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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 epilepsypreventive 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 antiepileptogenic treatment.
In the first study presented in this work, the spatiotemporal profile of epileptogenesisassociated 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

neuroinflammation.
1
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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 antiepileptogenic 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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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 Entzündungsreaktionen des Gehirns, welche durch epileptogene Insulte ausgelöst werden,
wesentlich an der Epilepsieentstehung beteiligt sind. Nicht-invasive Bildgebungsverfahren, 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-vivoBildgebungsverfahren eingesetzt werden, um den Behandlungserfolg von antiinflammatorischen, 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-PilocarpinRattenmodell charakterisiert. Dies erfolgte mittels longitudinaler PET-Bildgebung mit
dem Translocator Protein (TSPO) als Zielstruktur sowie ergänzender in-vitroVerfahren. 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 invivo-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
6
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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, immunohistochemistry, 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 antiseizure therapy is a major concern in veterinary patients, being the case in about 2030% 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 6070% 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 “antiepileptogenesis”, 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 antiepileptogenic 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 Nmethyl-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 insultassociated 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 antiinflammatory 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).
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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
17
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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 antiepileptogenic strategy (Noe et al., 2013). Prolonged treatment with anakinra and VX765 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 broadspectrum 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 proinflammatory 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 anticonvulsive 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 pilocarpineinduced 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 lipidsoluble 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 sideeffect-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 proinflammatory 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 shortlived 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 k 2 to tracer efflux out of the brain
into the blood; k3 reflects tracer binding to the receptor and k 4 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
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hippocampus

and
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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 antiinflammatory agent, affects epileptogenesis-associated brain inflammation in the
lithium-pilocarpine rat model, using in vitro autoradiography and immunohistochemistry.
→ To assess the anti-inflammatory efficacy of treatment with minocycline, an inhibitor
of microglial activation, by serial in vivo PET imaging following lithium-pilocarpineinduced status epilepticus in rats.
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Serial quantitative TSPO-targeted PET reveals peak microglial activation up to two
weeks after an epileptogenic brain insult.

4.1 Abstract
Experimental and clinical evidence suggests that neuroinflammation, triggered by
epileptogenic insults, contributes to seizure development. We employed TSPOtargeted 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, antiepileptogenic therapy.
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The spatiotemporal profile of brain inflammation revealed by longitudinal [18F]GE180
PET imaging in a mouse model of temporal lobe epilepsy

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 antiinflammatory 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

37

The spatiotemporal profile of brain inflammation revealed by longitudinal [18F]GE180
PET imaging in a mouse model of temporal lobe epilepsy

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 3dimensional / 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 coregistration 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 salineinjected 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) kainateand 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 SEinitiated 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 pharmacoresistant 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 salineinjected 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 epileptogenesisassociated inflammatory processes (Amhaoul et al., 2015), targeting inflammationrelated 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 epilepsyassociated 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,
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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 pretreated 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 insultmodifying 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 CD11band GFAP-stained sections of the brain regions mentioned above were semiquantitatively 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 coregistering 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 imagederived 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 KruskalWallis 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 3050 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.

64

Effects of two anti-inflammatory therapeutic approaches on epileptogenesisassociated brain inflammation

(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
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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).
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uptake and binding potential of the TSPO tracer [18F]GE180.

SE

+

M

in

o

2

w

w

0.0

2

0.5

SE

1.0

SE
+
in
o

M

SE

in
o

2

2

1

w

w

w

SE

SE

+

+

in
o

M

SE

in
o

M

SE

2

2

1

1

w

w

w

w

lin
e

w

w

% injected dose/cc

Hippocampus ventral

w

Hippocampus ventral

1

2.0

w

0.0

1

0.5

M

Entorhinal cortex

o

+

2.0

in

SE

1.0
as
e

2

2

0.0

w

B

in
o

M

0.2

lin
e

1.5

Binding potential

+

0.4

SE

as
e

w

SE

0.6

1

B

2

w

0.8

M

1.5

Binding potential

in
o

M

SE

SE

SE

SE

+

+

+

+

o

in

M

o

o

SE

in

SE

as
e

M

B

in

M

o

SE

in

M

SE

w

w

w

w

w

2

2

1

1

w

w

w

w

lin
e

2

2

1

1

lin
e

2

w

0.0

SE

w

+

w

w

as
e

o

2

w

w

% injected dose/cc

% injected dose/cc

0.2

lin
e

2

SE

1

1

B

in

M

1

1

Entorhinal cortex

+

o

w

SE

in
o

M

SE

+

o

SE

in

M

lin
e

0.4

as
e

in

2

w

+

% injected dose/cc

SE

+

SE

as
e

0.6

B

M

SE

1

SE

lin
e

w

w

SE

B

0.8

SE

+

0.0

SE

0.5

2

1.0

SE

Hippocampus dorsal

w

2.0

1

0.0

in
o

0.5

w

Amygdala

1

1.0

M

2.0

o

+

as
e

2

2

0.0

in

SE

B

in
o

M

0.2

w

1.5

Binding potential

+

w

0.4

lin
e

w

SE

1

w

0.6

SE

as
e

2

w

SE

in
o

M

1

Hippocampus dorsal

1

B

o

2

+

SE

0.8

M

1.5

Binding potential

M
in

w

SE

lin
e

0.0

SE

w

+

1

w

as
e

0.2

lin
e

2

SE

o

SE

M
in

1

B

0.4

+

o

w

w

+

SE

lin
e

0.6

as
e

in

2

1

SE

as
e

% injected dose/cc

Amygdala

SE

o

SE

in

w

B

% injected dose/cc
0.8

B

M

M

1

lin
e

B

+

+

SE

as
e

Binding potential

A

SE

SE

B

Binding potential

Effects of two anti-inflammatory therapeutic approaches on epileptogenesisassociated brain inflammation

0.8

Piriform cortex

0.6

0.4

0.2

0.0

0.8

Thalamus

0.6

0.4

0.2

0.0

2.0

Piriform cortex

1.5

1.0

0.5

0.0

2.0

Thalamus

1.5

1.0

0.5

0.0

Figure 5: Effect of minocycline treatment on epileptogenesis-associated increases in
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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 V T 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 bloodbrain 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). Pretreatment 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 neurodegeneration may also be attributed to insult-associated glutamate release and freeradical 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 diseasemodifying 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-
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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 epileptogenesisassociated 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 epileptogenesisassociated 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 pilocarpineinduced 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 epileptogenesisassociated 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 intrahippocampal 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 immunohistochemical 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-tocerebellar 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 epileptogenesisassociated 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, proinflammatory 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 insultassociated 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

90

Discussion

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 epilepsypreventive strategy. In the present work, short-term effects of dexamethasone and
minocycline treatment on epileptogenesis-associated brain alterations in the lithiumpilocarpine 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 methylprednisolone, 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 SEassociated 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 vehicletreated 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 antiinflammatory 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 epileptogenesisassociated 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 twotissue 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]DPA714 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

epileptogenesis-associated

microglial

resulted

activation.

in

moderate

Furthermore,

reductions

in

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 antiinflammatory treatment approaches.
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