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1 Abstract 

Inken Waltl - The role of brain infiltrating monocytes and resident microglia in a mouse 

model of viral encephalitis-induced acute seizures and epilepsy 

A variety of brain insults can induce acute (early) seizures and temporal lobe epilepsies – for 

example trauma, stroke, or infections of the central nervous system (CNS). The risk to develop 

epilepsy after survival of viral encephalitis is up to 21%, but the mechanisms of acute seizure 

development and epileptogenesis are rarely known. We hypothesized that cells of the innate 

immune system, especially myeloid cells - either CNS invading monocytes or activated resident 

microglia within the CNS - play a major role in these processes. Hence, our aim was to selec-

tively deplete these cell populations to investigate their role in acute seizure development fol-

lowing viral CNS infection. For our studies, we used a mouse model of viral encephalitis-in-

duced acute seizures and epilepsy. Female C57BL/6J mice were intracerebrally infected with 

Theiler’s murine encephalomyelitis virus (TMEV), a Cardiovirus from the Picornaviridae  

family. Following infection, mice were monitored twice daily for acute seizure development as 

well as general health and behavioural changes. Six to seven days post infection animals were 

transcardially perfused and the brains were harvested and analysed via histology, immunohisto-

chemistry, flow cytometry, and RT-qPCR. Prior to TMEV infection, two different approaches 

were used to specifically ablate either CNS resident microglia or infiltrating monocytes phar-

macologiacally during viral encephalitis. Microglia were depleted using the specific colony- 

stimulating factor 1 (CSF1R) receptor inhibitor PLX5622, whereas peripheral monocytes and 

macrophages were depleted using liposome-encapsulated clodronate. Microglia depletion  

exacerbated viral encephalitis in mice, leading to an increase in morbidity and mortality,  

enhanced neurodegeneration, and viral spread through the CNS. Furthermore, we found that 

the adaptive immune response in terms of T lymphocyte recruitment and activation was  

impaired, emphazising the pivotal role of microglia/T cell crosstalk in viral encephalitis.  

Inhibition of monocytic brain infiltration by their depletion lowered the seizure incidence in 

TMEV infected animals and revealed a decrease in the population of infiltrating monocytes 

within the brain. However, treatment with clodronate liposomes did not prevent hippocampal 

neuronal loss after viral inoculation. In addition, inflammatory processes were not reduced by 

the treatment, though microglial cells seem to be more activated in some hippocampal subre-

gions, suggesting a protective role in TMEV infected animals.  
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The herein provided studies underline the importance of innate immune cells in viral encepha-

litis and its comorbidities, such as acute seizure development and CNS tissue damage, and con-

tribute to enlighten their role in these complex processes.  
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2 Zusammenfassung 

Inken Waltl – Die Rolle ZNS infiltrierender Monozyten und residenter Mikroglia im 

Mausmodell für Virus-Enzephalitis-induzierte akute Anfälle und Epilepsie  

Eine Vielzahl an verschiedenen Hirninsulten kann zur Entstehung akuter Anfälle und Tempo-

rallappenepilepsien beitragen. Die häufigsten Ursachen sind Schädelhirntraumata, Schlagan-

fälle oder Infektionen des zentralen Nervensystems (ZNS), beispielsweise durch Viren, Bakte-

rien oder Parasiten. Das Risiko, nach einer viral bedingten Entzündung des Gehirns (virale 

Enzephalitis) eine Epilepsie zu entwickeln, liegt bei bis zu 21%. Die Mechanismen, die dabei 

zur akuten Anfallsentwicklung und Entwicklung einer Epilepsie führen, sind nur unzureichend  

geklärt. Um diese zu untersuchen, haben wir die Hypothese aufgestellt, dass Zellen des ange-

borenen Immunsystems, insbesondere in das Gehirn einwandernde Monozyten und/oder die im 

Gehirn residente Mikroglia, maßgeblich an der akuten Anfallsentwicklung während der viralen 

Enzephalitis beteiligt sind. Für unsere Studien haben wir uns eines Mausmodells bedient, in 

dem wir C57BL/6J Mäuse mit dem Theiler’s Murinen Enzephalomyelitis Virus intrazerebral 

infizierten. In der akuten Phase der dadurch ausgelösten viralen Enzephalitis wurden die Tiere 

zweimal täglich auf das Auftreten akuter Anfälle sowie auf Veränderungen des Gesundheits-

zustandes und des Verhaltens der Tiere untersucht. Sechs bis sieben Tage nach der Infektion 

wurden die Tiere transkardial perfundiert, die Organe des ZNS entnommen und histologisch, 

immunhistochemisch, durchflusszytometrisch und mittes quantitativer PCR untersucht. Um die 

Rolle der Zellen des angeborenen Immunsystems zu ermitteln, wurden die Tiere vor der Infek-

tion und während der akuten viralen Enzephalitis mit zwei verschiedenen pharmakologischen 

Substanzen behandelt, um entweder spezifisch Mikroglia (mittels Colony-stimulating factor 1 

Rezeptor-Inhibitor PLX5622) oder infiltrierende Monozyten (mittels Clodronat-gefüllter  

Liposomen) zu depletieren. Die Mikrogliadepletion führte zu einem erhöhten Schweregrad der 

Enzephalitis, welche sich durch eine erhöhte Morbidität und Mortalität der Tiere darstellte. 

Weiterhin konnte eine vermehrte Neurodegeneration und Virusausbreitung bei diesen Tieren 

feststellt werden. Darüber hinaus wurde die Immunantwort des adaptiven Immunsystems, ins-

besondere die der T-Lymphozyten, nur unvollständig ausgeführt. Eine Behandlung mit Clodro-

nat-Liposomen führte zu einer Verringerung der Anfallsinzidenz und Monozyteninfiltration in 

das Gehirn, hatte jedoch weder einen neuroprotektiven Effekt, noch führte es zu einer vermin-

derten Entzündung im Gehirn. Allerdings fanden wir in einigen Hippokampusregionen eine 

vermehrte Aktivierung von Mikrogliazellen, was gegebenenfalls einen positiven Effekt auf die 
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Pathogenese haben könnte. Die in dieser These inkludierten Studien unterstreichen die  

Wichtigkeit der Zellen des angeborenen Immunsystems in der viralen Enzephalitis und tragen 

dazu bei, die darin involvierten Mechanismen besser zu verstehen. 
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3 General introduction - Current state of research 

3.1 Epilepsy 

3.1.1 Definition and significance 

Epilepsies are one of the most common chronic neurological diseases among humans and have 

various etiologies such as trauma, stroke, or infections of the central nervous system (CNS) 

(Löscher & Brandt 2010; Vezzani et al. 2016). Epilepsy is defined by chronic spontaneous 

recurrent seizures, which can be either focal, generalized, or even combined in some cases 

(Scheffer et al. 2017). According to the World Health Organisation (WHO) approximately 50 

million people are suffering from epilepsy and, due to the higher prevalence of predisposing 

factors such as infections and higher risks of traffic accidents and traumatic brain injury, about 

80% of these patients live in low- and middle-income countries (WHO 2018). Approximately 

30% of patients do not respond to treatment with anti-seizure drugs (ASD), which can dramat-

ically decrease the patient’s quality of life because of unpredictable seizure occurrence, cogni-

tive comorbidities and limitations in everyday life (Gaitatzis et al. 2004; WHO 2006; Löscher 

& Brandt 2010). Furthermore, apart from brain surgery, which cannot be performed in all pa-

tients, there is no cure for epilepsy, resulting in life long treatment of patients with ASD, which 

can have side effects such as sleepiness and dizziness, but also agitation (Karceski 2007; 

Meador et al. 2007; Löscher & Schmidt 2011) and thus again can limit the patient’s quality of 

life. Therefore, it is important to investigate the still incompletely understood mechanisms of 

epilepsy development, called epileptogenesis, to find new treatment strategies to prevent the 

disease onset. 

The identification of the etiology of epilepsy is an essential part in the diagnosis of epilepsies 

as it determines possible treatment: for example, epilepsies based on structural changes of the 

brain mostly  require surgical treatment, whereas a treatment targeting epilepsies generated by 

genetic mutations is more dependent on novel therapeutic approaches such as gene therapy 

(Scheffer et al. 2017). According to the International League Against Epilepsy (ILAE), there 

are six different etiologies of epilepsies: i. Structural changes of the brain, which can be con-

genital or acquired; ii. Genetic mutations, e.g. the Dravet syndrome, which is based on a muta-

tion of the voltage-gated sodium channel 1α gene (Dravet & Oguni 2013); iii. Infectious  

epilepsies resulting directly from infections of the CNS, caused by bacteria, viruses, or parasites 

with seizures as a core symptom (Vezzani et al. 2016); iv. Immune mediated epilepsies, such 
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as autoimmune triggered anti-NMDA receptor encephalitis; v. Metabolic etiologies, mostly 

based on the excess of metabolites, as it appears in uremia or porphyria (Scheffer et al. 2017); 

and finally, (vi.) Unknown etiologies of epilepsy, where there is no specific diagnosis feasible 

apart from basic EEG semiology, which is often the case in temporal lobe epilepsy (TLE, the 

most common type of focal epilepsy in humans (Van Vliet et al. 2014)). The etiology of epi-

lepsy is often not restricted to one of the just mentioned categories: Infectious diseases often 

lead to structural changes of the brain, whereas metabolic changes within the body are often 

triggered by genetic mutations (Löscher & Brandt 2010; Scheffer et al. 2017). In the following, 

the focus of this thesis will be on epilepsies and seizures caused by infections of the CNS, 

especially viral infections.   

3.2 Brain inflammation and immune responses 

Encephalitis is defined as an inflammatory process of the brain caused by either an intruding 

pathogen, an autoimmune reaction, or traumatic disruption of the tissue (Mckee & Lukens 

2016; Riera Romo et al. 2016). Each of these noxious agents can induce an inflammatory cas-

cade, which involves different cell populations and molecules of the body’s immune system 

acting in a determined chronological order. For many decades, the brain was thought to be an 

immune privileged or immunologically unique organ, since it does not hold any lymphatic ves-

sels or secondary lymphoid organs within the tissue (Becher et al. 2000; Louveau et al. 2015). 

Over the last two to three decades, the field of neuroimmunology arose to a field of very high 

interest, contributing to a better understanding of neuroinflammation and neurodegenerative 

diseases. The body’s immune system can be divided into the innate immune system and the 

adaptive immune system (Murphy et al. 2008). The innate immune system  

operates as the first line of defence against noxious agents (insults) and its actions are crucial 

to prevent infections and maintain homeostasis (Riera Romo et al. 2016; Prinz & Priller 2017). 

Following an insult, the innate defence mechanisms induce inflammatory reactions of the body 

and trigger the adaptive immune response. Noxious agents are recognized via pattern-recogni-

tion receptors (PRRs), which are located on different cell types of the innate immune system. 

The PRRs themselves activate signal cascades, leading to the release of proinflammatory, but 

also anti-inflammatory molecules, which either directly activate further immune cells or induce 

migration of other immune cells to the site of the insult (Janeway & Medzhitov 2002; Kawai & 

Akira 2010; Carty et al. 2014; Riera Romo et al. 2016; Vezzani et al. 2016).  



General introduction - Current state of research
 

 

7 

Migration of these leukocytes into the immunologically unique CNS parenchyma rarely occurs 

under homeostatic conditions since these cells are not able to cross the blood brain barrier 

(BBB) which protects the brain from the periphery via endothelial tight junctions restricting the 

para- and transcellular movement of cells and molecules (Man et al. 2007; Wilson et al. 2010; 

Vezzani et al. 2016; Erickson & Banks 2018). Immune cell trafficking over the BBB into the 

CNS represents a key process in neuroinflammation and is governed by secreted chemokines, 

such as CC-chemokine ligand (CCL) 2, CCL3, CCL5, CCL17 and adhesion molecules (e.g. 

selectins, mucins, integrins, members of the immunoglobulin superfamily) expressed on endo-

thelial cells  (Man et al. 2007; Rossi et al. 2011). Anatomically, the BBB is formed by on a 

basement membrane attached endothelial cells of blood vessels with interendothelial tight junc-

tions impermeable for cells and most molecules, a formation of astrocytic and microglial pro-

cesses, named glia limitans, which are attached to a second basement membrane, and the peri-

vascular space between the two basement membranes (Figure 1) (Man et al. 2007; Varatharaj 

& Galea 2017). Therefore, CNS invading leukocytes are challenged to cross all BBB compart-

ments to enter the brain tissue. This can be done by fulfilling the ‘multistep paradigm’ of leu-

kocyte-endothelial interactions at the BBB (Imhof & Dunon 1997; Man et al. 2007; Rossi et al. 

2011). In short, leukocyte trafficking into the CNS comprises the following steps (Figure 1): i. 

Tethering/Rolling: mostly selectin-mediated transient contact between leukocytes and the en-

dothelium. Due to shear forces ‘rolling’ of the immune cell is induced allowing the leucocytes 

to scan the endothelial surface for chemokine-mediated endothelial activation and adhesion 

molecules; ii. Activation: engagement of leukocytic chemokine receptors and luminally ex-

pressed chemokines leads to conformational changes of leukocytic integrins from low-affinity 

to high-affinity; iii. Adhesion: binding of leukocytic high-affinity integrins to their ligands on 

endothelial cells mediates their arrest and adhesion; iv. Locomotion: to find interendothelial 

tight junctions, most of the invading immune cells locomote across the endothelial surface; v. 

Protrusion: leukocytes protrude through the tight junctions searching for abluminal chemokines 

and molecules that guide their way through the endothelial layer; vi. Transmigration/Extrava-

sation: guided by abluminal chemokines, leukocytes transmigrate through the endothelial cell 

layer and enter the perivascular space (Imhof & Dunon 1997; Man et al. 2007; Rossi et al. 

