected 

to contrast-enhanced MRI (Rausch et al., 2004), FTY720 treatment did not result in 

BBB protection in the present study. This divergent result may be due to the rather 

severe regional BBB damage caused by pilocarpine-induced SE in comparison to 

other animal models. The limited treatment effects on TSPO expression are 

accompanied by an absent impact of FTY720 on excitable behavior assessed by a 

test that has previously shown treatment effects in the rat pilocarpine model (Brandt 

et al., 2010).  

The fact that TSPO PET detected treatment related changes in the intrahippocampal 

kainate mouse model but not in the pilocarpine rat model draws the attention to 

model-related differences. The existence of distinct discrepancies regarding seizure 

burden and characteristics, neuropathological alterations, or behavioral abnormalities 

in post-SE epileptogenesis models is well known. E.g., in the kainate model the 

epileptogenic lesion is only focally with neuroinflammation also spreading to the 

contralateral side as reflected here in TSPO PET data. The systemic pilocarpine 

injection instead causes multi-focal wide spread severe SE-mediated damage which 

has been criticized to be too severe to be attenuated (Sloviter, 2005). The present 

observations underline that study outcome can depend on the applied model why it 

was suggested before that antiepileptogenic treatments need to be evaluated in more 

than one model to draw reliable conclusions about treatment efficacy (Klee et al., 

2015)  

Some limitations of the study have to be addressed: First, we cannot assess the 

individual anti-epileptogenic effect of FTY720 treatment as long term evaluation was 
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not part of the experimental design. However, several studies have shown anti-

epileptogenic effects of FTY720 previously. Furthermore, kinetic analysis of PET 

imaging data has been shown to be more sensitive than sole uptake analysis 

(Kotasidis et al., 2014) and was therefore applied on the rat TSPO PET data. 

However, in mice it was not possible to take individual arterial blood sampling in 

repetitively scanned mice or to extract a reliable image-derived input function due to 

the small size of mouse vessels and myocardial uptake of the tracer, and no brain 

region met the requirements for a reference region. Nevertheless, [18F]GE180 

uptake analysis in mice was sufficiently sensitive to detect comparatively prominent 

treatment effects at the two week time point.  

In conclusion, TSPO PET is a suitable tool for in vivo monitoring of anti-inflammatory 

treatment effects underlining FTY7β0’s anti-inflammatory potential in the 

intrahippocampal kainate mouse model. Application of SPM analysis is 

recommended as a complementary analysis tool for the [18F]GE180 uptake signal to 

prevent existing treatment effects from being left undetected. Our data will help to 

guide the design of future studies using pharmacological intervention after 

epileptogenic brain insults and emphasizes inclusion of molecular imaging 

approaches for in vivo assessment. 
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6.1 Abstract 

Brain inflammation, promoted by epileptogenic insults, has been suggested to be 

crucially involved in epilepsy development, and anti-inflammatory treatment may be a 

promising strategy to prevent or attenuate epileptogenesis. The microglia-targeting 

drug minocycline has been shown to exert epileptogenesis-modulating effects. 

Positron emission tomography (PET) imaging targeting the translocator protein 

(TSPO) was applied as an auspicious tool to quantify early effects of different 

minocycline dosing regimens on microglia activation during the latent phase in two 

rodent models of epileptogenesis. 

Status epilepticus (SE) induced by lithium-pilocarpine administration in rats or 

intrahippocampal kainate microinjection in mice served as epileptogenic brain insult. 

Rats received a daily dose of either 25 or 50 mg/kg minocycline for 7 days while mice 

were treated with 50 or 100 mg/kg for 5 days. All animals were subjected to 

[18F]GE180 PET scans at 1 and 2 weeks post SE. For data evaluation, radiotracer 

uptake or volume of distribution Vt was calculated and statistical parametric mapping 

(SPM) was performed. In brain slices of animals 2 weeks post SE, in vitro 

autoradiography binding of [18F]GE180 as well as astroglial activation and neuronal 

cell loss assessed via immunostaining was analyzed. 

Atlas-based analysis of Vt in rats at 2 weeks post SE revealed a dose-dependent 

decrease of TSPO expression in minocycline-treated rats in hippocampus, thalamus, 

and piriform cortex. Results of SPM analysis depicted a treatment effect already at 

1 week post SE in rats treated with the higher minocycline dose. In mice, TSPO PET 

imaging did not reveal any treatment effects. In vitro autoradiography confirmed the 

in vivo observations. Histologic analysis identified a treatment-related reduction in 

dispersion of dentate gyrus neurons in mice while astroglial activation remained 

unaffected both in rats and mice post SE. 

TSPO PET is a suitable tool for in vivo quantification and temporal monitoring of anti-

inflammatory effects during epileptogenesis and valuable for optimizing drug doses 

and treatment period. Importantly, the findings underline the usefulness of applying 

more than one animal model to avoid missing treatment effects. For future studies, 

the setup is ready to be applied in combination with seizure monitoring to investigate 

the relationship between individual early treatment response and disease outcome.  
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6.2 Introduction 

With 2.4 million people diagnosed with epilepsy worldwide each year it is one of the 

most common chronic brain diseases (WHO, 2019). Despite the availability of 

numerous anti-epileptic drugs, in approximately 30 % of all epilepsy patients these 

medications fail to suppress the spontaneously recurring epileptic seizures (Löscher, 

2019). Thus, it is desirable to develop therapeutic strategies that target the 

mechanisms underlying disease development rather than the symptoms of epilepsy 

(Pitkänen et al., 2015). Temporal lobe epilepsy, the most drug-refractory type of 

epilepsy (Spencer, 2002), is frequently preceded by brain insults, which initiate a 

cascade of changes in the brain resulting in epilepsy development (Pitkänen and 

Lukasiuk, 2009; Löscher and Brandt, 2010). The period between the initiating insult 

and the first clinically obvious seizures, termed “latent period”, offers a window of 

opportunity for anti-epileptogenic treatment. For evaluation of anti-epileptogenic 

therapies, post-status epilepticus (SE) models are an accepted and widely used tool 

(Stables et al., 2003). However, no epilepsy-preventive therapeutic strategies have 

been identified to date (Löscher et al., 2015). 

Prolonged inflammatory reactions of the brain, characterized by sustained microglial 

and astroglial activation as well as overexpression of pro-inflammatory molecules, 

have been proposed to play a causative role in epileptogenesis (Devinsky et al., 

2013; Vezzani et al., 2013). Evidence of inflammatory processes were revealed by 

ex-vivo techniques such as immunohistochemistry or autoradiography in several 

post-SE animal models (Ravizza et al., 2008; Pernot et al., 2011; Amhaoul et al., 

2015). Moreover, the availability of dedicated small animal positron emission 

tomography (PET) scanners allows serial quantitative in vivo imaging of 

epileptogenesis-associated inflammatory processes (Amhaoul et al., 2015), targeting 

inflammation-related structures such as the translocator protein (TSPO), which is 

predominantly expressed by activated microglia (Banati, 2002; Dupont et al., 2017). 

Recently, our group has elucidated the spatiotemporal profile of microglial activation 

during epileptogenesis both in the lithium-pilocarpine rat model and in the 

intrahippocampal kainate mouse model by longitudinal TSPO PET imaging and 

complementary in vitro techniques (Brackhan et al., 2016; Brackhan et al., 2018). 

Microglial activation was evident in epilepsy-associated brain regions such as the 
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hippocampus from 2 days to at least 3 weeks after status epilepticus (SE), reaching 

its maximum at about 1-2 weeks depending on the brain region. Considering these 

findings, early anti-inflammatory treatment may represent a promising strategy to 

counteract epileptogenesis after brain insults (Ravizza and Vezzani, 2018) and 

treatment effects may be monitored by in vivo imaging of brain inflammation. 

Minocycline, an inhibitor of microglial activation, represents a promising candidate for 

anti-inflammatory treatment during epileptogenesis (Möller et al., 2016; Bialer et al., 

2017). Various preclinical studies have revealed both disease-modifying effects on 

epileptogenesis and/or effects on neuropathological hallmarks of epilepsy like 

neurodegeneration or neuroinflammation (Heo et al., 2006; Abraham et al., 2012; 

Beheshti Nasr et al., 2013; Wang et al., 2015). However, in vivo assessment of 

minocycline effects on it is supposed main target, i.e. activated microglia, cannot be 

achieved by using only standard tissue extraction-based techniques. Furthermore, 

assessing the interaction between early treatment effects and later disease outcome 

in individual animals is not possible by using histology. To facilitate such 

investigations, studies validating the utility of preclinical TSPO PET as a non-invasive 

monitoring tool for anti-inflammatory treatment response during the latent phase are 

needed. 

In the present study, we quantified the anti-inflammatory efficacy of minocycline 

treatment during the latent period in the pilocarpine rat model and the 

intrahippocampal kainate mouse model by serial in vivo TSPO PET. We 

complemented PET imaging data by in vitro autoradiography using the same radio-

ligand as well as histological evaluation of treatment impact on neurodegeneration 

and astrogliosis. 

 

6.3 Materials and Methods 

Animals 

Adult female Sprague-Dawley rats (200-220 g) were purchased from Harlan (Italy). 

Male NMRI mice were obtained from Charles River Laboratories (Sulzfeld, Germany) 

at the age of 7 weeks. Rats were housed in pairs while mice were housed in groups 

under controlled climate and controlled hygienic conditions in individually ventilated 

cages under a 14/10-h light-dark cycle. They received autoclaved tap water and 
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standard laboratory chow (Altromin 1324, Lage, Germany) ad libitum. Animals were 

allowed to adapt to the new conditions for at least 1 week and were handled 

repeatedly before the experiments started. Experiments were formally approved by 

the responsible local authority and were conducted in accordance with European 

Communities Council Directives 86/609/EEC and 2010/63/EU. All efforts were made 

to minimize pain, suffering, and the number of animals. The principles outlined in the 

ARRIVE guidelines and the Basel declaration including the 3R concept have been 

considered.  

 

General study design 

Animals were randomly assigned to experimental groups. Subsequent to SE 

induction by pilocarpine or intrahippocampal kainate injection, animals underwent 

either minocycline or vehicle treatment. [18F]GE180 PET/CT scans were performed 

1 and 2 weeks after SE induction. Scan time points were selected based on findings 

previously reported by our group (Brackhan et al., 2016; Brackhan et al., 2018). After 

the second scan, all animals were euthanized for further analysis of brain slices by in 

vitro autoradiography and immunohistochemistry. Unless stated otherwise, all 

chemicals used were of analytic grade and purchased from Sigma-Aldrich 

(Steinheim, Germany). 

 

Post-SE models of epileptogenesis 

SE in rats and mice was induced as described elsewhere (Brackhan et al., 2016; 

Brackhan et al., 2018). Shortly, 14-16 hours after pretreatment with lithium chloride 

(127 mg/kg p.o.) and 30 minutes after pretreatment with methyl-scopolamine (1 

mg/kg i.p.), rats (n=34) received rationed i.p. injections of pilocarpine (max. 60 

mg/kg). Behavioral seizures were assessed according to Racine’s scale (Racine, 

1972). SE was interrupted after 90 minutes by diazepam (Ratiopharm GmbH, Ulm, 

Germany, max. 25 mg/kg i.p.). Mice (n=36) were anesthetized with choral hydrate 

(500 mg/kg, i.p.). Kainate monohydrate (0.21 µg in 50 nL saline) was injected over 

60 seconds into the right cornu ammonis subregion 1 (CA1) of the dorsal 

hippocampus. Mice were controlled for at least 2 hours for clinical signs of SE upon 

awakening from anesthesia and 1 mouse died shortly after SE. In the days following 
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SE, animals were closely monitored, received mashed laboratory chow and were 

injected with glucose electrolyte solution (Sterofundin HEG-5, Braun) until resuming 

normal feeding behavior. 

 

Minocycline treatment 

Minocycline (minocycline hydrochloride; Tokyo Chemical Industry) was freshly 

dissolved in saline and administered i.p. in a volume of 2 ml/kg in rats and 10 ml/kg in 

mice. Rats received either 25 (n = 7) or 50 mg/kg (n = 5) for 7 days starting 24 hours 

post SE. Mice received either 50 mg/kg once daily over 5 days (n = 7) or 50 mg/kg 

twice daily over 10 days (n = 9), both starting 6 hours after SE. Vehicle treatment was 

performed with saline instead of minocycline solution (mice n = 19; rats n = 9). 

 

PET imaging  

PET imaging and the synthesis of [18F]GE180 was performed as described before 

(Brackhan et al., 2016; Brackhan et al., 2018). Due to logistical limitations it was not 

possible to scan all animals at all time points. Under isoflurane anesthesia, animals 

were placed prone in an imaging chamber with the brain at the center field of view of 

a dedicated small animal PET/CT camera (Inveon PET scanner, Siemens). 

[18F]GE180 (23.32±4.25 MBq in rats, 12.85±0.66 MBq in mice) was injected into a 

lateral tail vein. In rats, dynamic data were acquired over 1 hour in 32 frames as 

described before (Brackhan et al., 2016). In mice, a static 20-minute PET acquisition 

was performed after a 40-minute uptake period under anesthesia, each followed by a 

low dose CT scan. For reconstruction of images, an iterative ordered subset 

expectation maximization 3-dimensional / maximum posteriori (OSEM3D/fastMAP) 

algorithm with standard corrections including transmission correction was applied.  

Image analysis and kinetic modeling were completed using PMOD software (PMOD 

3.7, Zürich, Switzerland). For co-registering PET images to an MRI template (Schiffer 

et al., 2006; Mirrione et al., 2007), CT images were matched to both the 

corresponding PET images and the MRI template. Subsequently, a volume of interest 

(VOI) template based on the MRI atlas was applied to the co-registered images 

(Mirrione et al., 2006; Schwarz et al., 2006). [18F]GE180 uptake was quantified as 
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percent injected dose per gram tissue (%ID/g) in hippocampus, thalamus, and 

piriform cortex in rats or whole cortex in mice.  

For kinetic modeling of PET data gained in rats, VOIs (16.0 mm3, cuboid) were 

defined for the left and right carotid artery in the dynamic images and averaged in 

order to generate time activity curves of whole blood (Thackeray et al., 2015; 

Bascuñana et al., 2019). Using these image-derived input functions, time activity 

curves were fitted to a two-tissue compartment model (Jucaite et al., 2012) in order to 

obtain the volume of distribution (Vt). Region-based Logan graphical analysis was 

additionally performed (data not shown) and both methods provided similar results. 

Additionally, Vt maps were calculated in PMOD by voxel-wise modeling using the 

Logan plot. 

Calculation of averaged images and statistical parametric mapping (SPM) was 

performed using MATLAB software (The MathWorks) and SPM12 (University College 

London). For SPM analysis, differences between vehicle and minocycline treated 

animals were calculated by unpaired 2-sample t-tests setting a significance level 

threshold of 0.01 (uncorrected for multiple comparisons). The minimum cluster size of 

voxels was set to 100 for rats and to 50 for mice.  

 

Autoradiography and immunohistology 

After the last PET/CT scan, animals were euthanized, and brains were rapidly 

removed, covered with Tissue-Tek® (Sakura® Finetek, USA), snap-frozen, and 

stored at -20°C. Coronal 14-μm-thick slices were cut in a cryostat (Microm HM560; 

Schwerte, Germany) and mounted on Histobond slides (Marienfeld, Germany). Rat 

brains were sliced at section levels -3.6 and -5.2 mm relative to bregma (Paxinos and 

Watson, 2007) and mouse brains at -1.82 and -2.92 mm relative to bregma (Paxinos 

and Franklin, 2012). 

Autoradiography was performed as described earlier (Brackhan et al., 2016). Brain 

sections were incubated with [18F]GE180 (~2 MBq per 100 ml PBS), exposed to a 

high-resolution phosphor imaging plate (PerkinElmer), and digitized using Cyclone 

scanner (PerkinElmer). Images were co-registered to the 3D VOI atlas, using PMOD 

software. To calculate activity concentration (Bq/mm2), gray scale values were 

interpolated to a calibration curve (10–500 kBq/ml). 
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Brain slices, fixated with 4% paraformaldehyde, were immunostained for the 

astrocyte marker glial fibrillary acidic protein (polyclonal rabbit anti-GFAP antibody, 

Dako), or the neuronal marker neuronal nuclear antigen (NeuN; mice, #ABN78 

Millipore; rats, MAB377) applying a previously described procedures (Brackhan et al., 

2016). Slices were incubated with Vectastain ABC reagent (Biozol) and subsequently 

stained by nickel-intensified diaminobenzidine reaction.  

The severity of neuronal damage and astrocyte activation was assessed in 

hippocampus and thalamus in both slicing levels mentioned above and values 

averaged afterwards. Sub-regions of the hippocampus were scored separately and 

values averaged afterwards. For scoring of neurodegeneration in NeuN-stained 

sections, a semi-quantitative system was adapted from Polascheck et al. (2010): 0, 

no obvious neuronal cell loss; 1, <20% neuronal cell loss; 2, 20%–50% neuronal cell 

loss; 3, >50-75% neuronal cell loss; 4, >75% neuronal cell loss. In the same slices, 

dispersion of the dentate gyrus (DG) neurons was scored: 0, no dispersion; 1, slight 

dispersion, cells are packed less condense; 2, moderate dispersion, gaps between 

cells; 3, severe dispersion, big gaps between cells; 4, very severe dispersion, many 

cells are separated from each other. Additionally, the number of neurons in the 

dentate hilus was quantified in rat brain slices using AxioVision software (Zeiss, Jena, 

Germany) as described before (Polascheck et al., 2010). Astroglia activation score 

values were defined as: 0, resting, <10% activated cells; 1, mostly resting, 

approximately 30% activated cells; 2, approximately 60% activated cells, some 

resting; 3, >90% activated cells, densely packed (Brackhan et al., 2016). Every 

analysis was performed at 100×-magnification (Leica, Wezlar, Germany) and 

investigators were blinded to experimental groups. 

 

Statistical analysis 

Statistical analyses was performed using Prism7 (GraphPad Software, La Jolla, CA, 

USA) software. All data are presented as mean ± standard deviation (SD). Values of 

p < 0.05 were considered statistically significant. For data of rats post SE, one-way 

analysis of variance (ANOVA) with Dunnett’s post hoc test for multiple comparisons 

was used to test for differences between minocycline- and vehicle-treated rats at the 

same time point in [18F]GE180 Vt, uptake, and in vitro binding, as well as hilar 

neuronal density. Non-parametric scoring data of histological analyses were 
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compared using the Kruskal-Wallis test, followed by Dunn’s post hoc test for multiple 

comparisons of minocycline- versus vehicle-treated groups. For data of mice, 

Student’s t-test was applied to compare [18F]GE180 uptake in minocycline- and 

vehicle-treated groups. Results of histological analyses were assessed using Mann-

Whitney test. Correlations of in vivo PET data and in vitro autoradiography were 

calculated by Pearson’s linear regression analysis. 

