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Summary 

Ina Jahreis 

Prediction of epileptogenesis by multimodal biomarkers 

Epilepsy belongs to the most frequently diagnosed chronic neurologic diseases in 

humans and small animals. It is characterized by the appearance of spontaneous and 

recurrent seizures. Additionally, epilepsy is often accompanied by neuropsychiatric 

comorbidities such as depression and increased anxiety. Temporal lobe epilepsy is the 

most common form of epilepsy in human patients. It can be initiated by diverse brain 

insults such as traumata, strokes, infections or a status epilepticus. These brain insults 

can induce a cascade of cellular, molecular and functional changes leading to seizure 

development, and are thus called epileptogenesis. After a seizure free latent phase, 

seizures occur, and patients are diagnosed as suffering from epilepsy. Despite 

treatment with anti-epileptic drugs, up to 1/3 of patients remain having seizures. Thus, 

there is an unmet clinical need to understand the processes during epileptogenesis in 

order to establish new treatments or prevention strategies for epilepsy development. 

The identification of reliable biomarkers for epileptogenesis would help to identify 

patients at risk and would facilitate the evaluation of new anti-epileptic treatments. 

Translational in vivo imaging techniques like positron emission tomography and 

magnetic resonance imaging allow longitudinal studies for characterizing brain 

changes during epileptogenesis and identification of biomarkers. 

Thus, the aim of the first study was to evaluate the predictive potential of brain changes 

during epileptogenesis detected via in vivo imaging in a modified pilocarpine rat model, 

in which only in a proportion of animals develop spontaneous seizures after an initial 

brain insult. Additionally, we aimed to increase predictivity for chronic disease outcome 

by combining these findings with measurements of blood high-mobility group box 1 

(HMGB1) levels, which is a damage-associated molecular pattern being hypothesized 

to be connected with epileptogenesis, and with early behavioral alterations. We found 

out that non-seizing rats showed a greater glucose hypometabolism compared to 

seizing rats using 2-18F-fluoro-deoxy-D-glucose (18F-FDG) positron emission 

tomography. Additionally, non-seizing rats revealed an increased 18F-Flutriciclamide 

(18F-GE180) volume of distribution, which is used for the detection of activated 

microglia, compared to seizing rats indicating increased neuro-inflammation. Early 
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increased neuro-inflammation in combination with increased total HMGB1 blood levels 

showed an excellent predictivity. Moreover, early 18F-GE180 volume of distribution 

correlated negatively with chronic neuronal loss indicating that brain inflammation can 

have a neuroprotective effect. Although further preclinical research is required, these 

findings show a great potential to serve as biomarkers in clinics. Contrarily, contrast-

enhanced T1-weighted and T2-weighted magnetic resonance imaging for detection of 

blood-brain barrier leakage and edema formation and behavioral tests did not show 

differences between both groups of rats.  

The second study was performed to analyze epileptogenesis-related changes in 

glucose and protein metabolism in the pilocarpine rat model, in which all animals 

develop epilepsy, using 18F-FDG and 18F-FET positron emission tomography. 

Endogenous amino acid turnover analyzed by the 18F-FET volume of distribution was 

decreased at 48 hours post status epilepticus. At 7 days after status epilepticus the 

decrease was more restricted to epileptogenesis-associated brain areas. Using 

continuous isoflurane anesthesia, glucose metabolism was increased for the first 24 

hours after status epilepticus recovering to baseline levels apart from amygdala in the 

following week. In chronic epileptic animals, tracer accumulation in the brain was 

decreased and correlated strongly with the 18F-FDG uptake. Since the distribution of 

both tracers did not correlate to translocator protein (TSPO) positron emission 

tomography, they cannot be used to identify inflammation. 

However, 18F-FDG distribution in the brain is highly dependent on the anesthesia used 

for immobilizing the animal during the time of the scan. Thus, we aimed to characterize 

brain changes in the pilocarpine rat model in order to identify a general scanning and 

analysis protocol for 18F-FDG scans during epileptogenesis in the third study. Under 

anesthesia with the combination of medetomidine, midazolam and fentanyl, an 

increased tracer uptake was detected in epilepsy-related brain areas amygdala and 

thalamus comparing 7 days after status epilepticus to baseline scans. These changes 

were not so prominently detected using continuous isoflurane and propofol anesthesia. 

On the contrary, a decreased tracer uptake especially in cortical areas was seen for 

scans conducted after an awake tracer uptake phase. A generally decreased uptake 

was detected in chronic epileptic rats for all protocols. Additionally, we showed that an 

atlas-based regional quantification should be complemented by statistical parametric 

mapping analysis or kinetic modeling to identify all brain changes. 
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Zusammenfassung 

Ina Jahreis 

Prädiktion von Epileptogenese mittels multimodaler Biomarker 

Epilepsie gehört zu den häufigsten chronisch neurologischen Erkrankungen bei 

Menschen und Kleintieren. Sie ist gekennzeichnet durch spontan auftretende und 

wiederkehrende Anfälle. Darüber hinaus wird Epilepsie oft von neuropsychiatrischen 

Komorbiditäten wie Depressionen und Angststörungen begleitet. Die häufigste 

diagnostizierte Form von Epilepsie beim Menschen ist die Temporallappenepilepsie. 

Sie kann durch verschiedene Hirninsulte wie Traumata, Schlaganfälle, Infektionen 

oder einen Status epilepticus ausgelöst werden. Diese Hirninsulte können 

anschließend eine Kaskade von zellulären, molekularen und funktionellen 

Veränderungen auslösen, die zu der Generierung von Anfällen führen. Daher wird 

dieser Prozess als Epileptogenese bezeichnet. Nach einer anfallsfreien Latenzphase 

treten erste spontane Krampfanfälle auf und Epilepsie kann diagnostiziert werden. 

Trotz der Behandlung mit Antiepileptika leiden bis zu 1/3 der Patienten weiterhin unter 

Krampfanfällen. Daher ist es von Bedeutung, die Prozesse, die während der 

Epileptogenese auftreten, zu identifizieren, um neue Behandlungs- oder 

Präventionsstrategien zu entwickeln. Die Etablierung von Biomarkern, die verlässlich 

die Entstehung einer Epilepsie vorhersagen, kann genutzt werden, um zum einen 

gefährdete Patienten zu erkennen, bevor erste Anfälle auftreten. Zum anderen 

könnten dadurch Versuche, die zur Beurteilung der Effizienz von potentiellen 

Antiepileptika durchgeführt werden, verbessert und vereinfacht werden. Translationale 

in vivo Bildgebungsverfahren wie Positronen-Emissions-Tomographie und 

Magnetresonanztomographie ermöglichen longitudinale Studien, die zur 

Charakterisierung von Veränderungen im Gehirn während der Epileptogenese und zur 

Identifizierung von Biomarkern genutzt werden können. 

Das Ziel der ersten Studie dieser Arbeit war, das prädiktive Potenzial von 

Hirnveränderungen während der Epileptogenese mittels in vivo Bildgebung zu 

untersuchen. Hierfür wurde ein modifiziertes Pilocarpin-Rattenmodell verwendet, in 

dem nur ein Teil der Tiere nach initialem Status epilepticus generalisierte Anfälle zeigt. 

Zusätzlich wurde untersucht, ob die Vorhersagbarkeit der chronischen 

Krankheitsausprägung verbessert wird, indem die Bildgebungsergebnisse mit anderen 
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Parametern kombiniert werden. Hierfür wurden Messungen des High-Mobility-Group-

Protein B1 (HMGB1) Spiegels im Blut, von dem angenommen wird, dass es als 

sogenanntes damage-associated molecular pattern mit der Epilepsieentstehung 

verknüpft ist, sowie Verhaltenstests durchgeführt. Wir fanden heraus, dass Ratten, die 

keine Anfälle entwickelten, einen stärkeren Glukosehypometabolismus in der 18F-2-

Fluor-2-desoxy-D-glucose (18F-FDG) Positronen-Emissions-Tomographie zeigten, im 

Vergleich zu Ratten, die Anfälle entwickelten. Darüber hinaus zeigten die Ratten ohne 

Anfallsentwicklung ein erhöhtes 18F-Flutriciclamide (18F-GE180) Verteilungsvolumen 

im Vergleich zu Ratten mit chronischen Anfällen. Da dieser Tracer an das Translocator 

Protein (TSPO) bindet, das besonders in aktivierten Microglia exprimiert wird, bedeutet 

dies, dass Ratten ohne Epileptogenese eine stärkere Neuroinflammation zeigten. Das 

frühe 18F-GE180 Signal in Kombination mit erhöhten HMGB1-Blutwerten zeigten eine 

exzellente Prädiktion der Epilepsieentstehung. Außerdem korrelierte das 

Verteilungsvolumen von 18F-GE180 negativ mit der chronischen Neurodegeneration. 

Dieses deutet darauf hin, dass eine frühe Neuroinflammation eine neuroprotektive 

Wirkung haben kann. Obwohl weitere präklinische Forschung erforderlich ist, haben 

diese Veränderungen das Potenzial, zukünftig als Biomarker zu fungieren. 

Kontrastmittelverstärkte T1-gewichtete und T2-gewichtete 

Magnetresonanztomographie zum Nachweis von Blut-Hirn-Schrankenstörungen und 

Ödembildungen sowie Verhaltenstests zeigten keine Unterschiede zwischen beiden 

Rattengruppen und bieten damit keine Möglichkeit zur Epilepsieprädiktion in diesem 

Tiermodell.   

Die zweite Studie wurde durchgeführt, um Veränderungen im Glukosestoffwechsel 

mittels 18F-FDG und im Proteinstoffwechsel mittels 18F-FET Positronen-Emissions-

Tomographie, während der Epileptogenese im Pilocarpin-Rattenmodell zu 

analysieren. In diesem Tiermodell entwickeln nahezu alle Ratten spontan auftretende 

Anfälle. Der endogene Aminosäuremetabolismus im Gehirn war 48 Stunden nach dem 

Status epilepticus reduziert. 7 Tage nach Status epilepticus war der Rückgang stärker 

auf Hirnareale fokussiert, die an der Epileptogenese beteiligt sind. Unter 

kontinuierlicher Isofluranananästhesie war der Glukosestoffwechsel in den ersten 24 

Stunden nach initialem Hirninsult erhöht. In der folgenden Woche erreichten die Werte, 

mit Ausnahme der Amygdala, wieder das Ausgangsniveau. Bei chronisch 

epileptischen Tieren war die Akkumulation beider Tracer im Gehirn vermindert. Da die 
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Verteilung von ihnen nicht mit der von 18F-GE180 Positronen-Emissions-Tomographie 

korrelierte, können sie nicht zur Identifizierung von Entzündungen verwendet werden. 

Die 18F-FDG Aufnahme und Verteilung im Gehirn ist jedoch stark von der Anästhesie 

abhängig, die zur Ruhigstellung des Tieres während des Scans verwendet wird. So 

war es das Ziel der dritten Studie, Veränderungen während der Epileptogenese 

abhängig von Form der Anästhesie und vom Analyseprotokoll im Pilocarpin-

Rattenmodell zu untersuchen, um so die Veränderungen bestmöglich zu identifizieren. 

Unter Narkose mit Medetomidin, Midazolam und Fentanyl wurde im Vergleich 

zwischen den Ausgangswerten und denen der 7 Tage nach initialem Hirninsult 

ermittelten Werten eine erhöhte Traceraufnahme in den mit Epileptogenese 

assoziierten Hirnarealen Amygdala und Thalamus festgestellt. Unter kontinuierlicher 

Isofluran- und Propofolanästhesie wurden diese Veränderungen nicht so deutlich 

ausgeprägt detektiert. Gegenteilig wurde bei den Scans, die im Anschluss an eine 

Tracerdistribution im wachen Zustand durchgeführt wurden, wurde verminderte 

Traceraufnahme vor allem in kortikalen Hirnarealen beobachtet. Eine generell 

verminderte Aufnahme wurde bei chronisch epileptischen Ratten für alle 

Anästhesieprotokolle festgestellt. Darüber hinaus haben wir gezeigt, dass eine 

atlasbasierte regionale Quantifizierung entweder mittels parametrischer Statistik 

analysiert (statistical parametric mapping) oder einer kinetischen Auswertung ergänzt 

werden sollte, um alle Hirnveränderungen verlässlich zu identifizieren. 
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1 Introduction 

Epilepsy belongs to the most common chronic neurological diseases in human and in 

veterinary medicine (Löscher, 2003, WHO, 2018). Being mainly characterized by the 

appearance of spontaneous, recurrent seizures (SRS) (Chang and Lowenstein, 2003), 

epilepsy is often associated with comorbidities such as depression, increased anxiety 

or learning deficits (Kanner et al., 2014). Temporal lobe epilepsy (TLE), one of the most 

common forms of focal epilepsy in adult human patients, can be induced by initial brain 

insults such as stroke, trauma, encephalitis or status epilepticus (SE) (Bertram, 2009, 

Lowenstein, 2009). They may initiate a cascade of structural and functional changes 

in the brain, which is called epileptogenesis. After epileptogenesis-initiating brain 

insults a seizure-free latency phase takes place, before the first seizure develops 

(Löscher and Brandt, 2010). To date, the common treatment with anti-epileptic drugs 

(AED), which is supposed to symptomatically suppress seizure generation, fails to 

achieve seizure freedom in 30% of newly diagnosed patients (Löscher et al., 2013). 

Thus, development of new therapies to effectively treat or to prevent epileptogenesis 

remains an urgent clinical need (Löscher et al., 2013). To achieve this, a better 

understanding of the processes during epileptogenesis is required.  

Non-invasive in vivo imaging techniques like positron emission tomography (PET) or 

magnetic resonance imaging (MRI) are valuable tools to visualize and quantify brain 

changes during epileptogenesis (van Vliet et al., 2016a). They can be used to monitor 

the disease progression and to identify translatable biomarkers in longitudinal 

preclinical studies for a clinical application (Bertoglio et al., 2017).  

Preclinical studies indicated so far that many brain changes are detectable by in vivo 

imaging during epileptogenesis. The post-SE pilocarpine rat model, which is an animal 

model of TLE, revealed neuroinflammation and altered glucose metabolism using the 

PET tracers 18F-GE180 and 18F-FDG in longitudinal studies (Brackhan et al., 2016, 

Guo et al., 2009, Goffin et al., 2009). Additionally, pilocarpine-treated rats showed 

blood-brain barrier leakage and edema formation in contrast-enhanced T1- or T2-

weighted MRI (Breuer et al., 2017, Bankstahl et al., 2018). These findings possess the 

potential to be predictive biomarkers for epileptogenesis (van Vliet et al., 2016a). In a 

first study, we aimed to analyze their potential to predict epilepsy development and the 

chronic disease outcome in a modified pilocarpine rat model that generates animals 
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with and without SRS (Brandt et al., 2015). We additionally hypothesized that the 

predictivity can be increased by combining imaging with other parameters like the 

epileptogenesis-associated high-mobility group box 1 (HMGB1) level in blood plasma 

or early behavioral changes. Thus, we aimed to correlate parameters in order to find 

interactions. 

Since metabolic changes are hypothesized to be a potential anti-epileptogenic 

treatment target or to serve as a predictive biomarker, the second study was performed 

to longitudinally characterize these changes during epileptogenesis in the pilocarpine 

rat model of TLE. Therefore, we used PET imaging with the tracers 18F-FDG for 

detecting glucose and 18F-FET for detecting amino acid metabolism. In an additional 

step, these findings were correlated to inflammation to evaluate metabolic interaction 

with microglia activation. 

In general, preclinical PET studies require an anesthesia of the animal during the 

scanning time in order to immobilize it (Hildebrandt et al., 2008). Anesthesia may affect 

physiological parameters such as cerebral blood flow and brain metabolism leading to 

an altered distribution of the PET tracers (Alstrup and Smith, 2013). Especially the 

distribution of the glucose analogue 18F-FDG depends on the anesthesia (Alstrup and 

Smith, 2013, Matsumura et al., 2003). This might have led to different results in 

preclinical 18F-FDG studies of rats during epileptogenesis (Bertoglio et al., 2017). 

Therefore, we aimed to characterize changes in glucose metabolism during 

epileptogenesis in the pilocarpine rat model by using different anesthesia protocols for 

the PET scan in order to identify a favorite protocol for scanning and analysis in the 

third study. 
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2 State of the art review 

2.1 Epilepsy 

 Definition, classification and significance 

With approximately 50 million affected people and a lifetime prevalence of 1%, epilepsy 

is one of the most common neurological brain diseases worldwide (WHO, 2018, Engel, 

2003). Nearly 80% of people with epilepsy live in low- and middle-income countries 

(WHO, 2018). Epilepsy is characterized by the generation of an abnormal and 

excessive electrical activity of neurons resulting in SRS (Chang and Lowenstein, 

2003). According to the International League against Epilepsy (ILAE), the disease 

epilepsy is defined as an “enduring predisposition to generate epileptic seizures and 

by the neurobiological, cognitive, psychological, and social consequences of this 

condition” (Fisher et al., 2014, Fisher et al., 2005).  

Clinically, epilepsy is diagnosed (1) if at least two unprovoked (or reflex) seizures in 

less than 24 h apart occur, or (2) if one unprovoked (or reflex) seizure occur in addition 

to a general probability of generating further seizures, or (3) if an epilepsy syndrome is 

diagnosed (Fisher et al., 2014). An epileptic seizure is hereby defined as a “transient 

occurrence of signs and/or symptoms due to abnormal excessive or synchronous 

neuronal activity in the brain” (Fisher et al., 2014). The expanded classification groups 

seizure types in focal seizures, focal to bilateral tonic-clonic seizures, generalized 

seizures, seizures of unknown onset and unclassified seizures (Fisher et al., 2017). In 

addition to the seizure type, the clinical diagnosis also implements the type of epilepsy, 

which can be focal, generalized, combined generalized and focal, unknown or part of 

an epilepsy syndrome (Scheffer et al., 2017). Moreover, the identification of the 

etiology plays an important role for prognosis and treatment. Therefore, the etiologic 

groups are classified as structural, genetic, infectious, metabolic and immune mediated 

etiology (Scheffer et al., 2017).  

Epilepsy is commonly treated by the administration of AEDs, which results in 

suppression of seizures; though there is no evidence that they can alter the disease 

progression themselves (Löscher et al., 2013, Schachter, 2002). Seizures can be 

successfully inhibited by treatment with AEDs in about 2/3 of all persons newly 
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diagnosed with epilepsy, meaning that 1/3 of the patients remains suffering from 

uncontrolled, pharmacoresistant epilepsy (Laxer et al., 2014, Kwan et al., 2010). In 

addition to the burden seizures cause, epileptic patients have a greater risk of 

developing neuro-psychiatric comorbidities and an increased mortality or sudden 

unexpected death (Clancy et al., 2014, Smithson et al., 2014). If a patient has an age-

dependent epilepsy syndrome but is now past the applicable age or is seizure-free for 

the last 10 years without AED treatment for the last 5 years, the epilepsy is considered 

to be resolved (Fisher et al., 2014). 

In veterinary medicine, especially in dogs and cats, epilepsy occurs with a prevalence 

comparable to humans (Löscher, 2003). Therefore, epilepsy also belongs to the most 

common neurologic diseases in dogs (Podell et al., 1995). In accordance to the 

definitions of the ILAE, the International Veterinary Epilepsy Task Force (IVETF) 

suggests a definition basing on etiology (idiopathic and structural) and the seizure type 

(focal, generalized and focal with generalization) (Berendt et al., 2015). Especially the 

clinical manifestation of epilepsy in dogs is very similar to the one seen in humans 

(Patterson, 2014). Likewise, dogs also show neuro-psychiatric comorbidities (Watson 

et al., 2018). Moreover, many epileptic small animals do not respond to AED treatment 

(Volk et al., 2008). Due to injuries related to uncontrolled seizures, sudden unexpected 

death and euthanasia, dogs with pharmacoresistant epilepsy have a decreased life 

expectancy (Potschka et al., 2015). 

 Temporal lobe epilepsy 

TLE is the most common form of focal epilepsy in humans (Engel, 1996, Bertram, 

2009). Some years ago, it was proposed that the ictal onset originates from mesial 

temporal structures such as hippocampus, amygdala and the adjacent 

parahippocampal cortex (Chang and Lowenstein, 2003), while today it is assumed that 

there are multifocal origins of onsets spreading along the regions of the temporal lobe 

(Bertram, 2014). These seizures often begin with epigastric auras, followed by 

emotional changes including fear, behavioral arrests, alternations of consciousness, 

automatisms and afterwards by postictal amnesia and confusion (Engel, 2001, Chang 

and Lowenstein, 2003). In addition, the burden of comorbid psychiatric disorders like 

mood or anxiety disorders can contribute to the patients’ quality of life (Nogueira et al., 

2017). It was in many cases reported that the development of TLE had been initiated 



State of the art review

 

11 

by initial brain injuries like febrile seizures, head trauma, birth injuries or a self-

sustaining, generalized seizure lasting for more than 30 min, a so-called SE (Burton, 

1988, Trinka et al., 2015). After a seizure-free time interval following the initial brain 

insult, the first spontaneous seizures occur (Goldberg and Coulter, 2013).  

Since treatment with AEDs only achieves freedom of epileptic seizures in about 25% 

of patients, TLE belongs to the most pharmacoresistant forms of epilepsy in human 

patients (Spencer, 2002, Engel, 2001). Therefore, the surgical resection of the affected 

temporal lobe is the last option of treatment. Although seizures can initially be 

abolished in 66 to 70% of patients directly after surgery, 15 to 20% reveal a relapse of 

seizures after 5 to 10 years (Spencer and Huh, 2008).  

The most common pathologic lesion detectable in TLE is the scleroses of the 

hippocampus (Thom, 2014, Shih et al., 2017). It is characterized by atrophy and 

neuronal degeneration in various regions of the hippocampus for example in the Cornu 

ammonis (CA) 1 and the hilus of the dentate gyrus (DG) (Bertram, 2009). Additionally, 

reactive astrogliosis, synaptic reorganization caused by mossy fibers sprouting of 

granule cell axons and dispersion of the granule cell layer are frequently detectable in 

affected tissues (Sutula et al., 1989, Wieser, 2004). Finally, glia cells together with 

chronically activated astrocytes form scar tissue, which is mainly located around the 

epileptic focus (Devinsky et al., 2013). Currently, it remains unclear whether these 

structural lesions are a cause or rather a consequence of chronic recurrent seizures 

(Blümcke, 2010).  

Animal models mimicking epileptogenesis of TLE relevant for this work are described 

in the chapter 2.4. 

 

2.2 Epileptogenesis and potential prediction of epilepsy 

development 

 Definition and significance 

The term epileptogenesis is defined as the development and extension of tissue 

capable to generate SRS leading to the development of an epileptic condition and/or 
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progression of the disease after its establishment (Pitkänen, 2010). In case of TLE, 

epileptogenesis is often triggered by various brain insults (Lowenstein, 2009). The 

course of different processes that can be initiated after a primary brain insult inducing 

epileptogenesis is schematically shown in Figure 1. If intrinsic mechanisms of repairing 

the damaged brain tissue fail, a seizure-free latency phase follows (Löscher and 

Brandt, 2010). Different studies showed that the average time of the latency phase can 

differ between 5.5 and 7.5 years including a large variation between patients (Shukla 

and Prasad, 2012, French et al., 1993). This indicates that the injurie itself, genetic or 

environmental factors or a later insult, the so-called “second hit”, contribute to the risk 

of developing chronic epilepsy (Walker et al., 2002, Löscher and Brandt, 2010). 

Although patients do not show seizures during the latency phase, functional and 

structural changes in the brain occur simultaneously lowering the seizure threshold 

(Pitkänen and Lukasiuk, 2009, Pitkänen, 2010). Many processes like 

neuroinflammation, blood-brain barrier (BBB) impairment, glucometabolic changes, 

neurodegeneration, axonal sprouting, changes of expression and function of receptors 

and ion channels, gliosis and neuro- and angiogenesis were detected so far (Pitkänen 

and Lukasiuk, 2009, Löscher and Brandt, 2010, Zilberter and Zilberter, 2017).  

However, it is not known whether these changes are the cause or the consequence of 

epilepsy development (Jozwiak et al., 2017). Additionally, epilepsy-associated neuro-

psychiatric comorbidities like depression are more frequently seen in patients before 

being diagnosed as epileptic (Kanner et al., 2014). After the first spontaneous seizures 

have occurred, patients are identified as suffering from epilepsy. Generally, treatment 

with AEDs will then be started (Pitkänen, 2010). Since the progression of 

epileptogenesis usually does not stop at that stage of the disease, the term 

epileptogenesis also includes the time and disease progression after the condition has 

established (Pitkänen, 2010). 
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Figure 1: Development and progression of TLE modified after Pitkänen and Sutula, 

2002, and Löscher and Brandt, 2010. 

 Biomarkers of epileptogenesis – Necessity and potential  

Biomarkers for epileptogenesis are defined as an objectively measurable characteristic 

of a biological progress allowing the reliable identification of the development, 

presence, severity, and progression or localization of an epileptic abnormality 

(Simonato et al., 2012, Engel, 2011, Pitkänen and Engel, 2014). To date, no 

biomarkers are available to measure reliably any of these aspects of epileptogenesis 

(Pitkänen and Engel, 2014).  

One major advantage of an early biomarker would be the early diagnosis of a patient 

at-risk of epilepsy development, for whom a potentially anti-epileptogenic treatment is 

necessary. Moreover, especially in regard to huge amount of people suffering from 

refractory epilepsy, there is an unmet need for biomarkers in preclinical and clinical 

anti-epileptogenesis studies for a better validation of the anti-epileptic treatment 

efficacy and for reducing costs of treatment trials (Pitkänen and Engel, 2014, Pitkänen 

et al., 2016).  

The identification of a biomarker for epileptogenesis is a three-phase process including 

the stages discovery, validation and translation (Pitkänen et al., 2016). In recent years, 

epilepsy research focusses even more on the establishment of animal models suitable 

for biomarker identification and on potential non-invasive target mechanisms (Pitkänen 

and Engel, 2014, Pitkänen et al., 2016). Nevertheless, it seems unlikely to find a single 

biomarker being sufficient enough to predict epileptogenesis (Löscher et al., 2013). 

