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Abstract 

Understanding neuroinflammation and neurodegeneration is one of the main goals of 

today's research. The outdated view of the brain as an immune-privileged tissue no 

longer fits the times. In addition to neuronal cells, the brain contains glial cells, 

providing neuronal support and controlling the homeostasis within the brain tissue. If 

the balance of homeostasis is disturbed as upon acute pathogen infection or stress 

reactions in the periphery, an immune response is triggered in the central nervous 

system (CNS) resulting in neuroinflammation. The ratio of secreted pro- and anti-

inflammatory cytokines is of importance, which, with increased release of pro-

inflammatory cytokines favors the inflammatory milieu. Prolonged or chronic 

neuroinflammation can lead to neurodegeneration as is seen in several CNS-specific 

diseases, such as Alzheimer's disease. This age-related form of dementia reflects 

today’s picture of increased emergence of cognitive decline in older society and 

demonstrates age as a risk factor for neurodegenerative diseases and 

neuroinflammatory processes. Inflammation in the brain is therefore one of the main 

targets in the exploration of new therapeutic approaches. Microglial cells are the 

primary resident immune cells of the brain. During inflammatory processes in the 

brain tissue, microglia are activated and can rapidly resolve the acute pathology by 

secreting inflammatory mediators and participating in the clearing of cellular debris. 

However, in case of excessive or persistent inflammation, microglial cells remain in 

this activated form and are then more likely to be a driver of neuroinflammation, 

instead to their beneficial role of rapidly resolving it.  

IL-37 is a recently described anti-inflammatory cytokine capable of limiting 

exaggerated inflammatory processes. In the following studies, mouse models were 

used which either produce the human cytokine IL-37 and/or have human mutations 

of the APP and presenilin-1 genes. IL-37 transgenic animals were evaluated for 

microglial activation and neuroinflammation in acute or chronic conditions. These 

animals exhibited reduced neuroinflammation and improved or rescued performance 

with respect to cognitive deficits. In the second part, a similar result was shown in the 

chronic condition of the transgenic mice, which serve as a model of Alzheimer's 

disease, by reducing neuroinflammation with an inflammation inhibitor given via the 

diet. In a final experiment, multiple physical and cognitive training in a spatial memory 

test showed a positive effect on cognitive deficits in the Alzheimer mouse model.  
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Zusammenfassung 

Das Verständnis über den Zusammenhang von Neuroinflammation und 

Neurodegeneration ist zentrales Forschungsgebiet heutiger Neurowissenschaften, 

vor allem vor dem Hintergrund einer starken Zunahme neurodegenerativer 

Erkrankungen. Dabei hat sich bereits jetzt gezeigt, dass die Sichtweise des Gehirns 

als immunprivilegiertes Gewebe nicht mehr zeitgemäß ist. Weiterhin haben die 

Forschungsergebnisse der letzten Jahre gezeigt, dass man neben Neuronen auch 

die Gliazellen des Gehirns für die Physiologie und für die Pathophysiologie von 

Gehirnprozessen und –erkrankungen berücksichtigen muss. Vor allem sind 

Gliazellen wichtig die Homöostase innerhalb des Hirngewebes zu kontrollieren und 

Aufrechtzuerhalten. Wird das Gleichgewicht der Homöostase gestört, wie bei einer 

akuten Erregerinfektion oder bei Stressreaktionen in der Peripherie, wird im zentralen 

Nervensystem (ZNS) eine Immunreaktion ausgelöst, die zu einer Neuroinflammation 

führt. Dabei ist das Verhältnis von sezernierten pro- und anti-inflammatorischen 

Cytokine von Bedeutung, da eine vermehrte Freisetzung von pro-inflammatorischen 

Cytokinen das entzündliche Milieu im ZNS begünstigt. Eine anhaltende oder 

chronische Neuroinflammation kann zur Neurodegeneration führen, wie sie bei 

mehreren ZNS-spezifischen Krankheiten, wie der Alzheimer-Krankheit, zu 

beobachten ist. Diese altersbedingte Form der Demenz ist mit einem zunehmenden 

kognitiven Verfall assoziiert und stellt ein riesiges gesellschaftliches wie individuelles 

Problem unserer heutigen Gesellschaft da. Entzündungsprozesse im Gehirn zu 

verstehen ist daher eines der Hauptziele bei der Erforschung neuer therapeutischer 

Ansätze. Von zentraler Bedeutung für den Ursprung, aber auch die Kontrolle über 

entzündliche Reaktion im Gehirn sind Mikrogliazellen, die primären residenten 

Immunzellen des Gehirns. Bei entzündlichen Prozessen im Hirngewebe werden 

Mikrogliazellen aktiviert und können die akute Pathologie schnell beheben, indem sie 

Entzündungsmediatoren absondern und sich an der Beseitigung von Zelltrümmern 

beteiligen. Im Falle einer übermäßigen oder anhaltenden Entzündung bleiben die 

Mikrogliazellen jedoch in dieser aktivierten Form und sind dann eher eine Triebkraft 

der Neuroinflammation als ihre nützliche Rolle bei der schnellen Behebung der 

Entzündung.  

IL-37 ist ein kürzlich beschriebenes entzündungshemmendes Cytokine, welches in 

der Lage ist, übertriebene Entzündungsprozesse zu begrenzen. In den hier 

beschriebenen Studien wurden Mausmodelle verwendet, die entweder das 
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menschliche Cytokine IL-37 produzieren und/oder menschliche Mutationen der APP- 

und Presenilin-1-Gene aufweisen. Die IL-37-transgenen Tiere wurden in dieser Arbeit 

auf Mikrogliaaktivierung und Neuroinflammation unter akuten oder chronischen 

Bedingungen untersucht. Diese Tiere zeigten eine verringerte Neuroinflammation 

und eine verbesserte oder gerettete Leistung in Bezug auf kognitive Defizite. Im 

zweiten Teil dieser Arbeit wurde ein ähnliches Ergebnis im chronischen Zustand der 

transgenen Mäuse, die als Modell für die Alzheimer-Krankheit dienen, gezeigt, indem 

die Neuroinflammation mit einem über die Ernährung verabreichten 

Entzündungshemmer reduziert wurde. In einer letzten Experimentserie zeigte ein 

mehrfaches körperliches und kognitives Training in einem räumlichen Gedächtnistest 

eine positive Wirkung auf die kognitiven Defizite im Alzheimer-Mausmodell.  
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1. Introduction 

1.1 Inflammation / Neuroinflammation 

The ability to defend its own body integrity is a privileged feature of the animal 

biology. Protection from environmental factors covers the maintenance of tissue 

homeostasis including an interplay of many cells, but also of short-lasting 

inflammatory events (Medzhitov, 2021). Through a complex system of cells and 

proteins, referred as the immune system, the body is able to repair injury and fight 

various infections. The underlying process, by which tissues of the body respond to 

injury and infection is called inflammation (Henson, 2005; Matsuda et al., 2019). This 

defense mechanism was described in the field of immunology, which includes the 

first experiments with vaccination in the 18th century, one of the greatest 

achievements of modern medicine (Kenneth et al., 2012). The basic steps therefore 

can be described as an inflammatory and activating reaction (immune response) 

towards pathogen and injury recognition, tissue repair, removal of damaged DNA or 

misfolded proteins or apoptosis (Henson, 2005). Inflammatory processes localized in 

the peripheral (PNS) or central nervous system (CNS) are called neuroinflammation 

and are characterized by the activation of glial cells or their production and release of 

chemokines and cytokines (Matsuda et al., 2019).  

 

1.2 Innate immune system 

The immune system is divided into two parts, namely innate (natural immunity) and 

adaptive (acquired immunity) immune system (Hoebe et al., 2004). The innate 

immune response uses microbial recognition and germ-line-encoded receptors 

(Dempsey et al., 2003) to detect and target viral and bacterial structural components 

(Akira, 2003; Greenberg and Grinstein, 2002; Janeway Jr and Medzhitov, 2002; 

Medzhitov, 2001; Underhill and Ozinsky, 2002). These components can be microbial 

membranes, cell walls, proteins or DNA and are grouped under the term pathogen-

associated molecular pattern (PAMPs), which then further interact with the so-called 

pattern recognition receptors (PRRs). A large group of these PRRs are described as 

Toll-like receptors (TLR), which are transmembrane receptors consisting of an 

extracellular leucine-rich repeat (LRR) and an intracellular Toll/interleukin-1 domain 

(TIR) (Dempsey et al., 2003). The innate immune system serves as the first step in 

responding to pathogens and is involved in their elimination without the activation of 
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the adaptive immune response. This first line of defense occurs as a rapid response 

of phagocytic cells such as macrophages or neutrophils by recognizing and killing 

invading pathogens by producing and releasing lethal factors. This type of immune 

response can be described in all animals and plants (Kenneth et al., 2012). The 

adaptive immune response, on the other hand, is present only in vertebrates and 

cartilaginous fish, involves the help of antigen-specific cells (Dempsey et al., 2003) 

and the feature of specific memory including lymphocytes (T and B cells) and 

antibodies (Castelo-Branco and Soveral, 2014; Kurtz, 2004). All cells of the immune 

system both, innate and adaptive, are development from the bone marrow as 

pluripotent hematopoietic stem cells to differentiate into white blood cells 

demonstrated as natural killer (NK) cells or T and B cells. Other leukocytes are 

described as phagocytes including monocytes, granulocytes and dendritic cells 

(Kenneth et al., 2012). Monocytes are described in more detail below, due to the 

focus of the study. 

  

1.3 Monocytes and macrophages 

The first described as bone marrow-derived myeloid cells are circulating monocytes 

in the blood and macrophages in the tissue, which are important in homoeostatic 

phase and during inflammation (Geissmann et al., 2010; van Furth and Cohn, 1968). 

The blood, which consists of plasma, red and white blood cells and platelets, makes 

an important contribution to the immune response via the white blood cells 

(leukocytes), whose proportion in the blood is very low but increases tremendously in 

the case of inflammation (Ashton, 2007). Monocytes are involved in the recruitment 

of cells from the blood towards an inflamed tissue and are part of the mononuclear 

phagocyte system classified as a subgroup of leukocytes (Geissmann et al., 2010). 

After migration into the tissue, monocytes can differentiate into macrophages, based 

on the inflammatory environment and expression of pathogen-associated pattern 

recognition receptors (Serbina et al., 2008) and represent the resident phagocytic 

cells in the tissue. One feature of these tissue-specific macrophages is the role they 

play in clearing apoptotic cells and providing growth factors during homeostasis 

(Geissmann et al., 2010). Due to their expression of pathogen-recognition receptors 

these cells are successful in phagocytosis of invading microorganisms and are easily 

induced to release inflammatory cytokines (Gordon, 2002). Besides phagocytosis of 
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invading pathogens, macrophages have another important ability to orchestrate the 

immune response by secreting signaling molecules (e.g. cytokines) to activate and 

recruit other immune cells (Kenneth et al., 2012). 

 

1.4 Immune cells of the central nervous system 

The only immune cells in the brain are a population of resident brain-tissue 

macrophages, called microglia. They belong to the non-neuronal cell population of 

glial cells which support (maintenance) and protect (immune defense) neurons 

(Ginhoux et al., 2013) and are essential for the maintenance of their homeostasis in 

health and disease (Ginhoux et al., 2013; Perry et al., 2010). In contrast, mis-

regulated microglial cells are detrimental to brain tissue since they contribute to the 

further progression of inflammation through prolonged or over-activated responses 

(Ginhoux et al., 2013; Kettenmann et al., 2011; Kingwell, 2012; Perry et al., 2010). 

The term microglial cell was first introduced by Del Rio-Hortega to distinguish this 

specific cell type from neurons, astrocytes and oligodendrocytes (Ginhoux et al., 

2013; Rio-Hortega, 1939). In the early development and from the embryonic state 

E9.5 macrophages leave the blood islands of the yolk sac to migrate into the 

neuroepithelium and differentiate into microglia (Ginhoux et al., 2013). The blood-

brain barrier (BBB), a structure separating the developing brain from the periphery 

forms from the embryonic state E13.5. Importantly, the microglial population will 

maintain itself until adulthood (Ginhoux et al., 2013) due to a process of self-renewal 

of microglial cells. Moreover, it is assumed that these cells are not replaced by blood-

derived or bone marrow-derived monocytes during aging (Ginhoux et al., 2013). 

Nevertheless, in severe or chronic inflammation such as Alzheimer's disease, it is 

thought that the population of microglial cells may be augmented by peripheral 

monocytes which infiltrate the CNS through a leaky BBB resulted from inflamed brain 

tissue (Schwartz and Jung, 2012; Simard and Rivest, 2006). However, the role of 

these cells penetrating from the blood and whether this is only true for a certain 

period of time remains unknown (Ginhoux et al., 2013). The adult brain cell 

population consists about 5-10% microglia, which were in general classified as highly 

ramified or amoeboid (Simard and Rivest, 2006). Resting microglia, as they are 

usually called in healthy condition, has been relatively little studied. However, the 

term “dormant” does not apply, as microscopic imaging of very motile microglial cells 
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show (Davalos et al., 2005; Hanisch and Kettenmann, 2007; Nimmerjahn et al., 

2005). Thus, these cells in homeostatic tissue are described as scanning of the brain 

environment without affecting neuronal structure and networks. Furthermore, 

microglial cells are involved in synapse remodeling and supporting neuronal cells via 

the production of neurotrophic factors like the brain-derived neurotrophic factor 

(BDNF) (Nava Catorce and Gevorkian, 2016; Tremblay et al., 2011). Once a tissue 

change is detected by scanning, the microglial cell responds rapidly (Hanisch and 

Kettenmann, 2007). On the other hand, microglial cells are required for many 

processes during brain injury and disease including tissue repair, clearance of 

invading pathogens or mis-folded proteins and secretion of pro-inflammatory 

mediators (Benakis et al., 2015; Casano and Peri, 2015; Nava Catorce and 

Gevorkian, 2016; Nayak et al., 2014; Schwartz et al., 2013). Microglial cells change 

their morphology by retracting their processes and increasing the cell body in 

response to inflammation (Nava Catorce and Gevorkian, 2016; Tremblay et al., 

2011).  