 

6.4 Results 

Lithium-pilocarpine post-SE rat model 

Thirty out of 34 rats reached SE (overall induction rate 88%), requiring an average 

pilocarpine dose of 35.3 ± 5.1 mg/kg. Rats which did not develop SE were excluded 

from all further experiments. Within the first 72 hours after SE 8 animals died 

(mortality rate 26.7%). In addition, one animal of the low-dose minocycline group died 

6 days after SE.  

Effects of minocycline treatment on epileptogenesis-associated microglial activation 

were evaluated by repeated [18F]GE180 PET imaging of TSPO expression. Atlas-

based [18F]GE180 uptake analysis did not reveal significant differences between 

groups, except for a decrease of TSPO expression 2 weeks after SE in the thalamus 

of rats treated with 50 mg/kg minocycline in comparison to vehicle-treated rats 

(p=0.023, Table 1). However, we observed significant reduction of TSPO expression 

in several brain regions when comparing [18F]GE180 volume of distribution (Vt) 

between vehicle- and minocycline-treated rats (Figure 6.1 A,C). At 1 week post SE, 

no changes could be identified in the low dose (25 mg/kg) minocycline-treated 

animals, neither in the atlas-based nor in the SPM analysis. High dose (50 mg/kg) 

minocycline-treated rats showed no decrease considering only the atlas-based 

analysis, but SPM identified decreased voxels in the hippocampus and the thalamus 

(Figure 6.1 B). At 2 weeks post SE, Vt was significantly lower for both minocycline 

doses. In rats treated with 25 mg/kg minocycline, Vt was up to 22% lower in the 

thalamus than in vehicle-treated rats (p=0.012). Vt in rats treated with 50 mg/kg 

minocycline was even more decreased, reaching maximal reduction also in the 

thalamus (-36%, p<0.001). SPM confirmed the atlas-based analysis 2 weeks post SE 

(Figure 6.1 B).  
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In vitro autoradiography of brain slices generated from rats at 14 days after SE 

induction (Table 1) also revealed decreased [18F]GE180 in vitro binding in 

minocycline-treated animals compared to the vehicle-treated group. This reached 

significance in the thalamus (13% reduction, p=0.018) and the piriform cortex (15% 

reduction; p=0.001) in rats receiving 50 mg/kg minocycline, while there was a trend 

for reduced [18F]GE180 binding in the piriform cortex in rats treated with the lower 

minocycline dose (p=0.079). To confirm validity of the in vivo data, correlation 

analysis between in vitro and in vivo data was performed, and [18F]GE180 binding 

showed a very strong correlation with both in vivo uptake (r=0.816, p<0.001) and Vt 

(r=0.785, p<0.001).  

Brain slices of rats 2 weeks after SE were immunostained for neurons (NeuN) and 

astrocytes (GFAP; Figure 6.2 A, D). Scoring of neuronal cell loss and astrocyte 

activation did not reveal any group differences (Figure 6.2 B, E). This was also true 

for the neuronal density in the hippocampal dentate hilus (Figure 6.2 C). 
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Figure 6.1 

Analysis of [18F]GE180 in vivo brain PET and in vitro autoradiography data in vehicle- and 
minocycline-treated rats after pilocarpine-induced status epilepticus (SE). (A) Averaged coronal 
[18F]GE180 volume of distribution (Vt) maps [ml/cc] at ~ 3.6 mm caudal to bregma one and two weeks 
after SE in vehicle- and minocycline-treated rats (25 mg/kg or 50 mg/kg for 7 days). (B) Corresponding 
statistical parametric mapping (SPM) analysis comparing minocycline-treated vs. vehicle-treated rats 
post SE (t-test, p < 0.01, minimum cluster size of 100 voxels). (C) Atlas-based analysis of [18F]GE180 
Vt in epileptogenesis-associated brain regions. Data are mean ± SD. Significant group differences 
calculated by one-way ANOVA and Dunnett’s post hoc test are indicated by asterisks (p < 0.05). (D) 
Pearson correlation analysis of [18F]GE180 in vitro binding [Bq/mm2] to in vivo uptake [%ID/g] 
(indicated in black) and Vt [ml/cc] (indicated in blue). Mino, minocycline. 

 

Figure 6.2 

Histological analysis of neurodegeneration and astroglial activation in brain slices of vehicle- and 
minocycline-treated rats two weeks after pilocarpine-induced status epilepticus. Representative 
images of (A) neuronal nuclear antigen (NeuN)- or (D) glia acidic fibrillary protein (GFAP)-
immunostained brain slices (scale bars: 500 µm for overview and 10 µm for detailed images). Scoring 
of (B) neuronal cell loss and (E) astrocyte activation in selected brain regions. (C) Density of 
hippocampal hilus neurons per mm2. All data are mean ± SD. Mino, minocycline. 
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Table 6.1  

In vivo brain uptake and in vitro autoradiography of [18F]GE180 in rats after lithium-pilocarpine 
induced status epilepticus (SE) 

 

  

Hippocampus Thalamus Piriform Cortex 

Uptake 

1 week post SE 

[%ID/g] 

 

Mean p-value Mean p-value Mean p-value 

Vehicle 0.60 ± 0.08 

 

0.57 ± 0.11 

 

0.60 ± 0.11 

 

Mino 25 0.53 ± 0.13 0.434 0.47 ± 0.11 0.252 0.56 ± 0.13 0.792 

Mino 50 0.52 ± 0.08 0.328 0.44 ± 0.10 0.132 0.57 ± 0.11 0.814 

Uptake 

2 weeks post SE 

[%ID/g] 

Vehicle 0.47 ± 0.05 

 

0.46 ± 0.05 

 

0.50 ± 0.03 

 

Mino 25 0.43 ± 0.08 0.398 0.40 ± 0.07 0.192 0.46 ± 0.05 0.328 

Mino 50 0.45 ± 0.04 0.681 0.37 ± 0.03 0.023 0.50 ± 0.08 0.999 

In vitro- 

Autoradiography 

2 weeks post SE 

[Bq/pixel] 

Vehicle 15.01 ± 1.45 

 

13.67 ± 0.47 

 

17.20 ± 1.70 

 

Mino 25 14.86 ± 0.58 0.955 12.88 ± 0.70 0.733 16.68 ± 1.30 0.079 

Mino 50 14.58 ± 0.55 0.701 11.88 ± 0.46 0.018 14.57 ± 1.05 0.001 

 

 

Intrahippocampal kainate post-SE mouse model  

All animals undergoing intrahippocampal kainate injections showed typical signs of 

SE (circling, head tilt, head nodding, chewing, mild convulsions of forelimbs). One 

minocycline-treated mouse (50 mg/kg once daily) died during PET scanning at 1 

week after SE. Mice treated twice daily with 50 mg/kg minocycline developed severe 

diarrhea within several days. Therefore, this treatment protocol did not meet the 

criterion of acceptable tolerability and mice were excluded from all further 

experiments. 

Mice underwent [18F]GE180 PET scans at 7 and 14 days after SE induction 

(Figure 6.3). Minocycline treatment did not alter [18F]GE180 uptake compared to 

vehicle treatment in the analyzed VOIs at any of the time points studied 
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(Figure 6.3 A,B). This was in line with the results of the SPM analysis which did not 

reveal significantly different voxels (Figure 6.3 A) and autoradiography (data not 

shown). In vivo data showed a strong correlation with in vitro autoradiography 

(r=0.695, p<0.001, Figure 6.3 C).  

Astrocyte activation, neurodegeneration and neuronal cell dispersion was assessed 

in brain slices from mice 15 days after surgery (Figure 6.4). Ipsilateral, vehicle-treated 

mice showed high score values for all parameters in all investigated brain areas. No 

impact of minocycline on neurodegeneration or astrocyte activation was observed 

(Figure 6.4 B,E). Nevertheless, neuronal cell dispersion in the dentate gyrus was 

reduced in minocycline-treated mice (p=0.040; Figure 6.4 C). 
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Figure 6.3 

Analysis of TSPO brain PET in vehicle- and minocycline-treated mice after status epilepticus (SE) 
induced by intrahippocampal kainate injection in mice. (A) Averaged [18F]GE180 uptake images 
[%ID/g] of vehicle- and minocycline-treated mice (50 mg/kg for 5 days) one and two weeks after SE at 
the level of 2.92 mm caudal to bregma. Bottom row: Statistical parametric mapping (SPM) analysis 
comparing minocycline- and vehicle-treated animals (t-test, p < 0.01, minimum cluster size of 50 
voxels). (B) Atlas–based analysis of [18F]GE180 uptake in selected brain areas. Data are mean ± SD. 
(C) Pearson correlation analysis of [18F]GE180 in vitro binding [Bq/mm2] to in vivo uptake [%ID/g]. 
Mino, minocycline. 
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Figure 6.4 

Histologic analysis of neurodegeneration and astroglial activation in in brain slices of vehicle- and 
minocycline-treated mice two weeks after status epilepticus induction by intrahippocampal kainate 
injection. Representative images of (A) neuronal nuclear antigen (NeuN)- or (D) glia acidic fibrillary 
protein (GFAP)-immunostained brain slices (scale bars: 500 µm for overview and 10 µm for detailed 
images). Scoring of (B) neuronal cell loss, (C) neuronal cell dispersion, or (E) astrocyte activation in 
selected brain regions. Data are mean ± SD. Significant group difference calculated by Mann-Whitney 
test is indicated by asterisk (p < 0.05). 
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6.5 Discussion 

In this study, we demonstrate by molecular in-vivo imaging that minocycline 

treatment significantly reduces TSPO expression after pilocarpine-induced SE in rats, 

while it has no TSPO reducing effect in the intrahippocampal kainate mouse model. 

TSPO is primarily expressed on activated microglia and therefore allows in vivo 

evaluation of ongoing inflammatory processes (Dupont et al., 2017). In PET studies, 

we have shown before that TSPO expression is substantially enhanced in 

epileptogenesis-associated brain regions within the first 2 weeks after SE in both 

applied animal models, which guided imaging time points and treatment duration for 

the present study and emphasizes the role of neuroinflammation in epileptogenesis 

(Brackhan et al., 2016; Brackhan et al., 2018). 

Minocycline, originally known for its anti-microbial mode of action, has been shown to 

attenuate the immune response via various pathways (Möller et al., 2016). It reduces 

the production of pro-inflammatory cytokines and matrix metalloproteinases (Bialer et 

al., 2017) and in an amyotrophic lateral sclerosis mouse model, it inhibited microglia 

to develop a more pro-inflammatory phenotype (Kobayashi et al., 2013). 

Furthermore, an inhibiting effect of minocycline on astrocytes, oligodendrocytes, 

neurons and T-cells has been reported (Garrido-Mesa et al., 2013; Hou et al., 2016). 

Also a number of studies in rat and mouse models of epileptogenesis revealed 

effects both on neuroinflammation and the development of seizure susceptibility. In a 

two-hit SE mouse model, minocycline treatment after the first SE early in life revoked 

the increased susceptibility to the second SE later in life and reduced microglia 

activation (Abraham et al., 2012). Mice subjected to intrahippocampal kainate 

injection and minocycline treatment showed decreased neurodegeneration (Heo et 

al., 2006). Minocycline has also been shown to delay kindling acquisition in 

amygdala-kindled rats using a dose of 25 mg/kg (Beheshti Nasr et al., 2013). 

Moreover, prolonged minocycline treatment following pilocarpine-induced SE in rats 

inhibited microglial activation assessed by immunohistochemistry during 

epileptogenesis, and reduced the frequency, duration, and severity of spontaneous 

recurrent seizures in the chronic phase of epilepsy (Wang et al., 2015). 

Thus, the observed reduction of [18F]GE180 signal in the pilocarpine rat model 

generally lines up with prior published effects of minocycline. Nevertheless, in the 
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study of Wang et al. (2015) a dose of 45 mg/kg minocycline administered daily for 14 

days, beginning immediately after SE, inhibited microglial activation almost 

completely and exerted a disease-modifying effect. In the present study the reduction 

of microglia activation was less intense and no attenuation of neurodegeneration or 

astrocyte activation was observed which may be due to the later start and shorter 

duration of the treatment. Minocycline has certain anti-convulsive effects which have 

been shown in animals as well as in a human case study (Nowak et al., 2012; Wang 

et al., 2012). In line with this idea, a single minocycline injection in rats (25 mg/kg) 

given shortly after interruption of pilocarpine-induced SE found a certain degree of 

hippocampal neuroprotection (Arisi, 2014). Thus, SE might have been attenuated in 

the study by Wang et al. (2015) as a consequence of direct minocycline 

administration causing less severe inflammation from the beginning. We chose a 

treatment start of 24 hours after SE both to eliminate anti-convulsive, insult-modifying 

effects of minocycline. In addition, complete suppression of SE-induced 

neuroinflammatory response might also have harmful consequences (DiSabato et al., 

2016). In this regard, direct anti-inflammatory corticosteroid treatment after 

interruption of pilocarpine-induced SE in rats has shown deteriorating rather than 

beneficial effects before (Duffy et al., 2014). Interestingly, a recent study by 

Russmann et al. (2016) found only very limited minocycline effects on microglia 

activation or neurodegeneration using a different dosing scheme over two weeks 

after electrically induced SE in rats. Nevertheless, in this study, minocycline 

treatment had a positive impact on spatial learning, hyperactivity and 

hyperlocomotion, whereas seizure development was not attenuated.  

As the 50 mg/kg dose was more efficient than 25 mg/kg in rats after pilocarpine-

induced SE, it was transferred to the mouse model. However, in the intrahippocampal 

kainate mouse model, TSPO PET did not detect any treatment-related changes. This 

is very unlikely be caused by a too low dose. First, applying a higher dose caused 

severe side effects, causing the termination of this experimental group. Second, a 

dose of 20 mg/kg minocycline injected once daily over 7 days in a mouse model of 

SE induced by systemic kainate administration during early life, decreased microglial 

activation to a pronounced extent (Abraham et al., 2012). This discrepancy to our 

findings may be attributed to differences in animal age or kainate administration 

route. It is also possible, that in this context the sensitivity of TSPO PET is not 
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sufficient to reveal reduced neuroinflammation. However, minocycline treatment after 

focal cerebral ischemia in rats reduced uptake of the TSPO tracer [18F]DPA-714 in 

the infarcted area (Martin et al., 2011). In addition, in two other studies in the 

intrahippocampal kainate mouse model, we detected a reduced TSPO PET signal 

after anti-inflammatory treatment with curcumin or fingolimod two weeks after SE 

(unpublished data), confirming the general suitability of the chosen approach. In line 

with the observation that minocycline impacted epileptogenesis-related changes in 

rats, while this was not the case in mice, a study in neonatal rats and mice subjected 

to hypoxic-ischemic encephalopathy reported similar findings. Minocycline attenuated 

brain injury only in rats but even augmented it in mice, which may point towards a 

species-dependent addressability to minocycline (Tsuji et al., 2004). 

Analysis of Vt revealed more pronounced treatment effects than analysis of 

[18F]GE180 uptake in rats. These results need to be considered because for mice 

only uptake analysis was performed. Due to the repetitive PET scanning ruling out 

blood-sampling, the lack of a sufficient cerebral reference region and the small size of 

blood vessels combined with spill in from the surrounding hampering the generation 

of image-derived input functions, we could not establish a way to analyze 

[18F]GE180 kinetics in mice. The observation that Vt can be more sensitive than 

uptake analysis was made before and can be explained by the fact that tracer uptake 

is influenced by various potential confounders such as tissue perfusion or 

metabolism, while kinetic analysis accounts for these (Thackeray et al., 2015). This is 

also generally in line with a TSPO PET imaging study in TLE patients showing more 

pronounced Vt differences, but also higher variation, compared to standardized 

uptake values (Gershen et al., 2015). Nevertheless, in line with earlier investigations 

(Brackhan et al., 2016; Brackhan et al., 2018) the strong correlation of in vivo tracer 

uptake with the in vitro autoradiography data shown here for data from both rats and 

mice, supports the application of uptake analyses.  

In the present study TSPO PET identified minocycline-mediated reduction of 

neuroinflammation during epileptogenesis in the lithium-pilocarpine rat model, but not 

in the intrahippocampal kainate mouse model of epileptogenesis. It has to be 

considered that minocycline’s anti-epileptogenic properties might be mediated by 

further mechanisms beyond a reduction of microglia activation. Nonetheless, the 

described setup can now be used to preclinically investigate individual treatment 
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responses during the latent phase and their correlation to chronic disease outcome. 

Furthermore, PET may be utilized to identify purposeful drug doses and treatment 

durations. In addition, tracers and imaging protocols are very similar for patients, 

facilitating translation of findings to the clinic for future personalized treatment 

approaches. 
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7.1 Abstract 

Temporal lope epilepsy is the most common form of epilepsy. In frequent cases it is 

associated to brain insults followed by a seizure-free latency phase. Treatment 

combinations targeting different aspects of epilepsy development like neuronal hyper-

excitability and neuroinflammation might be promising to attenuate seizure burden 

and epileptogenesis-associated comorbidities like learning impairment. Here we 

investigated if combinatorial anti-epileptogenic treatment using phenobarbital and 

minocycline is superior to single drug treatment and if non-invasive imaging is able to 

predict treatment effects. 

After epileptogenesis induction by pilocarpine-mediated status epilepticus (SE), rats 

were treated for two weeks with either vehicle, minocycline (50 mg/kg daily), 

phenobarbital (15 mg/kg twice daily) or both medications. Treatment impact on brain 

edema (2 days post SE), neuroinflammation (2 weeks post SE) and brain metabolism 

(6 weeks post SE) was evaluated by T2 magnet resonance tomography, [18F]GE180 

and [18F]FDG positron emission tomography (PET). Furthermore, we assessed 

chronic seizure burden as well as behavioral alterations. 

An impact on seizure burden was not detected in any of the drug-treated groups. 

Minocycline failed to alter any investigated parameter, while phenobarbital attenuated 

brain edema formation, strongly decreased the inflammatory imaging signal and 

ameliorated glucose hypometabolism. Furthermore, phenobarbital-treated animals 

showed better learning abilities in the Morris water maze test 20 weeks after SE. The 

treatment combination did not affect edema formation, slightly reduced 

neuroinflammation but lowered brain hypometabolism to an even greater extent than 

sole phenobarbital treatment. Interestingly, both edema formation and 

neuroinflammation negatively correlated with seizure outcome. 

Based on our results, combining both investigated drugs is not beneficial. 

Furthermore, this study showed that the effect of treatment interactions influencing 

epileptogenic processes can be visualized by molecular imaging methods. This may 

serve as a helpful tool to guide dosing protocols and drug selection in future 

preclinical as well as clinical studies. 
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7.2 Introduction 

Epilepsy is one of the eldest described and, today, still one of the most common 

chronic neurological diseases. Patients typically suffer from recurrent seizures and 

comorbidities like depression or learning impairments (WHO, 2019). To date, only 

symptomatic pharmacological treatments are available, whereas 30 % of the patients 

do not become seizure-free despite this anti-convulsive medication (WHO, 2019). 