Thus, a combination of different biomarkers might be needed to gain predictivity. 
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 Metabolic changes during epileptogenesis as a potential 

biomarker 

Glucose delivered via blood circulation is the essential substrate for the brain supply 

with energy (Jakoby et al., 2014). Neurons, the principal energy consumers in the 

brain, are mainly provided with glucose and lactate by astrocytes (Pellerin and 

Magistretti, 2012). Due to the enormous energy requirements, it is assumed that 

glucose metabolism is directly related to neurotransmission and hyperexcitability 

acting as a key player in an epileptic brain (Pan et al., 2008). Since energy supply is 

so important for neurons, an abnormal neurometabolism may also be self-propagating 

in order to directly contribute to epileptogenesis (Pan et al., 2008).  

One of the first treatments of epilepsy was the high-fat, low-carbohydrate ketogenic 

diet leading to the utilization of ketone bodies in the brain (McDonald and Cervenka, 

2018). Preclinical and clinical studies suggested that ketogenic diet has a disease 

modifying effect, which can result in a lesser seizure fequency (Martin et al., 2016) 

indicating that glucose metabolism plays a role in epilepsy (McDonald and Cervenka, 

2018).  

Preclinical and clinical studies showed so far that increased glucose metabolism is 

detectable during seizures or a status epilepticus due to the increased network activity 

(Chapman et al., 1977, Wasterlain et al., 1993, Fong and Delgado-Escueta, 1999, 

Tatum and Stecker, 1995). On the contrary, PET imaging with a radiolabeled glucose 

analogue revealed a reduced glucose metabolism interictally in human patients of 

chronic epilepsy, which is already proven to be a diagnostic biomarker of chronic 

epilepsy (Zilberter and Zilberter, 2017, Knowlton et al., 2001). Moreover, changes in 

glucose metabolism already during the time of epileptogenesis have been investigated 

in various animal studies. In post-SE models of epilepsy like the pilocarpine rat model 

(Zanirati et al., 2018, Lee et al., 2012, Goffin et al., 2009, Guo et al., 2009, Zhang et 

al., 2015) or the kainic acid rat model (Jupp et al., 2012) hypometabolic changes were 

detected hippocampally and extra-hippocampally beginning shortly after the initiating 

brain insult and partly persisting until the chronic phase of epilepsy. This indicates that 

glucose hypometabolism is a sign of early epileptogenesis (Zilberter and Zilberter, 

2017). In an animal model of pentylenetetrazole-kindling, animals having a higher 

susceptibility of seizures showed a significant reduction of glucose utilization, which 
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was not detectable in animals which did not reach the seizing state (Bascuñana et al., 

2016).  

However, the underlying pathologic process causing glucose hypometabolism remains 

unclear (O'Brien and Jupp, 2009). It is hypothesized that hippocampal neuronal cell 

loss and atrophy (Knowlton et al., 2001), a decreased expression of BBB’s glucose 

transporter GLUT1 (Marchi et al., 2012), decreased cerebral blood flow (Bouilleret et 

al., 2002) or an intrinsic defense mechanism preventing seizure spreading (Nelissen 

et al., 2006) lead to altered glucose metabolism. In contrast, some studies showed 

additionally an increased glucose utilization in some brain areas following SE in the 

chronic phase (Goffin et al., 2009, Kim et al., 2017). Therefore, the role of glucose 

metabolism as a biomarker especially for epileptogenesis needs to be further 

investigated (van Vliet et al., 2016a).  

Moreover, metabolic changes are not exclusively limited to glucose metabolism. It was 

shown that an increased amino acid transporter expression is present in epileptic 

patients (Hutterer et al., 2017). Thus, metabolism of amino acids is also affected in 

epileptic brains and it is assumed that these changes are already present during 

epileptogenesis being a potential treatment target or serving as a potential biomarker 

(Hutterer et al., 2017, Kasper et al., 2011). 

 Inflammation during epileptogenesis and as a potential biomarker 

Neuroinflammation 

Brain inflammation is a hallmark in epilepsy development caused by an epileptogenic 

brain insult (Amhaoul et al., 2015). To date, experimental studies were able to show 

that neuroinflammation can lead to a increased seizure susceptibility and seizures can 

promote neuroinflammation (Ravizza et al., 2011, Vezzani and Ruegg, 2011). 

However, the underlying neuropathology is complex (Amhaoul et al., 2014). The brain 

has its own innate immune system hypothesized to be formed by resident microglia 

and astrocytes, which is supported by peripheral immune cells entering the brain via 

the impaired BBB (Amhaoul et al., 2014). During the acute inflammation after the initial 

brain insult, microglia and astrocytes are activated, peripheral leukocytes are recruited, 

and pro- and anti-inflammatory mediators are released (Vezzani and Ruegg, 2011, 

Devinsky et al., 2013). This response contributes to neuronal cell loss and is 
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associated with molecular and synaptic plasticity, aiming the repair of the injured tissue 

(Vezzani et al., 2013). If endogenous mechanisms for resolving the initial inflammation 

fail, it can become chronic and may lead to further tissue damage and increased 

excitability (Vezzani and Ruegg, 2011).  

Immunohistochemical studies revealed an increased expression of inflammatory 

mediators in microglia and astrocytes in the pilocarpine rat model beginning 4 h after 

SE followed by microglial and astroglia activation in epilepsy-related brain areas 

(Ravizza et al., 2008). In brain tissue of chronic epileptic rats and humans, activation 

of microglia and macrophages was also present indicating a persistent inflammation 

(Ravizza et al., 2008). Longitudinal PET imaging of the translocator protein (TSPO) in 

the pilocarpine rat model showed that increased expression being indicative for 

activation of microglia and macrophages started at 2 to 3 days after the insult, peaked 

at 1 to 2 weeks and lasted for at least 3 weeks (Brackhan et al., 2016). Individual 

animals revealed an increased tracer signal at 14 to 16 weeks post SE indicating a 

chronic neuroinflammation (Brackhan et al., 2016). PET imaging in kainic acid injected 

rats also revealed a peak at 2 weeks. It was shown that TSPO upregulation correlated 

well with astrocytic activation and neurodegeneration (Amhaoul et al., 2015, Brackhan 

et al., 2016).  

Reactive astrocytes can directly contribute to neuronal hyperexcitability due to 

impaired glutamate metabolism and impaired water and potassium buffering (Jabs et 

al., 2008). A lower seizure susceptibility is seen in transgenic mice which overexpress 

proinflammatory cytokines leading to the development of spontaneous seizures 

(Vezzani and Friedman, 2011). In addition, these inflammatory mediators like 

interleukin-1β (IL-1β) may contribute to BBB leakage since they are increasingly 

expressed in hippocampal perivascular astrocytes and endothelial cells in the 

pilocarpine rat model (Ravizza et al., 2008). Various preclinical studies demonstrated 

an anticonvulsant effect by blocking or inactivating inflammatory mediators like IL-1β, 

tumor necrosis factor-α, Toll-like receptor signaling pathways and cyclooxygenase-2 

(Vezzani et al., 2008, Kulkarni and Dhir, 2009, Maroso et al., 2010). On the contrary, 

activation of prostaglandin E2 receptors revealed neuroprotective effects (Jiang et al., 

2010). This demonstrates that inflammation can also have a neuroprotective effect 

supporting the importance to understand inflammatory pathways for AED development 

(Vezzani and Ruegg, 2011). Additionally, it shows that neuroinflammation including the 
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activation of astrocytes and microglia has the potential to be a biomarker of 

epileptogenesis (Vezzani et al., 2013). 

One promising biomarker with clinical potential is the molecule HMGB1 (Walker et al., 

2017). It belongs to the damage associated molecular patterns and is directly released 

from stressed microglia, astrocytes and neurons to alert adjacent cells (Vezzani, 2014). 

Together with IL-1 β it might have a proconvulsive effect by enhancing NMDA receptor 

function and it initiated a proinflammatory response by activating Toll-like receptor 4 

(Vezzani, 2014, Maroso et al., 2010, Vezzani et al., 2013). Although HMGB1 is not 

specific for epileptogenic brain insults and will be measured peripherally in the blood, 

it might still reflect the severity of the brain insult (Vezzani and Friedman, 2011, Walker 

et al., 2017). It was shown that HMGB1 levels predict epilepsy development during 

epileptogenesis in a post-SE rat model (Walker et al., 2017). Measuring HMGB1 

translocation from nucleus to cytoplasm in combination with T2-weighted MRI revealed 

its potential as a predictive biomarker for epilepsy development in an animal model of 

febrile SE (Choy et al., 2014). Additionally, chronic epileptic human patients with drug 

resistance also revealed higher HMGB1 levels (Walker et al., 2017). Nonetheless, 

further preclinical and clinical studies are required to investigate its potential as an early 

biomarker (Walker et al., 2017).   

 Blood-brain barrier impairment during epileptogenesis and as a 

potential biomarker 

The BBB acts as a semipermeable barrier around brain capillaries and is formed by 

endothelial cells connected by tight junctions (van Vliet et al., 2007). Together with 

adjacent astrocytes, pericytes, and neurons, a neurovascular unit is formed 

(Rustenhoven et al., 2017). The formation of the BBB is essential for the protection of 

the brain against potentially harmful substances from the blood and for the 

homeostasis of the brain environment (Rustenhoven et al., 2017, Marchi et al., 2012).  

Leakage of the BBB belongs to the earliest detectable characteristic disturbances after 

initial brain insults like SE and therefore may initiate epileptogenesis and seizure 

generation (van Vliet et al., 2016b, Oby and Janigro, 2006). BBB leakage may have 

direct effects on neuronal depolarization due to potassium influx (Friedman and 

Heinemann, 2012). Indirect effects may be initiated by a leakage of serum protein 
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followed by a cascade of events including glial activation, impaired potassium 

buffering, oxidative stress, neuroinflammation and angio- and synaptogenesis 

(Friedman and Heinemann, 2012, Weissberg et al., 2015, Stanimirovic and Friedman, 

2012). Findings in the pilocarpine rat model indicated BBB leakage peaking at 48 h 

post SE and resolving in most brain areas except for amygdala and piriform cortex at 

4- and 10-days post SE (Breuer et al., 2017, Bankstahl et al., 2018). These findings 

were supported by ex vivo albumin-fluorescein isothiocyanate conjugate analysis 

(Bankstahl et al., 2018). Additionally, an increased T2-weighted signal was detected 

indicating edema formation predominantly after SE and resolving afterwards 

(Bankstahl et al., 2018). Using contrast-enhanced MRI and ex vivo fluorescein analysis 

BBB leakage was also detected 1 day and 6 weeks after epileptogenesis-inducing 

kainic acid injection in rats (van Vliet et al., 2014). Additionally, findings in kainic acid 

injected mice also indicated BBB leakage occurring mainly directly after the initial brain 

insult (Michalak et al., 2013). These studies align with findings in studies with children 

after prolonged febrile seizures or a SE (Van Landingham et al., 1998, Scott et al., 

2002). 

Thus, the preclinical and clinical studies suggested that BBB leakage is a potential 

biomarker for epileptogenesis and a potential anti-epileptogenic treatment target (van 

Vliet et al., 2016a, Vezzani and Friedman, 2011). 

 Behavioral changes during epileptogenesis and as potential 

biomarkers 

Patients diagnosed with epilepsy are more prone to develop behavioral and cognitive 

comorbidities than healthy people are (Motamedi and Meador, 2003). Affecting almost 

30% of epileptic patients, depression is the most frequently diagnosed neuro-

psychiatric comorbidity (Kanner et al., 2012). Furthermore, anxiety disorders are twice 

as often seen in patients with epilepsy compared to healthy people (Verrotti et al., 

2014). The prevalence for psychosis, mood instabilities, autism and attention-

deficits/hyperactivity disorders are also increased compared to healthy people (Verrotti 

et al., 2014). Many epileptic patients additionally suffer from an impaired cognitive 

performance including spatial learning (Motamedi and Meador, 2003, Barkas et al., 

2012). All these comorbidities can contribute to a poorer quality of life and may 

increase the risk of suicide attempts (Gilliam et al., 2003, Pompili et al., 2006). 
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Additionally, behavioral changes like anxiety disorders are more frequently diagnosed 

in dogs with epilepsy (Watson et al., 2018).  

Animal models of chronic epilepsy also exhibit neuro-psychiatric comorbidities 

comparable to human patients (Pineda et al., 2014). These behavioral alterations in 

animals can be investigated by using appropriate behavioral tests (Klein et al., 2015, 

Gastens et al., 2008). For example, the open field test (OF test) and the elevated plus 

maze test (EPM test) are commonly used to assess the animals’ explorative behavior 

(File, 1993, Prut and Belzung, 2003). In line with that, the EPM test additionally 

indicates increased anxiety (File, 1993). Anhedonia, a cardinal symptom of depression, 

can be assessed using the sucrose consumption test (SCT) (Kanner et al., 2012). The 

hyperexcitability test (HE test) can be used to analyze sensory responsiveness 

towards different environmental stimuli (Rice et al., 1998, Polascheck et al., 2010). In 

the Morris water maze test (MWM test) rats are trained to find a platform hidden 

underneath the water surface (Morris et al., 1982). Thus, spatial learning abilities can 

be assessed.  Behavioral alterations have been detected in epileptic rats in all 

mentioned behavioral tests (Polascheck et al., 2010, Zanirati et al., 2018, Bankstahl et 

al., 2012). Additionally, these preclinical studies indicated that rats poorly responding 

to chronic AED treatment revealed severer behavioral changes like anxiety, behavioral 

hyperexcitability and learning impairments than AED-responsive animals (Gastens et 

al., 2008, Bankstahl et al., 2012).  

On the contrary, people primary diagnosed with a neuro-psychiatric disorder such as 

depression (Forsgren and Nyström, 1990, Hesdorffer et al., 2000), anxiety disorders 

(Hesdorffer et al., 2012) and schizophrenia (Chang et al., 2011) have a higher risk of 

developing epilepsy afterwards. It is assumed that psychiatric comorbidities may play 

a role in epileptogenesis being potential biomarkers of epileptogenesis (Kanner et al., 

2014). Mainly disturbances of neurotransmitters like serotonin, γ-amino-butyric acid 

(GABA) or glutamate, a hyperactive hypothalamic-pituitary-adrenal axis and 

neuroinflammation are hypothesized to contribute to the development of 

neuropsychiatric disorders as well as to epilepsy (Kanner et al., 2014). However, the 

pathophysiological process is poorly understood and an iatrogenic-induced 

epileptogenesis caused by administration of appropriate medication cannot be 

completely ruled out (Kanner et al., 2014). Thus, further research is needed for 

understanding the contributions of comorbidities to epilepsy development. 
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2.3 Imaging 

 Significance 

In vivo imaging techniques like PET and MRI have the great advantage of performing 

non-invasive and repeated visualization and quantification of structural, functional, 

metabolic and molecular changes in epileptic patients, epileptic dogs and in animal 

models (Bertoglio et al., 2017, Dedeurwaerdere et al., 2014, Bankstahl and Bankstahl, 

2017). In epileptic human patients, these imaging techniques are mainly used in cases 

of refractory epilepsy to identify the epileptic focus pre-surgically (Ramli et al., 2015, 

Pittau et al., 2014). The use of in vivo imaging for longitudinal studies with a scientific 

approach is complex because of the time-consuming, expensive and difficult study 

design (Bankstahl and Bankstahl, 2012, Bertoglio et al., 2017).  

However, recent improvements of the resolution and the sensitivity of imaging devices 

allow the examination of small animals in preclinical research nowadays 

(Dedeurwaerdere et al., 2007, Virdee et al., 2012). Therefore, animal models of chronic 

epilepsy enable researchers to analyze the whole process of epileptogenesis and 

disease progression (Goffin et al., 2008, Dedeurwaerdere et al., 2007). By starting with 

the first scan before the initiating brain insult, each animal can even serve as its own 

control (Bankstahl and Bankstahl, 2012). In addition, findings in animal models reveal 

a highly translational potential since in vivo imaging is non-invasive and already 

established in human patients (Bankstahl and Bankstahl, 2012, van Vliet et al., 2016a). 

Thus, imaging studies in animal models of epilepsy can help researchers to better 

understand epilepsy development including the identification of biomarkers and the 

establishment of new treatment protocols with AED (Roselt et al., 2004, Engel et al., 

2013).  

 Principles of positron emission tomography 

PET imaging was established in clinics in the 1970s (Bankstahl and Bankstahl, 2012) 

and is mainly used for the detection of tumorous tissue, for measuring perfusion, for 

example of the heart, or to diagnose early stages of Alzheimer’s or Parkinson’s disease 

(Miller et al., 2008). PET scanners providing a high spatial resolution of less than 1.5 

mm were established for preclinical small animal imaging at the end of the 20th century 

(Bankstahl and Bankstahl, 2012).  
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A PET scanner is able to detect spatial and temporal in vivo distribution of compounds 

labeled with radionuclides, the so-called radiotracers (Cherry and Gambhir, 2001). All 

radiotracers consist of a molecule that governs the biodistribution, and a radioactive 

compound (Schnöckel et al., 2010). Radionuclides used in PET undergo a β+ decay 

with emission of a positron that has the same mass but the opposite charge of an 

electron (Turkington, 2001). Emitted positrons travel a distance, depending on their 

initial energy, of about 1 mm in the surrounding tissue until they are annihilated with a 

nearby electron (Turkington, 2001). This leads to the emission of two gamma ray 

photons each with an energy of 511 keV and moving in opposite directions of 180° to 

each other (Figure 2).  

 

Figure 2: Principals of PET Left: Diagram of electron-positron annihilation, producing 

two 511 keV leaving in opposite directions. Right: Coincidence event detected in a ring 

PET scanner, modified from Turkington, 2001 (Turkington, 2001). 

A PET scanner compromises a ring of radiation detectors registering simultaneous 

emissions of gamma rays called a coincidence event. With the particular geometric 

relation of 180°, the detector gains specific information on the localization of the 

annihilation (Turkington, 2001). Using iterative and non-iterative reconstruction 

algorithms, a map of radiotracer uptake can be created, which allows the quantification 

of the standard uptake value (SUV) in regions of interests (ROI) (Slomka et al., 2016). 

Taking the temporal resolution into account, time activity curves (TAC) and dynamic 

images can be generated (Kuntner and Stout, 2014, James and Gambhir, 2012). 

Additionally, the biological distribution including transport and biochemical reactions of 

the tracer can be calculated in a kinetic modeling analysis requiring the acquisition of 

dynamic images with the start at tracer injection (Kuntner and Stout, 2014).  
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One model used for kinetic modeling in this thesis is the two-tissue compartment model 

(Figure 3), which describes a tracer binding specifically to its corresponding binding 

site in the brain tissue (Mintun et al., 1984). The compartments represent the blood 

pool, the free tracer in the brain tissue and the tracer binding specifically to its binding 

site. The compartments are connected via four rate constants (Jucaite et al., 2012, 

Hong and Fryer, 2010). K1 and k2 reflect the tracer in- and efflux rates between blood 

and first tissue compartment. K3 and k4 correspond to the specific binding to and 

dissociation from the corresponding binding site (Gunn et al., 2002). For tracers with 

an irreversible binding or a metabolic trapping such as the glucose analogue 2-18F-

fluoro-deoxy-D-glucose (18F-FDG), k4 is close to zero (Hong and Fryer, 2010).  

 

Figure 3: Two-tissue compartment model. The first compartment C0 represents the 

tracer in the blood pool, C1 the concentration of free tracer in brain tissue and the C2 

the tracer binding specifically in the brain, whereas K represent the flow constants 

between compartments, adapted from Farde et al., 1998 (Farde et al., 1998). 

Finally, the volume of distribution (Vt) is defined as the ratio of the radioligand 

concentration in the tissue target region and plasma at equilibrium and can be 

calculated by the equation Vt=K1/k2*(1+k3/k4) (Innis et al., 2007).  

Furthermore, the Patlak kinetic model, which is commonly applied for tracers with 

irreversible trapping as 18F-FDG, was used for this thesis (Lanz et al., 2014). The 

Patlak model bases on a graphical analysis, for which the tissue uptake is divided by 

the dynamic activity in the blood pool and is plotted in relation to a “normalized” time 

(PMOD, 2018). Thus, the slope equals the tracer influx rate Ki (K1*k3/(k2+k3)), and 

the metabolic rate of glucose utilization can be calculated (Thackeray et al., 2015).  

 Imaging of glucose metabolism by 18F-FDG PET 

The glucose analogue 18F-FDG is the most frequently used radiotracer for PET 

imaging in diagnostics and research in general and for epilepsy (Dedeurwaerdere et 
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al., 2007, Bankstahl and Bankstahl, 2012). This radiotracer distributes in the body 

comparable to glucose (Figure 4) (van Vliet et al., 2016a). Thus, 18F-FDG is routinely 

used for the detection and staging of tumors and metastases in human patients 

(Krause et al., 2013). Additionally, acute and chronic tissue inflammation and infections 

can lead to an increased 18F-FDG accumulation in affected tissues (Zhuang and 

Codreanu, 2015). In patients showing a negative MRI result for detecting the epileptic 

focus pre-surgically, 18F-FDG PET is widely used as an alternative tool (Liew et al., 

2009, Cendes et al., 2016).  

As described in chapter 2.2.3, preclinical PET imaging showed that rodents already 

reveal a glucose hypometabolism in the acute phase after an epileptogenesis-initiating 

brain insult, turning back to baseline levels in the subacute phase, and showing a 

hypometabolism in the chronic phase of the disease (Bertoglio et al., 2017, Guo et al., 

2009, Zhang et al., 2015). However, in preclinical PET imaging the glucose utilization 

and thus the 18F-FDG distribution is highly influenced by the anesthesia required for 

immobilizing rodents during scans (Matsumura et al., 2003). Thus, differences in the 

anesthesia and scanning protocols need to be considered as a reason for inconsistent 

findings in 18F-FDG scans between working groups (Bertoglio et al., 2017). 

 

Figure 4: 18F-FDG metabolism. 18F-FDG is delivered by blood to the brain and uses 

the same GLUT transporters like glucose does. Taken up in cells it is not introduced 

into the citric acid cycle. Due to phosphorylation of the molecule by hexokinase it is not 

further metabolized and thus trapped inside the cell. Cellular accumulation can be 

localized by PET imaging, adapted from van Vliet et al., 2016a (van Vliet et al., 2016a). 
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 TSPO PET imaging  

The 18-kDa TSPO, formerly known as peripheral benzodiazepine receptor, is mainly 

found on the outer mitochondrial membrane (Dupont et al., 2017). Being only modestly 

expressed in healthy brain tissue, TSPO is overexpressed predominantly in activated 

microglia during an inflammatory process (Dupont et al., 2017, Banati, 2002). In 

addition, reactive astrocytes and monocytes invading the brain also reveal an 

expression of the receptor (Lavisse et al., 2012, Winkeler et al., 2010). Under 

physiological conditions, TSPO is assumed to be involved in regulation of cell 

proliferation, steroid synthesis and regulation of immunological responses (Mukhin et 

al., 1989, Banati, 2002). Being overexpressed, it is hypothesized that it additionally 

attenuates reactive oxygen species (Veenman et al., 2008). Since TSPO upregulation 

was seen in various diseases, which go along with neurodegeneration, it is considered 

as a relevant biomarker for neuroinflammation over disease progression (Dupont et 

al., 2017, van Vliet et al., 2016a).  

PET imaging of TSPO has significantly improved over the last decades (Dupont et al., 

2017). Beginning with benzodiazepine derived compounds, the isoquinoline 

carboxamide 11C-(R)-PK11195 was one of the first tracers discriminating peripheral 

from central benzodiazepine receptors with a high affinity and reversible binding 

(Dupont et al., 2017, Banati, 2002, Guo et al., 2012). To date, third generation TSPO 

radioligands like Flutriciclamide (18F-GE180) are preferably used because of their 

improved sensitivity and their better signal-to-noise ratio (Wadsworth et al., 2012, Fan 

et al., 2016). Nevertheless, all TSPO ligands are reflecting a multicellular inflammatory 

reaction, since they do not distinguish between microglia, invaded monocytes and 

astrocytes (Dupont et al., 2017).  

As previously mentioned, TSPO imaging was preclinically used to longitudinally asses 

neuroinflammation after an epileptogenic brain insult, revealing a peak 1 to 2 weeks 

after the insult (Amhaoul et al., 2015, Brackhan et al., 2016). Additionally, animals after 

electrically induced SE with refractory epilepsy had an increased tracer binding 

allowing the discrimination from drug-sensitive animals (Bogdanovic et al., 2014). In 

vitro experiments in tissue of human patients also revealed increased tracer binding in 

the resected tissue of pharmacoresistant TLE patients with hippocampal sclerosis 

compared to patients without hippocampal sclerosis or non-epileptic controls 
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(Sauvageau et al., 2002). An in vivo study reported an increased TSPO expression in 

temporal brain regions of TLE patients compared to healthy controls (Gershen et al., 

2015). Increased tracer binding was also shown to line up with other imaging methods 

for presurgical identification of the epileptic focus (Theodore, 2017). 

 Imaging of amino acid metabolism by 18F-FET PET 

Amino acid imaging is nowadays regarded as the gold standard for detecting brain 

tumors via PET, because it has the advantage of a high uptake with a lower 

background noise compared to 18F-FDG (Galldiks et al., 2015, Juhasz et al., 2014). 

Therefore, amino acids can be labeled with isotopes like the 11C labeled methionine 

(11C-methyl-L-methionine) or the 18F labeled tyrosine (18F-fluoroethyl-L-tyrosine 

(FET)), but FET is preferably used because of its longer half-life (Langen et al., 2017). 