2011). Within the perivascular space, the invading immune cells interact with other perivascular 

immune cells and are further guided towards the brain parenchyma by chemoattractants, such 

as chemokines and cytokines. Once invading leukocytes have crossed the glia limitans which 

is a enzyme-mediated process (Engelhardt et al. 2016), they reach the brain parenchyma allow-

ing interaction with neurons and other tissue resident cells (Man et al. 2007; Rossi et al. 2011). 
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The current understanding of this ‘multistep paradigm’ is that not all leukocytic subpopulations 

undergo locomotion and protrusion (step iv. & v.) but undergo diapedesis without these steps 

inbetween (Rossi et al. 2011; Odoardi et al. 2012; Engelhardt et al. 2016). Furthermore, in ad-

dition to paracellular transmigration, especially T cells are able to cross the BBB via transcel-

lular routes (Odoardi et al. 2012; Engelhardt et al. 2016). Therefore, the herein described ‘mul-

tistep paradigm’ serves as an outline of leukocytic BBB transmigration in general without 

giving a detailed description of different leukocytic cell populations.  

 

Figure 1 – Multistep paradigm of leukocyte trafficking over the BBB (Man et al. 2007). 
Leukocytes are transiently scanning the endothelial cell surface mediated by adhesion mole-
cules (rolling). Binding of chemokines by leukocytic chemokine receptors mediates activation 
of the immune cell and conformational changes of integrins from low-affinitiy to high-affinity 
which hence leads to adhesion of the leukocyte. Following adhesion most leukocytes locomote 
to interendothelial junctions to detect chemoattractants via protrusion. The latter allows guided 
transmigration through the endothelial cell layer after which the leukocyte reaches the peri-
vascular space. Cell-cell interactions within the perivascular space and secretion of chemoat-
tractants governs the leukocyte extravasation through the glia limitans into the brain paren-
chyma where invading immune cells interact with neurons and other tissue resident cells.  
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As previously mentioned above in this section, an CNS insult (noxious agents) cause an inflam-

matory reaction within the parenchyma. These inflammatory reactions are needed to guarantee 

elimination of noxious agents and reparation of the tissue. However, enhancement of inflam-

mation or severe inflammation itself can be detrimental and can cause severe tissue damage 

instead of preservation of function and structure of the tissue (Carty et al. 2014; Riera Romo et 

al. 2016). Thus, inflammation of the brain, a very sensitive organ, is a narrow ridge between 

saving and harming the tissues’ most important cells – neurons. For our studies, we had a spe-

cial interest in the cell-mediated innate immune system as the first line of defence, formed by a 

group of leukocytic cell populations, which are able to directly attack noxious agents. This is 

done, for example by phagocytosis, or presentation of antigens to further activate immune cells 

(Riera Romo et al. 2016). Remarkably, these mediators act in a strict chronological order (Fig-

ure 2).  

 

Figure 2 – Chronology of the immune systems relative response to a noxious agent adapted 
from Mckee and Lukens (2016). The figure schematically represents the individual compo-
nents of the immune system within the brain acting after an insult in a chronological order. 
Following a CNS insult, microglia form the first line of defence detecting PAMPs and DAMPs. 
This leads to cytokine production and immune cell recruitment, allowing neutrophils and blood 
monocytes to infiltrate the brain tissue. Cells of the adaptive immune system are not involved 
in the first line of defence. They play a role in the inflammation three to seven days post insult 
but can stay active for longer periods of time. Especially T lymphocytes are often involved in 
chronic inflammatory processes. (Innate immune system: PAMPs, DAMPs, cytokines, chemo-
kines; Microglia; Neutrophils; Monocytes; Adaptive immune system: T and B cells) 
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I. Non-cell mediated innate immune system 

Following an insult, cells expressing PRRs sense damage-associated molecular patterns 

(DAMPs) and/or pathogen-associated molecular patterns (PAMPs) (Janeway & Medzhitov 

2002; Chakraborty et al. 2010; Carty et al. 2014; Mckee & Lukens 2016). Via different  

transcription pathways, cytokine and chemokine production and secretion are induced, leading 

to expansion and recruitment of immune cells (Carty et al. 2014).  

II. Cell mediated innate immune system 

During an insult within the CNS, microglia form the first line of defence, recognizing DAMPs 

and PAMPs via PRRs and rapidly contributing to cytokine secretion and release as well as 

immune cell recruitment (Prinz & Priller 2017). Microglia are the resident myeloid cells of the 

brain comprising approximately 10% of the cells in the CNS; they maintain the homeostasis in 

the healthy brain (Nimmerjahn et al. 2005; Ransohoff & Cardona 2010; Ransohoff & El Khoury 

2015; Vezzani et al. 2016). During early embryogenesis, they colonize in the CNS deriving 

from mesodermal progenitors that arise from the yolk-sac (Bruttger et al. 2015; Butovsky & 

Weiner 2018). These cells are both, glial cells and mononuclear phagocytes, and contribute to 

spatial patterning and synaptic wiring in the developing and adult healthy CNS, maintaining 

brain plasticity and function (Ransohoff & Cardona 2010; Ransohoff & El Khoury 2015; 

Schafer & Stevens 2015). Moreover, microglial cells have been associated with various CNS 

pathologies, where microglia activation almost always occurs. In CNS pathologies the activa-

tion of microglia can be beneficial or detrimental, or both, depending on the timepoint of their 

activation post insult, as shown e.g. in Alzheimer’s disease, where microglia contribute to 

plaque-formation within the brain (Dagher et al. 2015; Ransohoff & El Khoury 2015). Despite 

emerging findings about the role of microglia in health and disease, the elucidation of their 

concrete mechanisms of action and whether their activation might be more detrimental than 

reparative in certain scenarios and diseases is still incomplete.  

Neutrophil granulocytes are the first immune cell population that migrates from the periphery 

to the site of injury in less than 24 hours post insult. These phagocytic cells contribute to cell 

debris removal and secrete proinflammatory mediators, which in turn induce immune cell  

migration to the site of injury (Mckee & Lukens 2016). Despite their rapid recruitment and 

migration, neutrophils are usually only found during the first days post insult. They are replaced 
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by the next chronologically following population of cells, infiltrating monocytes as another 

class of myeloid cells (Mckee & Lukens 2016; Riera Romo et al. 2016).  

Peripheral monocytes react rapidly to the presence of cytokines and chemokines in the circula-

tory system (Riera Romo et al. 2016). They already migrate to the site of injury ten hours post 

insult, reaching their peak during the first 24-48 hours. Infiltrating monocytes remain longer at 

the site of injury than neutrophils and can be reactive over several weeks. They perform antigen 

presentation to activate cells of the adaptive immune response, phagocytosis, and secretion and 

release of cytokines (Riera Romo et al. 2016; Vezzani et al. 2016). A central challenge in in-

vestigating myeloid cells within the CNS, is the differentiation between infiltrating monocytes 

and resident microglia, since most of the markers used in analysis techniques are not specific 

(Ransohoff & Cardona 2010; Butovsky & Weiner 2018; Käufer et al. 2018). The immunohisto-

chemical staining against the ionized calcium-binding adapter molecule 1 (also known as  

calcium binding protein allograft inflammatory factor 1, Iba1) (Butovsky & Weiner 2018) and 

the surface molecule cluster of differentiation (CD) 107b (also known as Mac-3) (Bröer et al. 

2016) do not allow any clear demarcation between the two relevant cell populations. Another 

antibody that marks the microglial transmembrane protein 119 (TMEM119), has been  

described recently by Bennett et al. (2016) and seems to be microglia specific and hence, 

thereby offering a new approach to study these cells. Another strategy to differentiate the two 

cell populations is flow cytometry, also named fluorescence-associated cell sorting (FACS), 

which uses antibodies against cell surface molecules or intracellular molecules to distinguish 

between cell types. The advantage of FACS analysis is the feasibility of using several surface 

markers at the same time, whereas immunohistochemistry staining is limited to three to four 

antibodies. Therefore, whole cell populations can be differentiated in just one step. Further-

more, flow cytometry allows quantification of cells and if needed, the specific cells of interest 

can be sorted out and used for further analysis steps, such as single cell RNA sequencing. How-

ever, since organ homogenates are used for FACS, this technique does not allow any conclu-

sions of the concrete cell localisation within the analysed tissue. Hence, especially in addition 

to immunohistochemistry, flow cytometry is an elegant tool that can reveal more detailed in-

formation about the cell population of interest. Regarding myeloid cells, this is not a trivial 

technique since they express mostly the same molecules, and their expression can change de-

pending on the cells’ status of activation. However, there are existing FACS staining protocols 

based on the expression pattern of the surface molecules CD45 and CD11b, allowing a demar-

cation between infiltrating monocytes and resident microglia (Howe et al. 2012; Cusick et al. 
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2013). In the TMEV model this well-established protocol has also been used and described 

previously. Infiltrating monocytes are mainly CD45highCD11b+, whereas microglia are mainly 

CD45lowCD11b+ (Howe et al. 2012; Cusick et al. 2013; Käufer et al. 2018). Figure 3 shows how 

myeloid cells can be detected using the described gating method by FACS. This analysis 

method allows the investigators to gain a solid impression of the myeloid cell distribution within 

the brain.   

 

Figure 3 – Example dotplot of the FACS gating strategy used  
by Cusick et al. (2013) and our laboratory (Käufer et al. 2018). 
Based on CD45/CD11b, immune cells in the brain following virus infection can be differenti-
ated into four individual populations: CD45high CD11b+ (black oval) which are mainly infiltrat-
ing monocytes; CD45lowCD11b+ (red oval) which are mainly microglia; CD45+CD11b+ (grey 
oval) are considered as other immune cells such as lymphocytes; and the fourth population are 
other non-immune cells.  
 

III. Adaptive immune system 

The adaptive immune system consists of lymphocytes, more precisely, T and B lymphocytes 

and their effector molecules. They are defending their host by clonal expansion and prolifera-

tion of adaptive immune cells and their receptors and by generating an immunological memory. 

This is done via production of antigen specific antibodies by B lymphocytes which hence  

induce effector cells of the innate immune system, such as granulocytes and macrophages and 
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activation of the complement cascade (Ravizza et al. 2008; Libbey & Fujinami 2014; Iwasaki 

& Medzhitov 2015). The initial immune response of B lymphocytes to a noxious agent is  

relatively slow and rather inefficient since the first specific antibodies can be measured after 

approximately seven days after the initial antigen contact. In case of a second contact to the 

antigen, the response is faster due to the immunological memory that has been formed. This 

memory is exclusively built by cells of the adaptive immune system. Monocytes, macrophages, 

microglia and other phagocytic cells do not hold any antigen specific memory.  

The second group of lymphocytes of the adaptive immune system are T lymphocytes. These 

cells carry the specific surface molecule CD3. They interact with antigen presenting cells 

(APCs), such as dendritic cells, macrophages, and B lymphocytes. Their main effector function 

is cytokine production and secretion, which, again, effects other immune cells and triggers the 

inflammatory pathway. T lymphocytes can be further differentiated into T helper cells, which 

carry the surface molecule CD4, and into cytotoxic T cells, which are positive for the surface 

molecule CD8. The T helper cell population can be differentiated in Th-1, Th-2, Th-17, and 

regulatory T cells (Tregs). Each subpopulation has different regulatory and effector functions 

due to their difference in the type of cytokines they produce, which will not be described in 

detail here.  

It has been shown previously, that the host’s immune response can play a role in acute seizure 

development and epilepsy(Vezzani et al. 2011; 2014; 2016). Especially brain infiltrating mon-

ocytes and resident microglia have been suspected to be involved in these processes. Therefore, 

these cell populations were of main interest in our studies and their role will be further discussed 

in the following chapters. 
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3.2.1 Infections of the CNS 

Infections of the CNS are major risk factors for epilepsy development and can be caused by 

viral, bacterial, fungal, or parasitic pathogens (Preux & Druet-Cabanac 2005; Vezzani et al. 

2016; Scheffer et al. 2017). As already mentioned (section 3.1.1), most of the cases occur in 

low- and middle-income countries due to the higher risk of infections in these areas (WHO 

2018). Up to 30% of patients suffering from CNS infection display acute symptomatic seizures, 

which are not epilepsy by definition, but can contribute to the onset of epilepsy development 

(Vezzani et al. 2012; Vezzani et al. 2016; WHO 2018). Figure 4 illustrates the interactions and 

processes leading from CNS infections to disease onset, modification, and long-term  

impairment of the brain tissue.  

 

Figure 4 - This figure (Vezzani et al. 2016) reveals the pathway from  
CNS infection to CNS diseases, such as epilepsy, in a schematic way. 
The ‘core symptoms’ neuroinflammation, gliosis and degeneration of neurons are of great  
importance, especially in acute seizure development and epileptogenesis, and reflect the general 
interest in the execution of our studies.   
 

As previously mentioned (chapter 3.2), the disease progression after CNS infection is not only 

driven by the pathogen itself, but also affected by interference with the host’s immune system, 
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whose reactions can have an either beneficial or detrimental impact on the patient’s health  

(Chakraborty et al. 2010; Carty et al. 2014; Vezzani et al. 2016). Recently, emerging and re-

emerging diseases caused by viral CNS infections became a focal point of interest also in de-

veloped countries, since international travelling has become easier in the last years leading to 

re-localisation of virus reservoirs and hosts (Nasci 2014; Baud et al. 2017; WHO 2018).  

Furthermore, the number of anti-vaccionists rises among the population, allowing almost erad-

icated viruses, such as Measles, to re-emerge in developed countries (Poland & Jacobson 2012). 

Hence, the development of associated long-term impairments of the brain after survival of viral 

CNS infections in patients needs to be investigated. Viruses enter the brain via the blood stream 

or neuronal retrograde transport. Viral replication within the CNS, resulting in inflammation of 

the CNS tissue, is defined as viral encephalitis (Vezzani et al. 2016) and will be discussed in 

the following chapter.  

3.2.2 Viral encephalitis and epilepsy 

Viral induced inflammation of the CNS is a serious condition for patients and is the most com-

mon cause of encephalitis (Leahy et al. 2018; NINDS 2018). Even if viral encephalitis is self-

limiting and often not detected by the patient himself or the clinician, permanent neurological 

damage will be a common subsequent finding in patients (Leahy et al. 2018). Two main types 

of viral encephalitis are distinguished: Primary encephalitis, where a virus directly infects the 

brain, or secondary encephalitis, which results from a malfunctioning reaction of the immune 

system to an infection elsewhere in the body, causing the immune system to also mistakenly 

attack healthy brain cells (Leahy et al. 2018; NINDS 2018). This type of encephalitis, known 

as post-infection encephalitis, occurs two to three weeks after the initial insult and will not be 

further discussed in the following.  