Epileptogenesis, i.e. the processes which account for the transformation from healthy 

to seizure-susceptible brain tissue (Löscher and Brandt, 2010) includes key factors 

like neuroinflammation, neuronal-hyperexcitability as well as neurodegeneration 

(Klee et al., 2015; Ravizza and Vezzani, 2018). These key factors are connected and 

promote each other, finally leading to epilepsy development. Thus, management of 

these processes is an auspicious target to attenuate the disease at an early stage in 

order to impact long-term consequences. Anti-epileptogenic treatments on one hand 

aim to reduce the seizure burden and on the other hand try to prevent comorbidities 

(Pitkänen et al., 2015). Treatment combinations targeting different aspects of 

epileptogenesis like inflammation and hyperexcitability in one treatment scheme 

might be promising with regard to not only additive but also synergistic anti-

epileptogenic effects (Löscher et al., 2013). However, this also increases the 

complexity for choosing a treatment scheme.  

To target hyperexcitability we selected phenobarbital which is well known for its anti-

convulsive effects and still belongs to first in line drugs for chronic epilepsy treatment 

(WHO, 2012). Additionally, a preclinical study reported a reduced seizure burden 

after phenobarbital treatment during epileptogenesis (Brandt et al., 2010). To target 

neuroinflammation, we selected minocycline which inhibits microglia activation and 

reduces anti-inflammatory cytokine production (Möller et al., 2016), and has shown 

some promise to attenuate epilepsy development also in animal models of 

epileptogenesis (Abraham et al., 2012; Wang et al., 2015). Furthermore, both drugs 

are clinically available as repurposing of clinically established drugs was suggested 

to accelerate the translation of preclinical findings to human patients (Löscher, 2019). 

As animal model, a post status epilepticus (SE) rat model was utilized, which has 

also been suggested by the National Institute of Health’ Antiepileptic Screening 

Project for anti-epileptogenic drug evaluation (Stables et al., 2003)  
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In the context of evaluation of potential links between early treatment and disease 

outcome, the need for suitable biomarkers of treatment responses becomes obvious. 

Therefore, we included molecular imaging protocols and behavioral testing in the 

longitudinal study design. T2-weighted magnet resonance tomography (MRI) 

identified before to be an adequate tool to detect inflammation-associated cellular 

edema, peaking around 48 hours after pilocarpine-induced SE (Breuer et al., 2017). 

Additionally, translocator protein (TSPO) positron emission tomography (PET) 

targeting neuroinflammation (Brackhan et al., 2016), and fluor-deoxy-D-glucose 

(FDG) PET for investigating epilepsy-associated glucose hypometabolism was 

applied (Chugani et al., 1993; Bascuñana et al., 2019). Besides, we conducted 

various behavioral tests to assess treatment impact on epilepsy associated 

comorbidities like depression, hyperexcitability and learning abilities and evaluated 

the interaction with the individual seizure outcome. 

 

7.3 Materials and Methods 

Animals 

Female Sprague-Dawley rats (200 – 220 g) were purchased from Envigo 

(Netherlands). They were housed in groups of four rats under controlled climate and 

light conditions. Water and standard laboratory chow was provided ad libitum. Prior 

the experiment, rats were allowed to adapt to housing conditions and handled for at 

least one week. After electrode implantation, rats were transferred to an open cage 

system and were single housed. Experimental procedures were conducted in 

accordance with European Communities Council Directives 86/609/EEC and 

2010/63/EU and formally approved by the responsible local authority. The principles 

outlined in the ARRIVE guidelines and the Basel declaration including the 3R 

concept have been considered when planning and reporting the experiments. All 

efforts were made to minimize pain, suffering, and the number of animals. 

 

General study design 

Animals were randomly added to one of four experimental groups. First, SE was 

induced in all rats via systemic pilocarpine administration (Figure 7.1). Subsequent, 

four groups received vehicle solution, minocycline, phenobarbital, or both treatments. 
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To investigate neuro-anatomical alterations, animals were subjected to T2-weighted 

MRI scans at 2 days after SE induction. [18F]GE180 PET/CT scans were performed 

2 weeks after SE induction to investigate neuroinflammation, while brain metabolism 

was assessed by [18F]FDG PET/CT scans at 7 weeks after SE induction. The 

imaging procedure was followed by hippocampal electrode implantation and 

video/electroencephalogram (EEG) monitoring. For behavioral evaluation, a modified 

hyperexcitability (HE) test was conducted at 3, 5 and 20 weeks after SE induction. 

Furthermore, sucrose consumption (SC) test and open field (OF) test were performed 

at 11 weeks. During week 20 after SE induction Morris water maze (MWM) test was 

performed. Unless stated otherwise, all chemicals were of analytic grade and 

purchased from Sigma-Aldrich (Steinheim, Germany). 

 

 

Figure 7.1 

Study design. Status epilepticus (SE) was induced in 46 rats by systemic pilocarpine injection. Animals 
were assigned to 4 different treatment groups and were treated for the following 14 days: minocycline 
(50 mg/kg; 1/day; start: 1 day after SE), phenobarbital (25 mg/kg bolus once together with first 
diazepam; afterwards: 15 mg/kg 2/day), phenobarbital and minocycline (combination of both described 
protocols), or vehicle (0.9% saline). Two days post SE rats were subjected to T2-weighted magnet 
resonance tomography (MRI). [18F]GE180 positron emission tomography (PET) and [18F]FDG PET 
scans were conducted at 2 weeks and 6 weeks after SE, respectively. Rats underwent stereotaxic-
guided surgery for hippocampal electrode implantation at 8 weeks after SE. Subsequently, they were 
subjected to video/ electroencephalogram (EEG) monitoring during the 10th and 16th week after SE. 
For behavioral analysis hyperexcitability (HE) test was performed at 3, 5 and 20 weeks post SE. 
During the 11th week after SE open field (OF) test and sucrose consumption (SC) test was conducted. 
Additionally, rats underwent Morris Water Maze (MWM) evaluation in week 20 after SE induction. 

 

 

Status epilepticus induction 

SE was induced in rats by pilocarpine injections as described elsewhere (Brackhan et 

al., 2016). Shortly, 14-16 hours prior the first pilocarpine hydrochloride dose, lithium 

chloride (127 mg/kg) was administered orally. Thirty minutes after intraperitoneal 

injection of methyl scopolamine (1 mg/kg), a bolus of pilocarpine hydrochloride was 
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injected intraperitoneally (30 mg/kg). Pilocarpine hydrochloride (10 mg/kg in 0.9% 

saline) was injected up to 3 times every 30 minutes until SE was reached. SE was 

defined by the start of repetitive generalized convulsive seizures (stage 4 or 5 

(Racine, 1972)) without intermediate recovery of normal behavior. After 90 minutes, 

SE was stopped by intraperitoneal diazepam injections given 15-20 minutes apart 

from each other (total dose: max. 25 mg/kg, Ratiopharm). Animals were hand fed 

with standard chow mash until they started eating independently again. If necessary, 

fluid balance was stabilized with subcutaneous injections of electrolyte solution 

(Sterofundin/G5, B. Braun Melsungen, Germany). During the first 2 weeks animals 

were weighed every day. Afterwards, at least weekly weight measurements were 

performed. 

 

Treatment 

Phenobarbital sodium salt and minocycline (Minocycline hydrochloride; Tokyo 

Chemical Industry) were always dissolved freshly in saline and administered 

intraperitoneally. Phenobarbital (P group) treatment was administered as described 

before (Brandt et al., 2010). Briefly, a bolus of 25 mg/kg phenobarbital was applied 

subsequent to the first dose of diazepam. Afterwards, phenobarbital was 

administered at a dose of 15 mg/kg twice daily over two weeks. Minocycline (M 

group) was injected once daily during the first hours of the light cycle in a dose of 50 

mg/kg for two weeks. The first minocycline dose was administered in the morning of 

the day after the SE induction. For combination of treatments (P+M group) the same 

doses were used and injected subsequent to each other. For vehicle treatment (VH 

group), corresponding amounts of saline were injected at the time points of the 

combinational treatment. 

 

In vivo imaging 

MRI was conducted as described before (Breuer et al., 2017; Bankstahl et al., 2018). 

Briefly: images were acquired with a 7 Tesla small animal MR system (Pharmascan, 

Bruker, Ettlingen, Germany) using ParaVision 6.1 software. A 9 cm inner diameter 

gradient insert (BrukerBGA-9S) combined with a quadrature MRI transmit-only coil 

with active decoupling (T11070) and a rat brain receive-only coil array (11483V3) 
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was used. To ensure reproducible positioning, the receive coil was placed at a 

defined position over the head which was fixed with a tooth bar. T2-weighted 2D multi 

slice multi echo images (MSME; repetition time = 2500 ms, echo time = 11 ms, 96 

slices of 0.8 mm, 256x256 matrix, 35x35x25.6mm3 field of view) were acquired.  

PET images were acquired as described before (Brackhan et al., 2016) using a small 

animal PETCT camera (Inveon, Siemens, Knoxville, USA). Rats were anesthetized 

with isoflurane with continuous warming and monitoring of respiration. Tracers were 

injected via a custom-made catheter inserted into a lateral tail vein. For [18F]GE180 

(18.47±1.65 MBq) the scan was started in the moment of injection and dynamic data 

were acquired for 40 minutes in 30 frames (5x2s, 4x5s, 3x10s, 8x30s, 5x60s, 4x300s, 

and 1x600s). After [18F]FDG administration (18.74±1.85 MBq) the rats were allowed 

to wake up for an uptake phase of 20 minutes. Subsequent, a static scan from 30 to 

60 minutes after tracer injection was conducted. For image reconstruction, iterative 

ordered subset expectation maximization 3 dimensional/ maximum posteriori 

(OSEM3D/fastMAP) algorithm including standard corrections was used. After PET, a 

low-resolution CT scan was performed to provide anatomical information for image 

analysis. 

For analysis of imaging data PMOD software (PMOD 3.7, Zürich, Switzerland) was 

used as described before (Breuer et al., 2017; Bascuñana et al., 2019). Images were 

co-registered to an MRI-based volumes of interest (VOI) atlas (Schwarz et al., 2006). 

For [18F]GE180 PET scans, uptake between minute 30 – 40 after tracer injection 

was analyzed, while for [18F]FDG PET minute 30 – 60 used. Uptake was quantified 

as percent injected dose per cubic centimeter of tissue (%ID/cc). In addition, kinetic 

modeling for [18F]GE180 was performed. Image-drived time activity curves of whole 

blood were defined for the left and right carotid artery by cuboid volumes of interest 

(16.0 mm3), averaged afterwards (Bascuñana et al., 2019), and applied to a two-

tissue compartment model (Jucaite et al., 2012) to calculate the volume of distribution 

(Vt). Additionally, Vt maps were calculated in PMOD by voxel-wise modeling using 

the Logan graphical analysis. For MRI analysis, the images were normalized to pons 

as described before (Breuer et al., 2017). 

Average images and statistical parametric mapping (SPM) were calculated using 

MATLAB software (The MathWorks) and SPM12 (University College London). For 

SPM, differences between vehicle and treated animals calculated by unpaired 2-
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sample t-test with a significance level threshold of 0.05 (uncorrected for multiple 

comparisons). Minimum cluster size of voxel was set to 100 and threshold of t-maps 

was set according to the degrees of freedom of the comparison. 

 

Behavioral testing 

All experimental set-ups have been described before (Brandt et al., 2016). For all 

behavior tests, except the SC test, animals were monitored for motor seizures for 60 

minutes prior the start, during the test as well as between different sessions. In case 

of a seizure, the test was repeated for this animal after a time interval of at least 1 

hour. Optical and auditory stimuli were standardized within the test room. For data 

recording in the OF and MWM EthoVision 7 software from Noldus (Netherland) was 

used. 

To assess excitability, the HE test consisting of an approach-response, touch-

response, finger-snap and pick-up test was performed by 4 blinded investigators. 

Mean scores for each test were used for analysis. To assess anhedonia, the SC test 

was performed (Klein et al., 2015) over 4 consecutive days. For the first and third 

test-day, two bottles of tab water and on the second and fourth day one bottle with 

1% sucrose solution and one bottle with tab water was offered. The position of the 

sucrose containing bottle was swapped between experimental days. Each day 

bottles were weighted and the mean absolute intake of fluid solution per 24 hours 

and the sugar preference was calculated. To asses anxiety and explorative behavior, 

the OF was conducted over a period of 10 minutes, and the distance moved and the 

time spent in the outer zone of the OF was recorded. The MWM test was conducted 

to evaluate spatial learning abilities (Morris, 1984). After habituation, rats were 

trained to find a platform hidden underneath the water surface. Therefore, four 60-

second-trials on nine consecutive days were performed. On day nine, a spatial probe 

trial without platform was conducted instead of the forth trial. Three animals were 

excluded from the MWM because they did not have seizure-free intervals lasting 

longer than 60 minutes or started seizing when they had contact to the water. Two of 

these animals belonged to the phenobarbital treated group and one animal to the 

vehicle treated group. To avoid an incorrect interpretation of the results, the animals 

were included in the statistical calculation with maximal possible trial duration. Thus, 
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all trials for these animals were set to 60 seconds and for the spatial probe 15 

seconds for each quadrant were assumed. 

 

Seizure monitoring 

For EEG recordings electrodes were implanted into the dentate hilus of the 

hippocampus as described before (Bankstahl et al., 2012). For video/EEG 

monitoring, animals were placed in individual clear acrylic glass cages as described 

earlier (Bankstahl et al., 2012; Brandt et al., 2016). Data was recorded twice for one 

week (week 10 and 16) and visually analyzed with LabChart software 

(ADInstruments, Germany). A sample of minimal 50 hours per week of EEG-data 

was visually screened for generalized seizures and confirmed by video analysis. In 

week 10, mean analyzed video/EEG duration was 75.6 h (min 53.2 h; max: 95.0 h). 

In week 16 mean analyzed video/EEG duration was 153.5 h (min: 119.4 h; max: 

163.4 h; SD). This resulted in a total mean analyzed video/EEG duration of 269.29 ± 

29.28 h. Due to headset loss or inadequate EEG signal, seizures in 8 rats were 

analyzed partly just by observations in the video. Seizure duration was noted and 

seizure severity was rated based on Racine's scale (Racine, 1972). In addition all 

seizures observed during daily handling and during experiments were included in the 

analysis of the seizure frequency, but not in the analysis of seizure duration.  

 

Statistics 

Statistical analysis was performed using Prism7 (GraphPad Software, La Jolla, CA, 

USA). Unless stated otherwise, all data were analyzed by one-way analysis of 

variance (ANOVA) and Dunnett‘s multiple comparison post hoc test comparing the 

three treatment groups separately to the vehicle treated animals. Results of the HE 

test were analyzed by Kruskal Wallis test, followed by Dunn’s multiple comparison 

test. For comparisons of the learning curve in the MWM and the bodyweights during 

the treatment period, a two-way ANOVA for repeated measurements followed by 

Dunnett's post hoc test comparing treated vs vehicle treated animals was performed. 

Correlation was analyzed by Pearson’s linear regression analysis. All data are 

presented as mean ± standard deviation (SD) and p < 0.05 was considered 

statistically significant. 
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7.4 Results 

SE induction and treatment tolerability  

The overall SE induction rate was 95.3% (46 of 48 rats) requiring an average 

pilocarpine dose of 38.89±6.64 mg/kg. Rats which did not develop an SE were 

excluded from all further experiments. Within the first 72 h after SE, 17 animals died 

(VH: n = 5; M: n = 7; P: n = 2; P+M: n = 2). One further rat died 8 days after SE 

(P+M). Another rat was found dead at 5 weeks after SE (M) and one 16 weeks after 

SE (P+M). One animal of the phenobarbital group suffered an SE at 18 weeks after 

pilocarpine-induced SE. Therefore, it was euthanized and excluded from further 

experiments. Overall, 25 animals survived till the end of the study (VH: n = 8; M: n = 

5; P: n = 7; P+M: n = 5). The pharmacological treatments were generally well 

tolerated, whereas rats receiving minocycline showed light diarrhea starting 3 days 

after treatment start. Improved weight recovery after SE within the treatment period 

was observed in phenobarbital-treated rats (Figure 7.6 H). Already 3 days after SE, 

phenobarbital treated rats showed 13.7% higher body weights than vehicle treated 

animals (p = 0.084). This was still the case at the last treatment day (p = 0.029) and 

later-on. Combination-treated animals had higher body weights at 7 weeks after SE 

(p = 0.039). Comparing body weights after electrode implantation and seizure 

monitoring did not reveal group differences any more (data not shown). 

 

PET and MRI imaging 

Two days after SE, rats were subjected to T2-weighted MRI scans to evaluate edema 

development in the different treatment groups (Figure 7.2; VH: n = 9; M: n = 7; P: n = 

8; P+M: n = 7). In vehicle-treated rats edema was mainly visible in the hippocampus, 

the dorsal thalamus and the piriform cortex (Figure 7.2 A). Rats of the phenobarbital 

group showed lower values in the hippocampus (-19.6%, p = 0.004), thalamus (-

13.1%, p = 0.019), piriform cortex (-22.3%, p = 0.006) compared to vehicle treated 

group (Figure 7.2 B). Minocycline treated rats did not show any differences compared 

to vehicle, while in the hippocampus of animals treated with phenobarbital and 

minocycline a trend towards a decrease was detected (p = 0.073).  
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Figure 7.2 

T2-weighted MRI 2 days after SE. (A) Illustrative images of T2-multi-slice-multi-echo (MSME) images 
normalized to pons at about -4.8 mm relative to bregma. (B) Corresponding quantification (T2 signal 
intensity normalized to pons [region/pons]). Treatment groups within the graphs are color-coded: 
vehicle (VH: black); minocycline (M: yellow); phenobarbital (P: green); phenobarbital plus minocycline 
(P+M: red). Data are mean ± SD. Significant differences calculated by one-way ANOVA and Dunnett’s 
post hoc test comparing treatment groups vs vehicle group are indicated by asterisk (p < 0.05). 

 

Treatment effects on the inflammatory response at two weeks post SE were 

evaluated by TSPO PET targeting (Figure 7.3; VH: n = 6; M: n = 3; P: n = 8; P+M: 

n = 6). [18F]GE180 uptake analysis revealed markedly less TSPO expression in 

phenobarbital-treated rats in the hippocampus (-37.4%, p < 0.001), thalamus (-

38.1%, p < 0.001) and piriform cortex (-37.1%, p < 0.001) compared to the vehicle 

treated group (Figure 7.3 D). Also in the group receiving both treatments reduced 

TSPO expression was observed in the thalamus (-19.2%, p = 0.033) and piriform 

cortex (-14.47%; p = 0.037). Similar results were found, when uptake data were 

corrected for individual body-weights (data not shown). SPM of the uptake images 

revealed a rather global decrease of TSPO expression in phenobarbital treated rats, 

including all regions in which major neuroinflammation during epileptogenesis was 

described (Figure 7.3 B) (Brackhan et al., 2016). In the group receiving both 
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treatments, t-maps revealed some voxels indicating significantly decreased uptake in 

the cortex, the thalamus and the hippocampus. Surprisingly, SPM showed focally 

increased TSPO expression in the minocycline group. Atlas-based analysis of 

[18F]GE180 Vt revealed no difference compared to vehicle treated group (data not 

shown). Nevertheless SPM analysis based on Vt maps indicated decreased values in 

phenobarbital-treated animals mainly in the hippocampus and piriform 

cortex/amygdala compared to vehicle treated animals (Figure 7.3 C).  