Radiolabeled amino acids delivered via blood are transferred into brain cells by Na+-

independent large neutral amino acid transporters (Hutterer et al., 2017). In cells 18F-

FET is neither metabolized nor incorporated into proteins and therefore it only reflects 

its transport rate (Juhasz et al., 2014). Additionally, it reveals a low uptake in 

inflammatory cells and is independent from BBB permeability (Juhasz et al., 2014, Filss 

et al., 2017).  

In epileptic patients, 18F-FET is mainly used to assess, whether seizures are caused 

by a brain tumor (von Oertzen, 2018). A clinical study with a small cohort of epileptic 

patients demonstrated that an increased, unilateral tracer uptake in gyri of cortical 

regions is caused by the upregulation of amino acid transporters (Hutterer et al., 2017).  

 Imaging of neuroreceptor density by 18F-FMZ and 18F-FPEB PET 

GABA is the principal inhibitory neurotransmitter in the brain playing an important role 

in mechanisms and treatment of epilepsy (Treiman, 2001). Flumazenil (FMZ) acts as 

a selective benzodiazepine receptor antagonist with a high affinity for the 

benzodiazepine binding site on the GABAA receptor. Thus, labeled with 11C or 18F FMZ 

can be used for imaging the GABAA receptor in the brain (Goffin et al., 2008). In 

patients with epilepsy a decreased tracer uptake around the epileptic focus was found 

to increase the specificity in addition to other imaging methods before surgery (Savic 

et al., 1988, Bouvard et al., 2005, Hodolic et al., 2016). Unfortunately, clinical 

application is limited because of interactions of FMZ with several AED (Goffin et al., 
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2008). Preclinical studies showed a decreased density of benzodiazepine receptor 

expression in the brain using autoradiography or PET imaging two days after kainic 

acid injection or in kindled rats (Syvänen et al., 2012, Vivash et al., 2011, Liefaard et 

al., 2009). 

Glutamate is the primary excitatory neurotransmitter in the brain contributing to 

epileptic seizure generation (Albrecht and Zielinska, 2017). It acts via metabotropic 

glutamate receptors (mGluR) (Bianchi et al., 2012). It was shown that stimulation of 

mGluR5 reveals a seizure-initiating effect (Merlin, 2002). The radiotracer 18F-3-fluoro-

5-[(pyridin-3-yl)ethynyl]benzonitrile (18F-FPEB) works as a potent and selective 

antagonist of mGluR5 so that it can be used for imaging this receptor type (Wong et 

al., 2013). A longitudinal imaging study found a generally decreased mGluR5 binding 

potential in the acute and subacute phase post pilocarpine-induced SE recovering in 

the chronic period except for amygdala and hippocampus of rats (Choi et al., 2014). 

This indicates that mGluR5 plays a role in epilepsy development requiring further 

research (Choi et al., 2014). 

 Principals of MR imaging 

The main principal of MRI was firstly described by Felix Bloch and Edward Mills Purcell 

simultaneously in 1946 (Andrew, 1992). Both researchers demonstrated the 

phenomenon of nuclear magnetic resonance meaning that the nucleus of an atom 

possess an intrinsic spin resulting in magnetic moments (James and Gambhir, 2012). 

By placing atoms in a magnetic field, the nuclei’s spin axes rotates about the magnet 

field’s direction, since nuclei attempt to line up with it (James et al., 1982). For MR 

imaging, nuclei are irritated by a specific pulse of radiofrequency radiation (James and 

Gambhir, 2012). This results in the so-called nuclear magnetic resonance so that some 

nuclei absorb energy moving to a higher energy state (Chou and Carrino, 2007). After 

the radiofrequency pulse, nuclei relax to their equilibrium in the magnetic field (Gröhn 

and Pitkänen, 2007). Remitted energy is detectable by a receiver coil (Detre, 2007).  

Many radiofrequency pulses, which are aligned and varied in different directions, can 

be spatially resolved and an image can be created (Gröhn and Pitkänen, 2007). The 

protons are mostly studied in MRI due to their strong signal and occurrence in the 

tissue (James et al., 1982). The relaxation time is determined by the surrounding 

environment of the nucleus that provides the tissue contrast (Tidwell and Jones, 1999). 
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Therefore, the MR signal depends on the following factors: the polarization of the 

magnetic field (James and Gambhir, 2012) the concentration of atoms (Greiner and 

Müller, 1994), and the gyromagnetic ratio, which is determined from magnetization and 

angular momentum of the atom (Greiner and Müller, 1994). 

Generally, there are two ways of measuring relaxation times. T1 is the longitudinal 

relaxation time. It describes the time constant corresponding to the decay of 

magnetization parallel to the magnetic field. Therefore, it reflects the required time to 

transfer the energy to the surrounding environment (James et al., 1982). T1-weighted 

imaging sequences are characterized by a short repetition time (TR) and a short echo 

time (TE). Tissue with a short T1 relaxation time appear bright, whereas tissue with a 

long T1 relaxation time appear darker (Jung and Weigel, 2013). T1-weighted 

sequences are generally considered for analyzing anatomic structures (Chou and 

Carrino, 2007). Intravenously administered paramagnetic contrast agents containing 

gadolinium result in a shortening of longitudinal relaxation time and in a hyperintense 

signal intensity (McDowell and Dublin, 2018). Thus, contrast agents leaking out an 

impaired BBB are used to assess BBB integrity (Dijkhuizen, 2011). Recently, a 

preclinical study compared different imaging modalities for BBB leakage after SE and 

showed that T1-weighted MRI following Gadolinium-labeled contrast agent infusion is 

the most favorable imaging method (Breuer et al., 2017).  

T2 is the spin-spin or transversal relaxation time. It describes the time decay of the 

magnetization perpendicular to the external field. T2-weighted imaging sequences 

have a longer TR and a longer TE compared to T1-weighted sequences. Tissue with 

a short T2 relaxation time appear dark, tissue with a long T2 relaxation time appear 

brighter (Jung and Weigel, 2013). T2-weighted sequences are used to examine fluid 

containing structures or extracellular fluid like edema (Chou and Carrino, 2007, Gröhn 

and Pitkänen, 2007). 

Compared to PET imaging, MRI has a higher spatial resolution of 25 – 100 μm for 

preclinical and 1 mm for clinical use making it indispensable for visualization of 

anatomical structures (James and Gambhir, 2012). Additionally, MRI has the 

advantage that it does not require radiation exposure. Thus, it can also be used for 

longitudinal studies in patients (Gröhn and Pitkänen, 2007).  
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 MRI in epilepsy 

Because of the superior soft tissue contrast, multiplanar imaging capability, and lack 

of radiation, MR imaging has become the method of choice for clinical use (Ramli et 

al., 2015). MRI is particularly indicated in patients developing seizures younger than 2 

years or in adulthood to examine structural abnormalities of the brain (Ramli et al., 

2015). Additionally, patients with refractory epilepsy, who will be treated surgically, 

undergo an MRI scan for identifying the epileptic focus and brain areas that need to be 

preserved (Pittau et al., 2014). Some follow-up studies with children after febrile 

seizures revealed unilaterally increased T2 values within 2 to 5 days (Van Landingham 

et al., 1998, Scott et al., 2002). For clinical applications, a magnetic field with a strength 

of 1.5 to 3 tesla is needed (Ramli et al., 2015). The administration of a contrast agent 

is not included in the general scan protocol (Ramli et al., 2015).  

As described before, Gadolinium-containing contrast agents shortening the T1 

relaxation time can be used for detecting BBB leakage (Dijkhuizen, 2011). Gadolinium-

diethylentriaminepentacetate (Gd-DTPA) being polar and having a molecular weight of 

550 Dalton is physiologically excluded from entry in a healthy brain (Kassner and 

Thornhill, 2011). When the BBB is impaired, it leaks out of the vessels accumulating in 

adjacent brain parenchyma, where it is detectable (Kassner and Thornhill, 2011). In 

preclinical studies, which are mostly conducted using stronger magnetic fields 

compared to clinical imaging (Curran et al., 2018), bolus injection of a contrast agent 

in the post-SE pilocarpine rat model revealed an acute BBB leakage 2 h after the initial 

brain insult in the thalamus (Roch et al., 2002a). However, the establishment of a step-

down infusion protocol resulting in a constant contrast agent concentration in the blood 

for the scan period reveals also subtle BBB leakage (Nagaraja et al., 2007). This 

protocol enabled the detection of BBB leakage in two post-SE rat models, especially 

in the first two days after the insult in the phase of epileptogenesis (van Vliet et al., 

2014, Breuer et al., 2017). In the pilocarpine rat model, BBB leakage is accompanied 

by edema formation detectable with T2-weighted MRI sequences (Bankstahl et al., 

2018, Roch et al., 2002a). Using even higher magnetic fields of 11.7 tesla, a reduced 

T2 signal in limbic regions caused by reduced tissue oxygenation was detectable at 2 

h, being a potential biomarker of epileptogenesis in a rat model of febrile SE (Choy et 

al., 2014). Contrariwise, a predictive T2 relaxation time increase was also reported in 

this animal model using a clinical MRI tomograph (Curran et al., 2018). Additionally, 
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diffusion tensor imaging shows axonal plasticity and reorganization after brain insults 

(Gröhn et al., 2011). Nevertheless, compared to clinical application, MRI is much less 

used in preclinical epilepsy research (Marchi et al., 2012). 

2.4 Animal models of epileptogenesis 

Despite major efforts to establish alternative research methods, the use of in vivo 

animal models of epileptogenesis is still indispensable for investigating complex 

pathological mechanisms contributing to epilepsy development, discovering predictive 

biomarkers and finding new anti-epileptogenic treatment strategies (Raol and Brooks-

Kayal, 2012, Pitkänen et al., 2016, Pitkänen et al., 2007). To date, a huge variety of 

animal models, which often base on rodents like rats and mice, are established to 

investigate epileptic seizures and epilepsy (Löscher, 2016, Löscher and Brandt, 2010). 

Not all animal models can be used for every scientific purpose. Therefore, the selection 

of the animal model depends on the scientific research question (Löscher, 2016).  

In general, animal models can be categorized in acute seizure models and models of 

chronic epilepsy. In acute models, single seizures are provoked in healthy animals by 

electrical or chemical stimulation (Löscher, 2011). Animal models of chronic epilepsy, 

in which an epileptogenesis with following seizure generation is induced, are more 

comparable to the pathogenesis of epilepsy in patients (Löscher, 2011). The kindling 

model belongs to the category of chronic models (Löscher, 2011). By repetitively 

performed sub-convulsive electrical stimulation of limbic brain areas (Goddard et al., 

1969) it mimics the progression from subclinical epileptiform discharges to clinical 

seizures and is used for the development of new AED (Wilcox et al., 2013, Löscher et 

al., 2015). Additionally, chemical and electrical post-SE models, hypoxia-ischemia 

models, febrile convulsion models, traumatic brain insult models and stroke models 

allow the examination of epileptogenesis after an initial brain insult (Kasahara et al., 

2018, Klein et al., 2018).  

Especially the post-SE models, in which a SE is induced electrically or chemically by 

the administration of kainic acid or pilocarpine, are frequently used to investigate the 

underlying mechanisms of epileptogenesis or in anti-epileptogenesis studies (Löscher, 

2011, Stables et al., 2003). These models show a translatable pathogenesis including 

a seizure-free latent period and development of epilepsy in nearly all animals (Twele 
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et al., 2016, Curia et al., 2008, Pitkänen et al., 2007). As the identification of early, 

prognostic biomarkers requires an animal model, in which only a proportion of rats 

become epileptic, a modified lithium-pilocarpine post SE rat model was chosen for this 

work (Brandt et al., 2015).  

 The pilocarpine post-SE rat model 

The pilocarpine rat model is a widely used and well characterized post-SE model of 

chronic TLE (Morimoto et al., 2004, Curia et al., 2008). The initial brain insult is a SE 

caused by systemic administration of the excitatory acetylcholine receptor agonist 

pilocarpine, which binds to the M1 muscarinic receptor subtype (Hamilton et al., 1997). 

In vivo microdialysis studies revealed an elevated glutamate level in the hippocampus 

before the first seizures appear (Smolders et al., 1997). At this time point, animals were 

motionless, followed by yawning, salivation and facial automatisms (Turski et al., 

1983). The first generalized seizures occur approximately 30 min after injection (Turski 

et al., 1983). The ongoing seizure activity leads to a self-sustaining SE, that is 

maintained by an activation of the N-methyl-D-aspartate (NMDA) receptor (Smolders 

et al., 1997). During SE, rats show intense rearing, upper extremity clonus and falling, 

which is accompanied by electrographic alterations occurring in the hippocampus 

propagating to amygdala and cortex (Turski et al., 1983). To lower the relatively high 

mortality rate, some modifications of this model were applied (Curia et al., 2008). 

Pretreatment with lithium reduces the dose required to induce seizures (Clifford et al., 

1987). Methylscopolamine, given 30 min before pilocarpine, minimizes peripheral 

cholinergic activation (Clifford et al., 1987). Additionally, individual dosing of pilocarpine 

ensures the occurrence of SE and decreases the mortality (Bröer and Löscher, 2015, 

Glien et al., 2001). After a defined time of SE, rats are treated with benzodiazepines 

like diazepam, which suppress SE severity but do not terminate SE completely (Brandt 

et al., 2015, Löscher, 2009). 

Apart from insult-induced seizures on the first days post SE, rats reveal a seizure-free 

latency phase from 1 to 3 weeks (Rattka et al., 2011, Cavalheiro et al., 1991). Already 

during epileptogenesis, widespread lesions in the hippocampal and parahippocampal 

brain regions like severe neuronal loss, mossy fibre sprouting, edema and glial cell 

activation can be detected (Dalby and Mody, 2001, Turski et al., 1983), which may lead 

to the appearance of SRSs (Curia et al., 2008, Scorza et al., 2009). Seizures in the 
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chronic period can be recorded by electroencephalography (EEG) as spiking activity 

deriving from hippocampus and spreading to the neocortex (Cavalheiro et al., 1991). 

In addition, pilocarpine-treated rats also reveal epilepsy-related neuropsychiatric 

comorbidities like depression, increased anxiety and learning impairments (Gastens et 

al., 2008, Mazarati et al., 2008).  

Thus, the pilocarpine rat model shows several similarities of TLE, like insult-induced 

etiology, seizure foci in the limbic system, a seizure-free latency phase, histological 

changes and a proportion of pharmacoresistant rats (Curia et al., 2008, Chakir et al., 

2006, Rattka et al., 2011, Scorza et al., 2009).  

 Rat models for identification of biomarkers for epileptogenesis 

Animal models of chronic epilepsy induced by a traumatic brain injury (TBI) are highly 

translational in regard of epileptogenesis and the proportion of subjects developing 

seizures, making it a suitable model for the identification of biomarkers (Engel, 2018). 

However, animals undergoing a TBI usually reveal a long latency phase a relatively 

low number of animals develops SRS (Pitkänen and Immonen, 2014). Therefore, 

modified post-SE pilocarpine rat models also offer the possibility to investigate 

changes during epileptogenesis in animals developing seizures or developing no 

seizures after an initial brain insult.  

In the postnatal day (PN) 21 rat model, a SE is induced by pilocarpine injections without 

interruption of SE in 21 days-old-rats (Roch et al., 2002b). It was already shown that 

seizing rats reveal poorer spatial learning abilities during epileptogenesis and 

increased myo-Inositol levels in the hippocampus, measured by proton spectroscopy 

at the time of epilepsy onset compared with non-seizing animals (Pascente et al., 

2016). Additionally, seizing rats reveal increased HMGB1 levels, which might serve as 

a translational biomarker (Walker et al., 2017). However, this model has a high 

mortality rate (Pascente et al., 2016). 

Another modified lithium-pilocarpine rat model was recently established in which the 

initial SE is terminated by the administration of diazepam, phenobarbital and 

scopolamine (Brandt et al., 2015). In contrast to the conventional pilocarpine model, in 

which SE is interrupted by diazepam injections, no seizures recur during the following 

24 h (Brandt et al., 2015). Insult-induced seizures can occur in all animals directly after 
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SE, though only a proportion of rats develop chronic SRS depending on the duration 

of the SE itself, which makes this model suitable for biomarker identification (Brandt et 

al., 2015). Following termination of SE, a proportion of rats still reveals hippocampal 

neurodegeneration, hyperexcitability and a decreased seizure threshold in response 

to the pentylenetetrazole infusion test (Brandt et al., 2015, Bröer and Löscher, 2015). 

For this thesis, this modified lithium-pilocarpine model with effective termination of SE 

was used. 
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3 Objectives 

3.1 Study 1: Combining translational imaging and blood 

biomarkers strengthens prediction of insult-induced 

epileptogenesis 

Identification of predictive biomarkers for epilepsy development remains an unmet 

clinical need to identify patients at risk of undergoing epileptogenesis. Preclinical in 

vivo imaging already showed early brain changes in longitudinal and translational 

studies. Additionally, inflammatory parameters in blood or behavioral alterations reveal 

the potential to be epileptogenesis-predicting. In the modified pilocarpine post SE 

model only a proportion of rats develops SRS after the same initial brain insult, which 

makes this model suitable to identify early biomarkers for epilepsy development. 

Therefore, we aimed 

1. to evaluate the predictivity of imaging biomarkers, plasma HMGB1 levels and 

early behavioral changes, 

2. to increase the predictive power by combining different markers, and 

3. to identify interactions between different parameters. 

3.2 Study 2: Longitudinal characterization of brain glucose and 

protein metabolism following epileptogenic brain insult using 

PET imaging    

Clinical and preclinical data indicate an involvement of altered substrate utilization as 

well as neuroinflammation contributing to epileptogenesis. Longitudinal PET imaging 

in a post-SE rat model of epileptogenesis offers the investigation of glucose and protein 

metabolism at different time points after an epilepsy-inducing brain insult. Therefore, 

aims of this study were 

1. to characterize alterations in substrate utilization at acute, subacute and chronic 

phases of epilepsy development using PET with the glucose analogue 18F-FDG 

and 18F-FET reflecting amino acid turnover and 

2. to correlate metabolic changes in brain areas to neuroinflammation. 
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3.3 Study 3: Medetomidine-midazolam-fentanyl anesthesia for 18F-

FDG PET imaging in rats reveals epileptogenesis-associated 

regional glucose hypermetabolism 

Changes in glucose utilization are detectable in various brain areas during 

epileptogenesis and in chronic epilepsy. In preclinical imaging, brain uptake of the 

glucose analogue tracer 18F-FDG is affected by the anesthesia necessary to 

immobilize the animal during the scan. This may lead to inhomogeneous findings 

comparing the results of different working groups. Thus, objectives of this study were  

1. to evaluate the effect of different anesthesia protocols on blood glucose levels 

and 18F-FDG uptake in the healthy rat brain, 

2. to characterize glucometabolic brain changes during epileptogenesis and the 

chronic phase of epilepsy applying different anesthesia protocols, and  

3. to assess the value of different PET data analysis approaches for uncovering 

glucometabolic brain changes following SE. 
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4.1 Abstract 

Biomarkers for identification of patients with increased epileptogenesis risk following 

brain insults remain to be established. Here, we aimed to evaluate the predictive value 

of positron emission tomography (PET) and magnetic resonance imaging (MRI) 

performed during epileptogenesis in a modified lithium-pilocarpine post status 

epilepticus (SE) rat model. We aimed to increase the predictive power by correlating 

imaging results with the blood biomarker HMGB1 as well as behavioral alterations. 

Seizure monitoring identified 15 of 21 female Sprague-Dawley rats as seizing and 6 as 

non-seizing. Early 18F-fluorodeoxyglucose (FDG) PET showed a greater glucose 

hypometabolism in rats later defined as non-seizing compared to seizing rats, while 

HMGB1 blood levels were increased at day 8 post SE only in seizing rats. Additionally, 

the translocator protein ligand 18F-GE180 revealed higher volume of distribution (Vt) in 

non-seizing rats indicating a higher neuroinflammation 12-14 days post SE, 

respectively. Early extrahippocampal 18F-GE180 Vt correlated negatively with chronic 

hippocampal neuronal loss, pointing towards a potential neuroprotective role of brain 

inflammation. Receiver operating characteristic analyses of thalamic 18F-GE180 Vt in 

combination with total HMGB1 blood levels showed high predictivity. Contrarily, neither 

small animal MRI for detection of blood-brain barrier leakage and edema formation nor 

behavioral tests showed differences between seizing or non-seizing rats. These 

findings support the suitability and translational potential of combined brain imaging 

and blood parameters as predictors for insult-induced epileptogenesis.  

4.2 Introduction 

With a lifetime prevalence of 1% epilepsy belongs to the most common neurologic 

brain diseases worldwide (Engel, 2003). The term epileptogenesis describes the 

cascade of cellular, molecular and functional brain changes leading to the generation 

of an excessive neuronal network activity and to spontaneous recurrent seizures (SRS) 

(Chang and Lowenstein, 2003, Pitkänen and Lukasiuk, 2011). Approximately 30% of 

patients newly diagnosed with epilepsy do not respond to antiepileptic drug treatment 

(Kwan et al., 2010). Thus, the development of treatment strategies for prevention or 

amelioration of epileptogenesis remains an urgent clinical need. However, to identify 

patients at risk and to validate antiepileptogenic treatments non-invasive, reliable 
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biomarkers for epileptogenesis are required (Pitkänen and Engel, 2014). Imaging 

techniques offer the possibility to monitor disease progression longitudinally and are 

highly translatable (Bertoglio et al., 2017a). Altered glucose metabolism and 

neuroinflammation, detectable via in vivo positron emission tomography (PET) with the 

tracers 2-18F-fluoro-deoxy-D-glucose (18F-FDG) and translocator protein TSPO ligands 

like flutriciclamide (18F-GE180), along with blood-brain barrier leakage (BBB), 

detectable via contrast-enhanced magnetic resonance imaging (MRI), are linked to 

epileptogenesis and hypothesized to represent potential non-invasive biomarkers (van 

Vliet et al., 2016).  

The main goal of this longitudinal study was the experimental evaluation of these early 

imaging biomarkers in combination with blood and behavioral markers in order to 

analyze the results also as a multi-platform approach as suggested earlier (Engel et 

al., 2013).  For this purpose, we used a modified lithium-pilocarpine rat model (Brandt 

et al., 2015) in which the epileptogenesis-initiating status epilepticus (SE) is efficiently 

terminated by a multi-drug combination. In contrast to the conventional lithium-

pilocarpine rat model, this leads to animals with and without SRS in the chronic phase 

of the disease. Thereby, the model mimics the clinical situation and was suggested as 

useful for biomarker identification (Brandt et al., 2015, Bröer and Löscher, 2015). We 

aimed to increase the predictivity by combining different biomarkers and analyzing 

interactions between those parameters and the disease outcome. Other tested 

markers were early behavioral alterations, as depressive-like and anxiety-like behavior 

or learning impairment being observed both in human patients and animal models of 

epilepsy (Kanner et al., 2014), as well as the plasma level of the damage-associated 

molecular pattern high-mobility group box 1 (HMGB1), which was shown to be 

associated with epileptogenesis both in rats and human patients (Walker et al., 2017).  

4.3 Material and methods 

 Animals 

Forty-seven female Sprague-Dawley rats were purchased from Janvier (Le Genest-

St.-Isle, France) at an age of 9 weeks (200 – 220 g). They were housed in groups of 

two rats in individually ventilated cages (Allentown, Neuss, Germany) under controlled 
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climate conditions (20 – 22°C, humidity between 40% and 70%) and a 14/10 h 

light/dark circle. Standard laboratory chow (Altromin 1234, Lage, Germany) and tab 

water were provided ad libitum. Rats were allowed to adapt to housing conditions and 

repetitive handling for at least one week prior to the start of the experiments. From day 

4 after induction of status epilepticus (SE) animals were single housed to enable 

behavioral experiments in individual home cages. After finishing imaging, on day 14 

after SE induction, animals were transferred to an open cage system (makrolon type 

III cages, Ebeco, Castrop-Rauxel, Germany) under a 12/12 h light/dark cycle. All rats 

were weighted daily during the first 31 days after SE. Afterwards, they were weighted 

at least once per week. Experimental procedures were conducted in accordance with 

European Communities Council Directives 86/609/EEC and 2010/63/EU and were 

formally approved by the responsible local authority (Landesamt für 

Verbraucherschutz und Lebensmittelsicherheit, LAVES). All efforts were made to 

minimize pain or suffering as well as the number of animals. A summary of the 

experimental design is shown in Fig. 1. 

 

Figure 1: Study design. The schematic diagram illustrates the experimental design. 

Number (n) of rats included in analysis of each test are written. 27 of 47 rats completed 

the whole study. Blood was sampled one week before status induction, on day 1 and 

on day 8 post SE. The following behavioral tests were conducted: HE test days 7, 14, 

and 21 post SE; SCT day 16 until day 21 post SE; OF test day 20 post SE; EPM test 

day 21 post SE; MWM test days 23 to 31 post SE. 
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 Induction and termination of SE 

Chemicals were obtained from Sigma-Aldrich (Steinheim, Germany) unless stated 

otherwise. SE was induced as described previously (Brandt et al., 2015). Briefly, rats 

(n=40) were pre-treated with lithium chloride (127 mg/kg p.o.) approximately 16 h prior 

to the first pilocarpine injection. Methylscopolamine (1 mg/kg i.p.) was administered 30 

min before a bolus injection of pilocarpine (30 mg/kg i.p.). If no seizure activities were 

shown, rats were treated with a maximum of three further pilocarpine injections (10 

mg/kg i.p.). Seizure activity was monitored by two trained persons. Onset of SE was 

marked by repetitive generalized convulsive stage 4 (rearing) and 5 (rearing and 

falling) seizures according to Racine’s scale (Racine, 1972). Two rats did not develop 

a SE and were excluded from the following experiments. Seven age-matched control 

rats were treated identically except for saline instead of the pilocarpine injections.  

