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Summary 

Mirjam Brackhan 

Investigation of brain inflammation as a nuclear imaging biomarker of 

epileptogenesis and a treatment target for epilepsy prevention 

Brain insults such as traumatic brain injury or status epilepticus (SE) can initiate a 

cascade of brain alterations, which lead to the development of spontaneous recurrent 

epileptic seizures, and are thus termed “epileptogenesis”. As the mechanisms involved 

in this process have not been fully elucidated yet, neither predictive biomarkers 

identifying those patients at risk of developing epilepsy after a brain insult nor epilepsy-

preventive therapies are available to date. Accumulating experimental and clinical 

evidence suggests that brain inflammation, elicited by epileptogenic insults, essentially 

contributes to seizure development. Non-invasive imaging techniques such as positron 

emission tomography (PET) may be reliable tools to investigate inflammatory 

processes in animal models of epileptogenesis and thus lead to the discovery of 

predictive biomarkers with translational potential. Moreover, in vivo imaging may be 

utilized to monitor therapeutic efficacy of anti-inflammatory, potentially anti-

epileptogenic treatment. 

In the first study presented in this work, the spatiotemporal profile of epileptogenesis-

associated microglial activation indicative of brain inflammation was evaluated in the 

lithium-pilocarpine rat model by longitudinal PET imaging of the translocator protein 

(TSPO) and complementary in vitro methods. For this purpose, rats were subjected to 

[11C]PK11195 PET scans before SE induction and at various time points during 

epileptogenesis. Furthermore, brain slices of rats sacrificed at selected time points 

after SE or without prior SE were examined by [18F]GE180 autoradiography, and 

CD11b immunohistochemistry. Elevated [11C]PK11195 uptake and binding potential 

were evident in brain regions commonly associated with seizure generation and spread 

beginning at 2-5 days and persisting at least 3 weeks after SE, with a peak at 1-2 

weeks after SE. Results of in vivo imaging correlated strongly with those of in vitro 

autoradiography and microglia immunohistochemistry, implying that PET imaging of 

TSPO represents a reliable tool for identifying epileptogenesis-associated 

neuroinflammation. 
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Consequently, serial PET imaging of TSPO was employed in a second study to assess 

the spatial distribution and time course of microglial activation in another model of 

epileptogenesis, the intrahippocampal kainate mouse model. For this purpose, mice 

were subjected to [18F]GE180 PET scans before SE induction and at several time 

points during epileptogenesis. Additionally, control mice injected with saline instead of 

kainate were examined at selected points. [18F]GE180 uptake was increased between 

2 days and at least 7 weeks post SE, with a peak at 5-7 days post SE, in both the 

ipsilateral hippocampus, where they were most pronounced, and in the contralateral 

hippocampus. Besides, moderately enhanced tracer uptake was apparent in the 

ipsilateral thalamus at 2 days post SE. Together with the findings of the first study, 

these results emphasize the validity of TSPO PET imaging to reliably identify brain 

inflammation during epileptogenesis. This paves the way for future TSPO imaging 

studies that will assess whether inflammatory processes correlate with epilepsy 

development, and thus serve as a predictive biomarker. 

The temporal profiles of brain inflammation characterized in the two rodent models of 

epileptogenesis may facilitate timing of inflammation-targeted, potentially anti-

epileptogenic treatment. Anti-inflammatory effects of a 7-day dexamethasone therapy 

beginning 24 hours after SE were evaluated by [18F]GE180 autoradiography, and 

immunohistochemistry in a third study in the lithium-pilocarpine rat model. Moreover, 

anti-inflammatory efficacy of minocycline treatment from 1-8 days after SE was 

monitored by serial [18F]GE180 PET imaging. Both treatment approaches moderately 

reduced microglial activation. Modifications in dosage and treatment duration or 

combinational therapeutic approaches may result in a more effective modulation of 

inflammatory processes in the brain, which can be assessed by non-invasive TSPO 

PET imaging. 
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Zusammenfassung 

Mirjam Brackhan 

Untersuchung von Entzündungsprozessen während der Epileptogenese: 

Entwicklung nuklearmedizinischer Biomarker und Angriffspunkt für präventive 

Therapien 

Hirninsulte, wie zum Beispiel ein Schädel-Hirn-Trauma oder ein Status epilepticus 

(SE), können im Gehirn eine Kaskade von Veränderungen initiieren, die zur 

Entstehung spontaner wiederkehrender epileptischer Anfälle führen und somit als 

“Epileptogenese” bezeichnet werden. Da die an diesem Prozess beteiligten 

Mechanismen noch nicht vollständig aufgeklärt worden sind, sind bislang weder 

prädiktive Biomarker vorhanden, um Individuen mit einem erhöhten Risiko der 

Epilepsieentstehung nach einem Hirninsult zu identifizieren, noch stehen wirksame 

Epilepsie-präventive Therapien zur Verfügung. Ergebnisse experimenteller und 

klinischer Untersuchungen deuten zunehmend darauf hin, dass Entzündungs-

reaktionen des Gehirns, welche durch epileptogene Insulte ausgelöst werden, 

wesentlich an der Epilepsieentstehung beteiligt sind. Nicht-invasive Bildgebungs-

verfahren, wie zum Beispiel die Positronen-Emissions-Tomographie (PET), könnten 

zuverlässige Techniken darstellen, um Inflammation des Gehirns in Tiermodellen der 

Epileptogenese zu untersuchen, und somit zur Entdeckung prädiktiver Biomarker mit 

Übertragbarkeit auf den Menschen führen. Des Weiteren könnten in-vivo-

Bildgebungsverfahren eingesetzt werden, um den Behandlungserfolg von anti-

inflammatorischen, potentiell anti-epileptogenen Pharmakotherapien zu überwachen. 

In der ersten in dieser Arbeit aufgeführten Studie wurde die räumliche und zeitliche 

Ausprägung der Aktivierung von Mikroglia, welche kennzeichnend für eine 

Inflammation des Gehirns ist, während der Epileptogenese im Lithium-Pilocarpin-

Rattenmodell charakterisiert. Dies erfolgte mittels longitudinaler PET-Bildgebung mit 

dem Translocator Protein (TSPO) als Zielstruktur sowie ergänzender in-vitro-

Verfahren. Hierzu wurden in Ratten [11C]PK11195-PET-Aufnahmen vor SE-Induktion 

und zu verschiedenen Zeitpunkten während der Epileptogenese durchgeführt. 

Zusätzlich wurden Gehirnschnitte von Ratten, welche zu ausgewählten Zeitpunkten 

nach SE oder ohne vorhergehenden SE dekapitiert worden waren, mittels [18F]GE180-
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Autoradiographie und CD11b-Immunhistochemie untersucht. Erhöhungen der 

Gehirnaufnahme und des Bindungspotentials von [11C]PK11195 waren zwischen 2-5 

Tagen und mindestens 3 Wochen nach SE in Gehirnregionen, die typischerweise mit 

der Generierung und Ausbreitung von Anfallsaktivität assoziiert sind, erkennbar und 

erreichten ihre maximale Ausprägung 1-2 Wochen nach SE. Die Ergebnisse der in-

vivo-Bildgebung korrelierten stark mit denen der in-vitro-Autoradiographie und 

Mikroglia-Immunhistochemie, was darauf hinweist, dass die TSPO-PET-Bildgebung 

ein zuverlässiges Werkzeug für die Identifikation Epileptogenese-assoziierter 

Neuroinflammation darstellt. 

Somit wurde in einer zweiten Studie die longitudinale TSPO-PET-Bildgebung 

angewandt, um die räumliche Ausbreitung und den Zeitverlauf der Aktivierung von 

Mikroglia in einem weiteren Epileptogenese-Modell zu charakterisieren, dem 

intrahippocampalen Kainat-Mausmodell. Zu diesem Zweck wurden in Mäusen 

[18F]GE180-PET-Aufnahmen vor SE-Induktion und zu verschiedenen Zeitpunkten 

während der Epileptogenese durchgeführt. Zudem wurden Kontrolltiere, welchen 

anstelle des Kainats Kochsalzlösung injiziert worden war, zu ausgewählten 

Zeitpunkten untersucht. Erhöhungen der [18F]GE180-Aufnahme waren zwischen 2 

Tagen und mindestens 7 Wochen nach SE mit maximaler Intensität an 5-7 Tagen nach 

SE darstellbar. Diese Veränderungen traten sowohl im ipsilateralen Hippocampus, wo 

sie stärker ausgeprägt waren, als auch im contralateralen Hippocampus auf. Des 

Weiteren wurde eine moderate Erhöhung der Traceraufnahme an Tag 2 nach SE im 

ipsilateralen Thalamus detektiert. Zusammen mit den Resultaten der ersten Studie 

unterstreichen diese Ergebnisse die Eignung der TSPO-PET-Bildgebung, zuverlässig 

Entzündungsreaktionen des Gehirns während der Epileptogenese zu detektieren. 

Diese Erkenntnisse ebnen den Weg für zukünftige Bildgebungsstudien, welche 

untersuchen werden, ob Inflammation des Gehirns mit der Epilepsieentstehung 

korreliert und somit als prädiktiver Biomarker fungiert. 

Die in den beiden Epileptogenese-Nagermodellen charakterisierten Zeitverläufe der 

Neuroinflammation könnten die zeitliche Koordinierung anti-inflammatorischer, 

potentiell anti-epileptogener Pharmakotherapien erleichtern. In einer dritten Studie 

wurde im Lithium-Pilocarpin-Rattenmodell die entzündungshemmende Wirkung einer 

7-tägigen Therapie mit Dexamethason, welche 24 Stunden nach SE begonnen wurde, 
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mittels [18F]GE180- Autoradiographie und Immunhistochemie überprüft. Des Weiteren 

wurde die anti-inflammatorische Wirksamkeit einer Behandlung mit Minocyclin 

zwischen Tag 1 und Tag 8 nach SE mittels longitudinaler [18F]GE180-PET-Bildgebung 

evaluiert. Beide Behandlungsstrategien führten zu einer moderaten Reduktion der 

Aktivierung von Mikroglia. Modifikationen in der Dosierung und Behandlungsdauer 

oder Kombinationstherapien könnten Entzündungsprozesse im Gehirn effektiver 

modulieren, was durch nicht-invasive TSPO-PET-Bildgebung nachgewiesen werden 

kann. 
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1 Introduction 

Epilepsy is a chronic neurologic condition characterized by spontaneous recurrent 

seizures due to abnormal hypersynchronous activity of neurons in the brain (Chang 

and Lowenstein, 2003, Fisher et al., 2005). Moreover, this disorder is frequently 

associated with psychiatric comorbidities such as depression or anxiety, which account 

for an increased suicide risk (Stafstrom and Carmant, 2015). Affecting approximately 

1% of the world population, epilepsy is one of the most common neurologic disorders 

worldwide (Bialer and White, 2010). Currently available anti-epileptic drugs 

symptomatically suppressing seizures, fail to achieve sustained seizure freedom in 

30% of all epilepsy patients (Löscher et al., 2013). Thus, there is an urgent need to 

develop drugs targeting the underlying causes rather than the symptoms of epilepsy 

(Walker et al., 2002, Pitkänen, 2010). 

Temporal lobe epilepsy, one of the most common and most drug refractory forms of 

human epilepsy (Engel, 2001, Spencer, 2002), is typically induced by a primary brain 

insult initiating a cascade of cellular, molecular, and functional changes which lead to 

the generation of spontaneous recurrent seizures (Pitkänen and Lukasiuk, 2009, 

Löscher and Brandt, 2010). This process of epilepsy development is termed 

“epileptogenesis”. Between the initial brain insult and the onset of epilepsy, an interval 

of variable duration during which patients are still free of clinical seizures, is frequently 

observed (French et al., 1993). This latent period creates a therapeutic window of 

opportunity for anti-epileptogenic treatment (Dichter, 2009, Löscher and Brandt, 2010). 

However, to date neither anti-epileptogenic therapeutic strategies nor predictive 

biomarkers identifying those individuals at risk of developing epilepsy after a brain 

insult are available (Kobow et al., 2012, Engel et al., 2013, Löscher et al., 2015).  

Accumulating evidence suggests that brain inflammation, triggered by potentially 

epileptogenic injuries, may contribute to seizure development (Xu et al., 2013, Vezzani, 

2014). In response to brain insults, microglia and astrocytes are activated and release 

mediators that initially promote tissue repair, and regulate resolution of inflammation 

(Devinsky et al., 2013, Gao et al., 2013, Vezzani et al., 2013b). However, if 

inflammation is sustained due to insufficient control by endogenous anti-inflammatory 

molecules, continuous excessive release of pro-inflammatory and neurotoxic 

molecules may result in seizure generation and tissue damage. Therefore, cellular and 
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molecular alterations related to brain inflammation may serve as biomarkers predictive 

of epileptogenesis (Vezzani and Friedman, 2011, Dedeurwaerdere et al., 2012b). 

Non-invasive molecular imaging techniques such as positron emission tomography 

(PET) may be valuable tools to further clarify the role of neuroinflammation in seizure 

development and thus may identify these inflammatory processes as predictive 

biomarkers (Dedeurwaerdere et al., 2012b, Amhaoul et al., 2014). Recent studies in 

both temporal lobe epilepsy patients and animal models of epileptogenesis have 

demonstrated the feasibility of PET imaging to detect epilepsy-associated 

inflammatory processes (Dedeurwaerdere et al., 2012a, Amhaoul et al., 2015, 

Gershen et al., 2015). Longitudinal imaging of brain inflammation in animal models of 

epileptogenesis, beginning before the initiating insult, may further elucidate the time 

course of epileptogenesis-associated inflammatory processes in vivo, holding potential 

for translation into the clinic.  

The first objective of this thesis was to characterize the spatiotemporal profile of brain 

inflammation during insult-induced epileptogenesis by non-invasive serial PET imaging 

of microglial activation in two post-status epilepticus models. Findings of in vivo 

imaging were corroborated by in vitro autoradiography and immunohistochemistry at 

selected time points during epileptogenesis. The second objective of this work was to 

evaluate the effects of anti-inflammatory treatment during the latent period on 

epileptogenesis-associated alterations, using in vitro autoradiography, immunohisto-

chemistry, and in vivo PET imaging. 
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2 State of the art review 

2.1 Epilepsy 

 Definition and significance 

The term “epilepsy” comprises a variety of brain disorders defined by a persistent 

predisposition to generate recurrent epileptic seizures (Chang and Lowenstein, 2003, 

Fisher et al., 2005). Seizures represent the clinical manifestation of excessive or 

hypersynchronous abnormal neuronal activity in the brain (Fisher et al., 2005, 

Stafstrom and Carmant, 2015) due to an imbalance between excitatory and inhibitory 

mechanisms (Scharfman, 2007). The International League Against Epilepsy (ILAE) 

classifies epileptic seizures according to their mode of onset (Engel, 2006, Berg et al., 

2010). Focal seizures arise in neuronal networks limited to one hemisphere with a 

consistent site of onset whereas generalized seizures originate in bilateral neuronal 

networks with no consistent location of onset and rapidly spread throughout both 

hemispheres (Berg et al., 2010). Focal seizures occur with or without impairment of 

consciousness and may be subject to secondary generalization (Berg et al., 2010). 

Their behavioral manifestations depend on the brain regions involved in seizure 

generation and spread (McNamara, 1994, Stafstrom and Carmant, 2015). Generalized 

seizures are further categorized into tonic (stiffening), clonic (jerking), tonic-clonic, 

myoclonic (brief muscle twitching), atonic (loss of body tone) and absence 

(unresponsiveness) subtypes (Engel, 2006, Berg et al., 2010, Stafstrom and Carmant, 

2015). However, epilepsies are not only characterized by seizures but also frequently 

associated with psychiatric comorbidities such as depression, anxiety, or intellectual 

disability (Hecimovic et al., 2011, Stafstrom and Carmant, 2015). 

With a lifetime prevalence of approximately 1% (Bialer and White, 2010), epilepsy is 

one of the most common neurologic disorders, affecting more than 65 million people 

worldwide (Sirven, 2015). Despite an array of anti-seizure drugs currently available for 

symptomatic therapy of epilepsy, 30% of patients do not respond to adequate 

treatment and thus suffer from pharmacoresistant epilepsy (Bialer and White, 2010, 

Kwan et al., 2010, Löscher et al., 2013). In addition to this, epilepsy patients have a 

greater risk of death, compared to the general population (Sander, 2003, Sirven, 2015). 
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Status epilepticus (SE) is one of the main contributors to increased mortality, 

accounting for up to 10% of all deaths in epilepsy (Sirven, 2015). This emergency 

condition is characterized by seizure activity persisting more than 5 minutes due to a 

failure of endogenous seizure-suppressing mechanisms (Knake et al., 2009, Trinka et 

al., 2015). Further common causes of increased mortality are sudden unexpected 

death in epilepsy, suicide, and injuries related to seizures (Hecimovic et al., 2011, 

Surges and Sander, 2012, Sirven, 2015). 

In veterinary medicine, canine and feline epilepsies occur with a prevalence similar to 

that described in people (Löscher, 2003). Likewise, poor responsiveness to anti-

seizure therapy is a major concern in veterinary patients, being the case in about 20-

30% of epileptic dogs (Volk et al., 2008). This problem is further complicated by the 

fact that the use of most anti-epileptic drugs licensed for people is not feasible in dogs 

and cats due to a too rapid drug metabolism (Löscher, 2003, Potschka et al., 2009). 

Euthanasia, sudden unexpected death, or injuries related to uncontrolled seizures 

decrease the life expectancy of dogs with pharmacoresistant epilepsy (Potschka et al., 

2015). 

The ILAE classifies the etiology underlying epilepsy into genetic, structural-metabolic, 

or unknown causes (Berg et al., 2010). In genetic epilepsies, seizures are generated 

as a direct result of genetic defects (Berg et al., 2010) such as mutations modifying ion 

channel functions in the brain (Scharfman, 2007). Structural-metabolic epilepsies 

develop as a consequence of brain lesions such as stroke, trauma, or infection (Berg 

et al., 2010). 

 Temporal lobe epilepsy 

Temporal lobe epilepsy (TLE) is considered the most common type of human epilepsy, 

accounting for up to one quarter of all epilepsy cases (Engel, 1996, Tellez-Zenteno 

and Hernandez-Ronquillo, 2012). Temporal structures such as the hippocampus, 

amygdala, and entorhinal cortex are typical sites of seizure onset in this focal form of 

epilepsy (Chang and Lowenstein, 2003, Bertram, 2009). However, midline thalamic 

nuclei may be additionally involved in seizure initiation and spread (Bertram et al., 

2008). Clinical characteristics of these seizures comprise auras that predominantly 

feature visceral sensations and fear, behavioral arrests, alterations of consciousness, 
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and automatisms, followed by postictal amnesia and confusion (Engel, 2001, Wieser 

and ILAE, 2004). The majority of TLE patients presents with a history of initial brain 

insults such as febrile seizures during infancy, head trauma or infections of the central 

nervous system (French et al., 1993). The onset of TLE after such a cerebral insult is 

frequently preceded by a latent period during which patients are free of behavioral 

seizures (French et al., 1993). 

With medical treatment failing to achieve seizure freedom in up to 75% of cases, TLE 

is one of the most pharmacoresistant forms of human epilepsy (Engel, 2001, Spencer, 

2002). Thus, surgical resection of the affected temporal lobe is the treatment option of 

choice for the majority of TLE patients (Wiebe et al., 2001, Spencer, 2002), initially 

abolishing seizures in 66-70% of cases (Spencer and Huh, 2008). However, 15-20% 

of originally seizure free patients show relapses 5-10 years after surgery (Spencer and 

Huh, 2008). 

The most common pathologic finding in TLE is hippocampal sclerosis, occurring in 60-

70% of temporal lobe specimens from surgical resections and postmortem studies 

(Blumcke et al., 1999, Sharma et al., 2007, Bertram, 2009). The affected hippocampus 

is atrophic and reveals selective neuronal cell loss as well as astrogliosis in the hilus 

and the cornu ammonis (CA) 1 region (Blumcke et al., 1999, Wieser and ILAE, 2004). 

These changes are frequently accompanied by dispersion of the granule cell layer and 

mossy fiber sprouting of granule cell axons (Wieser and ILAE, 2004, Malmgren and 

Thom, 2012). To date, it remains elusive whether hippocampal sclerosis is a cause or 

a consequence of recurrent seizures in TLE (Jeffreys, 1999). Apart from the 

hippocampus, the amygdala, the entorhinal cortex, and the thalamus may also be 

subject to neuropathological changes in TLE patients (Du et al., 1993, Hudson et al., 

1993, Szabo et al., 2006, Keller et al., 2015). 

2.2 Epileptogenesis and epilepsy prevention 

 Definition and significance 

The term “epileptogenesis” describes a cascade of cellular, molecular, and functional 

alterations in the brain, which are induced by a primary brain insult and lead to the 

occurrence of spontaneous recurrent seizures in a fraction of patients (Figure 1) 
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(Walker et al., 2002, Dichter, 2009, Pitkänen and Lukasiuk, 2009, Löscher and Brandt, 

2010). If these seizures are insufficiently controlled, changes established during 

epileptogenesis proceed and contribute to epilepsy progression (Pitkänen and Sutula, 

2002, Pitkänen, 2010). Traumatic brain injury, febrile seizures during infancy, SE, 

infections of the central nervous system, or stroke constitute examples of initiating 

events, many of them apparent in the medical records of TLE patients (French et al., 

1993, Pitkänen and Sutula, 2002, Lowenstein, 2009). Similarly, some canine 

epilepsies may derive from insult-associated epileptogenesis. As demonstrated by a 

recent retrospective study, dogs have an increased risk of developing epilepsy 

following head trauma (Steinmetz et al., 2013). Upon injury, the brain initially attempts 

to repair the damaged tissue (Dichter, 2009, Löscher and Brandt, 2010). Failure of 

these repair mechanisms as well as predisposing genetic and environmental factors, 

or the occurrence of a second unnoticed insult may account for individual susceptibility 

to epileptogenesis (Walker et al., 2002, Löscher and Brandt, 2010). 

 

Figure 1: Development and progression of temporal lobe epilepsy (modified after 

(Pitkänen and Sutula, 2002, Löscher and Brandt, 2010)). 

Various structural and functional alterations including neuronal cell loss, mossy fiber 

sprouting, neurogenesis, neuroinflammation, and increased blood-brain barrier 

permeability have been identified in animal models of epileptogenesis (Pitkänen and 

Lukasiuk, 2009). However, it remains to be elucidated how these changes interact and 

which of them are actually involved in the generation of epilepsy (Löscher et al., 2015). 

Some of these processes may even promote tissue repair and functional recovery 

(Dichter, 2009, Löscher and Brandt, 2010).  
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Neurodegeneration of inhibitory interneurons in the hippocampal hilus, mainly 

triggered by insult-associated glutamate release and free-radical formation (During and 

Spencer, 1993, Frantseva et al., 2000, Bankstahl et al., 2008), has been suggested to 

contribute to epileptogenesis due to a loss of inhibitory input to granule cells (Löscher 

and Brandt, 2010). Aberrant sprouting of granule cell axons, commonly referred to as 

mossy fiber sprouting, into the inner molecular layer of the dentate gyrus may generate 

recurrent excitatory circuits between granule cells and thus increase seizure 

susceptibility (Okazaki et al., 1995, Parent and Lowenstein, 1997). Similarly, dentate 

granule cell neurogenesis may promote seizure generation by aberrant integration of 

newly born granule cells into neuronal circuits (Parent et al., 1997, Scharfman et al., 

2000). Neuroinflammation and blood-brain barrier leakage may play a causal role in 

epileptogenesis by impairing astrocytic homeostatic functions and triggering the 

release of pro-convulsive inflammatory mediators (Vezzani, 2014, Gorter et al., 2015). 

This will be discussed in more detail below.  

An interval between the initial insult and seizure onset, ranging from less than a month 

to decades in duration, has been observed in TLE patients. (French et al., 1993). This 

has led to the hypothesis that the process of epileptogenesis coincides with a latent 

period during which patients are free of seizures (Pitkänen and Sutula, 2002, Walker 

et al., 2002, Dichter, 2009). However, as subclinical epileptiform discharges have been 

revealed by deep intracerebral electroencephalogram (EEG) in some animal models 

immediately after brain injury and may not always be detected by scalp EEG in 

patients, this concept of a truly seizure-free latent period has recently become subject 

to criticism (Sloviter and Bumanglag, 2013, Löscher et al., 2015). Thus, it has been 

proposed to view the latent period to be a two-stage process during which subclinical 

epileptiform discharges are initiated and subsequently evolve into clinical seizures 

(Sloviter and Bumanglag, 2013).  

Considering the high rate of pharmacoresistance associated with TLE, there is an 

urgent need to develop drugs that target the underlying causes and thus prevent or 

modify the disease rather than merely suppress epileptic seizures (Walker et al., 2002, 

Pitkänen, 2010). For this treatment strategy, commonly referred to as “anti-

epileptogenesis”, the latent period may yield a therapeutic window of opportunity 

(Dichter, 2009, Löscher and Brandt, 2010, Sloviter and Bumanglag, 2013). However, 
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to date no effective anti-epileptogenic therapies have been identified (Kobow et al., 

2012, Löscher et al., 2015). Therefore, it remains crucial to further clarify the 

mechanisms playing a causal role in epileptogenesis in order to discover appropriate 

targets for anti-epileptogenic treatment. As only a fraction of patients develops epilepsy 

following brain insults, the identification of predictive biomarkers is another essential 

but unmet prerequisite for employing anti-epileptogenic therapeutic strategies (Kobow 

et al., 2012, Engel et al., 2013, Löscher et al., 2013). A biomarker is defined as an 

objectively measured indicator of a specific condition (Engel et al., 2013). Biomarkers 

predictive of epileptogenesis could identify those patients at risk of developing epilepsy 

after brain injury and help assess therapeutic efficacy of anti-epileptogenic treatments. 

 Animal models of epileptogenesis 

Animal models remain indispensable for elucidating the mechanisms involved in 

epilepsy development and thus discovering predictive biomarkers of epileptogenesis 

as well as effective anti-epileptogenic treatment strategies (Löscher, 2002, Pitkänen et 

al., 2007). Due to the complexity of the underlying pathology, in vitro methods provide 

only limited albeit valuable insights into the process of epileptogenesis (Pitkänen et al., 

2006). In general, human patients are first examined when epilepsy has already been 

established, which is further complicated by limited accessibility of lesioned brain 

tissue (Dedeurwaerdere et al., 2007, Bankstahl and Bankstahl, 2012). Additionally, 

follow-up studies of patients after potentially epileptogenic brain insults until the onset 

of epilepsy are time-consuming, cost-intensive, and difficult to design. In contrast, 

animal models allow the thorough examination of affected brain areas during the entire 

time course of epileptogenesis, starting before the initiating event (Bankstahl and 

Bankstahl, 2012). Kindling models and models of spontaneous recurrent seizures 

following prolonged SE, are typically used for this purpose (Löscher and Brandt, 2010).  

In kindling models, repeated initially sub-convulsive electrical stimulation of limbic brain 

areas leads to a decrease in seizure threshold and a progressive increase in seizure 

severity and duration (Goddard et al., 1969). Thus, these models mimic the 

progression from subclinical epileptiform discharges to clinically obvious seizures 

(Löscher et al., 2015). However, one drawback of these models for anti-epileptogenic 

drug testing is that drugs are administered before each stimulation so that anti-
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convulsive effects sufficient to retard kindling may be misinterpreted as anti-

epileptogenic efficacy (Löscher and Brandt, 2010).  

In post-SE models, SE is induced by direct electrical stimulation of the brain (Brandt et 

al., 2003) or by administration of the systemic chemoconvulsants pilocarpine (Curia et 

al., 2008) or kainate (Ben-Ari and Cossart, 2000). As prolonged SE induced by 

systemic treatment with pilocarpine or kainate produces not only hippocampal lesions 

but also widespread extrahippocampal damage including hemorrhages (Sloviter and 

Bumanglag, 2013), a mouse model of direct intrahippocampal kainate injection, 

featuring focal hippocampal changes more reminiscent of histopathologic 

characteristics in human TLE, was developed (Bouilleret et al., 1999). For this thesis, 

experiments were completed in the pilocarpine rat model and the intrahippocampal 

kainate mouse model. 