Primary viral encephalitis either occurs due to an unusual manifestation of a common virus 

infection or is caused by neurotropic viruses directly targeting the brain (WHO 2006). Children 

and young adults are mostly affected, but the disease also rarely occurs in older adults. Viruses 

can enter the brain via the cerebrospinal fluid, hematogenously via the blood stream or by neu-

ronal retrograde transport and is dependent on the virus type itself. An example for hematog-

enous dissemination would be Japanese encephalitis virus (JEV), which is transmitted by  

mosquitoes, whereas a widely known example for neuronal retrograde virus dissemination 

would be rabies virus (Kennedy 2004; WHO 2006). Many viruses are able to enter the brain 

causing encephalitis, some of them more frequently than others: JEV is the most important 
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cause of viral encephalitis in Asia, causing 10.000 to 15.000 deaths per year (WHO 2006, 2015). 

Other arthropod-borne viruses, e.g. West Nile virus (WNV) and Tick-borne encephalitis virus, 

which are both transmitted via mosquitoes, infect the CNS as well and can cause severe  

encephalitis (Klein et al. 2002; Eeg-Olofsson 2003). The most serious viral encephalitis in the 

industrial world is caused by viruses of the herpes simplex family leading to ‘fatal sporadic 

viral encephalitis’ with a mortality of approximately 70% in untreated patients (Hanley et al. 

1987; Kennedy 2004; WHO 2006). Symptoms of viral encephalitis can occur as mild flu-like 

symptoms and headaches, but febrile illness and symptomatic seizures are also observed in 

patients. Even if symptoms in most cases of viral encephalitis are rarely recognized, permanent 

psychiatric or neurologic sequelae may occur indicating viral CNS infections as a major risk 

factor for epilepsy (Vezzani 2014; Vezzani et al. 2016). Acute (early) insult-associated symp-

tomatic seizures, which are not equivalent to spontaneous epileptic seizures, occur in about one 

third of all CNS infections (Singhi 2011; Vezzani et al. 2016). According to the WHO (2018), 

the patient’s risk of developing epilepsy with spontaneous seizures after survival of viral en-

cephalitis is approximately 21%. Insult-associated seizures do not inevitably lead to epilepsy, 

but it has been proposed that symptomatic seizures enhance the risk of epileptogenesis 

(Schmutzhard 2001; Terrone et al. 2016; Vezzani et al. 2016). However, the concrete mecha-

nisms of acute seizure and epilepsy development caused by viral encephalitis are only partially 

understood, which impedes therapeutic interference in epileptogenesis. It has been proposed by 

several researching groups among the field that infiltrating monocytes and resident microglia 

are key players in disease development (Ravizza et al. 2008; Simonato et al. 2012; Vezzani et 

al. 2012; Vezzani 2014; Gorter et al. 2015; Pitkänen et al. 2015; Varvel et al. 2016; Depaula-

Silva et al. 2018). Certainly, immune response mechanisms described in section 3.2 are also 

involved in the inflammatory processes of viral encephalitis further suscitating our group’s spe-

cial interest in brain infiltrating monocytes and resident microglia. 

3.2.3 Animal model – Theilers’ virus model for epilepsy 

To investigate the role of microglia and infiltrating monocytes in viral encephalitis-induced 

acute seizure development and epileptogenesis, we used a mouse model of viral encephalitis. 

Encephalitis was induced by intracerebral infection with the Theiler’s murine encephalomyeli-

tis virus (TMEV). This enteric mouse pathogen was first described by Max Theiler in 1934 and 

has been used for decades to study demyelinating diseases after CNS inoculation in Swiss James 

Lambert (SJL) mice to investigate the pathology of multiple sclerosis (Theiler 1934, 1937; 
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Tsunoda & Fujinami 1996; Ulrich et al. 2010). It is a single-stranded RNA Cardiovirus of the  

Picornaviridae family. Within the TMEV genotype, several substrains can be discriminated 

regarding their neurovirulence: the most virulent group is GDVII, which includes the GDVII 

and FA substrains of TMEV. Intracerebral infection with these substrains leads to severe poli-

oencephalomyelitis, which is fatal within the first two weeks post infection. The less virulent 

Theiler’s original (TO) group comprises substrains such as the Daniel’s (DA), BeAn and WW 

strain. CNS infection of SJL mice with these substrains leads to a demyelinating disease allow-

ing to investigate disease progression in the acute and chronic phase, serving as a model for 

multiple sclerosis (Miller et al. 1994; Libbey & Fujinami 2011). Theiler and Gard themselves 

(1940) reported extreme hyperexcitability and tonic ‘convulsives‘ in mice infected with the FA 

substrain of TMEV. However, the Theiler’s virus model for epilepsy was described and estab-

lished as recently as in 2008 by Libbey et al. using viruses of the TO group in another mouse 

strain named C57BL/6J (B6) (Libbey et al. 2008). In contrast to the use of SJL mice in demy-

elination research, B6 mice do not show signs of demyelination upon intracerebral infection 

and are able to eliminate the virus within the first ten to 20 days post infection (Stewart et al. 

2010). However, these mice develop an acute encephalitis and, in the following, acute sympto-

matic seizures and neurodegeneration (Figure 5). In B6 mice, TMEV has a tropism to  

hippocampal neurons, especially to the neurons of the hippocampal subregion Cornu Ammonis 

(CA) 1 (Stewart et al. 2010; Libbey & Fujinami 2011; Bröer et al. 2016). The hippocampus is 

also among the most affected brain regions contributing to seizure development in patients with 

TLE (Chang & Lowenstein 2003; Van Vliet et al. 2007). Furthermore, brains of TMEV infected 

B6 mice display hippocampal sclerosis, astrogliosis, and microglial activation, which are also 

the most significant histological pathologies in human TLE. Consequently, using TMEV is a 

very elegant approach to investigate encephalitis-induced seizures and epilepsy (Löscher & 

Brandt 2010). It is important to separate the previously described insult-associated seizures 

from chronic spontaneous seizures, which would then be defined as epilepsy (Kelly 2002; Berg 

& Scheffer 2011). While, after a latency phase of about two months, approximately one third 

of infected animals become epileptic and display chronic spontaneous seizures, two thirds of 

the infected animals are predicted not to develop epilepsy (Libbey et al. 2008; Stewart et al. 

2010; Anjum et al. 2018).  
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Figure 5 – Schematic description of the TMEV model of acute seizures and  
epilepsy modified from Libbey et al. (2008) and Depaula-Silva et al. (2017).  
Female C57BL/6J mice undergo an intracerebral infection with TMEV (DA strain), which leads 
to an acute encephalitis upon infection. In the following approximately 60-80% of the mice 
develop acute seizures and neurodegeneration. After a latency phase of about two months, a 
proportion of the animals develops spontaneous recurrent seizures.  
 

The mechanisms leading to epilepsy after TMEV infection are, again, not fully understood and 

need further investigation. Additionally, it has been pointed out that the virus substrain seems 

to be important in TMEV infection, since the percentage of mice developing acute seizures 

upon infection, and severity of the disease including CNS tissue alterations, differs among 

TMEV substrains (Dal Canto et al. 1996; Oleszak et al. 2004; Bröer et al. 2016).  

3.2.4 Immune response to TMEV infection and seizure development 

As previously described (section 3.2.2), viral infection of the brain leads to an inflammatory 

reaction. Upon TMEV (DA) infection, hippocampal sclerosis and degeneration has been ob-

served. This may contribute to an imbalance of inhibitory and excitatory neurons and neuro-

transmitters which then leads to an altered susceptibility to seizures (Löscher & Brandt 2010; 

Stewart et al. 2010). Interestingly, the incidence, but not the frequency and duration of acute 

seizures, correlates with the inoculated virus dose and the TMEV substrain (Libbey & Fujinami 

2011; Libbey et al. 2011b; Bröer et al. 2016).  It has been shown by Cusick et al. (2013) that 

interleukin-6 (IL-6) and tumor necrosis factor alpha (TNF-α) producing macrophages and res-

ident microglia are involved in acute seizure development. In contrast, infiltration of adaptive 

immune cells does not seem to play a pivotal role in seizure development. While only a mild 

CNS infiltration of B lymphocytes occurs following infection, a significant infiltration of T 

lymphocytes into the CNS has been observed upon TMEV infection by several groups (Cusick 

et al. 2013; Bröer et al. 2016). However, infecting mice deficient in the recombinant activation 

gene (RAG-1), Rag-/- mice, which have no mature B and T lymphocytes (Mombaerts et al. 

1992), did not alter the seizure incidence following TMEV infection (Depaula-Silva et al. 

2018). Hence, the innate immune system seems to play a role in seizure development rather 
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than the adaptive immune system (Kirkman et al. 2010). The previously mentioned cytokines 

IL-6 and TNF-α, as well as interleukin-1 beta (IL-1β) and complement factor C3 have been 

reported as key regulators in acute seizure development (Vezzani et al. 2000; Zattoni et al. 

2011; Cusick et al. 2013; Butovsky et al. 2014). The activation of complement factor C3 is 

driven by secretion of IL-6 and TNF-α, mainly produced by infiltrating monocytes and resident 

microglia within the CNS (Libbey & Fujinami 2011). Genetically modified C3-deficient mice 

infected with TMEV display a lower acute seizure incidence compared to wild type (WT) ani-

mals. In an inflammatory scenario within the CNS, infiltrating monocytes, which can only cross 

the BBB after inflammation-induced tight junction impairment, predominantly produce and  

secrete IL-6, whereas microglia predominantly produce and secrete TNF-α (Cusick et al. 2013; 

Ransohoff & El Khoury 2015; Ritzel et al. 2015). However, it has been argued that under  

uncommon conditions, such as impairment of one of these cell populations, these myeloid cells 

can modify their phenotype including in cytokine production and secretion (Schwartz et al. 

2006; Olah et al. 2011; London et al. 2013). Taking the innate immune systems’ mechanisms 

of action into consideration, pharmacological targeting of the associated cell populations and 

molecules might be highly beneficial in the prevention of acute seizure development and epi-

leptogenesis triggered by viral encephalitis and could provide a new therapeutic approach to 

prevent disease onset. Therefore, pharmacological modulation of innate immune cells during 

viral encephalitis and acute seizure development was the aim of the herein provided studies.  

3.3 Pharmacological modulation of seizure development in the 
TMEV model for epilepsy 

Anti-inflammatory treatment, such as administration of non-steroidal anti-inflammatory drugs 

(NSAIDs), has a seizure-modifying potential (Löscher & Brandt 2010; Terrone et al. 2016). In 

status epilepticus models, prevention of spontaneous seizure generation using NSAIDs has not 

been effective, but a disease-modifying effect in terms of seizure load reduction has been shown 

(Vezzani 2015; Radu et al. 2017). Regarding the TMEV model of acute seizures and epilepsy, 

the treatment focus is on the modulation of innate immune cells and the associated molecules 

(Vezzani et al. 2016). Mice lacking the cytokine IL-6, as well as TNF-α receptor deficient mice, 

exhibit less acute seizures than WT animals in the TMEV model (Libbey & Fujinami 2011; 

Vezzani et al. 2016). Furthermore, an anticonvulsant effect has been described by Vezzani et 

al. (2000; 2013) after intracerebral injection of IL-1β receptor antagonists, which inhibit the 

glutamate-mediated amplification of seizures. This has been done in a chemical seizure model 
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using bicuculline to provoke motor seizure activity. Taking this into consideration, targeting 

proinflammatory cytokines that are known to play a role in seizure development, and the cells 

producing these, might be a promising approach for seizure prevention.  

To investigate the impact of a certain cell population of interest in this scenario, specific deple-

tion of these cells is indispensable. Today, specific methods for pharmacological depletion of 

microglia, as well as specific modulation of blood monocytes and peripheral macrophages, are 

available and allow further elucidation of their mechanisms of action.  

3.3.1 Colony-stimulating factor 1 receptor inhibitor (PLX5622) 

The colony-stimulating factor 1 receptor (CSF1R) is crucial for microglia development and 

maintenance and therefore, is a key regulator of myeloid cells (Elmore et al. 2014). The genetic 

deletion of CSF1R in mice leads to complete absence of microglia within the brain  

(Bennett, F. C. et al. 2018). However, these animals cannot survive the first two weeks post 

natum, which renders the usage of adult Csf1r-/- mice impossible. A few years ago, a company 

named Plexxikon (Berkeley, California, USA) developed pharmacological CSF1R inhibitors, 

such as PLX3397 and PLX5622, allowing specific depletion of microglia within the brain with-

out affecting survival of mice when administered in adulthood, since microglial ablation is only 

lethal during early brain development (Elmore et al. 2014; Dagher et al. 2015; Bennett, F. C. et 

al. 2018). Mechanistically, these substances are tyrosine kinase inhibitors which block CSF1R 

on myeloid cells, leading to their depletion and hence to an elimination of more than 85% of 

microglia within the brain. CSF1R is not exclusively located on microglial cells but also on 

peripheral tissue macrophages and blood monocytes. However, according to Mok et al. (2014), 

the CSF1R inhibitors developed by Plexxion have only minor effects on peripheral tissue mac-

rophages and blood monocytes. At the timepoint we conceived our study, this drug has not been 

tested in any epilepsy or seizure model and we hypothesized that the elimination of microglia 

would elucidate their role in seizure development and epileptogenesis (see chapter 4).  

3.3.2 Clodronate liposomes 

The modulation of CNS infiltrating monocytes in the TMEV model is not a novelty. Cusick et 

al. (2013) showed that mice treated with the antibiotic substance minocycline, a tetracycline, 

exhibit a lower seizure incidence in the TMEV model for acute seizures and epilepsy.  

Minocycline lowers the secretion of IL-6 by myeloid cells and therefore has anti-inflammatory 

properties (Tikka et al. 2001; Cusick et al. 2013; Moini-Zanjani et al. 2016). The depletion of 
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blood-borne monocytes using clodronate liposomes is a more selective target approach (Classen 

& Van Rooijen 1986; Van Rooijen & Sanders 1994; Van Rooijen et al. 1996; Zattoni et al. 