At 6 weeks after SE induction, rats were additionally subjected to [18F]FDG scans to 

evaluate treatment impact on glucose utilization in the brain (Figure 7.4; VH: n = 8; 

M: n = 5; P: n = 8; P+M: n = 6). Uptake analysis based on the VOI atlas did not reveal 

any significant treatment related differences (Figure 7.4 C). Nevertheless, SPM 

analysis depicted regions with increased FDG uptake including hippocampus, 

thalamus and piriform cortex both in the phenobarbital and, to an even bigger extent, 

in the phenobarbital plus minocycline group (Figure 7.4 B). In the minocycline treated 

rats, SPM did not detect any voxels with significant difference to the vehicle group. 
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Figure 7.3 

[18F]GE180 PET 2 weeks after SE. (A) Averaged uptake images showing at -3.6 mm relative to 
bregma. Corresponding statistical parametric mapping analysis comparing (B) uptake or (C) volume of 
distribution (Vt, calculated by voxel-wise Logan graphical analysis) in the treatment groups vs vehicle 
treated post SE rats (t-test, p < 0.05, minimum cluster size of 100 voxels). (D) VOI-based analysis of 
uptake [%ID/cc] of same [18F]GE180 PET scans. Treatment groups within the graphs are color-
coded: vehicle (VH: black); minocycline (M: yellow); phenobarbital (P: green); phenobarbital plus 
minocycline (P+M: red). Data are mean ± standard deviation. Significant differences calculated by 
one-way ANOVA and Dunnett’s post hoc test comparing the treatment groups vs vehicle group are 
indicated by asterisk (p < 0.05). 
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Figure 7.4 

[18F]FDG PET 6 weeks after SE. (A) Averaged uptake images 6 weeks after SE at -3.6 mm relative to 
bregma. (B) Corresponding statistical parametric mapping analysis comparing the treatment groups vs 
vehicle treated post SE rats (t-test, p < 0.05, minimum cluster size of 100 voxels). (C) VOI-based 
analysis of uptake [%ID/cc] of same [18F]FDG PET scans. Treatment groups within the graphs are 
color-coded: vehicle (VH: black); minocycline (M: yellow); phenobarbital (P: green); phenobarbital plus 
minocycline (P+M: red). Data are mean ± standard deviation. 

 

To evaluate potential connections between investigated imaging parameters, 

correlation analyses were performed (Figure 7.5). Intensity of T2-weighted MRI at 2 

days after SE showed a positive correlation with the [18F]GE180 uptake at 2 weeks 

post SE (hippocampus: r = 0.430, p = 0.041; thalamus: r = 0.468, p = 0.024; piriform 

cortex: r = 0.558; p = 0.006), while for interaction with [18F]FDG uptake at 6 weeks 

post SE only a trend towards a negative correlation was found in the thalamus (r = -

0.257, p = 0.066). A weak but significant correlation between [18F]GE180 and 

[18F]FDG was found in the hippocampus (r = -0.166, p = 0.028) as well as a trend in 

the piriform cortex (r = -0.249, p = 0.062). 
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Figure 7.5 

Correlation of imaging parameters. Pearson correlation of (A) T2-weighted MRI [region/pons] 2 days 
after SE with [18F]GE180 uptake [%ID/cc] 2 weeks after SE or (B) with [18F]FDG uptake [%ID/cc] 6 
weeks after SE. (C) Pearson correlation of [18F]GE180 uptake with [18F]FDG uptake. Lines indicate 
linear regression. Treatment groups within the graphs are color-coded: vehicle (black); minocycline 
(yellow); phenobarbital (green); phenobarbital plus minocycline (red). 

 

Behavior tests 

HE was tested at 3, 5 and 20 weeks after SE induction (Figure 7.6 A). At the earliest 

time point, HE score only of phenobarbital treated rats was increased compared to 

vehicle treated animals in the pick-up test (p = 0.014). No differences were detected 

in the approach-response, touch-response and finger-snap test (data not shown).  

While for all rats a preference of sugar-containing water over water was observed, 

the SC test, investigating anhedonia, did not reveal any group differences (Figure 7.6 

B). The same was true for duration in the outer zone (Figure 7.6 C) or locomotion 

(Figure 7.6 D) as analyzed in the OF test investigating anxiety and explorative 

behavior. MWM test was conducted to evaluate spatial learning abilities. Analysis of 
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the time needed to find the platform showed that phenobarbital treated rats were 

significantly faster finding the platform than vehicle treated rats on day 2, 3, 4 and the 

last day (Figure 7.6 E). Already at the second day, phenobarbital treated rats needed 

43.4 seconds on average, while vehicle treated rats did not find the platform (27.58% 

faster, p = 0.010). At the last day phenobarbital rats needed 34.57 seconds while 

vehicle rats still mainly failed to find the platform (39.27% faster, p < 0.001). 

Minocycline- as well as combination-treated rats performed not different than vehicle 

treated rats. In the spatial probe trial, no difference among the groups was observed 

(Figure 7.6 F). Nevertheless, the spatial probe trial of the MWM test negatively 

correlated with the T2-weighted hippocampal MRI at 2 days after SE (r = -0.397, p = 

0.050; Figure 7.6 G), which was not the case for [18F]GE180 or [18F]FDG (data not 

shown).  
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Figure 7.6 

Behavioral analysis. (A) Evaluation of hyperexcitability using the pick-up test at 3, 5 and 20 weeks 
after SE. Significant differences were calculated by Kruskal Wallis test and Dunn’s post hoc test 
comparing the treatment groups vs vehicle group within the same time point. (B) Sucrose preference 
in percentage at 11 weeks after SE. (C) Evaluation of the relative duration rats spent in the outer zone 
during an open field test at 11 weeks after SE. (D) Corresponding evaluation of locomotion in the open 
field. (E) Learning curve during the Morris water maze (MWM) test 20 weeks after SE induction. Data 
indicate latency to reach the platform. Significant differences were calculated by two-way ANOVA for 
repetitive measurements and Dunnett’s post hoc test comparing the treatment group vs vehicle group. 
(F) Spatial probe trial at the last day of the MWM test showing the time spent in target area. (G) 
Pearson correlation of T2-weighted MRI signal in the hippocampus at 2 days after SE to the time 
spent in the target area during the spatial probe trial of the MWM test. (H) Relative body weights 
following induction of SE normalized to the weight before SE. Results of two-way ANOVA for repetitive 
measurements and Dunnet’s post hoc test comparing treatment groups to vehicle at every time point 
are in indicated by asterisks. Treatment groups within the graphs are color-coded: vehicle (VH: black); 
minocycline (M: yellow); phenobarbital (P: green); phenobarbital plus minocycline (P+M: red).  
Significant differences are indicated by asterisk (p < 0.05). 
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Seizure analysis and correlation to imaging results 

Generalized seizures were observed in all rats, whereas the amount of all observed 

generalized seizures had a high variation (56.6 ± 70.4; min: 2; max: 276), even taking 

into account that absolute analyzed monitoring time was not fully equal for all 

animals. Overall, the frequency of generalized seizures per day did not differ between 

any of the treatment groups. This was also the case when comparing EEG results of 

week 10 and 16 separately (data not shown). In addition, no treatment impact was 

seen on seizure duration or severity (data not shown). 

Both hippocampal T2 MRI at 2 days after SE and [18F]GE180 PET at 2 weeks after 

SE negatively correlated with the seizure frequency (r = -0.482; p = 0.011 and r = -

0.469; p = 0.032, respectively) while this was not observed for [18F]FDG PET. 

 

 

Figure 7.7 

Seizures analysis and correlation to imaging parameters. (A) Generalized seizures per day evaluated 
during week 10 and 16 after SE by video/electroencephalogram (EEG). (B) Pearson correlation of 
generalized seizures with hippocampal (B) MRI T2 signal at 2 days after SE, (C) [18F]GE180 uptake 
at 2 weeks after SE, and (D) [18F]FDG at 6 weeks after SE. Lines indicate linear regression. 
Treatment groups within the graphs are color-coded: vehicle (VH: black); minocycline (M: yellow); 
phenobarbital (P: green); phenobarbital plus minocycline (P+M: red). 
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7.5 Discussion 

In the present study, the anti-epileptogenic efficiency of the treatment combination 

phenobarbital and minocycline, as well as their individual impact was evaluated. 

Treatment-induced effects varied between all three medications, whereas strongest 

effects on imaging parameters and behavioral evaluation were observed in rats 

receiving phenobarbital alone. While some imaging parameters correlated with the 

disease outcome, a treatment-related effect on seizure development was not 

detected in any of the groups. 

Animals treated only with phenobarbital, showed faster recovery from SE-associated 

weight loss, reduced edema development, decreased neuroinflammation, less severe 

hypometabolism as well as better spatial learning, whereas no impact on seizure 

development was detected. The main mode of action of phenobarbital relates to 

modulation of the GABAA receptor, enhancing inhibitory synaptic transmission 

(Rogawski and Löscher, 2004). Therefore, phenobarbital treatment starting 

simultaneously with the SE termination may attenuate the SE itself. However, in 

another study comparison of EEGs obtained during and after SE termination with 

either diazepam alone or diazepam and phenobarbital did not detect differences in 

seizure severity or EEG termination (unpublished data). This indicates that alterations 

during epileptogenesis rather than on sole SE termination were crucial for the 

detected effects presented here. At 2 days after SE rats treated with phenobarbital 

showed less brain edema induced by the SE compared to vehicle treated. This goes 

in line with phenobarbital’s known ability to reduce cerebral blood flow and arterial 

blood pressure (Baughman et al., 1986; Burgess et al., 2001). Nevertheless, this 

mode of action also needs to be considered when analyzing the [18F]GE180 PET 

scans directly after the end of the phenobarbital treatment. Rats had lower values 

compared to vehicle treated rats in kinetic as well as static analyzed PET data, 

whereas the differences were stronger in static analysis. Decreased brain perfusion 

may have led to reduced tracer delivery into the brain and therefore to lower absolute 

uptake values. Nevertheless, kinetic modeling bases on an image derived input 

function obtained from the carotid arteries, thus accounts for blood flow changes in 

the periphery. The described reduction of neuroinflammation after phenobarbital 

treatment lines also up with the reduced brain edema shortly after SE in the same 
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treatment group. An attenuated cerebral immune response resulting in reduced 

neurodegeneration could also explain findings in the [18F]FDG PET at 6 weeks after 

SE. Rats subjected to pilocarpine SE induction do show severe hypometabolism in 

the chronic stage (Bascuñana et al., 2019), probably caused by neuronal cell loss 

and atrophy of epilepsy-associated brain regions (Dedeurwaerdere et al., 2012; 

Zhang et al., 2015). After phenobarbital treatment, the reduction in the [18F]FDG 

signal is much less severe in epileptogenesis-associated brain regions indicating 

neuroprotection. Neuroprotective activity has been shown for phenobarbital before 

potentially mediated by a certain inhibition of glutamate receptors (Rogawski et al., 

2004). Neuroprotection might also explain why some behavioral alterations were 

ameliorated.  

Nevertheless, development of chronic seizures could not be stopped in our study. 

While other earlier studies did not find chronic antiepileptogenic effects after 

phenobarbital treatment (unpublished data) (Bolanos et al., 1998), Brandt et al. 

(2010) described an attenuation of chronic seizure development using a similar 

treatment protocol. Contrary to the present study, Brandt et al. injected up to 

5 pilocarpine injections of 10 mg/kg for SE induction, while in the present study an 

initial pilocarpine bolus was administered. This resulted in a lower total pilocarpine 

dose (average: 30 mg/kg) than in the present study (38.89 mg/kg) and may have 

induced less severe damage which could easier be attenuated by phenobarbital 

treatment. In addition, the time point of video/EEG evaluation period was different in 

the study by Brandt et al. (8 weeks after SE), while in the present study data of the 

10th and 16th week were analyzed which might affect results as anti-epileptogenic 

treatment effects can be transient (Schidlitzki et al., 2017) and epilepsy can progress 

in severity still after recurrent seizures have already established. In line with our 

study, Brandt et al. (2010) also observed no impact of phenobarbital on seizure 

duration, seizure severity, and chronic pick-up test as well as OF results. 

Interestingly, in our study the HE score of the pick-up test at 3 weeks after SE was 

increased in phenobarbital-treated rats, maybe due to general increased agility 

caused by better fitness, which was also observed in the body weight development 

during the first weeks after SE. An additional factor influencing HE might be 

potentially ongoing phenobarbital withdrawal symptoms (Gay et al., 1983). 
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The second investigated drug of this study was minocycline which was selected due 

to its broad anti-inflammatory potential including an attenuation of pro-inflammatory 

cytokines and matrix-metalloproteases as well as effects on T cells and the inhibition 

of the development of a pro-inflammatory phenotype in microglia (Garrido-Mesa et 

al., 2013; Kobayashi et al., 2013; Hou et al., 2016; Bialer et al., 2017). The treatment 

protocol was adapted from a study reporting anti-epileptogenic effects and a strong 

reduction of microglia activation in the same animal model (Wang et al., 2015). Both 

aspects were not detected in our experiments, similarly to a recently published study 

(Russmann et al., 2016). Wang et al. started minocycline treatment directly after SE, 

while in the present study the start was postponed to 1 day after SE to rule out an 

attenuation of the SE caused by anti-convulsive mechanisms of minocycline (Nowak 

et al., 2012; Wang et al., 2012). Beside this, minocycline treatment over 1 week 

starting 1 day after SE induction was shown to impact inflammation related imaging 

signal in our own lab (Wolf et al., unpublished data, chapter 6). Interestingly, we did 

not find reduced neuroinflammation when the treatment period was elongated to 14 

days as presented here. The fact that a longer anti-inflammatory treatment resulted in 

less reduced inflammatory markers, emphasizes the sensitivity of the epileptogenic 

process. Blocking inflammation at later time points may have led to less reduced 

damage, as inflammatory cells did not remove cell debris or organize scar formation. 

Minocycline also did not influence edema formation, assed by MRI 2 days after SE. 

While in a study in rats with intracerebral hemorrhage minocycline decreased 

extravasation of plasma proteins and edema by decreasing pro-inflammatory 

cytokines (Wasserman and Schlichter, 2007), the BBB impairment in the pilocarpine 

rat model might be too very severe to be attenuated at the investigated time point 

(Sloviter, 2009; Breuer et al., 2017). In line with the other imaging results, [18F]FDG 

PET at 6 weeks did not detect a treatment impact of minocycline and no attenuation 

of the behavioral abnormalities was observed.  

We also aimed to investigate additive or synergistic effects of the combination of an 

anti-convulsive with an anti-inflammatory drug on epileptogenesis. Interestingly, the 

results of the combined treatment do not even reflect the sum of the single effects 

indicating drug-drug interactions. Drug metabolism might be influenced by the 

combinatorial treatment as both drugs are metabolized in the liver and have been 

shown to interact with cytochrome P450 (Zaccara and Perucca, 2014; Regen et al., 
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2015). Furthermore, in a toxicology study, the combination of minocycline with 

phenobarbital resulted in increased serum levels of the glutamic oxaloacetic 

transaminase, urea, and bilirubin (Bocker et al., 1991). Increased urea levels can 

influence BBB integrity (Spatz et al., 1972) and might explain the observation that 

phenobarbital alone decreased brain edema at 2 days after SE while the combined 

treatment failed to do so. Of course, if an early alteration like the BBB damage is 

affected by a certain treatment, also subsequent potentially interacting changes like 

microglia activation measured by [18F]GE180 PET are affected, too. Contrary, 

[18F]FDG uptake at 6 weeks was highest in the animals receiving both medications. 

If this effect is driven by reduced neurodegeneration still needs to be evaluated. 

In addition to treatment effects, potential connections between imaging markers and 

in relation to disease outcome were investigated. A link between BBB impairment 

and brain inflammation was observed in the present study as shown before (Gorter et 

al., 2015). Initially increased T2-values also correlated to a better performance in the 

MWM. Comparable observations were made after febrile SE. Rats with lower T2-

values subsequent to SE were more likely to learn an active avoidance task than rats 

with high T2-values (Barry et al., 2015). BBB leakage and neuroinflammation have 

been proposed to be suited as biomarkers for long-term epilepsy development 

(Koepp et al., 2017). Interestingly, both T2 MRI and TSPO PET negatively correlated 

with the chronic seizure frequency in our study. This goes in line with observations in 

febrile SE models which identified decreased T2-values shortly after SE to be 

predictive for subsequent epilepsy development (Choy et al., 2014; Curran et al., 

2018). In contrast, a study in rats subjected to paraoxon-induced SE detected that 

increased MRI-measured pathology in the piriform network is associated with 

epilepsy development (Bar-Klein et al., 2017). Interestingly, diffuse pathology was 

associated with a lower risk of seizure development. Another study found an 

epilepsy-predictive value of early BBB leakage while chronic BBB leakage negatively 

correlated with the seizure frequency (van Vliet et al., 2016). Also TSPO imaging 

data from the literature do not provide a clear picture about their predictive value. In a 

model of electrically induced SE, [18F]GE180 uptake in the amygdala and in a VOI 

cluster correlated with long-term seizure development (Russmann et al., 2017). 

Another study in a rat post-SE model, also did not find a correlation between TSPO 

tracer uptake and seizure frequency using regional analysis (Bertoglio et al., 2017). 
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Only application of a multivariate data-driven modeling approach enabled prediction 

of seizure frequency. No correlation was seen in our study between glucose 

metabolism and brain edema or chronic seizure frequency and only a week 

correlation with microglia activation in the hippocampus. This also matches a recent 

study in the same animal model which did not detect a link between acute or chronic 

[18F]FDG uptake and early TSPO PET (Bascuñana et al., 2019). A recent study in 

the pilocarpine rat model also identified a correlation between late thalamic [18F]FDG 

uptake ratio and seizure frequency, which we did not see (Di Liberto et al., 2018). 

Taken together, imaging results from different studies are highly variable and seem to 

strongly depend on imaging time point, animal model and analysis method. 

In summary, we detected no impact on seizure development by any of the 

treatments. Minocycline alone did not alter any investigated parameter, while a 

combination of minocycline and phenobarbital induced less severe brain 

hypometabolism at 6 weeks after SE. The strongest changes were detected in 

phenobarbital-treated rats: decreased brain edema and brain inflammation, in line 

with less severe brain hypometabolism and better performance in the MWM. All over, 

this emphasizes the complexity and sensitivity of the epileptogenic process. Drug 

selection and combination as well as treatment start and duration have a high impact 

on final outcome. Furthermore, this study confirms that molecular imaging technics 

are generally a promising tool to detect both synergistic as well as antagonistic 

effects of treatment combinations in a preclinical set-up. Nevertheless imaging time 

point and analysis methods have to be chosen with great care. Moreover, results 

need confirmation at least in a second model of epileptogenesis before drawing 

translational conclusions. 
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8 Discussion 

The presented work proofed that molecular imaging methods can detect effects 

induced by treatments during epileptogenesis. This indicates that in this context 

imaging technics can identify pharmacological agents and doses as well as treatment 

schedules which are likely to attenuate epilepsy development. In the following 

chapter main findings and general methods as well as connections between the 

studies presented in this thesis will be discussed. 