2.2.2.1 Pilocarpine rat model 

Systemic administration of the cholinergic agonist pilocarpine in rodents induces SE 

characterized by continuous limbic and generalized convulsive seizure activity (Turski 

et al., 1983, Turski et al., 1984). The mechanism of action of pilocarpine in SE induction 

is likely to be mediated by activation of the M1 muscarinic receptor subtype as M1 

receptor knockout mice are resistant to tonic-clonic seizures produced by pilocarpine 

(Hamilton et al., 1997). Moreover, the muscarinic antagonist atropine prevents the 

development of SE if administered prior to pilocarpine (Honchar et al., 1983, Clifford 

et al., 1987). The maintenance of SE, however, is based on different mechanisms since 

atropine has no effect once seizures have been initiated (Clifford et al., 1987). Limbic 

convulsions generated by pilocarpine have been shown to result in an increase of 

extracellular hippocampal glutamate levels (Smolders et al., 1997). Activation of N-

methyl-D-aspartate (NMDA) receptors by glutamate is suggested to be crucial in 

maintaining SE, which is supported by in vitro and in vivo studies reporting that 

pilocarpine-induced epileptiform activity and seizures are blocked by NMDA receptor 

antagonists (Nagao et al., 1996, Smolders et al., 1997). In the rat, the dose of 

pilocarpine necessary to initiate SE and the acute mortality rate are substantially 

reduced by administering lithium chloride prior to pilocarpine (Honchar et al., 1983, 

Clifford et al., 1987). 
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The acute phase of SE is followed by a latent period varying from 1 to 3 weeks in rats 

(Cavalheiro et al., 1991, Rattka et al., 2011, Brandt et al., 2015). Apart from early insult-

associated seizures (Rattka et al., 2011), the rats show a normalization of behavior 

and EEG activity in the course of the latent phase (Curia et al., 2008, Scorza et al., 

2009). However, widespread lesions involving hippocampal and parahippocampal 

regions are already established during the acute and latent period (Turski et al., 1983, 

André et al., 2007), eventually leading to the development of spontaneous recurrent 

seizures and thus, a chronic epilepsy (Curia et al., 2008, Scorza et al., 2009) in which 

response to anti-seizure drugs differs markedly between individual rats (Glien et al., 

2002, Bankstahl et al., 2012a). With a precipitating brain insult, the presence of a latent 

period, lesions involving the hippocampus, and variations in pharmacologic seizure 

control, the pilocarpine model features various characteristics of human TLE, which 

renders it a valuable tool to investigate the mechanisms involved in epileptogenesis 

(Curia et al., 2008). 

2.2.2.2 Intrahippocampal kainate mouse model 

In the intrahippocampal kainate mouse model, kainate, an agonist at kainate glutamate 

receptors, is injected unilaterally into the dorsal hippocampus (Suzuki et al., 1995), 

inducing a limbic SE which persists for several hours (Bouilleret et al., 1999, Riban et 

al., 2002, Gouder et al., 2003). Kainate has been proposed to generate prolonged SE 

by activating high-affinity kainate receptors expressed in mossy fiber synapses of 

hippocampal CA3 neurons (Ben-Ari and Cossart, 2000). Seizure activity during SE 

consists of immobility, rotations, as well as intermittent mild clonic movements of the 

head and forelimbs, whereas generalized convulsive seizures are rarely observed 

(Bouilleret et al., 1999, Riban et al., 2002, Gröticke et al., 2008). EEG recordings during 

SE reveal continuous spikes and waves in both ipsilateral and contralateral 

hippocampus (Riban et al., 2002).  

Following SE, mice develop spontaneous recurrent seizures after a latent period 

varying between 3 and 14 days in duration (Riban et al., 2002, Gouder et al., 2003, 

Maroso et al., 2011a). These seizures are predominantly characterized by high voltage 

sharp waves and hippocampal paroxysmal discharges in the EEG, which occur mainly 

unilaterally and can manifest clinically in behavioral arrest with head nodding and facial 
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movements (Bouilleret et al., 1999, Riban et al., 2002, Maroso et al., 2011a). 

Generalized seizures associated with paroxysmal spiking in the EEG occur less 

frequently (Bouilleret et al., 1999, Gröticke et al., 2008, Klein et al., 2014, Klein et al., 

2015, Twele et al., 2015). As chronic epileptic activity has been found to be refractory 

to various commonly used anti-convulsive drugs, this model closely mimics the 

condition of pharmacoresistance in human TLE (Riban et al., 2002, Gouder et al., 

2003, Maroso et al., 2011a, Klein et al., 2015). Histopathologic changes are restricted 

to the hippocampus and include ipsilateral neuronal cell loss in CA1, CA3, and the 

hilus, ipsilateral dispersion of the granule cell layer as well as bilateral astrogliosis and 

mossy fiber sprouting (Suzuki et al., 1995, Bouilleret et al., 1999, Maroso et al., 2011a). 

Thus, histopathologic features of the intrahippocampal kainate mouse model resemble 

hippocampal sclerosis observed in TLE patients (Bouilleret et al., 1999). 

 Inflammation and epileptogenesis  

Accumulating evidence suggests that brain inflammation, triggered by epileptogenic 

insults, may contribute to the development and progression of epilepsy (Vezzani et al., 

2011, Liimatainen et al., 2013, Xu et al., 2013, Vezzani, 2014). Acute inflammation, 

characterized by microglial and astroglial activation as well as release of pro- and anti-

inflammatory mediators and neurotrophic factors, initially serves as a protective 

homeostatic response, promoting tissue repair and being controlled by endogenous 

anti-inflammatory mechanisms (Figure 2) (Devinsky et al., 2013, Gao et al., 2013, 

Vezzani et al., 2013b). In epileptogenesis, insufficiency of these control mechanisms 

may cause brain inflammation to evolve into a chronic detrimental process with 

overexpression of pro-inflammatory molecules and neurotoxic factors, resulting in 

neuronal hyperexcitability and cell loss (Devinsky et al., 2013, Gao et al., 2013, 

Ravizza et al., 2013, Vezzani et al., 2013b). Seizure activity and neuronal cell loss may 

further promote inflammatory responses in the brain, thus creating a vicious cycle. 

(Librizzi et al., 2012, Vezzani et al., 2013a). 



State of the art review

 
 

17 

 

Figure 2: Glial activation and epileptogenesis (after (Devinsky et al., 2013)). 

Upon precipitating brain injuries, microglia and astroglia are activated and release mediators that 

promote tissue repair, regulate homeostasis and initiate resolution of inflammation. If anti-inflammatory 

mechanisms fail, chronically activated microglia and astrocytes excessively release pro-inflammatory 

and neurotoxic molecules, leading to seizure generation and neuronal damage. 

Various mechanisms by which brain inflammation may contribute to seizure generation 

have been proposed. A recent study reporting that transgenic mice with progressive 

astrogliosis and mild secondary microgliosis develop spontaneous tonic-clonic 

seizures, points to involvement of reactive astrocytes in epileptogenesis (Robel et al., 

2015). Main physiologic functions of astrocytes include maintenance of potassium and 

water homeostasis, uptake of neurotransmitters released by neurons as well as 

release of neurotransmitters (Jabs et al., 2008). In reactive astrocytes, disturbance of 

these functions results in impaired glutamate uptake and metabolism, increased 

glutamate release, upregulation of glutamate receptors as well as impaired water and 
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potassium buffering, which all may promote neuronal hyperexcitability (Jabs et al., 

2008, Aronica et al., 2012, Hubbard et al., 2013, Robel et al., 2015, Steinhauser et al., 

2015).  

Pro-inflammatory molecules such as interleukin-1β (IL-1β) or high-mobility group box 

1, released mainly by activated microglia and astrocytes (Ravizza et al., 2008), may 

play a role in disrupting astrocytic homeostatic functions (Vezzani et al., 2008, Aronica 

et al., 2012, Devinsky et al., 2013). These molecules may also exert pro-convulsive 

activity by enhancing NMDA receptor function, inducing changes in ion currents, and 

promoting the expression of genes involved in cell death, neurogenesis, and synaptic 

reorganization (Vezzani et al., 2008, Maroso et al., 2011b, Vezzani, 2014). Evidence 

of the pro-convulsive activity of pro-inflammatory molecules is provided by the 

observations that transgenic mice overexpressing pro-inflammatory cytokines develop 

spontaneous seizures and that febrile seizures are associated with a rise in cytokine 

levels (Vezzani et al., 2011, Vezzani and Friedman, 2011, Choy et al., 2014a). 

Moreover, inflammatory mediators may contribute to blood-brain barrier leakage as 

they have been shown to be overexpressed in hippocampal perivascular astrocytic 

endfeet and endothelial cells in the pilocarpine rat model (Ravizza et al., 2008). 

Leakage of the blood-brain barrier results in extravasation of serum proteins such as 

albumin into brain parenchyma (van Vliet et al., 2007, Ravizza et al., 2008, Michalak 

et al., 2013). Albumin activates transforming growth factor-β signaling which leads to 

the generation of epileptiform activity by downregulating astrocytic glutamate and 

potassium uptake, and promotes brain inflammation (Cacheaux et al., 2009, Gorter et 

al., 2015).  

Activation of microglia, astrocytes, endothelial cells and peripheral immune cells as 

well as increased expression of pro-inflammatory molecules and their receptors by 

these cells, have been demonstrated in both animal models of epileptogenesis and 

resected hippocampi from TLE patients (Aronica and Crino, 2011, Vezzani et al., 

2011). Immunohistochemical studies in the pilocarpine rat model reported microglial 

and astroglial activation in the hippocampus and other epilepsy-associated brain 

regions, beginning in the first 24 hours after SE and persisting throughout 

epileptogenesis (Ravizza et al., 2008, Shapiro et al., 2008) with a peak at around 2 

weeks post SE (Estrada et al., 2012, Raquel Rossi et al., 2013). Microgliosis and 
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astrogliosis have also been demonstrated during chronic epilepsy in this model 

(Garzillo and Mello, 2002, Ravizza et al., 2008, Estrada et al., 2012, Papageorgiou et 

al., 2015). Similar temporal and spatial profiles of neuroinflammation have been 

revealed in the pilocarpine mouse model (Borges et al., 2003, do Nascimento et al., 

2012) and the kainate rat model (Amhaoul et al., 2015). In the intrahippocampal kainate 

mouse model, microglial and astroglial activation has been detected in the ipsilateral 

hippocampus between 3 days and at least 21-28 days post SE, whereas the 

contralateral hippocampus has been shown to be affected at 3 days post SE (Pernot 

et al., 2011, Zattoni et al., 2011). Furthermore, T-cell infiltration of the ipsilateral 

hippocampus has been demonstrated in this model between 14 and 28 days post SE 

(Zattoni et al., 2011). During chronic epilepsy, > 6 weeks after SE induced by 

intrahippocampal kainate injection, microglial and astroglial activation as well as 

overexpression of IL-1β by reactive astrocytes have been detected in both the 

ipsilateral and the contralateral hippocampus (Maroso et al., 2011a).  

TLE patients having undergone surgical resection of the temporal lobe presented not 

only with astrogliosis, a prominent feature of hippocampal sclerosis (Blumcke et al., 

1999), but also with microglial activation, increased IL-1β expression, and T-cell 

infiltration in the affected hippocampus (Beach et al., 1995, Ravizza et al., 2008, Zattoni 

et al., 2011). Taken together, these findings suggest that features related to brain 

inflammation may serve as biomarkers predictive of epileptogenesis and epilepsy 

progression (Vezzani and Friedman, 2011, Dedeurwaerdere et al., 2012b). 

 Anti-inflammatory strategies for epilepsy prevention 

Evidence suggesting involvement of brain inflammation in epileptogenesis, has led to 

the hypothesis that anti-inflammatory pharmacotherapy may be a promising strategy 

to prevent the development of epilepsy after brain insults (Ravizza et al., 2011, 

Dedeurwaerdere et al., 2012b). First approaches have been focused on the inhibition 

of single inflammatory pathways. Several animal studies targeting the enzyme 

cyclooxygenase-2 (COX-2), which is induced in both TLE patients and animal epilepsy 

models and catalyzes the conversion of arachidonic acid to pro-inflammatory 

prostaglandins, have reported limited anti-epileptogenic effectiveness (Ravizza et al., 

2011, Rojas et al., 2014). Daily treatment with the selective COX-2 inhibitor celecoxib 
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in rats after pilocarpine-induced SE decreased the incidence, frequency, and duration 

of spontaneous recurrent seizures and had a neuroprotective effect (Jung et al., 2006). 

Prolonged post SE administration of parecoxib, another selective COX-2 inhibitor, 

reduced seizure severity and neuronal cell loss but did not affect seizure incidence, 

frequency or duration in the pilocarpine rat model (Polascheck et al., 2010). However, 

the selective COX-2 inhibitor SC58236, given during the latent period after electrically 

induced SE in rats, did not exert any disease-modifying or neuroprotective effect 

(Holtman et al., 2009). Differences in SE duration may account for the observed 

inconsistency in the efficacy of COX-2 inhibition (Polascheck et al., 2010, Rojas et al., 

2014). The non-selective COX inhibitor acetylsalicylic acid, administered daily after 

pilocarpine-induced SE in rats, reduced neuronal cell loss as well as seizure frequency 

and duration but did not prevent the development of epilepsy (Ma et al., 2012). 

Furthermore, inhibition of IL-1β signaling by the IL-1β receptor antagonist anakinra and 

the interleukin converting enzyme inhibitor VX-765 has been investigated as an anti-

epileptogenic strategy (Noe et al., 2013). Prolonged treatment with anakinra and VX-

765 following electrically and pilocarpine-induced SE reduced neuronal cell loss but 

did not affect incidence, frequency, or duration of spontaneous recurrent seizures. 

As approaches inhibiting single inflammatory pathways have demonstrated limited 

efficacy in preventing epileptogenesis, strategies targeting a broader spectrum of 

inflammatory features may be a more promising alternative. Glucocorticoids are broad-

spectrum anti-inflammatory agents that interfere with a variety of inflammatory 

pathways such as NF-kB signaling, which induces the production of pro-inflammatory 

cytokines, and the arachidonic acid cascade, which leads to the synthesis of pro-

inflammatory prostaglandins (Barnes, 1998, Rhen and Cidlowski, 2005). In the latter 

pathway, glucocorticoids inhibit the enzyme phospholipase A2, which releases 

arachidonic acid from the cell membrane. Used as an add-on therapy to anti-

convulsive drugs, glucocorticoids such as dexamethasone or prednisone have been 

shown to reduce the occurrence of seizures in intractable pediatric epilepsies and in a 

case of drug resistant epilepsy due to an astrocytoma (Sinclair, 2003, Verhelst et al., 

2005, Marchi et al., 2011, Nowak et al., 2012). Dexamethasone administration during 

chronic epilepsy in the intrahippocampal kainate mouse model reduced the frequency 

of seizure-like events in the EEG (Maroso et al., 2011a). Dexamethasone treatment in 

rats prior to pilocarpine-induced SE decreased SE incidence, delayed SE onset, and 
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protected the integrity of the blood-brain barrier (Marchi et al., 2011, Al-Shorbagy et 

al., 2012). However, studies investigating the anti-epileptogenic potential of 

glucocorticoids have been less promising so far. Weekly liposomal methylprednisolone 

administration after electrically induced SE in rats did not exert any disease-modifying, 

anti-inflammatory or blood-brain-barrier-protective effect (Holtman et al., 2014). The 

lack of any anti-inflammatory response may point to reduced availability of the active 

agent in the brain. Dexamethasone, administered immediately after pilocarpine-

induced SE in rats, aggravated cerebral edema, increased mortality rate and reduced 

hippocampal volume (Duffy et al., 2014). Delayed start of treatment, allowing for initial 

protective effects of brain inflammation, may prevent the observed deleterious effects. 

In rat models of focal cerebral ischemia, dexamethasone and methylprednisolone led 

to a reduction of infarct volume when administered after the insult (Bertorelli et al., 

1998, Slivka and Murphy, 2001). Moreover, dexamethasone had a neuroprotective and 

anti-inflammatory effect following induction of intracerebral hemorrhage in rats (Lee et 

al., 2015). These findings support the view that glucocorticoids may also exert 

beneficial effects after epileptogenic insults, provided that treatment is appropriately 

timed. 

Evidence of microglial and astroglial activation in animal models of epileptogenesis 

and TLE patients has drawn attention to glial cells as potential therapeutic targets for 

epilepsy-preventive treatment (Binder and Carson, 2013). Minocycline, a highly lipid-

soluble tetracycline analogue that easily penetrates the blood-brain barrier, inhibits the 

activation of resident microglia as well as the brain infiltration of peripheral immune 

cells by interfering with several inflammatory pathways such as NF-kB signaling (Bialer 

et al., 2015). In the astrocytoma patient mentioned above with drug resistant epilepsy, 

minocycline administered as an add-on therapy to anti-convulsive drugs after side-

effect-related discontinuation of dexamethasone, nearly abolished seizures (Nowak et 

al., 2012). Pretreatment with minocycline in a mouse model of electrically elicited clonic 

seizures prevented seizure induction (Wang et al., 2012). Furthermore, minocycline 

delayed kindling acquisition, increased latency to seizure onset, and reduced seizure 

duration in the amygdala kindling rat model (Beheshti Nasr et al., 2013). Similarly, 

minocycline delayed seizure onset and decreased seizure duration in 

pentylenetetrazol-kindled mice (Ahmadirad et al., 2014). In a two-hit model of kainate 

induced SE in transgenic mice expressing fluorescent microglia, minocycline treatment 
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after the first SE inhibited microglial activation in the days following the first SE 

(Abraham et al., 2012). This anti-inflammatory effect prevented both the increased 

susceptibility to the second SE and the exacerbated microglial activation after the 

second SE, typically seen in this model. Prolonged administration of minocycline in 

rats following pilocarpine-induced SE reduced microglial activation, production of pro-

inflammatory cytokines, and neuronal cell loss during the latent period and decreased 

the frequency, duration, and severity of spontaneous recurrent seizures (Wang et al., 

2014). Beneficial effects of minocycline treatment are not only limited to epilepsy 

models. In rat and mouse models of focal cerebral ischemia, minocycline attenuated 

inflammation, tissue damage, and blood-brain barrier damage (Martin et al., 2011, 

Lartey et al., 2014, Yang et al., 2015). All these observations emphasize the potential 

of minocycline to reduce brain injury following an epileptogenic insult and thus modify 

epileptogenesis. 

2.3 Imaging 

 Significance 

In vivo imaging techniques such as positron emission tomography (PET) and magnetic 

resonance imaging (MRI) enable non-invasive and repeated assessment of both 

epilepsy patients and animal models. In clinical epilepsy diagnostics, these imaging 

modalities are preliminarily applied for pre-surgical evaluation of patients with 

refractory epilepsy, aiming to localize the epileptic focus for surgical resection (Goffin 

et al., 2008, Duncan, 2009, Ramli et al., 2015). In contrast, the feasibility of longitudinal 

imaging studies in patients following potentially epileptogenic brain insults is limited, 

as these studies are time-consuming, expensive, and difficult to design 

(Dedeurwaerdere et al., 2007, Bankstahl and Bankstahl, 2012). The availability of 

predictive imaging biomarkers reliably identifying those patients at risk of developing 

epilepsy after brain injury, could greatly facilitate clinical imaging studies on 

epileptogenesis and anti-epileptogenic therapeutic strategies (Engel et al., 2013).  

Owing to the development of dedicated small animal imaging devices with high spatial 

resolution, preclinical imaging studies have been gaining increasing relevance for 

basic epilepsy research (Virdee et al., 2012, Dedeurwaerdere et al., 2014). In contrast 
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to clinical research, studies in animal models allow the investigation of the entire 

process of epileptogenesis and epilepsy progression, starting before the initiating brain 

insult with each animal serving as its own control (Cherry and Gambhir, 2001, 

Dedeurwaerdere et al., 2007, Goffin et al., 2008, Bankstahl and Bankstahl, 2012). 

Imaging protocols and biomarkers established in animal models of epilepsy hold 

potential for translation into the clinic since in vivo imaging techniques are non-invasive 

and already routinely employed for diagnostic purposes in patients (Bankstahl and 

Bankstahl, 2012, Virdee et al., 2012). 

 Principles of positron emission tomography 

Positron emission tomography (PET) is a non-invasive nuclear imaging technique that 

detects the spatial and temporal distribution of chemical compounds labeled with short-

lived radionuclides and commonly referred to as radiotracers (Cherry and Gambhir, 

2001, Venneti et al., 2013). Radionuclides are artificially produced in a cyclotron by 

proton bombardment of stable target nuclei. Upon decay, they release a positron, a 

particle having the same mass as an electron but opposite electric charge.  In tissues, 

the interaction of positrons and electrons results in the mutual annihilation of both 

particles and the subsequent emission of two 511 keV gamma ray photons moving in 

opposite directions at an angle of 180° relative to one another (Figure 3). A ring of 

radiation detectors registers simultaneous emissions of gamma rays with this particular 

geometric relation and thus obtains detailed information on the localization of 

annihilations indicative of radiotracer distribution. 
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Figure 3: Basic principles of PET (after (Cherry and Gambhir, 2001)). 

Scheme of positron emission and subsequent positron-electron annihilation leading to the release of 

two anti-parallel gamma photons that are registered by gamma ray detectors surrounding the subject.  

Application of reconstruction algorithms, delivers molecular images that allow 

quantification of radiotracer uptake in defined regions of interest (Kuntner and Stout, 

2014). Images acquired in a dynamic mode additionally provide tissue time-activity 

curves and thus enable analysis of radiotracer kinetics in tissue by kinetic modeling 

(Dupont and Warwick, 2009, Kuntner and Stout, 2014). For radiotracers that are 

ligands of a specific binding site in the brain, kinetic parameters can be determined 

using a two-tissue compartment model (Figure 4) (Mintun et al., 1984, Farde et al., 

1998, Jucaite et al., 2012). The two compartments represent the concentration of free 

radiotracer in brain tissue and the specific radiotracer binding to its corresponding 

binding site, respectively. Four rate constants (K1, k2, k3, k4) describe radiotracer 

interactions between blood and compartments. K1 and k2 correspond to tracer influx 

and efflux rates between blood and brain tissue; k3 and k4 reflect specific tracer binding 

to and dissociation from the corresponding binding site.  

 

Figure 4: Two-tissue compartment model (modified after (Farde et al., 1998)) 

Model describing the kinetics of receptor-binding tracers in the brain. The first compartment represents 

the concentration of free tracer in brain tissue. The second compartment represents specifically bound 

tracer. K1 corresponds to tracer influx from the blood into the brain and k2 to tracer efflux out of the brain 

into the blood; k3 reflects tracer binding to the receptor and k4 its dissociation from the receptor. 

Using these kinetic constants, the distribution volume of the radiotracer (VT), which is 

defined as the ratio between the tracer concentration in tissue and that in plasma at 

equilibrium (Innis et al., 2007), can be calculated by the following equation (Farde et 

al., 1998). 

VT = K1/k2 x (1 + k3/k4) 
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Furthermore, specific binding can be assessed by quantifying the binding potential 

BPND, which is defined as the ratio between receptor density Bmax and dissociation 

constant Kd (Mintun et al., 1984), corresponding to the k3/k4 ratio (Farde et al., 1998). 

BPND = Bmax /Kd = k3/k4 

The measurement of an arterial input function, which is defined as the time course of 

tracer concentration in arterial plasma, is an essential prerequisite for the two-tissue 

compartment model (Dupont and Warwick, 2009, Alf et al., 2013). Generation of an 

arterial input function requires either repeated blood sampling, which is limited by the 

small blood volume in small animals, or an arteriovenous shunt passing through a 

coincidence counter, which is highly invasive and thus not suitable for longitudinal 

studies. Alternatively, the input function can be derived directly from volumes of interest 

placed over the cardiac ventricle or a large blood vessel in the dynamic images (Dupont 

and Warwick, 2009, Alf et al., 2013, Thackeray et al., 2015). However, the small size 

of the regions relative to the resolution of the images is a restrictive factor in generating 

image-derived input functions. 

For quantification of receptor kinetics, an alternative model not requiring an arterial 

input function has been developed, the simplified reference tissue model (Lammertsma 

and Hume, 1996). The prerequisite for this model is the presence of a reference region 

where no specific binding of the radiotracer occurs. Based on the assumption that the 

concentration of free radiotracer is the same in both the reference tissue and the 

regions of interest, the method allows quantification of the binding potential BPND. 

 Positron emission tomography and epilepsy 

Despite an array of possible molecular targets, 2-[18F]-fluoro-2-deoxy-D-glucose 

([18F]FDG), a marker of cellular glucose metabolism, is the most routinely used 

radiotracer in epilepsy research and diagnostics (Goffin et al., 2008, Bankstahl and 

Bankstahl, 2012). Analogously to glucose, [18F]FDG is taken up by cells and 

phosphorylated but not further metabolized, resulting in its cellular accumulation, 

hereby allowing to be localized in tissues by PET. Inter-ictal [18F]FDG PET evaluations 

are commonly performed in TLE patients without remarkable MRI evidence of 

structural lesions, which is the case in 20-30% of the pre-surgically assessed patients 

(Carne et al., 2004, Goffin et al., 2008, Duncan, 2009, Malmgren and Thom, 2012, 
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Ramli et al., 2015). The epileptic focus revealed by [18F]FDG PET is typically 

characterized by a distinct hypometabolism. Reductions in glucose consumption have 

also been observed in extra-temporal brain areas such as the frontal lobe (Nelissen et 

al., 2006, Wong et al., 2010). The underlying causes of this hypometabolism remain 

elusive (Goffin et al., 2008, O'Brien and Jupp, 2009). Hippocampal neuronal cell loss 

(Knowlton et al., 2001), reduced cerebral blood flow possibly serving to prevent seizure 

spread (Nelissen et al., 2006) or decreased expression of blood-brain barrier glucose 

transporters (Jupp et al., 2012, Marchi et al., 2012) have been suggested to contribute 

to decreases in glucose metabolism. Similarly, serial [18F]FDG PET imaging during 

epileptogenesis in post-SE models showed hippocampal and extra-hippocampal 

hypometabolic changes beginning shortly after the initial insult and partly persisting 

until the chronic phase of epilepsy (Jupp et al., 2007, Goffin et al., 2009, Guo et al., 

2009, Jupp et al., 2012, Lee et al., 2012, Zhang et al., 2015). However, [18F]FDG PET 

imaging during pilocarpine- or kainate-induced SE revealed a strong hypermetabolism 

in several brain regions, most notably in the hippocampus (Kornblum et al., 2000, 

Mirrione et al., 2006). These increases in [18F]FDG signals may be partly attributed to 

onset of brain inflammation (Lee et al., 2004). 

As inflammatory processes have been suggested to play a causal role in epilepsy and 

other brain disorders, intensive research is dedicated to the identification of imaging 

biomarkers indicative of brain inflammation (Cagnin et al., 2007, Vezzani and 

Friedman, 2011, Dedeurwaerdere et al., 2012b, Amhaoul et al., 2014). In activated 

resident microglia and brain-infiltrating blood-borne monocytes, expression of the 

translocator protein (TSPO), formerly known as the peripheral benzodiazepine 

receptor, is upregulated (Banati, 2002, Wunder et al., 2009, Liu et al., 2014). Reactive 

astrocytes have also been shown to upregulate TSPO expression albeit to a lesser 

extend (Venneti et al., 2013, Ory et al., 2015). This outer mitochondrial membrane 

protein, which is expressed at only low levels in healthy brain tissue, may be involved 

in the translocation of cholesterol from the outer to the inner mitochondrial membrane 

and in the regulation of immunological responses, amongst other functions (Gavish et 

al., 1999, Banati, 2002, Liu et al., 2014). Its upregulation under inflammatory conditions 

renders TSPO a suitable target for radiotracers specific of neuroinflammation (Banati, 

2002, Wunder et al., 2009, Venneti et al., 2013, Amhaoul et al., 2014). The isoquinoline 

PK11195 radiolabeled with 11C or 3H was one of the first TSPO ligands designed for 
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visualizing neuroinflammation and one of the most extensively studied. However, 

limitations in the sensitivity and specificity of this tracer have led to the development of 

second-generation TSPO ligands such as [18F]GE180 (Wadsworth et al., 2012) with 

higher affinity and lower non-specific binding (Van Camp et al., 2010, Dickens et al., 

2014, Boutin et al., 2015). 

Over the last few years, initial studies and case reports on the use of TSPO ligands to 

assess brain inflammation in epilepsy patients have been published. Surgical 

specimen of pharmacoresistant TLE patients with hippocampal sclerosis revealed 

increased [3H]PK11195 in vitro binding compared to specimen of TLE patients without 

hippocampal sclerosis and of post-mortem non-epileptic controls (Sauvageau et al., 

2002). Consistent with this finding, a [11C]PBR28 PET study in TLE patients reported 

enhanced tracer uptake in temporal regions ipsilateral to the seizure focus compared 

to the contralateral side (Hirvonen et al., 2012). This increase was more pronounced 

in patients with hippocampal sclerosis than in those without. In addition to this, a recent 

[11C]PBR28 and [11C]DPA-713 PET study including kinetic modeling of PET data 

reported increased tracer binding in temporal regions both ipsilateral and contralateral 

to the seizure focus compared to healthy controls (Gershen et al., 2015). However, 

tracer uptake was higher ipsilateral than contralateral to the seizure focus. Moreover, 

in two patients with epilepsy syndromes other than TLE, [11C]PK11195 PET has been 

successfully employed to identify focal areas of neuroinflammation and thus the 

seizure onset zone (Kumar et al., 2008, Butler et al., 2013). 