2011). Clodronate is a bisphosphonate, which is used in human and veterinary medicine to 

inhibit osteoclasts in osteolytic diseases (Denoix et al. 2003; Frediani et al. 2018). Packed in 

liposomes, it can be used to effectively deplete blood monocytes and tissue macrophages har-

nessing a ‘Trojan Horse’ mechanism: the circulating liposomes are taken up by phagocytic 

monocytes and macrophages. The lysis of the liposomes leads to the release of clodronate 

within the phagocytic cell and upon a certain concentration, apoptosis of the cell is induced 

(Classen & Van Rooijen 1986; Van Rooijen & Sanders 1994; Van Rooijen et al. 1996). As 

clodronate liposomes cannot cross the BBB, the treatment in-vivo does not lead to a depletion 

of microglia within the CNS and hence, is specific for peripheral blood monocytes and tissue 

macrophages (Van Rooijen & Sanders 1994; Drabek et al. 2012). It has been shown previously 

by Varvel et al. (2016) in a status epilepticus model, that the modulation of monocyte infiltra-

tion has a neuroprotective effect after induction of status epilepticus. This study has been con-

ducted by using a mouse line genetically deficient in the C-C chemokine receptor 2 (CCR2), 

which is crucial for infiltration of monocytes into the CNS (Karpus et al. 2006; Bennett, J. L. 

et al. 2007; Hammond et al. 2014; Cerri et al. 2016; Varvel et al. 2016; Howe et al. 2017). 

Taking this into account, using clodronate liposomes is a highly promising approach to study 

the role of CNS infiltrating monocytes in the TMEV model.  
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4 Working hypothesis and aim of studies 

In accordance with studies published by groups working on CNS inflammation, infections, and 

epilepsy, we hypothesized that cells of the innate immune system, especially infiltrating mon-

ocytes and/or resident microglia, play a key role in acute seizure development and epileptogen-

esis. Therefore, the aim of the herein presented studies was the cell specific pharmacological 

modulation of either one of these cell populations to investigate their explicit role in disease 

onset. The cause of structural alterations within the brain after TMEV infection and the mech-

anisms leading to these should be elucidated by our modulatory approach. For each of the 

above-mentioned cell populations, an individual study concept was conceived and executed. 

Microglial cells were pharmacologically depleted by using a specific CSF1R inhibitor to inves-

tigate their role in acute seizure development and epileptogenesis. Since microglia are associ-

ated with several neurodegenerative diseases and neuroinflammatory processes, it was very 

likely that they would also play a role in the TMEV model. However, in different neurological 

diseases the role of microglial cells can not be consistently classified as beneficial or detri-

mental. Therefore, our expectations of the study outcome were not completely settled, though 

we hypothesized that pharmacological inhibition of microglia upon CNS virus infection would 

potentially lead to a milder disease outcome, since these cells have been shown to be highly 

activated in TMEV infected animals, probably contributing to inflammatory tissue damage and 

cytokine production.  

For the inhibition of monocyte infiltration within our experiments, our expectations were 

clearer, since there were studies published previously that a broad systemic anti-inflammatory 

treatment (for example minocycline (Libbey et al. 2011a) and wogonin (Cusick et al. 2013)) 

had a positive effect in terms of seizure inhibition and led to decreased monocyte infiltration 

and thus to milder inflammation in the brain. Peripheral monocytes and macrophages were  

depleted by administration of liposome-encapsulated clodronate, repeatedly injected to avoid 

repopulation of depleted cells during the acute phase of viral encephalitis. We hypothesized 

that clodronate liposome-mediated ablation of peripheral monocytes and macrophages would 

decrease brain inflammation and acute seizure occurrence upon TMEV infection, which would 

have a beneficial effect in terms of neuroprotection and prevention of brain tissue damage.  

The study design, findings, and outcome will be described in the following chapters (sections 

5 and 6), which contain the studies of the two previously mentioned approaches.  
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Abstract 
In the central nervous system (CNS), innate immune surveillance is mainly coordinated by mi-

croglia. These CNS resident myeloid cells are assumed to help orchestrate the immune response 

against infections of the brain. However, their specific role in this process and their  

interactions with CNS infiltrating immune cells, such as blood-borne monocytes and T cells are 

only incompletely understood. The recent development of PLX5622, a specific inhibitor of col-

ony-stimulating factor 1 receptor that depletes microglia, allows studying the role of microglia 

in conditions of brain injury such as viral encephalitis, the most common form of brain infec-

tion. Here we used this inhibitor in a model of viral infection-induced epilepsy, in which 

C57BL/6 mice are infected by a picornavirus (Theiler’s murine encephalomyelitis virus) and 

display seizures and hippocampal damage. Our results show that microglia are required early 

after infection to limit virus distribution and persistence, most likely by modulating T cell  

activation. Microglia depletion accelerated the occurrence of seizures, exacerbated hippocam-

pal damage, and led to neurodegeneration in the spinal cord, which is normally not observed in 

this mouse strain. This study enhances our understanding of the role of microglia in viral en-

cephalitis and adds to the concept of microglia-T cell crosstalk. 
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Abstract 
Viral encephalitis is a major risk factor for the development of seizures and epilepsy, but the 

underlying mechanisms are only poorly understood. Mouse models such as viral encephalitis 

induced by intracerebral infection with Theiler's virus in C57BL/6 (B6) mice allow advancing 

our understanding of the immunological and virological aspects of infection-induced seizures 

and their treatment. Previous studies using the Theiler's virus model in B6 mice have indicated 

that brain-infiltrating inflammatory macrophages and the cytokines released by these cells are 

key to the development of acute seizures and hippocampal damage in this model. However, 

approaches used to prevent or reduce macrophage infiltration were not specific, so contribution 

of other mechanisms could not be excluded. In the present study, we used a more selective and 

widely used approach for macrophage depletion, i.e., systemic administration of clodronate lip-

osomes, to study the contribution of macrophage infiltration to development of seizures and 

hippocampal damage. By this approach, almost complete depletion of monocytic cells was 

achieved in spleen and blood of Theiler's virus infected B6 mice, which was associated with a 

70% decrease in the number of brain infiltrating macrophages as assessed by flow cytometry. 

Significantly less clodronate liposome-treated mice exhibited seizures than liposome controls 

(P < 0.01), but the development of hippocampal damage was not prevented or reduced. Clodro-

nate liposome treatment did not reduce the increased Iba1 and Mac3 labeling in the hippocam-

pus of infected mice, indicating that activated microglia may contribute to hippocampal dam-

age. The unexpected mismatch between occurrence of seizures and hippocampal damage is 

thought-provoking and suggests that the mechanisms involved in degeneration of specific pop-

ulations of hippocampal neurons in encephalitis-induced epilepsy are more complex than pre-

viously thought. 
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7 General discussion 

The present work deals with the role of immune cells, with a special emphasis on CNS infil-

trating monocytes and resident microglia, in viral encephalitis-induced acute seizure develop-

ment in the perspective of epileptogenesis. It has been previously described that upon viral 

infection CNS inflammation has an impact on acute seizure development and epileptogenesis. 

Hence, the aim was to elucidate concrete mechanisms behind these processes to demonstrate 

new therapeutic approaches in the prevention of acute seizures and epilepsy development. The 

work is composed of two independent studies: One investigating the role of microglia in 

Theiler’s virus infection by depletion of these cells, and the other examining the role of CNS 

infiltrating monocytes, correspondingly by depletion of this cell population. 

7.1 The role of CNS resident microglia in Theiler’s virus infection  

Microglial cells have been associated with several neurologic diseases, such as Alzheimer’s 

disease, multiple sclerosis, and Parkinson’s disease (Butovsky & Weiner 2018). Since these 

cells are of such importance, they have been investigated intensely within the last years. New 

analysis techniques, e.g. single cell sequencing, have enabled a deeper understanding of the role 

of microglial cells and their signature in health and disease. However, whether microglial path-

ways of action are cause or consequence of neurological diseases remains incompletely under-

stood (Butovsky & Weiner 2018). The previously mentioned issues in differentiation of resident 

microglia and CNS infiltrating monocytes, due to their similarity in expressing several surface 

markers (chapter 3.2), also complicate the specific pharmacologic targeting of these cells 

(Ransohoff & Cardona 2010; Käufer et al. 2018). In the last decades, selective targeting of 

microglia within the brain was not trivial and has rarely been achieved (Libbey et al. 2011a; 

Cusick et al. 2013; Hiragi et al. 2018). Recently, the specific pharmacological modulation of 

CNS resident microglia has been described using the newly developed CSF1R inhibitor 

PLX5622 (Dagher et al. 2015). Since microglial survival is dependent on CSF1R signalling, 

receptor inhibition leads to ablation of these cells.  In the herein described study (chapter 5), 

microglia depletion was used to elucidate the role of these cells in viral encephalitis and acute 

seizure development upon TMEV infection. Dietary administration of PLX5622 led to an ef-

fective elimination of microglia within the brain, validated by FACS, immunohistochemistry, 

and RT-qPCR. Interestingly, no significant alteration in the CNS infiltration of inflammatory 

monocytes following treatment has been observed, although monocytes express CSF1R to 
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some extent (Hamilton & Achuthan 2013). Notably, in the absence of microglia, PLX5622-

treated mice developed a much more severe phenotype upon virus infection compared to vehi-

cle treated infected mice. Rapidly progressive hind limb paralysis and increased mortality in 

infected and treated mice appeared from day five post infection onwards, which has not been 

observed in B6 WT mice before. Further, we found an acceleration in reaching the maximum 

of acute seizure occurrence following infection in PLX-treated infected mice, whereas the sei-

zure incidence was comparable to the infected control group. Investigating this clearly unex-

pected phenotype, we found a strong exacerbation of hippocampal damage and inflammation 

accompanied with a heavily increased viral load in treated infected animals. Furthermore, the 

inflammatory and neurodegenerative processes were extended within the CNS including the 

spinal cord, affecting ventral α-motor neurons presumably leading to hind limb paralysis. In 

accordance with this, virus positive cells were found within the spinal cord, an extremely un-

common finding in TMEV-infected B6 WT mice (Depaula-Silva et al. 2017). While investi-

gating the inflammatory reaction towards virus infection, it became evident that cells of the 

innate immune system are not the sole drivers in the increase in disease severity in PLX-treated 

and infected mice. Exploring further, we found several alterations in the immune response of 

adaptive immune cells within the CNS. The population of CD4+ T lymphocytes in the brain 

was decreased and, moreover, the activation of these cells, using CD44 as a marker of this, was 

decreased in PLX-treated and infected animals. Furthermore, a reduction in the ratio of 

CD4+:CD8+ T lymphocytes and an increase in regulatory T lymphocytes (Tregs) was observed 

especially in the hippocampus. Finally, in the absence of microglia, we found alterations in 

gene expression levels of several cytokines within the CNS, particularly in IL-6, IL-10 and  

IFN-γ, but also in transforming growth factor beta (TGF-β), presumably contributing to the 

uncommon observations and immunopathology following TMEV infection in microglia-de-

pleted animals.  

The possibility of specifically targeting microglia with CSF1R inhibitors enabled studies on the 

role of these cells in many neurodegenerative diseases. However, only little work investigating 

their role in viral encephalitis has been published so far (Chhatbar et al. 2018; Fekete et al. 

2018; Seitz et al. 2018; Wheeler et al. 2018). Similar studies using inoculation with other vi-

ruses were provided by Wheeler et al. (2018) and Seitz et al. (2018), which allows a comparison 

and confirmation of our findings. Wheeler et al. performed CNS infection with mouse hepatitis 

virus (MHV), a neurotropic virus of the Coronaviridae family, leading to mild acute encepha-

litis and acute and chronic demyelinating processes (Williamson & Stohlman 1990; Wheeler et 



General discussion
 

 

29 

al. 2018). Seitz et al. (2018) studied microglia involvement in viral encephalitis performing 

footpad infections with viruses of the Flaviviridae family, as WNV and JEV. Using PLX5622 

for microglia depletion prior to and during acute infection with MHV, WNV, and JEV, their 

findings were mostly in accordance with our data: both groups were able to show an effective 

depletion of microglia, whereas PLX treatment had no significant effect on other peripheral 

leucocytes or lymphoid cells (analysis of peripheral cells has not been done by Seitz et al.). 

Though, FACS analysis of blood samples, as we did in our studies with PLX5622, was not 

reported by Wheeler et al. and Seitz et al.. Since blood monocytes also express CSF1R 

(Hamilton & Achuthan 2013), a decrease in this cell population was very likely and hence con-

firmed by our FACS analysis of blood samples. However, the monocyte infiltration into the 

brain was not altered despite the decrease in the number of CSF1R+ blood monocytes, suggest-

ing that monocytes not expressing CSF1R as well as perivascular macrophages enter the brain 

upon microglia depletion and virus infection. Correspondingly to our findings, Wheeler et al. 

(2018) did not observe an alteration in the number of CNS infiltrating monocytes. However, 

when investigating these cells in greater detail, they found, based on the expression of lympho-

cyte antigen 6 C (Ly6C) and major histocompatibility complex (MHC) class II, that these cells 

seem to be less mature. This favours our theory of a compensatory recruitment mechanism of 

peripheral monocytes and macrophages upon microglia depletion.  

Interestingly, the previously mentioned groups also found a severely increased mortality in 

PLX-treated infected mice compared to infected controls but did not describe the phenotype of 

mice any further. In accordance with our data, virus dissemination within the CNS was en-

hanced and virus elimination aggravated in the absence of microglia resulting in increased viral 

load in infected PLX-treated animals. Similar findings were reported by Fekete et al. (2018) 

where the role of microglia in viral encephalitis was assessed by using pseudorabies virus 

(PRV), a member of the subfamily Alphaherpesvirinae. Hence, Wheeler et al. (2018) as well 

as we concluded, that the CNS infiltration of monocytes was unlikely to evoke the observed 

severe phenotype and increase in mortality of PLX-treated infected mice. When focussing on 

cells of the adaptive immune system, the main finding of Wheeler et al. was a decreased CD4+ 

T lymphocyte population leading to diminished effector functions of these cells. This suggests 

that microglia are required for an accurate protective T lymphocyte response in viral encepha-

litis (Wheeler et al. 2018). We ourselves observed a similar effect of microglia ablation on CD4+ 

T lymphocytes and a decrease in their activation, as already mentioned above.    