 

1.5 Lipopolysaccharide and the activation of the innate immune 

response 

TLR receptors were described to play an important role in the immune system 

signaling. Until now, 10 different receptors are identified, were the TLR4 was 

demonstrated to be critical for Lipopolysaccharide (LPS) recognition (Dempsey et al., 

2003). LPS is a cell wall protein of gram-negative bacteria and known to be one of 

the best activators for innate immune response (Rossol et al., 2011). The immune 

stimulation with LPS leads to activation of many different pathways and mechanisms 

including direct or indirect transcriptional regulation, gene expression and mRNA 

stability (Rossol et al., 2011). Many human and murine studies report LPS-induced 

cytokine production in monocytic cells (Rossol et al., 2011). During inflammation the 

secretion of cytokines has various effects ranging from reducing or limiting 

inflammation (anti-inflammatory cytokines) to increasing or promoting inflammation 

(pro-inflammatory cytokines) (Rossol et al., 2011). The widely used and well-

established mouse model of peripheral injection of the endotoxin LPS has been 

shown to result in neuroinflammation and neurodegeneration including the induction 

of both microglial activation and expression of pro-inflammatory cytokines in the brain 
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(Biesmans et al., 2013; Erickson and Banks, 2011; Park et al., 2012; Qin et al., 

2007). The origin of inflammatory mediators activating the inflammatory response in 

the CNS is still debated. Despite the assumption that peripheral pro-inflammatory 

cytokines induced by intraperitoneal injection of LPS and LPS itself (Nadeau and 

Rivest, 1999) do not cross the BBB, LPS has been shown in many studies to be able 

to send a signal to the brain that starts the expression (mainly by microglial cells) of 

pro-inflammatory cytokines in the brain (Brugg et al., 1995; Elmquist and Saper, 

1997; Gabellec et al., 1995; Lacroix and Rivest, 1998; Layé et al., 1994; Nava 

Catorce and Gevorkian, 2016; Pitossi et al., 1997; Vallières and Rivest, 1997). The 

process how the inflammatory response in the CNS upon peripheral LPS 

administration is mediated is not clear. One mechanism supposing the action of 

cytokines and other acute phase factors, which are stimulated by LPS outside the 

BBB and one alternative mechanism is described that LPS crosses the BBB (Banks 

and Robinson, 2010). Importantly, the receptors for LPS are highly expressed on 

peripheral immune cells, which in turn get activated and release inflammatory 

mediators affecting the CNS (Chakravarty and Herkenham, 2005). Additionally, it was 

demonstrated that the same inflammatory response caused by LPS was shown 

following peripheral administration of cytokines resulting in inflammatory response in 

the CNS (Berkenbosch et al., 1987; Chakravarty and Herkenham, 2005; Duff and 

Durum, 1983; Laflamme and Rivest, 1999). Furthermore, LPS was shown to interact 

with the BBB by affecting the interaction of immune cells with the BBB (Strosznajder 

et al., 1996) or by changing BBB permeability (Xaio et al., 2001). As another option, 

the CNS response could be locally triggered as a direct TLR4-LPS-mediated 

response within the brain as the TLR4 receptors are also described to be expressed 

on cells e.g. in the meninges, choroid plexus or circumventricular organs (CVOs) 

(Chakravarty and Herkenham, 2005; Laflamme and Rivest, 2001), but also on brain 

cells including endothelial cells (Reyes et al., 1999; Verma et al., 2006), astrocytes 

(Chakravarty and Herkenham, 2005) and microglia (Marzolo et al., 2000) to induce 

pro-inflammatory transcripts such as IL-1β and TNF-α (Banks and Robinson, 2010; 

Chakravarty and Herkenham, 2005). 
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1.6 IL-1 family / Pro- and anti-inflammatory mediators (cytokines) 

The first and most described pro-inflammatory cytokines associated with 

inflammatory processes are IL-1β, IL-6 and TNF-α (Ban et al., 1992; Brochu et al., 

1999; Gabellec et al., 1995; Lawrence, 1998; Layé et al., 1994; Takao et al., 1993). 

The main cytokine family linked to damaging inflammation and innate immunity is the 

IL-1 family including 11 different cytokines and 10 different receptors (Dinarello, 

2018). The close connection of innate immunity and the IL-1 family of cytokines is 

also reflected in the structure of their receptors. For example, the functional domain 

of IL-1R1 (Heguy et al., 1992), the Toll interleukin-1 receptor (TIR), is highly 

homologous to the TIR domains of all other Toll-like receptors (TLRs). Thus, the 

responses elicited by IL-1 and TLR ligands are indistinguishable (Dinarello, 2018). 

The best-known member of the IL-1 family due to its involvement in autoinflammatory 

diseases (Dinarello, 2011) is IL-1β. The features of IL-1β and other cytokines are 

described as being important mediators to protect the host, but on the other hand can 

also be cause of acute and chronic inflammation (Dinarello, 2018). 7 of the 11 

members of the IL-1 family are characterized as pro-inflammatory cytokines (Figure 

1). The following mechanism has been described for IL-1 signal transduction: IL-1, 

whether IL-1α or IL-1β, binds to the IL-1R1 receptor causing a conformation change 

so that a trimeric complex is formed including IL-1, IL-1R1 and IL-1R3 (co-receptor) 

(Dinarello, 2018). The TIR domains of the two receptors interact with each other and 

allow MyD88 to bind, which in turn activates a cascade triggering a strong pro-

inflammatory response (Dinarello, 2018). IL-1α and IL-1β have very similar properties 

but still differ in some aspects. IL-1α, for example, is continuously expressed in 

certain cell types such as epithelial and mesenchymal cells even in the healthy body. 

In contrast, IL-1β is mainly expressed during disease. With regard to the fact that the 

precursor of IL-1α is already active, this cytokine is also seen as an alarm signal (Kim 

et al., 2013). This differs from IL-1β, which still needs to be cleaved to be active. 

Purification of human IL-1β was first performed after giving the active stimulus of 

fever in rabbits in 1977, followed by cloning of human IL-1β cDNA in 1984 (Auron et 

al., 1984; Dinarello et al., 1977). As mentioned earlier, the expression of IL-1β is 

present exclusively in an inflammatory environment, IL-1β mRNA expression is 

already rapidly increased already 15 minutes after LPS stimulation in human blood 

monocytes and reaches the maximum after 4 hours. The inactive pro-form of IL-1β 

accumulates in the cytosol of the cells as long as it is not cleaved and activated by 
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the nucleotide-binding and leucine-rich repeat pyrin containing protein-3 (NLRP3) 

inflammasome containing the activated caspase-1 (Dinarello, 2018). Therefore, the 

release of mature IL-1β is dependent on the activation of the NLRP3 inflammasome 

in a process related to changes in cellular potassium levels. The NLRP3 

inflammasome activates caspase-1 upon a reduction in intracellular potassium due to 

the activation of the P2X7 receptor by ATP (Andrei et al., 1999; Andrei et al., 2004; 

Gardella et al., 2000; Perregaux et al., 2000). As well as IL-1β, the pro-inflammatory 

cytokine IL-18 is also formed as an inactive precursor variant and converted to a 

mature form by the NLRP3 inflammasome. Like IL-1 also IL-18 forms a trimeric 

complex similar to that formed by other IL-1 family members. In detail, IL-18 binds to 

the IL-18 receptor alpha chain (IL-18Rα or IL-1R5) which in turn changes the 

conformation promoting a receptor interaction with the IL-18 receptor beta chain (IL-

18Rβ or IL-1R7). The following signaling cascade is almost identical to those of IL-1 

signaling by recruiting MyD88 and starting a pro-inflammatory response (Dinarello, 

2018; Weber et al., 2010).  
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Figure 1.1: Ligands and receptors of the IL-1 family. This graphic of cytokines and receptors shows 
three different signaling possibilities. First, there is inhibition of inflammation demonstrated if IL-1Ra 
(antagonist) binds the IL-1R1 or if IL-36Ra (antagonist) binds the IL-36R. Second, pro-inflammatory 
cytokines are able to generate a signaling cascade with a pro-inflammatory response by binding to its 
receptors e.g. IL-1α, IL-1β or IL-18. Third, anti-inflammatory cytokines are counteracting the 
inflammatory response by binding pro-inflammatory receptors but forming different receptor-
complexes like IL-37 binding IL-18Rα and IL-38 IL-36R. 

 

1.7 The anti-inflammatory cytokine IL-37 

IL-37 is an anti-inflammatory cytokine and member of the IL-18 subfamily sharing 

many properties with IL-18. However, very striking is that instead of promoting 

inflammation, IL-37 is suggested to suppress and limit it. A large gene cluster of the 

IL-1 family is located on chromosome 2, including, for example, the IL-1α and IL-1β 

genes (Sharaf et al., 2014). Relatively close to these genes is also the IL-37 gene. 

When an immune stimulus activates the IL-1α and IL-1β genes, IL-37 is also 

activated (Sharaf et al., 2014) which reveals the important role for IL-37 as an anti-

inflammatory cytokine and the task of limiting inflammation (Cavalli and Dinarello, 

2018). IL-37 was discovered by an in silico analysis in 2000 (Busfield et al., 2000; 

Kumar et al., 2000; Pan et al., 2001). There are 5 isoforms of the IL-37 protein, with 

the IL-37b protein being the best described and most studied (Cavalli and Dinarello, 

2018; Dinarello et al., 2016). IL-37 is characterized as an anti-inflammatory cytokine 

that suppresses both innate and acquired immunity (Nold-Petry et al., 2015; Nold et 

al., 2010). In many human inflammatory and autoimmune diseases, IL-37 is elevated 

to presumably limit inflammatory responses (Dinarello, 2018). For example, IL-37 

levels are elevated compared to healthy patients in rheumatoid arthritis (Xia et al., 

2015; Yang et al., 2015a) or psoriasis (Keermann et al., 2015), but decreased in 

asthma (Charrad et al., 2016; Lunding et al., 2015) or insulin resistance (Ballak et al., 

2014). An important point is that so far, no homologue of IL-37 has been found in 

mice or chimpanzees (Dinarello et al., 2016). In contrast, the IL-18 protein and its 

receptor IL-18R were shown to be produced by cells of rat and mouse cells of the 

CNS (Andre et al., 2003; Prinz and Hanisch, 1999). Especially, IL-18 was detected in 

murine microglia and was shown to be elevated upon microglia activation (Menge et 

al., 2001; Mori et al., 2001). Further studies of Andre and colleagues (2005) 

demonstrated IL-18Rα expression only in astrocytes and microglia, whereas IL-18Rβ 

expression was also found in neurons. In addition, the expression of the SIGIRR (IL-

1R8) receptor was detected in astrocytes, microglia and cortical neurons (Andre et 
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al., 2005). Exactly like IL-18, IL-37 binds to the IL-18Rα chain (IL-1R5), but in 

contrast of forming the trimeric complex with IL-18Rβ (IL-1R7) to signal a pro-

inflammatory response (Kimura et al., 2014; Tsutsumi et al., 2014), the interaction of 

IL-37 and IL-18Ra (IL-1R5) (Bufler et al., 2002; Kumar et al., 2002; Pan et al., 2001) 

forms a trimeric complex with SIGIRR (IL-1R8) and signals an anti-inflammatory 

response (Garlanda et al., 2013b). A major difference in the signaling pathway is the 

presence of a mutated TIR domain in the SIGGIR receptor (referred to as TIRb), 

which prevents the further signaling through MyD88 (Garlanda et al., 2013a; Gong et 

al., 2010). Thus, IL-37 suppresses a pro-inflammatory response (Dinarello, 2018). 