Recently, initial studies have reported the use of TSPO ligands in animal models of 

epilepsy. In a rat model of chronic epilepsy after electrically induced SE, [11C]PK11195 

PET revealed elevated brain uptake of the tracer in epileptic animals that did not 

respond to phenobarbital treatment, whereas animals with drug-sensitive epilepsy 

showed [11C]PK11195 brain uptake comparable to that of non-epileptic controls 

(Bogdanovic et al., 2014). In a rat model of spontaneous seizures following repeated 

kainate administration, ex vivo [18F]DPA-714 autoradiography demonstrated increased 

tracer uptake in the hippocampus as well as the entorhinal and cingulate cortices, 

which corresponded to microglial activation (Harhausen et al., 2013). In line with this, 

[18F]PBR111 PET imaging including kinetic modeling of PET data in rats 1 week after 

kainate-induced SE, revealed enhanced tracer distribution volume in epilepsy-
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associated brain regions such as the hippocampus and the amygdala 

(Dedeurwaerdere et al., 2012a). Immunohistochemical analysis of microglial activation 

and TSPO in vitro autoradiography corroborated this finding. [18F]PBR111 distribution 

volume was furthermore found to be elevated in epilepsy-associated brain regions 2, 

4, and 6 weeks after kainate-induced SE with the highest increase at 2 weeks post SE 

(Amhaoul et al., 2015). In the same study, [3H]PK11195 in vitro autoradiography 

demonstrated enhanced tracer binding between 2 days and 3 months post SE, peaking 

at 2 weeks post SE and correlating with microglial activation rather than reactive 

astrogliosis. However, no experimental TSPO in vivo imaging studies investigating the 

complete spatiotemporal profile of brain inflammation during insult-induced 

epileptogenesis have been reported to date. Furthermore, TSPO in vivo imaging may 

be a valuable tool to non-invasively monitor the effects of anti-inflammatory treatment 

on epileptogenesis-associated neuroinflammation. Nevertheless, this has not yet been 

employed in animal models of epileptogenesis.  
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3 Objectives 

3.1 Studies 1 and 2: Longitudinal PET imaging of brain 

inflammation in two rodent models of epileptogenesis 

Brain insults can induce a cascade of changes in the brain resulting in epilepsy 

development, yet the mechanisms contributing to this process of epileptogenesis 

remain incompletely understood. Experimental and clinical evidence suggests a 

causative role of brain inflammation in insult-initiated epileptogenesis. Non-invasive in 

vivo imaging modalities such as positron emission tomography (PET) may be reliable 

tools to evaluate inflammatory processes in animal models of epileptogenesis and thus 

identify predictive biomarkers with potential for translation into the clinic. However, no 

longitudinal in vivo imaging studies assessing the full time profile of brain inflammation 

during insult-induced epileptogenesis have been reported to date. Therefore, the 

objectives of the first two studies were the following: 

→ To investigate the time course and spatial distribution of epileptogenesis-associated 

brain inflammation by serial PET imaging in two animal models of epileptogenesis, 

namely the lithium-pilocarpine rat model and the intrahippocampal kainate mouse 

model. 

→ To corroborate the in vivo PET imaging results in the lithium-pilocarpine rat model 

by in vitro autoradiography and immunohistochemistry in order to confirm the validity 

of in vivo imaging to reliably identify neuroinflammation following brain insults. 

3.2 Study 3: Effects of anti-inflammatory treatment on 

epileptogenesis-associated changes in the brain 

The clinical onset of epilepsy following initiating brain insults is frequently preceded by 

a latent period during which patients are still free of spontaneous recurrent seizures. 

This period creates a therapeutic window of opportunity for epilepsy-preventive 

treatment. However, no anti-epileptogenic therapeutic strategies have been 

discovered to date. As inflammatory processes in the brain have been proposed to be 

involved in epileptogenesis, anti-inflammatory pharmacotherapy may be a promising 

strategy to prevent or attenuate the development of epilepsy after brain injury. Serial 
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PET imaging of neuroinflammation may be a valuable non-invasive mean of monitoring 

therapeutic efficacy of anti-inflammatory treatment. Thus, the third study had the 

following aims: 

→ To evaluate whether treatment with dexamethasone, a broad-spectrum anti-

inflammatory agent, affects epileptogenesis-associated brain inflammation in the 

lithium-pilocarpine rat model, using in vitro autoradiography and immunohisto-

chemistry. 

→ To assess the anti-inflammatory efficacy of treatment with minocycline, an inhibitor 

of microglial activation, by serial in vivo PET imaging following lithium-pilocarpine-

induced status epilepticus in rats. 
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4.1 Abstract 

Experimental and clinical evidence suggests that neuroinflammation, triggered by 

epileptogenic insults, contributes to seizure development. We employed TSPO-

targeted molecular imaging to obtain further insights into the role of microglial 

activation during epileptogenesis. 

Methods: As epileptogenic insult, a status epilepticus (SE) was induced in rats by 

lithium-pilocarpine. Rats were subjected to [11C]PK11195 PET scans before SE, 

immediately after SE, at 1, 2, 5, 7, 14, and 22 days, and 14-16 weeks post SE. For 

data evaluation, brain regions were outlined by co-registration with a standard rat brain 

atlas, and % injected dose/cc and binding potential (simplified reference tissue model 

with cerebellar gray matter as reference region) were calculated. For autoradiography 

and immunohistochemical evaluation, additional rats were decapitated without prior 

SE or 2, 5 or 14 days post SE. For autoradiography and immunohistochemical 

evaluation, additional rats were decapitated without prior SE or 2, 5 or 14 days post 

SE.  

Results: Following SE, increases in [11C]PK11195 uptake and binding potential were 

evident in epileptogenesis-associated brain regions, such as hippocampus, thalamus 

or piriform cortex, but not in the cerebellum beginning at 2-5 days and persisting at 

least 3 weeks after SE. Maximal regional signal was observed at 1-2 weeks after SE. 

Autoradiography confirmed the spatiotemporal profile. Immunohistochemical 

evaluation revealed microglial and astroglial activation as well as neuronal cell loss in 

epileptogenesis-associated brain regions at all investigated time points. The time 

course of microglial activation was consistent with that demonstrated by tracer 

techniques. 

Principal conclusions: TSPO-targeted PET is a reliable tool for identifying brain 

inflammation during epileptogenesis. Neuroinflammation mainly affects brain regions 

commonly associated with seizure generation and spread. Definition of the time profile 

of neuroinflammation may facilitate the development of inflammation-targeted, anti-

epileptogenic therapy. 
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5.1 Abstract 

Objective: Accumulating evidence suggests that brain inflammation, elicited by 

epileptogenic insults, may be involved in epilepsy development. Non-invasive nuclear 

imaging of brain inflammation in animal models of epileptogenesis may lead to the 

discovery of epilepsy-predictive biomarkers with potential for translation into the clinic. 

Here we investigated upregulation of the translocator protein (TSPO) indicative of 

microglial activation by serial [18F]GE180 PET imaging in a mouse model of temporal 

lobe epilepsy. 

Methods: As epileptogenic insult, a status epilepticus (SE) was induced in mice by 

intrahippocampal injection of kainate. Mice were subjected to [18F]GE180 PET scans 

before SE, at 2 days, 5-7 days, 2 weeks, 3 weeks, and 14-15 weeks post SE. Control 

mice injected with saline instead of kainate were examined by [18F]GE180 PET at 2 

and 7 days after injection. For data evaluation, brain regions ipsilateral and 

contralateral to the injection site were outlined by co-registration with a standard mouse 

brain atlas, and % injected dose/cc was calculated. 

Results: Following SE, elevated [18F]GE180 uptake was observed in the ipsilateral 

hippocampus and to a lesser extent in the contralateral hippocampus, from 2 days until 

at least 7 weeks post SE, with a peak at 5-7 days post SE. Moderately enhanced tracer 

uptake was also evident in the ipsilateral thalamus at 2 days post SE. 

Conclusions: TSPO in vivo imaging reliably identifies brain inflammation during 

epileptogenesis. These inflammatory processes mainly affect the hippocampus 

ipsilateral to the injection site but are also apparent in the contralateral hippocampus. 

The revealed time course of neuroinflammation may help identify appropriate time 

points for anti-inflammatory, potentially anti-epileptogenic treatment. 

5.2 Introduction 

Brain insults including traumatic brain injury, stroke, or status epilepticus (SE) may 

initiate a process termed “epileptogenesis” in the brain, resulting in the transgression 

from a non-epileptic to a persistent seizure-generating state (Pitkänen and Lukasiuk, 

2009, Löscher and Brandt, 2010). Temporal lobe epilepsy (TLE), one of the most 
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common forms of human epilepsy, is frequently preceded by such brain insults (French 

et al., 1993, Engel, 2001). Thus, there is an urgent yet unmet need to discover both 

predictive biomarkers identifying patients at risk of developing epilepsy after brain 

injury and anti-epileptogenic therapeutic strategies (Kobow et al., 2012, Engel et al., 

2013, Löscher et al., 2015). For this purpose, further elucidation of the mechanisms 

contributing to epileptogenesis is required. 

Experimental and clinical evidence indicates that prolonged brain inflammation, 

triggered by epileptogenic insults and insufficiently controlled by endogenous anti-

inflammatory mechanisms, may be involved in epilepsy development  (Devinsky et al., 

2013, Vezzani et al., 2013b). Activation of brain resident microglia and astrocytes as 

well as overexpression of pro-inflammatory mediators, each persisting into the chronic 

phase of epilepsy, have been revealed by in vitro techniques such as 

immunohistochemistry or autoradiography in post-SE models (Ravizza et al., 2008, 

Pernot et al., 2011, Amhaoul et al., 2015). Similar alterations were present in surgically 

resected brain tissue of TLE patients (Beach et al., 1995, Ravizza et al., 2008).  

Owing to recent advances in preclinical imaging modalities such as dedicated small 

animal positron emission tomography (PET), serial non-invasive in vivo imaging has 

become a feasible tool to quantitatively assess epileptogenesis-associated brain 

inflammation, holding potential for translation into the clinic (Amhaoul et al., 2014, 

Dedeurwaerdere et al., 2014). PET imaging in TLE patients, using a ligand of the 

translocator protein (TSPO) which is mainly expressed by activated microglia, has 

demonstrated inflammation in temporal regions both ipsilateral and contralateral to the 

seizure focus (Gershen et al., 2015). PET imaging of TSPO in a post-SE rat model 

revealed increased tracer distribution volume in epilepsy-associated brain regions 

such as the hippocampus and the amygdala at 1-6 weeks after kainate-induced status 

epilepticus (Dedeurwaerdere et al., 2012a, Amhaoul et al., 2015). We recently 

elucidated the detailed spatiotemporal profile of microglial activation during 

epileptogenesis in the pilocarpine rat model by longitudinal TSPO PET imaging and 

complementary in vitro techniques (Brackhan et al., 2016). Microglial activation was 

evident in epilepsy-associated brain regions from 2 days to at least 3 weeks after SE, 

reaching its maximum at 1-2 weeks after SE. These findings prompted us to perform 

serial TSPO PET imaging in the intrahippocampal kainate mouse model. Following 
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limbic SE, induced by intrahippocampal injection of kainate, mice develop highly 

frequent spontaneous electrographic seizures after a short latent period of 3-14 days 

in this model (Riban et al., 2002, Twele et al., 2016). These characteristics enable rapid 

evaluation of anti-epileptogenic treatment strategies. Furthermore, the model closely 

reproduces the histopathologic characteristics of human TLE (Bouilleret et al., 1999) 

and allows assessment of genetically modified inbred mouse strains. 

In the present study, the spatiotemporal profile of microglial activation during 

epileptogenesis was investigated in the intrahippocampal kainate mouse model by 

longitudinal PET imaging, using the novel TSPO ligand [18F]GE180 (Wadsworth et al., 

2012).  

5.3 Materials and methods 

 Animals 

Male NMRI mice were purchased from Charles River at an age of 7 weeks, and housed 

in groups of 10 in individually ventilated cages under a 14/10-h light/dark cycle, with 

standard laboratory chow (Altromin 1324, Lage, Germany) and water freely accessible. 

Prior to the beginning of experiments, animals were allowed to adapt to housing 

conditions and repetitive handling for at least one week. Experiments were carried out 

in accordance with European Communities Council Directive 2010/63/EU and were 

formally approved by the responsible local authority (reference number 14/1441). All 

efforts were made to minimize pain, suffering, and the number of animals.  

 Intrahippocampal kainate injection 

Induction of status epilepticus (SE) by intrahippocampal kainate injection was 

performed according to a slightly modified version of a previously described protocol 

(Gröticke et al., 2008). Mice were subjected to isoflurane anesthesia and kainate (21 

µg in 50 nl saline; Sigma-Aldrich, Steinheim, Germany) was stereotaxically injected 

over 1 minute into the right CA1 region of the dorsal hippocampus (n = 31) using a 0.5 

µl microsyringe. The stereotaxic coordinates of the injection site in relation to bregma 

were as follows: AP, -2.1 mm; LL, -1.6 mm; DV: -2.3 mm (Paxinos, 2001). Sham control 

mice (n = 7) received an identical volume of saline instead of kainate. In order to reduce 
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reflux along the injection track, the needle of the syringe was left in situ for an additional 

2 minutes following injection. Upon awakening from anesthesia, mice were observed 

for several hours for clinical signs of limbic SE. Throughout all surgical procedures and 

for at least 1 hour after anesthesia, mice were kept on a warming pad to prevent 

hypothermia. Following surgery, mice received mashed laboratory chow and injections 

of glucose electrolyte solution (Sterofundin HEG-5, 10 ml/kg i.p. initially, thereafter 0.5 

ml s.c. twice a day; Braun) until weight recovery.  

 Radiochemistry 

For synthesis of [18F]GE180, kryptofix 2.2.2 (4 mg, 10 µmol; Sigma-Aldrich), potassium 

bicarbonate (1 mg, 10 µmol; Sigma-Aldrich), and acetonitrile (0.5 ml; Sigma-Aldrich) 

were added to [18F]F in water. This reaction mixture was dried under a stream of 

nitrogen at 100°C. Subsequently, without prior cooling of the mixture, mesylate 

precursor (0.5-1.0 mg; GEHealthcare, Oslo, Norway) dissolved in 1 ml acetonitrile was 

added, followed by 10 minutes of heating at 100°C. After cooling, the crude product 

was purified by HPLC (Hichrom ACE 5 C18 column). The purified fraction was diluted 

with water, and adsorbed on a tC18 Sep-Pak cartridge (Waters). Following a washing 

step with water, the product was eluted from the cartridge with anhydrous ethanol. For 

formulation, the ethanol solution of [18F]GE180 was diluted with saline, reaching a final 

ethanol concentration of not more than 30%. 

 PET imaging procedure 

Kainate-injected mice (n = 19) were subjected to [18F]GE180 PET scans before SE (n 

= 11), 2 days (n = 5), 5-7 days (n = 6), 2 weeks (n = 5), 3 weeks (n = 8), 7, and 14–15 

weeks (n = 7, respectively) post SE. Saline-injected mice (n = 7) were imaged by 

[18F]GE180 PET 2 days (n = 6), 7 days (n = 5), and 7 weeks (n = 2) after surgery. All 

imaging procedures were carried out under inhalational isoflurane anesthesia (1.5–

2.5% at an oxygen flow of 0.6 L/min) with continuous monitoring of respiration (BioVet, 

m2m imaging). PET images were acquired using a dedicated small animal PET 

camera (Inveon PET scanner, Siemens). Mice were positioned prone in an imaging 

double bed (Minerve), with the brain at the center field of view. [18F]GE180 (11.89 ± 

0.16 MBq [mean ± standard error of the mean, range 8.03–15.10 MBq]) was injected 
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via a catheter inserted into a lateral tail vein. After a 20 min uptake period under 

anesthesia, a static PET acquisition was performed over 40 min. Images were 

reconstructed using an iterative ordered subset expectation maximization 3-

dimensional / maximum a posteriori (OSEM3D / fastMAP) algorithm with corrections 

for decay, attenuation, randoms, and scatter. For attenuation correction, a 20 min 57Co 

transmission scan was used. In order to obtain anatomical information for image 

analysis, a fast CT scan (Inveon CT, Siemens) was performed after PET imaging. 

 PET image analyses 

PET images were co-registered to an MRI template (Ma et al., 2005, Mirrione et al., 

2007) using PMOD software (PMOD Technologies, Zurich, Switzerland). For this 

purpose, CT images were matched to the MRI template and subsequently mapped to 

their corresponding PET images. A region of interest (ROI) atlas based on the MRI 

template was then applied to the co-registered images. [18F]GE180 uptake was 

calculated as percent injected dose per cubic centimeter of tissue (%ID/cc) in the 

dorsal and ventral hippocampus, the cortex, amygdala, thalamus, and striatum. For all 

ROIs, right and left side (ipsilateral and contralateral to injection site) were 

differentiated. 

The co-registered images were additionally used for statistical parametric mapping 

(SPM). Differences in [18F]GE180 uptake between baseline and each time point post 

SE or post sham-injection as well as between kainate- and saline-injected mice were 

analyzed by a two-sample unpaired t test using MATLAB software (MathWorks, Natick, 

MA, USA) and SPM12 software (UCL, London, UK). The 7-week time point was 

omitted from the latter comparisons due to the low number of animals in the sham 

group. A significance level threshold of 0.001 (uncorrected for multiple comparisons) 

and a minimum cluster size of 10 voxels were selected. Parametric t-maps resulting 

from each comparison were loaded in PMOD and the threshold was set individually to 

the corresponding t-value. Activated voxels were anatomically located by co-

registration with the MRI template. 
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 Statistics 

All data are presented as mean ± standard error of the mean (SEM). Statistical 

analyses were performed using Prism 5 GraphPad software. [18F]GE180 uptake was 

analyzed by one-way analysis of variance (ANOVA), followed by Dunnett’s multiple 

comparison test comparing baseline values to the values obtained at each time point 

post SE. Additionally, [18F]GE180 uptake was compared between kainate- and saline-

injected mice using one-way analysis of variance (ANOVA), followed by Bonferroni’s 

multiple comparison test. The 7-week time point was omitted from this comparison due 

to the low number of animals in the sham group (n = 2). Values of p < 0.05 were 

considered statistically significant. 

5.4 Results 

 Animals 

Upon awakening from anesthesia, mice injected intrahippocampally with kainate 

presented with circling movements, immobility, as well as intermittent head nodding, 

chewing, or mild clonic movements of the forelimbs. Sporadic generalized seizures 

were observed in 27% of the animals. No such behavioral alterations were noted in 

sham-injected mice after anesthesia.    

 ROI analysis of [18F]GE180 uptake 

At baseline, [18F]GE180 uptake was nearly symmetrical between the right and left side 

and ranged from 0.79 ± 0.02 %ID/cc in the thalamus to 1.24 ± 0.03 %ID/cc in the 

amygdala. Following SE induced by intrahippocampal kainate injection, increased 

tracer uptake was observed in the ipsilateral dorsal and ventral hippocampus, the 

contralateral dorsal hippocampus, the ipsilateral thalamus, the ipsilateral cortex, and 

the ipsilateral striatum (Figure 1,2). In the hippocampal regions, these elevations were 

first evident at 2 days after SE and reached their peaks between 5 and 7 days after 

SE. Maximum uptake values ranged from 1.60-fold increase in the contralateral dorsal 

hippocampus (increase from 0.82 ± 0.02 %ID/cc at baseline to 1.31 ± 0.08 %ID/cc at 

5-7 days post SE, p < 0.001) to 2.25-fold increase in the ipsilateral dorsal hippocampus 

(increase from 0.79 ± 0.03 %ID/cc at baseline to 1.77 ± 0.11 %ID/cc at 5-7 days post 
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SE, p < 0.001). In the dorsal hippocampus ipsilateral and contralateral to the kainate 

injection site, uptake values remained above baseline levels until at least 7 weeks after 

SE. 

Sham-injected mice showed moderately increased [18F]GE180 uptake in the same 

brain regions as kainate-injected mice at 2 and 5-7 days after injection (Figure 2). 

When comparing kainate-injected to sham-injected mice at the corresponding time 

points (Figure 2), maximum tracer uptake values amounted to 1.66-fold in the 

ipsilateral dorsal hippocampus (1.77 ± 0.11 %ID/cc in SE mice vs. 1.07 ± 0.07 %ID/cc 

in sham mice at 5-7 days post injection, p < 0.001), 1.42-fold in the ipsilateral ventral 

hippocampus (1.75 ± 0.09 %ID/cc in SE mice vs. 1.23 ± 0.05 %ID/cc in sham mice at 

5-7 days post injection, p < 0.001), 1.32-fold in the contralateral dorsal hippocampus 

(1.31 ± 0.08 %ID/cc in SE mice vs. 1.00 ± 0.02 %ID/cc in sham mice at 5-7 days post 

injection, p < 0.05), and 1.26-fold in the ipsilateral thalamus (1.27 ± 0.11 %ID/cc in SE 

mice vs. 1.00 ± 0.04 %ID/cc in sham mice at 2 days post injection, p < 0.05). No 

differences between kainate- and saline-injected mice were observed in the cortex or 

striatum. 

 

Figure 1: Coronal and horizontal images of [18F]GE180 uptake (%ID/cc) before and at 

different time points during epileptogenesis. 

Increased [18F]GE180 uptake, predominantly affecting the hippocampus ipsilateral to the kainate 

injection site (indicated by arrow), reached its maximum around 5-7 days after SE. 
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Figure 2: Comparison of the spatiotemporal profile of [18F]GE180 uptake between 

kainate- and sham-injected mice 
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Increased [18F]GE180 uptake was evident in kainate-injected mice compared to sham-injected mice 

between 2 and 7 days post SE in the ipsilateral dorsal and ventral hippocampus, and the contralateral 

dorsal hippocampus, as well as at 2 days in the ipsilateral thalamus. Data are presented as mean ± 

SEM, with a group size of n = 5-11 per time point (the 7-week time point was omitted from comparison 

due to a size of n = 2 of the sham group). Statistical analysis was performed by one-way ANOVA and 

Bonferroni’s post hoc test (*p < 0.05 compared to sham-injected mice at the respective time point). 

 

Figure 3: Statistical parametric mapping analysis of [18F]GE180 uptake following 

intrahippocampal kainate or saline injection. 

Coronal and horizontal t-maps resulting from comparisons (t-test) of [18F]GE180 uptake between (A) 

baseline and each time point post SE, (B) baseline and each time point after sham-injection, (C) kainate- 

and saline-injected mice. Only parametric maps with significantly different voxels are shown (p<0.001, 

minimum cluster size of 10 voxels).  
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 SPM analysis of [18F]GE180 uptake 

Statistic parametric mapping analysis of [18F]GE180 uptake comparing baseline to 

each time point post SE, revealed highly significant increases (p < 0.001) in the 

ipsilateral dorsal hippocampus and the cortical area located above from 2 days to 7 

weeks post SE with a peak around 5-7 days post SE, in the ipsilateral ventral 

hippocampus and the ipsilateral striatum from 2 to 7 days post SE, in the contralateral 

hippocampus at 5-7 days post SE, and in dorsal areas of the ipsilateral thalamus at 2 

days post SE (Figure 3A). The comparison between baseline and the time points 2 and 

7 days post saline-injection in the sham group showed highly significant elevations in 

tracer uptake in the cortical area located above the injection site and the ipsilateral 

striatum but not in the hippocampus (Figure 3B). When comparing kainate-injected 

mice to the sham group, highly significant increases were evident in the ipsilateral 

dorsal and ventral hippocampus at 5-7 days after SE (Figure 3C). 

5.5 Discussion 

For the first time, longitudinal non-invasive [18F]GE180 PET imaging revealed 

persisting TSPO upregulation indicative of brain inflammation during and after SE-

initiated epileptogenesis in the intrahippocampal kainate mouse model. Changes in 

TSPO expression were predominantly observed in the injected hippocampus but also 

affected the contralateral hippocampus and the ipsilateral thalamus. 

When comparing [18F]GE180 brain uptake before and following SE, upregulated TSPO 

expression reflecting predominantly microglial activation (Banati, 2002, Ory et al., 

2015) was evident in the ipsilateral hippocampus between 2 days and at least 7 weeks 

after SE, peaking at about 5-7 days after SE. This time profile is in accordance with 

previous immunohistochemical studies in the intrahippocampal kainate mouse model, 

reporting microglial activation in the injected hippocampus between 3 days and at least 

21-28 days post SE (Pernot et al., 2011, Zattoni et al., 2011) as well as at > 6 weeks 

after SE (Maroso et al., 2011a). A similar time course of enhanced TSPO expression 

was observed in the contralateral hippocampus, albeit to a lesser extent than in the 

ipsilateral hippocampus. This is in line with previous immunohistochemical evaluations 

reporting microglial activation in the hippocampus contralateral to the injection site at 
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3 days post SE (Pernot et al., 2011) and at > 6 weeks after SE (Maroso et al., 2011a). 

In the intrahippocampal kainate mouse model, high voltage sharp waves, EEG events 

representing seizure activity, have been recorded not only in the ipsilateral 

hippocampus but also in the contralateral hippocampus (Riban et al., 2002). This 

involvement of the contralateral hippocampus in seizure generation may provide an 

explanation for the TSPO upregulation observed in this region. In contrast to our 

findings, the study by Pernot et al., 2011 did not reveal microglial activation in the 

contralateral hippocampus at 7 and 21 days post SE and moreover demonstrated the 

highest intensity of microglial activation in the injected hippocampus already at 3 days 

post SE (Pernot et al., 2011). These discrepancies may be attributed to the use of 

different mouse strains in the experiments. While Pernot et al., 2011 used inbred 

C57BL/6 mice we used outbred NMRI mice. Various studies reported low susceptibility 

of C57BL/6 mice to SE induced by systemic administration of kainate or pilocarpine 

(McLin and Steward, 2006, Müller et al., 2009b, Bankstahl et al., 2012b). Moreover, 

the extent of hippocampal neuronal cell loss after pilocarpine-induced SE was lower in 

C57BL/6 mice compared to NMRI mice (Müller et al., 2009a, Bankstahl et al., 2012b). 

C57BL/6 mice even showed no or only very moderate hippocampal neuronal damage 

following SE induced by systemic kainate administration (Schauwecker and Steward, 

1997, McLin and Steward, 2006). Thus, C57BL/6 mice may generate a weaker 

inflammatory response after SE induced by intrahippocampal kainate injection than 

NMRI mice. 

Tracer uptake re-approached baseline levels in both the ipsilateral and the 

contralateral hippocampus between 7 and 14-15 weeks after SE. Following SE 

induced by intrahippocampal kainate injection, mice develop spontaneous recurrent 

seizures after a latent period varying between 3 and 14 days in duration (Riban et al., 

2002, Gouder et al., 2003, Maroso et al., 2011a). Thus, with chronic epilepsy being 

long established at 7 weeks after SE, the observed subsequent decrease in TSPO 

signal was unexpected. Intra- and interindividual variations in seizure frequency at the 

two measuring time points may account for this finding. In a rat model of chronic 

epilepsy after kainate-induced SE, a correlation between the extent of TSPO in vitro 

expression and the frequency of spontaneous recurrent seizures has recently been 

shown (Amhaoul et al., 2015). Similarly, in a rat model of chronic epilepsy after 
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electrically induced SE, in vivo uptake of a TSPO tracer differed between pharma-

coresistant rats and rats responding to anti-convulsive treatment, suggesting an 

influence of seizure frequency on TSPO expression (Bogdanovic et al., 2014). As PET 

images were acquired in a static mode, limitations in quantification of TSPO expression 

may also account for not observing TSPO upregulation at 14-15 weeks after SE. A 

recent TSPO PET imaging study in TLE patients reported increased tracer volume of 

distribution ipsilateral and contralateral to the seizure focus compared to healthy 

control subjects (Gershen et al., 2015). However, no significant differences between 

the two groups were observed when comparing tracer uptake. Dynamic PET 

acquisition and subsequent generation of image-derived input functions may facilitate 

detection of subtle brain inflammation during chronic epilepsy. 

Moderately increased TSPO expression was also apparent in the ipsilateral thalamus 

in the first days following SE. To our knowledge, no inflammatory processes have been 

described to occur in the thalamus in this model thus far. However, it seems reasonable 

to assume that the thalamus may be partially affected by inflammation considering that 

thalamic nuclei have been suggested to be involved in seizure initiation and spread in 

human TLE (Bertram et al., 2008) and to be subject of blood-brain barrier leakage in 

animal models of epileptogenesis (van Vliet et al., 2007, van Vliet et al., 2014). 

As the process of intrahippocampal injection may represent a mild brain injury in itself 

potentially resulting in inflammatory reactions, we moreover compared [18F]GE180 

brain uptake between kainate- and saline-injected animals at 2 and 5-7 days after 

injection. In sham-injected mice, moderate increases in TSPO expression compared 

to baseline values were evident at both investigated time points in the same brain 

regions as in kainate-injected mice. Compared to sham-injected mice at the 

corresponding time points, kainate-injected mice showed elevated TSPO expression 

in the ipsilateral and contralateral hippocampus at both investigated time points and in 

the ipsilateral thalamus at 2 days after SE. These findings indicate that inflammatory 

reactions observed following SE in the hippocampus and the thalamus, are mainly 

attributed to SE. This is concordant with immunohistochemical studies reporting 

prominent microglial activation in the ipsilateral hippocampus of kainate-injected mice, 

and predominantly resting microglial cells in the ipsilateral hippocampus of saline-

injected mice (Pernot et al., 2011, Zattoni et al., 2011). However, we demonstrated that 
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the injection process per se led to inflammatory reactions in the cortical area above the 

injected hippocampus and the ipsilateral striatum. This is likely to be attributed to the 

proximity of these regions to the injection site. 