General discussion
 

 

30 

Subsequently, Wheeler et al. (2018) and Seitz et al. (2018) performed analysis of cytokine and 

chemokine gene expression levels of the molecules most relevant to viral infection in their 

model. When comparing gene expression level results of all three studies, it becomes evident 

that the immune response, based on the cytokine gene expression, is virus specific in the hosts’ 

defence to the pathogen: while we found a strong increase in the genes IL-6 and IFN-γ, the 

immune response to MHV resulted in a decrease in IL-6 gene expression which was explained 

as a consequence of the brain lacking microglia (Wheeler et al. 2018). Though, we assumed a 

compensatory mechanism of infiltrating monocytes and an increase in IL-6 due to the massive 

disruption of neuronal cells and circuits, since it is known that seizures trigger expression of 

IL-6 and TNF-α which hence contribute to acute seizure development and vice versa  

(De Simoni et al. 2000; Vezzani et al. 2011; Vezzani 2014). Finally, all three research groups 

came to the conclusion that there are several take-over mechanisms by other immune cells ex-

pressing cytokines and chemokines, since in all studies certain genes were upregulated despite 

the fact that microglial cells usually would be a crucial source of these genes and molecules 

(Seitz et al. 2018; Waltl et al. 2018b; Wheeler et al. 2018).  

A central question regarding our study was why the seizure incidence was not increased upon 

TMEV infection, while our data postulated that microglia depletion during infection increases 

disease severity. Clearly, we noted a more rapid onset of acute seizures in PLX-treated infected 

mice. Taking into account that IL-6 and TNF-α, as previously described (Kirkman et al. 2010; 

Libbey et al. 2011a) (see chapter 3.2.4), are mainly involved in acute seizure development dur-

ing viral encephalitis, we only found a significant increase in gene expression of IL-6 but not 

TNF-α in PLX-treated mice compared to untreated controls, suggesting that both cytokines 

might be needed to elevate acute seizure occurrence. It is important to note that cytokines were 

analysed only on gene expression levels, which does not inevitably reflect the expression of 

proteins (Wheeler et al. 2018). When assessing cytokine gene expression levels in our labora-

tory’s study, IFN-γ was strongly upregulated in the brain and, more strikingly, in the spinal cord 

of infected microglia-depleted animals. IFN-γ is produced by Th-1 lymphocytes after contact 

and stimulation with APCs, and has antiviral and immunomodulatory functions, such as phag-

ocyte activation and suppression of Th-2 and Th-17 lymphocytes (Janeway & Medzhitov 2002; 

Murphy et al. 2008). However, when excessively produced and secreted, IFN-γ can be harmful 

to the brain, leading to neurotoxicity and BBB disruption (Mizuno et al. 2008; Kreutzfeldt et 

al. 2013; Sonar et al. 2017).  
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In addition to IFN-γ, other pro-inflammatory cytokines such as IL-1β, IL-6, and TNF-α are also 

able to interfere with BBB integrity since they downregulate endothelial tight junctions which 

are pivotal for an intact BBB (Aggarwal 2003; Riazi et al. 2008; Weissberg et al. 2011).  

BBB disruption does not only facilitate enhanced peripheral immune cell recruitment, but also 

enables molecules, which cannot enter the healthy brain, to invade the tissue contributing to 

inflammation and disease pathology (Van Vliet et al. 2007; Gorter et al. 2015). A central protein 

in terms of BBB disruption in epilepsy and acute seizure development is serum albumin 

(Vezzani 2014; Gorter et al. 2015; Vezzani et al. 2016). Different mechanisms of neuronal  

hyperexcitability within the brain upon BBB impairment have been described in models of ep-

ilepsy and status epilepticus (Weissberg et al. 2011; Vezzani 2014; Gorter et al. 2015; 

Weissberg et al. 2015). One would be a direct depolarizing effect on neurons due to an increased 

potassium (K+) influx, whereas another mechanism includes the extravasation of serum  

albumin into the brain (Van Vliet et al. 2007; Gorter et al. 2015). When tight junctions are not 

functioning, serum albumin extravasates from the blood into the brain and is taken up by glial 

cells, most importantly by astrocytes (Friedman et al. 2009; Vezzani 2014; Weissberg et al. 

2015). This leads to astrocytic impairment of extracellular K+ buffering and decreases reuptake 

of extracellular glutamate resulting in an increase of excitatory glutamate in the synaptic cleft 

and neuronal hyperexcitability. Elucidation of alterations in astrocytic function upon serum al-

bumin extravasation revealed a pivotal role for the cytokine TGF-β (Friedman et al. 2009; 

Weissberg et al. 2011; Heinemann et al. 2012; Vezzani 2014; Weissberg et al. 2015). Albumin 

in the brain increases TGF-β signalling in astrocytes, which subsequently leads to the previ-

ously described imbalances in K+ and glutamate levels, but also increases the secretion of pro-

inflammatory cytokines and chemokines (Heinemann et al. 2012). The consequence is an  

increased inflammatory response and impaired extracellular homeostasis resulting in enhanced 

intrinsic neuronal excitability and synaptic excitability, as well as in affected synaptic plasticity. 

As a result, this pathway leads to network reorganization, causing neuronal dysfunction includ-

ing acute seizure and epilepsy development (Friedman et al. 2009; Weissberg et al. 2011; 

Heinemann et al. 2012). Taking this into consideration, the following scenario for our microglia 

depletion study could be postulated: the severe secretion of pro-inflammatory cytokines con-

tributes not only to acute seizure development, but also to BBB impairment. Serum albumin 

extravasates into the brain, affecting, via TGF-β signalling, astrocytic function and contributing 

to neuronal hyperexcitability. Hence, acute seizure development facilitates IL-6 and TNF-α 

production and secretion, enhancing seizure development and tissue inflammation and damage. 
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If we speculate that, due to the increased inflammatory processes within the first days post 

infection, the BBB impairment in microglia-depleted animals is more severe, it would explain 

the more rapid onset of acute seizures in these animals. However, examination of BBB integrity 

has not been performed in our microglia depletion studies but is considered to be included in 

upcoming experiments as well as retrospectively in brain slides from animals prepared from 

our PLX study. Notably, the gene expression levels of cytokines were assessed at seven days 

post infection, not allowing any conclusions about earlier timepoints in the acute infection 

phase.  

Returning to cytokines, TGF-β was not increased in brains of microglia-depleted and infected 

animals at this timepoint but slightly decreased. This favours the hypothesis that the BBB dis-

ruption and the associated tissue alterations are mainly relevant in the first days of viral enceph-

alitis. Interestingly, another detrimental role of TGF-β has been recently described: brain infil-

trating monocytes, which are replacing microglia in the absence of these cells, have been 

associated with rapid onset of fatal demyelinating disease due to a loss of TGF-β signalling in 

these cells (Butovsky & Weiner 2018; Lund et al. 2018). In our PLX-treated and infected  

animals no signs of demyelination could be observed, investigated by Luxol fast blue staining. 

However, it cannot be ruled out that these animals would develop demyelination lesions if they 

were to survive the acute phase of TMEV infection due to CNS virus persistence. Therefore, 

the lower TGF-β levels in PLX-treated infected animals, compared to untreated but infected 

controls in our study, might contribute to the severe phenotype of treated animals due to an 

impaired TGF-β signalling in infiltrating monocytes replacing microglia. Notably, this has not 

been investigated in further detail and, therefore, is clearly speculative.  

Neuronal hyperexcitability and connectivity plays a central role in acute seizure development 

and epileptogenesis. The previously described BBB impairment and the associated alteration 

of astrocytic function is clearly not solely involved in these processes. At the site of injury, 

microglial cells engulf (or prune) and eliminate dysfunctional and dying neurons simultane-

ously to cytokine secretion (Paolicelli et al. 2011; Prinz et al. 2011; Ransohoff & El Khoury 

2015). However, in the healthy brain, microglia are pivotal cells contributing to synaptic plas-

ticity and formation of inhibitory and excitatory synapses (Ransohoff & Cardona 2010; 

Ransohoff & El Khoury 2015; Schafer & Stevens 2015). These highly dynamic cells extend 

and retract their processes continuously within the tissue, frequently contacting neuronal syn-

apses (Paolicelli et al. 2011). Furthermore, it has been shown by live cell imaging via two-
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photon microscopy that some synapses disappear after being engulfed or ‘massaged’ by micro-

glial cells, whereas other synapses are not (Nimmerjahn et al. 2005; Paolicelli et al. 2011). 

Therefore, microglia seem to be involved in synaptic plasticity while contributing to their mat-

uration and elimination. The fractalkine receptor (CX3C receptor 1(Cx3cr1)) is expressed on 

all microglial cells and is crucial for the activation and migration of these cells (Cardona et al. 

2006; Rogers et al. 2011; Schafer & Stevens 2015). In juvenile mice lacking Cx3cr1  

(Cx3cr1-/-), Paolicelli et al. (2011) found an increase in synaptic spine density compared to WT 

animals suggesting a deficiency in synaptic pruning. Furthermore, by investigating electric cur-

rents in single cells within the hippocampus, the knockout animals showed immature connec-

tivity and synapse function as well as a delayed brain circuit development. However, these 

differences were not apparent in adult animals, suggesting that synaptic pruning does occur to 

a later time point in Cx3cr1-/- animals via non-fractalkine pathways (Stevens et al. 2007; 

Paolicelli et al. 2011; Bialas & Stevens 2013; Schafer & Stevens 2015). In our studies, micro-

glial ablation likely results in aggravation or absence of synaptic pruning, altering neuronal 

brain circuits. Notably, it has been shown previously that the depletion of microglia using the 

CSF1R inhibitor PLX3397 (Elmore et al. 2014), which has been developed prior to PLX5622 

and is described as somewhat less specific (Dagher et al. 2015), does not lead to alteration in 

cognition of treated animals and therefore it was claimed to not affect neuronal plasticity in 

healthy animals (Elmore et al. 2014). However, it is conceivable that upon TMEV infection the 

uncontrolled synaptic spine density and formation, in addition to missing elimination of synap-

ses due to lack of microglial engulfment, contributes to facilitation of acute seizure develop-

ment and neuropathology (Paolicelli et al. 2011; Pagani et al. 2015; Schafer & Stevens 2015). 

Thus, we are suggesting that the observed acceleration of the maximum acute seizure occur-

rence in PLX-treated infected mice compared to untreated but infected controls might be  

partially a consequence of impaired synaptic pruning.  

In addition to the strong neuron-microglia interaction that has been recently elucidated (Stevens 

et al. 2007; Ransohoff & Cardona 2010; Prinz et al. 2011; Butovsky et al. 2014; Ransohoff & 

El Khoury 2015; Schafer & Stevens 2015), emerging data and studies, including our labora-

tory’s research, suggest a crucial role of microglia/T lymphocyte crosstalk in neuropathological 

conditions within the brain, especially during inflammation and viral encephalitis (Fekete et al. 

2018; Seitz et al. 2018; Wheeler et al. 2018). As described earlier (chapter 3.2), brain resident 

microglia, as the first line of defence, are the main promoters of immune cell recruitment upon 

viral CNS infection. While peripheral monocytes can be recruited merely via chemokines and 
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cytokines, T lymphocytes are also dependent on antigen presentation and co-stimulation by 

antigen presenting cells in secondary lymphoid organs such as draining lymph nodes and spleen 

(Riera Romo et al. 2016; Schetters et al. 2018). Clearly, microglia do not migrate outside of the 

brain tissue and present the detected antigens to T lymphocytes. The initiation of T cell activa-

tion is mainly driven by CNS-drained antigens to dendritic cells and other antigen presenting 

cells in the adjoining structures like deep cervical lymph nodes, leptomeninges and choroid 

plexus (Korn & Kallies 2017; Schetters et al. 2018). Hence, T lymphocytes are primed and 

activated and infiltrate the CNS contributing to the immune response against the noxious agent. 

Following an acute inflammatory response within the CNS, for example upon neurodegenera-

tion, CD4+ T cells can elicit a neuroprotective phenotype after priming in the secondary lym-

phoid organ (Schetters et al. 2018). However, the hypothesis has been formulated that primed 

and activated CD4+ T lymphocytes are dependent on a re-stimulatory effect after brain infiltra-

tion to perform a proper effector function, including antiviral immune response and protection 

of neurons (Byram et al. 2004; Ley 2014; Schetters et al. 2018). This ‘second touch’ is provided 

by MHC class II expressing microglia. MHC class II, which is expressed in only low amounts 

in microglia within the healthy brain, can be rapidly upregulated under inflammatory and neu-

rodegenerative conditions (Byram et al. 2004; Schwartz et al. 2006; Butovsky & Weiner 2018). 

Notably, this surface molecule has been associated with several neurodegenerative diseases in-

cluding Alzheimer’s disease and Parkinson’s disease (Schetters et al. 2018). When T cells  

infiltrate the brain, an ‘immunological equilibrium’ is strived to enable an effective microglia/T 

cell crosstalk providing a proper immune cell activation and effector function (Byram et al. 

2004; Ley 2014; Korn & Kallies 2017; Schetters et al. 2018). It is likely that changes in one of 

the two just mentioned populations affect the phenotype of the other. The findings from our 

microglia depletion experiments perfectly underline these statements. When analysing T lym-

phocytes in the spleen as a secondary lymphoid organ, no differences in the CD4+ and CD8+ T 

cell populations and their activation (assessed by FACS via CD44 and CD69, data not shown) 

were observed between infected PLX-treated and infected control mice. But strikingly, after 

brain infiltration of T lymphocytes, we found a decrease in the number of CD4+ T cells in 

microglia depleted animals compared to infected controls. Furthermore, the activation of these 

cells, assessed by the surface marker CD44 in FACS, was decreased. This favours the previ-

ously described hypothesis by other groups (Byram et al. 2004; Ley 2014; Schetters et al. 2018), 

that peripherally primed infiltrating CD4+ T lymphocytes require local re-stimulation for unim-

peded function. While MHC class II in the brain is mainly expressed by microglia, it seems 
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reasonable that upon microglia depletion the MHC class II dependent re-stimulation of CD4+ 

T cells can not properly proceed, leading to an impaired effector function of these cells. There-

fore, this contributes to the severe phenotype in terms of neurodegeneration and inflammation 

in our PLX-treated infected animals.  