Although there is no homolog for IL-37 in the mouse, these studies show that all the 

components to bind IL-37 and also elicit a response are present in the mouse and 

specifically even in CNS cells. IL-37 is described as a dual-function protein. The 

signaling cascade via IL-18R suppresses a pro-inflammatory response. In addition, 

IL-37 can translocate to the nucleus and could be detected in the nucleus after 

stimulation with LPS after 15 hours (Ross et al., 2013; Sharma et al., 2008) 

associated to a reduction in the pro-inflammatory cytokines IL-1α, IL-1β, TNF-α and 

IL-6 (Nold et al., 2010; Sharma et al., 2008). Nuclear translocation is dependent on 

the modification of the precursor IL-37 protein upon cleavage by caspase-1 (Ross et 

al., 2013). Formation of a complex of IL-37 and Smad3 is required for the anti-

inflammatory properties (Dinarello, 2018). The Smad3 protein is an anti-inflammatory 

kinase with immunosuppressive properties, which also plays a role in the signaling 

cascade of TGFβ (Dinarello, 2018). A proteomic-based study showed the interaction 

between Smad3 and IL-37 after its cleavage by caspase-1 forming a complex that 

translocate to the nucleus to trigger an anti-inflammatory response (Dinarello, 2018; 

Grimsby et al., 2004). In humans, IL-37 is not produced permanently, but requires a 

stimulus, for example by IL-1β or other TLR ligands (Nold et al., 2010). Many human 

cells are capable of producing IL-37, such as blood monocytes, tissue macrophages, 

B and T cells, or epithelial cells from the skin or kidney (Dinarello, 2018). Due to an 

unstable sequence in the IL-37 gene, which limits the half-life of IL-37 mRNA, the 

amount of IL-37 produced is very low in healthy, unstimulated cells/tissues. This little 

IL-37 production can also be shown in the transgenic mouse model in which despite 

the CMV promoter in IL-37 transgenic mice (IL-37tg) the levels of IL-37 are low in 

naive animals, but increases with inflammation (Bulau et al., 2014; Coll-Miró et al., 

2016; McNamee et al., 2011; Nold et al., 2010). However, studies with endogenous 
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or recombinant IL-37 show a high effect in the low picomolar range by reducing LPS-

induced pro-inflammatory cytokines in vitro (Dinarello, 2018; Li et al., 2015). In cell 

and animal studies a treatment with IL-37 resulted in reduced pro-inflammatory 

cytokines after LPS induction in vitro or lowered in vivo levels of pro-inflammatory 

cytokines in blood and tissue like joints, lung, heart and others (Cavalli et al., 2016; Li 

et al., 2015; Lunding et al., 2015; Moretti et al., 2014; Wu et al., 2014). 

The humanized IL-37 transgenic mouse line (hIL-37tg) was produced using the full-

length precursor cDNA of the IL-37b splice variant, which is driven by the CMV 

promoter to generate continuous expression in almost all mouse cells (Nold et al., 

2010). The transgenic animals do not exhibit any specific phenotype and mate 

normally compared to wild-type animals (Dinarello, 2018). Initial studies by Nold and 

colleagues (2010) showed protection against sepsis in hIL-37tg animals (Nold et al., 

2010). Positive results in hIL-37tg have been shown also in other disease models, 

such as spinal cord injury (Coll-Miró et al., 2016), DSS-induced colitis (McNamee et 

al., 2011), coronary artery ligation (Yousif et al., 2011), acute renal ischemia (Yang et 

al., 2015b) or metabolic syndrome (Ballak et al., 2014). The IL-37 protein is 

biologically active in vivo and in vitro even in the precursor form. In particular, most of 

the secreted IL-37 in the extracellular space is described as the precursor form 

(Moretti et al., 2014). An increased release of the processed IL-37 is required on the 

NLRP3 activity shown in a study of human blood monocytes stimulated with LPS and 

ATP (Bulau et al., 2014). 

 

1.8 The NLRP3 inflammasome 

The innate immune system plays an important role in the first-line defense of the 

organism (Sutterwala et al., 2014), and the response to pathogens requires PRRs, a 

group of receptors consisting not only of TLRs but also, for example, of nucleotide-

binding oligomerizing (NOD)-like receptors, the NLRs (Bourgeois and Kuchler, 2012; 

Shao et al., 2015; Wang et al., 2020). These NLRs are important components of 

inflammasomes and are able to recognize pathogens/damage-associated molecular 

patterns (PAMPs/DAMPs) (Chen and Núñez, 2011; He et al., 2016; Próchnicki and 

Latz, 2017; Wang et al., 2020). Inflammasomes were first described as complexes, 

involved in the activation of inflammatory mediators (Ali et al., 2015; Gentile et al., 

2015; Jorgensen and Miao, 2015). Activation of the inflammasome complexes results 
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in active caspase-1 and subsequently in the processing of pro-IL-1β and pro-IL18 (as 

well as pro-IL-37) into their mature form (Gu et al., 1997; Hornung and Latz, 2010; 

Martinon et al., 2002; Sutterwala et al., 2014; Thornberry et al., 1992). IL-1β and IL-

18 release promote a large wave of inflammatory responses (Liston and Masters, 

2017; Lu et al., 2014; Mangan et al., 2018). The best described and studied 

inflammasome to date is the NLRP3 inflammasome, which is referred to as pyrin 

domain-containing protein 3 (Eigenbrod and Dalpke, 2015; Inoue and Shinohara, 

2013b; Shao et al., 2015). Activation of this complex is strongly controlled by two 

additional components, adapter protein apoptosis-associated speck-like protein 

(ASC) and pro-caspase-1 (Inoue and Shinohara, 2013a; Ito et al., 2015; Shao et al., 

2015) according to a two-step model. Two signals are necessary, described as 

priming and activation (Sutterwala et al., 2014). The priming signal can be any 

receptor-ligand activation resulting in triggering NFκB, i.e. IL-1R1, TLRs, NLRs or 

TNFR1/2 (Bauernfeind et al., 2009; Franchi et al., 2009; Sutterwala et al., 2014). 

Upon occurrence of the priming step and the NFκB activation, important building 

blocks are produced, such as NLRP3 proteins or pro-IL-1β and pro-IL-18 (Shao et 

al., 2019; Wang et al., 2020). The second step involves the assembly and activation 

of the inflammasome complex. This can involve many different molecules, such as 

ATP or nigericin or DAMPs/PAMPs (Sutterwala et al., 2014). In addition, it has been 

shown that a change in the potassium content of the cell towards a potassium efflux 

is important for this step (Lamkanfi et al., 2009; Petrilli et al., 2007; Sutterwala et al., 

2014) (Figure 2). 

Since IL-1β is converted to its mature and active form mostly by the NLRP3 

inflammasome, this is an important target for medical and therapeutic approaches. 

Already now, several promising NLRP3 inhibitors are under research (Shao et al., 

2015). 
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Figure 1.2: The NLRP3 inflammasome and its activation steps. This graph shows the assembly 
and activation of the NLRP3 inflammasome through two crucial steps. The priming part (signal 1), 
involves the activation of NFκB and the concomitant expression of the building blocks for the 
inflammasome. Part two (signal 2) describes the activation of the complex, which can occur through 
various factors (DAMPs/PAMPs, ATP, potassium release, etc.). Activation of the complex involves 
activation of caspase-1 which in turn is responsible for converting pro-IL1β and pro-IL-18 into their 
mature forms. 

 

1.9 Blocking the NLRP3 Inflammasome 

Impaired activity of the NLRP3 inflammasome has been described in numerous 

studies related to many diseases (Zahid et al., 2019). These include gout (Martinon 

et al., 2006), type-2 diabetes (Lee et al., 2013), Alzheimer’s disease (AD) (Halle et 

al., 2008) and Multiple Sclerosis (MS) (Inoue et al., 2012; Shao et al., 2014). 

Furthermore, the NLRP3 inflammasome is also involved in the progression of 

inflammation in mouse models for experimental autoimmune encephalomyelitis 

(EAE) and multiple sclerosis in humans (Inoue et al., 2012; Shao et al., 2014; Zahid 
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et al., 2019), Alzheimer’s disease (Heneka, 2017; Heneka et al., 2015; Heneka et al., 

2013) and systemic inflammation/neuroinflammation (Beyer et al., 2020). 

Due to the widespread influence of the NLRP3 inflammasome in inflammatory 

responses, discovering inhibitors for this complex is an important goal of the current 

research. The specific assembly and activation of the NLRP3 inflammasome could 

be prevented or blocked by different approaches. In detail, this could be done by 

inhibiting the P2X7 receptor, blocking the potassium efflux or preventing ATPases 

activity (He et al., 2014; Hu et al., 2014; Jiang et al., 2017; Lamkanfi et al., 2009; Liu 

et al., 2014; Youm et al., 2015). Many studies have already demonstrated effective 

strategies for inhibiting the NLRP3 inflammasome in various forms indirectly such as 

autophagy inducer or ATP-sensitive potassium channel inhibitor (Bauer et al., 2012; 

Vong et al., 2021; Wang et al., 2017; Xu et al., 2018). Since non-specific inhibitors 

are often used, it is important to note that they not only inactivate the NLRP3 

inflammasome, but also interfere with other signaling pathways that may lead to side 

effects (Abderrazak et al., 2015; Chang et al., 2015; Lamkanfi et al., 2009; Vong et 

al., 2021; Youm et al., 2015). Therefore, it is extremely important to find specific 

NLRP3 inhibitors. Among those described so far are MCC950, OLT1177 and 

oridonin, which are small molecules that do not affect other inflammasomes (Vong et 

al., 2021). Dapansutrile, also referred as OLT1177 is currently being tested in phase 

2 clinical trials for the treatment of arthritis (Toldo and Abbate, 2018). This small, 

active b-sulfonyl nitrile compound is able to specifically inhibit the NLRP3 

inflammasome (no inhibition of NLRC4 or AIM2 inflammasome, for example) and 

reduce the release of IL-1β by blocking the ATPase activity (Marchetti et al., 2018). 

OLT1177 appears to have promising potential to treat NLRP3-related diseases due 

to its high tolerability and safety in patients when administration orally (Jiménez-

Castro et al., 2019; Zahid et al., 2019). 

 

1.10 Acute and chronic activation in the CNS 

Inflammation is considered a key tool in resolving, clearing an infection and regaining 

the equilibrium after a given immune stimulus. This relays on the activation of cells to 

perform phagocytosis or of the inflammasome to produce and release cytokines 

promoting tissue healing and homeostasis (Fernandes-Alnemri et al., 2009; Lyman et 

al., 2014). Thus, inflammation is generally described as a very beneficial and useful 
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process, which can, however, lead to damage through prolonged activation (Lyman 

et al., 2014). Due to their ability to act or react to both acute and chronic/persistent 

stimuli with phagocytosis, proliferation or release of pro-inflammatory mediators, 

microglial cells support tissue repair (Golden and Darmadipura, 2007) and represent 

a key role in acute and chronic CNS injury (Carbonell et al., 2005; Layé et al., 1999; 

Streit et al., 2004). However, the pro-inflammatory status of microglia by releasing 

factors like IL-1β, IL-6 or TNF-α (Layé et al., 1999; Streit et al., 1998; Yang et al., 

2004) can lead to injury of neuronal cells (Yang et al., 2004) in a manner that is 

comparable to the response of tissue resident macrophages and immune cells in the 

periphery (Streit et al., 2004).  

Acute neuroinflammation, for example described in fever reaction, can lead to 

neurological and cognitive dysfunction (Walter et al., 2016). In addition, the 

connection between cognitive impairment, specific neural circuit dysfunction and 

inflammation was demonstrated by Czerniawski et al. (2014), showing in a LPS-

induced systemic infection model disrupted neuronal function in the hippocampus 

(Czerniawski and Guzowski, 2014). Further, pro-inflammatory cytokines (like IL-1β, 

IL-6 and TNF-α) acutely released upon a systemic administration of LPS affected and 

impaired both memory storage (Czerniawski and Guzowski, 2014; Pugh et al., 1998; 

Shaw et al., 2001) and its cellular correlate, long-term potentiation (LTP) (Albensi and 

Mattson, 2000; Beattie et al., 2002; Czerniawski and Guzowski, 2014; D'arcangelo et 

al., 2000; O'Connor and Coogan, 1999). Besides an acute infection with LPS as a 

bacterial component, viral infections are also able to trigger acute neuroinflammation. 

Through the activation of microglia, neurotropic viruses lead to neuronal damage 

(Hosseini et al., 2018; Jang et al., 2012; Kristensson, 2006) and release of pro-

inflammatory cytokines (Hosseini et al., 2018; Jang et al., 2012; Jang et al., 2009). 

Furthermore, the study of Hosseini et al. (2018), demonstrated not only acute but 

also long-lasting (chronic) residual effects on the CNS after infection of neurotropic 

but also non-neurotropic virus variants (Hosseini et al., 2018). 

Chronic neuroinflammation is for example described in AD. In addition to 

neurofibrillary tangles and amyloid deposition, microglial cell activation is of important 

relevance in the progression of the disease. It could be shown that the amyloid-β 

plaques (Aβ plaques) themselves are not able to damage neurons (Giulian, 1999; 

Golden and Darmadipura, 2007). However, amyloid-β (Aβ), which is a product from 
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the cleavage of the amyloid precursor protein (APP) is able to stimulate microglia 

(Giulian, 1999; Golden and Darmadipura, 2007). It has been hypothesized that the 

neuronal damage and further neurodegeneration in AD is not due to the Aβ plaques 

themselves but rather to the inflammatory reaction (response) of microglia (Figure 3) 

(Eikelenboom et al., 2002; Giulian, 1999; Golden and Darmadipura, 2007). Thus, 

while the amount of Aβ plaques does not determine the course of AD, the amyloid 

deposits may be responsible for keeping the brain tissue in a chronic inflammatory 

mode (Akiyama et al., 2000; Giulian, 1999; Golden and Darmadipura, 2007; Streit et 

al., 2004). 

 

Figure 1.3: Acute and chronic activation of microglial cells. This graph shows the activation of 

microglial cells by either an acute stimulus (LPS or pro-inflammatory cytokines (red circles)) or a 

chronic stimulus (Aβ). Resting microglia get activated, retract their processes, release pro-

inflammatory cytokines like IL-1β, Il-6 or TNF-α (red filled circles) and reduce their phagocytic activity.  