A multi-targeted drug-cocktail was used to effectively terminate SE (Bröer and Löscher, 

2015). Therefore, rats received intravenous injections of diazepam (10 mg/kg, 

Ratiopharm, Ulm, Germany), scopolamine (1 mg/kg) and phenobarbital (25 mg/kg) via 

tail vein 60 min after SE onset. Drug injections were repeated intraperitoneally after 4 

and, except for phenobarbital, after 8 h. Rats received injections of 5 ml glucose 

electrolyte solution subcutaneously (Sterofundin HEG-5, B. Braun, Melsungen, 

Germany) together with the first and the third injection for SE termination as well as on 

day 1 post SE to keep them hydrated. Additionally, they were placed on heating pads 

to prevent hypothermia. The days following SE, mashed laboratory chow was offered 

and, if needed, rats were hand-fed. Nonetheless, 13 animals, including one control rat, 

died or had to be killed within 48 h after SE because of bad general condition. Thus, 

the mortality was 30.0% in post-SE and 14.3% in control animals. 

 Blood sampling and HMGB1 ELISA 

Blood sampling was performed at baseline, 1 day and 8 days post SE under short 

isoflurane anesthesia (CP-Pharma, Burgdorf, Germany). Therefore, 1 ml of blood was 

retro-orbitally collected in 1.3 ml K3 EDTA micro-tubes (Sarstedt, Nümbrecht, 

Germany) using a non-heparinized capillary (0.8 mm diameter, Hilgenberg GmbH, 

Malsfeld, Germany). Blood was directly stored on ice and centrifuged at 2000 g for 10 

min at 4 °C. Plasma was stored at – 80°C until analysis. Total HMGB1 plasma level 
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was determined by a blinded investigator using a commercially available ELISA 

(Shino-Test Corporation, Kanagawa, Japan) according to manufacturer’s guidelines. 

A standard curve was generated from standard dilutions of known quantities of 

HMGB1. As previously described (Walker et al., 2017), 10 µl of each sample was 

added to the 96-well plate coated with sample diluent. After incubation at 37°C for 20 

h, the plate was washed 5 times in wash buffer with 400 µl/well and air dried. Wells 

were incubated for 2 h with 100 µl enzyme-conjugated anti-HMGB1,2 antibody solution 

at room temperature. After washing, 100 µl/well substrate solution were added, and 

incubation took place at room temperature for 30 minutes before the colour reaction 

was stopped by 100µl stop solution. The optical density of the samples and standard 

dilutions was obtained at 450 nm. Results were calculated by fitting to the standard 

curve. Animals of which blood sampling was not possible as well as obvious outliers 

confirmed by ROUT analysis (Q=1%) (Prism 7, GraphPad, LaJolla, CA, USA; one 

sample of a control and one sample of a seizing rat at BL, and one sample of a control 

rat at 1 d post SE) were excluded from analysis. 

 Magnetic resonance imaging 

On days 2 and 9 after SE, MRI scans were acquired by a 7 Tesla (300 MHz) small 

animals MRI system (Pharmascan 70/16, Bruker BioSpin MRI GmbH) using Para 

Vision 6.0.1 acquisition software (Bruker, Ettlingen, Germany) as described previously 

(Breuer et al., 2017, Bankstahl et al., 2018). The system was equipped with a 9 cm 

inner diameter gradient insert (Bruker BGA-9S), a 38 mm circular polarized rat head 

volume coil with a rat brain receive-only coil array 1483V3 in combination with a 

quadrature MRI transmit-only coil with active decoupling T11070. Rats were 

anesthetized with isoflurane (1.5-3%, CP-Pharma, Burgdorf, Germany), eye ointment 

was applied, the animal bed was constantly heated to 37°C, and the breathing rate 

was monitored during scans using the MR-compatible small animal monitoring system 

(SA Instrument, Inc., Stony Brook, NY, USA). For reproducible positioning of the rat 

and the coil within the magnet bore (Bruker BioSpec 70/16), the receive coil was placed 

on the animal bed and the rat’s head was fixed in an incisor bar. Firstly, a TRIPILOT 

scan was performed to facilitate registration which was followed by a T2-weighted 2D 

multi slice multi echo (MSME) sequence (Repetition Time (TR) = 2500 ms, Echo Time 

(TE) = 11 MS). The geometric parameters of the MSME scan were 32 slices of 0.8 
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mm, matrix 256 x 256 and a field of view (FOV) 35 x 35 x 25.6 mm, resulting in a voxel 

size of 0.137 mm³. Blood-brain-barrier (BBB) permeability was visualized by a T1-

weighted 3D-modified driven equilibrium Fourier transform (MDEFT) sequence 30 min 

after intravenous infusion of the contrast agent (CA) gadolinium-diethylenetriamine 

pentaacetic acid (Gd-DTPA, Magnevist®, Bayer HealthCare, Leverkusen, Germany) 

via a lateral tail vein. The infusion was administered via infusion pump (PHD Ultra, 

Harvard Apparatus, South Natick, MA, USA). The following parameters were chosen 

for the MDEFT sequence: TR = 4000 ms, TE 3.5 ms, matrix 256 x 256, FOV 35 x 35 x 

25.6 mm³, voxel size 0.137 x 0.137 mm³ for 32 slices with a slice thickness of 0.8 mm. 

Data was evaluated in PMOD 3.703 software (PMOD Technologies Ltd., Zurich, 

Switzerland). The PMOD fusion tool was used for co-registering the images to a rat 

brain atlas (Schwarz et al., 2006). Contrast-enhanced T1 and T2 signals were 

calculated after normalizing to pons as reference region (Breuer et al., 2017). 

 Positron emission tomography  

A dedicated small animal PET scanner (Inveon DPET, Siemens Knoxville, TN, USA) 

was used for 18F-FDG scans conducted on day 5 post SE. Under short isoflurane 

anesthesia, blood micro-samples were gained from the saphenous vein to measure 

glucose levels (Conrour XT®, Bayer Consumer Care, Basel, Schweiz) before tracer 

injection and after the scan. A custom-made catheter was placed in a lateral tail vein 

and 0.3 ml of tracer (18.16 ± 0.85 MBq) was injected followed by 0.2 ml of saline for 

flushing. Animals were allowed to wake up for 20 min with the aim to limit anesthesia 

impact on 18F-FDG brain uptake as far as possible. For PET scanning in dedicated 

imaging chambers (Minerve, Esternay, France), rats were again kept under isoflurane 

anesthesia (3% for induction, 1.0 – 3.0% for maintenance). Eyes were protected with 

ointment, and respiration rate (BioVet software, m2m Imaging, Cleveland, OH, USA) 

was used to regulate depth of anesthesia. A static scan was conducted from 30 to 60 

min after 18F-FDG injection where the brain in the center of the field of view. Images 

were reconstructed by an iterative OSEM3D/fastMAP (ordered subset expectation 

maximization 3-dimensional/maximum a posteriori) algorithm which corrects decay, 

attenuation, random events, and scatter. For attenuation correction, 20 min 57Co 

transmission scans were used. A fast low-dose CT scan (Inveon CT, Siemens) was 

performed to facilitate co-registration afterwards. One rat died, and one was killed 
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since it did not recover from the scan at day 7 post SE and were excluded from the 

study. 

The general procedure for the 18F-GE180 scans was comparable to the 18F-FDG PET 

scan (Brackhan et al., 2016). On days 12 to 14 post SE, 18F-GE180 (17.20 ± 1.84 MBq, 

mean ± SD) was injected into a lateral tail vein simultaneously with the start of the 

dynamic 60 min PET scan. List-mode data were histogrammed to 32 frames of 5 x 2 

s, 4 x 5 s, 3 x 10 s, 8 x 30 s, 5 x 60 s, 4 x 300 s and 3 x 600 s, respectively. One animal 

died directly after scanning and was excluded from the study. 

 PET image analyses  

PET images were fused to a standard T2-weighted MRI rat brain template using PMOD 

3.703 fusion tool (Schiffer et al., 2006). Therefore, the CT images were first co-

registered to the standard MRI template and afterwards matched to the corresponding 

PET images. 18F-FDG tracer uptake was calculated as percentage injected dose per 

cubic centimeter of tissue (%ID/cm3). Regions of interest (ROI) were analyzed by 

applying a rat brain atlas to the co-registered images (Schwarz et al., 2006). 

Furthermore, the 2-tissue compartment model was applied and the volume of 

distribution (Vt) was calculated using atlas-based analysis by drawing a VOI over the 

cava vein to obtain an image-derived input function (Thackeray et al., 2015). 18F-

GE180 images additionally underwent a voxel-based kinetic modelling. Co-registered 

18F-FGD uptake and 18F-GE180 Vt images were used for statistical parametric 

mapping (SPM) analysis. Differences in 18F-FGD uptake and 18F-GE180 Vt between 

animal groups were calculated by a two-sample unpaired t-test using SPM12 software 

(UCL, London, UK). A significance level threshold of 0.05 (uncorrected for multiple 

comparisons) and a minimum cluster size of 100 voxels were chosen. Parametric t-

maps were loaded in PMOD and significantly changed voxels were located by co-

registration with an MRI template.  

 Behavioral testing 

We performed a modified hyperexcitability (HE) test battery (approach-response test, 

touch-response test, finger-snap test and pick-up test) as described before 

(Polascheck et al., 2010) with minor modifications (see supplements). The HE test 
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battery was performed at 7 d, 14 d and 21 d post SE. Animals were monitored for motor 

seizures 60 min before starting. If a seizure occurred the test was resumed for this 

animal after a time interval of at least 1 hour. The HE test battery was conducted by 3 

to 4 blinded investigators with a minimal 30 min interval between testers. Mean scores 

for each test were used for analysis.  

After arrival until the end of the sucrose consumption test (SCT) all rats were 

continuously offered two drinking bottles in their home cage to prevent development of 

a side preference. The SCT was performed from day 16 to 20 after SE in the rats’ 

home cages to assess anhedonia (Klein et al., 2015). Two bottles with a drinking-hole 

size of 1 mm were offered for the four consecutive testing days (periods of 24 h each). 

As described earlier (Klein et al., 2015), two bottles of tab water for the first and third 

day of testing alternated with tab water and 1% sucrose solution for the second and 

fourth day. Position of the bottles was shifted between experimental days. Bottles were 

weighted each day and the mean absolute intake of water or 1% sucrose solution per 

24 hours was calculated for each group. 

The OF test is a standard test to asses explorative and anxiety like behavior (Prut and 

Belzung, 2003). As described earlier (Polascheck et al., 2010), the OF was placed in 

a room with standardized optical or auditory stimuli. Between trials, the OF is cleaned 

with 0.1% acetic acid to remove the odor of the previous rat. At 20 d post SE the rats 

were transferred to a room adjacent to the laboratory room for behavioral testing and 

monitored for motor seizures at least 60 min prior to the testing. Rats were carried in a 

plastic box to the laboratory room and were placed into the center of the OF with the 

same viewing direction. Rats were monitored for 10 min and the distance moved, time 

spent in the center, inner zone or outer zone of the OF, and the speed was recorded 

using the EthoVision 7 software from Noldus (Wageningen, The Netherlands). 

Additionally, the frequency and duration of rearing and grooming was recorded 

manually. The elevated plus maze (EPM) test was performed under the same 

conditions as the OF on day 21 post SE to assess anxiety-like behavior (File, 1993). 

Each rat was placed into the center of the maze facing the same closed arm 

(Polascheck et al., 2010). The number of entries into, the time spent on open and 

closed arms and the center and the speed was recorded for a 5 min trial using the 

EthoVision software. Furthermore, the frequency and duration of head dips, rearing 
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and grooming was recorded manually. The maze was thoroughly cleaned with 0.1% 

acetic acid between trials. 

The Morris water maze (MWM) test was used to evaluate spatial learning abilities and 

hippocampal integrity of each rat (Morris et al., 1982). The setting of the test was as 

previously described (Polascheck et al., 2010). Briefly, after habituation, rats were 

trained in four 60-second-trials on nine consecutive days starting on day 23 post SE to 

find the platform hidden underneath the water surface. A spatial probe trial was 

conducted instead of the fourth trial on day 9. Therefore, the platform was removed, 

and the duration spent in each maze quadrant as well as the number of crossings of 

the former platform position were recorded for 60 sec. MWM data were recorded using 

EthoVision software. One animal had to be sacrificed due to its bad general condition 

after behavioral testing and was excluded from the study. 

 Electrode implantation 

In weeks 19 and 20 post SE, cortical electrodes were implanted in all rats for 

electroencephalogram (EEG) recording. To avoid bacterial infections, animals were 

treated with marbofloxacin (2 mg/kg, s.c. twice daily, Marbocyl FD 1%, Vetoquinol 

GmbH, Ravensburg, Germany) for 7 days starting two days before surgery. Cortical 

electrodes were implanted stereotactically at bregma AP -2.2 mm, LL ± 3.8 mm 

according to Paxinos and Watson (Paxinos and Watson, 2007) under anesthesia with 

isoflurane (1.5 – 3.0). For local anesthesia 2% tetracaine hydrochloride solution was 

applied on the skin and 0.25% bupivacaine hydrochloride (Carbostesin®, 

AstraZeneca, GmbH, Wedel, Germany) on the periosteum. An additional screw placed 

at bregma AP +3.4 mm and LL -1.5 mm served as grounding. Three additional screws 

and dental acrylic cement (Paladur®, Heraeus Kulzer GmbH, Hanau, Germany) were 

used to fix the headset on the skull. Rats underwent two to three weeks postsurgical 

recovery before start of EEG-/video-recording. One rat died during surgery and was 

excluded from analysis. 

 Seizure monitoring  

24 h/7 d monitoring for seizure detection was performed for 3 weeks between 22- and 

25-weeks post SE by a combined EEG-/video-system via LabChart 6 software 
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(ADInstruments, Spechbach, Germany). As previously described (Polascheck et al., 

2010), animals were placed in individual clear plexiglass cages which were illuminated 

by infrared diodes overnight. Sixteen 1-channel amplifiers (BioAmp, Axon Instruments, 

Inc. Foster City, CA) and two 8- or 16-channel analogue-digital converters 

(PowerLab/800s, ADInstruments Ltd., Hastings, East Sussex, UK) were used for 

recording EEG data. The sampling rate used was 200 Hz and a high pass filter for 0.1 

Hz and a Notch-Filter for 50 Hz were applied. Rats were simultaneously video-

monitored with light-sensitive black-white cameras. Two to 8 animals were recorded at 

the same time. The whole EEG-data was visually screened for generalized seizures. 

Seizures were confirmed by video analysis. Additionally, all seizures observed during 

daily handling and during experiments were noted and classified according to by 

Racine’s scale (Racine, 1972). Animals showing generalized seizures after 7 days post 

SE were considered as seizing (Brandt et al., 2015). 

 Histological analyses 

Rats were transcardially perfused 26 weeks after SE and brains were collected for 

histological analysis. Rats were deeply anesthetized with chloral hydrate (AppliChem, 

Darmstadt, Germany; i.p.) before their vascular system was flushed by 200 ml 0.1 M 

PBS and with 250 ml of 4% paraformaldehyde in 0.1 M PBS. After 2 h, brains were 

taken out, post-fixed for at least 24 h in 4 % paraformaldehyde solution and stored at 

4 – 8°C in PBS with 30% sucrose and 0.2% sodium azide until slicing. Brains were 

sliced into series of 40 µm-thick coronal brain slices using a freezing microtome (CM 

1325, Leica, Wetzlar, Germany). All histological analysis was performed in a blinded 

fashion. 

One series per brain was mounted on slides (Menzel-Gläser, Gerhard Menzel GmbH, 

Braunschweig, Germany), Nissl-stained with thionin (Sigma Aldrich, München, 

Germany), and covered with Entellan® (Merck AG, Darmstadt, Germany) and a cover 

slip. Brain slices were scored for neurodegeneration at section levels -3.0 mm and -

5.12 mm relative to bregma (Paxinos and Watson, 2007). The hippocampal formation 

(CA1(*, stratum pyramidale), CA3a, CA3c and the dentate hilus) as well as the 

thalamus, amygdala and piriform cortex were analyzed. Severity of neuronal damage 

was semiquantitatively assessed as described before (Langer et al., 2011): score 0, 
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no obvious damage; score 1, abnormal appearance of the structure without clear 

evidence of visible neuronal loss; score 2, lesions involving 20 – 50% of the neurons; 

score 3, lesions involving more than 50% of the neurons. To further evaluate potential 

loss of neurons in the dentate hilus, the hilus area was measured and neurons counted 

as previously described using AxioVision software (Zeiss, Jena, Germany) (Brandt et 

al., 2015).  

 Immunohistochemical staining 

A second series was used for immunohistochemical staining against glial fibrillary 

acidic protein (GFAP; free-floating procedure). The brain slices were washed 15 min 

with TRIS-buffered saline (TBS, pH 7.6) to remove the freezing medium. To prevent 

endogenous peroxidase activity, brain slices were exposed to 0.5% H2O2 for 30 min 

followed by a 15 min washing step with TBS. Afterwards brain slices were incubated 

for 60 min with 10% pig serum (Dianova GmbH Hamburg, Germany) to prevent non-

specific binding. Brain slices were subsequently transferred to the solution containing 

a 1:5000 dilution of the primary antibody (polyclonal rabbit anti glial fibrillary acidic 

protein, DAKO Deutschland GmbH, Hamburg, Germany, No. Z0334). After 20 h of 

incubation slices were washed with TBS. Subsequently, polyclonal swine anti rabbit 

immunoglobuline biotinylated swine F (ab’)2 (DAKO, No. E0431) was used as 

secondary antibody. After the washing, brains were transferred to Vectastain ABC 

reagent (Burlingame, CA, USA) for 60 min and again washed. Brain slices were stained 

by nickel-intensified diaminobenzidine washed and mounted with chrome gelatin on 

glass slides. After drying, slides were cover-slipped with Entellan. As a negative control 

the whole staining procedure was also performed for brain slices without addition of 

the primary antibody to exclude unspecific binding. For each rat brain slices were 

scored at section levels -3.0 mm and -5.12 mm relative to bregma (Paxinos and 

Watson, 2007). Astroglial activation was semi-quantitatively assessed in the 

hippocampal formation (dentate hilus, CA1 (evaluated as CA1* representing stratum 

oriens, stratum pyramidale and stratum radiatum and CA1** representing stratum 

lacunosum and stratum moleculare), CA3a, CA3c, and stratum corneum of the dentate 

gyrus) as well as dorsal thalamus, amygdala and piriform cortex by two persons  as 

recently described (Brackhan et al., 2016) and scores were averaged: score 0: resting, 



Combinding translational imaging and blood biomarkers strengthens prediction of 
insult-induced epileptogenesis

 

47 

~<10% activated cells; score 1: mostly resting, ~<30% activated cells; score 2: ~<60% 

activated cells, some resting; score 3: >90% activated cells, densely packed.  

 Autoradiography 

For the in vitro autoradiography, the TSPO-ligand 18F-GE180, the benzodiazepine-

receptor antagonist 18F-Flumazenil (18F-FMZ) and the mGluR5-receptor agonist 18F-

FPEB were used. Section levels bregma -3.0 mm and -5.16 mm (Paxinos and Watson, 

2007) were mounted on slides using chrome gelatine and dried overnight. Slides were 

preincubated in 50 mM PBS at a pH of 7.4 for 30 min at room temperature. Incubation 

with tracer was performed as previously described (Brackhan et al., 2016). Slides were 

then transferred to a PBS solution containing 2 MBq of the tracer in 100 ml for 30 min. 

Afterwards, slides were washed in 4°C cold PBS for 5 min followed by three times 

rinsing in cold distilled water to remove the buffer salts. For radioactivity quantification 

a calibration curve with a dilution series containing 1 µl of known activity was made on 

a thin layer chromatography plate. The curve and the slides were co-exposed to the 

phosphor imaging film (PerkinElmer, Waltham, MA, USA) for 30 min. The film was then 

digitized in a Cyclone scanner (PerkinElmer). Using PMOD software, images were co-

registered to a 2-dimensional brain atlas. ROIs for hippocampus, thalamus, amygdala, 

piriform cortex and entorhinal cortex were drawn and the tracer uptake was calculated 

by interpolating the values with the calibration curve (Brackhan et al., 2016).  

 Statistics 

Statistical analysis was performed using Prism 7 software from GraphPad (LaJolla, 

CA, USA). For scoring values, nonparametric tests and for other data parametric 

statistical tests were used. Significant differences between controls, non-seizing and 

seizing rats were calculated using one-way or two-way analysis of variance (ANOVA), 

followed by Tukey’s multiple comparison or Dunn’s post hoc test. Correlations were 

calculated obtaining Pearson’s linear regression. For nonparametric ROC curves the 

AUC was calculated and compared with chance (AUC=0.5). All data is presented as 

mean ± SD and a P ≤ 0.05 was considered significant. 
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4.4 Results 

 Development of SE and SRS 

After 41.1 ± 18.9 min and 35.1 ± 7.2 mg/kg pilocarpine 38 rats (95.0%) developed a 

self-sustaining SE. 6 control rats and 21 post SE completed all experiments (Fig. 1). 

Of those 21 rats 15 were identified as seizing and 6 as non-seizing. 

 MR imaging 

As displayed in table 1, no significant changes in contrast-enhanced T1 values were 

detectable for non-seizing or seizing rats compared to controls on days 2 or 9 post SE 

on group level. Interestingly, for one rat a highly increased T1 signal was detected 2 

days post SE in the piriform cortex (+66.2%) and for another rat in the piriform cortex 

(+59.7%) and the dorsal hippocampus (21.8%). Both rats developed chronic seizures. 

Edema or other structural changes were also not detectable with T2-weighted MRI on 

day 2 or on day 9 post SE. 
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Table 1: MRI signal intensity at 2-and 9- days post SE for contrast-enhanced T1- and 

for T2- weighted sequences normalized to pons. Data is presented as mean ± SD. 

Significances were tested by one-way ANOVA and Tukey‘s multiple comparison post 

hoc test.  

 18F-FDG PET imaging 

18F-FDG uptake was generally decreased for both non-seizing and seizing animals on 

day 5 post SE. Voxel-wise comparison between non-seizing and control rats showed 

decreased 18F-FDG uptake in epilepsy related brain areas like hippocampus and the 

dorsal thalamus (Fig. 2A). The same pattern was detectable comparing seizing to 

control rats (Fig. 2B). Comparing seizing with non-seizing rats, non-seizing rats 

exhibited significantly less 18F-FDG uptake mainly in hippocampus as well as 

subthalamic regions, substantia nigra and zona incerta (Fig. 2C). Using ROI based 

regional analysis, non-seizing rats had a significantly reduced 18F-FDG uptake 

compared to control animals in the dorsal hippocampus (Fig. 2D, -15.9%; non-seizing 

0.74 ± 0.12 %ID/cm³, control 0.88 ± 0.05 %ID/cm³, P=0.0471), while all other 

investigated brain areas remained unchanged.  
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Figure 2: Analysis of 18F-FDG uptake on day 5 post SE. (A-C) Statistical parametric 

mapping. Coronal t maps (upper row -4.16 and lower row -5.60 mm relative to bregma) 

resulting from voxel-wise comparisons (Student’s t test) of 18F-FDG uptake are shown 

between (A) control and non-seizing, (B) control and seizing and (C) seizing and non-

seizing rats. Only clusters with significantly different voxels are shown (p < 0.05, 

minimum cluster size of 100 voxels). Cold scale represents decreased p-value for each 

voxel, hot scale increased p-value for each voxel. (D) 18F-FDG uptake in selected atlas-

based brain regions. Data is presented as mean ± SD, p < 0.05, one-way ANOVA and 

Tukey‘s multiple comparison post hoc test. 

 18F-GE180 PET imaging 

18F-GE180 scans revealed increased Vt on days 12 to 14 post SE in epilepsy-related 

brain areas. Both SPM comparison between non-seizing and control rats (Fig. 3A) and 

between seizing and control rats (Fig. 3B) showed similar clusters of voxels with 

significant increase of 18F-GE180 Vt. Both revealed increased voxel values in the 

hippocampus, parts of the thalamus, amygdala and piriform cortex. When comparing 

seizing to non-seizing rats by SPM analysis, a decreased voxel values in seizing rats 

in the thalamus remained detectable. Region-based analysis (Fig. 3D) showed a 

significantly increased Vt for dorsal hippocampus comparing non-seizing vs. control 

rats (+71.4%; non-seizing 0.24 ± 0.05 %ID/cm³ vs. control rats 0.14 ± 0.03 %ID/cm³, 

P=0.0074) and seizing (0.21 ± 0.05 %ID/cm³) vs. control rats (+50.0%; P=0.0241). 

Additional increases for post-SE rats were detected for ventral hippocampus (+57.1%; 

non-seizing 0.22 ± 0.04 %ID/cm³ vs. control rats 0.14 ± 0.04 %ID/cm³ , P=0.0346, or 

+42.9%; seizing 0.20 ± 0.05 %ID/cm³ vs. control rats, P=0.0374) and for piriform cortex 

(47.1%; non-seizing 0.25 ± 0.08 %ID/cm³ vs. control rats 0.17 ± 0.04 %ID/cm³, 

P=0.0440, or +35.3%; seizing 0.23 ± 0.05 %ID/cm³ vs. control rats, P=0.0248). For 

dorsal thalamus, only significant changes between non-seizing and control rats were 

detectable (+60.0%; non-seizing 0.16 ± 0.05 %ID/cm³ vs. control rats 0.10 ± 0.03 

%ID/cm³, P=0.0146). No significant changes were detected in motor cortex or 

cerebellum. 18F-FDG uptake in the dorsal hippocampus significantly correlated with 

18F-GE180 Vt in the dorsal hippocampus using linear regression (Fig. 3E, R²=0.2123, 

P=0.0269). Furthermore, 18F-GE180 Vt in piriform cortex correlated with 18F-FMZ 

activity in piriform cortex (Fig. 3F, R²=0.3689, P=0.0027), measured at the end of the 
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study. Analyzing predictivity for seizing and non-seizing rats via ROC analysis, imaging 

data alone did not reach statistical significance (Fig. 3G). The ROC area under the 

curve (AUC) for 18F-GE180 Vt in the thalamus was 0.7733 (P=0.0736), for uptake of 

18F-FDG in the hippocampus 0.6923 (P=0.2179), and for combination of both 

parameters 0.7308 (P=0.1774). 
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Figure 3: Analysis of 18F-GE180 volume of distribution Vt on days 12 to 14 post 

SE. (A-C) Statistical parametric mapping. Coronal t maps (upper row -4.16 mm and 

lower row -5.60 mm relative to bregma) resulting from voxelwise comparisons 
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(Student’s t test) of 18GE-180 Vt are shown between (A) control and non-seizing, (B) 

control and seizing and (C) seizing and non-seizing rats. Only clusters with significantly 

changed voxels are shown (p < 0.05, minimum cluster size of 100 voxels). Hot and 

cold scales represent the p-value for each voxel. (D) 18F-GE180 Vt in selected atlas-

based brain regions. Data is presented as mean ± SD, p < 0.05, one-way ANOVA and 

Tukey‘s multiple comparison post hoc test. (E) Correlation between hippocampal 18F-

FDG uptake and 18F-GE180 Vt. Line is the linear regression. (F) Correlation between 

18F-GE180 Vt and 18F-FMZ activity in the piriform cortex. Line is the linear regression. 