In CNS virus infections, cytotoxic antigen specific CD8+ T cells have been proven to play an 

important role in virus elimination (Libbey & Fujinami 2014; Korn & Kallies 2017; Schetters 

et al. 2018). Despite the decrease of virus elimination and the facilitation of virus spreading 

through the CNS, we did not observe any differences in the CD8+ T lymphocytes between the 

two infected groups in our microglia depletion studies. This finding was rather unexpected since 

a diminished cytotoxic T cell response would, to some extent, explain the phenotype of our 

PLX-treated TMEV-infected animals. However, it has been shown by Malo et al. (2018) in 

TMEV infected animals that, even if the overall CD8+ T cell population was not affected, the 

number of precisely virus specific CD8+ T cells was decreased, leading to an impaired antiviral 

immune response. The significant increase of Tregs in the hippocampus and spinal cord, only 

observed in microglia depleted and infected animals in our study, underlines this hypothesis: 

Tregs suppress CD8+ T effector cells by secretion of IL-10, which was dramatically increased 

in treated infected mice compared to infected controls. Furthermore, the ratio between IFN-γ 

(preferentially produced by CD8+ T cells) and IL-10 (mainly produced by Tregs) was tremen-

dously decreased upon microglia ablation in infected animals compared to infected controls, 

suggesting a suppression of CD8+ T cells by activated Tregs (Waltl et al. 2018b). There is a 

chance that in the described scenario, predominantly virus specific CD8+ T lymphocytes were 

affected in our study. However, since virus specificity of cytotoxic T lymphocytes could not be 

assessed in our study, we can only speculate that these cells might be impaired within the brain, 

aggravating an efficient antiviral immune response and CNS virus clearance.  

The herein presented study revealed the importance of the microglia/T cell crosstalk in viral 

encephalitis. Certainly, in our experimental setup, microglia depletion did not have a beneficial, 

but detrimental effect on survival outcome, inflammation and acute seizure development upon 

TMEV infection. Notably, achieved findings by using PLX treatment seem to be very model-

dependent as recently shown by Srivastava et al. (2018). By comparing epileptic hippocampi 

of mice via RNA-sequencing and network analysis, they found an overexpression in CSF1R in 

epileptic hippocampi, predicting that small molecule blockade of this receptor would be bene-

ficial and might serve as a new target approach in epilepsy. Hence, Srivastava et al. (2018) 
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targeted CSF1R in epileptic mice by using PLX3397, but in a five to six times lower dose  

(30 mg/kg) than when the substance is used for microglia depletion in mice (Elmore et al. 2014). 

This dose of PLX3397 did not lead to depletion of microglial cells, but to a selective blockade 

of the CSF1R. In the pilocarpine model of TLE, Srivastava et al. (2018) found a significant 

decrease in seizure frequency in PLX-treated epileptic animals compared to epileptic controls. 

Furthermore, when CSF1R was targeted in mice in the intra-hippocampal kainate mouse model 

of TLE, a reduction in the duration of hippocampal paroxysmal discharges, which are charac-

teristic in this model and a standard efficacy outcome measure in screening of anti-epileptic 

drugs, was observed. These data implicate that under non-infectious conditions the CSF1R 

blockade can be beneficially disease-modifying in epileptic animals. However, the provided 

study did not investigate the CSF1R blockade after the initial insult (in these studies status 

epilepticus) or in the latency phase between initial insult and onset of epilepsy. Therefore, it 

does not allow any conclusion whether CSF1R blockade could also alter epileptogenesis.  

In accordance with this, in experimental autoimmune encephalomyelitis (EAE), an animal 

model of multiple sclerosis, microglia depletion in mice using CSF1R inhibition turned out to 

be highly advantageous (Nissen et al. 2018). Since infiltrating monocytes and resident micro-

glia are involved in multiple sclerosis and EAE (King et al. 2009; Zhang et al. 2011; Chu et al. 

2018), contributing to tissue damage, neuronal demyelination and degeneration, PLX5622 was 

used to ameliorate disease progression (Nissen et al. 2018). Treatment with two different dos-

ages of PLX5622 (300 mg/kg chow and 1200 mg/kg chow) was started at day seven post EAE 

induction. Notably, this implies that during EAE induction the microglia population was fully 

immunocompetent. In this study it was demonstrated, that ablation of CSF1R+ cells signifi-

cantly reduced EAE severity based on weight loss and behavioural outcome. Furthermore, de-

myelination processes were alleviated, especially in high dose PLX-treated animals, on day 14, 

21, and 28 of EAE induction. Nissen et al. (2018) suggested on the basis of their experiments, 

that microglia depletion with PLX5622 could be a promising treatment approach during the 

phases of multiple sclerosis progression in humans.  

Another example for the beneficial disease outcome of microglia depletion in neurodegenera-

tive diseases was reported by Dagher et al. (2015) in a mouse model for Alzheimer’s disease. 

Drug treatment with PLX5622 was performed, again, in the two different dosages as described 

by Nissen et al. (2018) in 3xTg-AD mice, a genetically modified mouse strain that contains 
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three mutations associated with familial Alzheimer's disease (Oddo et al. 2003). In an age-re-

lated manner, these mice show progressive neuropathological alterations characteristic for Alz-

heimer’s disease, including plaque formation, accumulation of amyloid β (Aβ), and cognitive 

impairment in aged mice. Following microglia depletion, cognition in aged 3xTg-Ad mice was 

improved, which was assessed in multiple behavioural tests (Dagher et al. 2015). Furthermore, 

the concrete microglial association with Aβ plaques was significantly reduced, especially in the 

low dose treated animals, resulting in alteration of neuropathology and disease outcome.  

Thus, these data underline the detrimental role that microglia can inherit, depending on the 

neurodegenerative disease and its pathomechanisms.  

The conclusions that can be drawn by the previously described findings of research groups 

using CSF1R inhibitors for microglia depletion are that microglia are highly plastic cells and 

their activation can contribute in a beneficial or detrimental way to pathologic processes within 

the brain, strongly depending on the type of neurodegenerative or neuroinflammatory disease. 

Furthermore, in viral encephalitis, the absence of microglia at the timepoint of virus infection 

and early phase of viral encephalitis seems to be highly unfavourable, diminishing survival 

outcome and immunopathology. However, the administered dosage of PLX5622 in our study 

was very high (1200 mg/kg chow) leading to an almost complete elimination of microglia. 

Considering this, one can hypothesize that a milder modulation of microglial cells would have 

different effects on survival outcome or even acute seizure occurrence. Certainly, to investigate 

this, another very intensive study would be required. It was shown that repopulation of micro-

glia, which occurs rapidly (~ three days) after drug withdrawal, can be advantageous in disease 

outcome in mouse models of inducible neuronal loss, as well as in the aged brain (Rice et al. 

2017; Elmore et al. 2018). In viral encephalitis induced by MHV, Wheeler et al. (2018) exe-

cuted different drug administration protocols including withdrawal of PLX5622 two days prior 

to virus inoculation, therefore guaranteeing a microglia repopulation effect in the early phase 

of infection. Interestingly, the survival of these animals was still decreased, though to a lower 

extent (approximately 60% survival), suggesting that while repopulating, microglia regain their 

function in antiviral defence. However, the survival rate was still decreased compared to un-

treated infected mice. So conclusively, the highly effective depletion of microglia during the 

early phase of viral CNS infection and encephalitis does not seem to be a favourable approach 

to modulate disease outcome.  
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Microglia depletion via pharmacological inhibition of CSF1R is an elegant method to study the 

role of microglia in neuroinflammation and neurodegenerative diseases. However, genetic cell 

ablation has been described recently as an additional transgenic microglia target approach 

(Bruttger et al. 2015). Therefore, in short, so called DTRMG mice were created in which exclu-

sively microglia carry a receptor for diphteria toxin (DT), allowing to specifically deplete mi-

croglia. The advantage of this mouse line is that any other cells are affected by the injection of 

DT. In our study, performing microglia depletion with PLX5622, we also observed a decrease 

in the population of peripheral CSF1R+ monocytes. As previously mentioned, this did not have 

an effect on the infiltration of monocytes, since their population was not reduced upon PLX 

treatment. However, using the DTRMG mice in our TMEV model could provide further insight 

in the pathogenesis of viral encephalitis and the role of microglia. In addition, we ourselves 

experienced that pharmacological modulation of myeloid cells does not necessarily reflect the 

transgenic modulatory approaches and vice versa (Käufer et al. 2018; Waltl et al. 2018a; Waltl 

et al. 2018b). Hence, a genetic ablation of microglial cells in viral encephalitis triggered by 

TMEV could also reveal different disease outcomes compared to what we have observed in our 

studies using PLX5622. Though, from the insights in the pathogenesis of viral encephalitis we 

gained by our laboratory’s work so far, microglia seem to be pivotal in our model and their 

modulation can clearly contribute to diminished disease outcomes.  

7.2 The role of CNS infiltrating monocytes in Theiler’s virus 
infection  

In order to interfere with monocyte infiltration into the CNS, clodronate liposomes were used 

to deplete peripheral macrophages and blood monocytes. Compared to other less specific treat-

ments that have been used in the TMEV model before (Libbey et al. 2011a; Howe et al. 2012; 

Cusick et al. 2013), using liposome-encapsulated clodronate is a more selective approach to 

target monocyte infiltration. In a model of TLE (intra-hippocampal kainate mouse model),  

Zattoni et al. (2011) used clodronate liposomes to effectively inhibit monocyte infiltration into 

the CNS during the acute phase of the model (status epilepticus). Upon this treatment, an alter-

ation of one of the main histopathologic characteristics of the model, the granule cell dispersion 

within the dentate gyrus (Houser 1990), was observed. Zattoni et al. (2011) were able to display 

a correlation between monocyte infiltration and granule cell layer thickness: cell dispersion was 

reduced upon reduction of infiltrating monocytes. However, there was no neuroprotective effect 

of the clodronate liposome treatment in the CA1 and CA3 regions of the hippocampus.  
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In the TMEV model, Howe et al. (2012) performed a depletion of infiltrating monocytes and 

neutrophils simultaneously by using a Gr1 antibody. Infiltrating monocytes express the surface 

marker Ly6C, whereas neutrophils express Ly6G (Daley et al. 2008; Howe et al. 2012). The 

GR1 antigen is a mixture of both surface markers and hence affects infiltrating monocytes as 

well as neutrophils when used for depletion. Howe et al. (2012) found a neuroprotective effect 

and preservation of cognitive function upon Gr1 antibody treatment. Notably, when they used 

a neutrophil selective depletion approach, the neuroprotective effect was not present anymore 

and cognitive impairment could not be prevented. These findings suggest that infiltrating mon-

ocytes seem to play a pivotal role in hippocampal damage and pathology in the TMEV model.  

In our studies, depletion treatment of mice was started 24 hours before intracerebral inoculation 

with TMEV and continued during the acute infection phase (every third day). Interestingly, the 

clodronate liposome treatment led to a decrease in seizure incidence by 40-44% in infected 

animals compared to infected control animals. The seizure burden, defined as the number of 

seizures per individual animal during the acute phase of seven days post infection, was also 

lowered in treated animals. In accordance with this, the infiltration of CNS invading 

CD45highCD11b+ monocytes was decreased by approximately 70%, as shown by FACS analy-

sis. So the reduction of blood monocytes invading the brain resulted in a decrease in acute 

seizure development. However, there was no prevention of neurodegeneration upon clodronate 

liposome treatment, suggesting that neurodegeneration is not the sole driver of acute seizure 

development upon TMEV infection. Furthermore, there was no difference in inflammation 

within the hippocampus when labelling all inflammatory myeloid cells by immunohistochem-

istry marker Mac-3. But when Iba1/Mac-3 double labelling was performed to investigate the 

concrete activation of these cells, there was an increase in myeloid cell activation within the 

hippocampal hilus, as well as when all hippocampal subregions were combined. The herein 

included published findings have been confirmed by DePaula-Silva et al. (2018), who also used 

liposome-encapsulated clodronate to target infiltrating monocytes in the TMEV model. In ac-

cordance with our data, they also found a significant reduction in seizure incidence in mice 

treated with clodronate liposomes compared to animals injected with control liposomes. The 

acute seizure incidence reduction they observed was even higher (approximately 55%) than the 

reduction observed by our group, which might be due to some variance in the experimental 

setup in terms of slightly higher doses of clodronate liposomes and a higher frequency of ad-

ministration (Depaula-Silva et al. 2018). Similar to our findings, DePaula-Silva et al. (2018) 

reported a  
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relationship between lower seizure incidence and reduction of infiltrating monocytes in clodro-

nate liposome treated mice upon infection, concluding that CNS infiltrating monocytes are in-

volved in acute seizure development upon TMEV infection. Further, the latter group was able 

to investigate cytokine gene expression levels for IL-6 and TNF-α on day two and three post 

infection. Gene expression levels of IL-6 as well as TNF-α tended to decrease in clodronate 

treated infected mice when compared to infected controls. This again suggests a crucial role of 

pro-inflammatory cytokines produced by CNS infiltrating monocytes in acute seizure develop-

ment upon infection as previously hypothesised by us and others (Kirkman et al. 2010; Patel et 

al. 2017). Other studies have consolidated the role of IL-6 and TNF-α being involved in acute 

seizure development upon TMEV infection (Kirkman et al. 2010; Libbey et al. 2011a; Cusick 

et al. 2013; Patel et al. 2017). It has been shown that the seizure occurrence in IL-6 or TNF-α 

deficient mice upon TMEV infection is decreased (Libbey et al. 2011a; Patel et al. 2017).  

All these findings suggest, that infiltrating monocytes, producing IL-6 and TNF-α, have been 

suggested to be mainly involved in acute seizure development. Furthermore, treatment with the 

anti-inflammatory drugs minocycline or wogonin have been shown to effectively decrease the 

number of infiltrating monocytes within the brain, consequently decreasing the number of mice 

developing acute seizures following TMEV infection (Libbey et al. 2011a; Cusick et al. 2013). 