 

1.11 Neuroinflammation and cognitive function 

Since the average age of the human population is rapidly increasing, cognitive 

disorders are predicted to be a main burden for the healthcare system, the patients 

and society (Zhu et al., 2012). As cognitive decline is shown in many studies to be 

driven by neuroinflammation, glial cell activation and pro-inflammatory cytokine-

mediated inflammatory processes are seen as a key player also in aging and age-
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related diseases (Kálmán et al., 2006; Perry, 2004; Ramlawi et al., 2006a; Ramlawi 

et al., 2006b; Rudolph et al., 2008; Teeling and Perry, 2009; Van Gool et al., 2010; 

Wilson et al., 2002; Zhu et al., 2012).  

Learning and memory is a central and essential mental ability of the human. Learning 

is supposed to be the process through which information (experience) input can alter 

the brain structure, whereas, memory is thought to be the process to recall 

information depending on the storage and the cellular connection/circuit (Korte, 

2013). Learning and memory, describes as coding, storing and retrieval of input is 

one feature of the brain which is known as the main topic studying neuroscience 

(Okano et al., 2000; Thompson, 1986). The brain is the most complex organ of the 

human body and controls crucial abilities such as thinking, feeling, wanting, curiosity 

and behavior (Okano et al., 2000). The ability of memory recall gives the opportunity 

to act and not only to reflex behavior, which moreover sets the human and higher 

organisms apart from lower organisms (Cunha et al., 2010; Okano et al., 2000). 

Many previous studies demonstrated the hippocampus as an important area of the 

brain involved in simple but also complex learning tasks in animals (Berger and 

Thompson, 1978; Thompson, 1986; Thompson et al., 1983) as confirmed by studies 

of hippocampal lesion and learning impairments (O'keefe and Nadel, 1978; 

Thompson, 1986). The role of the hippocampus differs in humans and mice/rats as in 

humans is involved in regulating declarative memory, semantic memory and 

autobiographical memory, whereas in rodents the hippocampus is important for 

place/spatial memory, object relations and memory storage (Korte, 2013). In animal 

experiments the so-called Morris water maze test was proven as a robust and 

reliable behavioral task to analyze the spatial learning of rodents that strongly 

correlated with hippocampal synaptic plasticity (Morris, 1984; Vorhees and Williams, 

2006). The hippocampus structure contains a special neuronal network called the 

trisynaptic circuit transmitting information (learning events) through the hippocampus 

to the cortex. The hippocampal circuitry is organized into parallel modules and is 

therefore kept intact also in sagittal hippocampus sections allowing the study in vitro 

of cellular signaling and transmission as well as specific synaptic contacts between 

neurons (Korte, 2013). The information, from the entorhinal cortex, enters the 

hippocampus contacting first the granule cells of the DG. The information is then 

further processed via the axons of granular cells, the mossy fibers projecting to 

pyramidal neurons of the CA3. Pyramidal neurons of CA3 project through their 
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axons, the Schaffer collaterals to pyramidal neurons of the CA1 area which transmit 

the information through the contralateral hippocampus back to the entorhinal cortex 

(Korte, 2013; Korte and Schmitz, 2016). If a new information input is transmitted 

through the circuit of the hippocampus, new neuronal connections were formed. For 

certain learning and memory processes these connections between neurons have to 

change the strength of their connections. Thus, to reactivate this "learned" or stored 

information, the same circuit must be activated again. A cellular correlate can be 

explained by synaptic plasticity. Functional and structural plasticity play an important 

role here. Already in 1973 Bliss and Lomo could show in an electrophysiological 

experiment that a circuit, which was stimulated several times and with strong 

impulses, can be strengthened (Bliss and Lømo, 1973). The so-called long-term 

potentiation (LTP) of this circuit increases the signal transmission and keeps it at a 

high level for a certain time. LTP can be divided into induction phase (directly after 

stimulus) and maintenance phase (in the further course) (Korte, 2013). These 

functional changes in the circuitry can also produce structural or morphological 

changes in neuronal cells. The predominant cell type in the hippocampus is the 

pyramidal neuron consisting of a triangle shape cell body with apical and basal 

dendritic compartments. Both, apical and basal dendrites are covered with small 

membrane protrusions, called dendritic spines to form the post-synaptic site of most 

excitatory synapses. For example, studies in organotypic cultures have shown that 

after 30 minutes of LTP stimulation, spines became larger and even new spines 

began to form (Korte, 2013). However, stress responses (such as inflammatory 

response) in the brain can cause great damage and may be responsible for cognitive 

impairment (Krugers et al., 1997; Lupien et al., 1997; Radecki et al., 2005). This 

stress-related damage could be shown especially in the hippocampal region 

(Lambert et al., 1998; Maroun and Richter-Levin, 2003; McEwen, 1999; Pavlides et 

al., 1993; Radecki et al., 2005; Woolley et al., 1990) by demonstrating deficits in both 

spatial memory testing (Luine et al., 1994; Radecki et al., 2005; Vedhara et al., 2000) 

and synaptic plasticity (Kim and Yoon, 1998; Radecki et al., 2005; Shors et al., 1989) 

in addition to decreased dendritic spine density in pyramidal neurons (Radley et al., 

2006). 
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1.12 Alzheimer’s Disease (AD) 

Among dementias, Alzheimer's disease (AD) represents a large majority of over 60% 

(Leng and Edison, 2021). Statistical values indicate that 10% of people over 65 years 

and 32% of people over 85 years develop AD (Mebane-Sims, 2018). Due to the 

irreversible, progressive and so far incurable process of this neurodegenerative 

disease (Gong et al., 2003), it is supposed to be the most complicated and greatest 

challenge for the health care system in the near future (Samanta et al., 2006). 

Especially, the loss of cognitive performance plays a role in the course of the disease 

and is characterized by influencing memory, communication skills, judgement and 

reasoning (Lanctôt et al., 2003; Samanta et al., 2006).  

This neurodegenerative disorder is named after Dr. Alois Alzheimer, who in 1906 

examined a female patient suffering from confusion and memory problems 

(American-Health-Assistance-Foundation, 2005). After this patient died, Dr. 

Alzheimer performed an autopsy and found deposits in the brain tissue and around 

nerve cells, as well as tangled fibers inside the cells (Samanta et al., 2006). These 

observations, made over 100 years ago, are still the disease’s hallmarks today and 

are called amyloid plaques (Selkoe, 2000) and neurofibrillary tangles (Spillantini and 

Goedert, 1998). The deposition of toxic Aβ peptide is one of the most prominent 

hypotheses for the development of Alzheimer's disease (Citron, 2002; Joachim and 

Selkoe, 1992). Aβ peptides are generated from the precursor protein amyloid-β 

precursor protein (APP) by cleavage via two enzymes (Golde, 2003). The first 

enzyme, β-secretase, is a membrane-bound protease and promotes cleavage into a 

long fragment and a short membrane-bound piece called the carboxy terminal 

fragment (CTFb) (Samanta et al., 2006). The second step involves cleavage of the 

membrane-bound CTFb fragment by γ-secretase into Aβ molecules of different sizes 

with the most prominent variants being Aβ40 (40-amino acid Aβ peptide) and Aβ42 

(42-amino acid Aβ peptide) (Golde, 2003; Samanta et al., 2006). Previous research 

examined the amyloid hypothesis in which Aβ42, is thought to be a major player in 

AD when there is Aβ deposition and subsequent loss of neurons and dementia 

(Citron, 2002; Hardy and Allsop, 1991). Genetic studies identified three crucial genes, 

which lead to an increased production of Aβ42 by mutations (Selkoe, 1999; Younkin, 

1998). These are the amyloid precursor protein (APP), presenilin1 (PS1) and 

presenilin2 (PS2) (Citron, 2002). 
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1.13 Alzheimer’s Disease and immune response 

Next to the presence of amyloid plaques and neurofibrillary tangles, also immune 

activation in the brain, neuroinflammation accompanied by microglial activation is 

commonly observed in AD (Ardura-Fabregat et al., 2017; Herrup, 2015; Leng and 

Edison, 2021). In addition, higher levels of inflammatory markers are often observed 

in AD patients and genetic studies identified risk genes for AD associated with the 

immune response (Calsolaro and Edison, 2016; Heneka et al., 2015; Jonsson et al., 

2013; Leng and Edison, 2021; Obulesu and Jhansilakshmi, 2014; Rohn, 2013). In 

AD, microglial cells are thought to be activated by Aβ through binding with their 

surface receptors (PRRs). A long-lasting and chronic immune response is favored by 

the presence of the Aβ peptides and by the constantly-activated immune cells 

(Ardura-Fabregat et al., 2017). Aβ monomers can bind to each other to form 

oligomers, which is referred the most toxic variant (Selkoe, 2008) and further 

presumably also insoluble Aβ deposits (Leng and Edison, 2021). Neuroinflammation 

generally describes the immune response in the brain and primarily by microglia and 

astrocytes, but may also be driven by peripheral immune cells in chronic 

neurodegenerative diseases (such as AD) after damage to the BBB (DiSabato et al., 

2016; Heneka et al., 2014; Leng and Edison, 2021). Anti-inflammatory cytokines, 

such as IL-1Ra, IL-4, IL-10 or even IL-37 may be involved in preventing or stopping 

the excessive inflammation (Calsolaro and Edison, 2016). However, in 

neurodegenerative diseases characterized by a persistent inflammatory process, 

these molecules may not be sufficient to influence the course of the disease (Heneka 

et al., 2015; Heneka et al., 2014). Neuroinflammation can thus act to drive the AD 

pathology (Heneka et al., 2015; Heneka et al., 2014) and can lead to synaptic 

dysfunction and neuronal death through the excess of pro-inflammatory factors 

(Lyman et al., 2014). 

The activation of microglial cells via misfolded proteins such as Aβ changes their 

physiological and beneficial phenotype towards a detrimental phenotype (Heneka et 

al., 2014). On the one hand the importance of resting microglia for the survival of 

neurons for example is described in their ability to release the neuronal supporting 

brain-derived neurotrophic factor (BDNF) (Heneka et al., 2014), a key molecule for 

synaptic activity and learning-depending functional and structural plasticity (Parkhurst 

et al., 2013). Additionally, microglial cells are able to maintain neuronal cells in a 

healthy state by pruning malfunctioning synapses through phagocytosis (Heneka et 
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al., 2014; Tremblay et al., 2010; Wake et al., 2009). On the other hand, microglial 

activation in the sense of inflammation is an important mechanism to fight pathogens, 

stop infections, restore destroyed tissues, and remove debris such as dead cells or 

proteins/metabolites (Heneka et al., 2014). The microglia are able to get back into 

their resting state, described before if this activated state and the immune response 

is terminated. However, in the case of AD it is an ongoing and persistent 

inflammatory response and activation of microglial cells (Prinz et al., 2011).  

 

1.14 NLRP3 inflammasome in AD 

In the last 20 years’ microglial cells has been studied in more detail regarding 

Alzheimer’s disease suggesting a tremendous role in the course of the disease (El 

Khoury and Luster, 2008; El Khoury et al., 2007; El Khoury et al., 2003; Frenkel et 

al., 2013; Gold and El Khoury, 2015; Hickman et al., 2008; Kettenmann et al., 2011; 

Stewart et al., 2010). The activation of microglial cells in AD leads to the production 

of pro-inflammatory cytokines (Kettenmann et al., 2011). Already in 1989, increased 

levels of the pro-inflammatory cytokine IL-1β were detected (Gold and El Khoury, 

2015; Griffin et al., 1989). Years later, Halle et al. (2008), demonstrated Aβ to be an 

inflammasome activator (Halle et al., 2008). Due to the higher levels of IL-1β in the 

brain tissue of AD patients and its role in activating it, the NLRP3 inflammasome 

pathway gained attention for its possible role in AD both in vitro and in vivo (Gold and 

El Khoury, 2015; Halle et al., 2008; Heneka et al., 2013; Sheedy et al., 2013). The 

involvement in AD progression of the Aβ-activating NLRP3 inflammasome pathway 

was further supported by the observation of an increased expression of the active 

caspase-1 in human brains with AD (Heneka et al., 2013).   

  

1.15 Aim of the thesis 
 

1.15.1 Part 1: Acute and chronic neuroinflammation and the role of 

the anti-inflammatory cytokine IL-37 

Neuroinflammation is a crucial mechanism in restoring the homeostatic balance in 

the brain after an infection or injury. However, an excessive and persistent 

inflammatory response can lead to damage to the tissue and the neuronal cells. 
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Neuroinflammatory processes in mice either induced acutely by an intraperitoneal 

(i.p.) injection with the endotoxin LPS or in a chronic neurodegenerative disease 

have been shown to result in microglial activation, changes of hippocampal neuronal 

morphology or cognitive deficits. Pro-inflammatory cytokines such as IL-1β, IL-6 and 

TNF-α play a pivotal role in mediating neuroinflammatory processes. On the other 

hand, anti-inflammatory cytokines like IL-4 or IL-10 also are involved in directing a 

successful interplay between the immune response and homeostasis. To date, the 

anti-inflammatory cytokine IL-37 was shown to have beneficial effects in suppressing 

the inflammatory processes in the periphery. Indeed, tissue resident macrophages 

showed a reduced activation in the presence of IL-37 after an inflammatory stimulus. 

Little is known about the interaction of IL-37 in the brain. 