 

8.1 Main findings 

First, we evaluated three different anti-inflammatory treatments in two post-SE 

models by in vivo TSPO PET and by histology as well as in vitro autoradiography 

techniques during early epileptogenesis. Within these imaging-based treatment 

evaluatuion studies, the observed effects differed between the investigated animal 

models, the way of image analysis and the treatment schedule. The fourth study was 

the first anti-epileptogenesis study which investigated a treatment combination which 

had been selected partly based on prior conducted imaging-based treatment 

evaluation studies. We combined the prior identified most promising anti-

inflammatory drug with an anti-convulsive medication and analyzed additional 

imaging parameters, comorbidity and seizure development. 

The first study investigated the impact of the anti-inflammatory effects of curcumin 

during epileptogenesis in the intrahippocampal kainate mouse model. TSPO PET at 

two weeks after surgery revealed a decrease of the inflammatory response in treated 

vs untreated animals. This effect did not extent to neuronal loss or astrocyte 

activation. 

Secondly, we focused on FTY720 which is known for its anti-inflammatory modes of 

action in MS. It induced a reduction of TSPO expression at two weeks, but not at one 

week after SE in the intrahippocampal kainate mouse model. However, strong 

treatment effects were not detected during the histologic evaluation. For further 

evaluation of the impact of FTY720 on inflammation during epileptogenesis, a second 

animal model and one additional imaging parameters as well as behavioral changes 
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were investigated. Rats were subjected to SE induction via systemic pilocarpine 

injection. In contrast to the mice, FTY720 treatment during epileptogenesis did not 

impact any investigated parameter in the rats. 

The anti-inflammatory treatment investigated in the third study was minocycline. 

TSPO tracer uptake in mice subjected to SE induction via intrahippocampal kainate 

injection showed no effects between minocycline and vehicle treated animals. No 

impact of minocycline treatment was seen for any investigated parameter assessed 

via immunohistochemistry in this study. Contrary, in the pilocarpine rat model kinetic 

analysis of TSPO PET detected a dose dependent reduction of neuroinflammation 

two weeks and to a lesser extend also at one week after SE induction. However, only 

minor differences were detected in treated animals compared to vehicle treated 

controls when comparing static uptake of TSPO tracer which highlights the value of 

kinetic analysis also in preclinical PET imaging. 

In summary, the first three studies showed that TSPO PET can show and quantify 

the impact of anti-inflammatory treatments during epileptogenesis and therefore can 

be used to select auspicious anti-epileptic drugs. We clearly showed that different 

doses of treatments as well as varying imaging time points have a high impact on the 

detection efficiency of the treatment effect. To our knowledge we were the first group 

who proved this for these two animals model for [18F]GE180 PET. So far, only a 

study by Bar-Klein et al. (2016) had imaged a treatment related decrease in the 

intrahippocampal kainate mouse model via [18F]GE180 PET, whereas only one 

imaging time point and one treatment dose was investigated. Furthermore, we 

proofed that the response to the treatments differed between the animal models. This 

was expected and has been shown before (Bolanos et al., 1998; Brandt et al., 2010), 

however imaging-based confirmation in post-SE models was missing so far. In 

addition, the results of the minocycline study highlighted the additional value of 

kinetic data analysis of PET data also in rodent imaging. A topic which is still 

underestimated by many researches (Kuntner et al., 2014). Based on this, we can 

define critical points which need to be considered to implement an imaging-based 

screening method for anti-epileptogenic drugs. Besides the fact that always at least 

two different animal models should be evaluated, different treatment doses and start 

points and treatment durations should be evaluated as well. These points are also 

crucial for studies investigating long-term anti-epileptogenic drug efficiency but a 
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standard anti-epileptogenesis study approach cannot meet these requirements as it 

would be beyond practicability. The here approved imaging-based treatment 

evaluation method is less expensive and less time consuming and therefore 

facilitates the opportunity to evaluate different drugs, doses and treatment schedules 

in an reasonable time frame. This is a great step towards the identification of efficient 

anti-epileptogenic drugs. 

To further confirm the practicability of our imaging-based method for auspicious drug 

selection we conducted a fourth study. Therefore, we conducted the first long-term 

anti-epileptogenesis study which investigated a treatment combination which in parts 

had been selected based on prior conducted imaging-based treatment evaluation 

studies. As it has been hypothesized that therapies which target different aspects of 

epileptogenesis have a higher probability to be efficient against epilepsy 

development (Klee et al., 2015; Löscher, 2019), we initiated to show that molecular 

imaging can also detect effects of a treatment combination as this would be the 

scope of application for an imaging-based treatment screening method in the future. 

Furthermore, we initiated to investigate long-term effects of a treatment combination 

which we had identified based on our own findings in the three first studies and 

literature research. We investigated molecular imaging parameters looking on BBB 

impairment and neuroinflammation during epileptogenesis and glucose metabolism in 

the chronic epilepsy phase as well as developed behavioral comorbidities and 

seizure burden. The study was conducted in the pilocarpine rat model, as we had  

found the strongest treatment related effects in TSPO imaging in this model and it 

enabled us to perform kinetic modeling. We combined the drug and treatment dose 

associated with the most distinct effects in the prior conducted studies which was 

minocycline with the anti-convulsive drug phenobarbital. 

For both medications a beneficial impact on seizure development had been shown 

before (Brandt et al., 2010; Wang et al., 2015), however no effect on seizure burden 

was observed in our own study, neither by the single treatments, nor when they were 

applied together. Interestingly, no changes were observed by any imaging parameter 

in the rats subjected to the minocycline treatment schedule of this study. Possible 

explanations which may explain this discrepancy between or findings in the third 

study have been discussed in the manuscript (chapter 7.5) and will be discussed 

further in chapter 8.3. In rats treated just with phenobarbital, reduced BBB 
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impairment assessed by T2-weighted MRI two days after SE and decreased 

[18F]GE180 signal at two weeks after SE was detected. Furthermore, phenobarbital 

treated rats showed less severe hypometabolism at six weeks after SE compared to 

vehicle treated post-SE rats. Finally, phenobarbital treated rats also showed a better 

performance in the MWM pointing toward less severe learning impairment. To our 

knowledge we are the first group reporting this strong impact of phenobarbital on 

BBB impairment, TSPO expression and learning performance in a post-SE animal 

model. We proofed that imaging modalities can visualize and quantify also synergistic 

treatment effects. Imaging results in rats which were treated with both phenobarbital 

and minocycline differed from rats treated with the corresponding monotherapies and 

the vehicle treated animals. While BBB impairment was not attenuated in rats treated 

with the combination, TSPO expression was mildly reduced but not as much as in 

rats receiving only phenobarbital treatment. The rats treated with both drugs showed 

the strongest [18F]FDG signal within all investigated treatment groups. However, the 

combination of phenobarbital and minocycline did not influence the development of 

epilepsy associated comorbidities. 

In summary the fourth study confirmed again that already minor study set-up 

changes like the elongation of a treatment period which was the case for minocycline, 

influence the whole outcome. In addition, it was the first anti-epileptogenesis study 

which investigated a treatment combination which had been selected based on prior 

conducted imaging-based treatment evaluation studies. Furthermore, beside its 

known anti-convulsive efficiency, we showed for the first time that phenobarbital can 

attenuate epilepsy associated learning impairment in the pilocarpine rat model. 

Despite no detected effect on seizure development, the forth study proofed that 

molecular imaging can also be used to monitor effects induced by treatment 

combinations and that synergistic effects can be visualized as well as quantified. 
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8.2 Evaluation of methods 

8.2.1 Animal models  

Within this thesis, two animal models were used: the intrahippocampal kainate 

mouse model and the pilocarpine rat model. They both belong to the group of post-

SE models which is one of two groups of animal models which were recommended 

by the NIH/NINDS for anti-epileptic treatment discovery (Stables et al., 2003). Main 

advantages of post-SE models can be seen in their similarities to human TLE 

(Löscher, 2011; Löscher, 2012; Löscher, 2016). Animals and humans show a seizure 

free latency phase subsequent to the initial brain insult and hippocampal sclerosis is 

a main histopathological finding in both (Löscher et al., 2010). Furthermore, animals 

develop comorbidities like anxiety or depression-like behavior, also known from TLE 

patients (Bankstahl, M. et al., 2012; Klein et al., 2015a). 

Nevertheless, only using post-SE models may be considered as a limitation of this 

study as SE is only a rare happening in humans and therefore the post-SE models 

may not account for the variation in humans (Löscher, 2011). To meet this argument, 

the fact that already the two investigated models differ from each other to a strong 

extend should be considered (Löscher, 2011; Löscher, 2016). Beside the different 

animal species, kainate is injected focally while pilocarpine is applied systemically 

which causes different kinds of insults (Curia et al., 2008; Twele et al., 2014). In 

addition, both chemo-convulsants target different receptors (Ben-Ari, 1985; Hamilton 

et al., 1997). Furthermore, a study investigating mRNA expression levels in epilepsy 

models (Korotkov et al., 2017), revealed that only a minor portion of all analyzed 

mRNAs was expressed in both the pilocarpine and the kainate model. The variance 

of the models goes in line with the fact that responsiveness to the investigated 

treatments already varied within the studies in this thesis. 

Nevertheless, referring to an algorithm for testing anti-epileptogenic drug 

combinations (Klee et al., 2015; Welzel et al., 2019), one next step would be the 

investigation of treatment effects in other models, for example TBI models. However, 

TBI models have the major drawback that the latent phase prior the first seizure is 

very long and not all animals do develop SRS (Pitkänen et al., 2014b). Therefore, 

they were not useful for the here investigated approach. In regard to investigate 

biomarkers predicting epilepsy development, models with animals in which only a 
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subgroup of animals develops seizures after an initial brain insult should be used 

(Engel et al., 2013). However, the main target of this thesis was to meet the urgent 

need to accelerate the process of anti-epileptogenic drugs discovery and therefore 

the evaluation of drug effects. Thus, animal models in which nearly all animals 

become epileptic were the appropriate choice. Furthermore, this enabled the usage 

of data from nearly all animals which reduced the total amount of animals needed. 

 

8.2.1.1 Intrahippocampal kainate mouse model 

The intrahippocampal kainate mouse model was selected as it presents various 

advantages for anti-epileptogenic drug evaluation (Löscher, 2011; Löscher, 2016). 

Recently, the ability to detect auspicious anti-epileptogenic treatments using this 

mouse model was proven in a study investigating a combined treatment of NMDA 

and AMPA receptor antagonists (Schidlitzki et al., 2017). Similar to the studies in this 

thesis, the treatment was started six hours after kainic acid injection and lasted for 

five days. Due to this treatment, significantly less animals developed electroclinical 

seizures compared to vehicle treated animals. In addition, granule cell dispersion and 

neuronal degeneration in the dentate hilus was attenuated. However, the detected 

changes were only transient (Schidlitzki et al., 2017). 

The intrahippocampal kainate mouse model has been used in our group for several 

years and constant internal reevaluation of the stereotactic coordinates, evaluation of 

animal behavior and individual control of the injection localization in brain sections 

account for constant quality and comparability. For surgery, mice were anesthetized 

with chloral hydrate, as it has been shown that some mice do not show a clear 

latency phase when subjected to kainate injection under isoflurane anesthesia 

(Twele et al., 2016b). In all presented studies male individuals of the outbred mouse 

strain NMRI were used. This was because in female NMRI as well as in C57BL/6 no 

clear latent period can be observed (Twele et al., 2014). Furthermore, contrary to 

female NMRI mice male NMRI mice develop the typical focal seizures of this model: 

hippocampal paroxysmal discharges (Riban et al., 2002; Twele et al., 2016b). This 

model characteristic allows a fast and relatively easy analysis of epilepsy burden in 

the chronic stage (Klein et al., 2015b; Twele et al., 2016b). This is a major advantage 

in regard to evaluate efficiency of anti-epileptogenic treatments (Twele et al., 2014). 
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Furthermore outbred mouse strains like the NMRI mice have a higher variability 

which accounts for the higher variability in humans (Tuttle et al., 2018).  

In this model, the surgical procedure itself causes an insult which has been described 

and investigated by TSPO PET before (Brackhan et al., 2018). To check for 

treatment related impact on the surgery induced damage, in every batch additional 

mice were subjected to sham surgery, receiving saline instead of kainic acid 

injections. Even though the group size of the mice subjected to sham surgery was 

small for some treatment agents, none of the anti-inflammatory drugs seemed to 

induce a difference between sham animals treated with vehicle and sham animals 

treated with the investigated drug. This suggests that the impact of the treatment on 

the surgery related damage was below the sensitivity range of the PET camera or 

that the inflammation associated with the surgery and the intrahippocampal injection 

was less effected by the anti-inflammatory treatments. Thus, observed treatment 

induced effects in post-SE animals are most likely related to an attenuation of 

epileptogenesis-associated neuroinflammation. 

 

8.2.1.2 Pilocarpine rat model 

In contrast to the mice, rats underwent SE induction by systemic pilocarpine injection. 

This model is well characterized and widely used enabling easy comparison to other 

study results (Curia et al., 2008; Löscher, 2016). Due to systemic injection of the 

convulsant drug, no surgery related damage is induced. However, it has been 

described that the lithium chloride which was applied 14-16 hours prior to 

phenobarbital is sufficient to induce certain damage in rats but not in mice (Müller et 

al., 2009). The suggested mode of action of lithium chloride is the increase of 

peripheral inflammatory mediators such as interleukin-1ß resulting in BBB impairment 

(Voutsinos-Porche et al., 2004; Marchi et al., 2009; Müller et al., 2009). Nevertheless, 

as the main focus of our research was the detection of  treatment related changes in 

the epileptogenic-process, we did not subject additional rats to sham SE induction. 

Contrary to the mouse model, evaluation of EEG data is more time consuming in the 

pilocarpine rat model (Twele et al., 2014; Brandt et al., 2016). While in mice the 

analysis of the electrographic seizures in the EEG is relatively easy (Twele et al., 

2014), in rats the analysis focus lays on the convulsive seizures (Curia et al., 2008). 
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As both species show a high variance in the frequency and severity of SRS in the 

chronic phase of epilepsy (Riban et al., 2002; Kandratavicius et al., 2014), long EEG 

observation and evaluation periods are required in the pilocarpine rat model for 

reliable conclusions. 

When comparing different studies conducted in the pilocarpine rat model, slight 

differences within the SE induction protocols are a common finding (Löscher, 2016) 

For example, a study (Gao et al., 2012) reported decreased microglia activation four 

days after SE caused by FTY720 treatment, while we did not see any impact on 

TSPO expression in our study. In this study by Gao et al. the SE was terminated 

30 minutes earlier which may have led to a less severe initial damage. The strong 

impact of animal strains and age as well as differences in the SE duration and 

pilocarpine dose has been described before (Cavalheiro et al., 1987; Vanneste-

Goemaere et al., 1999; Klitgaard et al., 2002; Brandt et al., 2016). In all the 

presented studies, female Sprague-Dawley rats were used, as female rats are easier 

to handle, can be housed together and an impact of the estrus-cycle on susceptibility 

to pilocarpine has been ruled out (Brandt et al., 2016). Sprague-Dawley rats are an 

outbred strain and belong to the most popular rat strains for biomedical research 

(Brandt et al., 2016). 

Contrary to the mice, rats underwent individual PET scans requiring more time and 

resources. Nevertheless, due to the bigger size of the animals the target-brain region 

for the imaging analysis results in a lower variation within the data. Thus, the 

experimental groups in the rat studies were smaller than in the mice experiments. 

Furthermore, kinetic PET data acquisition was possible in rats, which was not the 

case for the mice, increasing the sensitivity of the measurements. This was one main 

reason, why we decided to work with the pilocarpine rat model also in the fourth long-

term study. 
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8.2.2 Treatment selection 

The treatment selection for this thesis based on intensive literature research as well 

as on data previously generated by our group. Selected drugs had to meet the 

following criteria, which are described for all investigated agents in chapter 2.5: 

(1) Already approved for clinical application in other diseases. 

(2) First evidence for anti-epileptogenic effect. 

(3) Known pharmacokinetics and proven ability to pass the BBB. 

(4) Well tolerated in rodents. 

(5) Neuroinflammation as main target (exception: phenobarbital - fourth study). 

Only curcumin did not meet the first point of this list to all extent, as the American 

Food and Drug Administration (FDA) declared curcumin to be ‘generally recognized 

as safe’ and therefore determined it as food additive (Gupta et al., 2013; Fadus et al., 

2017). This means that no pre-market review and FDA approval is necessary as 

curcumin is safe and tolerable. 

In the first three studies of this thesis, only treatments targeting neuroinflammation 

were investigated. Multiple studies have identified neuroinflammation to be crucial for 

epileptogenesis and to connect the prior described vicious circle of epileptogenesis 

due to various reasons (Vezzani and Granata, 2005; Gorter et al., 2015), which have 

been discussed in detail in chapter 2.3.2 and therefore will be only discussed briefly: 

Described by the term ‘neurogenic neuroinflammation’ which means the link between 

neuronal excitability and inflammation, pro-inflammatory mediators enhance neuronal 

excitability by manipulating signal transmission at synapsis (Vezzani and Baram, 

2007; Vezzani et al., 2013; Xanthos et al., 2014). Due to astrocyte activation 

glutamate levels are changed and further enhance seizure generation and microglia 

lead to further pro-inflammatory mediator expression and modulate the synaptic 

structure (Stevens et al., 2007; van Vliet et al., 2007; Estrada et al., 2012; Barker-

Haliski et al., 2015; Benson et al., 2015; Wyatt et al., 2017). In addition, the 

impairment of the BBB enhances the migration of peripheral immune cells into the 

brain and leads to albumin uptake into the brain inducing further alterations (van Vliet 

et al., 2007; van Vliet et al., 2014; Gorter et al., 2015). Thus, neuroinflammation 

offers multiple treatment targets and impacts many downstream processes and 

therefore is likely to influence the conversion from a healthy to a seizure susceptible 
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brain on various levels (Aronica et al., 2017; Ravizza et al., 2018). Preclinical as well 

as first clinical proof-of-principle studies targeting neuroinflammation support the 

decision to focus on anti-inflammatory treatments of this thesis (Maroso et al., 2011a; 

Gao et al., 2012; Scicchitano et al., 2015; Iori et al., 2017). For example statins, 

which do not only impact cholesterol levels, but also exhibit immunomodulatory 

features which increased seizure threshold in mice (Scicchitano et al., 2015) had a 

positive impact on early-onset seizures during the early phase post stroke in humans 

(Guo et al., 2015; Quintana-Pájaro et al., 2018). Furthermore, selective COX-2 

inhibitors like celecoxib or parecoxib which are known for their impact on multiple 

downstream pathway reduced activation of microglia and attenuated neuronal cell 

death as well as seizure development in preclinical studies (Kunz et al., 2001; Jung 

et al., 2006). 