Notably, neither of those mentioned compounds are monocyte/macrophage specific and can 

also enter the brain inhibiting microglia activation (Libbey et al. 2011a; Cusick et al. 2013; 

Kobayashi et al. 2013; Butovsky & Weiner 2018). Furthermore, an effect of wogonin on CD8+ 

T lymphocytes cannot be ruled out (Cusick et al. 2013), which underlines the unspecific actions 

of the compound. Treatment with minocycline does not block monocyte infiltration and micro-

glia activation exclusively, but also proliferation of other glial cells, such as oligodendrocytes 

and astrocytes in-vitro (Hiragi et al. 2018) and of oligodendrocytes in-vivo as well (Li et al. 

2005). Additionally, a neuroprotective effect has been described for minocycline in-vitro as 

well as in in-vivo in status epilepticus models (Hiragi et al. 2018). Notably, neither Libbey et 

al. (2011a) nor Cusick et al. (2013) investigated neurodegenerative processes in their TMEV 

seizure interference studies using minocycline and wogonin, so that no conclusions about the 

relationship of neurodegeneration and acute seizure incidence can be drawn. Hence, Libbey et 

al. (2011a) and Cusick et al. (2013) concluded, that CNS infiltrating monocytes as well as res-

ident microglia and their cytokine production are driving acute seizure development. By using 

a more specific depletion approach via clodronate liposomes, our group was able to show that 
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more likely only the infiltration of inflammatory monocytes is pivotal in acute seizure devel-

opment. Considering the increase in activation of myeloid cells (Iba1/Mac-3 ratio) within the 

hippocampus in our clodronate liposome treated animals, a protective role of microglia during 

the early phase of viral encephalitis and acute seizure development is suggested. This idea is 

accompanied by the recent findings using microglia-specific depletion in the TMEV model 

provided by our group, where the pivotal role of microglia in viral encephalitis is described (see 

chapter 5).  

Interestingly, the role of the immune system also differs among models in the field of experi-

mental epilepsy. Using the intra-hippocampal kainate mouse model of TLE, Zattoni et al. 

(2011) found evidence that T and B lymphocytes are pivotal in this model and that the lack of 

adaptive immune cells aggravates neurodegeneration and results in a more rapid onset of spon-

taneous recurrent seizures (= epilepsy onset). However, in non-infection-driven epilepsies, the 

role of lymphocytes seems to be depending on their activation status and the epileptic focus 

within the brain (Vezzani et al. 2011; Vezzani 2014). In the TMEV model DePaula-Silva et al. 

(2018) showed that adaptive immune cells per se are not the cause of acute seizure generation 

in this model by using Rag1-/- mice, which are lacking mature T and B lymphocytes, but still 

displayed acute seizures comparable to wildtype mice. This accompanies findings from other 

studies, including from our laboratory’s group, using the TMEV model for acute seizures and 

epileptogenesis where infiltration of T cells upon infection was increased regardless of seizure 

occurence (Kirkman et al. 2010; Bröer et al. 2016). However, when taking the microglia deple-

tion study into account (chapter 5), published by our group, they do seem to play a role in viral 

encephalitis caused by TMEV, but rather in terms of microglia/T cell crosstalk. In abundance 

of this cell-cell interaction in viral encephalitis, T cells seem to be detrimental when present but 

partly deficient in their effector functions. 

In animal models of viral encephalitis, the viral replication within the brain and the overall virus 

load can determine the severity of symptoms and survival outcome (Kennedy 2004; Misra et 

al. 2008; Singhi 2011; Depaula-Silva et al. 2018; Fekete et al. 2018; Waltl et al. 2018b). In our 

study, the virus load within the brain was not affected by clodronate treatment. Also Depaula-

Silva et al. (2018) did not find any differences between the two infected groups upon depletion 

of peripheral macrophages and blood monocytes. This reveals that, in contrast to CNS resident 

microglia, which have been shown to be crucial in virus elimination and inhibition of replication 

(Fekete et al. 2018; Seitz et al. 2018; Waltl et al. 2018b; Wheeler et al. 2018), CNS infiltrating 
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monocytes do not seem to be primarily involved in these processes. Furthermore, since TMEV 

can also replicate in infiltrating monocytes and microglia, the viral infection is not lowered 

when the number of infiltrating monocytes is decreased within the brain (Depaula-Silva et al. 

2018).   

Across epilepsy models neurodegeneration is a hallmark of hippocampal pathology, however 

its role in seizure development is controversially discussed. DePaula-Silva et al. did not exam-

ine neurodegeneration in their study using clodronate liposomes in TMEV infected animals. 

We ourselves did not observe reduced neurodegeneration upon clodronate liposome treatment 

when assessing this with NeuN labelling, a marker for intact neurons, and Fluorojade C (FJC), 

which labels currently dying neurons. One could argue that in the monocyte depletion study 

provided by our group, seizure incidence was not reduced to 0%, which could account for the 

persistently occurring neurodegeneration in our animals. However, we could show that neuro-

degeneration and seizure occurrence are not correlated by binning the neurodegeneration data 

by seizure/seizure-free animals: the loss of neurons upon TMEV infection occurs regardless of 

the occurrence of acute symptomatic seizures. Hence, our data strengthen the hypothesis that 

the occurring neurodegeneration itself is not the crucial cause of acute seizure development, 

which has been raised previously amongst the field (Libbey et al. 2011b; Käufer et al. 2018). 

Certainly, this interferes with contrary data from Libbey et al. (2008) and Bröer et al. (2016), 

where a correlation between neurodegeneration and seizure occurrence was drawn. However, 

there seems to be a shift towards the first mentioned theory, since more data indicating this is 

emerging. In accordance with this, we (Käufer et al. 2018) infected genetically modified mice 

lacking CCR2 (Ccr2-/-), in which monocytes are not able to infiltrate the brain due to the lack 

in the receptor, with TMEV. There we found, that neurons were protected despite the fact that 

the seizure incidence in these animals was not reduced compared to infected WT controls. The 

same was true in a study by Varvel et al. (2016), where Ccr2-/- mice were used in a status 

epilepticus model. The lack of the receptor had a protective effect on hippocampal neurons, 

however, the seizure severity was not reduced. Investigating the origin of neurodegeneration in 

the TMEV model for acute seizures and epilepsy, Buenz et al. (2009) came to the conclusion 

that neuronal apoptotic death appears regardless of the infection of the neuron itself upon 

TMEV infection. They claimed that the cause of neuronal apoptosis is predominantly non-cell 

autonomous and rather a by-stander effect of the infection of the hippocampus itself, possibly 

triggered by innate immune cells and/or an innate immune response. However, our data sug-

gests that the concrete depletion of infiltrating monocytes does not have a beneficial effect on 
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these mechanisms and does not impede the non-cell autonomous apoptotic neuronal death fol-

lowing TMEV infection. Howe et al. (2012) reported a neuroprotective effect in their previously 

mentioned study, however they used a combinatorial depletion approach affecting infiltrating 

monocytes and neutrophils, suggesting that during viral encephalitis rather a complex system 

of pathways and cell activation/recruitment is involved in pathogenesis.  However, they (Howe 

et al. 2012) did not examine seizure occurrence in their studies. Therefore, depletion of a single 

immune cell population might not be the solution to prevent hippocampal damage as well as 

generation of acute seizures. Recently, another mechanism of neuronal death has been described 

in the infection-driven model for acute seizures and epilepsy, namely neuronal apoptosis  

(Howe et al. 2016). Neuronal apoptosis can be mediated by two different main pathways, the 

caspase family-mediated apoptosis and the less frequently occurring calpain-mediated pathway 

(Wang et al. 2012). Calpain is a ubiquitously expressed calcium dependent neutral protease 

which can be involved in mechanisms of synaptic plasticity, as well as in neurodegeneration. 

In multiple neuropathological conditions, such as Alzheimer’s disease, spinal cord injury, cer-

ebral ischemia, and also epilepsy, the calpain mediated pathway has been described to contrib-

ute to neuronal death (Wang et al. 2012; Baudry & Bi 2016). It has been shown by Buenz et al. 

(2009), that infiltration of inflammatory monocytes upon TMEV infection results in increased 

calpain activity in hippocampal neurons, predominantly in the CA1 and CA2 region of the hip-

pocampus, which leads to neuronal death and presumably to acute seizure induction. By using 

the drug ritonavir, a calpain inhibitor, Howe et al. (2016) were able to decrease the seizure 

incidence in mice following TMEV infection and described a profound neuroprotective effect 

upon the treatment. Notably, ritonavir treatment did not alter the infiltration of leucocytes into 

the CNS, suggesting a complex network of pathway mechanisms leading to acute seizure de-

velopment, possibly triggered by innate immune cells upon infection. Even though clodronate 

liposome treatment altered the seizure incidence in our model, the concrete mechanisms are not 

discovered, as yet, and need further elucidation. More important work on immune cell modu-

lation in the TMEV model and seizure development is emerging and being published, contrib-

uting to solve the complex puzzle of the disease, hopefully leading to the identification of new 

drug targets for human patients suffering from infection-caused epilepsies.  
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7.3 Immune cell modulation in viral encephalitis and acute seizure 
development 

While elaborating the herein provided data, it becomes clear that the ongoing mechanisms in 

our infection-driven model for acute seizure development is not trivial and that several circuits 

are involved in this complex network of mechanisms. One can assume that the infiltration of 

inflammatory immune cells and the activation of CNS resident immune cells lead to a direct 

loss of neurons mediated by cytokines and small molecules. In turn, this leads to a disruption 

of neuronal circuitry resulting in hyperexcitability and excitotoxicity, again leading to an in-

creased neuronal death and immune cell recruitment (Howe et al. 2016). Whole cell depletion, 

as performed in our studies with PLX5622 and clodronate liposomes, is a rather drastic ap-

proach and, in the end, probably not transferrable into clinics, since usually the depleted cells 

are needed elsewhere in the body or in the brain to maintain homeostasis and preserve tissue 

function. However, it can be used in preclinical studies to gain hints towards responsible cell 

populations in disease development and onset, as we did in acute seizure development follow-

ing viral CNS infection. The next step would be to further investigate the responsible pathways, 

molecules, and receptors to eventually contrive new feasible treatment strategies and ap-

proaches for patients in the future. Research groups within the field, including our group, have 

already started working in this direction. In these studies, specific myeloid receptors of interest 

were genetically deleted leading to an alteration in cell function without whole cell depletion 

(Varvel et al. 2016; Howe et al. 2017; Käufer et al. 2018). As mentioned above (chapter 7.2), 

by blocking monocyte infiltration in mice lacking CCR2, our group found a reduction in brain 

inflammation and prevention of neurodegeneration (Käufer et al. 2018). Similar findings were 

published by Howe et al. (2017), who also performed TMEV inoculation in Ccr2-/- mice,  

although, the latter group did not evaluate neurodegeneration in these animals. By using the 

same mouse strain, Varvel et al. (2016) found reduced inflammation, neurodegeneration, and 

an improved phenotype in a mouse status epilepticus model. Remarkably, in none of the studies, 

the knockout of Ccr2 had any beneficial modifying effect on acute seizure development or 

severity of status epilepticus (Varvel et al. 2016; Howe et al. 2017; Käufer et al. 2018).  

One endogenous ligand of CCR2 is CCL2, which can be produced and secreted by hippocampal 

neurons upon TMEV infection (Karpus et al. 2006; Cerri et al. 2016; Howe et al. 2017). It has 

been shown by Howe et al. (2017) that CCL2 secretion by hippocampal neurons is exacerbated. 

This strongly contributes to recruitment of CCR2+ monocytes into the brain and indicates that 
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the CCL2:CCR2 axis is required for inflammatory reactions following TMEV infection. Cor-

responding to the deletion of CCR2, the neuron specific deletion of CCL2 resulted in reduced 

monocyte infiltration and less inflammation following virus infection.  

Additionally, we infected Cx3cr1-/- mice to genetically alter microglia activation and, hence, to 

elucidate their role in TMEV infection (Käufer et al. 2018). Strikingly, while we observed, 

similar to infected Ccr2-/- mice, significantly less neurodegeneration and inflammatory pro-

cesses in the knockout mice compared to infected WT mice, the acute seizure incidence was 

not altered in these animals. These data strongly implicate that neuroprotection itself does not 

necessarily lead to a reduction in seizure development. However, long-term studies using these 

genetically modified mice have not been published yet, not allowing any conclusion about the 

development of chronic spontaneous seizures (= epilepsy). In contrast to our findings in  

Cx3cr1-/- mice, Cardona et al. (2006) showed in a toxic mouse model of Parkinson’s disease 

and a transgenic model of amyotrophic lateral sclerosis, that neuronal loss triggered by micro-

glial neurotoxicity was enhanced in mice lacking Cx3cr1. This strongly underlines the propo-

sition that disease outcome after myeloid cell modulation is heavily dependent on the investi-

gated disease, its immunopathology, and pathomechanisms as well as the used model.  

As mentioned in the beginning of this section, viral encephalitis caused by neurotropic viruses 

seems to be a complex structure network of immune cell activation and the interaction between 

the different immune cell populations. Remarkably, the microglial populations’ action seems 

to play a central role in this scenario. However, when we investigated the pathology of viral 

encephalitis, we found that the crosstalk between microglia and T cells is a pivotal point. A 

study recently published by Chhatbar et al. (2018) showed in viral encephalitis caused by in-

tranasal instillation of vesicular stomatitis virus (VSV) that microglia also strongly interact with 

neurons and astrocytes to achieve an effective antiviral immune response. This interaction is 

driven by signalling of type I interferon receptor (IFNAR), which is involved in myeloid cell 

dynamics during viral encephalitis (Nayak et al. 2013; Chhatbar et al. 2018). VSV instillation 

in mice lacking IFNAR signalling (Ifnar-/-) resulted in enhanced mortality and CNS viral spread 

compared to infected controls. Furthermore, a decrease in microglial accumulation, especially 

in the olfactory bulb as the CNS entrance gate for VSV, was observed by Chhatbar et al. (2018), 

suggesting that IFNAR signalling is crucial for microglia to perform an antiviral defence. They 

investigated IFNAR signalling in genetically modified mice lacking the receptor on only one 

specific cell population (astrocytes, microglia, neurons). While IFNAR was selectively ablated 
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in microglial cells, there was no increase in mortality of these mice upon infection and accu-

mulation of microglia in the olfactory bulb was still evident. In contrast to this, diminished 

IFNAR signalling in astrocytes or neurons resulted in increased mortality and impaired micro-

glia accumulation within the olfactory bulb, suggesting that the antiviral immune response of 

microglia is crucially driven by IFNAR pathway in astrocytes and neurons (Chhatbar et al. 