This study aims to investigate the role of IL-37 in the central nervous system by using 

a humanized IL-37 transgenic mouse line (hIL-37tg). To investigate the question 

whether IL-37 is able to reduce neuroinflammatory response the experiments were 

performed in both, a sepsis model (induction with LPS) and a mouse model for the 

Alzheimer’s disease (APP/PS1tg mouse line) with a focus on microglial activation 

and Aβ plaque density, spatial learning and memory in the Morris water maze task 

and neuronal spine density in the presence of the anti-inflammatory cytokine IL-37 

(Figure 4).   

 

1.15.2 Part 2: The influence of a synthetic NLRP3 inhibitor during 

chronic neuroinflammation in a mouse model of Alzheimer’s 

disease  

Alzheimer’s disease (AD) is scaled under the top 10 cases of death, is the most 

frequent form of dementia and currently there is no available cure for it. Therefore, it 

is highly interesting to understand the mechanisms underlying the pathogenesis of 

AD. In this respects, recent data point toward an important role of neuroinflammatory 

processes. Indeed, IL-1β was identified as an important driver of inflammatory 

processes also in the brain and recently its activation via the NLRP3 inflammasome 

was linked to the presence of Aβ peptides in the onset and progression of AD.  

The second part of the thesis aims to investigate the effect of a specific inhibitor for 

the NLRP3 inflammasome, OLT1177 in preventing the excessive microglial 
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activation, the cognitive degradation and neuronal pathology in a mouse model of 

Alzheimer’s disease (APP/PS1tg mouse). Therefore, pre-symptomatic APP/PS1 

transgenic mice were treated orally for 3 months with different doses of OLT1177. 

Animals were analyzed with 9 months of age for their learning and memory ability in 

a spatial behavioral test using the Morris water maze. In addition, microglial cells 

were analyzed for their activation status by assessing their CD68 expression via 

FACS, amounts of pro-inflammatory cytokines IL-1β, IL-6 and TNF-α in brain lysates 

via ELISA and amounts of Aβ plaques in the area of the cortex and hippocampus 

using immunohistochemistry (Figure 4). 

 

Figure 1.4: Aim of the thesis. In the brain under conditions of homeostasis ramified microglia (left 
side, light brown) are involved in neuronal survival by supporting neurons (left side, healthy neuron, 
dark blue; right side, unhealthy neuron, light blue) with the release of e.g. BDNF (left side, green little 
circles). In case of an activating stimulus either acutely (containing LPS or pro-inflammatory cytokines 
from the periphery, red circles) or chronically (by Aβ) microglia change their resting/ramified 
phenotype towards an activated status (right side, pink). To investigate the question, how this 
inflammatory response can be limited a data set including microglia phenotype (IBA-1+ cells and 
morphology, cytokine levels or CD68 expression), neuronal morphology (spine density) and cognitive 
impairments (learning and memory deficits) was analyzed (right side, green circles).   
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2. Material and Methods 

2.1. Material 

2.1.1. Lab equipment 

Table 2.1 | Lab equipment 

Equipment manufacturer 

6-well plate Sarstedt 

12-well plate Sarstedt 

24-well plate Sarstedt 

96-well plate Sarstedt 

96-well plate TC standard K Sarstedt 

Binocular Zeiss 

Centrifuge ‘Sigma 3K 15’ 

- rotor number 11133 
 

Centrifuge ‘Sigma 4K 15’ 

- rotor number 12167 
- rotor number 12256 
- rotor number 12166 

Sigma-Aldrich 

CO2 incubator Ibs tecnomara 

Cover slips (Ø 13 mm) VWR International 

Cryotome ‘CM3050 S’ Leica Biosystems 

Falcon tubes 10 ml, 15 ml, 50 ml Sarstedt 

Fluoromount Electron Microscopy Sciences 

GentleMACS M and C tubes Miltenyi Biotec 

Gloves Med Comfort 

Laser scanning microscope ‘BX61WI’ 

- 40x oil objective ‘UPLFLN’ 

Olympus Europa 

MACS SmartStrainer (70 µm) Miltenyi Biotec 

Micropipettes 10 µl, 20 µl, 100 µl, 200 µl, 1000 

µl 

Gilson 

Microscope slides VWR International 

MilliQ H2O producer ‘MilliQ Biocel A10’ Millipore Corporation 
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Microplate reader Epoch BioTek 

Neubauer counting chamber Carl Roth 

Pasteur pipettes Sigma-Aldrich 

Petri dishes TPP 

Razor blade MARTOR KG 

Reaction tubes 1,5 ml Eppendorf AG 

Shaker ‘Type RS-PL 28-10’ Heto Lab Equipment 

Sterile filter (Ø 100 µm) EASYstrainerTM Greiner 

Vibratome ‘VT 1000 S’ Leica Microsystems, Germany 

Vortex Genie 2 Bender & Hobein AG 

Water bath type 3047 Köttermann 

Water maze (d = 160 cm, h = 60 cm) 

- platform (d = 10 cm) 
- camera ‘VK-1316S / 12V’ 

TSE Systems / AnyMaze 

Custom made 

Eneo 

 

2.1.2. Reagents 

Table 2.2 | Reagents 

Compound manufacturer 

Agarose Sigma-Aldrich 

ATP  New England Biolabs 

BSA Sigma-Aldrich 

DAPI AppliChem 

DMEM Gibco 

Ethanol VWR International 

FCS PAA Laboratories 

HBSS Sigma-Aldrich 

HCl Sigma-Aldrich 

KCl AppliChem 

KH2PO4 AppliChem 

L-Glutamin Gibco 
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MgCl2 * 6 H2O AppliChem 

Na-Azide AppliChem 

NaCl Grüssing 

Na2HPO4 AppliChem 

NaH2PO4 AppliChem 

NaOH 10M AppliChem 

Paraformaldehyde Sigma-Aldrich 

Poly-L-Lysin Sigma-Aldrich 

Saccharose AppliChem 

Sucrose Carl Roth 

TRIS AppliChem 

Triton X-100 Carl Roth 

Trypsin EDTA solution Sigma-Aldrich 

Tween-20 Carl Roth 

 

 

2.1.3. Immune stimulation reagents 

Table 2.3 | Components for peripheral immune stimulation 

Reagent description dose 

Lipopolysaccharide, 

Escherichia coli O127:B8 

Sigma Aldrich, product No. 

L3129 

2 x 0.5 µg/g bodyweight 

Lipopolysaccharide, 

Escherichia coli O127:B8 

Sigma Aldrich, product No. 

L3129 

1 x 0.5 µg/g bodyweight 

Lipopolysaccharide, 

Escherichia coli O127:B8 

Sigma Aldrich, product No. 

L3129 

1 x 0.2 µg/g bodyweight 

Recombinant IL-1β Kim et al., 2013 1 x 60 ng 

Recombinant IL-37 Moretti et al., 2014 3 x 300 ng 
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2.1.4. Buffers and solutions 

2.1.4.1. Phosphate Buffered Saline (PBS), pH 7.3 

 

Ingredient 10X 

NaCl 1370 mM 

KCl 27 mM 

Na2HPO4 80 mM 

KH2PO4 20 mM 

 

2.1.4.2. Sodium Phosphate Buffer (PB), pH 7.4 
 

Ingredient 1 M 

NaH2PO4*H2O 138 g/l (42.3%) 

Na2HPO4*H2O 142 g/l (57.7%) 

 

 

2.1.4.3. Fixative: 4% Paraformaldehyde (PFA) in 0.1 M Phosphate 

Buffer, pH 7.4 
 

Ingredient 4 % 

PFA 40 g 

0.1 M PB 1000 ml 

 

 

2.1.4.4. Blocking Solution for Immunohistochemistry in PBS 1X 
 

Ingredient 1X 

Triton X-100 0.2% 

Goat serum 10% 

Bovine serum albumin (BSA) 1% 
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2.1.4.5. Tissue Protein Extraction buffer (STKM buffer + Proteases 

inhibitor) 
 

Ingredient  

Sucrose 250 mM 

Tris-HCl pH 7.5 50 mM 

KCl 25 mM 

MgCl2 5 mM 

cOmpleteTM Protease Inhibitor Cocktail Tablets 1 tablet per 10 ml STKM buffer 

 

2.1.4.6. Separation buffer (Adult Brain Dissociation Kit Miltenyi) 
 

Ingredient 0.5% 

BSA 250 mg 

PBS 50 ml 

 

2.1.4.7. FACS staining buffer 
 

Ingredient  

Fetal calf serum (FCS) 500 µl 

Na-Azide 250 µl 

PBS 50 ml 

 

 

2.1.5. Antibodies 
 

2.1.5.1. Primary Antibodies 

Table 2.4 | Primary Antibodies 

Primary antibodies Description Dilution Manufacturer 
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Mouse Monoclonal Anti-

GFAP 

Glial fibrillary acidic 

protein (GFAP) 

1:1000 Sigma-Aldrich 

Catalog No.: G3893 

Rabbit Polyclonal Anti-

IBA1 / AIF 1: Affinity 

purified 

Ionized calcium-

binding adaptor 

molecule 1 (IBA-1) 

1:1000 Synaptic Systems 

Catalog No.: 234003 

Mouse Monoclonal Anti-

Aβ Clone BAM-10 

Anti-β-Amyloid Protein 1:2000 Sigmal-Aldrich 

Product No.: A5213 

 

2.1.5.2. Secondary Antibodies 

Table 2.5 | Secondary Antibodies 

Secondary antibodies Description Dilution Manufacturer 

Goat Anti-rabbit IgG (H+L) 

Code: 111-165-144 

Cyanine CyTM3 1:500 Jackson Immuno 

Research 

Laboratories 

Goat Anti-mouse IgG 

(H+L) Code: 115-225-062 

Cyanine CyTM2 1:500 Jackson Immuno 

Research 

Laboratories 

 

2.1.5.3. FACS antibodies 

Table 2.6 | FACS antibodies 

Secondary antibodies Description Dilution Manufacturer 

mouse CD68-PE  

Clone REA835 

Cluster of 

Differentiation 68 

(CD68) 

1:50 Miltenyi Biotec 

Catalog No.: 130-

112-856 

mouse CD11b-PerCP-

Vio700 

Clone REA592 

Cluster of 

Differentiation 11b 

(CD11b)  

1:50 Miltenyi Biotec 

Catalog No.: 130-

113-809 

mouse CD45-APC Cluster of 

Differentiation 45 

(CD45) 

1:50 Miltenyi Biotec 

Catalog No.: 130-

110-798 

 

2.1.6. Kits 

Table 2.7 | Kits 

Product name Catalog No. Manufactory Consumption 
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FD Rapid GolgiStainTM PK401 FD 

NeuroTechnologies 

Neuronal staining 

FD Congo-Red SolutionTM PS108  FD 

NeuroTechnologies 

Amyloid deposit 

staining  

Adult Brain Dissociation 

Kit, mouse 

130-107-677 Miltenyi Biotec single cell 

suspension 

Mouse IL-1β/IL-1F2  

DuoSet ELISA 

DY401 R&D Systems ELISA assay 

Mouse IL-6 

DuoSet ELISA 

DY406 R&D Systems ELISA assay 

Mouse TNF-α  

DuoSet ELISA 

DY410 R&D Systems ELISA assay 

DuoSet ELISA 

Ancillary reagente kit 2 

DY008 R&D Systems ELISA assay 

 

2.1.7. Software 

Table 2.8 | Software 

Software Distributor 

Adobe Illustrator Adope Systems Software 

AnyMaze Stoelting Europe 

Gen5TM Data analysis BioTek 

FlowJo 10 Becton Dickinson & Company (BD) 

ImageJ Wayne Rasband, NIH, USA 

Microsoft Excel Microsoft Corporation 

Microsoft Word Microsoft Corporation 

Prism Graphpad 8 Graph Pad Software Incorporation 

 

2.1.8. Mouse lines 

All mice used in these experiments were of either sex and were bred and kept under 

standard housing conditions in a 12:12 light:dark cycle at 22°C with food and water available 

ad libitum at the animal facility of the TU Braunschweig. 
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2.1.8.1. C57BL/6J mice 

In this thesis C57BL/6J (BL6 background) were used as wild-type (WT) mice.  

2.1.8.2. hIL-37 transgenic mice 

The hIL-37 transgenic mouse line (B6-Tg(CMV-IL-37b)Mnold) used in this study was kept 

under a C57BL/6 background and further characterized by Philip Bufler and Marcel Nold 

(Bufler et al., 2004; Nold et al., 2010).   

2.1.8.3. APP/PS1 transgenic mice 

The double transgenic mouse strain B6C3-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax used in 

this thesis was produced by David Borchelt, McKnight Brain Inst., University of Florida 

(Jankowsky et al., 2004a) and kept in a C57BL/6 background. This mouse model for 

Alzheimer’s disease includes two transgenes at a single locus, each controlled by the mouse 

prion promotor. One transgene encodes a chimeric amyloid beta precursor protein (APPswe) 

and the other encodes the “DeltaE9” mutation of human presenilin 1, a deletion of exon 9 

linked to an early-onset form of Alzheimer’s disease. 

2.1.8.4. APP/PS1-hIL37tg hybrid-mice 

To investigate the influence of the anti-inflammatory IL-37 protein on the progression of 

Alzheimer’s disease, we generated a hybrid mouse line by crossing the APP/PS1 transgenic 

mouse with the hIL-37tg mouse. 