(G) depicts the ROC curve obtained by comparing 18F-GE180 Vt of thalamus (purple), 

18F-FDG uptake of hippocampus (orange), or combination of both (black) of epileptic 

vs. non-epileptic rats. 

 HMGB1 blood levels 

For total blood HMGB1 levels no changes were seen between BL and 1-day post SE 

(Fig. 4A). Though, comparing BL with 8-days post SE HMGB1 levels an increase was 

detectable for the group of seizing rats (BL 3.53 ± 1.10 vs. 8 days post SE 5.35 ± 2.09, 

P=0.0099), while non-seizing (BL 3.62 ± 1.02 vs. 8 days post SE 3.15 ± 0.58, 

P=0.3896) and control animals (BL 3.15 ± 0.05 vs. 8 days post SE 3.64 ± 1.23, 

P=0.4314) did not show changes. ROC analysis of HMGB1 levels 8 days post SE 

between non-seizing and seizing animals showed an AUC of 0.8636 (P=0.0235, Fig. 

4B). Combining this with the values for 18F-GE180 Vt in thalamus, the AUC increased 

to 0.9091 (P=0.0186).  
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Figure 4: HMGB1. (A) Levels of HMGB1 in blood at BL, 1 and 8 days post SE Data 

is presented as mean ± SD, one-way ANOVA and unpaired Student‘s t-test for 

comparison of BL with following measurements in one group, p < 0.05. (B) depicts 

the ROC curve obtained by comparing 18F-GE180 Vt of thalamus (purple), HMGB1 

levels from day 8 post SE (blue), or combination of both (black) of epileptic vs. non-

epileptic rats. 

 Behavioral alterations and body weight 

Testing for behavioral hyperexcitability (Fig. 5A), seizing rats exhibited a significantly 

increased score in the pick-up test 7 days post SE compared to control rats 

(P=0.0212). This score tended to correlate with hippocampal Vt of 18F-GE180 using 

linear regression (Fig. 5B, R²=0.1469, P=0.0533). Group differences in the other HE 

tests were not found (data not shown). In the OF (Fig. 5C) and the EPM (Fig. 5E), 

seizing rats exhibited a significantly increased locomotor activity compared to controls 

(OF P=0.0323, EPM P=0.0173). Linear regression showed a correlation between 

locomotor activity of OF and EPM (Fig. 5F, R²=0.2498, P=0.0079). No group 

differences regarding the time spent in different zones/arms or frequency of rearing, 

grooming or head dipping were found (data not shown). Locomotor activity in the OF 

correlated with the hyperexcitability in the pick-up test at day 7 post SE (Fig. 5D, 

R²=0.1843, P=0.0254). In the sucrose consumption test no group differences in 

absolute fluid intake were observed (control 45.91 ± 21.32 g vs. non-seizing 38.92 ± 

24.21 g vs. seizing 36.95 ± 12.64 g; intake of 1% sucrose solution per 24 h, data not 

illustrated). Additionally, spatial learning and memory were not impaired comparing 

groups as shown in the learning curve (Fig. 6A). The time spent in the platform 

quadrant did neither differ for the spatial probe trial (control 30.1 ± 7.5 s vs. non-seizing 

31.0 ± 5.6 s vs. seizing 30.3 ± 8.2 s) nor for the long-term retention test (control 18.2 ± 

2.7 s vs. non-seizing 25.16 ± 3.3 vs. seizing 23.8 ± 6.9 s). However, the escape latency 

on training day 9 negatively correlated to the 18F-FMZ activity signal 26 weeks post SE 

in the autoradiography in the amygdala (Fig. 6C, R²=0.4781, P=0.0003) and the 

piriform cortex (Fig. 6B, R²=0.4703, P=0.0003). After SE induction, body weight 

development was initially comparable between groups (Fig.5G). However, from day 19 

on seizing rats showed a faster body weight increase than controls (P=0.0318) 
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becoming even more pronounced at least until day 30 post SE (P=0.0014). These 

differences in body weight disappeared in the phase of chronic epilepsy. 
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Figure 5: Behavioral analysis. (A) Evaluation of hyperexcitability using the pick-up 

test. Data is presented as mean ± SD; significant differences (p < 0.05) are indicated 

by asterisks (Kruskall-Wallis one-way ANOVA and Dunn‘s post hoc test). (B) 

Correlation between hippocampal 18F-GE180 uptake and hyperexcitability score. Line 

is the linear regression. (C-F) Evaluation of locomotion in (C) the OF test and (E) the 

EPM test (one-way ANOVA and Tukey‘s post hoc test). Data is presented as mean ± 

SD; significant differences (p < 0.05) are indicated by asterisks. Correlation between 

distance moved in the OF test and hyperexcitability score (D) or distance moved in the 

EPM test (F). Lines are the linear regression. (G) Development of body weight following 

induction of SE (day 0; two-way ANOVA for repetitive measurements, Tukey’s multiple 

comparison post hoc test; asterisks refer to seizing vs. control, p < 0.05). 

 

 

Figure 6: MWM test. (A) Learning curve of control, non-seizing and seizing animals 

during MWM test. Data is presented as mean ± SD, two-way ANOVA for repetitive 

measurements and Tukey’s multiple comparison post hoc test. (B and C) Correlation 

between 18F-FMZ activity in piriform cortex (B) or in amygdala (C) and escape latency 

on day 9. Lines are the linear regression.  

 Histological evaluation 

Histological analysis was performed in brain tissue obtained 26 weeks post SE. 

Representative images of hippocampal Nissl staining of control (Fig. 7Ca), non-seizing 

(Fig. 7Cb) and seizing rats (Fig. 7Cc) are displayed. Scoring of Nissl-stained brain 

slices revealed neurodegeneration only in the dentate hilus comparing non-seizing or 

seizing to control rats (Fig. 7A; non-seizing 0.8214 ± 0.6075 vs. control 0.0 ± 0.0, 

P=0.0104; seizing 0.6 ± 0.5494 vs. control, P=0.0313). Additionally, both seizing and 
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non-seizing rats had a significantly reduced averaged neuronal density in the dentate 

hilus compared to control rats (non-seizing 326.7 ± 72.98 vs. control 444.3 ± 53.83 

neurons/mm², P=0.0145 or seizing 333.5 ± 68.35 neurons/mm² vs. control, P=0.0058, 

Fig. 7B). Coronal parametric images derived from linear regression correlating 

individual 18F-GE180 Vt with hilar neuronal density showed a negative correlation 

between extrahippocampal neuroinflammation to neurodegeneration in hippocampal 

hilus (Fig. 7D). In Fig. 7F representative images of hippocampal GFAP staining of 

control (Fig. 7Fa), non-seizing (Fig. 7Fb) and seizing rats (Fig. 7Fc) are displayed. 

Using GFAP staining astrocytic activation was observed in seizing rats for the hilus 

(seizing 0.92 ± 0.57 vs. control rats 0.08 ± 0.13, P=0.0030), CA3a (seizing 0.25 ± 0.27 

vs. control rats 0.0 ± 0.0 vs., P=0.0490) and CA3c (seizing 0.25 ± 0.27 vs. control 0.0 

± 0.0, P=0.0395, Fig. 7E). Non-seizing rats showed increased score values for CA1** 

(non-seizing 0.73 ± 0.42 vs. control rats 0.08 ± 0.20, P=0.0142). Correlation of 18F-

GE180 Vt to hippocampal astrogliosis at the end of the study (averaged scores of the 

hippocampal subregions hilus, CA1, CA3a, CA3c and dentate gyrus) revealed a 

positive correlation primarily in hippocampus and piriform cortex/amygdala (Fig. 7G).  
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Figure 7: Histopathological analysis. Analysis of neurodegeneration by (A) scoring 

and (B) quantification of neuronal density. (C) Representative images of hippocampal 

Nissl staining. (D) Coronal parametric image from linear regression correlating early 

18F-GE180 signal Vt to neuronal density of the hippocampal hilus showing significantly 

increased clusters (p<0.05, minimum size of 100 voxels). (E) Scoring and (F) 

representative images of hippocampal astrocyte activation. (G) Coronal parametric 

image from linear regression correlating early 18F-GE180 signal Vt to astrogliosis in 

hippocampus showing significantly increased clusters (p<0.05, minimum size of 100 

voxels). Data is presented as mean ± SD, significant differences (p < 0.05) are 

indicated by asterisks, Kruskall-Wallis one-way ANOVA and Dunn‘s post hoc test (A,E) 

and one-way ANOVA and Tukey‘s multiple comparison post hoc test (B). 
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 Autoradiography 

Autoradiography, analyzing brain slices at the end of the study and using the 

benzodiazepine-receptor antagonist 18F-FMZ showed no significant regional changes 

in tracer binding (Bq/mm²) comparing control, non-seizing and seizing rats (Table 2). 

Using the mGlur5-receptor agonist 18F-FPEB or the TSPO-ligand 18F-GE180 also no 

regional differences in tracer binding between the three groups were detectable. 

 

Table 2: Autoradiography. Activity (Bq/mm²) for dorsal hippocampus, dorsal 

thalamus, piriform cortex and amygdala were calculated at -3.0 mm relative to bregma 

and ventral hippocampus, entorhinal cortex and substantia nigra at -5.16 mm relative 

to bregma. Data is presented as mean ± SD, significances were tested by one-way 

ANOVA and Tukey‘s multiple comparison post hoc test. 
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4.5 Discussion 

In our study, we analyzed early changes in the brain, the behavior and the HMGB1 

blood level of rats during epileptogenesis in a modified post SE model leading to 

subgroups of seizing and non-seizing rats. We correlated our findings with the chronic 

disease outcome in order to identify predictive biomarkers for epilepsy development. 

The major findings of this study are first a more pronounced glucose hypometabolism 

(FDG PET) and neuroinflammation (TSPO PET) within the first two weeks post SE in 

rats later defined as non-seizing compared to seizing rats, second increased HMGB1 

blood levels at day 8 post SE only in seizing rats, and third a high predictivity of 

combined thalamic TSPO expression and HMGB1 blood levels for later disease 

outcome (i.e. chronic epilepsy) confirmed by ROC curve analysis.  

As shown before (Bröer and Löscher, 2015), efficient multi-targeted termination of 

epileptogenesis-inducing SE resulted in subgroups of seizing and non-seizing animals 

while SE was similar in all rats. However, despite seizure monitoring during daily and 

extensive handling and observation of rats as well as continuous EEG-/video 

monitoring was performed for a 3-week period about 6 months after the epileptogenic 

insult, which seems a reasonably long period of time for manifestation of epilepsy after 

the initial brain insult, we cannot completely exclude that further seizing rats have 

remained unidentified. 

In a first step, we aimed to predict seizure development during epileptogenesis using 

translational in-vivo imaging, HMGB1 blood levels having been shown recently to have 

predictive potential (Walker et al., 2017), and behavioral and cognitive abnormalities. 

Our finding of more distinct glucose hypometabolism in hippocampus and subthalamic 

regions of non-seizing compared to seizing rats in the phase of epileptogenesis 5 days 

post SE stands in contrast to findings of Guo et al., who reported that glucose 

hypometabolism at day 2 after pilocarpine-induced SE in entorhinal cortex correlated 

positively with the development of SRS (Guo et al., 2009). However, comparable to 

the present observations, Goffin et al. showed that animals of the SRS group exhibited 

a less severe hypometabolism in hippocampus and striatum at 3 days post SE (Goffin 

et al., 2009). In an animal model of TBI-induced epileptogenesis, no changes in 18F-

FDG uptake were detected between seizing and non-seizing rats (Shultz et al., 2013). 

Differences in study results might be explained by different time point of investigation 
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and dissimilar insult severity, e.g. duration and termination of SE, which might influence 

the degree and temporal course of glucometabolic changes. Moreover, the anesthesia 

protocol applied for 18F-FDG PET can strongly impact cerebral glucose uptake and 

turnover (Jahreis et al., submitted, Bascuñana et al., in press). While causes 

underlying changed glucose metabolism are still not completely understood and 

remain to be further investigated (O'Brien and Jupp, 2009), dysregulation of glucose 

metabolism and its dynamics are increasingly recognized and discussed as a 

biomarker and therapeutic target for epileptogenesis and its prevention (Koenig and 

Dulla, 2018). 

Brain inflammation is considered to play a critical role during insult-induced 

epileptogenesis (Vezzani et al., 2013). PET with 18F-GE180 is a non-invasive 

translational method to visualize increased cerebral TSPO expression, which is mainly 

found in activated microglia but partially also in astroglia and representative for 

neuroinflammation (Amhaoul et al., 2014). Previous PET studies using other 

radioligands showed that TSPO expression peaked between 1- and 2-weeks post SE 

in rats after pilocarpine- or kainate-induced SE and is still present in some animals in 

the chronic phase of epilepsy (Brackhan et al., 2016, Amhaoul et al., 2015). In rats 

after kainate injection TSPO PET in combination with a multivariate data modelling 

approach at the onset of epilepsy detected subpopulations of different seizure burden 

(Bertoglio et al., 2017b). According to these findings, in our study both seizing and non-

seizing animals showed higher 18F-GE180 Vt compared to control animals. However, 

SPM analysis revealed that 18F-GE180 Vt in non-seizing rats was even higher than in 

seizing rats in some epilepsy-related brain areas like thalamus, which correlated with 

less distinct neurodegeneration at a later disease state indicating neuroprotective 

effects. As TSPO PET cannot distinguish between pro- or anti-inflammatory 

phenotypes of neuroinflammation (Bertoglio et al., 2017a) it needs to be further 

evaluated, whether the inflammation we detected in non-seizing rats is predominantly 

associated with tissue repair, and whether a less distinct increase in TSPO signal can 

serve as a predictive biomarker.  

A recent study from our group showed no correlation between 18F-FDG and 18F-GE180 

distribution (Bascuñana et al., 2018). However, in the present study with another 

scanning protocol and different timepoints of investigation, the coefficient of 
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determination for hippocampal 18F-FDG uptake and 18F-GE180 Vt was moderate but 

significant. A combination of hippocampal 18F-FDG uptake and thalamic 18F-GE180 Vt, 

both regions in which the changes were most present, did not improve the predictivity 

calculated by ROC analysis compared to single calculation. Thus, a combination of 

altered glucose metabolism and neuroinflammation is not the preferable analysis.  

HMGB1 is known to be a mediator of sterile neuroinflammation after epileptogenic 

insults (Maroso et al., 2010). Walker et al. recently showed that total HMGB1 plasma 

levels can predict seizure development in a post-SE rat model (Walker et al., 2017). In 

line with these findings, we detected increased HMGB1 plasma levels during 

epileptogenesis only in animals exhibiting seizures later on. While we obtained a 

discrimination between seizing and non-seizing rats with ROC analysis of HMGB1 

only, combining this inflammation marker detectable in the blood with thalamic 

neuroinflammation (18F-GE180 Vt) for ROC analysis resulted in an even more accurate 

prediction of spontaneous recurrent seizure development (AUC=0.9091, P=0.0120). 

Thus, our data support the suitability of HMGB1 as predictive biomarker of 

epileptogenesis, which might be strengthened by combination with other biomarkers 

like TSPO PET. Supporting also its translational value, in a small study of newly 

diagnosed patients with epilepsy pathologic isoforms of HMGB1 measured 6 weeks 

after diagnosis indicated their seizure burden (Walker et al., 2017).  

BBB leakage and extravasation of blood components like albumin are hypothesized to 

contribute to epileptogenesis. In the lithium-pilocarpine or kainate post-SE rat models 

BBB leakage and edema were detectable by MRI (Breuer et al., 2017, Bankstahl et al., 

2018, van Vliet et al., 2014). A reduced T2 relaxation time in amygdala measured by 

high-field MRI as well as a lesser decrease of the T2 relaxation time in a clinically used 

MRI during the first 48 h after hyperthermia-induced SE in rats predicted epilepsy 

development (Choy et al., 2014, Curran et al., 2018). However, in our modified animal 

model with effective SE termination we detected early BBB leakage only in two seizing 

animals leading us to the conclusion that BBB leakage and edema formation is not 

prominent enough in this model of a reduced pathology to be detected on group level 

by a 7 Tesla in vivo MRI. Though, if BBB leakage is detected, animals were developing 

seizures. If other MRI applications like blood oxygenation level-dependent (BOLD) 
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functional MRI, which can be used for preclinical evaluation of the epileptic zone after 

traumatic brain injury, needs to be further investigated (Huttunen et al., 2018).  

Behavioral tests like the HE test, the OF test and the EPM test did not allow us the 

discrimination between seizing and non-seizing animals but between seizing and 

control rats. Therefore, these tests cannot be used as single, predictive biomarker. 

Otherwise, it was shown before, that the HE test in combination with the seizure 

threshold determination in a preclinical setting in this model or the combination of MWM 

test and Myo-inositol level via proton magnetic resonance spectroscopy in another 

post-SE model revealed predictivity (Bröer and Löscher, 2015, Pascente et al., 2016). 

However, regarding our second aim to show interactions between different parameters 

for a better understanding of the disease development, behavioral tests indicated that 

the disease phenotype of this modified lithium-pilocarpine post-SE model is 

characterized by hyperexcitability and hyperlocomotion. On the contrary, rats in this 

study did neither show anhedonia in the SCT, increased anxiety in the EPM nor 

impaired spatial learning as rats of the conventional pilocarpine model did (Polascheck 

et al., 2010, Zanirati et al., 2018). Interestingly, the escape latency to reach the platform 

in the MWM test on day 9 correlated negatively to 18F-FMZ activity in amygdala and 

piriform cortex at the chronic state indicating the close connection between GABAA 

receptor and learning abilities (Chapouthier and Venault, 2002).  

Histological analysis of brain tissue 26 weeks after SE was performed to investigate 

interactions between early in vivo brain changes and abnormalities established at the 

chronic state of the disease. In the conventional pilocarpine rat model, a hippocampal 

sclerosis comparable to patients with TLE is typically detectable (Curia et al., 2008).  

In the modified model, we detected a limited neuronal damage, especially in the 

hippocampus, and reduced hilar neuronal density in both seizing and non-seizing rats, 

which is in agreement with observations by Brandt et al., 2015. Interestingly, we found 

that the degree of early extrahippocampal neuroinflammation around 2 weeks post SE 

resulted in less decreased neuronal density in the dentate hilus in the chronic phase. 

This supports the idea that part of the inflammation we detected might have had a 

neuroprotective effect. On the contrary, early 18F-GE180 Vt in hippocampus and 

piriform cortex/amygdala correlated positively with a late moderate hippocampal 

astrogliosis. Using autoradiography, we could show that no differences between 
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control, seizing and non-seizing animals were present in the chronic state with regard 

to long-term inflammation, and expression of GABAA and mGluR5 receptors. 

Interestingly, 18F-FMZ activity in the autoradiography correlates to early 18F-GE180 Vt 

and to escape latency in the MWM. Since GABAA receptors play an important role 

during epileptogenesis, this might be an additional target for an early predictive 

biomarker (Bertoglio et al., 2017a). 

To conclude, we could show that early glucose metabolism, neuroinflammation and 

HMGB1 blood levels allowed an early differentiation of seizing and non-seizing 

animals. Increased predictivity was reached when different parameters were analyzed 

together supporting the idea that a combination of different biomarkers might be 

necessary to reliably predict epileptogenesis. Conversely, behavioral changes and 

BBB leakage or edema formation seem not to be useful as predictive biomarkers in 

this animal model. A translational of the present findings to another animal model and 

evaluation of further biomarker candidates in future studies are desirable.  
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5.1 Abstract 

Alterations in metabolism during epileptogenesis may be a therapy target. Recently, 

an increase in amino acid transport into the brain was proposed to play a role in 

epileptogenesis. We aimed to characterize alterations of substrate utilization during 

epileptogenesis and in chronic epilepsy. The lithium-pilocarpine post status epilepticus 

(SE) rat model was used. We performed longitudinal O-(2-[(18)F]fluoroethyl)-l-tyrosine 

(18F-FET) and 18F-fluorodeoxyglucose (18F-FDG) positron emission tomography (PET) 

and calculated 18F-FET volume of distribution (Vt) and 18F-FDG uptake. Correlation 

analyses were performed with translocator protein-PET defined neuroinflammation 

from previously acquired data. We found reduced 18F-FET Vt at 48 h after SE 

(amygdala: -30.2%, p = 0.014), whereas 18F-FDG showed increased glucose uptake 4 

and 24 h after SE (hippocampus: +43.6% and +42.5%, respectively; p < 0.001) 

returning to baseline levels thereafter. In chronic epileptic animals, we found a 

reduction in 18F-FET and 18F-FDG in the hippocampus. No correlation was found for 

18F-FET or 18F-FDG to microglial activation at 7 days post SE. Whereas metabolic 

alterations do not reflect higher metabolism associated to activated microglia, they 

might be partially driven by chronic neuronal loss. However, both metabolisms diverge 

during early epileptogenesis, pointing to amino acid turnover as a possible biomarker 

and/or therapeutic target for epileptogenesis. 
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6.1 Abstract 

Alterations in brain glucose metabolism detected by 2-[18F]-fluoro-deoxy-D-glucose 

(18F-FDG) positron emission tomography (PET) may serve as an early predictive 

biomarker and treatment target for epileptogenesis. As anesthesia is usually 

unavoidable for preclinical PET imaging and influences the distribution of the 

radiotracer, we aimed to investigate changes in cerebral glucose metabolism before 

induction of epileptogenesis, during epileptogenesis as well as during chronic epilepsy. 

Four different protocols were applied: 18F-FDG uptake phase in conscious rats followed 

by a static scan, dynamic scans under continuous isoflurane, medetomidine-

midazolam-fentanyl (MMF), or propofol anesthesia. Furthermore, we applied different 

analysis approaches: atlas-based regional analysis, statistical parametric mapping, 

and kinetic analysis. At baseline and compared to uptake in conscious rats, isoflurane 

and propofol anesthesia resulted in decreased cortical 18F-FDG uptake while MMF 

anesthesia led to a globally decreased tracer uptake. During epileptogenesis, MMF 

anesthesia was best distinctive for visualization of prominently increased 

glucometabolism in epilepsy-related brain areas. Kinetic modeling further increased 

sensitivity, particularly for continuous isoflurane anesthesia. During chronic epilepsy, 

hypometabolism affecting more or less the whole brain was detectable with all 

protocols. This study reveals that the choice of anesthesia for 18F-FDG PET imaging 

in rats is critical for analysis of epileptogenesis-associated regional glucometabolic 

changes.  

 

Key words: anesthesia, epileptogenesis, glucose metabolism, positron emission 

tomography, preclinical imaging 
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6.2 Introduction 

With approximately 50 million affected people worldwide, epilepsy is one of the most 

common chronic neurological diseases (WHO, 2018). It is characterized by an 

excessive neuronal network activity leading to the generation of spontaneous recurrent 

seizures (Chang and Lowenstein, 2003). Detection of the radiolabeled glucose 

analogue 2-[18F]-fluoro-deoxy-D-glucose (18F-FDG) by positron emission tomography 

(PET) is well established to image in vivo brain glucose utilization in clinical and 

preclinical studies (Bertoglio et al., 2017, Pan et al., 2008). Using this method, focal 

interictal glucose hypometabolism is a widely detectable phenomenon in chronic 

epileptic patients (Pan et al., 2008). Whereas regional glucose hypometabolism is 

indicative of reduced metabolic cellular activity e.g. due to neuronal cell death, 

hypermetabolism is often present in tumor or inflammatory cells (Zhuang and 

Codreanu, 2015, Zilberter and Zilberter, 2017, Krause et al., 2013). A strong glucose 

hypermetabolism due to exaggerated neuronal network activity during status 

epilepticus (SE) and single seizures is also detectable in animal models and epileptic 

patients (Fong and Delgado-Escueta, 1999, Tatum and Stecker, 1995, Kornblum et 

al., 2000, Bascuñana et al.). Alterations in brain glucose metabolism detected by 18F-

FDG PET may serve as an early predictive biomarker and treatment target for post-

brain insult epileptogenesis (Koenig and Dulla, 2018, Bascunana et al., 2016). 