Recent experimental studies have demonstrated the feasibility of longitudinal PET 

imaging of TSPO to identify epileptogenesis-associated inflammatory processes in the 

brain. [18F]PBR111 PET imaging in the kainate rat model at selected time points 

between 1 and 6 weeks after SE revealed TSPO in vivo upregulation corresponding to 

increased TSPO in vitro binding and microglial activation shown by autoradiography 

and immunohistochemistry, respectively (Dedeurwaerdere et al., 2012a, Amhaoul et 

al., 2015). We have recently characterized the spatiotemporal profile of 

epileptogenesis-associated neuroinflammation in rats following pilocarpine-induced 

SE by serial [11C]PK11195 PET imaging and confirmed the obtained results by TSPO 

in vitro autoradiography and immunohistochemical staining for microglia (Brackhan et 

al., 2016). Similar to the findings in the present study, TSPO upregulation was evident 

between 2 days and 3 weeks after pilocarpine-induced SE, with the difference that its 

peak was reached at 1-2 weeks post SE. The delayed peak of neuroinflammation in 

the lithium-pilocarpine rat model may be attributed to a comparably longer latent period 

ranging from > 1 week to > 3 weeks (Brandt et al., 2015). Taken together, the findings 

of previous studies and our current study suggest that TSPO in vivo imaging is a 

reliable tool to detect brain inflammation during insult-induced epileptogenesis. 

Complementary in vitro techniques such as TSPO autoradiography will be used in the 

intrahippocampal kainate mouse model to corroborate the spatiotemporal profile of 

neuroinflammation revealed in the present study. Furthermore, the influence of 

electrode implantation on neuroinflammation will be investigated. This will pave the 

way for future studies using in vivo imaging of brain inflammation to monitor therapeutic 

efficacy of anti-inflammatory treatment during epileptogenesis in the intrahippocampal 

kainate mouse model. 

5.6 Conclusion 

We provided further evidence that longitudinal PET imaging measuring TSPO in vivo 

upregulation reliably identifies the spatiotemporal profile of epileptogenesis-associated 

brain inflammation. Neuroinflammation was observed in the intrahippocampal kainate 
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mouse model mainly in the ipsilateral hippocampus but also in the contralateral 

hippocampus between 2 days and at least 7 weeks post SE, reaching its maximum at 

5-7 days post SE. The revealed time course of neuroinflammation will help identify 

appropriate time points for inflammation-targeted, potentially anti-epileptogenic 

therapy. 
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6.1 Abstract 

Objective: Brain inflammation, promoted by epileptogenic insults, has been suggested 

to be crucially involved in epilepsy development. Thus, anti-inflammatory treatment 

may be a promising strategy to prevent or attenuate epileptogenesis. In this study, we 

evaluated the effects of two anti-inflammatory therapeutic approaches on 

epileptogenesis-associated brain inflammation using immunohistochemistry and 

[18F]GE180 autoradiography, or in vivo [18F]GE180 PET imaging. 

Methods: As epileptogenic insult, a status epilepticus (SE) was induced in rats by 

lithium-pilocarpine. Rats received either dexamethasone or vehicle twice a day for up 

to 7 days starting 24 hours after SE and were decapitated 2, 5, or 14 days post SE (n 

= 4-5 per time point and treatment group, except SE + dexamethasone group at 14 

days n = 2 due to mortality). Control rats without prior SE were identically treated with 

dexamethasone or vehicle and decapitated at time points corresponding to SE groups 

(control + vehicle group at 5 days n = 3, control + dexamethasone n = 3 per time point). 

[18F]GE180 binding was quantified in brain sections, using a calibration curve as 

reference. Immunostaining in consecutive brain slices evaluated activation of microglia 

and astrocytes as well as neuronal cell loss. Further groups of rats were treated with 

either minocycline or vehicle once a day for 8 days starting 24 hours after SE and 

subjected to [18F]GE180 PET scans before SE (n = 9), and at 1 and 2 weeks post SE 

(n = 5-7 per time point and treatment group). For data evaluation, % injected dose/cc, 

volume of distribution (two-tissue compartment model with image-derived input 

function), and binding potential (simplified reference tissue model with cerebellar gray 

matter as reference region) were calculated.  

Results: Following SE, increased [18F]GE180 in vitro binding, microglial and astroglial 

activation as well as neuronal cell loss were evident during epileptogenesis in both 

vehicle- and dexamethasone-treated rats. Dexamethasone treatment moderately 

reduced enhanced [18F]GE180 in vitro binding in the amygdala and microglial 

activation in the hippocampus at 5 days post SE, respectively, but had no effects on 

astrogliosis or neuronal damage. Elevated [18F]GE180 uptake, binding potential, and 

volume of distribution were evident at both investigated time points after SE in both 

vehicle- and minocycline-treated rats. Minocycline treatment moderately decreased 
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the enhanced volume of distribution in the ventral hippocampus and entorhinal cortex 

at 1 week post SE, and in the piriform cortex at 1 and 2 weeks post SE. 

Conclusions: Anti-inflammatory pharmacotherapy with dexamethasone or minocycline 

after SE moderately reduced epileptogenesis-associated brain inflammation. 

Modifications in dosage and treatment duration may modulate inflammatory processes 

more effectively. 

6.2 Introduction 

Despite the availability of numerous anti-epileptic drugs, these medications fail to 

suppress seizures in approximately 30% of all epilepsy patients (Löscher et al., 2013), 

rendering it desirable to develop therapeutic strategies that target the underlying 

mechanisms rather than the symptoms of epilepsy (Pitkänen, 2010). Temporal lobe 

epilepsy, the most drug-refractory type of epilepsy (Spencer, 2002), is frequently 

preceded by brain insults which initiate a cascade of changes in the brain resulting in 

epilepsy development (Pitkänen and Lukasiuk, 2009, Löscher and Brandt, 2010). The 

period between the initiating insult and the first clinically obvious seizure, termed “latent 

period”, creates a window of opportunity for anti-epileptogenic treatment. However, no 

epilepsy-preventive therapeutic strategies have been identified to date (Löscher et al., 

2015). 

Prolonged inflammatory reactions of the brain, characterized by sustained microglial 

and astroglial activation as well as overexpression of pro-inflammatory molecules, 

have been proposed to play a causative role in epileptogenesis (Devinsky et al., 2013, 

Vezzani et al., 2013b). Evidence of inflammatory processes was revealed by in vitro 

techniques such as immunohistochemistry or autoradiography in several post-status 

epilepticus animal models (Ravizza et al., 2008, Pernot et al., 2011, Amhaoul et al., 

2015). Moreover, the availability of dedicated small animal positron emission 

tomography (PET) scanners allows serial in vivo imaging of epileptogenesis-

associated inflammatory processes (Amhaoul et al., 2015), targeting inflammation-

related structures such as the translocator protein (TSPO) which is predominantly 

expressed by activated microglia (Banati, 2002, Ory et al., 2015). Recently, our group 

has elucidated the spatiotemporal profile of microglial activation during epileptogenesis 
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in the pilocarpine rat model by longitudinal TSPO PET imaging and complementary in 

vitro techniques (Brackhan et al., 2016). Microglial activation was evident in epilepsy-

associated brain regions such as the hippocampus from 2 days to at least 3 weeks 

after status epilepticus (SE), reaching its maximum at about 1-2 weeks. Considering 

these findings, anti-inflammatory treatment may represent a promising strategy to 

counteract epileptogenesis after brain insults (Ravizza et al., 2011). 

Glucocorticoids, such as dexamethasone, interfere with a broad spectrum of 

inflammatory pathways. Used as add-on therapies to anti-epileptic drugs, 

glucocorticoids reduced the occurrence of seizures in patients with intractable pediatric 

epilepsies (Verhelst et al., 2005, Marchi et al., 2011). In line with this, dexamethasone 

treatment during chronic epilepsy in the intrahippocampal kainate mouse model 

reduced the frequency of seizure-like events in the EEG (Maroso et al., 2011a). 

Furthermore, dexamethasone administration in rats prior to pilocarpine-induced SE 

exerted beneficial insult-modifying effects (Marchi et al., 2011, Al-Shorbagy et al., 

2012). However, dexamethasone treatment immediately after pilocarpine-induced SE 

aggravated cerebral edema and reduced hippocampal volume (Duffy et al., 2014). 

Delayed start of treatment, allowing for initial protective effects of brain inflammation, 

may prevent the observed negative effects.  

Minocycline, an inhibitor of microglial activation, represents another anti-inflammatory 

treatment strategy (Bialer et al., 2015). In a two-hit SE mouse model, minocycline 

treatment after the first SE early in life revoked the increased susceptibility to the 

second SE later in life (Abraham et al., 2012). Minocycline has also been shown to 

delay kindling acquisition in amygdala-kindled rats (Beheshti Nasr et al., 2013). 

Moreover, prolonged minocycline treatment following pilocarpine-induced SE inhibited 

microglial activation assessed by immunohistochemistry during epileptogenesis, and 

reduced the frequency, duration, and severity of spontaneous recurrent seizures in the 

chronic phase of epilepsy (Wang et al., 2014). To our knowledge, no in vivo imaging 

studies evaluating the effects of minocycline treatment on epileptogenesis-associated 

neuroinflammation have been published to date. 

In the present study, we assessed the anti-inflammatory and neuroprotective efficacy 

of dexamethasone administration during the latent period in the pilocarpine rat model, 



Effects of two anti-inflammatory therapeutic approaches on epileptogenesis-
associated brain inflammation

 
 

55 

using in vitro autoradiography with the novel TSPO ligand [18F]GE180 (Wadsworth et 

al., 2012) and immunohistochemical staining of microglia, astrocytes, and neurons. We 

furthermore evaluated the effects of minocycline treatment during the latent period, 

using in vivo TSPO PET imaging with [18F]GE180. 

6.3 Materials and methods 

 Animals 

Female Sprague Dawley rats (n = 64) were obtained from Harlan Italy at a body weight 

of 200-220 g and housed either in groups of 5 in open cages under a 12/12-h light/dark 

cycle (rats used for dexamethasone treatment) or in pairs in individually ventilated 

cages under a 14/10-h light/dark cycle (rats used for minocycline treatment), with free 

access to standard laboratory chow (Altromin 1324, Lage, Germany) and water. Prior 

to use in experiments, rats were allowed to adapt to housing conditions and repeated 

handling for at least one week. Experiments 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 (reference numbers 09/1769 and 

14/1441). All efforts were made to minimize pain, suffering, and the number of animals. 

 SE-induction by pilocarpine 

In order to lower the pilocarpine dose necessary to induce SE, rats (n = 52) were pre-

treated with lithium chloride (127 mg/kg p.o. in 3 ml/kg saline; Sigma-Aldrich, 

Steinheim, Germany) 14-16 hours before pilocarpine administration. Additionally, 

methyl-scopolamine (1 mg/kg i.p. in 2 ml/kg saline; Sigma-Aldrich) was given 30 

minutes prior to pilocarpine to prevent its peripheral muscarinic side effects. 

Pilocarpine treatment was performed according to a modified version of a previously 

described fractionated dose protocol, enabling individual dosing with higher SE 

induction rate and lower mortality (Glien et al., 2001). For this purpose, the rats 

received a bolus injection of pilocarpine (pilocarpine hydrochloride in 1 ml/kg saline, 

30 mg/kg i.p.; Sigma-Aldrich), and if needed, a maximum of 3 further injections of 10 

mg/kg i.p. in 1 ml/kg saline at 30-minute intervals. Behavioral seizures were assessed 

according to Racine’s scale (Racine, 1972). The onset of SE was characterized by the 
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occurrence of frequent generalized convulsive seizures (stage 4, rearing; stage 5, 

rearing and falling) without intermediate recovery of normal behavior. SE was 

interrupted after 90 minutes by a maximum of 3 repeated diazepam injections 

(Diazepam-ratiopharm, first and second injection 10 mg/kg i.p., third injection 5 mg/kg; 

Ratiopharm GmbH, Ulm, Germany) at 15-20 minute intervals. Age-matched controls 

(n = 12) were treated identically (lithium chloride, methyl-scopolamine, diazepam) but 

received saline instead of pilocarpine. In the days following SE, rats were hand-fed 

with mashed laboratory chow and injected with glucose electrolyte solution 

(Sterofundin HEG-5, 5 ml s.c.; Braun) until resuming normal feeding behavior. 

 Treatment with dexamethasone 

Prior to SE induction, rats (n = 30) were randomly assigned to two groups: SE + 

dexamethasone (n = 15), SE + vehicle (n = 15). The first group received i.p. an initial 

dose of 4 mg/kg dexamethasone (dexamethasone sodium phosphate; Santa Cruz 

Biotechnology, Santa Cruz, USA) in 2 ml/kg saline 24 hours after SE, followed by twice 

daily injections of 2 mg/kg dexamethasone (minimum interval between injections 10 

hours) until the morning of day 6 after SE and a stepwise dose reduction until day 7 

after SE (1 mg/kg once in the evening of day 6 post SE, 0.5 mg/kg twice at day 7 post 

SE). The SE + vehicle group received i.p. injections of equivalent volumes of saline 

twice daily from 24 hours to 7 days after SE. Using identical protocols as in the two SE 

groups, age-matched control rats were either treated with saline (control + vehicle, n = 

3) or dexamethasone (control + dexamethasone, n = 9). The applied dose of 

dexamethasone was selected according to a previous study having shown insult-

modifying effects of this drug in the pilocarpine rat model (Marchi et al., 2011). The 

treatment duration was based on the time course of brain inflammation during 

epileptogenesis revealed by longitudinal [11C]PK11195 PET evaluation (Brackhan et 

al., 2016). Weaning off dexamethasone at the end of the treatment period was 

performed in order to prevent adrenal crisis. 

 Brain tissue preparation 

Following SE induction or identical treatment without pilocarpine, rats (n = 36) were 

deeply anesthetized with CO2 and decapitated after 2 days (n = 4 of SE + vehicle group, 
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n = 4 of SE + dexamethasone group, n = 3 of control + dexamethasone group), 5 days 

(n = 5 of SE + vehicle group, n = 5 of SE + dexamethasone group, n = 3 of control + 

saline group, n = 3 of control + dexamethasone group), or 14 days (n = 4 of SE + 

vehicle group, n = 2 of SE + dexamethasone group, n = 3 of control + dexamethasone 

group). Brains were instantly removed, snap frozen in isopentane, and stored at -20°C. 

Coronal 14-µm-thick slices of the brain section levels 0.0, -3.6, and -5.2 mm relative to 

bregma (Paxinos, 2007) were cut in a cryostat (Microm HM560; Schwerte, Germany) 

and mounted on Histobond slides (Marienfeld, Germany). Slides were stored at -20°C. 

 Immunohistochemistry 

Brain tissue was stained for CD11b, a marker of microglia, glial fibrillary acidic protein 

(GFAP), a marker of astrocytes, and neuronal nuclear antigen (NeuN), a neuronal 

marker. For this purpose, slices were post-fixed in 4% paraformaldehyde at 4°C for 10 

minutes and washed in TRIS-buffered saline (TBS, pH 7.6). To quench endogenous 

peroxidase activity, slides were then incubated in 0.5% H2O2 for 30 minutes, followed 

by washing in TBS. Non-specific binding was prevented by 60-minute blocking with 

10% donkey serum (for CD11b and NeuN) or 10 % pig serum (for GFAP) at room 

temperature. Subsequently, slides were incubated overnight at 4°C with the following 

primary antibodies: monoclonal mouse anti rat CD11b (1:2000; Serotec), polyclonal 

rabbit anti GFAP (1:500; Dako), or monoclonal mouse anti-NeuN (1:1500; MAB377, 

Millipore). At the following day, slides were rinsed with TBS and incubated for 90 

minutes at room temperature with the following biotinylated secondary antibodies: 

donkey anti mouse (1:1000 for CD11b, 1:500 for NeuN; Dianova), or pig anti rabbit 

(1:500 for GFAP; Dako). Slides were again washed with TBS, followed by incubation 

with Vectastain ABC reagent (Biozol) for 90 minutes. Sections were subsequently 

stained by nickel-intensified diaminobenzidine reaction for 25 minutes, with 0.025% 

H2O2 being added after the first 15 minutes. 

 Immunohistochemical analyses 

The number of neurons in the dentate hilus of the hippocampus was quantified in 

NeuN-stained sections in one hemisphere, using an image analysis system 

(AxioVision; Zeiss) as described previously (Polascheck et al., 2010). Briefly, the hilus 
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was defined as the inner borders of the granule cell layer and two straight lines 

connecting the tips of this layer to the proximal end of the CA3c region. The area of 

the hilus was measured and the number of neurons counted, considering only cells 

larger than 8 µm. Neuronal density (neurons per mm²) was calculated and averaged 

for the different brain sections of individual rats. Moreover, severity of neuronal 

damage in NeuN-stained sections of piriform and entorhinal cortices, hippocampus 

(CA1, CA3a, CA3c), thalamus, and amygdala was semi-quantitatively assessed by a 

ranking system described recently (Polascheck et al., 2010): score 0, no obvious 

neuronal cell loss; score 1, <20% neuronal cell loss; score 2, 20-50% neuronal cell 

loss; score 3, >50% neuronal cell loss. Microglial and astroglial activation in CD11b- 

and GFAP-stained sections of the brain regions mentioned above were semi-

quantitatively analyzed according to a scoring scale described before (Brackhan et al., 

Chapter 4): score 0, resting, <10% activated cells; score 1, mostly resting, ~30% 

activated cells; score 2, ~60% activated cells, some resting; score 3, >90% activated 

cells, densely packed. Neuronal, microglial, and astroglial scores were each averaged 

for the hippocampal subregions as well as for the different brain sections.  

An investigator blinded to the treatment of each rat carried out all immunohistochemical 

analyses. Microglial, astroglial, and neuronal scores of saline-treated control and SE 

animals were additionally correlated with the results of a longitudinal in vivo TSPO PET 

imaging study during SE-induced epileptogenesis (Brackhan et al., 2016). 

 Radiochemistry 

For synthesis of [18F]GE180, kryptofix 2.2.2 (4 mg, 10 µmol; Sigma-Aldrich), potassium 

bicarbonate (1 mg, 10 µmol; Sigma-Aldrich), and acetonitrile (0.5 ml; Sigma-Aldrich) 

were mixed with [18F]F in water. This reaction mixture was dried under a stream of 

nitrogen at 100°C. Subsequently, without prior cooling of the mixture, mesylate 

precursor (0.5-1.0 mg; GEHealthcare, Oslo, Norway) dissolved in 1 ml acetonitrile was 

added, followed by 10 minutes of heating at 100°C. After cooling, the crude product 

was purified by HPLC (Hichrom ACE 5 C18 column). The purified fraction was diluted 

with water, and adsorbed on a tC18 Sep-Pak cartridge (Waters). Following a washing 

step with water, the product was eluted from the cartridge with anhydrous ethanol. For 
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formulation, the ethanol solution of [18F]GE180 was diluted with saline to yield a final 

ethanol concentration of not more than 30%. 

 Autoradiography 

Brain sections adjacent to those used for immunohistochemistry were pre-incubated 

for 30 minutes at room temperature in 50 mM phosphate-buffered saline (PBS, pH 7.4) 

and subsequently incubated with [18F]GE180 (~2 MBq per 100 ml PBS) for 30 minutes. 

Slides were then rinsed in ice-cold PBS followed by washing in ice-cold distilled water 

to remove residual radiotracer and buffer salts, respectively. After drying under a 

stream of air at room temperature, slides were exposed to a high-resolution phosphor 

imaging plate (PerkinElmer) for 15 minutes. A calibration curve was generated by 

including a dilution series with known activity concentrations (range 100-450 kBq/ml in 

1.5 µl) on paper squares mounted to a microscope slide during each exposure. A 

Cyclone scanner (PerkinElmer) was used for digitalizing the imaging plate. Digitalized 

images were co-registered to a 3D volume of interest atlas, using PMOD software 

(PMOD Technologies, Zurich, Switzerland). Gray scale values were quantified in the 

hippocampus, entorhinal cortex, piriform cortex, amygdala, and thalamus by an 

investigator blinded to the previous treatment of each rat. To calculate activity 

concentration (Bq/pixel), gray scale values were interpolated to the calibration curve. 

Autoradiography data obtained from saline-treated control and SE rats were also used 

in the separate study mentioned above (Brackhan et al., 2016). 

 Treatment with minocycline 

As side effects were observed during dexamethasone treatment (see results), an 

alternative treatment strategy was employed for evaluation by serial TSPO PET 

imaging. Before SE induction, rats (n = 22) were randomly distributed into two groups: 

SE + minocycline (n = 11), SE + vehicle (n = 11).  The first group received daily i.p. 

injections of 25 mg/kg minocycline (minocycline hydrochloride; Tokyo Chemical 

Industry) in 2 ml/kg saline over 8 days, starting 1 day after SE. Rats of the latter group 

were injected with saline instead of minocycline. The selected dose of minocycline has 

previously been demonstrated to delay kindling acquisition in the amygdala kindling rat 

model (Beheshti Nasr et al., 2013). Treatment was timed according to the time profile 
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of microglial activation in the pilocarpine rat model, recently revealed by our group 

(Brackhan et al., 2016). 

 PET imaging procedure 

Minocycline- and saline-treated rats were subjected to [18F]GE180 PET scans before 

SE (n = 9) as well as 1 week (n = 5 of SE + minocycline group, n = 6 of SE + vehicle 

group) and 2 weeks (n = 6 of SE + minocycline group, n = 7 of SE + vehicle group) 

after SE. The number of PET acquisitions performed for each time point depended on 

the availability of [18F]GE180 as well as on the mortality after SE and was therefore 

subject to variation. During all imaging procedures, animals were under inhalational 

isoflurane anesthesia (1.5–2.5% at an oxygen flow of 1.0 L/min) with continuous 

monitoring of heart rate and respiration (BioVet, m2m imaging). For acquisition of PET 

images, a dedicated small animal PET camera (Inveon PET scanner, Siemens) was 

used. Rats were placed prone in an imaging chamber (Minerve), which was then 

positioned to display the brain at the center field of view. [18F]GE180 (23.45 ± 0.60 

MBq [mean ± standard error of the mean, range 14.59–30.56 MBq]) was injected via 

a cannula inserted into a lateral tail vein. Instantly following injection, a dynamic PET 

acquisition was performed over 60 minutes. List-mode data were histogrammed to 32 

frames of 52s, 45s, 310s, 830s, 560s, 4300s, and 3600s. For reconstruction 

of images, an iterative ordered subset expectation maximization 3-dimensional / 

maximum a posteriori (OSEM3D / fastMAP) algorithm with corrections for decay, 

attenuation, randoms, and scatter was applied. A previously obtained external source 

transmission scan was used for attenuation correction (57Co source, 20-minute 

acquisition). Furthermore, a low resolution CT scan (Inveon CT, Siemens) was 

performed following PET imaging in order to provide anatomical information for image 

analysis. 

 PET image analysis and kinetic modeling 

Image analysis and kinetic modeling were completed using PMOD software. For co-

registering PET images to an MRI template (Schiffer et al., 2006), CT images were 

matched to both their corresponding PET images and the MRI template. Subsequently, 

a region of interest (ROI) template (Schwarz et al., 2006) based on the MRI atlas was 
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applied to the co-registered images. [18F]GE180 uptake was quantified as percent 

injected dose per cubic centimeter of tissue (%ID/cc) in the hippocampus, entorhinal 

cortex, piriform cortex, amygdala, and thalamus. For kinetic modeling of PET data, 

volumes of interest (16.0 mm3 cuboid) were defined for the left and right carotid artery 

in the dynamic images and averaged in order to generate time activity curves of whole 

blood (Thackeray et al., 2015). Using these whole blood time activity curves as image-

derived input functions, time activity curves of the ROIs mentioned above were fitted 

to a two-tissue compartment model (Jucaite et al., 2012). Kinetic constants obtained 

from the two-tissue compartment model were used to calculate the volume of 

distribution (VT) representing an indirect measure of regional [18F]GE180 binding. As 

an additional kinetic modeling approach, the simplified reference tissue model 

(Lammertsma and Hume, 1996) with cerebellar gray matter as reference tissue was 

used to assess the TSPO binding potential (BPND). 

 Statistics 

All data are presented as means ± standard error of the mean (SEM). Statistical 

analyses were completed using Prism 5 GraphPad software. Non-parametric scoring 

data of dexamethasone- and saline-treated SE rats were compared using the Kruskal-

Wallis test, followed by Dunn’s post hoc test for multiple comparisons. One-way 

analysis of variance (ANOVA) with Bonferroni’s post hoc test for multiple comparisons 

was used to test for differences in hilar neuronal density as well as in [18F]GE180 in 

vitro binding between dexamethasone- and saline-treated SE rats. The 14-day time 

point was omitted from these comparisons due to the low number of animals in the 

dexamethasone-treated group (n = 2). [18F]GE180 in vivo data were compared 

between minocycline- and saline-treated rats by one-way ANOVA, followed by 

Bonferroni’s post hoc test for multiple comparisons. Values of p < 0.05 were considered 

statistically significant. 

6.4 Results 

 SE induction rate and anti-inflammatory treatment  

Dexamethasone treatment 
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Administration of lithium-pilocarpine induced SE in all 15 rats of the SE + vehicle group 

and in 14 out of 15 rats of the SE + dexamethasone group (overall induction rate 

96.7%), requiring an overall average pilocarpine dose of 39.0 ± 1.3 mg/kg (range 30-

50 mg/kg). The rat which did not develop SE was excluded from all further experiments. 

In the SE + vehicle group, 2 rats died within the first 48 hours after SE (mortality rate 

13.3%). In the SE + dexamethasone group, 2 rats died, one each at 48 hours and 5 

days after SE, and 1 rat was euthanized 9 days after SE (mortality rate 21.4%). 

Necropsy of the euthanized rat revealed gastrointestinal ulcerations, evidence of which 

was also detected in one of the SE + dexamethasone rats sacrificed at 14 days after 

SE. No deaths occurred in the two control groups, however, redness of the gastric 

mucosa was apparent in the control + dexamethasone rats decapitated at the 14-day 

time point. Moreover, dexamethasone treatment negatively affected body weight (data 

not shown). In both the SE + vehicle group and the SE + dexamethasone group, body 

weight decreased in the days following SE. However, while body weight re-approached 

control levels at 4 days after SE in the SE + vehicle group, it further decreased until 9 

days after SE in the SE + dexamethasone group before increasing again until 14 days 

after SE. The control + dexamethasone group presented with weight loss similar to 

that seen in the SE + dexamethasone group from the third day of treatment until 1 day 

after the end of treatment. Subsequently, body weight was increasing again until 7 

days after the end of treatment. 

Minocycline treatment 

SE was inducible in 10 out of 11 rats of the SE + vehicle group and in all 11 rats of the 

SE + minocycline group (overall induction rate 95.5%), requiring an overall average 

pilocarpine dose of 35.2 ± 1.1 mg/kg (range 30-40 mg/kg). The rat which did not 

develop SE was excluded from all further experiments. In the SE + vehicle group, 1 rat 

died 24 hours after SE (mortality rate 10.0%). In the minocycline-treated group, 3 rats 

died within the first 48 hours after SE having received only one minocycline injection, 

and 1 rat died 6 days post SE (mortality rate 36.4%). With the majority of rats dying 

shortly after SE and necropsy of the rat that died at 6 days after SE revealing no 

abnormalities, the observed mortality in the SE + minocycline group may be related to 

SE rather than to drug treatment. In both the SE + vehicle group and the SE + 
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minocycline group, body weight decreased in the days following SE without inter-group 

differences and returned to baseline levels at about 1 week after SE (data not shown). 

 Effects of dexamethasone on microglial and astroglial activation 

and neuronal damage 

Effects of dexamethasone treatment on epileptogenesis-associated microglial 

activation were assessed by [18F]GE180 in vitro autoradiography and CD11b 

immunohistochemistry. Following SE, both the SE + vehicle group and the SE + 

dexamethasone group presented with elevated TSPO in vitro binding, increasing until 

14 days post SE in the hippocampus, piriform and entorhinal cortices, amygdala, and 

thalamus (Figure 1A). Pharmacotherapy with dexamethasone significantly decreased 

TSPO in vitro binding in the amygdala by 19% compared to vehicle treatment at 5 days 

after SE (9.64 ± 0.44 Bq/pixel in the SE + vehicle group vs. 7.83 ± 0.51 Bq/pixel in the 

SE + dexamethasone group, p < 0.05). No significant effects of dexamethasone 

treatment were observed in the other brain regions investigated following SE. The 

control + dexamethasone group showed levels of TSPO in vitro binding similar to the 

control + vehicle group at all investigated time points. 

Scores of microglial activation in CD11b-stained brain sections of both the SE + vehicle 

group and the SE + dexamethasone group, increased until 5-14 days after SE in the 

hippocampus, piriform and entorhinal cortices, amygdala, and thalamus (Figure 1B). 

Treatment with dexamethasone resulted in a significant reduction of microglial 

activation scores in the hippocampus by 35% compared to vehicle treatment at 5 days 

after SE (1.62 ± 0.10 in the SE + vehicle group vs. 1.05 ± 0.20 in the SE + 

dexamethasone group, p < 0.05). At this time point, decreased microglial activation 

scores compared to the SE + vehicle group also seemed to be apparent in the piriform 

and entorhinal cortices, amygdala, and thalamus of dexamethasone-treated rats but 

did not reach significance. Only sporadic and very mild activation of microglia was 

present in brain sections of both the control + vehicle group and the control + 

dexamethasone group. 
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Figure 1: Effects of dexamethasone treatment on epileptogenesis-associated microglial 

activation assessed by TSPO autoradiography and CD11b immunostaining. 
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(A) Dexamethasone treatment for up to 7 days during epileptogenesis, starting 24 hours after SE, 

reduced TSPO in vitro binding in the amygdala at 5 days post SE. Data are presented as mean ± SEM, 

with a group size of n = 3-5 per time point (the 14-day time point was omitted from comparison due to a 

size of n = 2 of the SE + dexamethasone group). Statistical analysis was performed by one-way ANOVA 

and Bonferroni’s post hoc test (*p < 0.05 compared to SE + vehicle group at the respective time point). 