2.1.9. Ethics statement 

All experiments and the following protocols used in this thesis were approved according to 

the national guidelines of the animal welfare law in Germany (‘Tierschutzgesetz in der 

Fassung der Bekanntmachung vom 18. Mai 2006 (BGBI. I S. 1206, 1313), das zuletzt durch 

Artikel 20 des Gesetzes vom 9. Dezember 2010 (BGBI. I S. 1934) geändert worden ist.’) by 

the TU Braunschweig and the authorities of the LAVES (Oldenburg, Germany; permit 

numbers: 33.19-42502-04-16/2170 and 33.19-42502-04-17/2709). 

 

2.2. Methods 

2.2.1. Genotyping 

To identify the transgene positive APP/PS1tg, hIL-37tg and APP/PS1-hIL-37tg mice, 

genotyping was performed by PCR analysis by Heike Kessler and Carmen Wucherpfennig 

followed by evaluation by Dr. Andreas Holz. Short tail pieces were used and digested with 

500 µl lysis buffer containing proteinase K. Genomic DNA was extracted at 650 rpm and 
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55°C overnight. By centrifugation at 14000 g for 10 min the genomic DNA was cleaned from 

cellular debris and then precipitated with 500 µl isopropanol. The DNA pellet was then 

washed with 70% ethanol and stored at -20°C in 20 mM Tris/HCl (pH 8) until further use. 

 

 

2.2.1.1. Genotyping of APP/PS1 transgenic mice 

Table 2.9 | PCR protocol for genotyping of APP/PS1 transgenic mice 

Reagent Volume 

H2O 4,4 µl 

SSO mix (Biorad) 7,5 µl 

Sense primer – APP#84 sense 0,375 µl 

AS primer – APP#85 antisense 0,375 µl 

Taqman probe – APP#86 PROBE – FAM 0,300 µl 

ApoB #1 sense (ref gene) 0,375 µl 

ApoB #2 AS (ref gene) 0,375 µl 

ApoB #3 PROBE – HEX (ref gene) 0,300 µl 

Template (genomic DNA) 1 µl 

 

Table 2.10 | PCR program for genotyping of APP/PS1 transgenic mice 

Cycles Temperature Times 

1x 95°C 3 min 

40x 95°C 15 sec 

 60°C 15 sec 

1x 20°C 30 sec 

 

Table 2.11 | Primer sequences for genotyping of APP/PS1 transgenic mice 

Primer Sequence 

App#84 sense 

 

AGACAGCACACCCTAAAGC 
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App#85 AS 

 

GACATTGTAGAGCAGGGACAG 

 

App#86 PROBE 

 

TGATCTACGAGCGCATGAACCAGTC 

 

ApoB #1 sense 

 

CACGTGGGCTCCAGCATT 

 

ApoB #2 AS 

 

TCACCAGTCATTTCTGCCTTTG 

 

ApoB #3 PROBE 

 

CCAATGGTCGGGCACTGCTCAA 

 

 

 

2.2.1.2. Genotyping of IL-37 transgenic mice 

Table 2.12 | PCR protocol for genotyping of IL-37 transgenic mice 

Reagent Volume 

H2O 4,4 µl 

SSO mix (Biorad) 7,5 µl 

Sense primer – IL-37#5 sense 0,375 µl 

AS primer – IL-37#6 antisense 0,375 µl 

Taqman probe – IL-37#7 PROBE – FAM 0,300 µl 

ApoB #1 sense (ref gene) 0,375 µl 

ApoB #2 AS (ref gene) 0,375 µl 

ApoB #3 PROBE – HEX (ref gene) 0,300 µl 

Template (genomic DNA) 1 µl 

 

Table 2.13 | PCR program for genotyping of IL-37 transgenic mice 

Cycles Temperature Times 

1x 95°C 3 min 

40x 95°C 15 sec 

 60°C 15 sec 
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1x 20°C 30 sec 

 

Table 2.14 | Primer sequences for genotyping of IL-37 transgenic mice 

Primer Sequence 

IL-37#5 sense 

 

GGGAGTTTTGTCTCTACTGTGAC 

 

IL-37#6 AS 

 

CCCACCTGAGCCCTATAAAAG 

 

IL-37#7 PROBE 

 

CCGGCGTGCTGATTCCTTTTGG 

 

ApoB #1 sense 

 

CACGTGGGCTCCAGCATT 

 

ApoB #2 AS 

 

TCACCAGTCATTTCTGCCTTTG 

 

ApoB #3 PROBE 

 

CCAATGGTCGGGCACTGCTCAA 

 

 

 

2.2.2. Cell culture 

Primary microglia were prepared from postnatal day 3-5 mouse brains. The mice were 

decapitated with sterile scissors and the brain was removed. The brain was transferred 

directly into a petri dish containing cold HBSS, the meninges were removed and the entire 

brain was transferred into 10 ml fresh HBSS on ice. Using a 10 ml pipette the brain tissue 

was placed into a sterile 50 ml conical tube and centrifuged (3K15) at 2000 g for 5 min at 

4°C. The supernatant was aspirated and 5 ml fresh HBSS were added to the pellet. The cell 

pellet was resuspended using a 10 ml pipette (10x) followed by a 5 ml pipette (5x). The cell 

suspension was transferred onto a wet (with 2.5 ml HBSS) sterile cell strainer (100 µm 

pores) placed onto a new 50 ml conical tube. The cell strainer was additionally rinsed with 5 

ml HBSS. After straining the cells were centrifuged (3K15) at 2000 g for 5 min at 4°C. One 

sterile T-75 flask was prepared for 3 mouse brains by adding 10 ml of culture medium 

(DMEM + 10% FCS + 1% Penicilin/Streptomycin). The cell pellet was resuspended in 1 ml 

culture medium per brain by pipetting up and down with a 10 ml pipette and added to the 

culture flasks. The mix culture of astrocytes and microglia was incubated in a 10% CO2 
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incubator at 37°C for about 2-3 weeks. The culture medium was replaced by 50% after 3 

days and then completely every 7 days. After the mixed culture reached confluency, the 

flasks were shaken at 180 rpm for 3 h at 37°C (Frei et al., 1986; Giulian and Baker, 1986; Lin 

et al., 2017). The medium was collected, transferred into a 50 ml conical tube and 

centrifuged (3K15) at 3000 rpm for 10 min at RT. The supernatant was aspirated and the cell 

pellet containing a highly pure microglia cells was resuspended in 1 ml DMEM + 10% FCS + 

1% Pen/Strep. The cells were counted using a Neubauer counting chamber and plated in 

different well-plates depending on the experiments to be performed.  

2.2.3. Stimulation assay in vitro 

Microglial cells were plated depending on the experiments into 6-well plates (106 cells/ml), 

12-well plates (0.5x106 cells/ml), 24-well plates (2.5x105 cells/ml) or 96-well plates (6x104 

cells/ml) in culture medium and allowed to attach overnight. Plated microglial cells were 

treated with LPS (10 ng/ml, 100 ng/ml or 1 µg/ml) for 24 h in combination with either 

OLT1177 (5 µM or 10 µM), Aβ (0.5 µM or 3 µM) or ATP (5 mM). OLT1177 was added to the 

cells 30 min after starting the LPS-treatment. For the Aβ treatment, the cells were pre-treated 

with LPS for 2h, followed by a washing step with PBS. Subsequently, the cells were treated 

with Aβ for 24 h. ATP was added to the cells in the last hour of treatment. The supernatant 

was collected without harvesting the cells. The amounts of cytokines released into the 

supernatant were analyzed using a cytokine assay. 

2.2.4. Immune stimulation with endotoxic bacterial cell wall 

component – Lipopolysaccharide (LPS) 

Lipopolysaccharide (LPS) as a well characterized bacterial endotoxin was used to stimulate 

the inflammatory response in WT and IL-37tg mice. A stock solution of LPS from Escherichia 

coli (concentration 2 mg/ml in MilliQ water) was prepared and stored at -20°C. The stock 

solution was diluted 1:40 to inject final amount of 0.5 mg/kg. To calculate the volume of the 

immune stimulatory component, the bodyweight of each animal was taken before the 

injection. For the intraperitoneal injection a 1 ml syringe with an 26 G x ½ “ 0.45 x 12 mm 

cannula with the appropriate volume of LPS or saline (0.9% NaCl) was used. The mice were 

injected with 0.5 mg/kg LPS again 24 h after the first stimulation with the same amount (0.5 

mg/kg) and sacrificed 3 h later.  

2.2.5. OLT1177 treatment 

6 months old WT and APP/PS1 transgenic mice were fed with food pellets containing 

OLT1177 (0, 3.75 or 7.5 mg/g) for 3 months. The following short names were used in this 

thesis: WT and APP/PS1 mice treated with control food (WT or APP/PS1 CTRL), WT and 
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APP/PS1 treated with 3.75 g/kg OLT1177 (referred as WT or APP/PS1 3.75) and WT and 

APP/PS1 mice treated with 7.5 g/kg OLT1177 (referred as WT or APP/PS1 7.5). 

2.2.6. Pre-treatment with recombinant IL-37 and stimulation with 

recombinant IL-1β 

Adult WT mice (3 months old) were pre-treated with recombinant IL-37 (Moretti et al., 2014) 

on 3 consecutive days and 24 h later stimulated with recombinant IL-1β (Kim et al., 2013) 

both provided by Charles Dinarello (University of Colorado). The mice were intraperitoneally 

(i.p.) injected with 300 ng recombinant IL-37 per mouse each day and stimulated with 60 ng 

recombinant IL-1β (i.p.) per mouse. 

2.2.7. Enzyme-linked immunosorbent assay (ELISA) 

Enzyme-linked immunosorbent assay (ELISA) is technique used to detect secreted proteins. 

In this thesis the pro-inflammatory cytokines IL-1β, IL-6 and TNF-α were detected in 

supernatants or brain tissue lysates after stimulation. Secreted cytokines in the in vitro model 

system were detected in the supernatant of microglial cells. The supernatant was collected 

as described above (4.2.2.). With regard to the acute inflammatory response in vivo, adult 

mice were treated with LPS or saline (NaCl) i.p. and sacrificed after 24-27 h. Chronic 

inflammatory response was analyzed in the APP/PS1 transgenic control mice and APP/PS1 

transgenic mice either treated for 3 months with OLT1177 or crossed with the IL-37tg mouse 

line. Mice were deeply anesthetized with CO2 and sacrificed via decapitation. The whole 

brain was removed, one hemisphere was frozen in liquid nitrogen and the other hemisphere 

was placed in 4% PFA for 24 h before transferring into 30% sucrose solution for 

immunohistochemistry. The frozen brain tissue was homogenized in 400 µl STKM lysis buffer 

containing a protease inhibitor tablet (Sigma-Aldrich). Using the GentleMACS (Miltenyi 

Biotec) the tissue was homogenized for 30 s (Protein_01 program). Next, the samples were 

centrifuged (4K15) with 4000 g at 4°C for 5 min and the supernatant was transferred into an 

Eppendorf-tube (1.5 ml). The samples were centrifuged (4K15) again for 10 min with 13000 g 

at 4°C. The supernatant was collected into a fresh Eppendorf-tube and stored at -20°C. 

2.2.7.1. Bradford assay 

Total protein concentration was measured using a Bradford assay and used to normalize the 

values obtained for the different cytokines. Briefly, a 1:200 dilution of the samples in H2O was 

prepared and added into a 96-well plate. 100 µl of Bradford solution were added and the 

plate was measured using the Epoch microplate reader (BioTek) at the absorbance of 595 

nm.  
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2.2.7.2. Cytokine assay 

To quantify the levels of cytokines in either the supernatant of microglial culture or in mouse 

brain tissue, mouse IL-1β, IL-6 and TNF-α ELISA kits were used according to the 

manufacturer’s recommendations (R&D Systems). The protocols were the same for each 

cytokine, except using different stock solutions. 100 µl of either samples (1:1 diluted) or 

standard in reagent diluent (assay buffer) were added in a96-well ELISA plate to IL-1β, IL-6 

and TNF-α antibody coated wells and incubated at room temperature (RT) for 2 h. The plate 

was washed three times with washing buffer before 100 µl of detections antibody were added 

to each well and incubated at RT for 2 hours. After washing three times, 100 µl of 

Streptavidin-horseradish peroxidase were added to the wells and incubated for 20 min at RT 

in the dark. The wells were washed three times and incubated with 100 µl of hydrogen 

peroxide/tetramethylbenzidine (TMB) substrate solution for 20 min at RT in the dark. By 

adding 50 µl of the hydrochloric acid solution the reaction was stopped. Using the Epoch 

microplate reader (BioTek) the absorbance at 450 nm was measured and cytokine levels 

(pg/ml) were directly calculated for the supernatant or were determined after normalization 

for the total protein concentration in the brain lysates.   