Animal models like the lithium-pilocarpine post-SE rat model mimic temporal lobe 

epilepsy development following an initial brain insult. In contrast to patients where the 

phase between a brain insult and the potential development of chronic seizures is 

difficult to study, these models can be used to investigate metabolic brain changes 

during epileptogenesis by 18F-FDG PET (Shultz et al., 2014). Some studies indicated 

a decreased glucose metabolism mainly in epilepsy-related areas during the acute or 
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subacute phase post SE, later returning to baseline uptake before showing sometimes 

hypometabolism at the chronic state (Goffin et al., 2009, Guo et al., 2009, Zhang et al., 

2015, Lee et al., 2012, Jupp et al., 2012, Kim et al., 2017a). Because early alterations 

in glucose utilization have a potential use as a biomarker and as a treatment target 

(Zilberter and Zilberter, 2017, Bertoglio et al., 2017), it is important to better understand 

18F-FDG distribution for longitudinal PET studies. Unfortunately, the published results 

are not always conclusive especially regarding the affected brain regions, the time 

point of returning to normal uptake during the subacute phase or detecting 

hypometabolism in the chronic phase. This might be caused by the use of different 

image acquisition protocols including different types of anesthesia applied to 

immobilize the animals at least for the duration of the scan (Alstrup and Smith, 2013, 

Bertoglio et al., 2017). It is well known that anesthesia can change cerebral blood flow 

and regional brain metabolism (Matsumura et al., 2003, Paasonen et al., 2016), also 

influencing 18F-FDG brain uptake.  Nevertheless, general anesthesia established for 

simultaneous injection of radiotracer and start of a dynamic PET scan is a prerequisite 

for kinetic modeling which provides additional information about different parameters 

contributing to the 18F-FDG signal. Thus, we aimed to analyze changes in brain 

distribution of 18F-FDG for commonly used anesthesia protocols in healthy rats, rats 

during epileptogenesis and the chronic phase of epilepsy. Our main goal was the 

identification of a general anesthesia protocol allowing for kinetic analysis of 18F-FDG 

PET data on the one hand and enabling identification of regional metabolic changes 

on the other hand. Therefore, we applied three continuous anesthesia protocols that 

are well-tunable or antagonizable, i.e. administration of isoflurane, propofol, or a 

combination of medetomidine, midazolam and fentanyl. For comparison, we scanned 
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the animals after 18F-FDG uptake under awake condition, which was most often used 

in published studies. 

6.3 Material and methods 

 Animals 

Forty-four female Sprague-Dawley rats were purchased from Envigo Netherlands 

(Horst, Netherlands) at an age of 9 weeks (body weight of 200 to 220 g) and randomly 

allocated to experimental groups. They were kept in groups of two rats in individually 

ventilated cages (Allentown, Neuss, Germany) under controlled climate conditions (20 

– 22°C, 45 to 55% humidity) and a 14/10 h light/dark circle. Standard laboratory chow 

(Altromin 1234, Lage, Germany) and autoclaved tab water were provided ad libitum. 

All rats were allowed to adapt to the new housing conditions and to repetitive handling 

for at least one week prior to the start of the experiments. Experimental procedures 

were conducted in accordance with European Communities Council Directives 

86/609/EEC and 2010/63/EU and were formally approved by the responsible local 

authority (Landesamt für Verbraucherschutz und Lebensmittelsicherheit, LAVES). All 

efforts were made to minimize pain or discomfort and to reduce the number of animals. 

Experiments were reported according to ARRIVE (Animal Research: Reporting in Vivo 

Experiments) guidelines (Kilkenny et al., 2010). 

 General experimental design 

The lithium-pilocarpine post-SE rat model was used to induce epileptogenesis in the 

animals. Before SE induction a baseline 18F-FDG PET scan was performed, followed 

by a PET scan at 7 days post SE and one in the phase of chronic epilepsy between 12 

to 14 weeks post SE. For each of the three scanning timepoints, four different 
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anesthesia protocols were tested (figure 1): 18F-FDG uptake in awake rats followed by 

a 30 minutes PET scan from minute 30 to 60 after tracer injection, or continuous 

anesthesia for a 60 minutes dynamic PET scan under either isoflurane, medetomidine-

midazolam-fentanyl (MMF) or propofol anesthesia. Blood glucose levels were 

measured each time before tracer injection and after the CT scan. For all rats scanned 

at the chronic timepoint, at least one spontaneous generalized epileptic seizure being 

observed during presence of experimenters in the animal room was recorded. 

 

Figure 1. Schematic design of anesthesia protocols illustrating 18F-FDG PET scans 

under (A) awake uptake condition (BL condition n=12, 7 days after SE n=7, chronic 

epileptic timepoint n=7) , (B) continuous isoflurane (BL condition n=7, 7 days after SE 

n=4, chronic epileptic timepoint n=7), (C) medetomidine-midazolam-fentanyl (MMF, 

n=7 for all scanning timepoints) and (D) propofol anesthesia (BL condition n=8, 7 days 

after SE n=7, chronic epileptic timepoint n=7). Arrows indicate start of anesthesia 

induction (white), start of PET or CT scans (black), or start of a short additional 

isoflurane anesthesia (purple). 
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 Induction of SE 

SE was induced in 38 rats by fractionated pilocarpine injection as described previously 

(Brandt et al., 2015). Briefly, animals were pre-treated with lithium chloride (127 mg/kg 

p.o.; Sigma-Aldrich, Steinheim, Germany) approximately 16 h prior to the first 

pilocarpine injection. To reduce parasympathic side effects, methyl-scopolamine (1 

mg/kg i.p., Sigma-Aldrich) was administered 30 minutes before a bolus injection of 

pilocarpine (30 mg/kg i.p., Sigma-Aldrich). If no seizure activities were shown, rats 

were administered a maximum of 3 further injections (10 mg/kg i.p.). Seizure activity 

was monitored by two trained persons. Onset of SE was marked by repetitive 

generalized convulsive, stage 4 (rearing) and 5 (rearing and falling) seizures according 

to Racine’s scale (Racine, 1972). After 37.63 ± 7.76 mg/kg pilocarpine all 38 rats 

developed a self-sustaining SE. Ninety minutes after SE onset, rats were treated with 

two injections of diazepam (10 mg/kg in 2 ml/kg, Ratiopharm, Ulm, Germany) given at 

intervals of 15 to 20 minutes. A third dose of diazepam (5 mg/kg) was administered if 

motor seizure activity was still present. Additionally, rats received a subcutaneous 

injection of 5 ml glucose electrolyte solution (Sterofundin HEG-5, B. Braun, Melsungen, 

Germany) to keep them hydrated and rats were placed on heating pads to prevent 

hypothermia. For the first week following SE, rats were weighted daily, mashed 

laboratory chow was offered and, if needed, rats were hand-fed several times per day. 

Despite these measures 7 of the 38 (18.42%) rats died in the following 48 h after SE.  

 Anesthesia and scanning protocols 

A dedicated small animal PET scanner (Inveon DPET, Siemens Knoxville, TN, USA) 

was used for PET imaging. 18F-FDG PET scans were performed at baseline, during 

epileptogenesis at 7 d post SE and in the chronic phase of epilepsy at 12 to 14 weeks 
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post SE. Directly after induction of anesthesia before radiotracer injection and after the 

CT scan, blood glucose levels were measured by a micropuncture of the saphenous 

vein (Conrour XT®, Bayer Consumer Care, Basel, Schweiz). An overall amount of 

19.66 ± 1.99 MBq 18F-FDG in 0.3 ml saline was injected via a lateral tail vein. 

Anesthetized animals were placed in dedicated animal beds (Minerve, Esternay, 

France), eyes were protected from drying out with a dexpanthenol-containing eye 

ointment (Bepanthen® Nasen- und Augensalbe, Bayer AG, Leverkusen, Germany) 

and respiration rate (BioVet software, m2m Imaging, Cleveland, OH, USA) was used 

to monitor depth of anesthesia. During the whole imaging procedure animals were 

warmed to avoid hypothermia. Acquired images were reconstructed by an iterative 

OSEM3D/fastMAP (ordered subset expectation maximization 3-

dimensional/maximum a posteriori) algorithm including corrections for decay, 

attenuation, random events, and scatter. For attenuation correction, 20 minutes 57Co 

transmission scans were used. A fast low-dose CT scan (Inveon CT, Siemens) was 

performed to facilitate co-registration afterwards. For awake uptake (figure 1A), 18F-

FDG was injected under a short isoflurane (Baxter Unterschleißheim, Germany) 

anesthesia. After a radiotracer uptake phase of 20 minutes under awake condition, rats 

were again anesthetized with isoflurane (3% for induction, 1.0 – 3.0% for 

maintenance). A static scan was conducted from 30 to 60 minutes after 18F-FDG 

injection with the brain in the center of the field of view. Eleven rats were scanned for 

BL, 12 at 7 d post SE and 7 in the chronic epileptic phase. Regarding the calculation 

of the uptake, the scanning time frame between 30 to 60 minutes was chosen as it 

usually provides the needed steady-state considering the time activity curve (TAC) of 

18F-FDG for the brain (Spangler-Bickell et al., 2016). For the further three anesthesia 

protocols, 18F-FDG was injected simultaneously with the start of a dynamic 60 minutes 
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PET scan. For isoflurane anesthesia (figure 1B), scans were performed under 

continuous isoflurane anesthesia (3% for induction, 1.0 – 3.0% for maintenance). 

Seven animals were scanned for BL, 4 at 7 d post SE and 7 at the chronic epileptic 

timepoint. For the completely antagonizable MMF anesthesia (figure 1C), animals 

received an intramuscular injection of 0.15 mg/kg medetomidine (Domitor®, Janssen-

Cilag, Neuss, Germany), 2 mg/kg midazolam (Dormicum, Roche Pharma AG, 

Grenzach-Wyhlen, Germany) and 0.005 mg/kg fentanyl (Fentadon, Albrecht GmbH 

Aulendorf, Germany) in 1 ml/kg saline. Seven rats were scanned for each timepoint. 

For propofol (figure 1D), a catheter was placed in a lateral tail vein during a short 

isoflurane anesthesia. Through this catheter, a continuous propofol administration 

(Propofol-®Lipuro, B.Braun Melsungen AG, Melsungen, Germany) with an infusion 

rate of 45 mg/kg/h (4.5 ml/kg/h) was started via a syringe pump (Model PHD Ultra, 

Harvard Apparatus Inc., South Natick, Massachusetts, USA) and the isoflurane supply 

was stopped. After 5 minutes, when the propofol anesthesia was stable, the radiotracer 

was injected simultaneously to the start of the PET scan. The following CT scan was 

again performed under isoflurane anesthesia. Eight rats were scanned for the BL and 

the 7 d post SE timepoint, while 7 rats underwent scans for the chronic epileptic 

timepoint. One animal showed unstable anesthesia during the 7-d scan and was 

therefore excluded from the analysis. 

 PET image analyses  

PET analysis was performed by an experienced scientist, blinded to the experimental 

treatment. PET images were fused to a standard T2-weighted MRI rat brain template 

(Schiffer et al., 2006) using PMOD 3.703 fusion tool. To this aim, the CT images were 

first co-registered to the MRI template and afterwards matched to the corresponding 
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PET images. 18F-FDG uptake was calculated as percentage injected dose per cubic 

centimeter of tissue (%ID/cm3). Earlier 18F-FDG studies in epilepsy models also used 

the calculation of the standard uptake value (SUV = (kBq/cm³) / (injected dose / body 

weight)). However, for long-term epileptogenesis studies the body weight and the body 

ratio of fat and water changes due to status epilepticus-related weight loss and age-

/epilepsy-related weight gain. Thus, SUV calculation can also not be generally 

recommended, since it might lead to over- and underestimation of the 18F-FDG uptake 

(Deleye et al., 2014). Regions of interest (ROI) were analyzed by applying a detailed 

rat brain atlas (Schwarz et al., 2006) to the co-registered images. Additionally, different 

approaches of kinetic analysis were evaluated. Therefore, list-mode data were 

histogrammed to 32 frames of 5 x 2, 4 x 5, 3 x 10, 8 x 30, 5 x 60, 4 x 300 and 3 x 600 

s, respectively. The first 40 minutes after start of the scan were used for a voxel-based 

kinetic modeling (PMOD 3.703 pixel-wise modeling tool) using Patlak plot (Patlak et 

al., 1983). An image derived arterial input function was created by drawing two volumes 

of interest (VOI, 2x2x4 mm3) in both carotid arteries to measure a TAC. Additionally, 

VOI-atlas-based kinetic analysis using both the Patlak plot and the 2-tissue 

compartment model for 18F-FDG were applied and the metabolic rate (MRGlu) and the 

influx rate constant (Ki) of glucose calculated (Hong and Fryer, 2010). A lumped 

constant of 0.71 was assumed (Tokugawa et al., 2007), and the blood glucose level 

averaged from both measurements (supplemental figure 1) was applied. 

Additionally, the co-registered uptake images were used for statistical parametric 

mapping (SPM) analysis, calculated using SPM12 software (UCL, London, UK). SPM 

was used for the calculation of baseline differences in 18F-FGD uptake under awake 

condition compared to the other three anesthesia protocols. Additionally, BL scans of 

each anesthesia protocol were compared to scans conducted 7 d or 12 to 14 weeks 
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after SE. Differences were calculated by a two-sample unpaired t-test using SPM12 

software. A significance level threshold of 0.05 (uncorrected for multiple comparisons) 

and a minimum cluster size of 100 voxels were chosen. After each comparison 

parametric t-maps were loaded in PMOD and significantly-changed voxels were 

located by co-registration with the MRI template.  

 Statistical analysis 

All data are presented as mean ± standard deviation (SD). Data was analyzed with 

GraphPad Prism 7 software (GraphPad, La Jolla, CA, USA). One-way ANOVA 

followed by Dunnett’s post hoc test was applied for intragroup comparison of blood 

glucose levels of the first and second measurements. One-way ANOVA followed by 

Sidak’s multiple comparisons test was performed for comparison of the first and the 

second blood glucose level measurement of each scanning timepoint. Intergroup 

differences in averaged blood glucose levels were calculated by one-way ANOVA and 

Tukey’s post hoc test and intragroup differences by one-way ANOVA followed by 

Dunnett’s post hoc test. For the comparison of activity signal in amygdala and thalamus 

derived from TACs and maximum peaks in IDIF between the three continuous 

anesthesia one-way ANOVA and Dunnett’s post hoc test was used. For statistical 

analysis of imaging data, one-way ANOVA followed by Dunnett’s post hoc test was 

used to analyze inter-anesthesia differences in 18F-FDG brain uptake at baseline, and 

intragroup differences in 18F-FDG uptake, Ki, and MRGlu following SE. Group size, 

based on expected variances and differences, was estimated by Power analysis. A P-

value < 0.05 was considered statistically significant.  
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6.4 Results 

 Blood glucose levels 

Initial blood glucose levels (baseline) did not differ between groups (figure 2). Impact 

of anesthesia protocols on blood glucose levels were evaluated by comparing the first 

with the second glucose measurement of each PET scan. An increase in blood glucose 

level was detectable for tracer uptake under awake condition (BL, 7.10 ± 0.67 vs. 9.23 

± 1.17, +29.69%, P=0.0106; 7 d post SE, 6.71 ± 0.73 vs. 10.86 ± 3.33, +48.62%, 

P<0.0001; chronic epileptic phase, 6.64 ± 0.65 vs. 10.64 ± 2.67, +60.12%, P<0.0001), 

under continuous isoflurane anesthesia (BL, 7.06 ± 0.80 vs. 9.71 ± 1.01, +37.65%, 

P=0.0153; 7 d post SE, 6.45 ± 0.82 vs. 10.88 ± 1.87, +68.60%, P=0.007; chronic 

epileptic phase, 6.19 ± 0.49 vs. 8.56 ± 1.32, +36.72%, P=0.0664) and most prominently 

under MMF anesthesia (BL, 8.40 ± 1.09 vs. 16.97 ± 2.72, +103,77%, P<0.0001; 7 d 

post SE, 7.73 ± 1.36 vs. 17.77 ± 2.60, +129.94%, P<0.0001; chronic epileptic phase, 

6.91 ± 0.49 vs. 17.47 ± 1.42, +152.69%, P<0.0001). For propofol anesthesia, no 

changes were detectable (BL, 6.28 ± 0.72 vs. 7.65 ± 0.81, P=0.5901; 7 d post SE, 6.36 

± 1.15 vs. 7.24 ± 1.04, P=0.9793; chronic epileptic phase, 6.04 ± 0.59 vs. 5.06 ± 0.74, 

P=0.9535). Intra-anesthesia comparison of second-measurement blood glucose levels 

revealed a decrease in chronic epileptic rats versus the BL timepoint for propofol 

anesthesia (P<0.0001). 
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Figure 2. Blood glucose levels measured before 18F-FDG injection (left) and after 

the CT scan (right). Data is presented as mean ± SD. No group differences were 

detectable comparing first measurements by one-way ANOVA and Dunnett‘s post hoc 

test, P<0.05. * indicate changes comparing second vs. first measurement (one-way 

ANOVA, Sidak‘s multiple comparisons test, P<0.05). # indicate changes between 

second measurements at 7 d post SE or at the chronic epileptic timepoint and BL for 

each anesthesia (one-way ANOVA, Dunnett‘s post hoc test, P<0.05). 

 Comparison of anesthesia protocols in healthy rats 

All anesthesia protocols were feasible for the imaging studies and well tolerated. 

Compared to PET scans performed after awake tracer uptake condition, continuous 

isoflurane anesthesia resulted in significantly lower 18F-FDG uptake in cortical regions, 

like piriform cortex (awake uptake condition, 0.94 ± 0.15; isoflurane anesthesia 0.75 ± 

0.10, -20.21%, P=0.0097) or motor cortex (awake uptake condition, 1.03 ± 0.15; 

isoflurane anesthesia 0.80 ± 0.07, -22.33%, P=0.0016), and in thalamus (awake 

uptake condition, 1.12 ± 0.14; isoflurane anesthesia 0.94 ± 0.14, -16.07%, P=0.0059, 

figure 3A). SPM analysis confirmed this finding (figure 3B). No group differences were 

detected for the hippocampus (awake uptake condition, 1.00 ± 0.13; isoflurane 

anesthesia, 0.95 ± 0.10, P=0.6952), the amygdala (awake uptake condition, 0.73 ± 
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0.05; isoflurane anesthesia, 0.67 ± 0.11, P=0.3080), and the cerebellum (awake uptake 

condition, 0.93 ± 0.11; isoflurane anesthesia, 0.96 ± 0.13, P=0.9406). 

18F-FDG uptake under MMF anesthesia was significantly lower in all analyzed brain 

areas and showed uptake values 30% to 43% below those for tracer uptake in 

conscious rats (figure 3A; piriform cortex, 0.54 ± 0.06, -42.55%, P<0.0001 vs. awake 

uptake condition), motor cortex (0.65 ± 0.08, -36.89%, P<0.0001 vs. awake uptake 

condition), hippocampus (0.58 ± 0.08, -42.00%, P<0.0001 vs. awake uptake 

condition), thalamus (0.70 ± 0.08, -37.50%, P<0.0001 vs. awake uptake condition), 

amygdala (0.51 ± 0.06, -30.14%, P<0.0001 vs. awake uptake condition) or cerebellum 

(0.57 ± 0.10, -38.71%, P<0.0001 vs. awake uptake condition). SPM analysis revealed 

a globally lower tracer uptake in the whole brain (figure 3B). 

Propofol anesthesia resulted in a similar pattern to isoflurane anesthesia compared to 

tracer uptake in conscious rats both in the regional as well as in the SPM analyses 

(figure 3A, 3B). Piriform cortex (0.71 ± 0.11, -24.47%, P=0.0016), motor cortex (0.80 ± 

0.13, -6.91%, P=0.0035 vs. awake uptake condition), hippocampus (0.80 ± 0.09, -

20.00%, P=0.0023 vs. awake uptake condition) and thalamus (0.92 ± 0.15, -17.86%, 

P=0.0061 vs. awake uptake condition) showed significantly less 18F-FDG uptake. In 

amygdala (0.68 ± 0.11, P=0.3274 vs. awake uptake condition) and cerebellum (0.87 ± 

0.15, P=0.6076 vs. awake uptake condition) no significant differences were detectable. 
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Figure 3. 18F-FDG brain uptake under BL conditions. (A) Regional data is presented 

as mean ± SD. * indicate significant differences between tracer uptake under awake 

conditions and different anesthesia protocols, tested by one-way ANOVA, Dunnett‘s 

multiple comparison test, P<0.05. (B) Coronal, sagittal and horizontal (-3.6, 0.4, -8.1 

mm relative to bregma) t-maps resulting from voxel-wise comparisons (statistical 

parametric mapping, SPM) of 18F-FDG uptake in awake rats and under continuous 

isoflurane (left), MMF (middle) or propofol anesthesia (right). Only clusters with 

significantly different voxels are shown (Student’s t test, P<0.05, minimum cluster size 
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of 100 voxels). Cold scale represents significantly decreased P-values, hot scale 

significantly increased P-values for each voxel. 

 18F-FDG uptake during epileptogenesis 

Compared to BL, 18F-FDG uptake in conscious rats at 7 d post SE remained 

unchanged in all analyzed brain regions (supplemental figure 2A and supplemental 

figure 3A). However, SPM analysis revealed significantly decreased voxels in cortical 

regions and cerebellum (figure 4A). For chronic epilepsy, a generalized decrease was 

detectable both in the SPM (figure 4E) and the atlas-based analysis (supplemental 

figure 2A).  

Comparing 18F-FDG uptake values under continuous isoflurane anesthesia at BL to 7 

d post SE, the SPM map detected significantly increased uptake in subregions of the 

amygdala and thalamus (figure 4B), whereas regional analysis did not reveal 

significant changes for amygdala, thalamus, hippocampus, piriform cortex or motor 

cortex, and cerebellum (supplemental figure 2B). Pons showed a slight decrease in 

18F-FDG uptake (BL, 0.90 ± 0.11; 7 d post SE, 0.74 ± 0.15, -17.87%, P=0.0337). In the 

chronic phase of epilepsy, a globally decreased uptake was detectable in both the SPM 

(figure 4F) and the regional analysis being most prominent in hippocampus (-33.96%, 

0.95 ± 0.08 vs. 0.63 ± 0.10, P=0.0001) and least distinct in the pons (-17.83%, 0.90 ± 

0.11 vs. 0.74 ± 0.03, P=0.0137, supplemental figure 2B and supplemental figure 3B). 

For MMF anesthesia SPM analysis revealed a distinctly increased uptake in thalamus, 

amygdala and hippocampus at 7 d post SE (figure 4C). Regional analysis 

(supplemental figure 2C) showed significantly increased values only for thalamus 

(+19.15%, BL, 0.70 ± 0.08; 7 d post SE, 0.84 ± 0.13, P=0.0266) and amygdala 

(+21.47%, BL, 0.51 ± 0.06; 7 d post SE, 0.62 ± 0.08, P=0.0133) while no changes were 
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detectable for hippocampus, piriform cortex, motor cortex, pons and cerebellum. 

Uptake in the phase of chronic epilepsy was decreased in the whole brain in the SPM 

analysis (figure 4G) ranging between 37.40 % reduction in hippocampus (0.65 ± 0.08 

vs. 0.41 ± 0.86, P=0.0003) and 27.61% reduction in pons (0.65 ± 0.04 vs. 0.47 ± 0.04, 

P<0.0001) in the regional analysis (supplemental figure 2C and supplemental figure 

3C). 

Comparing 18F-FDG uptake under propofol anesthesia at BL with 7 d post SE, a 

decreased uptake was detectable only for pons (-16.31%, BL, 0.97 ± 0.16; 7 d post 

SE, 0.81 ± 0.12, P=0.0439, supplemental figure 2D). This was also clearly seen in the 

SPM analysis (figure 4D), while scattered decreased uptake became visible in 

cerebellum and cortical areas as well as a limited increased uptake in the amygdala. 

Comparing uptake at the chronic epileptic timepoint to BL, a generally decreased 

uptake was identified in the SPM analysis (figure 4H) ranging from 45.84% reduction 

in hippocampus (0.46 ± 0.04, -P<0.0001) to 31.88% reduction in pons (0.66 ± 0.07, 

P=0.0003, supplemental figure 2D and supplemental figure 3D) in the regional 

analysis.  
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Figure 4. 18F-FDG uptake during epileptogenesis and chronic epilepsy. Coronal, 

sagittal and horizontal (-3.6, 0.4, -8.1 mm relative to bregma) SPM t-maps resulting 

from voxel-wise comparisons of 18F-FDG uptake under BL condition compared with 

uptake in (A-D) 7 d post SE or (E-H) chronic epileptic rats: (A, E) awake, (B, F) 

isoflurane, (C, G) MMF and (D, H) propofol anesthesia. Only clusters with significantly 

different voxels are shown (Student’s t-test, P<0.05, minimum cluster size of 100 

voxels). Cold scale represents significantly decreased P-values, hot scale significantly 

increased P-values for each voxel. 
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 Time activity curves and image-derived input function 

Under all three anesthesia conditions, the 18F-FDG TACs for brain regions like 

amygdala or thalamus (figure 5A and B) reached an activity plateau after 

approximately 195 seconds which remained stable for the whole scanning period using 

isoflurane and propofol anesthesia. However, the TAC for MMF anesthesia started to 

decline about 510 seconds after injection and was lower compared to propofol 

anesthesia from 17.5 minutes (amygdala) or 27.5 minutes (thalamus) on (figure 5A 

and B). For the last scanning frame, the activity concentration in amygdala under MMF 

anesthesia was 32.16% lower compared to propofol anesthesia (MMF anesthesia, 

97.28 ± 11.95 kBq/cm³; propofol anesthesia, 126.6 ± 19.26 kBq/cm³, P=0.0111) and 

36.26% lower compared to isoflurane anesthesia (isoflurane anesthesia, 132.6 ± 25.06 

kBq/cm³, P=0.0059; figure 5A). Likewise, the activity concentration in thalamus under 

MMF anesthesia for the last frame was 38.09% lower compared to propofol anesthesia 

(MMF anesthesia, 126.60 ± 16.75 kBq/cm³; propofol anesthesia, 177.6 ± 25.24 

kBq/cm³, P=0.0005) and 39.75% lower compared to isoflurane anesthesia (isoflurane 

anesthesia, 179.7 ± 19.56 kBq/cm³, P=0.0005, figure 5B). 

For obtaining an IDIF from the blood pool, we used the left ventricle (data not shown), 

the vena cava (data not shown), or carotid arteries (figure 5C) for drawing the ROIs. 