(B) Dexamethasone treatment as described above decreased scores of microglial activation in the 

hippocampus. Data are shown as mean ± SEM, with a group size of n = 3-5 per time point (the 14-day 

time point was not included in comparison due to a size of n = 2 of the SE + dexamethasone group). 

Statistical analysis was completed by Kruskal-Wallis test and Dunn’s post hoc test (*p < 0.05 compared 

to SE + vehicle group at the respective time point). 
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Figure 2: Effects of dexamethasone treatment on epileptogenesis-associated astroglial 

activation assessed by GFAP immunostaining. 

Dexamethasone treatment for up to 7 days during epileptogenesis, starting 24 hours after SE did not 

affect astroglial activation. All data are presented as mean ± SEM, with a group size of n = 3-5 per time 

point (the 14-day time point was omitted from comparisons due to a size of n = 2 of the SE + 

dexamethasone group). Statistical analysis was completed by Kruskal-Wallis test and Dunn’s post hoc 

test (*p < 0.05 compared to SE + vehicle group at the respective time point). 

Effects of dexamethasone treatment on astroglial activation were investigated by 

GFAP immunohistochemistry. Astroglial activation scores of both the SE + vehicle 

group and the SE + dexamethasone group increased until 5-14 days after SE in the 

hippocampus, piriform and entorhinal cortices, amygdala, and thalamus (Figure 2). No 
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differences in astroglial activation scores were observed between the SE + vehicle 

group and the SE + dexamethasone group at any time point post SE or in any brain 

region investigated. Only very sporadic activation of astrocytes was present in brain 

sections of both the control + vehicle group and the control + dexamethasone group. 
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Figure 3: Effects of dexamethasone treatment on epileptogenesis-associated neuronal 

cell loss assessed by NeuN immunostaining. 

Dexamethasone treatment for up to 7 days during epileptogenesis, starting 24 hours after SE did not 

affect neuronal cell loss (A,B). All data are presented as mean ± SEM, with a group size of n = 3-5 per 

time point (the 14-day time point was omitted from comparisons due to a size of n = 2 of the SE + 

dexamethasone group). For neuronal density (A), statistical analysis was performed by one-way 

ANOVA and Bonferroni’s post hoc test (*p < 0.05 compared to SE + vehicle group at the respective time 

point). For scores of neuronal cell loss (B), statistical analysis was completed by Kruskal-Wallis test and 

Dunn’s post hoc test (*p < 0.05 compared to SE + vehicle group at the respective time point). 
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Staining for NeuN demonstrated decreased neuronal density in the hippocampal hilus 

(Figure 3A) and increased scores of neuronal cell loss in the hippocampus, piriform 

and entorhinal cortices, amygdala, and thalamus (Figure 3B) as early as 2 days after 

SE in both the SE + vehicle group and the SE + dexamethasone group. No 

neuroprotective effect of dexamethasone treatment was evident at any time point post 

SE or in any brain region investigated. No neuronal cell loss was observed in brain 

sections of the control + vehicle group or the control + dexamethasone group. 

 Effects of minocycline on TSPO in vivo imaging 

 

Figure 4: Representative coronal images of [18F]GE180 uptake (%ID/cc) before SE and 

at selected time points during epileptogenesis in rats treated with either saline or 

minocycline following SE. 

Treatment with minocycline from 1-8 days after SE had no effect on epileptogenesis-associated 

increased [18F]GE180 uptake. 

Effects of minocycline treatment on epileptogenesis-associated microglial activation 

were evaluated by serial [18F]GE180 PET imaging of TSPO expression. Following SE, 

both the SE + vehicle group and the SE + minocycline group presented with elevated 

[18F]GE180 uptake in the hippocampus, piriform and entorhinal cortices, amygdala, 

and thalamus (Figure 4,5A). No differences in tracer uptake between minocycline- and 

vehicle-treated animals were apparent at any time point post SE or in any brain region 

investigated. Similar results were observed for [18F]GE180 BPND (Figure 5B).  



Effects of two anti-inflammatory therapeutic approaches on epileptogenesis-
associated brain inflammation

 
 

68 

Amygdala

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

A

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

Entorhinal cortex

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

Piriform cortex

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

Hippocampus dorsal

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

Hippocampus ventral

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

Thalamus

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.2

0.4

0.6

0.8

%
 i
n

je
c

te
d

 d
o

s
e

/c
c

 

Amygdala

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Entorhinal cortex

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Piriform cortex

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Hippocampus dorsal

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Hippocampus ventral

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Thalamus

B
as

el
in

e

S
E 1

 w

S
E +

 M
in

o 1
 w

S
E 2

 w

S
E +

 M
in

o 2
 w

0.0

0.5

1.0

1.5

2.0

B
in

d
in

g
 p

o
te

n
ti

a
l

 

Figure 5: Effect of minocycline treatment on epileptogenesis-associated increases in 

uptake and binding potential of the TSPO tracer [18F]GE180. 
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Minocycline treatment for 8 days during epileptogenesis, starting 24 hours after SE, did not affect 

increased [18F]GE180 uptake (A) or BPND (B). Data are presented as mean ± SEM, with a group size of 

n = 5-8 per time point. Statistical analysis was performed by one-way ANOVA and Bonferroni’s post hoc 

test (*p < 0.05 compared to SE + vehicle group at the respective time point). 

When comparing the volumes of distribution of [18F]GE180 between the SE + vehicle 

group and the SE + minocycline group (Figure 6), significant reductions of VT were 

evident in the SE + minocycline group at 1 week post SE in the entorhinal cortex (24% 

reduction, 3.66 ± 0.32 in the SE + vehicle group vs. 2.77 ± 0.38 in the SE + minocycline 

group, p < 0.05) and ventral hippocampus (29% reduction, 3.72 ± 0.25 in the SE + 

vehicle group vs. 2.66 ± 0.53 in the SE + minocycline group, p < 0.05), and at 1 and 2 

weeks post SE in the piriform cortex (21% reduction at 1 week, 3.58 ± 0.30 in the SE 

+ vehicle group vs. 2.83 ± 0.33 in the SE + minocycline group, and 23% reduction at 2 

weeks, 3.29 ± 0.04 in the SE + vehicle group vs. 2.54 ± 0.07 in the SE + minocycline 

group, p < 0.05, respectively). 
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Figure 6: Effect of minocycline treatment on epileptogenesis-associated increases in 

distribution volume of the TSPO tracer [18F]GE180. 
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Minocycline treatment for 8 days during epileptogenesis, starting 24 hours after SE, reduced elevated 

[18F]GE180 VT in the entorhinal cortex and ventral hippocampus at 1 week post SE as well as in the 

piriform cortex between 1 and 2 weeks post SE. Data are presented as mean ± SEM, with a group size 

of n = 5-8 per time point. Statistical analysis was performed by one-way ANOVA and Bonferroni’s post 

hoc test (*p < 0.05 compared to SE + vehicle group at the respective time point). 

6.5 Discussion 

In this study, we demonstrated that dexamethasone treatment for up to 7 days during 

epileptogenesis, beginning at 24 hours after SE, leads to a moderate reduction in 

microglial activation, assessed by [18F]GE180 in vitro autoradiography and CD11b 

immunohistochemistry, at 5 days after SE in single temporal regions. However, 

continuous weight loss and signs of gastritis and stomach ulcerations were apparent 

in dexamethasone-treated rats. Secondly, we observed that minocycline treatment for 

8 days during epileptogenesis, starting at 24 hours after SE, resulted in moderate 

reductions in VT of the TSPO ligand [18F]GE180 in certain temporal regions at 1 week 

or between 1 and 2 weeks after SE, depending on the region investigated. 

 Effects of dexamethasone treatment 

Autoradiography and immunohistochemistry data of saline-injected control and SE rats 

were described and discussed in detail in a previous study (Brackhan et al., 2016). 

Briefly, elevated TSPO in vitro binding as well as microglial and astroglial activation 

were evident in temporal regions during epileptogenesis, increasing until 5-14 days 

after SE. Prominent neuronal cell loss was observed as early as 2 days after SE. We 

chose the glucocorticoid dexamethasone as a therapeutic approach as this agent has 

been shown to interfere with a broad spectrum of inflammatory pathways (Rhen and 

Cidlowski, 2005). Treatment strategies inhibiting single inflammatory pathways have 

demonstrated limited efficacy in preventing epileptogenesis (Jung et al., 2006, Holtman 

et al., 2009, Polascheck et al., 2010, Noe et al., 2013). Therefore, approaches targeting 

a broader spectrum of inflammatory features may be a more promising alternative. We 

evaluated effects of dexamethasone treatment on epileptogenesis-associated 

alterations in the brain to gain first short-term insights into the potential of this agent to 

interfere with insult-induced epileptogenesis. As dexamethasone treatment instantly 

following pilocarpine-induced SE has been shown to exacerbate brain injury (Duffy et 
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al., 2014), we started treatment at 24 hours after SE, thus allowing for initial protective 

effects of brain inflammation (Devinsky et al., 2013). 

When assessing microglial activation by CD11b immunohistochemistry, decreased 

activation scores of dexamethasone-treated rats were evident at 5 days post SE in the 

hippocampus, whereas [18F]GE180 in vitro autoradiography revealed reduced TSPO 

binding at the same time point in the amygdala. This difference may be attributed to 

the fact that analysis of CD11b staining was performed in a semi-quantitative fashion, 

while TSPO binding represents a quantitative measure and thus may reflect the extent 

of microglial activation more accurately. However, both techniques demonstrated that 

dexamethasone treatment during epileptogenesis resulted in only moderate reductions 

in microglial activation. This finding was unexpected, as a lower dose of 

dexamethasone (1 mg/kg once daily over 12 days) has been shown to substantially 

reduce microglial activation in a rat model of multiple sclerosis (de Paula Faria et al., 

2014). Moreover, the same dose as we used (2 mg/kg twice daily) applied for 2 days 

has been found to exert insult-modifying effects in the pilocarpine rat model (Marchi et 

al., 2011). On the other hand, a previous study investigating prolonged treatment with 

liposomal methylprednisolone following electrically induced SE in rats did not report 

any inhibitory effects on microglial activation (Holtman et al., 2014). 

One possible explanation for the moderate efficacy of dexamethasone observed in our 

study is that delayed onset of dexamethasone treatment after SE may still exacerbate 

cerebral edema similar to what has been described in the previous study mentioned 

above (Duffy et al., 2014). Likewise, the dexamethasone dose applied in our study may 

also facilitate brain edema formation. Cerebral edema may lead to extravasation of 

serum components such as albumin, which promotes brain inflammation (Cacheaux 

et al., 2009, Gorter et al., 2015) and thus counteracts any inhibitory effects of 

dexamethasone on inflammatory pathways. If the selected treatment regimen in fact 

aggravates brain injury, dose reduction and possibly further delay of treatment onset 

e.g. to 48 hours after SE may lead to more pronounced anti-inflammatory effects and 

less side effects. 

Reduced availability of dexamethasone in the brain may be an alternative explanation. 

Based on the observation that P-glycoprotein knockout mice show increased brain 
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penetration of dexamethasone compared to wild type mice, dexamethasone has been 

proposed to be a substrate of the multidrug transporter P-glycoprotein in the blood-

brain barrier (Meijer et al., 1998). In naïve rats, dexamethasone treatment has been 

demonstrated to increase expression of P-glycoprotein in blood-brain barrier 

endothelial cells (Perloff et al., 2004). Therefore, dexamethasone may be subject to 

increased efflux out of the brain, reducing its efficacy in modulating brain-resident 

inflammatory cells. However, as mentioned above dexamethasone administration prior 

to pilocarpine-induced SE reduced SE induction rate and exerted a protective effect 

on the blood-brain barrier (Marchi et al., 2011) This effect may be mainly attributed to 

peripheral actions of dexamethasone. Pilocarpine activates leukocytes circulating in 

the blood, which in turn may invade the brain, thus increasing the permeability of the 

blood-brain barrier and lowering the seizure threshold (Marchi et al., 2012). Pre-

treatment with dexamethasone may prevent this increase in vascular permeability by 

lowering the expression of adhesion molecules and therefore decrease SE induction 

rate (Marchi et al., 2011, Marchi et al., 2012). Similarly, dexamethasone may reduce 

microglial activation in the multiple sclerosis model mentioned above by decreasing 

brain infiltration of peripheral leukocytes, one of the hallmarks of the disease (de Paula 

Faria et al., 2014). As brain inflammation following SE may be mainly characterized by 

activation of resident glial cells (Ravizza et al., 2008), limited brain penetration of 

dexamethasone may account for the observed moderate efficacy in decreasing 

microglial activation. In rats, distribution of dexamethasone in the hippocampus has 

been shown to be less pronounced compared to hippocampal distribution of 

corticosterone, an endogenous glucocorticoid (Dekloet et al., 1975, Birmingham et al., 

1993). This possible explanation is further supported by studies revealing increased 

expression of P-glycoprotein at 48 hours after pilocarpine-induced SE in rats 

(Bankstahl and Löscher, 2008, Bankstahl et al., 2011). At this time point, no differences 

in microglial activation were evident between saline- and dexamethasone-treated rats. 

If brain penetration of dexamethasone is in fact limited due to increased efflux, 

treatment approaches combining dexamethasone and other anti-inflammatory drugs 

may increase anti-inflammatory efficacy. 

Neuronal cell loss and astroglial activation were not affected by dexamethasone 

treatment. The lack of any neuroprotective effect may be related to the limited extent 
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of anti-inflammatory effects. Prominent neuronal cell loss was evident before subtle 

decreases in microglial activation were observed in dexamethasone-treated rats. Thus, 

brain inflammation may have already contributed to neuronal damage via 

overexpression of neurotoxic factors (Devinsky et al., 2013) before having been 

moderately decreased by dexamethasone treatment. Furthermore, early neuro-

degeneration may also be attributed to insult-associated glutamate release and free-

radical formation (During and Spencer, 1993, Frantseva et al., 2000, Bankstahl et al., 

2008), which is not affected by delayed dexamethasone treatment. Activated 

astrocytes not only play a key role in neuroinflammation but also form a glial scar 

following neuronal cell loss (Carson et al., 2006). This process of scar formation may 

not be influenced by anti-inflammatory treatment, which may explain the observed lack 

of any effect on reactive astrogliosis. 

In contrast to the study of Duffy et al., 2014, that observed increased mortality within 

the first week after SE in rats treated with dexamethasone immediately following SE 

(Duffy et al., 2014), in our study dexamethasone treatment starting 24 hours post SE 

did not increase mortality in the early phase following SE. However, we observed 

considerable side effects, namely stomach ulcerations and weight loss, in 

dexamethasone-treated control and SE animals. Subsequent test treatments 

combining omeprazole and dexamethasone in naïve rats reduced stomach ulcerations 

but did not prevent weight loss (data not shown). The limited anti-inflammatory efficacy 

of the selected dose of dexamethasone and the observed side effects prompted us to 

change our anti-inflammatory therapeutic strategy.  

 Effects of minocycline treatment 

In accordance with our previous longitudinal TSPO PET imaging study using 

[11C]PK11195 (Brackhan et al., 2016), TSPO expression mainly indicative of microglial 

activation was substantially enhanced at 1 and 2 weeks after SE in vehicle-treated 

rats. Compared to [11C]PK11195 BPND in our previous study, [18F]GE180 BPND in the 

current study was more prominently increased during epileptogenesis. This is in line 

with an in vivo imaging study in a rat model of neuroinflammation, demonstrating 

increased [18F]GE180 BPND compared to [11C]PK11195 BPND and thus indicating that 

[18F]GE180 is more sensitive in detecting TSPO upregulation (Dickens et al., 2014).  
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Treatment with 25 mg/kg minocycline over 8 days during epileptogenesis resulted in 

moderately decreased VT of [18F]GE180 compared to vehicle-treated animals in the 

ventral hippocampus and entorhinal cortex at 1 week post SE, and in the piriform cortex 

at 1 and 2 weeks post SE. Although we had selected the minocycline dose with the 

objective not to completely suppress microglial activation as to allow for potential 

beneficial effects of brain inflammation (Devinsky et al., 2013), this rather limited 

efficacy was unexpected. As minocycline readily crosses the blood-brain barrier (Bialer 

et al., 2015), reduced brain penetration is improbable to account for this. A dose of 25 

mg/kg administered once daily over 10 days has been shown to delay kindling 

acquisition in the amygdala kindling rat model, however microglial activation has not 

been assessed in that study (Beheshti Nasr et al., 2013). In a mouse model of SE 

induced by systemic kainate administration during early life, a dose of 20 mg/kg 

injected once daily over 7 days following SE decreased microglial activation to a more 

pronounced extent than that demonstrated in the present study (Abraham et al., 2012). 

This may be attributed to differences in agents used for SE-induction. In the kainate 

rat model, variations in SE severity have been demonstrated (Dedeurwaerdere et al., 

2012a), whereas no such variations have been described for SE induced by 

pilocarpine. Furthermore, sensitivity to SE-associated alterations has been shown to 

be age-dependent (Dube et al., 2001). Thus, SE in adult animals may induce more 

severe microglial activation than SE in juvenile animals. In the pilocarpine rat model, a 

dose of 45 mg/kg minocycline administered daily for 14 days, beginning immediately 

after SE, inhibited microglial activation almost completely and exerted a disease-

modifying effect (Wang et al., 2014). However, the development of epilepsy was not 

prevented in any rats. Doses between the one selected for the present study and the 

one used by Wang et al., may more substantially reduce microglial activation without 

suppressing it completely, thus leading to a shift from a pathologic to a beneficial glial 

response that may counteract epileptogenesis. 

In contrast to VT, no obvious differences were detectable between vehicle- and 

minocycline-treated rats when comparing [18F]GE180 uptake or BPND. This is in line 

with a recent TSPO PET imaging study in TLE patients, in which elevated tracer VT 

was revealed compared to healthy control subjects, whereas no significant differences 

between the two groups were apparent when comparing uptake or regional-to-



Effects of two anti-inflammatory therapeutic approaches on epileptogenesis-
associated brain inflammation

 
 

75 

cerebellar uptake ratios (Gershen et al., 2015). Tracer uptake is influenced by various 

potential confounders such as tissue perfusion or tracer metabolism, for which fitting 

time activity curves of blood and ROIs to a two-tissue compartment model 

compensates (Huang, 2000). In patients in the early phase after traumatic brain injury 

when disruptions of the blood-brain barrier are likely to occur, BPND derived from the 

simplified reference tissue model using cerebellum as a reference represented TSPO 

binding less reliably than BPND or VT derived from the two-tissue compartment model 

(Folkersma et al., 2009). Blood-brain barrier damage has been demonstrated during 

epileptogenesis in epilepsy-associated brain regions in the pilocarpine rat model  

(Ravizza et al., 2008). Nevertheless, no conflicting data regarding the validity of the 

cerebellum as a reference tissue have been reported in animal models of 

epileptogenesis to date. Submitted data of our group (Breuer et al.) have not shown 

evidence of blood-brain barrier damage in the cerebellum. However, more pronounced 

reductions in microglial activation due to minocycline treatment during epileptogenesis 

may have been reflected not only by decreased tracer Vt but also by decreased tracer 

uptake or BPND. For instance, minocycline treatment after focal cerebral ischemia in 

rats reduced uptake of the TSPO tracer [18F]DPA-714 in the infarcted area (Martin et 

al., 2011).  

6.6 Conclusion 

Anti-inflammatory treatment with dexamethasone or minocycline after SE in the 

lithium-pilocarpine rat model moderately reduced epileptogenesis-associated 

microglial activation. Modifications in dosage and treatment duration may lead to more 

pronounced modulation of brain inflammation, which can be non-invasively monitored 

by serial PET imaging of TSPO. 
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7 Discussion 

Insult-initiated brain inflammation has been proposed to play a causative role in 

epilepsy development (Vezzani et al., 2013b). Preclinical nuclear imaging may be a 

valuable tool to non-invasively assess epileptogenesis-associated brain inflammation 

and thus identify this process as a predictive biomarker with translational potential 

(Dedeurwaerdere et al., 2014). Furthermore, brain inflammation may represent a 

treatment target for prevention or attenuation of epileptogenesis (Ravizza et al., 2011). 

In this work, the spatiotemporal profiles of brain inflammation during SE-initiated 

epileptogenesis were characterized by longitudinal PET imaging of TSPO in the 

lithium-pilocarpine rat model and in the intrahippocampal kainate mouse model. 

Imaging results correlated strongly with the results of TSPO in vitro autoradiography 

and immunohistochemical staining of microglia in the lithium-pilocarpine rat model, 

thus substantiating the validity of TSPO in vivo imaging to identify epileptogenesis-

associated brain inflammation. Anti-inflammatory treatment with dexamethasone 

during epileptogenesis following pilocarpine-induced SE moderately reduced 

microglial activation, assessed by TSPO in vitro autoradiography and CD11b 

immunohistochemistry, but was associated with side effects. Similarly, an alternative 

anti-inflammatory therapeutic strategy using minocycline led to moderate reductions in 

TSPO expression measured by PET imaging. Modifications in the treatment protocols 

may result in more pronounced modulation of brain inflammation. 

7.1 Serial PET imaging of TSPO upregulation in two animal 

models of epileptogenesis 

In both the pilocarpine rat model and the intrahippocampal kainate mouse model, 

nearly 100% of the animals have been shown to develop spontaneous recurrent 

seizures and thus chronic epilepsy (Gröticke et al., 2008, Polascheck et al., 2010, 

Heinrich et al., 2011, Rattka et al., 2011). Furthermore, brain inflammation has been 

previously detected by in vitro techniques such as immunohistochemistry during 

epileptogenesis in both models (Ravizza et al., 2008, Pernot et al., 2011). Therefore, 

these models represented promising candidates for assessing the validity of TSPO 

PET imaging to characterize the complete spatiotemporal profile of epileptogenesis-

associated neuroinflammation. Upregulation of TSPO expression predominantly 
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reflects activation of resident microglia and invading peripheral macrophages, and is 

thus indicative of brain inflammation (Banati, 2002, Ory et al., 2015). 

 Spatial distribution of TSPO upregulation 

In the lithium-pilocarpine rat model, enhanced in vivo uptake of the TSPO ligand 

[11C]PK11195 following SE was mainly evident in the hippocampus, piriform and 

entorhinal cortices, amygdala, and thalamus. As tracer uptake was not increased in 

the cerebellum, cerebellar gray matter was used as a reference tissue for quantification 

of BPND with the simplified reference tissue model. The spatial distribution of elevated 

BPND during epileptogenesis was identical to that of increased tracer uptake. In line 

with our findings, epileptogenesis-associated microglial activation after pilocarpine-

induced SE has been previously detected by immunohistochemical staining in the 

hippocampus (Ravizza et al., 2008, Shapiro et al., 2008, Estrada et al., 2012) and 

piriform cortex (Raquel Rossi et al., 2013), whereas the other brain regions mentioned 

above have not been investigated. Moreover, the hippocampus, entorhinal cortex, 

amygdala, and thalamus have been previously demonstrated to be sites of increased 

expression of the pro-inflammatory cytokine IL-1β and its receptor during 

epileptogenesis after pilocarpine-induced SE (Ravizza et al., 2008). These brain 

regions have been suggested to be involved in seizure generation and spread in 

human TLE (Chang and Lowenstein, 2003, Bertram, 2009). 

In the intrahippocampal kainate mouse model, increased [18F]GE180 brain uptake 

following SE was most pronounced in the hippocampus ipsilateral to the injection site. 

This was expected as epileptic seizures in human TLE commonly originate from a 

unilateral focus incorporating the hippocampus (Chang and Lowenstein, 2003, 

Bertram, 2009). In concordance with this finding, previous immunohistochemical 

studies in the intrahippocampal kainate mouse model have reported epileptogenesis-

associated microglial activation in the ipsilateral hippocampus (Pernot et al., 2011, 

Zattoni et al., 2011). In the contralateral hippocampus tracer uptake was also found to 

be enhanced, although less pronounced than in the ipsilateral hippocampus. Similarly, 

microglial activation has been revealed by immunohistochemical staining in the 

contralateral hippocampus after SE induced by intrahippocampal kainate injection 

(Pernot et al., 2011). The observation that inflammatory processes affect the 
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contralateral hippocampus may be related to involvement of this region in seizure 

generation. EEG recordings in the intrahippocampal kainate mouse model have shown 

high voltage sharp waves, events representative of seizure activity, in both the 

ipsilateral and the contralateral hippocampus (Riban et al., 2002). Moderately elevated 

[18F]GE180 uptake was also evident in the ipsilateral thalamus after SE. In the studies 

mentioned above, inflammatory processes have not been assessed in the thalamus. 

Nonetheless, evidence of involvement of thalamic nuclei in seizure initiation and 

spread in human TLE (Bertram et al., 2008) supports this finding. Moreover, neuronal 

damage in thalamic nuclei following intrahippocampal injection of kainate in rats has 

been previously described (Jarrard, 2002). 

In the lithium-pilocarpine rat model, TSPO upregulation during epileptogenesis is 

widespread, affecting various brain regions bilaterally, whereas in the intrahippo-

campal mouse model increases in TSPO expression are most prominent in the 

ipsilateral hippocampus. Differences in SE severity due to dissimilar administration 

routes of the SE-inducing agents, most likely account for the observed differences in 

spatial distribution of TSPO upregulation in the two epileptogenesis models. 

Systemically administered pilocarpine penetrates the whole brain and induces SE 

characterized by continuous generalized convulsive seizure activity that leads to 

widespread lesions involving hippocampal and parahippocampal regions, amongst 

others (Turski et al., 1983). In contrast, intrahippocampal kainate injection induces a 

limbic SE predominantly confined to the hippocampus, during which generalized 

convulsive seizures are rarely observed and which results in focal lesions mainly 

affecting the injected hippocampus (Bouilleret et al., 1999, Riban et al., 2002).  

 Time course of TSPO upregulation  

In the lithium-pilocarpine rat model, increases in [11C]PK11195 uptake occurred 

between 2 days and 3 weeks after SE, peaking at about 1 week after SE. 

Correspondingly, elevated [11C]PK11195 BPND values were evident between 2-5 days 

and 3 weeks after SE, reaching their maximum at 1-2 weeks after SE, depending on 

the brain region investigated. The observed time profile of epileptogenesis-associated 

TSPO upregulation is in accordance with a previous immunohistochemical study in the 

pilocarpine rat model, reporting microgliosis between 3 and 21 days after SE, with a 
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peak at 15 days after SE (Raquel Rossi et al., 2013). Corresponding to the peak of 

TSPO expression shown in the present work, another immunohistochemical study 

demonstrated pronounced microglial activation at 2 weeks after pilocarpine-induced 

SE, which was subsequently decreasing in the following weeks (Estrada et al., 2012). 

In contrast to the present findings, microglial activation assessed by immunohisto-

chemical staining has been previously found to occur already within the first 24 hours 

after pilocarpine-induced SE (Ravizza et al., 2008, Shapiro et al., 2008). In the study 

of Shapiro et al., 2008 SE was interrupted after 120 minutes, whereas in the current 

work SE interruption was performed after 90 minutes. Prolonged SE may initiate a 

more severe inflammatory response. However, Ravizza et al., 2008 interrupted SE 

after 90 minutes. Moreover, benzodiazepines as used for SE interruption in the present 

work have been shown to terminate SE insufficiently, thus resulting in its recurrence 

(Brandt et al., 2015). Therefore, variations in the timing of SE interruption are unlikely 

to account for the observed differences in onset of microgliosis. Differences in 

assessment of microglial activation could provide a possible explanation. Ravizza et 

al., 2008 performed a qualitative analysis of morphology and staining intensity, 

whereas in the current work TSPO binding was calculated, thus providing a 

quantitative measure of the extent of microglial activation. On the other hand, Shapiro 

et al., 2008 quantified microglial activation by pixel-based image analysis and 

furthermore performed a morphometric analysis. The latter analysis revealed 

continuous changes in microglial cell morphology from 1-5 days post SE, suggesting 

activation increasing over time, which may be associated with stepwise TSPO 

upregulation. 