2.2.8. Immunohistochemistry 

Microglial cells were stained to characterize their morphology after application of an acute or 

chronic inflammatory stimulus. Using immunohistochemistry staining the microglia cells were 

analyzed for their density and activation in the brain tissue. The mouse was deeply 

anesthetized with CO2 and sacrificed via decapitation. The brain was removed and the 

hemisphere was fixed in 4% PFA for 24h, cryoprotected in a 30% sucrose solution in PBS 

until it sunk then frozen and stored in Tissue-Tek®O.C.T.TM compound (A. Hartenstein 

Laborversand) at -20°C/-70°C. Using a freezing cryostat (Leica) 30 µm sections were cut for 

fluorescence immunostaining and stained for IBA-1 and/or BAM-10 and/or CD68 using the 

free-floating method. The brain sections were placed in wells containing a net and were 

blocked in blocking solution containing 0.2% Triton X-100, 10% goat serum and 1% BSA in 

PBS for 1h at RT. Afterwards, the sections were incubated overnight at 4°C on a shaker with 

the primary antibodies including anti-IBA-1 (1:1000; rabbit polyclonal) and/or anti-BAM-10 

(1:2000; mouse monoclonal) and/or anti-CD68 (1:400; rat) diluted in PBS, 0.2% Triton X-100 

and 10% goat serum. The following day, the sections were washed three times in PBS (each 

30 min), and incubated with the secondary antibodies diluted in PBS (1:500; anti-mouse IgG 

+ IgM or anti-rabbit IgG CyTM3 and anti-rabbit IgG CyTM2) for 2 hours at RT in the dark. 

Afterwards, the sections were washed two times (each 30 min) and stained with 4’,6-

diamidino-2-phenylindole (DAPI, Sigmal-Aldrich) 1:1000 for 4 minutes to visualize the 
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nucleus of the cells. After washing, the sections were coverslipped in Fluoro-gel mounting 

medium (Electron Microscopy Sciences, Hatfield, PA). 

2.2.8.1 Congo Red staining 

In addition to the immunohistochemistry of Aβ plaques Congo red staining was further 

performed on 30 µm brain slices prepared as described above (4.2.7.). The sections were 

placed onto gelatin-coated slides and stained according to the manufacturer’s protocol using 

the FD Congo-Red SolutionTM kit. 

2.2.8.2. Imaging and quantification of glial cells and Aβ plaques 

The sections stained were imaged using the Axioplan 2 imaging microscope (Zeiss) 

equipped with an ApoTome device, a 20x objective (N.A. 0.8) and a digital camera (AxioCam 

MRm, Zeiss). The sections for IBA-1 were imaged acquiring three-dimensional z-stacks 

(thickness of 1 µm) from the hippocampal subregions including CA1, CA3, superior and 

inferior blade of DG. To investigate the density of microglial cells, a region of interest (ROI) 

was defined in each frame of the hippocampus. The total number of IBA-1 positive cells with 

a visible DAPI stained nucleus was counted manually by ImageJ software. Further analysis 

regarding the plaque load was counted manually by ImageJ software taking into count 

positive BAM-10 stained deposits surrounded by IBA-1-positive cells.  

Images from Congo-Red stained slices were taken using the Axioplan 2 imaging microscope 

(Zeiss) with a 2.5X objective (N.A. 0.07) with the same light exposure time of 1 s. Using the 

particle tool of the ImageJ software the plaque load (number of particles) and plaque size 

(area of particles) was analyzed. The region of interest (ROI) was determined for the area of 

the hippocampus and the cortex. 

2.2.9. DiOlistic labeling 

The morphology of single neurons of the hippocampus was analyzed in neurons labelled 

using the DiOlistic labeling method with the dye 1,1’-Dioctadecyl-3,3,3’,3’-

Tetramethylindocarbocyanine Perchlorate (DiI).  

2.2.9.1. Perfusion of mouse brain 

For this specific labelling method, the mouse brain was perfused to clean the tissue from 

blood. The mouse was sacrificed by CO2 asphyxiation by placing the animal in a plastic 

container with a constant CO2 flow. The animal was observed until the muscle activity and 

breathing signs have been absent for at least 30 seconds. Rapidly the mouse was fixed on a 

polystyrene plate and the abdominal cavity was opened, the diaphragm was removed to get 

access to the thorax. A butterfly needle (0.5 x 13 mm G25) was inserted into the left ventricle 

of the heart after opening the right atrium. Using the force of gravity, the 4°C cold 4% PFA 
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solution was introduced into the bloodstream via the needle and the heart. After 15-20 

minutes of perfusion, the procedure was stopped and the needle removed. The mouse was 

decapitated and the skull was opened to remove the brain. After removing the cerebellum 

and the olfactory bulb, the brain was separated along their longitudinal axis with a razor 

blade. The brain hemisphere was post-fixed for 30 min in 4% PFA in the fridge. After wards 

the hemispheres were transferred into PBS and were cut into 400 µm thick transversal slices 

with a vibratome (VT 1000 S, Leiva Microsystems, Germany). For this purpose, the brains 

were embedded into 2% agar in PBS and glued onto the sample plate. The cutting procedure 

was performed in a tray filled with PBS. The brain slices were collected in a PBS filled culture 

well. 

2.2.9.2. DiOlistic labeling of single neurons 

Hippocampal neurons from WT and IL-37tg mice were labeled using DiOlistics on fixed brain 

slices. For this purpose, tungsten particles coated with DiI were prepared and propelled on 

the tissue using a gene gun (Helios). Thus, 3 mg of lipophilic dye DiI (Invitrogen) were 

dissolved in 100 µl of methylene-chloride (Sigma-Aldrich). This solution was spread on a 

glass slide and mixed with 50 mg tungsten particles (1.7 µm in diameter; Bio-Rad). Using a 

razor blade, the dried solution was removed from the glass slide and transferred into 3 ml of 

distilled water and sonicated. The dye solution was diluted 1:60 or 1:80 and filled into a 

TEFZEL tubing (Bio-Rad) to coat the inside wall. The tube was dried and cut into bullet of 2 

cm length.  

To label the neurons with dye-coated particles, the brain slices were fixed on tissue culture 

inserts (Merk-Millipore) with thin needles and were shot using the hand-held gene gun (Bio-

Rad; Helios Gene Gun System) with a pressure of 120 psi. To prevent clusters of large 

particles from landing on the tissue a Millipore membrane (3 µm) was placed between the 

barrel aligner of the gene gun and the slices. After shooting the slices were incubated in PBS 

for 24h at RT in the dark to allow the diffusion of the dye. Afterwards the slices were mounted 

on glass slides using an anti-fading mounting medium and imaged quickly, because of a 

strong increase of the tissue background fluorescence with time.   

2.2.9.3. Imaging 

To analyze the spine density of DiI stained mid-apical dendrites from hippocampal neurons, 

single dendrites were imaged at the BX61WI FluoView 1000 (FV1000) Olympus confocal 

microscope, equipped with a 40x oil objective (NA 1.3). Image stacks were taken with a z-

sectioning of 0.5 µm. The density of dendritic spines was calculated by counting spines with 

the multipoint tool on a defined length of dendrite using the segmented line in ImageJ (US 

National Institutes of Health).   
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2.2.10. Golgi labeling 

Analysis of dendritic morphology was performed using the Golgi-Cox staining method. 

Therefore, the mice were anesthetized deeply with CO2 and sacrificed via decapitation. The 

brain was dissected and one hemisphere was processed using the FD rapid Golgi stain kit 

(FD NeuroTechnologies) according to the manufacturer’s protocol. First, the hemisphere was 

incubated in a mixture of solutions A (potassium dichromate and mercuric chloride) and B 

(potassium chromate) for at least 14 days up to 3 months at room temperature in the dark. 

Next, the tissue was placed into the tissue-protectant solution C at 4°C and refreshed 24h 

later. On the following day the hemisphere was placed into 2% agar and was cut with the 

vibratome (Leica VT 1000 S) into 200 µm thick coronal sections. The slices were collected on 

gelatin-coated glass slides and further processed with solutions D and E for the staining 

development. At the last step, the sections were mounted in Permount medium 

(Thermofischer scientific) and stored in the dark at 4°C.  

2.2.10.1. Gelatine-coated slides 

Microscopic slides (Thermoscientific) were placed in the staining racks and first washed with 

Mucasol (1:3 in MilliQ) overnight, followed by at least 1 h with running water from the tab and 

10 minutes with MilliQ. The slides were left to dry under a chemical hood for 2-3 hours. By 

dissolving 5 g gelatin (Merck) in 500 ml MilliQ mixing and heating to 50-60°C on a magnetic 

mixer. Next, after cooling down to 37°C 0.5 g Chromiun (III) potassium sulfate (KCr(SO4)2) 

was added to the solution. The solution was filtered once and stored in a clean jar. The rack 

containing the dried slides was dipped into the solutions two times one minute each and 

placed on tissue papers to dry overnight under the hood.  

2.2.10.2. Imaging 

Using the Axioplan 2 imaging microscope (Zeiss) equipped with the ApoTome module 

(Zeiss), a 63x oil objective (NA 1) and a digital camera (AxioCam MRm, Zeiss), the mid-

apical dendrites of second/third order branches of pyramidal neurons and dendrites of the 

dentate gyrus (DG) were imaged from one dendrite per cell. In all measured dendrites the 

spine density was calculated per micrometer of dendritic length with a minimum of 50 µm and 

at least 50 µm away from the cell soma.  

2.2.11. FACS analysis 

To quantify microglial activation, the expression of the activation marker CD68 was analyzed 

using the fluorescence-activating cell sorting (FACS) method. For this purpose, the brains 

were homogenized and dissociated into a single cell suspension by using the Adult Brain 

Dissociation Kit (Miltenyi Biotec) and the GentleMACS (Miltenyi Biotec). Briefly, freshly 

isolated mouse brains were homogenized and dissociated in a C tube (Miltenyi Biotec) 
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containing enzyme P (50 µl) + buffer Z (1900 µl) and enzyme A (10 µl) + buffer Y (20 µl) for 

30 min at 37°C (GentleMACS program ABDK). After passing the homogenate through the 

MACS cell strainer, the Myelin and red cell blood removal, the single cells were re-

suspended in FACS staining buffer (containing 1% FCS, 0.1% Na-Azide and PBS). The cell 

suspension was plated in a V-bottom 96-well plate and stained for 30 min with CD11b-PerCP 

(1:50), CD45-APC (1:50), CD68-PE (1:50). The measurement of these cells was done by 

using the flow cytometry method (BD LRS II SORP) and analyzed with FlowJo software.    

2.2.12. Behavioral tests 

A series of cognitive tests were performed to investigate the learning and memory behavior 

of the mice. The behavioral experiments were performed under a dim light during the light 

period between 9:00 to 16:00 and started approximately at the same time of the day.  

2.2.12.1. Morris Water Maze (MWM) 

The Morris water maze (MWM) test was used (Morris, 1984) to analyze spatial memory 

formation and retention. The spatial learning in the Morris water maze is a hippocampus-

dependent task in which the mice have to find a hidden platform using a series of spatial 

cues. A circular plastic pool 160 cm in diameter and 60 cm deep was filled up to 30 cm with 

opaque water (titanium dioxide, Euro OTC Pharma; water temperature 19-23°C). A 10 cm 

escape platform was submerged 1 cm below the water surface. Using visual cues (white and 

black; circle, triangle, 4 vertical stripes) placed on the walls around the pool, the mice had to 

learn to locate the platform. Each day the test was performed at keeping the conditions 

constant by the same experimenter blind to the mouse genotypes. The learning performance 

was tracked using the ANY-maze software (Stoelting, USA) in combination with a camera 

placed above the center of the maze. As a pre-training prior to the training sessions, a visible 

platform task was performed to ensure the visual and swimming ability in all experimental 

groups and in addition to get the mice used to the test situation and reduce their stress. The 

pre-training consisted of two trials a day on three consecutive days each for maximum of 60 

seconds to reach the platform. The platform position was randomly changed between the 

trials. Following the pre-training, the mice were trained in the Morris water maze for the next 

8 consecutive days with the invisible platform located in the northwest (NW) quadrant. Each 

day, the mice started the trial from a randomly chosen position (SW, S, E and NE). The 

training session consisted of 4 trials at 5 min intervals. Each mouse had a maximum of 60 s 

to reach the platform otherwise it was guided to the platform by the experimenter and 

allowed to stay on it for 15-20 s. To evaluate the reference memory, a probe trial was 

performed at the third day of the acquisition training, prior to the starting of the fourth day 

training. Another reference test was performed 24 h after the last training session (day 9). 

The memory retention was assessed by removing the platform and tracking the mice for 45 s 
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(starting position SE). In selected experiments, a reversal test was also performed to test for 

the plasticity and flexibility of the learning process (De Deyn et al., 2001) by determining 

whether the mice have the ability to generate a new memory. In the new task the platform 

was moved to the opposite side of the pool relative to the previous training session (SE) and 

consisted of three training days with 4 trials and a maximum of 60 s. Following the reversal 

acquisition period, one single probe trial was performed on the fourth day. The generated 

data include the escape latency and the percentage time spent in the respective quadrant 

and was collected using the ANY-maze software (Stoelting, USA) or Video Mot 2 (TSE 

Systems GmbH, Germany).  

The swimming path was analyzed to access the search strategies used by the mice including 

hippocampus-independent strategies like the random search or scanning and the 

hippocampus-dependent strategies like the direct swimming or the focal search. The 

strategies for each trial were classified using the Matlab software and a parameter-based 

algorithm from Garthe et al. (Figure 5) (Garthe et al., 2009). 

 

 

Figure 2.1: Analysis of searching strategies. Algorithm-based classification for the strategy the 

mice used to search and find the escape platform (Garthe et al., 2009). The water maze area was 

scaled with a goal corridor (angle of 40°) dependent on the starting position of each trial. With xy-

coordinates over the time the Matlab analysis (Yes-No algorithm) classified the strategy by using the 

two parameters goal corridor and annulus zone. The strategies are divided into hippocampus-

independent (chaining, scanning and random search) and hippocampus-dependent (direct swimming, 

focal search and directed search). 