Neuroinflammation initiates to protect and if necessary to retrieve healthy conditions 

(DiSabato et al., 2016). Therefore, suppression of neuroinflammation may also have 

deleterious effects (Devinsky et al., 2013). Some studies have shown a negative 

impact of anti-inflammatory treatments: Treatment with methylprednisolone, an anti-

inflammatory medication, within the first hours after TBI resulted in an increased risk 

of death (Edwards et al., 2005). In pilocarpine rats, dexamethasone treatment 

increased MRI investigated damage and mortality (Duffy et al., 2014). In line with 

this, in the fourth study we showed that an elongation of the treatment duration of the 

anti-inflammatory drug minocycline leads to less strong suppression of the 

inflammation marker TSPO than the shorter treatment schedule performed in the 

third study (see also chapter 7.5 and 8.3.) In addition, in the fourth presented study a 

trend towards a correlation between enhanced TSPO expression at two weeks after 

SE and increased chronic seizure frequency was shown. However, it also has been 

shown that a pro-inflammatory immune response conveys an increased susceptibility 

for seizure generation (Vezzani et al., 2011b; Vezzani et al., 2013). To conclude, 

both, neither complete suppression nor disregarding the positive impact of 

inflammation is beneficial. However, the advantageous amount of inflammation is 

difficult to be defined and varies among individuals, induced insult and time point 

(Pitkänen et al., 2016). Imaging modalities monitoring neuroinflammation in 

preclinical research as well as in clinical routine may assist in the selection and timing 

of the anti-inflammatory treatment (Pitkänen et al., 2016). 
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It has been hypothesized that multi-target approaches are more effective as they 

target various mechanisms as well as levels of epileptogenesis (Löscher, 2015). 

Nevertheless, first we wanted to show that TSPO PET detects treatment related 

changes and wanted to identify auspicious treatments, optimal imaging time points 

and analysis methods. The use of a combined treatment at this stage would have 

hindered identification of specific treatment effects. In addition, evaluation of single 

treatments enabled the selection of candidates for the combinatorial approaches. 

Thus, the results of the first studies, guided the study design of the fourth study. 

Here, we evaluated long term and potential synergistic effects of the anti-

inflammatory drug which had shown strongest effects within the preceding studies. 

In the presented studies, the start of the treatments differed between the models. In 

the mouse model we started the treatment six hours after SE induction while in rats 

anti-inflammatory treatment started one day after SE. For all investigated drugs 

certain anti-convulsive effects have been described (Mehla et al., 2010; Ezz et al., 

2011; Löscher et al., 2012; Beheshti Nasr et al., 2013; Klee et al., 2015; Pitsch et al., 

2019). Thus, an earlier start might have altered SE, impeding conclusions about real 

anti-epileptogenic effect (Bankstahl, M. et al., 2012; Löscher, 2016). The only 

treatment which started simultaneously with the SE termination was phenobarbital in 

the fourth study. Prior analyzed EEGs obtained during and after SE termination with 

either diazepam alone or diazepam and phenobarbital had revealed no significant 

attenuation of the SE due to phenobarbital treatment (unpublished data). Treatment 

in mice started earlier as in a study by Schidlitzki et al. (2017) in the same model a 

treatment starting six hours post SE induced disease-modifying effects, while 

treatments starting 16-18 hours after SE failed to prevent hippocampal damage. For 

the first three studies, we restricted the duration of the treatments to maximum eight 

days. It has been suggested that the latent period and therefore the window of 

opportunity to impact epileptogenesis may be shorter than previously thought 

(Löscher et al., 2015). This requires efficient therapies within the first hours after the 

initial insult. For the fourth study, we elongated the treatment protocols to 14 days 

because we transferred the exact treatment schedule from a study reporting anti-

epileptogenic efficiency of phenobarbital (Brandt et al., 2010). In parallel we extended 

the minocycline treatment hoping for even stronger beneficial effects. However, in the 

fourth study minocycline did not induce an attenuation of TSPO expression which 
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may partly be due to this treatment elongation. In the third study, rats were treated for 

eight days inducing slight reduction of TSPO expression at seven days and to a 

stronger extent two weeks after SE. It seems that the elongated anti-inflammatory 

treatment lead to more inflammation at the later imaging time point which 

emphasizes the weak balance of beneficial and disadvantageous impact of anti-

inflammatory treatments. 

Dosage of the treatments were selected based on studies reporting anti-inflammatory 

effects and good tolerability in rodents as well as previous investigations from our 

group (Brandt et al., 2010; Gao et al., 2012; Jiang et al., 2015; Wang et al., 2015; 

Pitsch et al., 2019; Welzel et al., 2019). In the second treatment protocol of 

minocycline in mice we deviated from this principle and doubled the prior published 

dose and elongated the treatment duration due to missing treatment effects in the 

lower dose. This resulted in diarrhea and behavioral alterations in the animals. Due to 

the observed side effects, this study was stopped. For dose selection, beside 

tolerability and published efficiency, we also considered the prior stated theory that a 

certain amount of neuroinflammation may be beneficial (Devinsky et al., 2013).  

 

8.2.3 Imaging modalities 

Molecular imaging offers the opportunity to obtain information about biologic 

processes investigated in the same animal at different time points. The use of the 

same tracers and very similar scan protocols allows fast translation from ‘bench to 

bedside’ and accounts for the success of nuclear medicine. 

 

8.2.3.1 [18F]GE180 PET 

For the first three studies, the fluorine18 labeled tracer GE180 which is also termed 

flutriciclamide was used to evaluate neuroinflammation. It belongs to the third 

generation of TSPO tracers and offers an improved signal-to-noise ratio compared to 

previous TSPO tracers (Fan et al., 2016). TSPO PET in preclinical as well as clinical 

trial studies has helped to understand various neurodegenerative diseases like 

Parkinson’s disease, Huntington’s disease, dementia, amyotrophic lateral sclerosis, 

MS, and also psychiatric disorders and epilepsy (Dupont et al., 2017; Tronel et al., 

2017; Ghadery et al., 2019). However, TSPO tracers are still on their way to become 
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part of clinical routine which may be partly due to the fact that prior generations of 

TSPO tracers had one major drawback. They were sensitive to a polymorphism on 

the TSPO gene causing a different affinity of the tracer leading to varying image 

quality in humans but not in rodents (Dupont et al., 2017). Since the third generation 

of TSPO tracers ruled out this problem, TSPO PET may become part of the clinical 

routine soon (Ghadery et al., 2019). 

TSPO is positioned on the outer mitochondrial membrane and is involved in 

cholesterol import. It is mainly present in microglia and shows low expression in 

healthy brains (Rupprecht et al., 2010). After activation of microglia during an 

inflammatory process, expression levels get elevated, leading to higher TSPO tracer 

signal when PET imaging is performed (Liu et al., 2014). TSPO is also expressed by 

astrocytes, endothelial cells and macrophages, but to a lesser extent (Amhaoul et al., 

2014; Pitsch et al., 2019). Therefore, the exact source of the [18F]GE180 signal 

cannot be defined by the in vivo methods used in this thesis. However, our in vivo 

data correlated with our in vitro autoradiography results which have been shown to 

correlate with microglia expression which was evaluated via immunohistochemistry in 

another studies of our group (Brackhan et al., 2016). In addition, an imaging study by 

Nguyen et al. (2018) in the same mouse model used here identified activated 

microglia to account for TSPO expression seven days post SE while six month later 

TSPO was mainly expressed in astrocytes. TSPO does not distinguish between the 

M1 polarized pro-inflammatory microglia phenotype or the M2 polarized 

neuroprotective microglia phenotype (Tang et al., 2016; Beckers et al., 2018) 

whereas a tendency towards the pro-inflammatory state has been shown in some 

studies (Bonsack et al., 2016; Owen et al., 2017; Janssen et al., 2018). Nevertheless, 

as we aimed to investigate the impact of treatments on the general inflammatory 

response, a further characterization of the signal source was not required.  

For the studies in this thesis, the time points for [18F]GE180 PET scans were defined 

to line up with the peak of TSPO expression which we obtained from former studies 

from our own group (Brackhan et al., 2016; Brackhan et al., 2018). In the mouse 

model, the peak was identified at seven days after SE induction whereas a less 

strong elevation was also present at two weeks post SE in the study by Brackhan et 

al. (2018). Contrary, in the studies shown here, TSPO expression in vehicle treated 

mice which had been subjected to SE induction before did not decline between one 
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and two weeks. This may be due to the different anesthesia used for kainate 

microinjection by stereotactic surgery. In the study by Brackhan et al. (2018), mice 

underwent isoflurane anesthesia, while in the studies presented here chloral hydrate 

was used. Recently, it was shown that isoflurane is able to impact epileptogenesis 

(Bar-Klein et al., 2016). Thus, isoflurane anesthesia in the study by Brackhan et al. 

(2018) may have attenuated the initial SE compared to the studies presented here. In 

the rat model, the time course of TSPO expression was similar to prior published 

results (Brackhan et al., 2016). In the initial study in the pilocarpine rat model by 

Brackhan et al. (2016), TSPO expression was investigated by [11C]PK11195, a first 

generation TSPO tracer. Nevertheless, increases in TSPO expression in vehicle 

treated rats of the here presented data were comparable to prior published findings in 

the same model. Due to technical limitations we did not conduct the early imaging 

time point in the curcumin study. The same was true for the second imaging time 

point in the study investigating FTY720 in rats. However, for the rats in vitro 

autoradiography was performed and lined up with the prior observed findings in the 

FTY720 treated rats. 

 

8.2.3.2 [18F]GE180 autoradiography 

As tracer distribution depends on multiple factors like BBB impairment or cerebral as 

well as peripheral blood flow, it is very important to validate quantitatively analyzed 

PET data by an additional method (Lammertsma, 2017). This means in regard to 

preclinical PET imaging that the tracer characteristics should be validated for every 

animal model separately as BBB impairment or disease related effects can have 

major impact on the tracer distribution in the tissue (Lever et al., 2017). For the 

presented data this was performed via in vitro autoradiography which, in contrast to 

in vivo PET has a higher spatial resolution, lower background uptake and is not 

susceptible to perfusion differences which may occur especially in brain areas of 

epileptiform activity (Nelissen et al., 2006).  

To validate our findings of the in vivo PET scans we conducted in vitro 

autoradiography with [18F]GE180 in the first three studies and referred to these 

findings in the fourth one. [18F]FDG validation via autoradiography was not possible, 
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as tracer kinetics only allow ex vivo autoradiography which was not possible due to 

the study design. 

To perform [18F]GE180 autoradiography animals were euthanized after the last scan 

and the brains were prepared for further evaluation. One additional day after the last 

scan was added to reduce the radiation exposure of the investigator. A correlation of 

in vivo and in vitro methods was found for treated as well as untreated rats and mice 

for the second imaging time point. Due to the experimental design, we were not able 

to correlate in vitro and in vivo results of the same individuals at one week after SE 

induction. For the rats, correlations between in vivo and in vitro data for the early 

imaging time point have been shown before by our group (unpublished data) and 

therefore were not reevaluated. However, due to the prior mentioned change of the 

anesthesia protocol during the intrahippocampal kainate injection between the 

studies by Brackhan et al. (2018) and the ones presented here we reevaluated the 

model. Additional mice were subjected to sham surgery or SE induction, but did not 

receive any additional treatment. Afterwards we performed in vitro evaluation parallel 

to the early imaging time point. Results from both methods also correlated one week 

after SE induction, validating the model set-up.  

 

8.2.3.3 Kinetic analysis of [18F]GE180 PET 

Uptake analysis is the most common way to quantify PET data (Young et al., 1999) 

and represents the absolute accumulated tracer in a specific time frame and is the 

consequence of multiple succeeding processes (Kinahan and Fletcher, 2010). 

However, kinetic analysis provides further information as calculated rate constants 

represent the interactions between compartments including the transport and the 

chemical transformation (Takesh, 2012). Nevertheless, this does not implicate that 

kinetic analysis is always advantageous to uptake analysis. Both methods 

complement each other by conveying different kinds of information. 

As kinetic models aim to describe the transport and the behavior of a specific tracer 

in the target tissue in a mathematical context, for each tracer the appropriate kinetic 

model needs to be selected and validated (see chapter 2.4.2) (Kuntner et al., 2014). 

To select an appropriate kinetic model, detailed knowledge about the 

pharmacokinetics of the tracer is required. [18F]GE180 distributes freely in the blood, 
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passes the BBB and is not trapped in cells (Feeney et al., 2016). Therefore, kinetic 

models accounting for reversible uptake should be used when analyzing TSPO 

tracers (Gunn et al., 2001). In the presented studies we worked with the two tissue 

compartment model which has been suggested for TSPO tracer analysis before 

(Fujita et al., 2008) to calculate VT. Due to technical limitations, pixel-wise modeling 

(please see chapter 2.4.2 for explanations) was not possible using the two tissue 

compartment model. This is why we performed additional atlas-based and pixel-wise 

kinetic modelling, using the graphical based model Logan Plot (Logan et al., 1990). 

Subsequent, comparison of results of both modeling approaches revealed 

comparable results which lines up with a recently published study (MacAskill et al., 

2019).  

As explained in detail in chapter 2.4.2, kinetic PET data also enable the calculation of 

the BPND whereas a reference region is required for that. This would be a region 

within the brain where no specific binding of the radiotracer occurs (Lammertsma et 

al., 1996). This is not true for TSPO, as it is also expressed in healthy brain tissues. 

However, some studies still report reliable results in healthy animals when analyzing 

TSPO tracers by reference tissue models (Kropholler et al., 2006). Nevertheless, 

commonly used reference regions in rodents like the brain stem or the cerebellum did 

also show increased TSPO expression in post-SE animals ruling out the application 

of the model (Brackhan et al., 2016; Brackhan et al., 2018). In addition, it has been 

recommended that reference tissue models should not be used in diseases with BBB 

impairment (Folkersma et al., 2009) which is true for both investigated models 

(Breuer et al., 2016; Bankstahl et al., 2018; Yan et al., 2018). 

So far, the application of kinetic modeling in preclinical PET studies in rodents is 

carried out rarely but gained importance in the recent years (Kuntner et al., 2014; 

Vaquero and Kinahan, 2015). Beside dynamically acquired datasets, kinetic data 

analysis requires information of an arterial plasma TAC which is normally acquired by 

multiple blood-sampling during the PET scan. This is very difficult in rats and nearly 

impossible in mice and especially not possible in longitudinal study set-up which were 

conducted here. Therefore, alternatives like IDIF have been established (Thackeray 

et al., 2015) and were used in the here presented studies (see also chapter 2.4.2). 

But even this approach was not possible for the mice subjected to [18F]GE180 PET 

scans. The main reason for this, is the small size of these animals in combination 
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with TSPO characteristics. During several pilot studies we failed to extract an IDIF as 

the blood vessels were very small so that spill in from outside affects the blood curve. 

Nevertheless, the decision not to perform kinetic data analysis also had some 

advantages. For acquisition of the static imaging data, only a scan time of 20 minutes 

starting 40 minutes after tracer injection was necessary. Still, the ability to perform 

kinetic analysis was one of the decisive factors to conduct the longitudinal study in 

rats. 

 

8.2.3.4 Comparing static and kinetic analysis of [18F]GE180 PET 

The results of the studies presented here, proof that evaluation of kinetic data of 

[18F]GE180 in rats can increase the sensitivity of the method compared to static 

uptake analysis. We were the first group to show this on this context. As all these 

results correlated with the in vitro autoradiography, their reliability was ensured. 

However, also [18F]GE180 uptake analysis detected decreased TSPO expression in 

curcumin as well as in FTY720 treated mice while no reduction of TSPO uptake was 

observed in mice treated with minocycline. Nevertheless, this shows that uptake 

analysis is a sufficient tool to detect treatment related effects in mice which was one 

aim of the study. However, it may be possible that kinetic analysis in mice would 

have revealed further findings. 

This was the case in the third study, which showed that minocycline treatment related 

differences in rats were stronger and were detected earlier when analysis of kinetic 

PET data was performed. This means that kinetic data showed higher sensitivity to 

TSPO binding reduction than static uptake analysis, as the findings were confirmed 

by in vitro autoradiography which rules out that this observation was driven by other 

processes like reduced blood flow caused by minocycline. In FTY720 treated rats 

neither uptake nor kinetic data analysis detected a treatment related difference. 

For the fourth study we did not perform additional in vitro autoradiography in parallel 

to the imaging time points due to the longitudinal design of the study and due to the 

prior conducted in vitro validation of the uptake as well as of the kinetic analysis. In 

hindsight, in vitro autoradiography results would have helped us to interpret the 

results in phenobarbital treated rats. In phenobarbital treated rats, a strong decrease 

in kinetic as well as static analyzed [18F]GE180 PET data compared to vehicle 



Discussion 

 

162 
 

treated rats was observed, whereas the observed differences were stronger in static 

analysis. Beside a strong decrease of neuroinflammation, this could also be due to a 

reduction of the cerebral blood flow which has been reported for phenobarbital 

(Burgess et al., 2001). Phenobarbital was administered at least two hours prior the 

scan and therefore we cannot rule out that less tracer was delivered to the brain 

which would have led to decreased uptake values (Baughman et al., 1986). 

However, the lowest dose which was investigated and confirmed to decrease the 

cerebral blood flow in rats by Baughman et al. (1986) was 50 mg/kg while in our 

study just 15 mg/kg were administered. Furthermore, Baughman et al. did not 

observe changes of the arterial blood flow induced by phenobarbital even when a 

dose of 150 mg/kg was investigated. Therefore, it is unlikely that that phenobarbital 

had a strong effect on brain perfusion in our investigated rats. 