In accordance with the present findings in the lithium-pilocarpine rat model, a recent 

study reported elevated TSPO in vitro binding as well as microglial activation in 

temporal brain regions as early as 2 days after kainate-induced SE in rats, with a peak 

at 2 weeks after SE (Amhaoul et al., 2015). Additionally, PET imaging of TSPO at 

selected time points between 1 and 6 weeks after kainate-induced SE corresponded 

to these in vitro results (Dedeurwaerdere et al., 2012a, Amhaoul et al., 2015). The two 

rat models share very similar features concerning brain lesions and epilepsy 

development following SE (Leite et al., 2002). 
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In the intrahippocampal kainate mouse model, elevated [18F]GE180 brain uptake in the 

ipsilateral hippocampus was observed between 2 days and at least 7 weeks after SE, 

reaching its maximum at about 5-7 days after SE. The revealed time course is 

supported by findings of previous immunohistochemical studies reporting microglial 

activation in the injected hippocampus between 3 days and at least 21-28 days post 

SE (Pernot et al., 2011, Zattoni et al., 2011) as well as at > 6 weeks after SE (Maroso 

et al., 2011a). The temporal profile of increased tracer uptake in the contralateral 

hippocampus corresponded to that observed in the ipsilateral hippocampus. In 

accordance with this finding, microglial activation has previously been demonstrated 

in the hippocampus contralateral to the injection site at 3 days post SE (Pernot et al., 

2011) and at > 6 weeks after SE (Maroso et al., 2011a). Contrary to the results of the 

present work, Pernot et al., 2011 did not detect microglial activation in the contralateral 

hippocampus at 7 and 21 days post SE. Furthermore, the peak in microglial activation 

in the injected hippocampus was already evident at 3 days post SE. The use of different 

mouse strains in the two studies may account for the observed discrepancies. In the 

study of Pernot et al., 2011 inbred C57BL/6 mice were used, whereas in the current 

work outbred NMRI mice were used. The extent of hippocampal neuronal damage 

following SE induced by systemic pilocarpine administration has been previously 

demonstrated to be lower in C57BL/6 mice compared to NMRI mice (Müller et al., 

2009a, Bankstahl et al., 2012b). This may also account for the extent of inflammatory 

reactions following SE induced by intrahippocampal kainate injection. In the ipsilateral 

thalamus, [18F]GE180 uptake reached its maximum as early as 2 days after SE and 

was declining after 5-7 days post SE. As mentioned above, microglial activation has 

not been described before in this brain region in the intrahippocampal kainate mouse 

model.  

Intrahippocampal injections may represent brain insults per se, potentially eliciting 

inflammatory reactions. Therefore, [18F]GE180 brain uptake was compared between 

kainate- and saline-injected animals at 2 and 5-7 days after injection. In sham-injected 

mice, moderately elevated tracer uptake compared to baseline values was observed 

at both investigated time points in the same brain regions as in kainate-injected mice. 

In comparison to sham-injected mice, kainate-injected mice demonstrated increased 

tracer uptake in the ipsilateral and contralateral hippocampus at both investigated time 

points and in the ipsilateral thalamus at 2 days after SE. These results indicate that 
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inflammatory reactions in the hippocampus and thalamus are predominantly attributed 

to SE and only to a low extent to the injection process per se. This is in line with 

immunohistochemical studies showing microglial cells mainly in their resting state in 

the ipsilateral hippocampus of saline-injected mice (Pernot et al., 2011, Zattoni et al., 

2011). However, the injection process per se elicited a moderate inflammatory 

response in the cortical area above the injected hippocampus and the ipsilateral 

striatum, which may be attributed to the proximity of these regions to the injection site. 

In the present work, increases in [11C]PK11195 brain uptake or BPND were not 

observed at 14-16 weeks after lithium-pilocarpine-induced SE when chronic epilepsy 

was established. This observation is contrary to previous immunohistochemical studies 

in the pilocarpine model reporting microglial activation at 4 months (Ravizza et al., 

2008) and 6 months following SE (Papageorgiou et al., 2015). In the kainate rat model, 

microglial activation assessed by immunohistochemistry and TSPO in vitro 

autoradiography was still present at 3 months after SE (Amhaoul et al., 2015). 

Moreover, increased TSPO expression has been previously detected in TLE patients 

by PET imaging (Gershen et al., 2015), and in surgically resected sclerotic 

hippocampal tissue of TLE patients by autoradiography (Sauvageau et al., 2002). 

Similar to the findings in the lithium-pilocarpine rat model, [18F]GE180 uptake was 

shown to re-approach baseline levels in both the ipsilateral and the contralateral 

hippocampus between 7 and 14-15 weeks after SE induced by intrahippocampal 

kainate injection in mice. As TSPO upregulation was still evident at 7 weeks after SE, 

a time point at which chronic epilepsy has been long established (Maroso et al., 

2011a), the subsequent decrease in TSPO signal was unexpected.  

Although no EEG-video-monitoring was performed to confirm onset of epilepsy, all rats 

and mice were expected to be epileptic at 14-16 weeks post SE, as nearly 100% of the 

animals have been shown to develop spontaneous recurrent seizures after SE induced 

by pilocarpine or intrahippocampal kainate injection in previous studies (Gröticke et al., 

2008, Polascheck et al., 2010, Heinrich et al., 2011, Rattka et al., 2011). Inter- and 

intraindividual variations in seizure frequency may account for not detecting alterations 

in TSPO signal at 14-16 weeks after SE in the two models. Recently, a correlation 

between the extent of TSPO in vitro upregulation and the frequency of spontaneous 

recurrent seizures has been demonstrated in the kainate rat model (Amhaoul et al., 
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2015). In line with this, in a rat model of chronic epilepsy after electrically induced SE, 

in vivo uptake of [11C]PK11195 differed between pharmacoresistant rats and rats 

responding to phenobarbital treatment, implying an influence of seizure frequency on 

TSPO expression (Bogdanovic et al., 2014).  

Limitations in quantification of TSPO expression may be an alternative explanation. A 

recent TSPO PET imaging study in TLE patients revealed elevations in tracer volume 

of distribution both ipsilateral and contralateral to the seizure focus compared to 

healthy control subjects (Gershen et al., 2015). However, these significant differences 

between the two groups were not observed when comparing uptake or regional-to-

cerebellar uptake ratios. Calculation of distribution volume using the two-tissue 

compartment model requires an arterial input function. In the [11C]PK11195 PET 

imaging study in the lithium-pilocarpine rat model, repeated blood sampling to generate 

an arterial input function was not practicable due to the longitudinal character of the 

evaluation. Deriving input functions from blood pools in the images was not possible 

either. This may be attributed to low signal-to-noise ratios of [11C]PK11195 (Venneti et 

al., 2013). In the [18F]GE180 PET imaging study in the intrahippocampal kainate mouse 

model, no kinetic modeling analysis could be performed as PET images were acquired 

in a static mode.  

A third possible explanation may be interindividual differences in TSPO binding affinity. 

In humans, three TSPO binding patterns have been identified: high-affinity binding, 

mixed-affinity binding, and low-affinity binding (Owen et al., 2011). As the animals have 

been imaged repeatedly and increases in TSPO expression have been evident in all 

subjects during epileptogenesis, different binding patterns unlikely account for not 

detecting TSPO upregulation at 14-16 weeks after SE. 

In summary, epileptogenesis-associated TSPO upregulation followed similar time 

courses in the lithium-pilocarpine rat model and the intrahippocampal kainate mouse 

model. A minor difference was evident in the peak of TSPO expression, which occurred 

between 1 and 2 weeks after pilocarpine-induced SE, and at 5-7 days after SE induced 

by intrahippocampal kainate injection. This may be attributed to differences in the 

length of the latent period. For the pilocarpine rat model, the duration of the latent 

period has been shown to range from > 1 week to > 3 weeks (Rattka et al., 2011, 

Brandt et al., 2015). In the intrahippocampal kainate mouse model, the latent period 
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can be comparably shorter ranging from 3 days to 14 days in duration (Riban et al., 

2002, Gouder et al., 2003, Maroso et al., 2011a). 

 Correlation between in vivo imaging and in vitro techniques 

To substantiate the validity of TSPO PET imaging to reliably identify epileptogenesis-

associated brain inflammation, in vitro autoradiography and immunohistochemistry 

were performed at selected time points in the lithium-pilocarpine rat model. The results 

of these complementary in vitro techniques were correlated to those obtained by 

[11C]PK11195 PET imaging. 

The spatiotemporal profile of TSPO in vitro binding revealed by [18F]GE180 in vitro 

autoradiography corresponded to that demonstrated for TSPO in vivo upregulation, 

with BPND correlating more strongly to TSPO in vitro binding than uptake values. While 

tracer uptake represents both specifically and free ligand, BPND is a direct measure of 

specific ligand-receptor interaction (Mintun et al., 1984). This is likely to account for the 

comparably stronger correlation of BPND to in vitro autoradiography assessing receptor 

binding. Moreover, uptake may be affected by factors such as tissue perfusion or tracer 

metabolism, confounders, which kinetic modeling compensates for (Huang, 2000). 

Therefore, BPND appears to be a more accurate measure of TSPO upregulation than 

tracer uptake. 

Microglial and astroglial activation assessed by immunohistochemical staining of 

CD11b and GFAP, respectively, were evident in the hippocampus, piriform and 

entorhinal cortices, amygdala and thalamus during epileptogenesis. Both processes 

followed similar time courses, with increases being observed until at least 5 or 14 days 

post SE. This is in accordance with previous immunohistochemical studies describing 

parallel activation of microglia and astrocytes after pilocarpine-induced SE (Ravizza et 

al., 2008, Shapiro et al., 2008, Raquel Rossi et al., 2013). Scores of microglial 

activation showed highly significant correlations to both [11C]PK11195 in vivo BPND and 

[18F]GE180 in vitro binding, which was expected as reactive microglia have been 

demonstrated to upregulate TSPO expression (Banati, 2002). Comparable to activated 

microglia, blood-derived macrophages infiltrating the brain from the periphery feature 

pronounced TSPO expression. As microglia and macrophages are difficult to 

distinguish by their surface antigens (Perego et al., 2011), no immunohistochemical 
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differentiation between the two cell types was performed in the present work. Scores 

of astroglial activation showed equally strong correlations to both [11C]PK11195 in vivo 

BPND and [18F]GE180 in vitro binding. Whether and to which extent reactive astrocytes 

upregulate TSPO expression remains controversial (Venneti et al., 2013). In a rat 

model of neuroinflammation elicited by intracerebral injection of lipopolysaccharides, 

corresponding areas of microgliosis and increased TSPO in vitro binding were 

demonstrated. (Dickens et al., 2014). Although the area of astrogliosis was also shown 

to be located within the area of enhanced TSPO in vitro binding, it was noticeably 

smaller. In the same animal model, TSPO expression by activated microglia, as 

revealed by double immunostaining, was considerably higher than TSPO expression 

by activated astrocytes (Ory et al., 2015). In a rat model of stroke, reactive microglia 

and astrocytes both showed upregulations in TSPO expression (Martin et al., 2010). 

However, the time course of microglial activation but not of astroglial activation 

corresponded to the PET-derived time profile of in vivo TSPO expression. These 

previous findings imply that the strong correlation between TSPO binding and reactive 

astrogliosis observed in the present work may be attributed to similar time courses in 

microglial and astroglial activation after SE rather than to TSPO upregulation in 

astrocytes. 

Inflammatory processes observed following SE in the current work, may contribute to 

epileptogenesis in various ways. Pro-inflammatory molecules released mainly by 

activated microglia and astrocytes (Ravizza et al., 2008), may exert pro-convulsive 

activity by enhancing the function of glutamate receptors, inducing changes in ion 

currents, and promoting the expression of genes involved in cell death, neurogenesis, 

and synaptic reorganization (Maroso et al., 2011b, Vezzani, 2014). Furthermore, pro-

inflammatory mediators may play a role in disrupting astrocytic homeostatic functions 

(Aronica et al., 2012, Devinsky et al., 2013). Reactive astrocytes have been suggested 

to promote neuronal hyperexcitability due to impairments in glutamate clearance as 

well as in water and potassium buffering (Jabs et al., 2008, Robel et al., 2015). 

Additionally, inflammatory mediators may contribute to blood-brain barrier leakage 

observed in rat models of epileptogenesis as early as 24 hours after SE (Ravizza et 

al., 2008, van Vliet et al., 2014). Upon extravasation into brain parenchyma, serum 

proteins such as albumin impair astrocytic functions and promote brain inflammation 

(Cacheaux et al., 2009, Gorter et al., 2015).  
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Evidence suggests that epileptogenesis-associated neuronal cell loss may promote 

brain inflammation and vice versa (Librizzi et al., 2012). In the current work, a weak yet 

significant correlation was found between neuronal cell loss and both [11C]PK11195 in 

vivo BPND and [18F]GE180 in vitro binding after pilocarpine-induced SE. A previous 

immunohistochemical study in the pilocarpine model has shown that microglial 

activation and neuronal cell loss only corresponded partially in chronic epileptic rats 

(Papageorgiou et al., 2015), which may also be the case for the stage of 

epileptogenesis. Phagocytic removal of cell debris by activated microglia may provide 

an explanation for the observed significance of the correlation between microgliosis 

and neurodegeneration. On the other hand, the rather low correlation coefficient may 

be attributed to neuronal cell death not being the only trigger of brain inflammation. In 

fact, continuous seizure activity during SE and blood-brain barrier damage may also 

elicit brain inflammation (Gorter et al., 2015). Moreover, neuronal less loss was found 

to already reach its maximum extent at 2 days after SE, whereas both TSPO 

upregulation and microglial activation were shown to first start increasing at that time 

point. Thus, early neurodegeneration may be predominantly triggered by insult-

associated glutamate release and free-radical formation (During and Spencer, 1993, 

Frantseva et al., 2000, Bankstahl et al., 2008) rather than by inflammatory processes, 

providing another possible explanation for the weak nature of the correlation. 

 Conclusion and outlook 

To conclude, PET imaging of TSPO has been shown to strongly correlate to TSPO in 

vitro autoradiography and microglia immunohistochemistry, thus providing a reliable 

tool to identify neuroinflammation during epileptogenesis. In this work, the 

spatiotemporal profile of brain inflammation was elucidated in two rodent models of 

epileptogenesis by longitudinal TSPO PET imaging. These findings provide further 

evidence for a potential causative role of insult-associated brain inflammation in 

epileptogenesis, and pave the way for future imaging studies investigating whether 

inflammatory processes can serve as a biomarker predictive of epilepsy development. 

This purpose requires the use of experimental models in which only part of the animals 

develops epilepsy. The lithium-pilocarpine model in 21-day-old rats fulfils this 

requirement (Dube et al., 2001). Following SE induced at 21 days post natum, 24% of 

the rats developed spontaneous recurrent seizures after a latent period of 2-3 months 
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and in another 43%, seizures could be elicited by handling, whereas 33% did not 

become epileptic. Another model fulfilling this requirement is a rat model of febrile SE 

induced by hyperthermia, in which 30-40% of the animals develop epilepsy (Dube et 

al., 2006, Choy et al., 2014b). Furthermore, in the adult lithium-pilocarpine rat model it 

has recently been discovered that when SE is interrupted by a drug combination of 

diazepam, phenobarbital, and scopolamine, only half of the rats develop spontaneous 

recurrent seizures (Brandt et al., 2015, Bröer and Löscher, 2015). In these animal 

models, serial imaging of TSPO combined with EEG-video-monitoring, may elucidate 

whether inflammatory processes correlate with epilepsy development. 

7.2 Effects of anti-inflammatory treatment 

This work and previous studies have identified inflammatory processes in animal 

models of epileptogenesis, implying that these processes contribute to epilepsy 

development. Therefore, anti-inflammatory treatment may represent a promising 

strategy to counteract epileptogenesis. As therapeutic approaches inhibiting single 

inflammatory pathways have shown limited efficacy in preventing or attenuating 

epileptogenesis (Jung et al., 2006, Holtman et al., 2009, Polascheck et al., 2010, Noe 

et al., 2013), strategies targeting a broader spectrum of inflammatory features may 

provide a more efficient alternative. Glucocorticoids such as dexamethasone interfere 

with a variety of inflammatory pathways (Rhen and Cidlowski, 2005), rendering them 

candidate drugs for potentially anti-epileptogenic therapy. Moreover, experimental and 

clinical evidence proposes glial cells as promising therapeutic targets (Binder and 

Carson, 2013). Treatment with minocycline, a tetracycline analogue and inhibitor of 

microglial activation (Bialer et al., 2015), may thus be another potentially epilepsy-

preventive strategy. In the present work, short-term effects of dexamethasone and 

minocycline treatment on epileptogenesis-associated brain alterations in the lithium-

pilocarpine rat model were evaluated in order to gain first impressions on whether 

these drugs may qualify for potentially anti-epileptogenic treatment. Treatment was 

started 24 hours after SE to allow for initial protective effects of brain inflammation 

(Devinsky et al., 2013). The duration of treatment was scheduled according to the time 

course of neuroinflammation revealed by [11C]PK11195 PET imaging in the current 

work. 
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 Effects of dexamethasone treatment 

Dexamethasone treatment for up to 7 days during epileptogenesis lowered scores of 

microglial activation assessed by CD11b immunohistochemistry at 5 days post SE in 

the hippocampus. Contrary to this finding, [18F]GE180 in vitro autoradiography did not 

reveal reduced TSPO binding in the hippocampus but in the amygdala of 

dexamethasone-treated rats at 5 days after SE. In contrast to immunohistochemistry 

scores of microglial activation that have been assessed semi-quantitatively, TSPO 

binding has been quantified using a calibration curve and thus may represent a more 

accurate measure of the extent of microglial activation. However, both techniques have 

shown reductions in microglial activation during or following dexamethasone treatment 

to be very moderate. Similarly, prolonged treatment with liposomal methylpred-

nisolone, another glucocorticoid, following electrically induced SE in rats has been 

demonstrated to not inhibit epileptogenesis-associated microglial activation (Holtman 

et al., 2014). Nonetheless, the present results were still unexpected, as the dose of 2 

mg/kg of dexamethasone administered twice a day for 2 days before SE induction by 

pilocarpine in rats has been shown to reduce the SE incidence rate and prevent SE-

associated blood-brain barrier damage (Marchi et al., 2011). Furthermore, a lower 

dose of 1 mg/kg given once a day for 12 days in a rat model of multiple sclerosis has 

been demonstrated to result in a pronounced reduction of microglial activation (de 

Paula Faria et al., 2014). 

A previous study reported that dexamethasone treatment immediately after 

pilocarpine-induced SE in rats exacerbated cerebral edema compared to vehicle-

treated SE rats (Duffy et al., 2014). Delayed onset of dexamethasone treatment after 

SE may still aggravate cerebral edema. Similarly, the selected dexamethasone dose 

may also facilitate brain edema formation. This may promote extravasation of serum 

proteins such as albumin into the brain parenchyma, which in turn triggers 

inflammatory processes (Cacheaux et al., 2009, Gorter et al., 2015). Consequently, 

inhibitory effects of dexamethasone on inflammatory pathways may be counteracted 

by enhanced edema formation, which provides a possible explanation for observing 

only moderate reductions in microglial activation during and after treatment. If this is in 

fact the case, a dose reduction may lead to more pronounced effects.   
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An alternative explanation for the observed limited efficacy of dexamethasone in 

reducing microglial activation may be reduced availability of the drug in the brain. In 

rats, dexamethasone has been demonstrated to penetrate the hippocampus to a lesser 

extent than corticosterone, an endogenous glucocorticoid (Dekloet et al., 1975, 

Birmingham et al., 1993). Evidence from P-glycoprotein knockout mice, revealing 

enhanced brain penetration of dexamethasone compared to wild type mice, suggests 

that dexamethasone may be a substrate of the multidrug transporter P-glycoprotein in 

the blood-brain barrier and may thus be subject to efflux out of the brain (Meijer et al., 

1998). Increased expression of P-glycoprotein in blood-brain barrier endothelial cells 

has been evident following dexamethasone treatment in naïve rats (Perloff et al., 

2004). In the pilocarpine rat model, expression of P-glycoprotein has been shown to 

be increased at 2 days after SE (Bankstahl and Löscher, 2008, Bankstahl et al., 2011). 

At this time point, microglial activation has been similar between saline- and 

dexamethasone-treated rats in the present work. However, the lack of a difference at 

2 days post SE may also be attributed to the delayed onset of treatment. If 

dexamethasone penetration of the brain is in fact restricted by P-glycoprotein, 

peripheral actions of dexamethasone more than its direct action in the brain may 

account for the beneficial effects exerted by this drug in the studies mentioned above. 

Pilocarpine has been shown to activate leukocytes circulating in the blood, which may 

increase the permeability of the blood-brain barrier and thus lower the seizure 

threshold (Marchi et al., 2012). As dexamethasone reduces the expression of cellular 

adhesion molecules, pre-treatment with this drug may counteract increased vascular 

permeability, leading to decreased SE induction rate. In the multiple sclerosis model, 

dexamethasone therapy may have modulated microgliosis by inhibiting brain infiltration 

of peripheral leukocytes, one of the key features of the disease (de Paula Faria et al., 

2014). In brain inflammation triggered by SE, activation of resident glial cells appears 

to be a major hallmark (Devinsky et al., 2013, Vezzani et al., 2013b). This may explain 

why dexamethasone substantially reduced microglial activation in a multiple sclerosis 

model and only moderately in the lithium-pilocarpine model. In contrast, 

dexamethasone has been shown to reduce the occurrence of seizures in patients with 

intractable pediatric epilepsies, when used as an add-on therapy to anti-epileptic drugs 

(Verhelst et al., 2005, Marchi et al., 2011). On the one hand, dexamethasone may not 

be a substrate for human P-glycoprotein. On the other hand, this effect may be 
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attributed to the combinational treatment approach. Thus, combining dexamethasone 

with other potentially anti-epileptogenic drugs may be a more efficient strategy. 

Dexamethasone treatment did not reduce astroglial activation or neuronal cell loss at 

any investigated time point, which may likewise be attributed to limited brain 

penetration of dexamethasone. However, even if this is the case, other factors may 

also account for this lack of effects, as microgliosis has been shown to be moderately 

reduced in contrast to astrogliosis and neuronal cell loss. Aggravated cerebral edema 

as discussed above may also trigger astrogliosis, as serum protein extravasation into 

the brain parenchyma has been shown to predominantly disturb astrocytic functions 

(Cacheaux et al., 2009). Furthermore, reactive astrocytes not only are key players in 

neuroinflammation but also form glial scars in areas of neuronal cell loss (Carson et 

al., 2006). Anti-inflammatory treatment may not affect this process of scar formation. 

The lack of any neuroprotective effect may be associated with the limited anti-

inflammatory efficacy of dexamethasone. Neuronal cell loss has been shown to 

already reach its maximum extent before moderate decreases in microglial activation 

were evident in dexamethasone-treated rats. Therefore brain inflammation may have 

already exerted detrimental effects on neurons via overexpression of neurotoxic 

factors (Devinsky et al., 2013) prior to moderate anti-inflammatory effects of 

dexamethasone. Moreover, insult-associated glutamate release and free-radical 

formation, which are not affected by delayed dexamethasone treatment, have been 

shown to essentially contribute to early neurodegeneration (During and Spencer, 1993, 

Frantseva et al., 2000, Bankstahl et al., 2008) 

In the study of Duffy et al., 2014 mentioned above, not only exacerbated brain edema 

but also increased mortality within the first week after SE was observed in rats treated 

with dexamethasone immediately following SE compared to vehicle-treated SE rats 

(Duffy et al., 2014). In the present work, dexamethasone treatment starting 24 hours 

after pilocarpine-induced SE has not been shown to increase mortality in the early 

phase following SE. However, considerable side effects, namely stomach ulcerations 

and weight loss, were apparent in dexamethasone-treated control and SE animals. 

Subsequent test treatments in naïve rats with combinations of omeprazole and 

dexamethasone substantially reduced stomach ulcerations but had no effect on weight 

loss (data not shown). This side effect may be attributed to muscle loss due to 
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increases in protein catabolism, and additionally to fluid imbalance as dexamethasone 

has been shown to enhance diuresis without affecting water intake (Liu, 2010). Future 

studies assessing the effects of dexamethasone treatment on epileptogenesis-

associated alterations will require dose reductions in order to prevent side effects. 

 Effects of minocycline treatment 

In line with the results of the longitudinal [11C]PK11195 PET imaging study in the 

lithium-pilocarpine rat model, pronounced increases in [18F]GE180 uptake, VT and 

BPND were evident at 1 and 2 weeks after SE in vehicle-treated rats. Once daily 

treatment with 25 mg/kg minocycline from day 1 to day 8 after SE moderately 

decreased [18F]GE180 VT compared to vehicle-treated animals in the ventral 

hippocampus and entorhinal cortex at 1 week post SE, and in the piriform cortex at 1 

and 2 weeks post SE. Contrarily, no differences in [18F]GE180 uptake or BPND were 

apparent between vehicle- and minocycline-treated rats at any time point.  

This discrepancy is in accordance with a recent clinical TSPO PET imaging study, 

which reported increased tracer VT but not uptake or regional-to-cerebellar uptake 

ratios in TLE patients compared to healthy control subjects (Gershen et al., 2015). 

Tracer uptake can be influenced by various factors such as tissue perfusion or tracer 

metabolism (Huang, 2000). Fitting the time activity curves of blood and ROIs to a two-

tissue compartment model compensates for these potential confounders. Moreover, in 

traumatic brain injury patients in the early phase after injury, BPND quantified by the 

simplified reference tissue model with cerebellum as a reference represented TSPO 

binding less reliably than BPND or VT derived from the two-tissue compartment model 

(Folkersma et al., 2009). Increased variability in kinetic constants of the TSPO tracer 

observed during the early phase after traumatic brain injury suggested increased 

permeability of the blood-brain barrier in this phase, which may affect the suitability of 

this region as a reference tissue. Blood-brain barrier leakage has been shown during 

epileptogenesis in epilepsy-associated brain regions such as the hippocampus in the 

pilocarpine rat model (Ravizza et al., 2008). Thus far, no conflicting data regarding the 

validity of using the cerebellum as a reference region have been reported in animal 

models of epileptogenesis. Submitted MRI data of our group suggest no affection of 

this region (Breuer et al.). However, more substantial reduction of epileptogenesis-
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associated TSPO upregulation due to minocycline treatment following SE may have 

been reflected not only by decreased tracer Vt  but also by decreased tracer uptake or 

BPND. For instance, in a stroke rat model reduced uptake of the TSPO tracer [18F]DPA-

714 was evident in the infarcted area following minocycline treatment after focal 

cerebral ischemia (Martin et al., 2011). 

The minocycline dose applied (25 mg/kg) was selected with the objective not to fully 

suppress microglial activation in order to enable potential beneficial effects of brain 

inflammation (Devinsky et al., 2013). Nonetheless, the rather moderate reduction in 

TSPO upregulation was unexpected. Limited brain penetration is not a likely 

explanation as minocycline easily crosses the blood-brain barrier (Bialer et al., 2015). 

The same dose injected once daily over 10 days in rats during amygdala kindling, 

effected a delay in kindling acquisition (Beheshti Nasr et al., 2013). However, no 

evaluation of microglial activation was performed in that study. A dose of 20 mg/kg 

administered once daily over 7 days in mice after SE induced by systemic kainate 

application during early life, modulated microgliosis more substantially than in the 

present work (Abraham et al., 2012). Age differences may account for this, as severity 

of SE-induced alterations has been demonstrated to increase with age (Dube et al., 

2001). Consequently, in adult animals, as used in the present study, SE may initiate 

more severe microgliosis than in juvenile animals, as used in the study of Abraham et 

al., 2012. Differences in agents used for SE-induction may be another possible 

explanation. Interindividual variations in severity have been demonstrated for SE 

induced by kainate in rats (Dedeurwaerdere et al., 2012a), whereas no such variations 

have been described for pilocarpine-induced SE. A dose of 45 mg/kg minocycline 

given daily for 14 days in the pilocarpine rat model, with treatment onset immediately 

after SE, suppressed microglial activation almost completely at 3 days post SE and 

decreased the frequency, duration, and severity of spontaneous recurrent seizures 

during chronic epilepsy but did not prevent epilepsy development (Wang et al., 2014). 

Doses between the one selected for the present work and the one used by Wang et 

al., 2014, may lead to more pronounced reductions in microglial activation without fully 

inhibiting this process. This may induce a shift from a pathologic glial response to one 

that is beneficial and thus may counteract epileptogenesis. 
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 Conclusion and outlook 

To conclude, anti-inflammatory treatment with dexamethasone or minocycline after 

lithium-pilocarpine-induced SE in rats resulted in moderate reductions in 

epileptogenesis-associated microglial activation. Furthermore, dexamethasone 

treatment was associated with considerable side effects. Reductions in the 

administered dose of dexamethasone, possibly in combination with minocycline or 

other anti-inflammatory agents targeting glial activation, may lead to a more substantial 

modulation of brain inflammation with fewer side effects. Increases in the given dose 

of minocycline and prolonged treatment duration may inhibit microglial activation more 

effectively without completely suppressing this process. Longitudinal PET imaging of 

TSPO will be a reliable tool to non-invasively monitor therapeutic efficacy of future anti-

inflammatory treatment approaches. 



References

 
 

98 

8 References 

Abraham J, Fox PD, Condello C, Bartolini A, Koh S (2012) Minocycline attenuates microglia activation and 

blocks the long-term epileptogenic effects of early-life seizures. Neurobiology of Disease 46:425-430. 

Ahmadirad N, Shojaei A, Javan M, Pourgholami MH, Mirnajafi-Zadeh J (2014) Effect of minocycline on 

pentylenetetrazol-induced chemical kindled seizures in mice. Neurological Sciences 35:571-576. 

Al-Shorbagy MY, El Sayeh BM, Abdallah DM (2012) Diverse effects of variant doses of dexamethasone in 

lithium-pilocarpine induced seizures in rats. Can J Physiol Pharmacol 90:13-21. 