Only the IDIF derived from the carotid arteries turned out to be reliable. By averaging 

the values from IDIF obtained from both carotid arteries for 60 minutes BL scans, the 

maximum peak under MMF anesthesia (199.78 ± 75.42 kBq/cm³) was lower compared 

to isoflurane anesthesia (290.86 ± 55.70 kBq/cm³, -45.54%, P=0.0345) and propofol 

anesthesia (266.63 ± 66.32 kBq/cm³, -43.47%, P=0.0374, figure 5C). At the end of the 

scan, the IDIFs for all three anesthesia protocols reached similar values without 

significant differences. 



Medetomidine-midazolam-fentanyl anesthesia for ¹⁸F-FDG PET imaging in rats 
reveals epileptogenesis-associated regional glucose hypermetabolism

 

91 

 

Figure 5. Representative time activity curves for (A) amygdala, (B) thalamus and 

(C) image derived input function (IDIF, carotid arteries) for BL scans conducted under 

isoflurane, MMF and propofol anesthesia. Data is presented as mean ± SD. * indicate 

significant differences between MMF and isoflurane anesthesia and # between MMF 

and propofol anesthesia calculated by one-way ANOVA and Dunnett’s post hoc test. 
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 Kinetic analysis 

We used the IDIF derived from carotid arteries of each animal and the averaged blood 

glucose level (supplemental figure 1) for kinetic analysis. As both voxel-wise and 

region-based kinetic modeling did not result in reliable results with the Patlak plot, the 

2-tissue compartment model for FDG was used for a region-based kinetic analysis.  

Thus, the Ki for BL to 7 d post SE scans under isoflurane anesthesia revealed 

significant increases for hippocampus (+30.70%, BL, 0.030 ± 0.003; 7 d post SE, 0.040 

± 0.006, P=0.0333), thalamus (+27.37%, BL, 0.030 ± 0.002; 7 d post SE, 0.038 ± 

0.005, P=0.0288), amygdala (+50.47%, BL, 0.022 ± 0.002; 7 d post SE, 0.033 ± 0.002, 

P<0.0001) and piriform cortex (+33.28%, BL, 0.026 ± 0.002; 7 d post SE, 0.034 ± 

0.002, P=0.0088, figure 6A). Comparing BL vs. scans conducted at the chronic 

epileptic timepoint, no brain region showed a significantly changed Ki (figure 6A). Using 

MMF anesthesia, Ki for the scan 7 d post SE was increased for hippocampus 

(+48.56%, BL, 0.021 ± 0.003; 7 d post SE, 0.031 ± 0.004, P=0.0001), thalamus 

(+55.83%, BL, 0.022 ± 0.004; 7 d post SE, 0.035 ± 0.005, P<0.0001) and amygdala 

(+54.62%, BL, 0.018 ± 0.001; 7 d post SE, 0.028 ± 0.006, P=0.0008) compared to BL 

scans, while Ki remained unchanged for piriform and motor cortex, pons or cerebellum 

(figure 6B). However, significantly decreased Ki values were detectable for all brain 

regions ranging from 47.43% reduction in the hippocampus (0.010 ± 0.003, P<0.0001) 

to 29.93% reduction in pons (0.016 ± 0.002, P=0.0015, figure 6B) at the chronic 

epileptic timepoint compared to BL. For propofol anesthesia, Ki was not significantly 

changed for both 7 d post SE and chronic epilepsy compared to BL scans (figure 6C). 

Calculation of MRGlu (supplemental figure 4) resulted in comparable results to Ki (figure 

6). 
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Figure 6. Calculation of the influx rate constant Ki of 18F-FDG by a 2-tissue 

compartment model for (A) continuous isoflurane, (B) MMF and (C) propofol 

anesthesia. Data is presented as mean ± SD. Significant changes in brain regions 

between BL and following scans were tested by one-way ANOVA and Dunnett’s 

multiple comparisons test. * indicate significant differences (P<0.05). 
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6.5 Discussion 

Our study focused on comparing cerebral 18F-FDG distribution following 

epileptogenesis induction using different anesthesia protocols for static and dynamic 

PET scans to identify the most sensitive scanning and analysis protocols. Our major 

findings include first a prominent regional glucose hypermetabolism during 

epileptogenesis, best detectable under MMF anesthesia. Second, this anesthesia 

protocol was more sensitive than scanning animals after 18F-FDG uptake in conscious 

rats, which is considered to be most translational to scans in human patients (Spangler-

Bickell et al., 2016). Third, kinetic modeling improved sensitivity for detecting increased 

glucose turnover when using continuous isoflurane supply as standard anesthesia.  

Undoubtedly, scanning of animals being conscious during the whole imaging 

procedure would be the most comparable approach to clinical 18F-FDG PET. While 

some studies performed imaging with continuously awake, restrained animals or partly 

unrestrained rats using motion correction, findings may still reflect a stressed condition 

of the animals, and gaining blood samples or drawing ROIs for input functions is difficult 

(Alstrup and Smith, 2013, Spangler-Bickell et al., 2016, Paasonen et al., 2018). Thus, 

scanning after a tracer uptake phase under the awake condition is supposed to be a 

feasible, still well translatable approach (Matsumura et al., 2003). One of the problems, 

however, is that such a protocol does also not allow the acquisition of dynamic scans 

which might uncover further important epilepsy-related changes. Thus, we here used 

well-established, antagonizable or adjustable, anesthesia protocols, i.e. administering 

isoflurane, MMF and propofol, for acquiring dynamic scans. Although isoflurane is 

known to influence brain perfusion, inhalation anesthesia is the method of choice for 

imaging rodents (Tremoleda et al., 2012). The combined and completely antagonizable 

MMF anesthesia consisting of the benzodiazepine midazolam, the α2-adrenergic 
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agonist medetomidine, and the opioid fentanyl was shown to be suitable for 

sustained/enduring anesthesia in rats despite associated impact on blood pressure 

and heart rate (Hüske et al., 2016, Albrecht et al., 2014). Propofol, partially mediating 

its anesthetic effects via enhancing the function of GABA-activated chloride channels, 

induces a decreased cerebral blood flow and perfusion pressure, which may affect 

tracer brain uptake (Bruns et al., 2009, Tremoleda et al., 2012, Alstrup and Smith, 

2013). However, due to propofol’s rapid metabolization and elimination from the body 

the anesthesia is well controllable and thus also commonly used for anesthetizing 

rodents for imaging procedures (Tremoleda et al., 2012). In addition to the influence 

on the circulation, the effect of anesthesia on blood glucose levels is relevant for 

investigations wusing 18F FDG PET, since blood glucose competes with 18F-FDG for 

being transported by glucose transporters at blood-tissue and extra-intracellular 

barriers. 

In this study, we show that basal blood glucose levels are not affected by the SE or by 

epilepsy development itself. However, while all anesthesia protocols were well 

tolerated and practical for PET imaging, isoflurane and especially MMF anesthesia led 

to increased blood glucose levels. While isoflurane impairs glucose-stimulated insulin 

release leading to reduced cellular glucose uptake from the blood (Tanaka et al., 2011) 

the even more prominent increase of blood glucose levels during MMF anesthesia can 

be explained by medetomidine-induced inhibition of pancreatic beta-cell’s insulin 

secretion (Schmitz et al., 2017, Arnold and Langhans, 2010, Kodera et al., 2013, Ochiai 

et al., 2018). Subsequent compensatory increase in hepatic glucose generation and 

release as well as potential fentanyl-mediated inhibition of insulin secretion, which has 

been demonstrated in vitro (Qian et al., 2009), probably additionally contributed to the 

effect.  
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By influencing brain activity, circulation and blood glucose, which shares the same 

metabolic route as 18F-FDG and therefore competes for transport and phosphorylation, 

anesthetics have also an impact on 18F-FDG uptake values (Wahl et al., 1992, Alstrup 

and Smith, 2013). In healthy rats (baseline), isoflurane and propofol anesthesia 

resulted in suppressed cortical and thalamic uptake. This pattern was probably induced 

by their action on GABAergic neurons, whose density is high in these brain regions 

(Matsumura et al., 2003, Kim et al., 2017b). MMF showed generally decreased uptake, 

which might additionally be contributed by the high blood glucose levels.  

A restricted amount of decreased voxels was detectable in cortical areas after 18F-FDG 

uptake in conscious rats comparing 7 d post SE to BL scans. This detection might be 

possible because in contrast to the conscious uptake condition (figure 3) each further 

investigated anesthesia suppressed cortical 18F-FDG uptake in healthy rats. 

Additionally, for all anesthesia increased voxels in amygdala were detected by SPM 

analysis. However, only with MMF anesthesia this increase was rather prominent and 

became statistically significant using atlas-based regional analysis, which might be due 

to the generally lower 18F-FDG uptake under BL conditions. In chronic epileptic 

animals, a hypometabolism was detectable by all investigated anesthesia. Compared 

to recent studies in the lithium-pilocarpine rat model under the awake uptake condition, 

we found decreased 18F-FDG uptake mainly in cortical regions but did not detect the 

wide-spread glucose hypometabolism in epilepsy-related areas at 3 days post SE (Lee 

et al., 2012, Guo et al., 2009, Goffin et al., 2009, Shiha et al., 2015) or at 7 days post 

SE (Zhang et al., 2015, Guo et al., 2009). Pons or whole brain was used as a reference 

region for normalization of 18F-FDG uptake in most of these studies. Particularly pons 

is assumed to be less affected by epileptogenesis (Kornblum et al., 2000) and is 

therefore used as internal reference region (Lee et al., 2012, Guo et al., 2009, Zanirati 
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et al., 2018). However, in the present study both pons and cerebellum (another 

commonly applied reference region) revealed decreased tracer uptake compared to 

BL during epileptogenesis or chronic epilepsy (supplemental figure 2) and were 

therefore not used as a reference for 18F-FDG turnover.   

Kinetic modeling for Patlak or the 18F-FDG 2-tissue compartment model requires the 

acquisition of an arterial input function. The gold standard is an input function derived 

from repeated arterial blood samples. However, in multiple-scan longitudinal PET 

studies using animals weakened by a disease state like SE extensive blood sampling 

is not feasible. Therefore, we here tried instead to generate IDIFs by drawing VOIs in 

the cava vein or the left ventricle as recently described (Lanz et al., 2014, Thackeray 

et al., 2015). This approach was not feasible for this study due to spill-in. Thus, IDIFs 

from carotid arteries were used for the kinetic modeling. However, also these input 

functions showed moderate disturbances caused by spill-in from the surrounding 

tissue as there was still activity detected in the last scanning frames. The IDIF for MMF 

remained below values reached under isoflurane or propofol anesthesia, indicating a 

rapid redistribution of the tracer. In line with this result, the TACs for representative 

brain regions showed that the steady-state of 18F-FDG accumulation in the brain only 

lasted for less than 10 minutes under MMF anesthesia. Thus, Patlak kinetic modeling 

for pixel-wise or atlas-based regional analysis did not meet quality criteria, since it 

requires a permanent increase of tracer accumulation. Therefore, we used the 2-tissue 

compartment model for 18F-FDG. For comparing anesthesia, we mainly focused on the 

values for Ki, because they were not additionally corrected for blood glucose levels. 

Nevertheless, the pattern of changed values for Ki was similar to that for MRGlu. For Ki, 

significant increase was detected for epilepsy-associated brain areas like 

hippocampus, thalamus and amygdala both with isoflurane and MMF anesthesia. This 
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aligned generally well with the findings using SPM analysis for the 18F-FDG uptake, 

but was of added value in terms of higher sensitivity for regionally increased glucose 

turnover during epileptogenesis especially with the standard anesthesia protocol 

(continuous isoflurane).  

So far, the causes underlying brain glucometabolic changes are only poorly 

understood (O'Brien and Jupp, 2009). Hippocampal cell loss and atrophy, altered 

expression of glucose transporters, changed cerebral blood flow, neuroinflammation 

and reorganization, or altered synaptic transmission might contribute to changes in 

glucose metabolism (Knowlton et al., 2001, Marchi et al., 2012, Bouilleret et al., 2002, 

Ashrafi and Ryan, 2017) . The increased glucose utilization found here at day 7 post 

SE further supports a (complex and) dynamic role of dysregulated glucometabolism 

during epilepsy development as well as its potential to serve as translational prognostic 

biomarker and target for metabolism-directed prophylactic intervention following 

epileptogenic brain insults (Koenig and Dulla, 2018). Interestingly, increased glucose 

metabolism revealed with MMF in the present study was found in regions and at a 

time-point, for which we could show before that distinct microglia activation is also 

present (Brackhan et al., 2016). This suggests a potential to increase sensitivity of 18F-

FDG PET for imaging inflammation-associated changes in central nervous glucose 

metabolism by applying MMF anesthesia. Further studies will identify if premedication 

with a single component of MMF anesthesia might already increase sensitivity of 18F-

FDG PET, which would also be of translational value. 

To better understand changes in glucose metabolism - important for the establishment 

of new treatment options or early biomarkers - we aimed to establish standardized 

anesthesia protocols that can also be used for kinetic modeling. We found that MMF 
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is most discriminative for hypermetabolic changes during epileptogenesis compared to 

other anesthesia protocols tested. Furthermore, in order to guarantee the best possible 

detection of changes additional SPM analysis and kinetic modeling is recommendable. 

6.6 Supplemental figures 
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7 Discussion 

7.1 Main findings 

To understand the process leading to epilepsy development is crucial to fulfill the need 

of developing new targets for treating or preventing epileptogenesis (Löscher et al., 

2013, Pitkänen and Lukasiuk, 2011). To achieve this goal the detection of a biomarker 

for epileptogenesis will help to diagnose a patient at-risk, for whom a potential 

treatment is necessary. Additionally, a biomarker will facilitate preclinical and clinical 

anti-epileptogenesis studies to validate the treatment efficacy and for reducing costs 

of treatment trials (Pitkänen and Engel, 2014, Pitkänen et al., 2016). Preclinical 

molecular imaging might serve as a valuable tool to characterize early epileptogenesis-

associated brain changes in order to identify a predictive biomarker with translational 

potential (Dedeurwaerdere et al., 2014, Bertoglio et al., 2017).   

In the first study, we evaluated the predictive potential of brain changes detected via 

in vivo imaging in a modified pilocarpine rat model. By combining these findings with 

measurements of HMGB1 levels in blood and with early behavioral alterations we 

attempted to increase the predictive power for the chronic disease outcome. The main 

findings of this study were that early regional glucose hypometabolism on day 5 post 

SE was more distinct in rats that were identified as non-seizing later. These rats also 

showed an increased TSPO expression compared to seizing rats at days 12 to 14 post 

SE. Otherwise, BBB leakage was only detectable in single animals, which developed 

seizures later, while edema formation was not detected in any animal. Total HMGB1 

levels were increased at 8 days post SE for seizing rats compared to BL levels. A 

combination of both HMBG1 levels at day 8 and thalamic TSPO expression revealed 

a high predictivity. Further findings were that hyperexcitability in the pick-up test at day 

7 post SE and hyperlocomotion in the OF test and the EPM test detected differences 

between control and seizing but not non-seizing rats. Animals did neither show 

anhedonia in the SCT nor learning and memory impairment in the MWM test. 

Histological analysis in the chronic state revealed moderate neuronal loss and 

astrocytosis in seizing and non-seizing animals. Interestingly, higher early extra-

hippocampal TSPO expression correlated positively with chronic hilar neuronal density 

and astrogliosis. No changes were found between non-seizing and seizing animals 

concerning chronic TSPO expression and mGluR5 or GABAA receptor density. 
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The second study was performed for characterization of metabolic changes during 

epileptogenesis in the pilocarpine rat model. Our main findings were that endogenous 

amino acid turnover was generally decreased at 48 hours post SE and more restricted 

to epileptogenesis-associated brain areas at 7 days post SE. Glucose metabolism was 

increased for the first 24 hours after SE recovering apart from amygdala in the following 

week. In chronic epileptic animals both were decreased and correlated strongly. 

However, both PET tracers used did not correlate to TSPO-PET. Thus, they cannot be 

used to identify inflammation.  

In a third study, we aimed to characterize glucometabolic alterations in the brain during 

epileptogenesis depending on different anesthesia and scan protocols. One of the 

main findings was that anesthesia with medetomidine, midazolam and fentanyl 

revealed the most differentiation between BL and 7 days post SE regarding increased 

tracer uptake in epilepsy-related brain areas amygdala and thalamus. Decreased 

mainly cortical uptake was detected with scanning after awake uptake. Generally 

decreased uptake was detected in chronic epileptic rats for all protocols. However, we 

showed that in addition to the regional quantification a statistical parametric mapping 

analysis or a kinetic modeling are needed to detect brain changes more 

comprehensively. 

7.2 Evaluation of methods 

 The pilocarpine rat model for investigating epileptogenesis 

The post-SE pilocarpine rat model was chosen for the second and third study of this 

work. The model has the advantage that it is a widely used and well-characterized 

model mimicking the pathology of insult-induced TLE (Curia et al., 2008, Morimoto et 

al., 2004). Rats reveal a seizure-free latency phase from 1 to 3 weeks, which makes 

the model suitable for studying changes during epileptogenesis (Rattka et al., 2011, 

Cavalheiro et al., 1991, Löscher, 2011). After the latency phase, SRS are present in 

nearly all animals, as we could confirm for the animals we used for scans in the phase 

for chronic epilepsy (Curia et al., 2008, Glien et al., 2001). This additionally supports 

the model’s value for studying changes during epileptogenesis. However, animals of 

this model differ in the frequency and severity of SRS in the chronic phase of epilepsy 

(Kandratavicius et al., 2014), which might be one of the limitations, since we did not 
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analyze the appearance of SRS for correlation to the findings of scans performed at 

the timepoint of chronic epilepsy.  

 The modified pilocarpine rat model as a model for identification of 

biomarkers 

The preclinical identification of biomarkers for epileptogenesis requires an animal 

model in which only a proportion of rats develop epilepsy after a comparable 

epileptogenic brain insult. Animal models, in which the epileptogenic brain insult is 

caused by a TBI or a febrile SE reveal a high translational potential. However, the 

latency phase in these models is long and only a small proportion of animals become 

epileptic (Engel, 2018, Pitkänen and Immonen, 2014, Baram et al., 1997, Ahmad and 

Marsh, 2010). Therefore, we used the recently published modified post-SE pilocarpine 

rat model, in which the initial SE is efficiently terminated leading to only a proportion of 

rats developing seizures (Brandt et al., 2015). Based on findings in the conventional 

pilocarpine model, rats were scanned at days post SE when the brain changes peaked 

(Bankstahl et al., 2018, Breuer et al., 2017, Brackhan et al., 2016). Unfortunately, it is 

unknown how long the actual latency phase takes in the modified pilocarpine rat model. 

According to the conventional pilocarpine rat model, we started to observe first 

seizures between 3- and 4-weeks post SE, indicating that part of the behavioral 

experiments were performed in the time after disease onset in some rats. However, 

this time should still reflect brain changes that were present in the latency phase. Most 

of the seizing rats did not show many seizures. Thus, correlations between parameters 

and seizure frequency could not be calculated. 

 Seizure detection 

The earliest video- and EEG monitoring in the modified pilocarpine rat model was 

started at 8 weeks post SE (Brandt et al., 2015). At that timepoint, most of the animals 

that were classified as seizing already showed SRS. Thus, the seizure detection via 

video- and EEG-monitoring for our study conducted between 22- and 25-weeks post 

SE for 3 continuous weeks was performed at a reasonable time point and for a 

reasonably long period. Additionally, all seizures observed during daily handling were 

also noted. Though, as mentioned above, rats did not show many SRS. Thus, there 

remains the possibility that we did not see seizures in rats classified as non-seizing. 
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Almost 100% of rats develop SRS in the conventional pilocarpine rat model we used 

for studies 2 and 3 (Curia et al., 2008, Glien et al., 2001). In line with that, we had seen 

generalized seizures in all animals of studies 2 and 3 before we performed the scans 

at the timepoint of chronic epilepsy. However, as some animals used in these studies 

were sacrificed already after scans during epileptogenesis, we can only assume that 

all rats would have exhibited SRS later and were scanned during actual epilepsy 

development.  

 Histology and autoradiography 

Histology and autoradiography were performed with the tissue of the rats 26 weeks 

post SE of the first study to gain further insight about the chronic disease outcome and 

to correlate these with findings of other tests. Both histological stainings were 

performed with commonly used protocols. An established quantitative neuronal 

counting to analyze neuronal density of the dentate hilus and semiquantitative scoring 

systems were used to analyze neurodegeneration (Langer et al., 2011) or astroglia 

activation (Brackhan et al., 2016, Polascheck et al., 2010). Both scorings were 

performed by two trained persons in a blinded fashion to guarantee reliable scores. 

Histological analysis showed a mild level of astrocytic activation, neurodegeneration 

and hilar neuronal loss. These results correlated with early neuroinflammation and are 

discussed in chapter 7.3.3.    

The autoradiography was conducted using a well-established protocol (Brackhan et 

al., 2016). Autoradiography enabled analyzing the spatial distribution of 

neuroinflammation or GABAA and mGluR5 receptors in the brain. This technique was 

chosen, because the used PET tracers targeting receptors in the brain also have the 

potential to identify predictive biomarkers. No changes were detected for 18F-GE180 

and 18F-FPEB activity in the brain tissue indicating that no changes were present at 

the chronic state in seizing, non-seizing, and control animals. However, 18F-FMZ 

activity showed a tendency to be decreased in cortical brain regions in seizing and 

non-seizing animals. Since changes in the GABAergic system are hypothesized to 

contribute to epileptogenesis (Treiman, 2001), 18F-FMZ reveals some potential to 

identify predictive alterations during epilepsy development which remains to be 

assessed in future studies. 
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7.3 Small animal in vivo imaging for characterization and 

prediction of brain changes during epileptogenesis 

According to the interests of animal welfare, non-invasive, longitudinal imaging studies 

enabled us to study epileptogenesis in the acute phase of the disease in order to 

investigate the chronic disease outcome in the same animal (Bankstahl and Bankstahl, 

2012). In this thesis, functional imaging by PET and structural imaging via MRI was 

conducted. Both techniques, including the PET tracers 18F-FDG and 18F-GE180 and 

the contrast agent Gd-DTPA, are well-established for human patients (Pittau et al., 

2014, Fan et al., 2016, McDowell and Dublin, 2018). Thus, these techniques reveal a 

highly translational potential. The spatial resolutions of both imaging techniques were 

improved in the recent years so that both can be used to scan small animals like rats 

and mice (Dedeurwaerdere et al., 2007, Bertoglio et al., 2017). Rats used for this work 

are in this regard less challenging compared to the smaller mice. However, kinetic 

modeling, which we applied for analyzing the biological tracer distribution in the 

dynamic scans, remains challenging also for rats. The kinetic models we applied 

necessitate an accurate input function of the plasma activity (Thackeray et al., 2015, 

Alf et al., 2013). The gold standard is an input function deriving form repeated arterial 

blood sampling. However, this is not feasible for longitudinal studies in small animals 

due to their limited blood volume (Thackeray et al., 2015). Thus, we used image 

derived arterial input curves instead. Due to spill-in from the surrounding tissue we 

decided to use the cava vein for 18F-GE180 and the carotid arteries for 18F-FDG 

analysis providing us with a robust and accurate estimation of the activity in the blood 

pool. The choice of the anesthesia for immobilizing the animal during the scans 

additionally needs to be considered (Alstrup and Smith, 2013). As we show in the third 

study in line with findings of other working groups, the anesthesia can influence the 

tracer distribution in the brain (Matsumura et al., 2003). Thus, we used established 

anesthesia protocols like scanning after awake uptake with following isoflurane 

anesthesia for the 18F-FDG PET in first study and continuous isoflurane anesthesia for 

18F-GE180 PET scans and MRI. Isoflurane is the most commonly used anesthesia 

during scans (Tremoleda et al., 2012). However, it was recently hypothesized that 

isoflurane influences epileptogenesis (Bar-Klein et al., 2016), which might also be true 

for other anesthesia. Nevertheless, the applied anesthesia was the same for all 

animals of one study, and for all animals in the second and third study, seizures were 
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detected in the chronic phase of the disease. The scanning timepoints for the first study 

were based on the findings for the conventional pilocarpine model.  

Despite some challenges, small animal imaging was a highly valuable tool for this work 

regarding the longitudinal and translational examinations of epilepsy development for 

characterization of brain changes and identification of biomarkers.   

 Brain metabolism during epileptogenesis 

In the studies for this work, we investigated glucose metabolism at 5 days post SE in 

the modified pilocarpine rat model in the first study, or at various timepoints during 

epileptogenesis in the second study, and at BL, 7 days, and 12- to 14-weeks post SE 

in the third study, both conducted in the conventional pilocarpine rat model. The amino 

acid turnover following epileptogenesis was evaluated in the second study. 

Spatiotemporal changes of glucose metabolism during epileptogenesis 

depending on the anesthesia protocol 

In line with findings from Matsumura et al., we showed in our third study that 18F-FDG 

tracer distribution for detection of glucose metabolism is highly dependent on the 

anesthesia protocol used for immobilizing the animals during scan (Matsumura et al., 

2003). Because of sharing the same transportation and processing pathways in the 

body, blood glucose competes with 18F-FDG for transporters and phosphorylation 

(Wahl et al., 1992). Therefore, it was important to analyze blood glucose levels in 

regard to understand the tracer distribution. Our findings that isoflurane anesthesia 

moderately and MMF anesthesia highly increases while propofol anesthesia only 

slightly increases or even deceases blood glucose levels aligned well with results from 

other studies (Tanaka et al., 2011, Schmitz et al., 2017, Sato et al., 2013). Anesthesia 

also influences circulation and brain perfusion which additionally has an impact on 

tracer distribution in the brain (Alstrup and Smith, 2013, Hildebrandt et al., 2008). We 

made all efforts to guarantee a standardized uptake protocol in order to minimize 

alterations caused for example by different anesthesia depths or body temperature. 

Different studies showed before that most anesthesia reduce 18F-FDG uptake in the 

brain (Alstrup and Smith, 2013, Matsumura et al., 2003). Accordingly, 18F-FDG 

distribution after awake uptake showed the highest values especially in cortical and 
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thalamic brain regions under baseline conditions. On the contrary, 18F-FDG uptake 

under MMF anesthesia was generally decreased which might be driven by the high 

blood glucose values in combination with a lower brain perfusion.  