Furthermore, the performed kinetic modeling accounted for blood flow changes in the 

periphery due to the IDIFs which were obtained for the carotid arteries. Also kinetic 

analysis revealed a decreased VT of phenobarbital whereas VT was less reduced 

than uptake which would line up with studies in other species suggesting that 

phenobarbital does also affect systemic blood flow (Goddard et al., 1969; Goddard-

Finegold et al., 1990). Another point to consider in the analysis of [18F]GE180 uptake 

in the fourth study, was that rats treated with phenobarbital had significantly higher 

body-weights at the day of the scan. Due to a higher distribution volume in bigger 

animals less tracer reaches the brain which influences uptake data which are 

represented as percent injected dose per gram. However, also weight corrected 

uptake data showed significantly decreased values in phenobarbital animals, 

whereas the difference to vehicle animals was lower. In summary, the decreased 

inflammation detected in phenobarbital treated rats was also present when data were 

corrected for peripheral blood flow and weight. This diminishes the possibility that 

decreased PET values were not driven by deceased TSPO expression. In addition, it 

has been suggested that the inhibition of glutamate receptors by phenobarbital can 

be associated to neuroprotective activity (Rogawski et al., 2004) which would explain 

the decreased TSPO expression. Discrepancies between changes induced by 

minocycline in the third and fourth study which may partly be due to the duration of 

the PET scan, will be discussed in chapter 8.3 . 
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8.2.3.5 [18F] FDG PET 

The second PET tracer used in the fourth study of in this thesis was [18F]FDG which 

is the most common tracer in nuclear medicine and therefore has the highest 

translationality (Cendes et al., 2016). The investigated time point, six weeks after SE 

induction, was selected to image treatment impact on chronic hypometabolism which 

can be observed in the pilocarpine rat model (Bascuñana et al., 2018). The reason 

for the decreased metabolism remains unknown but atrophy of brain tissue, reduced 

cerebral blood flow and changed expression of glucose transporters have been 

suggested to account for it (Dedeurwaerdere et al., 2012; Marchi et al., 2012; Zhang 

et al., 2015). It has been shown, that the detection of brain glucose metabolism by 

[18F]FDG can be impacted by insulin pre-conditioning and the anesthesia protocol 

used for immobilizing the animals during the PET scan (Matsumura et al., 2003; 

Bascuñana et al., 2019). However, recent studies of our own group showed that 

during chronic epilepsy, hypometabolism besides other anesthesia protocols can be 

detected in non-pre-conditioned conscious rats followed by a static scan 

(unpublished data). Based on this, we planned the scan set-up of the fourth study. 

The tracer injection was followed by an awake uptake phase, which ruled out kinetic 

analysis of the data which may have masked some treatment effects. 

 

8.2.3.6 Further PET analysis 

In all studies, PET data were analyzed in two different ways: with an atlas-based 

approach and statistical parametric mapping (SPM) analysis. The atlas based 

approach provides information about averaged uptake of anatomically defined brain 

areas. This enables conclusions about ongoing processes in predefined regions 

known to be epilepsy related like the hippocampus or the amygdala 

(Dedeurwaerdere et al., 2012). Contrary to that, SPM depicts voxels which are 

significantly different on the group level. To account for random differences, a 

minimum cluster size of voxel to be depicted in the SPM maps was defined. The 

cluster size was 50 for the mice and 100 for the rats due to differences in whole brain 

size. SPM analysis allows locating differences independently of previous information 

about regions involved or in sub-regions that may be ignored or masked with a 
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regional analysis. The characteristics of both methods were also visible at some 

points of this thesis: 

In the minocycline study, the atlas-approach did not reveal a significant treatment 

related effect at seven days post-SE in the rats treated with 50 mg/kg minocycline, 

while the SPM analysis showed a decrease of TSPO expression in voxel clusters in 

the hippocampus. Missing these changes in the atlas-based approach may be due to 

a dilution effect, caused by the pre-defined volume of the area in the atlas. 

Similar to that, the atlas-based [18F]FDG analysis in the last study did not reveal 

treatment related differences, while SPM analysis identified widespread increased 

tracer uptake in animals treated with phenobarbital or the drug combination 

compared to vehicle treated rats. Besides prior discussed reason, in this context also 

morphological changes like ventricle enlargement and hippocampal atrophy in rat 

brains six weeks after SE induction via pilocarpine injection need to be considered 

and may explain discrepancy between SPM and atlas-based approaches to some 

extend (Cook, 2000; Zhang et al., 2015). Taken together, SPM analysis and atlas-

based approach complement each other to a reasonable research tool. 

Differences in atlas-based and voxel-based analysis were also relevant for kinetic 

analysis of PET data. As mentioned before, kinetic analysis of [18F]GE180 was 

performed in different ways. First an atlas-based approach was used: the kinetic 

model was applied to averaged time activity curves of prior defined VOIs, resulting in 

specific values of each brain region. Secondly, pixel-wise-modelling was performed: 

The kinetic model was applied to each specific voxel resulting in a new 3D map 

which displayed the modelled parameter. Subsequent, a VOI atlas was applied to 

these images, again resulting in averaged values for specific brain regions. 

Furthermore, generated maps were used to perform SPM analyses. Also in this 

approach, SPM detected treatment related changes one week after SE in 

minocycline treated rats in the third study while this was not the case for the atlas-

based approach due to prior mentioned dilution effects. 

Another factor which may impact quantitative analysis of PET data is the partial 

volume effect (PVE). PVE describes the loss of apparent activity in small objects or 

regions and is certainly present in PET data as the spatial resolution of PET cameras 

is in the range of the size of analyzed structures (Lehnert et al., 2012). Due to PVE, 

the intensity of a particular voxel underestimates the tracer concentration of the 
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tissue. In addition, radioactivity signal from outside a small VOI may significantly 

contaminate the signal within this VOI (Lehnert et al., 2012). Together this can lead to 

either overestimation or underestimation of tracer uptake due to small VOI effects. In 

areas next to regions with very high or very low uptake, impact of PVE becomes 

more obvious (Yang et al., 2017). In the mouse model used in this study, the 

intrahippocampal kainic acid injection caused a severe damage, followed by a strong 

increase of TSPO expression. It is likely that PET analysis results, especially in this 

context, were to some extent affected by PVE. Therefore, we tried to correct for these 

in the mice by a method based on anatomical information which has been suggested 

for brain studies (Soret et al., 2007). This method as well as others partial volume 

correction algorithms based on a geometric transfer matrix (GTM) method which has 

been described by Rousset et al. (1998). As basis for VOIs we used the same atlas-

template which had been used for image analysis before, so that PVE would be 

corrected depending on anatomical regions. The GTM was applied to PET images, 

followed by region-based analysis. This approach resulted only in minor differences 

compared to the standard non-PVE-corrected atlas-based approach. Further 

improving this approach for the kainate mouse model was not possible as using 

individual segmentation instead of predefined VOIs did not provide reliable results. 

Another factor which can impact quantification of PET data is the metabolization of 

the tracer. Therefore, data might be corrected for tracer metabolites (Ichise et al., 

2016). This was not done in the presented studies, because this would require blood 

sampling during the scan which was not possible due to the longitudinal study 

design. However, a recent study in rats showed that 60 minutes after tracer injection 

94 % of the original [18F]GE180 can be detected in the brain, which questions the 

need for metabolite correction in [18F]GE180 rodent studies (Boutin et al., 2015). 

In regard to use PET tracer as biomarkers for epilepsy prediction, some recent 

studies work with data-driven VOI clusters rather than anatomical based VOIs. For 

example, in a model of self-sustained SE via electrical stimulation of the basolateral 

nucleus of the amygdala (Russmann et al., 2017), [18F]GE180 uptake in the 

amygdala and in a predictive cluster VOI correlated with long-term seizure 

development. In addition, a data-driven multivariate data modelling approach of 

TSPO tracer uptake predicted the frequency of seizures in rats subjected to SE by 

kainate injection, while regional PET imaging did not correlate with seizure frequency 
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(Bertoglio et al., 2017). While data-driven voxel cluster analysis is a sufficient tool to 

calculate predictive values for epilepsy development, its usability for treatment 

evaluation remains elusive. Furthermore, the data-driven VOI needs to be 

prospectively validated in independent data sets to prove its suitability for translatable 

disease prognosis. 

 

8.2.3.7 MRI 

Besides some exceptions, MRI scans are part of the diagnosis procedure in all 

epilepsy patients as well as in many brain trauma patients (Pitkänen et al., 2016). 

Therefore, MRI imaging has a high translationality. In the fourth study of this thesis 

MRI detected changes induced by phenobarbital treatment and certain correlations 

between learning abilities and seizure frequency were observed which to this extent 

has not been shown before for the pilocarpine rat model. 

Within this thesis contrast enhanced T1-weighted MRI visualizing BBB integrity as 

well as T2-weighted MRI depicting anatomical alterations like edema formation was 

conducted (Blitstein et al., 2007; Yoo et al., 2013; Heye et al., 2014). The selection of 

the time point at two days after SE induction and the method was based on prior 

published studies from our group (Breuer et al., 2016; Bankstahl et al., 2018). In the 

pilocarpine rat model the BBB impairment peaked during the first two days after SE 

induction and affected epileptogenesis associated brain regions and was 

accompanied by cerebral edema. Observed MRI signal changes declined back to 

baseline level already four days post SE in epilepsy associated brain areas. Just the 

contrast enhanced T1-signal was still elevated in the pirifrom cortex at ten days after 

SE induction via pilocarpine compared to baseline (Bankstahl et al., 2018). 

Only in the study looking on treatment effects of FTY720, rats were subjected to an 

intravenous infusion with the contrast agent Gadobutrol over 20 minutes 

accompanied by a T1-weighted MRI scan (van Vliet et al., 2014). This method was 

identified to be the most favorable modality to image BBB leakage in this animal 

model (Breuer et al., 2016). FTY720 failed to induce a change in the signal intensity 

in comparison to vehicle treated animals at two days after SE induction although 

FTY720 has been shown to affect the BBB stability in other studies (Choi et al., 2011; 

Cannon et al., 2012). The main target receptor of FTY720, the S1P1, is expressed on 
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endothelial cells of the BBB as well as on connected astrocytes. In in vitro studies, 

FTY720 increased tight junction expression (Nishihara et al., 2015) and a recent 

human MRI study in multiple sclerosis patients (Annunziata et al., 2018) showed that 

FTY720 treatment induced a decrease in circulating BBB adhesion proteins which 

correlated with slowed down disease progression. In addition, the usability to detect 

treatment related changes via MRI has been shown before (van Vliet et al., 2016). 

MRI detected an isoflurane related decrease of T2-values two days after SE 

induction in a rat paraoxon-induced SE model, whereas this was not the case for the 

intrahippocampal kainate rat model (Bar-Klein et al., 2016). In the pilocarpine rat 

model, dexamethasone treatment even induced an increase of T2-vales two days 

after SE induction (Duffy et al., 2014). However, the fact that FTY720 treatment did 

not attenuate the BBB leakage in this model goes in line with our own findings in the 

PET scan and the behavior tests where no FTY720 induced changes were seen as 

well.  

In the fourth study, rats were only subjected to T2-weighted image acquisition. 

Beside decreased brain edema in phenobarbital treated rats, a correlation between 

T2-values and increased [18F]GE180 uptake was seen supporting prior findings of a 

link between brain edema and neuroinflammation (Gorter et al., 2015). The 

correlation of the MRI results of the fourth study with the behavioral test results as 

well as the developed seizure frequency will be discussed in the chapter 8.2.4 

and 8.4.. 

 

8.2.4 Behavior test 

In the second as well as to a stronger extent in the fourth study additional behavioral 

tests were conducted to investigate whether the investigated treatments also impact 

the development of comorbidities. While the SCT and the OF test did not reveal any 

treatment impact, the pick-up test, one sub-test of HE-test, detected increased 

excitability in phenobarbital treated rats. The same animals also showed better 

learning abilities in the MWM, which has not been shown in any other study before, 

whereas no differences were detected in the spatial probe trial. 

A study looking on intrastrain differences in rats in the pilocarpine model using the 

same HE-test three to four month after SE induction, reported averaged scores which 
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were in a similar range to the ones observed in our studies (Brandt et al., 2016). 

Comparing averaged scores of the pick-up test within the fourth study between three, 

five and twenty weeks after SE, an elevation of the scores towards the later time 

point in vehicle treated animals was observed. This may be due to the intensive 

handling of the animals during the treatment phase and the progression of the 

disease. Contrary, both groups receiving phenobarbital showed high scores at all 

time points which may point towards withdrawal symptoms caused by the end of the 

phenobarbital treatment. In phenobarbital treated rats this even reached significance 

levels. A study by Gay et al. (1983) investigated withdrawal symptoms after 35 days 

of phenobarbital treatment and subsequent termination in rats and observed CNS 

related hyperexcitability till 12 days after treatment. In our study, minocycline treated 

rats did show lower values in the first pick-up test which may be explained by the fact 

that they were weaker than the other rats due to the prior observed diarrhea. This 

would also explain why scores for rats treated with the combination were not as high 

as the scores for the phenobarbital treated rats.  

In our study, rats subjected to SE by pilocarpine injection and subsequent vehicle 

treatment did not show any learning in the MWM. This lines up with a prior published 

study also in the pilocarpine rat model (Polascheck et al., 2010) which did not 

observe any learning in the MWM in their chronic epileptic rats of the same model 

subjected to saline injection to serve as control group in that study. However, in our 

fourth study also rats treated with minocycline or the treatment combination did not 

show any learning in the MWM. In another study published by Russmann et al. 

(2016) rats treated with minocycline, after they had been subjected to SE via 

electrical stimulation, showed less enhanced mobility in the OF as well as improved 

performance in the MWM compared to control animals. However, SE induced via 

electrical stimulation as it was done by Russmann et al. (2016) is known to cause 

less severe brain damage than SE induction via pilocarpine and therefore may 

explain the difference to our study (Löscher et al., 2010). 

In our study, rats treated with phenobarbital performed significantly better in the 

MWM compared to rats treated with vehicle, minocycline alone or the treatment 

combination. Contrary, a study in 35 days old rats subjected to SE induction via 

systemic kainic acid injection followed by 40 days of phenobarbital treatment 

(Bolanos et al., 1998) did not report differences between phenobarbital and vehicle 
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treated rats in the MWM. However, in that study vehicle as well as phenobarbital 

treated rats subjected to SE induction via kainic acid showed learning abilities. This 

means that in the study by Bolanos et al. (1998) the SE did not lead to the inability to 

learn the task, which was the case for the rats treated with vehicle solution in our 

study. Referring to this and considering the fact that the prior citied study by Brandt et 

al. (2010) did not investigate the impact of phenobarbital on the performance in the 

MWM, our observation that early phenobarbital treatment attenuates chronic learning 

impairment in the pilocarpine rat model has not been reported before. 

In regard to this, we evaluated correlations between measured T2-values in the MRI, 

independent from the prior applied pharmacological treatment, to developed 

behavioral alterations. In our study, low T2-values in MRI two days after SE induction 

correlated with a better performance in the MWM. A similar correlation between T2-

MRI vales and behavior alteration was seen in a in a febrile seizure model (Barry et 

al., 2015). Rats with lower T2-values subsequent to SE were more likely to learn an 

active avoidance task than rats with high initial T2-values. Barry and colleagues 

suggested that the decreased T2-values were caused by increased 

deoxyhemoglobin and therefore reflect increased metabolic oxygen extraction which 

may lead to cell survival and therefore may explain the better learning abilities in the 

chronic phase (Choy et al., 2014b). 

In the here presented fourth study, no correlations of [18F]GE180 or [18F]FDG PET 

imaging results, independent from the prior applied pharmacological treatment, to 

behavioral test results were seen. This was contrary to a study in the pilocarpine rat 

model (Zanirati et al., 2018) which detect a correlation between whole brain 

[18F]FDG uptake seven weeks after SE to sugar preference in the SCT. However 

they did not observe a correlation between [18F]FDG uptake with other behavioral 

test evaluating depressive-like behavior. In the study by Zanirati et al. (2018) the 

protocol of the SCT was performed in a different way than in our study, as it included 

a 22 hours lasting period of food and water deprivation which was not the case in our 

experimental protocol. It may be possible that this resulted in bigger variation of the 

test results in the study by Zanorati et al. (2018), as it has been shown that the 

severity of developed depressive-related behavior varies between rats in the 

pilocarpine model (Bankstahl, M. et al., 2012). Maybe due to the bigger variation a 

correlation to the [18F]FDG signal was possible. However, we aimed to investigate 
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treatment related effects with our conducted protocol of the SCT which was possible 

in other studies using the same set-up in mice (Klein et al., 2015a). 

 

8.2.5 Seizure evaluation 

All mice which received intrahippocampal kainate injection developed a SE. They 

circled, hold their heads tilted and showed rhythmic movements of the paws. The 

reported latency phase in this model lasts up to two weeks and generalized tonic-

clonic seizures are rare (Twele et al., 2014), which explains why we did not observe 

many seizures prior the study end at fifteen days after SE induction. 

SE was not induced in all rats, which is not an unusual finding in the model (Brandt et 

al., 2015; Brandt et al., 2016). Similar to the mouse model, the latency phase lasts 

two weeks which explains why we did not see convulsive seizures in all rats of the 

studies lasting fifteen days (Brandt et al., 2016). In the fourth study, all rats did 

develop SRS, whereas on average 56.55 generalized seizures were observed during 

the whole observation time. However, one rat only showed 2 generalized seizures 

while another experienced 276. The high variation of seizure frequency and 

occurrence of seizure clusters has been reported for this animal model (Bankstahl, 

M. et al., 2012) but the variation may mask treatment related effects on seizure 

development. However, various studies have identified treatment related reduced 

seizure frequency, severity or duration in the pilocarpine rat model, supporting our 

decision to work with this model (Brandt et al., 2010; Gao et al., 2012; Wang et al., 

2015). Brandt et al. (2010) detected an impact of early phenobarbital treatment on 

EEG evaluation at eight weeks after SE and Wang et al. (2015) reported minocycline 

related impact at six weeks after SE. Therefore, it may be possible that a treatment 

impact was missed due to a too late start of the EEG evaluation. Due to image 

acquisition and subsequent surgery, earlier EEG evaluation was not possible in our 

study. 

 

8.2.6 Histology 

In the first three studies, immunohistochemistry investigating neurodegeneration and 

astrocyte activation was performed. For the analysis, semi quantitative scoring 

procedures were performed. In addition, hippocampal hilus neurons were counted in 
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rat brain slices (Polascheck et al., 2010; Langer et al., 2011; Brackhan et al., 2016). 

No neuronal counting was performed for the mice because the dispersion of the 

dentate gyrus was too severe and no reliable differentiation between hilus neurons 

and the granule cell layer was possible in the kainate injected animals. 

Looking on the results of the histologic assessment of neurodegeneration, only minor 

treatment related effects were observed. For the mice this goes in line with results in 

a study (Welzel et al., 2019) investigating tolerability of treatment combinations in the 

same model. Seven potentially anti-epileptogenic drug-combinations failed to 

attenuate neuronal degeneration (Welzel et al., 2019). This may be a consequence 

of the severe initial injury. In mice subjected to kainic acid injections into the cortex, 

neuronal damage was already observed four hours subsequent to the injection 

(Bedner et al., 2015). Therefore, the start of the treatment six hours post SE may 

have been too late, but, as already mentioned, cannot be preponed as a modification 

of the SE could not be ruled out (Löscher et al., 2010). It is important to note that the 

lack of detected neuroprotection does not exclude that treatments exert anti-

epileptogenic or disease-modifying effects. A definition of ‘anti-epileptogenesis’ does 

not include neuroprotection as a criterion, as the loss of neurons is thought to 

account more for comorbidities as for development of SRS (Pitkänen et al., 2014a). 

This was identified in rats treated with an NMDA receptor antagonist which did not 

show hippocampal damage but still developed SRS (Brandt et al., 2003). In addition, 

a histochemical study in the pilocarpine model revealed that neuronal cell loss and 

microglial activation correlated only partially with seizure frequency in epileptic rats 

(Papageorgiou et al., 2015). 