Alf MF, Wyss MT, Buck A, Weber B, Schibli R, Kraemer SD (2013) Quantification of brain glucose 

metabolism by F-18-FDG PET with real-time arterial and image-derived input function in mice. Journal 

of Nuclear Medicine 54:132-138. 

Amhaoul H, Hamaide J, Bertoglio D, Reichel SN, Verhaeghe J, Geerts E, Van Dam D, De Deyn PP, Kumar-

Singh S, Katsifis A, Van Der Linden A, Staelens S, Dedeurwaerdere S (2015) Brain inflammation in a 

chronic epilepsy model: Evolving pattern of the translocator protein during epileptogenesis. 

Neurobiology of Disease 82:526-539. 

Amhaoul H, Staelens S, Dedeurwaerdere S (2014) Imaging brain inflammation in epilepsy. Neuroscience 

279:238-252. 

André V, Dubé C, François J, Leroy C, Rigoulot M-A, Roch C, Namer IJ, Nehlig A (2007) Pathogenesis and 

Pharmacology of Epilepsy in the Lithium-pilocarpine Model. Epilepsia 48:41-47. 

Aronica E, Crino PB (2011) Inflammation in epilepsy: Clinical observations. Epilepsia 52:26-32. 

Aronica E, Ravizza T, Zurolo E, Vezzani A (2012) Astrocyte immune responses in epilepsy. Glia 60:1258-

1268. 

Banati RB (2002) Visualising microglial activation in vivo. Glia 40:206-217. 

Bankstahl JP, Bankstahl M (2012) Präklinische Positronen-Emissions-Tomographie-Studien in 

Epilepsiemodellen. Z Epileptol 25:200-207. 

Bankstahl JP, Bankstahl M, Kuntner C, Stanek J, Wanek T, Meier M, Ding XQ, Muller M, Langer O, Loscher 

W (2011) A Novel Positron Emission Tomography Imaging Protocol Identifies Seizure-Induced 

Regional Overactivity of P-Glycoprotein at the Blood-Brain Barrier. Journal of Neuroscience 31:8803-

8811. 

Bankstahl JP, Hoffmann K, Bethmann K, Loscher W (2008) Glutamate is critically involved in seizure-

induced overexpression of P-glycoprotein in the brain. Neuropharmacology 54:1006-1016. 

Bankstahl JP, Löscher W (2008) Resistance to antiepileptic drugs and expression of P-glycoprotein in two 

rat models of status epilepticus. Epilepsy Research 82:70-85. 



References

 
 

99 

Bankstahl M, Bankstahl JP, Löscher W (2012a) Inter-individual variation in the anticonvulsant effect of 

phenobarbital in the pilocarpine rat model of temporal lobe epilepsy. Experimental Neurology 234:70-

84. 

Bankstahl M, Müller CJ, Wilk E, Schughart K, Löscher W (2012b) Generation and characterization of 

pilocarpine-sensitive C57BL/6 mice as a model of temporal lobe epilepsy. Behavioural Brain Research 

230:182-191. 

Barnes PJ (1998) Anti-inflammatory actions of glucocorticoids: molecular mechanisms: Clinical Science 

(London) 94(6):557-72. 

Beach TG, Woodhurst WB, MacDonald DB, Jones MW (1995) Reactive microglia in hippocampal sclerosis 

associated with human temporal lobe epilepsy. Neuroscience Letters 191:27-30. 

Beheshti Nasr SM, Moghimi A, Mohammad-Zadeh M, Shamsizadeh A, Noorbakhsh SM (2013) The effect of 

minocycline on seizures induced by amygdala kindling in rats. Seizure : the journal of the British 

Epilepsy Association 22:670-674. 

Ben-Ari Y, Cossart R (2000) Kainate, a double agent that generates seizures: two decades of progress. 

Trends in Neurosciences 23:580-587. 

Berg AT, Berkovic SF, Brodie MJ, Buchhalter J, Cross JH, Boas WvE, Engel J, French J, Glauser TA, 

Mathern GW, Moshe SL, Nordli D, Plouin P, Scheffer IE (2010) Revised terminology and concepts for 

organization of seizures and epilepsies: Report of the ILAE Commission on Classification and 

Terminology, 2005-2009. Epilepsia 51:676-685. 

Bertorelli R, Adami M, Di Santo E, Ghezzi P (1998) MK 801 and dexamethasone reduce both tumor necrosis 

factor levels and infarct volume after focal cerebral ischemia in the rat brain. Neuroscience Letters 

246:41-44. 

Bertram EH (2009) Temporal lobe epilepsy: Where do the seizures really begin? Epilepsy & Behavior 14:32-

37. 

Bertram EH, Zhang D, Williamson JM (2008) Multiple roles of midline dorsal thalamic nuclei in induction 

and spread of limbic seizures. Epilepsia 49:256-268. 

Bialer M, Johannessen SI, Levy RH, Perucca E, Tomson T, White HS (2015) Progress report on new 

antiepileptic drugs: A summary of the Twelfth Eilat Conference (EILAT XII). Epilepsy Research 111:85-

141. 

Bialer M, White HS (2010) Key factors in the discovery and development of new antiepileptic drugs. Nature 

Reviews Drug Discovery 9:68-82. 

Binder DK, Carson MJ (2013) Glial cells as primary therapeutic targets for epilepsy. Neurochemistry 

International 63:635-637. 



References

 
 

100 

Birmingham M, Sar M, Stumpf W (1993) Dexamethasone target sites in the central nervous system and their 

potential relevance to mental illness. Cell Mol Neurobiol 13:373-386. 

Blumcke I, Beck H, Lie AA, Wiestler OD (1999) Molecular neuropathology of human mesial temporal lobe 

epilepsy. Epilepsy Research 36:205-223. 

Bogdanovic RM, Syvanen S, Michler C, Russmann V, Eriksson J, Windhorst AD, Lammertsma AA, de Lange 

EC, Voskuyl RA, Potschka H (2014) (R)- 11C PK11195 brain uptake as a biomarker of inflammation and 

antiepileptic drug resistance: evaluation in a rat epilepsy model. Neuropharmacology 85:104-112. 

Borges K, Gearing M, McDermott DL, Smith AB, Almonte AG, Wainer BH, Dingledine R (2003) Neuronal and 

glial pathological changes during epileptogenesis in the mouse pilocarpine model. Experimental 

Neurology 182:21-34. 

Bouilleret V, Ridoux V, Depaulis A, Marescaux C, Nehlig A, La Salle GL (1999) Recurrent seizures and 

hippocampal sclerosis following intrahippocampal kainate injection in adult mice: 

Electroencephalography, histopathology and synaptic reorganization similar to mesial temporal lobe 

epilepsy. Neuroscience 89:717-729. 

Boutin H, Murray K, Pradillo J, Maroy R, Smigova A, Gerhard A, Jones PA, Trigg W (2015) F-18-GE-180: a 

novel TSPO radiotracer compared to C-11-R-PK11195 in a preclinical model of stroke. European 

Journal of Nuclear Medicine and Molecular Imaging 42:503-511. 

Brackhan M, Bascunana P, Postema JM, Ross TL, Bengel FM, Bankstahl M, Bankstahl JP (2016) Serial 

quantitative TSPO-targeted PET reveals peak microglial activation up to two weeks after an 

epileptogenic brain insult. Journal of Nuclear Medicine 7:172494. 

Brandt C, Glien M, Potschka H, Volk H, Loscher W (2003) Epileptogenesis and neuropathology after 

different types of status epilepticus induced by prolonged electrical stimulation of the basolateral 

amygdala in rats. Epilepsy Research 55:83-103. 

Brandt C, Töllner K, Klee R, Bröer S, Löscher W (2015) Effective termination of status epilepticus by rational 

polypharmacy in the lithium–pilocarpine model in rats: Window of opportunity to prevent epilepsy and 

prediction of epilepsy by biomarkers. Neurobiology of Disease 75:78-90. 

Bröer S, Löscher W (2015) Novel combinations of phenotypic biomarkers predict development of epilepsy 

in the lithium–pilocarpine model of temporal lobe epilepsy in rats. Epilepsy & Behavior 53:98-107. 

Butler T, Ichise M, Teich AF, Gerard E, Osborne J, French J, Devinsky O, Kuzniecky R, Gilliam F, Pervez F, 

Provenzano F, Goldsmith S, Vallabhajosula S, Stern E, Silbersweig D (2013) Imaging inflammation in 

a patient with epilepsy due to focal cortical dysplasia. Journal of Neuroimaging 23:129-131. 

Cacheaux LP, Ivens S, David Y, Lakhter AJ, Bar-Klein G, Shapira M, Heinemann U, Friedman A, Kaufer D 

(2009) Transcriptome profiling reveals TGF-beta signaling involvement in epileptogenesis. Journal of 

Neuroscience 29:8927-8935. 



References

 
 

101 

Cagnin A, Kassiou M, Meikle SR, Banati RB (2007) Positron emission tomography imaging of 

neuroinflammation. Neurotherapeutics 4:443-452. 

Carne RP, O'Brien TJ, Kilpatrick CJ, MacGregor LR, Hicks RJ, Murphy MA, Bowden SC, Kaye AH, Cook MJ 

(2004) MRI-negative PET-positive temporal lobe epilepsy: a distinct surgically remediable syndrome. 

Brain 127:2276-2285. 

Carson MJ, Cameron Thrash J, Walter B (2006) The cellular response in neuroinflammation: The role of 

leukocytes, microglia and astrocytes in neuronal death and survival. Clinical Neuroscience Research 

6:237-245. 

Cavalheiro EA, Leite JP, Bortolotto ZA, Turski WA, Ikonomidou C, Turski L (1991) Long-Term Effects of 

Pilocarpine in Rats: Structural Damage of the Brain Triggers Kindling and Spontaneous I Recurrent 

Seizures. Epilepsia 32:778-782. 

Chang BS, Lowenstein DH (2003) Mechanisms of disease - Epilepsy. New England Journal of Medicine 

349:1257-1266. 

Cherry SR, Gambhir SS (2001) Use of positron emission tomography in animal research. ILAR Journal 

42:219-232. 

Choy M, Dube CM, Ehrengruber M, Baram TZ (2014a) Inflammatory Processes, Febrile Seizures, and 

Subsequent Epileptogenesis. Epilepsy Currents 14:15-22. 

Choy M, Dube CM, Patterson K, Barnes SR, Maras P, Blood AB, Hasso AN, Obenaus A, Baram TZ (2014b) 

A novel, noninvasive, predictive epilepsy biomarker with clinical potential. Journal of Neuroscience 

34:8672-8684. 

Clifford DB, Olney JW, Maniotis A, Collins RC, Zorumski CF (1987) The functional anatomy and pathology 

of lithium-pilocarpine and high-dose pilocarpine seizures. Neuroscience 23:953-968. 

Curia G, Longo D, Biagini G, Jones RS, Avoli M (2008) The pilocarpine model of temporal lobe epilepsy. J 

Neurosci Methods 172:143-157. 

de Paula Faria D, Vlaming MLH, Copray SCVM, Tielen F, Anthonijsz HJA, Sijbesma JWA, Buchpiguel CA, 

Dierckx RAJO, van der Hoorn JWA, de Vries EFJ (2014) PET Imaging of Disease Progression and 

Treatment Effects in the Experimental Autoimmune Encephalomyelitis Rat Model. Journal of nuclear 

medicine : official publication, Society of Nuclear Medicine 55:1330-1335. 

Dedeurwaerdere S, Callaghan PD, Pham T, Rahardjo GL, Amhaoul H, Berghofer P, Quinlivan M, Mattner F, 

Loc'h C, Katsifis A, Gregoire M-C (2012a) PET imaging of brain inflammation during early 

epileptogenesis in a rat model of temporal lobe epilepsy. EJNMMI research 2:60-60. 

Dedeurwaerdere S, Friedman A, Fabene PF, Mazarati A, Murashima YL, Vezzani A, Baram TZ (2012b) 

Finding a better drug for epilepsy: Antiinflammatory targets. Epilepsia 53:1113-1118. 



References

 
 

102 

Dedeurwaerdere S, Jupp B, O'Brien TJ (2007) Positron emission tomography in basic epilepsy research: A 

view of the epileptic brain. Epilepsia 48:56-64. 

Dedeurwaerdere S, Shultz SR, Federico P, Engel J, Jr. (2014) Workshop on Neurobiology of Epilepsy 

appraisal: New systemic imaging technologies to study the brain in experimental models of epilepsy. 

Epilepsia 55:819-828. 

Dekloet R, Wallach G, McEwen BS (1975) Differences in corticosterone and dexamethasone binding to rat 

brain and pituitary. Endocrinology 96:598-609. 

Devinsky O, Vezzani A, Najjar S, De Lanerolle NC, Rogawski MA (2013) Glia and epilepsy: excitability and 

inflammation. Trends in Neurosciences 36:174-184. 

Dichter MA (2009) Emerging Concepts in the Pathogenesis of Epilepsy and Epileptogenesis. Archives of 

Neurology 66:443-447. 

Dickens AM, Vainio S, Marjamaki P, Johansson J, Lehtiniemi P, Rokka J, Rinne J, Solin O, Haaparanta-Solin 

M, Jones PA, Trigg W, Anthony DC, Airas L (2014) Detection of Microglial Activation in an Acute Model 

of Neuroinflammation Using PET and Radiotracers C-11-(R)-PK11195 and F-18-GE-180. Journal of 

Nuclear Medicine 55:466-472. 

do Nascimento AL, dos Santos NF, Campos Pelágio F, Aparecida Teixeira S, de Moraes Ferrari EA, Langone 

F (2012) Neuronal degeneration and gliosis time-course in the mouse hippocampal formation after 

pilocarpine-induced status epilepticus. Brain Research 1470:98-110. 

Du F, Whetsell WO, Abou-Khalil B, Blumenkopf B, Lothman EW, Schwarcz R (1993) Preferential neuronal 

loss in layer III of the entorhinal cortex in patients with temporal lobe epilepsy. Epilepsy Research 

16:223-233. 

Dube C, Boyet S, Marescaux C, Nehlig A (2001) Relationship between neuronal loss and interictal glucose 

metabolism during the chronic phase of the lithium-pilocarpine model of epilepsy in the immature and 

adult rat. Experimental Neurology 167:227-241. 

Dube C, Richichi C, Bender RA, Chung G, Litt B, Baram TZ (2006) Temporal lobe epilepsy after experimental 

prolonged febrile seizures: prospective analysis. Brain 129:911-922. 

Duffy BA, Chun KP, Ma D, Lythgoe MF, Scott RC (2014) Dexamethasone exacerbates cerebral edema and 

brain injury following lithium-pilocarpine induced status epilepticus. Neurobiology of Disease 63:229-

236. 

Duncan J (2009) The current status of neuroimaging for epilepsy. Current Opinion in Neurology 22:179-184. 

Dupont P, Warwick J (2009) Kinetic modelling in small animal imaging with PET. Methods 48:98-103. 

During MJ, Spencer DD (1993) Extracellular Hippocampal Glutamate and Spontaneous Seizure in the 

Conscious Human Brain. Lancet 341:1607-1610. 

Engel J (1996) Introduction to temporal lobe epilepsy. Epilepsy Research 26:141-150. 



References

 
 

103 

Engel J (2001) Mesial temporal lobe epilepsy: What have we learned? Neuroscientist 7:340-352. 

Engel J, Jr. (2006) Report of the ILAE Classification Core Group. Epilepsia 47:1558-1568. 

Engel J, Pitkänen A, Loeb JA, Edward Dudek F, Bertram EH, Cole AJ, Moshé SL, Wiebe S, Jensen FE, Mody 

I, Nehlig A, Vezzani A (2013) Epilepsy biomarkers. Epilepsia 54:61-69. 

Estrada FS, Hernandez VS, Lopez-Hernandez E, Corona-Morales AA, Solis H, Escobar A, Zhang L (2012) 

Glial activation in a pilocarpine rat model for epileptogenesis: A morphometric and quantitative 

analysis. Neuroscience Letters 514:51-56. 

Farde L, Ito H, Swahn CG, Pike VW, Halldin C (1998) Quantitative analyses of carbonyl-carbon-11-WAY-

100635 binding to central 5-hydroxytryptamine-1A receptors in man. Journal of Nuclear Medicine 

39:1965-1971. 

Fisher RS, Boas WV, Blume W, Elger C, Genton P, Lee P, Engel J (2005) Epileptic seizures and epilepsy: 

Definitions proposed by the International League against Epilepsy (ILAE) and the International Bureau 

for Epilepsy (IBE). Epilepsia 46:470-472. 

Folkersma H, Boellaard R, Vandertop WP, Kloet RW, Lubberink M, Lammertsma AA, van Berckel BNM (2009) 

Reference Tissue Models and Blood-Brain Barrier Disruption: Lessons from (R)- C-11 PK11195 in 

Traumatic Brain Injury. Journal of Nuclear Medicine 50:1975-1979. 

Frantseva MV, Velazquez JLP, Tsoraklidis G, Mendonca AJ, Adamchik Y, Mills LR, Carlen PL, Burnham MW 

(2000) Oxidative stress is involved in seizure-induced neurodegeneration in the kindling model of 

epilepsy. Neuroscience 97:431-435. 

French JA, Williamson PD, Thadani VM, Darcey TM, Mattson RH, Spencer SS, Spencer DD (1993) 

Characteristics of medial temporal lobe epilepsy - .1. Results of history and physical examination. 

Annals of Neurology 34:774-780. 

Gao Z, Zhu Q, Zhang Y, Zhao Y, Cai L, Shields CB, Cai J (2013) Reciprocal Modulation Between Microglia 

and Astrocyte in Reactive Gliosis Following the CNS Injury. Molecular Neurobiology 48:690-701. 

Garzillo CL, Mello L (2002) Characterization of reactive astrocytes in the chronic phase of the pilocarpine 

model of epilepsy. Epilepsia 43:107-109. 

Gavish M, Bachman I, Shoukrun R, Katz Y, Veenman L, Weisinger G, Weizman A (1999) Enigma of the 

peripheral benzodiazepine receptor. Pharmacological Reviews 51:629-650. 

Gershen LD, Zanotti-Fregonara P, Dustin IH, et al. (2015) Neuroinflammation in temporal lobe epilepsy 

measured using positron emission tomographic imaging of translocator protein. JAMA Neurology 

72:882-888. 

Glien M, Brandt C, Potschka H, Loscher W (2002) Effects of the novel antiepileptic drug levetiracetam on 

spontaneous recurrent seizures in the rat pilocarpine model of temporal lobe epilepsy. Epilepsia 

43:350-357. 



References

 
 

104 

Glien M, Brandt C, Potschka H, Voigt H, Ebert U, Loscher W (2001) Repeated low-dose treatment of rats 

with pilocarpine: low mortality but high proportion of rats developing epilepsy. Epilepsy Research 

46:111-119. 

Goddard GV, McIntyre DC, Leech CK (1969) A permanent change in brain function resulting from daily 

electrical stimulation. Experimental Neurology 25:295-&. 

Goffin K, Dedeurwaerdere S, Van Laere K, Van Paesschen W (2008) Neuronuclear assessment of patients 

with epilepsy. Seminars in Nuclear Medicine 38:227-239. 

Goffin K, Van Paesschen W, Dupont P, Van Laere K (2009) Longitudinal microPET imaging of brain glucose 

metabolism in rat lithium-pilocarpine model of epilepsy. Experimental Neurology 217:205-209. 

Gorter JA, van Vliet EA, Aronica E (2015) Status epilepticus, blood-brain barrier disruption, inflammation, 

and epileptogenesis. Epilepsy & Behavior 49:13-16. 

Gouder N, Fritschy JM, Boison D (2003) Seizure suppression by adenosine A(1) receptor activation in a 

mouse model of pharmacoresistant epilepsy. Epilepsia 44:877-885. 

Gröticke I, Hoffmann K, Loescher W (2008) Behavioral alterations in a mouse model of temporal lobe 

epilepsy induced by intrahippocampal injection of kainate. Experimental Neurology 213:71-83. 

Guo Y, Gao F, Wang S, Ding Y, Zhang H, Wang J, Ding MP (2009) In vivo mapping of temporospatial changes 

in glucose utilization in rat brain during epileptogenesis: An F-18-fluorodeoxyglucose-small animal 

positron emission tomography study. Neuroscience 162:972-979. 

Hamilton SE, Loose MD, Qi M, Levey AI, Hille B, McKnight GS, Idzerda RL, Nathanson NM (1997) Disruption 

of the m1 receptor gene ablates muscarinic receptor-dependent M current regulation and seizure 

activity in mice. Proceedings of the National Academy of Sciences of the United States of America 

94:13311-13316. 

Harhausen D, Sudmann V, Khojasteh U, Mueller J, Zille M, Graham K, Thiele A, Dyrks T, Dirnagl U, Wunder 

A (2013) Specific Imaging of Inflammation with the 18kDa Translocator Protein Ligand DPA-714 in 

Animal Models of Epilepsy and Stroke. Plos One 8. 

Hecimovic H, Salpekar J, Kanner AM, Barry JJ (2011) Suicidality and epilepsy: A neuropsychobiological 

perspective. Epilepsy & Behavior 22:77-84. 

Heinrich C, Lahteinen S, Suzuki F, Anne-Marie L, Huber S, Haussler U, Haas C, Larmet Y, Castren E, 

Depaulis A (2011) Increase in BDNF-mediated TrkB signaling promotes epileptogenesis in a mouse 

model of mesial temporal lobe epilepsy. Neurobiology of Disease 42:35-47. 

Hirvonen J, Kreisl WC, Fujita M, Dustin I, Khan O, Appel S, Zhang Y, Morse C, Pike VW, Innis RB, Theodore 

WH (2012) Increased In Vivo Expression of an Inflammatory Marker in Temporal Lobe Epilepsy. 

Journal of Nuclear Medicine 53:234-240. 



References

 
 

105 

Holtman L, van Vliet EA, Appeldoorn C, Gaillard PJ, de Boer M, Dorland R, Wadman WJ, Gorter JA (2014) 

Glutathione pegylated liposomal methylprednisolone administration after the early phase of status 

epilepticus did not modify epileptogenesis in the rat. Epilepsy Research 108:396-404. 

Holtman L, van Vliet EA, van Schaik R, Queiroz CM, Aronica E, Gorter JA (2009) Effects of SC58236, a 

selective COX-2 inhibitor, on epileptogenesis and spontaneous seizures in a rat model for temporal 

lobe epilepsy. Epilepsy Research 84:56-66. 

Honchar M, Olney J, Sherman W (1983) Systemic cholinergic agents induce seizures and brain damage in 

lithium-treated rats. Science 220:323-325. 

Huang S-C (2000) Anatomy of SUV. Nuclear Medicine and Biology 27:643-646. 

Hubbard JA, Hsu MS, Fiacco TA, Binder DK (2013) Glial cell changes in epilepsy: Overview of the clinical 

problem and therapeutic opportunities. Neurochemistry International 63:638-651. 

Hudson LP, Munoz DG, Miller L, McLachlan RS, Girvin JP, Blume WT (1993) Amygdaloid sclerosis in 

temporal lobe epilepsy. Annals of Neurology 33:622-631. 

Innis RB, Cunningham VJ, Delforge J, Fujita M, Giedde A, Gunn RN, Holden J, Houle S, Huang SC, Ichise 

M, Lida H, Ito H, Kimura Y, Koeppe RA, Knudsen GM, Knuuti J, Lammertsma AA, Laruelle M, Logan J, 

Maguire RP, Mintun MA, Morris ED, Parsey R, Price JC, Slifstein M, Sossi V, Suhara T, Votaw JR, Wong 

DF, Carson RE (2007) Consensus nomenclature for in vivo imaging of reversibly binding radioligands. 

Journal of Cerebral Blood Flow and Metabolism 27:1533-1539. 

Jabs R, Seifert G, Steinhaeuser C (2008) Astrocytic function and its alteration in the epileptic brain. 

Epilepsia 49:3-12. 

Jarrard LE (2002) Use of excitotoxins to lesion the hippocampus: Update. Hippocampus 12:405-414. 

Jeffreys JGR (1999) Hippocampal sclerosis and temporal lobe epilepsy: cause or consequence? Brain 

122:1007-1008. 

Jucaite A, Cselenyi Z, Arvidsson A, Ahlberg G, Julin P, Varnas K, Stenkrona P, Andersson J, Halldin C, 

Farde L (2012) Kinetic analysis and test-retest variability of the radioligand 11C (R)-PK11195 binding 

to TSPO in the human brain - a PET study in control subjects. EJNMMI research 2:15-15. 

Jung K-H, Chu K, Lee S-T, Kim J, Sinn D-I, Kim J-M, Park D-K, Lee J-J, Kim SU, Kim M, Kun Lee S, Roh J-K 

(2006) Cyclooxygenase-2 inhibitor, celecoxib, inhibits the altered hippocampal neurogenesis with 

attenuation of spontaneous recurrent seizures following pilocarpine-induced status epilepticus. 

Neurobiology of Disease 23:237-246. 

Jupp B, Williams J, Binns D, Hicks RJ, Cardamone L, Jones N, Rees S, O'Brien TJ (2012) Hypometabolism 

precedes limbic atrophy and spontaneous recurrent seizures in a rat model of TLE. Epilepsia 53:1233-

1244. 



References

 
 

106 

Jupp B, Williams J, Binns D, Hicks RJ, O'Brien T (2007) Imaging small animal models of epileptogenesis. 

Neurology Asia 12:51-54. 

Keller SS, Richardson MP, O'Muircheartaigh J, Schoene-Bake JC, Elger C, Weber B (2015) Morphometric 

MRI Alterations and Postoperative Seizure Control in Refractory Temporal Lobe Epilepsy. Human 

Brain Mapping 36:1637-1647. 

Klein S, Bankstahl M, Gramer M, Hausknecht M, Löscher W (2014) Low doses of ethanol markedly potentiate 

the anti-seizure effect of diazepam in a mouse model of difficult-to-treat focal seizures. Epilepsy 

Research 108:1719-1727. 

Klein S, Bankstahl M, Loscher W (2015) Inter-individual variation in the effect of antiepileptic drugs in the 

intrahippocampal kainate model of mesial temporal lobe epilepsy in mice. Neuropharmacology 90:53-

62. 

Knake S, Hamer HM, Rosenow F (2009) Status epilepticus: A critical review. Epilepsy & Behavior 15:10-14. 

Knowlton RC, Laxer KD, Klein G, Sawrie S, Ende G, Hawkins RA, Aassar OS, Soohoo K, Wong S, Barbaro 

N (2001) In vivo hippocampal glucose metabolism in mesial temporal lobe epilepsy. Neurology 

57:1184-1190. 

Kobow K, Auvin S, Jensen F, Loscher W, Mody I, Potschka H, Prince D, Sierra A, Simonato M, Pitkanen A, 

Nehlig A, Rho JM (2012) Finding a better drug for epilepsy: Antiepileptogenesis targets. Epilepsia 

53:1868-1876. 

Kornblum HI, Araujo DM, Annala AJ, Tatsukawa KJ, Phelps ME, Cherry SR (2000) In vivo imaging of 

neuronal activation and plasticity in the rat brain by high resolution positron emission tomography 

(microPET). Nature Biotechnology 18:655-660. 

Kumar A, Chugani HT, Luat A, Asano E, Sood S (2008) Epilepsy surgery in a case of encephalitis: Use of 

(11)C-PK11195 positron emission tomography. Pediatric Neurology 38:439-442. 

Kuntner C, Stout DB (2014) Quantitative preclinical PET imaging: opportunities and challenges. Frontiers 

in Physics 2. 

Kwan P, Arzimanoglou A, Berg AT, Brodie MJ, Hauser WA, Mathern G, Moshe SL, Perucca E, Wiebe S, 

French J (2010) Definition of drug resistant epilepsy. Consensus proposal by the ad hoc Task Force 

of the ILAE Commission on Therapeutic Strategies (vol 51, pg 1069, 2010). Epilepsia 51:1922-1922. 

Lammertsma AA, Hume SP (1996) Simplified reference tissue model for PET receptor studies. Neuroimage 

4:153-158. 

Lartey FM, Ahn GO, Ali R, Rosenblum S, Miao Z, Arksey N, Shen B, Colomer MV, Rafat M, Liu H, Alejandre-

Alcazar MA, Chen JW, Palmer T, Chin FT, Guzman R, Loo BW, Jr., Graves E (2014) The Relationship 

Between Serial (18) F PBR06 PET Imaging of Microglial Activation and Motor Function Following 

Stroke in Mice. Molecular Imaging and Biology 16:821-829. 



References

 
 

107 

Lee BY, Newberg AB, Liebeskind DS, Kung J, Alavi A (2004) FDG-PET findings in patients with suspected 

encephalitis. Clinical Nuclear Medicine 29:620-625. 

Lee EM, Park GY, Im KC, Kim ST, Woo C-W, Chung JH, Kim KS, Kim JS, Shon Y-M, Kim YI, Kang JK (2012) 

Changes in glucose metabolism and metabolites during the epileptogenic process in the lithium-

pilocarpine model of epilepsy. Epilepsia 53:860-869. 

Lee IN, Cheng W-C, Chung C-Y, Lee M-H, Lin MH-C, Kuo C-H, Weng H-H, Yang J-T (2015) Dexamethasone 

Reduces Brain Cell Apoptosis and Inhibits Inflammatory Response in Rats With Intracerebral 

Hemorrhage. Journal of Neuroscience Research 93:178-188. 