2018). In accordance with our findings, this study underlines the importance of microglia in 

antiviral immune response, and furthermore, elucidates another crucial crosstalk of microglia 

and astrocytes/neurons besides the previously described pivotal microglia/T cell interaction 

(Nayak et al. 2013; Chhatbar et al. 2018; Seitz et al. 2018; Waltl et al. 2018b; Wheeler et al. 

2018). 

The modulation of immune cells in viral encephalitis seems to be advantageous, since it enables 

a deeper understanding of the role of these cells. Furthermore, it has been shown by others, as 

well as by our laboratory, that it can modulate the hallmarks of the TMEV model for acute 

seizures and epilepsy, such as neurodegeneration, gliosis, inflammation, and acute seizure de-

velopment. However, up until now it has not been achieved to prevent acute seizure develop-

ment and neurodegeneration simultaneously using specific myeloid cell modulation. So, further 

investigation, especially on molecular and gene levels, is needed to entirely understand the im-

munopathology in viral encephalitis caused by TMEV in our model. Furthermore, the mecha-

nisms leading to epileptogenesis after viral infection remain unknown and since no long-term 

studies on immune cell modulation and epileptogenesis have been published yet, we cannot 

speculate whether this approach can alter the development of chronic spontaneous seizures.   

Having such data available, could lead to the possibility of being able to translate these findings 

into human medicine to provide new therapeutic approaches to prevent acute seizure develop-

ment, neurodegeneration, and epileptogenesis in patients suffering from viral encephalitis.   

Investigating the pathology and mechanisms of viral encephalitis in-vivo allows us to gain a 

deeper insight into the virus/host interaction. While working with the Theiler’s virus model for 

acute seizures and epilepsy, we intensely focused on the role of myeloid cells contributing to 

acute seizure development and pathogenesis upon virus infection. One limitation of this model 

is the low incidence of animals developing epilepsy after survival of viral encephalitis, at least 

in our hands (Bröer et al. 2016; Anjum et al. 2018). This aggravates the investigation whether 

pharmacological treatment or genetic modification of myeloid cells can alter epilepsy develop-

ment after or during the latency phase. Certainly, when PLX5622 was used to target microglia, 
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long-term studies were not possible due to the high mortality in these animals. Since TMEV is 

not a human pathogen and, in our model, the virus is delivered into the CNS via an artificial 

route of entry (in contrast to instillation with WNV or VSV), additional studies need to be 

performed to further elucidate the pathomechanisms occurring in humans after viral CNS in-

fection. Nontheless, in the last years, the TMEV model has provided us with highly valued and 

novel knowledge about the pathomechanisms of viral encephalitis, acute seizure development 

and epileptogenesis. Furthermore, our model perfectly mirrors the main characteristics of hu-

man TLE, such as hippocampal sclerosis and gliosis, due to the virus’ tropism to hippocampal 

neurons. While proposing further studies, especially viral encephalitis caused by herpes simplex 

virus infection would be highly interesting to investigate, since this virus is known to play a 

role in epileptogenesis (Ross 1972; Schmutzhard 2001). Thus, after partial elucidation of the 

role of myeloid cells in the TMEV model, the next goal would be to develop new animal models 

and to use viruses, which are more relevant in human patients.  
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8 Concluding comments 

Viral encephalitis is a major risk for acute seizure development and epileptogenesis in patients 

(WHO 2006, 2018). Since, apart from invasive brain surgery, there is no cure for epilepsy, 

therapeutic approaches are an unmet clinical need to prevent the development of the disease 

(Löscher & Brandt 2010; Löscher & Schmidt 2011; Simonato et al. 2012; Pitkänen et al. 2013). 

However, a progression towards this requires a detailed understanding of the network of mech-

anisms leading to acute seizures and epilepsy following viral CNS infection. Hypothesizing that 

cells of the innate immune system, especially infiltrating monocytes and/or resident microglia, 

play a key role in acute seizure development and epileptogenesis (section 4), prompted us to 

conduct the herein included studies in which resident microglia or infiltrating monocytes were 

specifically depleted. The results provided us with a better perception of the immunopathology 

in viral encephalitis caused by TMEV infection. CNS resident microglia seem to be key players 

in this scenario, forming a network of crosstalk to T cells, but also astrocytes and neurons 

(Chhatbar et al. 2018; Waltl et al. 2018b; Wheeler et al. 2018). Elimination of the central key 

players, microglia, tremendously exacerbates the disease outcome of viral infection and had an 

effect on acute seizure development in terms of more rapid onset of acute seizures following 

TMEV infection.  

Remarkably, the depletion of infiltrating monocytes resulted in a lower seizure incidence in 

treated TMEV-infected animals, but the concrete mechanisms leading to this remain unclear. 

However, an alteration in cytokine production seems to be likely upon depletion. Furthermore, 

an increase in microglial activation was suggested by immunolabelling with myeloid cell mark-

ers within the hippocampus, which once again underlines the importance of this cell population.  

To conclude, our studies show that cells of the innate immune system and their inflammatory 

reactions contribute to acute seizure development as well as seizure inhibition upon TMEV 

infection. The modulation of these cells or certain receptors and molecules might provide new 

treatment approaches to interfere with acute seizure development and thus, prevent epilepto-

genesis. However, as already mentioned (section 7.3), no results of long-term studies are avail-

able as yet, and further studies are needed to entirely elucidate the immunopathology of viral 

encephalitis and development of acute seizures and epilepsy. 
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10 Supplemental material  

10.1 Summary of used histological stainings and analysis methods 

Immunohistological stainings 

Serial slides of organs were stained as follows:  

Staining Antibody Tissue Stained cells/ 

tissue 

Goals of detection 

Hematoxylin&Eo-

sin (HE) 

Hematoxylin 

Eosin 

Brain 

Spinal cord 

Spleen 

Liver 

Nuclei and pa-

racellular tissue  

Hypercellularity 

Perivascular 

infiltrates 

Neuronal necrosis 

(spinal cord)  

Macroscopic tissue 

alterations (liver, 

spleen) 

TMEV Anti-TMEV 

VP1 

Brain 

Spinal cord 

Spleen 

Liver 

Virus-infected 

cells 

Virus detection 

within the tissue 

NeuN Anti NeuN Brain Neurons Neuronal loss 

within the hippo-

campus 

Fluorjade C FJC Brain Dying neurons Neuronal loss 

within the hippo-

campus 

Mac-3 Anti-

CD107b 

Brain 

Spinal cord 

Activated 

myeloid cells  

Inflammation  

Iba1 Anti-Iba1 Brain 

Spinal cord 

Myeloid cells Inflammation 
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Staining Antibody Tissue Stained cells/ 

tissue 

Goals of detection 

Iba1/Mac3 See above Brain Myeloid cells / 

activated mye-

loid cells 

Inflammation and 

rate of activation of 

myeloid cells 

TMEM119 Anti-

TMEM119 

Brain Microglia Number and mor-

phology of micro-

glia 

CD3 Anti-CD3 Brain 

Spinal cord 

T lymphocytes Inflammation 

Foxp3 Anti-Foxp3 Brain 

Spinal cord 

Regulatory  

T lymphocytes 

Inflammation 

CD45R Anti-CD45R Brain B lymphocytes Inflammation 

GFAP Anti-GFAP Brain Astrocytes Astrocytosis 

Luxol Fast Blue 

(LFB) 

LFB Spinal cord Myelin Demyelination 
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Immunohistological analyses 

The Analysis of the staining was performed either in a semi-quantitative manner by scoring, 

quantitative by counting or in a descriptive way. Slides that have been analysed quantitatively, 

have been previously digitalised via Keyence Scanner, BZ Viewer and BZ Analyser. Cell 

counting was performed manually using ImageJ software. The following table provides infor-

mation about the different analysis methods.  

Brain 

The main focus of the analysis was set on the hippocampal region of the brain, ipsilateral to the 

site of infection. In most of the analysed staining techniques, the hippocampus was divided into 

its subregions CA1, CA1/2, CA3a, CA3c and the hilus. 

Staining Analysed cells Analysis 

method 

Description of the used 

method 

HE 

 

 

 

 

 

 

Inflammatory cells 

 

 

 

 

 

 

Score 

 

 

 

 

 

 

Perivascular infiltrates:  

0 = absent; 1 = one layer of 

perivascular cells; 2 = two lay-

ers of perivascular cells; 3 = 

three or more layers of peri-

vascular cells  

Hypercellularity: 0 = absent; 1 

= mild; 2 = moderate; 3 = se-

vere (Gerhauser et al. 2007) 

TMEV Virus-positive cells Score 0 = no positive cells;  

1 = few positive cells (<10%);  

2 = >10 – 25% positive cells; 3 

= >25 - 45% positive cells;  

4 = >45% positive cells (Waltl 

et al. 2018a) 
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Staining Analysed cells Analysis 

method 

Description of the used 

method 

NeuN Neurons Score 0 = no obvious damage;  

1 = slightly abnormal appear-

ance of the structure without 

clear evidence of visible neu-

ron loss; 2 = lesions involving 

>20% of neurons of the whole 

structure; 3 = lesions involving 

20–50% of neurons; 4 = le-

sions involving <50% of neu-

rons (Bröer et al. 2016) 

FJC Currently dying neurons Quantitative Stained sections were scanned 

via Keyence Scanner FJC posi-

tive neurons were counted in 

ImageJ in 8 quadrants 

(90.000µm² each) distributed 

within the hippocampus (num-

ber of quadrants per subregion: 

CA1/2 = 4; CA3a = 2;  

CA3c = 1; hilus = 1) 

(Polascheck et al. 2010) 
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Staining Analysed cells Analysis 

method 

Description of the used 

method 

Mac-3 Inflammatory (myeloid) cells 

 

Score Hippocampus, cortex thalamus 

& hypothalamus) 

0 = absent (no positive, acti-

vated cells within the region);  

1 = mild (single positive cells 

found in the region);  

2 = moderate (up to 30% of re-

gion populated with positive 

cells); 3 = severe (> 30% of re-

gion populated with positive 

cells (Bröer et al. 2016; Waltl 

et al. 2018a) 

Iba1 Inflammatory (myeloid) cells Quantitative (See Iba1/Mac-3) 

Iba1/Mac3 Inflammatory (myeloid) cells Quantitative Photographs of stained sections 

were taken by Leica micro-

scope and positive cells were 

counted in ImageJ in 11 quad-

rants (90.000µm² each) distrib-

uted within the hippocampus 

(Quadrants per subregion: 

CA1/2 = 4; CA3a = 2; CA3c = 

1; hilus = 1; vessel layer = 3). 

Counted were Iba1 positive 

cells, Mac-3 positive cells and 

double labelled (Iba1/Mac3) 

cells (Waltl et al. 2018a) 
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Staining Analysed cells Analysis 

method 

Description of the used 

method 

TMEM119 Microglia Quantitative Stained sections were scanned 

via Keyence Scanner FJC posi-

tive cells were counted in Im-

ageJ following hippocampal 

planimetry (Bennett, M. L. et 

al. 2016) 

CD3 T lymphocytes Quantitative Stained sections were scanned 

via Keyence Scanner FJC posi-

tive cells were counted in Im-

ageJ following hippocampal 

planimetry 

Foxp3 Regulatory T cells Quantitative Foxp3 positive cells within the 

hippocampus were directly 

counted during microscopy 

(Leica microscope) 

(Ciurkiewicz et al. 2018) 

CD45R B lymphocytes Quantitative positive cells within the hippo-

campus were directly counted 

during microscopy (Leica mi-

croscope) 

GFAP Astrocytes Score 0 = no positivity; 1 = mild; 2 = 

moderate; 3 = severe 
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Spinal cord 

For each staining of spinal cord sections, a serial slide of the cervical, the thoracic and the 

lumbal region of the spinal cord was used.  

Staining Analysed cells Analysis method Description of the used 

method 

HE Virus-positive cells Score 

 

 

 

 

 

 

 

 

 

 

 

Quantitative 

Perivascular infiltrates:  

0 = absent; 1 = one layer 

of perivascular cells; 2 = 

two layers of perivascu-

lar cells; 3 = three or 

more layers of peri-

vascular cells 

Hypercellularity: 0 = ab-

sent; 1 = mild; 2 = mod-

erate; 3 = severe 

(Gerhauser et al. 2007) 

 

Necrotic neurons within 

the grey matter were di-

rectly counted during 

microscopy (Leica mi-

croscope) 

TMEV Virus-positive cells Quantitative All TMEV positive cells 

within the three spinal 

cord sections were 

counted 

Mac-3 Inflammatory (myeloid) 

cells 

Score 0 = no positivity 1 = sin-

gle positive cells; 2 = up 

until 30% positive cells; 

3 = >30% positive cells 
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Staining Analysed cells Analysis method Description of the used 

method 

CD3 T lymphoctyes Quantitative All CD3 positive cells 

within the spinal cord 

sections were counted 

following planimetry via 

ImageJ 

LFB Demyelination Descriptive Stained sections were 

examined for demye-

lination via microscopy 

(Leica microscope) 

 

Spleen and Liver 

Serial slides were provided and analysed as follows: 

Staining Analysed cells Analysis method Description of the 

used method 

HE Resident cells 

within the organ 

Descriptive Stained sections were 

analysed under the mi-

croscope (Leica)in 

terms of alterations 

(accumulation of cells, 

perivascular infil-

trates, cell loss, tissue 

alterations) 

Iba1 Macrophages Quantitative Iba1 positivity was 

measured via ImageJ 

(positive pixel counts) 
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