GFAP can be seen as a reliable marker of astroglial activation although it has been 

shown that not all astrocytes express GFAP. But, this is mainly the case in healthy 

brain tissue while during an inflammatory response nearly all astrocytes can be 

detected via GFAP (Sofroniew and Vinters, 2010). 

We did not perform additional microglia staining to validate findings of the TSPO PET 

scan. However, we did perform autoradiography to validate the in vivo results by an 

in vitro method. The correlation of in vivo TSPO signal with histologically evaluated 

microglial activation has been shown multiple times (Amhaoul et al., 2015; Brackhan 

et al., 2016; Dupont et al., 2017; Pitsch et al., 2019). A longitudinal PET study in the 

intrahippocampal kainate mouse model identified microglia to be the main source of 
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the TSPO signal at 7 days post SE (Nguyen et al., 2018). Moreover, the aim of the 

study was to implement an in vivo technique with the ability to detect treatment 

effects on neuroinflammation independently of the cell population involved. 

Therefore, the cells responsible of the changes in TSPO signal were not the main 

objective of this work.  

 

8.3 Comparison of the studies 

We showed that molecular imaging methods can detect effects induced by 

treatments during epileptogenesis which indicats that imaging technics can identify 

treatments which are likely to attenuate epilepsy development. Thanks to the 

comparable design of the different studies we were able to identify critical points 

which need to be considered planning an imaging-based treatment screening study, 

for example the imaging method or the treatment duration or dose. An conclusion 

only possible because we conducted several studies with a similar set-up, was the 

identification that two weeks post SE is the favorable time point for [18F]GE180 

imaging in the two investigated post-SE models. We do not question that two 

[18F]GE180 PET scans during the prior identified phase of high TSPO expression 

(Brackhan et al., 2016; Brackhan et al., 2018) provide more information. 

Nevertheless, as we initiate to evaluate further PET tracer for a similar approach and 

imaging time is limited; the identification of a preferred scan time point may be 

valuable for the future. 

Interestingly, in the studies evaluating two different imaging time points, treatment 

related effects were primarily seen two weeks after SE and not at one week after SE 

induction, although both time points line up with the peak of TSPO expression which 

had been identified in prior published studies (Brackhan et al., 2016; Brackhan et al., 

2018). Only in rats treated with a high dose of minocycline, SPM analysis of VT 

detected minor changes already at one week after the insult. The observation that 

the results between time points varied could either be explained by methodical 

limitations or by a failure of the treatments to attenuate the inflammation at the early 

time point: 

The first explanation why changes of the anti-inflammatory treatments were more 

present at the later imaging time point may be that treatment related effects at the 
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first imaging time point were below the sensitivity range of the PET camera. 

However, this is in regard to the published treatment effects (Gao et al., 2012; Wang 

et al., 2015; Pitsch et al., 2019) and the sensitivity of the used PET system (Visser et 

al., 2009) unlikely. 

Therefore a failure of the treatments to attenuate the immune response at the early 

time point should be considered. However, for FTY720 (Gao et al., 2012) as well as 

for minocycline (Wang et al., 2015) similar studies in the pilocarpine model detected 

a decrease of microglia investigated by immunohistochemistry 3 or 4 days after SE. 

Therefore, it may be possible that just the total amount of TSPO expressing cells was 

not altered by the treatment. TSPO is not only expressed on microglia but also on 

invading macrophages, endothelial cells and astrocytes (Dupont et al., 2017; Pitsch 

et al., 2019). Therefore, a treatment related shift of involved cell types would not have 

induced a change in the overall TSPO expression. 

This would also line up with an assumption that the contribution of mechanisms 

during epileptogenesis is changing over time (Pitkänen et al., 2011). Therefore, the 

addressability of the immune response may change over time as well. The fact that 

the treatments were no longer applied at the second imaging time point is not an 

argument against this theory. A treatment impact exceeding the application period 

would even be requested (Löscher, 2012). The idea that involved processes 

accounting for the TSPO signal differ between the early and late imaging time point is 

further supported by our own findings in the mice: 

The TSPO level in control mice subjected to SE do not differ between both time 

points, while the TSPO expression in sham animals declines back to baseline at two 

weeks. This means that a certain amount of the TSPO signal at one week is caused 

by just the surgical procedure. This goes in line with SPM analysis depicting baseline 

vs sham animals in the same model in a former study of our group (Brackhan et al., 

2018). The inflammation caused by the sham surgery is mainly present from two to 

seven days post SE, while it has declined at two weeks post SE (Brackhan et al., 

2018). In relation to that, it should be noted that we did not observe changes between 

treated and vehicle treated sham animals whereas the small group sizes in some 

sham groups needs to be kept in mind. This indicates that the inflammation is 

changing over time and that it may be possible that treatment induced changes 

during the early time point were masked by the surgery related damage. 
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In addition, it is possible that the prior published treatment related reduction of the 

inflammation were due to differences in the SE induction (explanations are provided 

in the manuscripts) leading to less severe initial inflammation (Polascheck et al., 

2010; Wang et al., 2015; Bar-Klein et al., 2016; Pitsch et al., 2019) and therefore  

drugs failed to reduce TSPO expression at the earlier imaging time point whereas 

they still attenuated the immune response at the second time point. In summary, the 

explanation why more changes were observed at the second imaging time point 

remains elusive but still guided our decision to perform just one [18F]GE180 scan at 

two weeks in the fourth study. 

 

Another obvious point, when comparing the manuscripts is that [18F]GE180 data in 

minocycline treated rats differed between the third and the fourth study (please see 

also 7.5). While the third study detected decreased VT in [18F]GE180 scans two 

weeks after SE induction, this was not the case in the fourth study. This discrepancy 

may be due to an elongation of the treatment period from eight days in the third study 

to two weeks in the fourth study to conform the phenobarbital and minocycline 

treatment schedules. Another explanation may be the shortening of the scan time by 

20 minutes in the fourth study which was done to increase the total number of 

animals being scanned with one tracer synthesis. This may have attenuated 

sensitivity of the PET analysis. However, looking on [18F]GE180 blood input curves, 

a plateau is reached at 20 to 25 minutes after tracer injection. Therefore, 40-minute-

scans should provide similar information at the prior performed 60 minutes. In 

addition, in the fourth study only 3 animals were scanned which may have masked 

differences. However, both studies did not detect major treatment related difference 

in static data evaluation. Only the thalamus showed a trend towards a decrease in 

the third study. Furthermore, both studies were performed with a temporal distance of 

more than two years. Therefore, also slide changes in tracer quality may have 

affected the results. In summary, various slide changes of the study design may have 

caused different findings in both studies. 
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8.4 Treatment impact on seizure development 

Beside the here demonstrated ability of imaging technics to identify treatments which 

are likely to attenuate epilepsy development, imaging may also help to overcome 

another major challenge of epilepsy research: the identification of patients who are at 

risk to develop epilepsy, whereas this was not the aim of this thesis. For the 

evaluation of biomarkers predicting epilepsy development animal models in which 

only a proportion of animals become epileptic are preferable (Engel, 2019). Beside 

TBI models, which mostly have a long latency phase, and the postnatal day 21 

pilocarpine rat model, which has a high mortality rate, a modified pilocarpine model 

was established recently (Roch et al., 2002b; Pitkänen et al., 2014b; Brandt et al., 

2015). Contrary to the rat model in this thesis, in the modified pilocarpine rat model 

the SE is terminated by diazepam, phenobarbital and scopolamine (Brandt et al., 

2015). Subsequent only a proportion of rats develops chronic SRS, reveals 

hyperexcitability, neurodegeneration, and a decreased seizure threshold in response 

to the PTZ infusion test (Brandt et al., 2015). Therefore, the modified pilocarpine 

model is more suitable for biomarker identification than the model investigated here 

(Broer and Löscher, 2015).  

This thesis aimed to establish a method that identifies promising anti-epileptogenic 

treatments and did not initiate to evaluate the ability of imaging parameters to serve 

as biomarkers for epilepsy development. Nevertheless, in the fourth study some 

findings provide some information about imaging signals and their relation to the 

frequency of seizures in the chronic phase of epilepsy. Whereas, it is important to 

note that a correlation to the frequency of seizures does not have an informative 

value to serve as biomarker to predict epilepsy development in general. In the fourth 

study all animals developed SRS which ruled out any conclusion about epilepsy 

development. However this was not the aim of the conducted studies. Thus the 

findings in the correlations in the fourth study do not aim to contribute to the 

development of a biomarker predicting epilepsy. 

Nevertheless, looking at correlations between imaging parameters and the 

developed seizure frequency independent from the prior applied treatment, some 

interesting observations can be made. Animals with less severe early brain edema 

and less strong neuroinflammation two weeks after SE showed a trend to develop 
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even more seizures in the chronic phase of epilepsy. This is an interesting finding 

because BBB impairment as well as neuroinflammation has been suggested to 

correlate with seizure development (Dedeurwaerdere et al., 2012; Koepp et al., 

2017).  

Focusing on the MRI results first, it is important to note that BBB leakage has been 

shown to be part of epileptogenesis (van Vliet et al., 2007; van Vliet et al., 2014). 

However, in our study, animals with low gray-scale values in MRI images assessed 

at two days after SE which corresponds to less severe brain edema had a higher 

seizure frequency in the chronic phase. Contrary to that, a study by van Vliet et al. 

(2014) in a kainic acid model showed a correlation of less early BBB dysfunction and 

lower seizures frequency in the chronic stage. Furthermore, in rats subjected to SE 

induction by paraoxon (Bar-Klein et al., 2017) increased T2-values at two days after 

SE predicted epilepsy development. However, contrary to the studies by van Vliet et 

al (2014) and Bar-Klein et al. (2017), but in line with our observations, Choy et al. 

(2014b) as well as Curran et al. (2018) reported a correlation between decreased T2-

values and increased seizure frequency in two studies in febrile SE models. Shortly 

after SE, T2-values were decreased only in animals which became epileptic and not 

in those which did not develop seizures (Choy et al., 2014b; Curran et al., 2018). This 

negative impact of decreased early T2-values is also observed in a recent study 

working with a kainic acid post-SE rat model (van Vliet et al., 2016). While rapamycin 

treated rats showed more extensive leakage of the BBB four and eight days after SE 

compared to vehicle treated animals, less altered MRI signal was detected in the 

chronic phase. This was accompanied by a decreased seizure frequency and 

attenuated astrogliosis, microglia activity and blood vessel density (van Vliet et al., 

2016). Furthermore, the fourth study identified a connection between decreased T2-

values at two days after SE and better performance in the MWM in the chronic 

phase. As already discussed in 8.2.4 this again goes in line with findings in febrile 

seizure models (Barry et al., 2015). Rats with low T2-values subsequent to SE were 

more likely to learn an active avoidance task than rats with high T2-values (Barry et 

al., 2015). Cognitive impaired rats with increased T2-values also had more excitable 

hippocampal cells in the chronic phase which may lead to decreased seizure 

threshold (Dube et al., 2000; Barry et al., 2015). In summary this emphasizes that 

changes in early T2-weighted MRI can be both, beneficial or unfavorable. However, 
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this does not mean that MRI should not be used to evaluate early treatment effects 

as evaluation of biomarkers predicting epilepsy development should not be 

performed in the pilocarpine rat model (Engel et al., 2013; Pitkänen et al., 2014a; 

Engel, 2019).  

As next step, we looked at correlations between [18F]GE180 uptake two weeks after 

SE induction and the developed seizure frequency independent from the prior 

applied treatment. In the fourth study, rats with enhanced hippocampal inflammation 

showed the tendency to develop more seizures than rats with less strong TSPO 

expression two weeks after SE. The fact that less strong neuroinflammation can 

cause more severe epilepsy symptoms has been shown before in some studies 

investigating anti-inflammatory treatments (Edwards et al., 2005; Duffy et al., 2014; 

van Vliet et al., 2016). Besides the prior cited observations due to rapamycin 

treatment in mice (van Vliet et al., 2016), in rats subjected to SE induction by 

pilocarpine (Duffy et al., 2014), the anti-inflammatory drug dexamethasone lead to 

increased MRI investigated damage and mortality. A beneficial impact of increased 

neuroinflammation was also observed in the modified pilocarpine model (unpublished 

data). In the modified pilocarpine rats model, rats which did not develop seizures had 

higher [18F]GE180 VT than rats showing seizures. Furthermore, in the same study 

initially high TSPO expression correlated with less severe neurodegeneration at a 

later time point (unpublished data). In summary this shows that neuroinflammation 

also can have positive as well as negative impact on seizure development which 

creates a need for further research. 

The third investigated imaging parameter was [18F]FDG. In the fourth study of this 

thesis, no correlation between [18F]FDG uptake at six weeks after SE and observed 

seizure frequency, independent from the prior applied treatment, was observed. This 

was also the case in a study in the pilocarpine rat model (Zanirati et al., 2018) which 

did not detect a correlation between whole brain [18F]FDG uptake seven weeks after 

SE and seizure frequency.  

In summary, the analysis of the correlations between imaging parameters and 

chronic SE frequency in combination with the cited observations in other studies, 

indicate that neuroinflammation including BBB integrity can have good as well as bad 

impact on seizure frequency in the chronic stage. This means that also anti-

inflammatory treatments can have good and bad impact. Therefore, the amount of 
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the suppression of the inflammatory response as well as other factors like the 

severity or localization of the insult may decide whether a treatment has beneficial 

impact on seizure development. This emphasizes the urgent need for the approach 

we implemented in this thesis: a method that allows in vivo monitoring of treatment 

response so that optimal treatment doses, durations and compounds can be 

identified. 

 

8.5 Limitations 

In the four presented studies we met our prior defined objective and demonstrated 

that molecular imaging identifies treatment related effects in two post-SE models. 

However, some limitations of the conducted studies should be addressed which have 

not been mentioned within the provided manuscripts or the previous chapters. 

One limitation mainly of the first three studies is the utilization of just one PET tracer. 

However, the imaged process was neuroinflammation which is crucial for 

epileptogenesis and has an impact on multiple levels (Vezzani et al., 2013). 

Furthermore, tracers targeting TSPO are the most common and reliable ones to 

investigate neuroinflammation in vivo (Amhaoul et al., 2015; Zanotti-Fregonara et al., 

2019). However, recently the translationality of TSPO tracers has been questioned 

(Owen et al., 2017). Stimulation of rodent microglia induced strong increase of TSPO 

expression while human macrophages did not elevate TSPO expression in vitro 

(Owen et al., 2017). Still, first studies point towards reliable results also in humans 

(Fan et al., 2016; Vomacka et al., 2017). Nevertheless, studies with tracers targeting 

for example astrocytes, GABA-receptors or the invasion of leukocytes in into the 

brain would have conveyed additional information and should therefore be conducted 

in the future. 

The fourth study was the first anti-epileptogenesis study which investigated a 

treatment combination which had been selected based on prior conducted imaging-

based treatment evaluation studies. As we had observed the strongest alteration of 

the TSPO signal in minocycline treated animals in the third study, we selected this 

drug for our long-term evaluation. Due to several small changes (for detailed 

explanation please see chapter 7.5 and 8.3) like an elongation of the treatment dose 

and a change in the duration of the [18F]GE180 scans, we did see the same results 
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in study three and four. However, an impact on the TSPO expression of minocycline 

was still observed in the rats treated with the treatment combination of phenobarbital 

and minocycline. Furthermore, this actually highlighted the importance of imaging-

based screening studies as a change in the treatment duration can already induce a 

different result. 

 

8.6 Outlook 

For all investigated medications an impact on investigated imaging parameters was 

seen, whereas the detected alterations differed among drugs, animal models, 

treatment schedules and way of analysis. However, we proofed that molecular 

imaging can be used to image treatment related effects in post-SE models. 

In the future, additional aspects of epileptogenesis should be examined on their 

applicability to identify auspicious anti-epileptogenic treatments. To carry on the 

advantageous of PET, other tracers looking on other aspects of epileptogenesis 

could be used. Initiating to image neuroinflammation, recently developed tracers 

targeting the cannabinoid receptor type 2, COX-2 and ROS may provide a more 

differentiate few on ongoing inflammatory processes (Janssen et al., 2018). 

Furthermore, tracer looking more specific on astrocyte activation, on alterations in 

neurotransmitter receptor expression or on the invasion of peripheral cells into the 

brain, may be useful for treatment monitoring. Also, blood-derived biomarkers, like 

HMGB1 which has already been shown to be a predictive biomarker for epilepsy 

development (Walker et al., 2017), may provide information about treatment effects.  

As next step, further validation of the association between early imaging parameters 

and chronic epilepsy development is needed. Similar to the presented fourth study, 

longitudinal studies including seizure evaluation by EEG analysis should be 

performed. Ideally, a treatment which is sufficient to attenuate epilepsy development 

should be investigated to further validate the here presented findings, In addition, 

studies in animal models in which only subgroups develop epilepsy as aftermath of 

initial insults should be conducted. Here, the treatment impact on both subgroups can 

be compared and monitored by imaging modalities. 
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Based on our findings, newly developed pharmacological agents or drugs which got 

approved for other clinical applications should be investigated using an imaging-

based treatment screening method, like in was done in the here presented first three 

studies. Based on imaging results the most promising treatment start as well the 

optimal dose and duration should be defined. After these short screening studies, the 

drugs which induce alterations of imaging parameters may be investigated in 

longitudinal anti-epileptogenesis studies, like it was done in the here presented fourth 

study. To further enhance the potential of this kind of studies additional molecular 

imaging technics including prior mentioned other tracers should be implemented. 

This may also provide further inside into the question which amount of alteration of 

the imaging signal may be beneficial in regard to attenuated disease development. 

To minimize animal burden and total number of experimental animals, the prior 

suggested pilot studies could be part of the suggested algorithm to test tolerability of 

treatment combinations (Klee et al., 2015; Welzel et al., 2019). Molecular imaging 

does not constitute a high burden so that same animals could be used for tolerability 

and imaging parameter evaluation post SE. All this will hopefully lead to the 

identification of several new efficient anti-epileptogenic drugs. 

From here, thanks to identical tracer formulations and similar scanning procedures, 

preclinical findings should translate to human clinics without major problems. In the 

future, patients who experienced a brain insult may be scanned to obtain information 

about ongoing processes to define personalized therapy plans, treatment periods 

and doses. 
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8.7 Conclusion 

Molecular imaging detected treatment effects of anti-inflammatory monotherapies as 

well as of a multi-target treatment combination in two post-SE rodent models. For all 

investigated drugs, significant impact on imaging parameters was found, whereas 

this varied among imaging time point and modality as well as animal model and 

dosing protocol. This emphasizes the high impact of the study design including 

treatment dose, start and duration. Therefore, a long-term study which evaluates anti-

epileptogenic efficiency of one treatment schedule is exposed to the high risk to miss 

anti-epileptogenic efficiency of a drug. Furthermore, only few potentially anti-epileptic 

drug agents can be evaluated in long-term studies due to time-consuming data 

acquisition and evaluation. The imaging-based approach which was performed in the 

four studies presented in this thesis will help to overcome both of these problems by 

identifying auspicious drugs and treatment schedules. Thus, this thesis paved the 

way for faster evaluation and identification of anti-epileptogenic drugs. 
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