Leite JP, Garcia-Cairasco N, Cavalheiro EA (2002) New insights from the use of pilocarpine and kainate 

models. Epilepsy Research 50:93-103. 

Librizzi L, Noe F, Vezzani A, de Curtis M, Ravizza T (2012) Seizure-Induced Brain-Borne Inflammation 

Sustains Seizure Recurrence and Blood-Brain Barrier Damage. Annals of Neurology 72:82-90. 

Liimatainen S, Kai L, Johanna P, Tiina A, Jukka P (2013) Immunological perspectives of temporal lobe 

seizures. Journal of Neuroimmunology 263:1-7. 

Liu G-J, Middleton RJ, Hatty CR, Kam WW-Y, Chan R, Pham T, Harrison-Brown M, Dodson E, Veale K, Banati 

RB (2014) The 18 kDa Translocator Protein, Microglia and Neuroinflammation. Brain Pathology 24:631-

653. 

Löscher W (2002) Animal models of epilepsy for the development of antiepileptogenic and disease-

modifying drugs. A comparison of the pharmacology of kindling and post-status epilepticus models 

of temporal lobe epilepsy. Epilepsy Research 50:105-123. 

Löscher W (2003) Pharmakologische Grundlagen zur Behandlung der Epilepsie bei Hund und Katze. 

Praktischer Tierarzt 84:574-587. 

Löscher W, Brandt C (2010) Prevention or modification of epileptogenesis after brain Insults: experimental 

approaches and translational research. Pharmacological Reviews 62:668-700. 

Löscher W, Hirsch LJ, Schmidt D (2015) The enigma of the latent period in the development of symptomatic 

acquired epilepsy — Traditional view versus new concepts. Epilepsy & Behavior 52, Part A:78-92. 

Löscher W, Klitgaard H, Twyman RE, Schmidt D (2013) New avenues for anti-epileptic drug discovery and 

development. Nature Reviews Drug Discovery 12:757-776. 

Lowenstein DH (2009) Epilepsy after head injury: An overview. Epilepsia 50:4-9. 

Ma L, Cui X-L, Wang Y, Li X-W, Yang F, Wei D, Jiang W (2012) Aspirin attenuates spontaneous recurrent 

seizures and inhibits hippocampal neuronal loss, mossy fiber sprouting and aberrant neurogenesis 

following pilocarpine-induced status epilepticus in rats. Brain Research 1469:103-113. 



References

 
 

108 

Ma Y, Hof PR, Grant SC, Blackband SJ, Bennett R, Slatest L, McGuigan MD, Benveniste H (2005) A three-

dimensional digital atlas database of the adult C57BL/6J mouse brain by magnetic resonance 

microscopy. Neuroscience 135:1203-1215. 

Malmgren K, Thom M (2012) Hippocampal sclerosis: Origins and imaging. Epilepsia 53:19-33. 

Marchi N, Granata T, Freri E, Ciusani E, Ragona F, Puvenna V, Teng Q, Alexopolous A, Janigro D (2011) 

Efficacy of Anti-Inflammatory Therapy in a Model of Acute Seizures and in a Population of Pediatric 

Drug Resistant Epileptics. Plos One 6. 

Marchi N, Granata T, Ghosh C, Janigro D (2012) Blood-brain barrier dysfunction and epilepsy: 

Pathophysiologic role and therapeutic approaches. Epilepsia 53:1877-1886. 

Maroso M, Balosso S, Ravizza T, Iori V, Wright CI, French J, Vezzani A (2011a) Interleukin-1 beta 

Biosynthesis Inhibition Reduces Acute Seizures and Drug Resistant Chronic Epileptic Activity in Mice. 

Neurotherapeutics 8:304-315. 

Maroso M, Balosso S, Ravizza T, Liu J, Bianchi ME, Vezzani A (2011b) Interleukin-1 type 1 receptor/Toll-like 

receptor signalling in epilepsy: the importance of IL-1beta and high-mobility group box 1. Journal of 

Internal Medicine 270:319-326. 

Martin A, Boisgard R, Kassiou M, Dolle F, Tavitian B (2011) Reduced PBR/TSPO Expression After 

Minocycline Treatment in a Rat Model of Focal Cerebral Ischemia: A PET Study Using F-18 DPA-714. 

Molecular Imaging and Biology 13:10-15. 

Martin A, Boisgard R, Theze B, Van Camp N, Kuhnast B, Damont A, Kassiou M, Dolle F, Tavitian B (2010) 

Evaluation of the PBR/TSPO radioligand F-18 DPA-714 in a rat model of focal cerebral ischemia. 

Journal of Cerebral Blood Flow and Metabolism 30:230-241. 

McLin JP, Steward O (2006) Comparison of seizure phenotype and neurodegeneration induced by systemic 

kainic acid in inbred, outbred, and hybrid mouse strains. European Journal of Neuroscience 24:2191-

2202. 

McNamara JO (1994) Cellular and molecular basis of epilepsy. Journal of Neuroscience 14:3413-3425. 

Meijer OC, de Lange ECM, Breimer DD, de Boer AG, Workel JO, de Kloet ER (1998) Penetration of 

dexamethasone into brain glucocorticoid targets is enhanced in mdr1A P-glycoprotein knockout mice. 

Endocrinology 139:1789-1793. 

Michalak Z, Sano T, Engel T, Miller-Delaney SFC, Lerner-Natoli M, Henshall DC (2013) Spatio-temporally 

restricted blood-brain barrier disruption after intra-amygdala kainic acid-induced status epilepticus in 

mice. Epilepsy Research 103:167-179. 

Mintun MA, Raichle ME, Kilbourn MR, Wooten GF, Welch MJ (1984) A quantitative model for the in vivo 

assessment of drug binding sites with positron emission tomography. Annals of Neurology 15:217-

227. 



References

 
 

109 

Mirrione MM, Schiffer WK, Fowler JS, Alexoff DL, Dewey SL, Tsirka SE (2007) A novel approach for imaging 

brain-behavior relationships in mice reveals unexpected metabolic patterns during seizures in the 

absence of tissue plasminogen activator. Neuroimage 38:34-42. 

Mirrione MM, Schiffer WK, Siddiq M, Dewey SL, Tsirka SE (2006) PET imaging of glucose metabolism in a 

mouse model of temporal lobe epilepsy. Synapse 59:119-121. 

Müller CJ, Gröticke I, Bankstahl M, Löscher W (2009a) Behavioral and cognitive alterations, spontaneous 

seizures, and neuropathology developing after a pilocarpine-induced status epilepticus in C57BL/6 

mice. Experimental Neurology 219:284-297. 

Müller CJ, Gröticke I, Hoffmann K, Schughart K, Löscher W (2009b) Differences in sensitivity to the 

convulsant pilocarpine in substrains and sublines of C57BL/6 mice. Genes Brain and Behavior 8:481-

492. 

Nagao T, Alonso A, Avoli M (1996) Epileptiform activity induced by pilocarpine in the rat hippocampal-

entorhinal slice preparation. Neuroscience 72:399-408. 

Nelissen N, Van Paesschen W, Baete K, Van Laere K, Palmini A, Van Billoen H, Dupont P (2006) Correlations 

of interictal FDG-PET metabolism and ictal SPECT perfusion changes in human temporal lobe epilepsy 

with hippocampal sclerosis. Neuroimage 32:684-695. 

Noe FM, Polascheck N, Frigerio F, Bankstahl M, Ravizza T, Marchini S, Beltrame L, Bandero CR, Loscher 

W, Vezzani A (2013) Pharmacological blockade of IL-1beta/IL-1 receptor type 1 axis during 

epileptogenesis provides neuroprotection in two rat models of temporal lobe epilepsy. Neurobiology 

of Disease 59:183-193. 

Nowak M, Strzelczyk A, Reif PS, Schorlemmer K, Bauer S, Norwood BA, Oertel WH, Rosenow F, Strik H, 

Hamer HM (2012) Minocycline as potent anticonvulsant in a patient with astrocytoma and drug 

resistant epilepsy. Seizure-European Journal of Epilepsy 21:227-228. 

O'Brien TJ, Jupp B (2009) In-vivo imaging with small animal FDG-PET: A tool to unlock the secrets of 

epileptogenesis? Experimental Neurology 220:1-4. 

Okazaki MM, Evenson DA, Nadler JV (1995) Hippocampal Mossy Fiber Sprouting and Synapse Formation 

After Status Epilepticus in Rats - Visualization After Retrograde Transport of Biocytin. Journal of 

Comparative Neurology 352:515-534. 

Ory D, Planas A, Dresselaers T, Gsell W, Postnov A, Celen S, Casteels C, Himmelreich U, Debyser Z, Van 

Laere K, Verbruggen A, Bormans G (2015) PET imaging of TSPO in a rat model of local 

neuroinflammation induced by intracerebral injection of lipopolysaccharide. Nuclear Medicine and 

Biology 42:753-761. 

Owen DRJ, Gunn RN, Rabiner EA, Bennacef I, Fujita M, Kreisl WC, Innis RB, Pike VW, Reynolds R, Matthews 

PM, Parker CA (2011) Mixed-Affinity Binding in Humans with 18-kDa Translocator Protein Ligands. 

Journal of Nuclear Medicine 52:24-32. 



References

 
 

110 

Papageorgiou IE, Fetani AF, Lewen A, Heinemann U, Kann O (2015) Widespread activation of microglial 

cells in the hippocampus of chronic epileptic rats correlates only partially with neurodegeneration. 

Brain Structure & Function 220:2423-2439. 

Parent JM, Lowenstein DH (1997) Mossy fiber reorganization in the epileptic hippocampus. Current Opinion 

in Neurology 10:103-109. 

Parent JM, Yu TW, Leibowitz RT, Geschwind DH, Sloviter RS, Lowenstein DH (1997) Dentate granule cell 

neurogenesis is increased by seizures and contributes to aberrant network reorganization in the adult 

rat hippocampus. Journal of Neuroscience 17:3727-3738. 

Paxinos G, Franklin, K. B. J. (ed.) (2001) The mouse brain in stereotaxic coordinates. San Diego: Academic 

Press. 

Paxinos G, Watson, C. (ed.) (2007) The rat brain in stereotaxic coordinates. Amsterdam: Academic Press. 

Perego C, Fumagalli S, De Simoni M-G (2011) Temporal pattern of expression and colocalization of 

microglia/macrophage phenotype markers following brain ischemic injury in mice. Journal of 

Neuroinflammation 8:174. 

Perloff MD, Von Moltke LL, Greenblatt DJ (2004) Ritonavir and dexamethasone induce expression of CYP3A 

and P-glycoprotein in rats. Xenobiotica 34:133-150. 

Pernot F, Heinrich C, Barbier L, Peinnequin A, Carpentier P, Dhote F, Baille V, Beaup C, Depaulis A, 

Dorandeu F (2011) Inflammatory changes during epileptogenesis and spontaneous seizures in a 

mouse model of mesiotemporal lobe epilepsy. Epilepsia 52:2315-2325. 

Pitkänen A (2010) Therapeutic approaches to epileptogenesis-Hope on the horizon. Epilepsia 51:2-17. 

Pitkänen A, Kharatishvili I, Karhunen H, Lukasiuk K, Immonen R, Nairismagi J, Grohn O, Nissinen J (2007) 

Epileptogenesis in experimental models. Epilepsia 48:13-20. 

Pitkänen A, Lukasiuk K (2009) Molecular and cellular basis of epileptogenesis in symptomatic epilepsy. 

Epilepsy & Behavior 14:16-25. 

Pitkänen A, Schwartzkroin PA, Moshe SL (eds.) (2006) Models of seizures and epilepsy: Elsevier Academic 

Press. 

Pitkänen A, Sutula TP (2002) Is epilepsy a progressive disorder? Prospects for new therapeutic approaches 

in temporal-lobe epilepsy. Lancet Neurology 1:173-181. 

Polascheck N, Bankstahl M, Loscher W (2010) The COX-2 inhibitor parecoxib is neuroprotective but not 

antiepileptogenic in the pilocarpine model of temporal lobe epilepsy. Experimental Neurology 224:219-

233. 

Potschka H, Fischer A, Loescher W, Patterson N, Bhatti S, Berendt M, De Risio L, Farquhar R, Long S, 

Mandigers P, Matiasek K, Munana K, Pakozdy A, Penderis J, Platt S, Podell M, Rusbridge C, Stein V, 



References

 
 

111 

Tipold A, Volk HA (2015) International veterinary epilepsy task force consensus proposal: outcome of 

therapeutic interventions in canine and feline epilepsy. Bmc Veterinary Research 11. 

Potschka H, Volk HA, Pekcec A (2009) Aktueller Stand und Trends in der Epilepsietherapie bei Hund und 

Katze. Tierärztliche Praxis Kleintiere 37:211-217. 

Racine RJ (1972) Modification of seizure activity by electrical stimulation: II. Motor seizure. 

Electroencephalography and Clinical Neurophysiology 32:281-294. 

Ramli N, Rahmat K, Lim KS, Tan CT (2015) Neuroimaging in refractory epilepsy. Current practice and 

evolving trends. European Journal of Radiology 84:1791-1800. 

Raquel Rossi A, Florencia Angelo M, Villarreal A, Lukin J, Javier Ramos A (2013) Gabapentin Administration 

Reduces Reactive Gliosis and Neurodegeneration after Pilocarpine-Induced Status Epilepticus. Plos 

One 8. 

Rattka M, Brandt C, Bankstahl M, Broeer S, Loescher W (2011) Enhanced susceptibility to the GABA 

antagonist pentylenetetrazole during the latent period following a pilocarpine-induced status 

epilepticus in rats. Neuropharmacology 60:505-512. 

Ravizza T, Balosso S, Vezzani A (2011) Inflammation and prevention of epileptogenesis. Neuroscience 

Letters 497:223-230. 

Ravizza T, Gagliardi B, Noe F, Boer K, Aronica E, Vezzani A (2008) Innate and adaptive immunity during 

epileptogenesis and spontaneous seizures: Evidence from experimental models and human temporal 

lobe epilepsy. Neurobiology of Disease 29:142-160. 

Ravizza T, Kostoula C, Vezzani A (2013) Immunity Activation in Brain Cells in Epilepsy: Mechanistic Insights 

and Pathological Consequences. Neuropediatrics 44:330-335. 

Rhen T, Cidlowski JA (2005) Antiinflammatory Action of Glucocorticoids — New Mechanisms for Old Drugs. 

New England Journal of Medicine 353:1711-1723. 

Riban V, Bouilleret V, Pham-Le BT, Fritschy JM, Marescaux C, Depaulis A (2002) Evolution of hippocampal 

epileptic activity during the development of hippocampal sclerosis in a mouse model of temporal lobe 

epilepsy. Neuroscience 112:101-111. 

Robel S, Buckingham SC, Boni JL, Campbell SL, Danbolt NC, Riedemann T, Sutor B, Sontheimer H (2015) 

Reactive Astrogliosis Causes the Development of Spontaneous Seizures. Journal of Neuroscience 

35:3330-3345. 

Rojas A, Jiang J, Ganesh T, Yang MS, Lelutiu N, Gueorguieva P, Dingledine R (2014) Cyclooxygenase-2 in 

epilepsy. Epilepsia 55:17-25. 

Sander JW (2003) The epidemiology of epilepsy revisited. Current Opinion in Neurology 16:165-170. 



References

 
 

112 

Sauvageau A, Desjardins P, Lozeva V, Rose C, Hazell AS, Bouthillier A, Butterworth RF (2002) Increased 

expression of "peripheral-type" benzodiazepine receptors in human temporal lobe epilepsy: 

Implications for PET imaging of hippocampal sclerosis. Metabolic Brain Disease 17:3-11. 

Scharfman HE (2007) The neurobiology of epilepsy. Current Neurology and Neuroscience Reports 7:348-

354. 

Scharfman HE, Goodman JH, Sollas AL (2000) Granule-like neurons at the hilar/CA3 border after status 

epilepticus and their synchrony with area CA3 pyramidal cells: Functional implications of seizure-

induced neurogenesis. Journal of Neuroscience 20:6144-6158. 

Schauwecker PE, Steward O (1997) Genetic determinants of susceptibility to excitotoxic cell death: 

Implications for gene targeting approaches. Proceedings of the National Academy of Sciences 

94:4103-4108. 

Schiffer WK, Mirrione MM, Biegon A, Alexoff DL, Patel V, Dewey SL (2006) Serial microPET measures of the 

metabolic reaction to a microdialysis probe implant. Journal of Neuroscience Methods 155:272-284. 

Schwarz AJ, Danckaert A, Reese T, Gozzi A, Paxinos G, Watson C, Merlo-Pich EV, Bifone A (2006) A 

stereotaxic MRI template set for the rat brain with tissue class distribution maps and co-registered 

anatomical atlas: Application to pharmacological MRI. Neuroimage 32:538-550. 

Scorza FA, Arida RM, Naffah-Mazzacoratti MdG, Scerni DA, Calderazzo L, Cavalheiro EA (2009) The 

pilocarpine model of epilepsy: what have we learned? Anais Da Academia Brasileira De Ciencias 

81:345-365. 

Shapiro LA, Wang L, Ribak CE (2008) Rapid astrocyte and microglial activation following pilocarpine-

induced seizures in rats. Epilepsia 49:33-41. 

Sharma AK, Reams RY, Jordan WH, Miller MA, Thacker HL, Snyder PW (2007) Mesial temporal lobe 

epilepsy: Pathogenesis, induced rodent models and lesions. Toxicologic Pathology 35:984-999. 

Sinclair DB (2003) Prednisone therapy in pediatric epilepsy. Pediatric Neurology 28:194-198. 

Sirven JI (2015) Epilepsy: A Spectrum Disorder. Cold Spring Harbor Perspectives in Medicine 5. 

Slivka AP, Murphy EJ (2001) High-dose methylprednisolone treatment in experimental focal cerebral 

ischemia. Experimental Neurology 167:166-172. 

Sloviter RS, Bumanglag AV (2013) Defining "epileptogenesis" and identifying "antiepileptogenic targets" 

in animal models of acquired temporal lobe epilepsy is not as simple as it might seem. 

Neuropharmacology 69:3-15. 

Smolders I, Khan GM, Manil J, Ebinger G, Michotte Y (1997) NMDA receptor-mediated pilocarpine-induced 

seizures: Characterization in freely moving rats by microdialysis. British Journal of Pharmacology 

121:1171-1179. 



References

 
 

113 

Spencer S, Huh L (2008) Outcomes of epilepsy surgery in adults and children. The Lancet Neurology 7:525-

537. 

Spencer SS (2002) When should temporal-lobe epilepsy be treated surgically? The Lancet Neurology 1:375-

382. 

Stafstrom CE, Carmant L (2015) Seizures and Epilepsy: An Overview for Neuroscientists. Cold Spring 

Harbor Perspectives in Medicine 5. 

Steinhauser C, Grunnet M, Carmignoto G (2015) Crucial role of astrocytes in temporal lobe epilepsy. 

Neuroscience 13:00012-00013. 

Steinmetz S, Tipold A, Loescher W (2013) Epilepsy after head injury in dogs: A natural model of 

posttraumatic epilepsy. Epilepsia 54:580-588. 

Surges R, Sander JW (2012) Sudden unexpected death in epilepsy: mechanisms, prevalence, and 

prevention. Current Opinion in Neurology 25:201-207. 

Suzuki F, Junier MP, Guilhem D, Sørensen JC, Onteniente B (1995) Morphogenetic effect of kainate on adult 

hippocampal neurons associated with a prolonged expression of brain-derived neurotrophic factor. 

Neuroscience 64:665-674. 

Szabo CA, Lancaster JL, Lee S, Xiong JH, Cook C, Mayes BN, Fox PT (2006) MR imaging volumetry of 

subcortical structures and cerebellar hemispheres in temporal lobe epilepsy. American Journal of 

Neuroradiology 27:2155-2160. 

Tellez-Zenteno JF, Hernandez-Ronquillo L (2012) A review of the epidemiology of temporal lobe epilepsy. 

Epilepsy research and treatment 2012:630853-630853. 

Thackeray JT, Bankstahl JP, Bengel FM (2015) Impact of Image-Derived Input Function and Fit Time 

Intervals on Patlak Quantification of Myocardial Glucose Uptake in Mice. Journal of Nuclear Medicine 

56:1615-1621. 

Trinka E, Cock H, Hesdorffer D, Rossetti AO, Scheffer IE, Shinnar S, Shorvon S, Lowenstein DH (2015) A 

definition and classification of status epilepticus – Report of the ILAE Task Force on Classification of 

Status Epilepticus. Epilepsia 56:1515-1523. 

Turski WA, Cavalheiro EA, Bortolotto ZA, Mello LM, Schwarz M, Turski L (1984) Seizures produced by 

pilocarpine in mice: A behavioral, electroencephalographic and morphological analysis. Brain 

Research 321:237-253. 

Turski WA, Cavalheiro EA, Schwarz M, Czuczwar SJ, Kleinrok Z, Turski L (1983) Limbic seizures produced 

by pilocarpine in rats: Behavioural, electroencephalographic and neuropathological study. 

Behavioural Brain Research 9:315-335. 



References

 
 

114 

Twele F, Bankstahl M, Klein S, Romermann K, Loscher W (2015) The AMPA receptor antagonist NBQX 

exerts anti-seizure but not antiepileptogenic effects in the intrahippocampal kainate mouse model of 

mesial temporal lobe epilepsy. Neuropharmacology 95:234-242. 

Twele F, Töllner K, Brandt C, Löscher W (2016) Significant effects of sex, strain, and anesthesia in the 

intrahippocampal kainate mouse model of mesial temporal lobe epilepsy. Epilepsy & Behavior 55:47-

56. 

Van Camp N, Boisgard R, Kuhnast B, Theze B, Viel T, Gregoire M-C, Chauveau F, Boutin H, Katsifis A, Dolle 

F, Tavitian B (2010) In vivo imaging of neuroinflammation: a comparative study between F-18 PBR111, 

C-11 CLINME and C-11 PK11195 in an acute rodent model. European Journal of Nuclear Medicine and 

Molecular Imaging 37:962-972. 

van Vliet EA, Araujo SdC, Redeker S, van Schaik R, Aronica E, Gorter JA (2007) Blood-brain barrier leakage 

may lead to progression of temporal lobe epilepsy. Brain 130:521-534. 

van Vliet EA, Otte WM, Gorter JA, Dijkhuizen RM, Wadman WJ (2014) Longitudinal assessment of blood-

brain barrier leakage during epileptogenesis in rats. A quantitative MRI study. Neurobiology of Disease 

63:74-84. 

Venneti S, Lopresti BJ, Wiley CA (2013) Molecular imaging of microglia/macrophages in the brain. Glia 

61:10-23. 

Verhelst H, Boon P, Buyse G, Ceulemans B, D'Hooghe M, De Meirleir L, Hasaerts D, Jansen A, Lagae L, 

Meurs A, Van Coster R, Vonck K (2005) Steroids in intractable childhood epilepsy: Clinical experience 

and review of the literature. Seizure-European Journal of Epilepsy 14:412-421. 

Vezzani A (2014) Epilepsy and Inflammation in the Brain: Overview and Pathophysiology. Epilepsy Currents 

14:3-7. 

Vezzani A, Aronica E, Mazarati A, Pittman QJ (2013a) Epilepsy and brain inflammation. Experimental 

Neurology 244:11-21. 

Vezzani A, Balosso S, Ravizza T (2008) The role of cytokines in the pathophysiology of epilepsy. Brain 

Behavior and Immunity 22:797-803. 

Vezzani A, French J, Bartfai T, Baram TZ (2011) The role of inflammation in epilepsy. Nature Reviews 

Neurology 7:31-40. 

Vezzani A, Friedman A (2011) Brain inflammation as a biomarker in epilepsy. Biomarkers in Medicine 5:607-

614. 

Vezzani A, Friedman A, Dingledine RJ (2013b) The role of inflammation in epileptogenesis. 

Neuropharmacology 69:16-24. 



References

 
 

115 

Virdee K, Cumming P, Caprioli D, Jupp B, Rominger A, Aigbirhio FI, Fryer TD, Riss PJ, Dalley JW (2012) 

Applications of positron emission tomography in animal models of neurological and neuropsychiatric 

disorders. Neuroscience and Biobehavioral Reviews 36:1188-1216. 

Volk HA, Matiasek LA, Feliu-Pascual AL, Platt SR, Chandler KE (2008) The efficacy and tolerability of 

levetiracetam in pharmacoresistant epileptic dogs. Veterinary Journal 176:310-319. 

Wadsworth H, Jones PA, Chau WF, Durrant C, Fouladi N, Passmore J, O'Shea D, Wynn D, Morisson-Iveson 

V, Ewan A, Thaning M, Mantzilas D, Gausemel I, Khan I, Black A, Avory M, Trigg W (2012) [(1)(8)F]GE-

180: a novel fluorine-18 labelled PET tracer for imaging Translocator protein 18 kDa (TSPO). 

Bioorganic & Medicinal Chemistry Letters 22:1308-1313. 

Walker MC, White HS, Sander J (2002) Disease modification in partial epilepsy. Brain 125:1937-1950. 

Wang DD, Englot DJ, Garcia PA, Lawton MT, Young WL (2012) Minocycline- and tetracycline-class 

antibiotics are protective against partial seizures in vivo. Epilepsy & Behavior 24:314-318. 

Wang N, Mi X, Gao B, Gu J, Wang W, Zhang Y, Wang X (2014) Minocycline inhibits brain inflammation and 

attenuates spontaneous recurrent seizures following pilocarpine-induced status epilepticus. 

Neuroscience 23:144-156. 

Wiebe S, Blume WT, Girvin JP, Eliasziw M, Effectiveness Efficiency Surgery T (2001) A randomized, 

controlled trial of surgery for temporal-lobe epilepsy. New England Journal of Medicine 345:311-318. 

Wieser H-G, ILAE (2004) ILAE Commission Report. Mesial temporal lobe epilepsy with hippocampal 

sclerosis. Epilepsia 45:695-714. 

Wong CH, Bleasel A, Wen L, Eberl S, Byth K, Fulham M, Somerville E, Mohamed A (2010) The topography 

and significance of extratemporal hypometabolism in refractory mesial temporal lobe epilepsy 

examined by FDG-PET. Epilepsia 51:1365-1373. 

Wunder A, Klohs J, Dirnagl U (2009) Non-invasive visualization of CNS inflammation with nuclear and 

optical imaging. Neuroscience 158:1161-1173. 

Xu D, Miller SD, Koh S (2013) Immune mechanisms in epileptogenesis. Frontiers in Cellular Neuroscience 

7. 

Yang Y, Salayandia VM, Thompson JF, Yang LY, Estrada EY, Yang Y (2015) Attenuation of acute stroke 

injury in rat brain by minocycline promotes blood-brain barrier remodeling and alternative 

microglia/macrophage activation during recovery. Journal of Neuroinflammation 12:245-245. 

Zattoni M, Mura ML, Deprez F, Schwendener RA, Engelhardt B, Frei K, Fritschy J-M (2011) Brain Infiltration 

of Leukocytes Contributes to the Pathophysiology of Temporal Lobe Epilepsy. Journal of 

Neuroscience 31:4037-4050. 



References

 
 

116 

Zhang L, Guo Y, Hu H, Wang J, Liu Z, Gao F (2015) FDG-PET and NeuN-GFAP Immunohistochemistry of 

Hippocampus at Different Phases of the Pilocarpine Model of Temporal Lobe Epilepsy. International 

journal of medical sciences 12:288-294. 

 

 



Acknowledgements

 
 

117 

Acknowledgements 

Thanks are due to the following people: 

My main supervisor, Prof. Dr. Marion Bankstahl, and the head of the Preclinical 

Molecular Imaging Department, Jens P. Bankstahl, PhD, for providing me the 

opportunity to work on this exciting project and for continuous mentorship and support. 

My co-supervisors Prof. Dr. Georg Berding and Prof. Xiaoqi Ding for productive 

meetings with helpful discussions and suggestions. 

Prof. Dr. Wolfgang Löscher, head of the Department of Pharmacology, and Prof. Dr. 

Frank M. Bengel, head of the Department of Nuclear Medicine, for letting me complete 

my work at their departments. 

Pablo Bascuñana, PhD, for performing the autoradiography and helping me with parts 

of the analysis as well as for always encouraging me. 

Alexander Kanwischer, Silvia Eilert, and Petra Felsch of the Preclinical Molecular 

Imaging Department for excellent technical assistance in the PET imaging procedures. 

Michael Weißing of the Department of Pharmacology for skillfully teaching me the use 

of the cryostat and immunohistochemistry. 

Prof. Dr. Tobias L. Ross, Johannes M. Postema, Ulrike Kretschmer, and Thomas 

Harms of the Radiochemistry Department for producing the radiotracers. 

James Thackeray, PhD, of the Preclinical Molecular Imaging Department for patiently 

answering all of my questions about imaging and proofreading the manuscript. 

My fellow doctoral students, in particular Heike Breuer and Ina Leiter, for the pleasant 

working atmosphere and for assisting me whenever it was necessary. 

The Konrad-Adenauer-Stiftung for providing my scholarship and personal guidance. 

My family and friends for always believing in me and supporting me. 

 

 