Images in this study at the 7 days post SE timepoint showed different patterns of 18F-

FDG distribution. Scans after awake uptake revealed reduced tracer uptake especially 

in cortical areas. In line with that, 18F-FDG scans after an awake uptake 5 days post 

SE in the modified pilocarpine rat model revealed decreased tracer uptake. However, 

the hypometabolism was additionally distributed over hippocampus and parts of the 

thalamus in this study. This could have been induced by the animal model with a 

reduced pathology itself, if a more pronounced hypometabolism contributes to a 

reduced disease outcome. Additionally, the use of different breeders for Sprague-

Dawley strains can have caused these alterations. It was observed before that rats 

from Envigo (formerly Harlan), which we used for our third study, react less sensitive 

to pilocarpine injections compared to Sprague-Dawley rats from Janvier, which were 

used for the first one (Bröer and Löscher, 2015). Additionally, the timepoint of 

conducting the scan by a time interval of 2 days was not identical. Furthermore, the 

group comparing post-SE animals to was in the third study naïve rats. Otherwise, post-

SE rats of the first study were compared to sham control rats, which might show effects 

of previous treatments affecting the 18F-FDG uptake. 

Continuous isoflurane anesthesia, the most commonly used anesthesia for 

immobilizing rats for scanning, was used for the second and for the third study 

(Tremoleda et al., 2012). Scans until 24 h post SE showed increased tracer uptake in 

the second study. This may be caused by the previously described persisting high 

neuronal activity in this model after SE (Brandt et al., 2015). This is also supported by 

the finding that at 48 h post SE uptake turned back to BL levels. We only can 

hypothesize that this early increase followed by a normalization might be detectable 

with other anesthesia as well. For scans at 7 days post SE, similar results were seen 

in both studies. No changes in the regional analysis but increased voxel values using 

statistical parametric mapping (SPM) analysis in the amygdala were detected. Kinetic 

modeling was performed for the third study. This revealed an increase for Ki 

additionally in hippocampus and piriform cortex. 
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Using MMF anesthesia significant increases were detected by atlas-based regional 

and SPM analysis in amygdala and thalamus 7 days post SE. Hippocampal increase 

for Ki was detected by kinetic modeling. These areas are known to be involved in 

epileptogenesis and seizure generation in the pilocarpine rat model (Turski et al., 

1983). 

On the contrary, only SPM analysis revealed increased tracer uptake in voxels in 

amygdala using propofol anesthesia. Other changes were not detectable. Thus, 

propofol anesthesia does not lead to discriminative results and cannot be 

recommended for detection of alterations of glucose uptake at 7 days post SE. 

A widespread glucose hypometabolism was detectable regardless of the anesthesia 

protocol at the chronic phase of the disease. This is supported by many other 

longitudinal studies of pilocarpine-treated rats (Guo et al., 2009, Lee et al., 2012).  

We could also show that the protocol for analyzing the tracer distribution is crucial to 

detect changes. An atlas-based regional analysis should be combined with an SPM 

analysis or kinetic analysis. The way, the analysis was performed, may also explain 

why we did not detect a regional hypometabolism at 7 days post SE like other studies 

did (Goffin et al., 2009, Guo et al., 2009, Kim et al., 2017, Zhang et al., 2015, Lee et 

al., 2012, Shiha et al., 2015). We showed that changes in pons were detectable and 

thus the use of pons as a reference region for uptake normalization as Kornblum et al. 

proposed might lead to biased results (Kornblum et al., 2000). Additionally, the 

calculation of the standard uptake value, which includes a correction for bodyweight, 

is also not recommended. This calculation over- or under-estimates real uptake values 

due to changes of body weight following SE induction and chronic epilepsy (Deleye et 

al., 2014). Nevertheless, our third study showed that it can be recommended to use an 

awake uptake protocol to detect glucose hypometabolism. Additionally, another 

anesthesia protocol should be used to detect hypermetabolic areas. Therefore, MMF 

anesthesia was identified to lead to best discriminative results in epilepsy-related brain 

areas. 

However, the causes of altered glucose metabolism remain unknown (O'Brien and 

Jupp, 2009). Hippocampal cell loss and atrophy, changed expression of glucose 

transporters and cerebral blood are hypothesized to contribute to the decrease 

(Knowlton et al., 2001, Marchi et al., 2012, Bouilleret et al., 2002). It was shown that 
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hippocampal neuronal cell loss was already present at 2 days after SE (Bankstahl and 

Löscher, 2008, Bankstahl et al., 2018). On the contrary, it might be possible that the 

increased tracer uptake is caused by neuro-inflammation and tissue reorganization. 

This theory is supported by the fact that these early increases appear especially in 

epileptogenesis-associated brain areas of the pilocarpine rat model (Turski et al., 1983, 

Brackhan et al., 2016). 

Glucose metabolism as a biomarker 

Regarding the major aim of the first study, we found out that the glucose 

hypometabolism was even more pronounced in the hippocampus and subthalamic 

regions of non-seizing rats compared to seizing animals. These findings align with a 

study from Goffin et al. who also observed a stronger glucose hypometabolism in rats 

that did not develop seizures (Goffin et al., 2009). On the contrary, Guo et al. reported 

that an increased glucose hypometabolism at day 2 post SE in entorhinal cortex 

correlates positively to the development of seizures (Guo et al., 2009) and Bascuñana 

et al observed that animals more resistant to pentylenetetrazole kindling showed an 

increased 18F-FDG uptake especially in the hippocampus (Bascuñana et al., 2016). 

This additionally supports the need to use a standardized anesthesia protocol. 

Nevertheless, glucose metabolism remains an interesting target as a potential 

biomarker.  

Protein metabolism 

18F-FET Vt was significantly decreased in thalamus and amygdala in the acute phase, 

returning to baseline levels except for amygdala at 7 days post SE and showing a 

reduction in hippocampus in the chronic phase of the disease. All affected brain regions 

are known to be involved in epileptogenesis in this model (Turski et al., 1983). Like 

changes for glucose metabolism, it remains unclear which pathological mechanisms 

cause these changes. Hutterer et al. hypothesized an increased expression of L-amino 

acids transporters (Hutterer et al., 2017). On the contrary, our results can be caused 

by a decreased expression regarding the decreased tracer accumulation. Neuronal 

cell loss and atrophy, and decreased cerebral blood flow, which are hypothesized to 

be related to altered glucose metabolism, may also contribute to changes in the amino 

acid metabolism. The connection between glucose and protein metabolism is also 

supported by the correlation between hippocampal 18F-FDG and 18F-FET tracer 
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distribution at the chronic timepoint of the disease. Thus, there is additional research 

required to understand the underlying mechanisms. It needs to be further investigated, 

if protein metabolism is also affected by the anesthesia protocol for the scan.  

 Inflammation during epileptogenesis 

Neuroinflammation 

The PET tracer 18F-GE180 binds to TSPO which is mainly expressed in activated 

microglia (Dupont et al., 2017). Rats of the first study were scanned at days 12 – 14 

post SE with that tracer. The timepoint was chosen due to the finding that TSPO 

expression in rats of the pilocarpine model peaked at 1 – 2 weeks after SE using PET 

imaging (Brackhan et al., 2016). This was supported by immunohistochemical studies 

in which microgliosis was detectable for 2 – 3 weeks post SE (Rossi et al., 2013, 

Estrada et al., 2012). Brackhan et al. additionally confirmed that the level of microglia 

and astrocytic activation correlated to the binding potential of the TSPO binding 

radiotracer (Brackhan et al., 2016). Even after kainate-induced SE in rats a peak of 

TSPO expression was observed after 2 weeks using an in vitro binding study (Amhaoul 

et al., 2015). Thus, we detected an increased 18F-GE180 Vt in the brain regions 

hippocampus, thalamus and piriform cortex, which are known to be epilepsy-related, 

in both seizing and non-seizing rats compared to controls (Turski et al., 1983). The 

same pattern of TSPO upregulation was also found in the study of Brackhan et al. 

(Brackhan et al., 2016).  

Surprisingly, non-seizing rats revealed a higher TSPO expression mainly in thalamus 

compared to seizing rats. However, it is mainly assumed that a pro-inflammatory 

immune response leads to an increased susceptibility for seizure generation (Vezzani 

et al., 2013, Vezzani and Friedman, 2011). The activation of the IL-1/Toll-like receptor 

(TLR) pathway for example initiated a pro-inflammatory immune response leading to 

neuronal hyperexcitability (Viviani et al., 2007). On the contrary, a clinical trial found 

out that an anti-inflammatory treatment with methylprednisolone within the first hours 

after TBI resulted in an increased risk of not recovering and death in humans (Edwards 

et al., 2005). In a preclinical experiment, treatment with dexamethasone increases 

brain damage and mortality after pilocarpine induced SE in rats (Duffy et al., 2014). 

Both findings indicated that neuroinflammation may be needed for tissue regeneration 
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and recovery in patients after TBI (Russo and McGavern, 2016). In line with that, we 

additionally found out that an increased early TSPO expression resulted in decreased 

neuronal loss later, although inflammation was also associated with astrogliosis. 

However, the time course of inflammation, including exaggerated or beneficial 

inflammatory actions, is not understood in detail (Bertoglio et al., 2017). Thus, we can 

just hypothesize that the inflammation we detected at days 12 – 14 post SE was part 

of the healing process. In line with findings of Brackhan et. al., no neuroinflammation 

was detectable by 18F-GE180 autoradiography at the chronic state of the disease 

(Bankstahl and Löscher, 2008, Brackhan et al., 2016).  

Regarding our aim to identify biomarkers for epileptogenesis, increased TSPO 

expression in thalamus at days 12 – 14 after SE revealed, only in combination with 

total HMGB1 levels from blood, a good predictivity for seizure generation. Thus, TSPO 

expression has the potential to be a predictive and translational biomarker for 

epileptogenesis. In addition to further investigations in animal models, special 

problems with human patients remain challenging: a treatment with AED might 

interfere with tracer binding and humans show a high variance in TSPO binding affinity 

(Scott et al., 2017, Owen et al., 2011).    

Blood markers for inflammation - measurements of HMGB1 

The damage-associated molecular pattern HMGB1 is actively released by damaged 

neurons and glia cells and is involved in inflammatory pathways (Paudel et al., 2018). 

Especially the pathological disulfide isoform of HMGB1 was found to activate Toll-like 

receptor 4 and, thus, mediates proinflammatory actions (Ravizza et al., 2018). We 

decided to use the commercially available ELISA. This ELISA measures the total levels 

of HMGB1. However, this includes the pathologic isoforms in the measurement and 

therefore still reflects pathologic processes (Walker et al., 2017).  

To our knowledge, HMGB1 levels have not been measured in the lithium-pilocarpine 

or the modified pilocarpine models so far. Thus, we decided to perform the blood 

sampling at 1 and 8 days post SE for covering the acute and the subacute phase of 

epileptogenesis. While HMGB1 levels measured one day after SE were not changed 

compared to baseline levels, total HMGB1 was increased at 8 days post SE for seizing 

rats. This supports Walker et. al.’s finding that HMGB1 levels were associated with 

epileptogenic brain insults and were predictive for seizure development in rats treated 
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on PN 21 days with pilocarpine (Walker et al., 2017). The increase of HMGB1 levels 

became even more prominent at the time of disease onset and the chronic phase. 

According to that, it may also be that changes will be more prominently detectable at 

a later timepoint during epileptogenesis in the modified pilocarpine rat model.  

Nonetheless, HMGB1 levels in combination with a thalamic 18F-GE180 Vt showed an 

excellent predictivity for SRS development in our study. This finding is interesting since 

we hypothesized that the increased TSPO expression we detected 12 to 14 days post 

SE was rather related to tissue reparation and healing. It additionally indicates that the 

earlier inflammation might be more present in rats developing seizures since HMGB1 

contributes to a pro-inflammatory immune response. This needs to be further 

investigated. However, the combination of imaging and HMGB1 was also shown in 

another study with rats after febrile SE to increase predictivity for seizure development. 

Choy et al. demonstrated that decreased T2 signals measured by a high tesla MRI 

combined with translocation of HMGB1 from cell nucleus to cytoplasm revealed a good 

predictivity (Choy et al., 2014). Nevertheless, this approach has the major 

disadvantage that the histological evaluation of HMGB1 translocation is not 

translational.  

The predictivity of HMGB1 levels in human patients remains elusive until now. Walker 

et al. showed higher HMGB1 blood plasma levels in patients suffering from 

pharmacoresistant epilepsy and in patients with structural brain abnormalities (Walker 

et al., 2017). On the contrary, Zhu et al. reported that a reduction in seizure frequency 

was more likely in children with higher HMGB1 levels (Zhu et al., 2018). 

 MRI as a tool for identification of predictive biomarkers 

Animals were scanned with contrast-enhanced T1- and T2- weighted imaging 

sequences at 2- and 9-days post SE. These days were based on recent findings in the 

conventional pilocarpine rat model (Bankstahl et al., 2018, Breuer et al., 2017). BBB 

leakage was shown to be detectable after kainate-induced SE in rats using a step-

down Gd-DTPA contrast agent infusion protocol and a T1-weighted imaging sequence 

(van Vliet et al., 2014). This imaging protocol was shown to be more sensitive 

compared to PET or single photon emission tomography with DTPA-based 

radiotracers (Breuer et al., 2017). However, at 2 days after SE only two animals 
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showed increased T1 signals, both in piriform cortex and in one animal additionally in 

hippocampus. Both rats developed seizures at the chronic phase of the disease. Thus, 

it can be concluded that BBB leakage cannot be detected by MRI in this animal model 

in general. However, if BBB leakage was detected, rats developed seizures later. 

Additionally, no changes in T2-weighted values and thus no edema formation was 

seen in seizing and non-seizing rats. These results were unexpected, since many 

studies reported changes in T1 and T2 intensities. As mentioned before, an increased 

contrast-enhanced T1 intensity was detected in both pilocarpine and kainate treated 

rats and an increased T2 intensity in pilocarpine-treated rats in the acute phase after 

SE (Kim et al., 2017, Bankstahl et al., 2018, Breuer et al., 2017, van Vliet et al., 2014). 

Abnormal signals for contrast-enhanced T1-weighted and T2-weighted imaging 

especially in the piriform cortex were seen at 2 days after SE in paraoxon treated rats 

(Bar-Klein et al., 2017). The affected brain regions in all these studies were comparable 

to the findings in the 2 rats showing contrast agent accumulation (Turski et al., 1983). 

Reduced T2 values were detected using a high field MRI in rats after febrile SE 

allowing a prediction of seizure development (Choy et al., 2014). The same working 

group found out that a lesser decrease of T2 relaxation times between 2 and 48 h after 

febrile SE is detectable in rats developing seizures. Since this study was performed 

using a clinical MRI and T2 intensity changes in the brain of children after febrile SE 

are also seen, it is hypothesized that this finding is translational to human clinics 

(Curran et al., 2018).  

However, it might still be that histopathological examination of for example albumin-

fluorescein isothiocyanate conjugate extravasation shows a vascular pathology 

indicating a leaking BBB for the modified pilocarpine rat model (Breuer et al., 2017). 

All in all, contrast-enhanced T1- or T2-weighted imaging is not sensitive enough for 

being established to reliably identify a predictive biomarker in the modified pilocarpine 

rat model. However, other MRI modalities like blood oxygenation level-dependent 

(BOLD) response with functional MRI, which was used to detect the epileptogenic 

focus after TBI, or diffusion weighted imaging, which was used to detect network 

reformation in pilocarpine-treated rats, might still detect a brain pathology in this model 

(Huttunen et al., 2018, Bar-Klein et al., 2017). Additionally, MRI might be a useful tool 

to detect brain changes after other epileptogenesis-initiated brain insults like febrile 

SE. 
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7.4 The use of behavioral tests to predict epilepsy development 

To answer the question, if neuro-psychiatric comorbidities may predict epilepsy 

development, several behavioral tests were conducted in rats with or without later 

seizure development in the first study. An experimental setting to assess behavioral 

changes is particularly useful for disentangling the relationships between epilepsy and 

psychiatric disorders (Kanner et al., 2014). Thus, behavioral tests were also used to 

investigate correlations between parameters in the modified pilocarpine post-SE rat 

model with reduced pathology of TLE. All performed tests revealed the potential to 

indicate early behavioral changes in recently published studies. The HE test consists 

of four individual tests (approach-response test, touch-response test, finger-snap test 

and pick-up test) indicating behavioral hyperexcitability and sensory responsiveness 

towards different stimuli (Rice et al., 1998). Rats after pilocarpine-induced SE showed 

higher scores especially in the touch-response and the pick-up test (Polascheck et al., 

2010, Rice et al., 1998). Additionally, non-responders to AED treatment revealed 

increased scores compared to AED responding rats after electrically induced SE 

(Gastens et al., 2008). The pick-up test already showed predictive potential in 

combination with a seizure threshold test in the modified pilocarpine rat model (Bröer 

and Löscher, 2015). For this thesis, the HE tests were performed by 3 to 4 trained 

persons in a blinded fashion to guarantee reliable scoring at 7, 14 and 21 days after 

SE. While no differences between seizing and non-seizing rats were detectable in all 

4 tests for each timepoint, only seizing rats exhibited a significantly increased score 

compared to control rats for the pick-up test at 7 days post SE. This indicated that 

hyperexcitable reaction towards environmental stimuli is still part of the epileptic 

phenotype.  

Pilocarpine-induced SE causes lesions in the ventral hippocampus, entorhinal cortex 

and amygdala (Turski et al., 1983). Since these networks are involved in fear 

expression, a misevaluation of threatening situations leading to impulsive behavior was 

suggested to be detectable in pilocarpine-treated rats (Detour et al., 2005). Moreover, 

anxiety disorders have a higher prevalence in human patients and animals like dogs 

suffering from epilepsy (Kanner et al., 2014, Watson et al., 2018). Thus, two tests were 

performed in the modified pilocarpine model to measure anxiety-related behavior. The 

OF test is performed in a plane round field and is commonly used to assess anxiety 

and explorative behavior (Prut and Belzung, 2003). The EPM test consists of two open 
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and two closed arms connected by the center in the middle. It can also be used to 

detect anxiety in rodents (File, 1993). Both behavioral tests indicated behavioral 

alterations regarding the time pilocarpine-treated animals spent in the zones and the 

distance moved in recently performed studies (Polascheck et al., 2010, Bankstahl et 

al., 2012). We did not detect anxiety-related alteration regarding the time spent in 

different zone. However, for both the OF and the EPM an increased distance moved 

was detected comparing seizing to control animals which is in line with findings in the 

conventional pilocarpine post-SE model. Furthermore, a correlation between the 

distance moved in the OF and EPM or the score for the pick-up test at 7 days post SE 

showed that hyperlocomotion and hyperexcitability is quite consistent in these animals. 

Anhedonia is a cardinal symptom of depression, which is a common comorbidity of 

epilepsy in both human patients and epileptic animals (Kanner et al., 2012). Thus, we 

used the SCT for detection of anhedonia in the animals of the modified pilocarpine rat 

model (Klein et al., 2015). It was shown that rats of the pilocarpine rat model showed 

depression-like behavior especially in the SCT, but also in the forced swim test and 

the eating-related depression test which was related to increased glucose 

hypometabolism in the brain (Zanirati et al., 2018). On the contrary, rats of the modified 

pilocarpine model still preferred the sweetened water comparable to control animals. 

Thus, the SCT did not differentiate between seizing, non-seizing, and control animals. 

However, we cannot draw conclusions about other depression-related behavior like 

the animal’s state of despair which can be assessed by the forced swim test (Kanner 

et al., 2012).  

The last behavioral test we performed was the MWM test. In this behavioral test, rats 

were trained for several days to find a platform hidden underneath the water surface 

to analyze their spatial learning and memory abilities (Morris et al., 1982). This test is 

translational, since it can be transferred directly to human patients using a virtual MWM 

(Barkas et al., 2012). It was shown before that rats after pilocarpine-induced SE had a 

longer latency time to reach the platform and spent a shorter time in the platform’s 

quadrant indicating impaired learning abilities in this test (Polascheck et al., 2010). In 

rats after electrically-induced SE similar results were reported (Gastens et al., 2008). 

This test was also proven to be predictive in combination with hippocampal myo-

Inositol for epilepsy development in PN 21 rats (Pascente et al., 2016). However, 

seizing and non-seizing rats of the modified pilocarpine model showed no differences 
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in the latency time to reach the platform and in the time spent in the platform’s quadrant 

in the spatial probe trial compared to control animals. The MWM test cannot distinguish 

between animals with or without epileptogenesis, since all animals exhibited spatial 

learning and memory abilities. Additionally, we showed a negative correlation between 

late 18F-FMZ activity in piriform cortex or amygdala and the latency time to reach the 

platform in the MWM test. This finding underlined the strong connection between the 

GABAergic system and learning abilities (Chapouthier and Venault, 2002). 

Seizing rats had a significantly higher body weight starting around day 20 post SE 

compared to control rats. These differences disappeared in the chronic phase of the 

disease. No differences were found between non-seizing and control rats. A study with 

rats after an electrically-caused SE also reported a significant weight increase starting 

2 weeks after SE (Brandt et al., 2006). Nevertheless, the cause of body weight increase 

during epileptogenesis remains elusive and further research is needed. 

All in all, subtlety of behavioral alterations may counteract their predictive power as a 

biomarker to distinguish between seizing and non-seizing rats during epileptogenesis. 

Nevertheless, hyperlocomotion and hyperexcitability were more prevalent in seizing 

compared to control animals. This indicates that the epileptic phenotype, even in this 

animal model with a reduced brain pathology, still exhibits behavioral alterations which 

are present during epileptogenesis. Behavioral alterations have a potential as 

predictive biomarkers in rodents and in humans, but further research is warranted. 

7.5 Outlook 

The establishment of early predictive biomarkers for epileptogenesis is still an unmet 

clinical need. Nonetheless, we found alterations distinguishing between seizing and 

non-seizing animals. These changes reveal a great potential to be used as a 

translational biomarker. However, further research will be needed for a translational 

establishment. This implicates studies in other animal models of epilepsy in which 

animals with and without epileptogenesis after the same initial brain insult are present. 

Such models are the PN 21 post-SE rat model, hyperthermia-induced (febrile) SE 

animal models or TBI models (Dubé et al., 2001, Dubé et al., 2006, Kharatishvili et al., 

2006). Additionally, it needs to be tested, if biomarkers respond to treatments with 
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AED, which may facilitate the evaluation of effectiveness of potential new treatment 

strategies (Engel, 2018). 

One promising target for being a predictive biomarker is the glucose metabolism during 

epileptogenesis. Regarding the third study, it should be considered to scan animals of 

the modified pilocarpine rat model with two anesthesia protocols: animals can be 

scanned at 5 days post SE following the awake uptake protocol to detect 

hypometabolic and at 7 days post SE with continuous MMF anesthesia to detect 

hypermetabolic brain regions. This can also help to better understand the underlying 

processes causing the alterations in the blood glucose metabolism. 

Additionally, we showed that increased neuroinflammation is associated with 

decreased seizure susceptibility and decreased neuronal cell loss. This demonstrates 

that the type of inflammation needs to be investigated. There have already been 

research attempts to develop and establish specific tracers for microglia detection 

(Janssen et al., 2018). Our study pointed out that inflammation has the potential of 

being a predictive biomarker. However, the understanding of the time course of the 

pro- and anti-inflammatory immune response will help to identify appropriate scanning 

timepoints for detecting an exaggerating or a healing immune response. 

We could show that the combination of parameters of different platforms help to 

increase predictivity. Measurements of total HMGB1 blood levels were a helpful tool in 

this study. Its value was additionally supported in recent studies as well. Therefore, a 

transfer to patients, both humans and animals that suffered from an initial brain insult, 

might be considered for a longitudinal follow-up study as a coming step. For future 

research, it could be interesting to investigate if HMGB1 also reveals potential as an 

anti-seizure or even anti-epileptogenic treatment target (Paudel et al., 2018), since 

treatment with monoclonal antibodies against HMGB1 resulted in less seizures in 

acute and chronic animal models of epilepsy (Zhao et al., 2017).  

Additionally, other radiotracers are obtaining interest in epilepsy research: The 

neurotransmitter serotonin acts mainly via the 5-HT1A receptor, for which many 

different radioligands have been established in recent years (Galovic and Koepp, 

2016). The impact of serotonin on hyperexcitability in combination with neuro-

psychiatric comorbidities has gained research interest for the last decades (Galovic 

and Koepp, 2016). Clinical and preclinical studies indicated correlations between 
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decreased 5-HT1A receptor expression and comorbidities like depression and anxiety 

disorders (Di Liberto et al., 2018, Hasler et al., 2007, Savic et al., 2004). Furthermore, 

deprenyl-containing radiotracers can be used to identify monoamine oxidase B 

(Kumlien et al., 2001). Being exclusively expressed in astrocytes, an increased uptake 

indicates reactive gliosis (Bergström et al., 1998). It was shown that deprenyl-

containing tracers also reliably identify patients suffering from TLE, detecting an 

increased uptake due to reactive gliosis (Kumlien et al., 2001). Thus, these 

radiotracers remain an interesting research tool for analyzing brain changes during 

epileptogenesis. 

7.6 Conclusion  

In vivo PET imaging with 18F-FDG and 18F-GE180 indicated brain changes that could 

distinguish rats with from rats without epileptogenesis. However, PET imaging with 18F-

FDG for detecting glucose metabolism requires a well-considered scanning and 

analyzing protocol. On the contrary, differences between seizing and non-seizing rats 

were not detectable by contrast-enhanced T1- or T2-weighted imaging sequences or 

behavioral tests. A combination of PET imaging with the blood biomarker HMGB1 can 

be used to increase the predictivity. In addition to glucometabolic changes, an altered 

protein metabolism was detected during epileptogenesis indicating comprehensive 

metabolic imbalances during epileptogenesis.  
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