 

2.2.12.2. Y-Maze 

Another method to study cognitive functions in rodents is the training in the Y-Maze. The Y-

maze consists of three equal arms (32 cm long) starting from a common center each at an 
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angle of 120°. For the first session the mouse is placed into the Y-maze where two arms are 

open and one arm is blocked. During the 3 min training trial the mouse is allowed to explore 

the two open arms and is then put back into the cage. After a resting time of 1.5 hours, the 

mouse is placed back into the Y-maze with all three arms open. The number of arm entries is 

measured and the mouse tendency to explore new environment is analyzed by the 

spontaneous alteration performance (SAP). A successful SAP score is given by a triplet arm 

entering featuring visit to each one of the three arms (ABC, BCA, CAB, BAC, ACB, CBA) 

(Lonnemann et al., under review).     

2.2.13. Statistical analysis 

Using the software GraphPad Prism 8 (GraphPad Software, Inc. USA) the data were 

analyzed and plotted and are presented in each figure as mean±SEM. Differences were 

subjected to one-way ANOVA mainly in the part regarding the chronic inflammation 

(APP/PS1 mouse model), whereas two-way ANOVA was used for analyzing the data of the 

acute inflammatory response (comparing WT untreated/treated with IL-37tg 

untreated/treated). Fisher’s LSD, Bonferroni’s and Tukey’s multiple comparisons were used 

as post hoc test depending on the experiments. In addition, ttest analysis was performed in 

some parts, comparing two single groups. All statistical analysis are reported in the figure 

legends, including the significance value described as p < 0.05 */+/^, p < 0.01 **/++/^^ or p < 

0.001 ***/+++/^^^. 
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3. Results 

Inflammation plays a crucial role in mediating the ability of the immune system to fight 

and clear pathogens, misfolded proteins and in promoting tissue healing and repair. 

However, an excessive inflammatory response that is out of balance within the brain 

has serious consequences for neuronal survival and ultimately may negatively 

influence the cognitive abilities. In this thesis, the activity of an anti-inflammatory 

cytokine (IL-37) and of an inhibitor (OLT1177) of the inflammasome were 

investigated regarding their ability to suppress an excessive acute inflammatory 

response or a form of persistent chronic inflammation. 

  

3.1 Reduced release of pro-inflammatory cytokines upon 

stimulation of primary microglia cultures from hIL-37tg mice 

The anti-inflammatory cytokine interleukin (IL)-37 is known to limit excessive 

inflammation in cells and organs of the periphery (Cavalli and Dinarello, 2018; Nold et 

al., 2010). Murine macrophages transfected with human IL-37 show reduced release 

of pro-inflammatory cytokines (Nold et al., 2010). Here, microglial cells which 

represent the resident immune cells of the central nervous system (CNS), were used 

to study the effects of IL-37 on brain-derived cells. Primary microglial cultures were 

treated with lipopolyaccharide (LPS) one of the main components of the gram-

negative bacterial cell wall known to bind to the toll-like receptor 4 (TLR4) expressed 

on microglial cells (He et al., 2021; Poltorak et al., 1998). Here, the bacterial 

endotoxin LPS from Escherichia coli (E.coli) was used. Untreated cells were 

considered as control group. After a 24 hours application of LPS the cells were 

immunostained for IBA-1 (a microglia-specific marker; (Imai et al., 1996; Ohsawa et 

al., 2004)) and for GFAP (an astrocyte-specific marker; (Eng, 1985)). Despite rare 

individual cases in which GFAP-positive cells were detectable, all of the cells were 

positive for IBA-1 showing the purity of these primary microglial cultures (Figure 3.1). 

Moreover, after LPS administration, the morphology of IBA-1-positive cells changes 

from a rather sharp, thin and often bipolar shape (in untreated cells; Figure 3.1A 

yellow filled arrowheads and yellow box) to a rather round, slightly blurred shape (in 

LPS-treated cells; Figure 3.1B yellow arrowheads and yellow box).  
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Figure 3.1: Stimulation of primary microglial cells. Wild-type animals P3-5 were used to generate a 
mixculture of astrocytes and microglia. Using the shaking methode microglia were separated from 
astrocytes and plated on cover slips. (A) Untreated microglial cells represent a bipolar shape (yellow 
filled arrowheads, yellow box). (B) Stimulated microglia change their morphology more towards a 
round shape (yellow arrowheads, yellow box). Scale bar 50 µm. DAPI in blue; IBA-1 in red; GFAP in 
green. 

 

Primary microglia from either WT or hIL-37tg mice were examined for the release of 

pro-inflammatory cytokines after treatment with various doses of LPS. First, WT, hIL-

37tg heterozygous and hIL-37tg homozygous primary microglial cells were stimulated 

with either 100 ng/ml or 1 µg/ml for 6h or 24h (Figure 3.2B) and the release of the 

pro-inflammatory cytokine IL-6 was measured. The results showed increased levels 

of IL-6 in the supernatants of WT microglial cells after both 6h and 24h of LPS 

treatment with 100 ng/ml (NIL: 27.48 pg/ml, 6h: 212.2 pg/ml and 24h: 1141 pg/ml) 

and 1 µg/ml (NIL: 27.48 pg/ml, 6h: 333.2 pg/ml and 24h: 1219 pg/ml). In contrast, the 

IL-6 levels were significantly lower upon 6h treatment with 1 µg/ml LPS in hIL-37tg 

heterozygous and homozygous cells (p < 0.01 hIL-37tgHET, p < 0.01 hIL-37tgHOM). 

Moreover, significantly lower levels of IL-6 were detected upon 24h treatment with 

100 ng/ml LPS in hIL-37tg homozygous cells (p < 0.01) and and in hIL-37tg 

homozygous cells upon 24h treatment with 1 µg/ml LPS (p < 0.05). In the following 

experiments the release of IL-1β, TNF-α and IL-6 was measured comparing 

microglial cells from WT and hIL-37tg homozygous mice after different doses of LPS 

after 24h treatment plus ATP in the last hour (Figure 3.2A). Indeed, release of mature 

IL-1β in human and mouse primary macrophages requires in addition to stimulation 

with LPS, also a simultaneous treatment with millimolar concentrations of ATP to 

activate the NLRP3 inflammasome (Lamkanfi et al., 2009). In contrast, the pro-
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inflammatory cytokines IL-6 and TNF-α are not NLRP3-dependent and do not require 

a secondary stimulator or inflammasome/caspase-1 activator. The results showed 

that a strong release of IL-1β requires the addition of ATP as shown by the values in 

Figure 3.2C for WT cells (NIL: 0 pg/ml, 1 µg/ml: 140.9 pg/ml, 1µg/ml+ATP: 2953 

pg/ml, 100 ng/ml: 99.94 pg/ml, 100 ng/ml+ATP: 2646 pg/ml, 10 ng/ml: 26.51 pg/ml, 

10 ng/ml+ATP: 876.7 pg/ml). In comparison the levels of TNF-α in Figure 7D (NIL: 

12.08 pg/ml, 1 µg/ml: 4604 pg/ml, 1µg/ml+ATP: 4426 pg/ml, 100 ng/ml: 3491 pg/ml, 

100 ng/ml+ATP: 3220 pg/ml, 10 ng/ml: 1897 pg/ml, 10 ng/ml+ATP: 1648 pg/ml) and 

IL-6 in Figure 7E (NIL: 51.27 pg/ml, 1 µg/ml: 1722 pg/ml, 1µg/ml+ATP: 1547 pg/ml, 

100 ng/ml: 925.9 pg/ml, 100 ng/ml+ATP: 778.0 pg/ml, 10 ng/ml: 388.6 pg/ml, 10 

ng/ml+ATP: 312.7 pg/ml) showed similar concentrations independently of the 

presence of ATP. In all experiments performed for IL-1β, TNF-α and IL-6, microglial 

cells from hIL-37tg animals were found to secrete significantly lower levels of pro-

inflammatory cytokines compared with WT cells in at least 3 independent runs each. 

The IL-1β levels were reduced in 1 µg/ml LPS+ATP (ttest: p < 0.001), in 100 ng/ml 

LPS+ATP (ttest: p < 0.001) and in 10 ng/ml LPS+ATP (ttest: p < 0.05) LPS treated 

hIL-37tg cells compared to WT (Figure 3.2C). TNF-α levels were reduced in 1 µg/ml 

LPS+ATP (ttest: p < 0.001), in 100 ng/ml LPS+ATP (ttest: p < 0.001) and in 10 ng/ml 

LPS+ATP (ttest: p < 0.01) LPS treated hIL-37tg cells compared to WT (Figure 3.2D). 

IL-6 was reduced in 1 µg/ml LPS+ATP (ttest: p < 0.001), in 100 ng/ml LPS+ATP 

(ttest: p < 0.01) and in 10 ng/ml LPS+ATP (ttest: p = 0.1007) LPS treated hIL-37tg 

cells compared to WT (Figure 3.2E). 
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Figure 3.2: Microglial cells from hIL-37tg animals release significant lower amounts of pro-
inflammatory cytokines. (A) P3-5 mice were used to generate a astrocyte:microglia mixculture, 
which was incubated for 3 weeks. In general, after shaking, pure microglia cells were plated in 96-well 
plates. Following a resting time of 24h these cells were stimulated for 24h and in the last hour ATP 
was added to the cells. (B) Stimulated microglia release IL-6 levels after 6h and 24h. (C-E) Release of 
the pro-inflammatory cytokines IL-1β (C), TNF-α (D) and IL-6 (E) after stimulation of 10 ng/ml, 100 
ng/ml and 1 µg/ml in WT and hIL-37tg homozygous microglial cells. All data are means ± SEM. * p < 
0.05; ** p < 0.01; *** p < 0.001 compared to WT (in B one-way ANOVA and Turkey’s post hoc test; in 
C-E ttest). 

The results of this series of in vitro experiments showed a significant reduction in 

microglial cells expressing hIL-37 in the release of the three main pro-inflammatory 

cytokines involved in the inflammatory respons following LPS stimulation. 

 

3.2 Characterization of the cognitive abilities of transgenic mice 

expressing the human IL-37 protein 

While, human IL-37 was discovered in silico in 2000, to date, no homolog has been 

found in mice. Therefore to investigate the role of IL-37 in inflammation in a mouse 

model, a humanized IL-37 transgenic mouse was generated as described by Nold et 

al. (Nold et al., 2010). In this study, the humanized IL-37 transgenic mouse (hIL-37tg) 

was used and first characterized in the healthy situation in the Morris water maze 

(MWM), a spatial learning and memory task developed by Richard Morris (Morris, 

1984). In this first experiment wild type (WT), hIL-37tg heterozygous and 

homozygous mice were compared. This task is particularly well suited to test for 

spatial memory formation in mice, since they can swim well without prior knowledge 

and because of the water, odors (olfactory cues) of previous test animals have no 

influence. The principle of the test is to find the hidden escape platform with the 

acquisition training on 8 consecutive days including 4 trials of 60 seconds each from 

4 different starting positions (Figure 3.3A, blue arrowheads). The order of these 

starting positions changes randomly each day. Escape latency and swimming 

distance during the training days showed a significant progressive reduction equally 

in all three genotypes over the training days from 22.93 s on day 1 to 5.218 s on day 

8 in WT (WT: p < 0.001, hIL-37tgHET: p < 0.001, hIL-37tgHOM: p < 0.001; Figure 

3.3B) and 607.8 cm on day 1 to 126.8 cm on day 8 in WT (WT: p < 0.001, hIL-

37tgHET: p < 0.001, hIL-37tgHOM: p < 0.001; Figure 3.3C). On day 3 and day 9 of 

the acquisition phase, the mice performed a reference memory test (on day 3 prior to 

the training trials). During the 45 seconds of the reference test, the platform was 

removed from the maze and the time spent in the target quadrant (previously 
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containing  the platform) versus the other quadrants was measured. In the reference 

test, neither WT (p = 0.53) nor hIL-37tgHET (p = 0.71) were able to settle in a 

preferred quadrant at day 3 (Figure 3.3D). Surprisingly, the hIL-37tgHOM animals 

showed a significant preference already at day 3 (p < 0.001). In contrast, all 

genotypes showed significant preference for the target quadrant at day 9 (WT: p < 

0.01, hIL-37tgHET: p < 0.01, hIL-37tgHOM: p < 0.001; Figure 3.3F). Moreover, the 

number of times the mice traversed the area in which previously the platform was 

located was used to assess their memory accuracy. On day 3, no differences in the 

number of crossings were detected between the genotypes (Figure 3.3E). In contrast, 

on day 9, while no differences could be seen for WT and hIL-37tgHET, the hIL-

37tgHOM mice showed a significant higher number of platform crossings (p < 0.05, 

WT vs hIL-37tgHOM; Figure 3.3G). Further analysis was conducted to assess the 

search strategies applied during the acqusition phase. Search strategies were 

examined and separated in hippocampus-dependent (directed search, focal search 

and direct swimming) and hippocampus-independent (random search, chaining and 

scanning) strategies. Analysis of the search strategies revealed a similar result in the 

three genotypes. Indeed, the progressive change in hippocampus-dependent 

strategies from 20% on day 1 to 75% on day 8 observed in WT mice, was very 

similar to the one of hIL-37tgHET (from 15% to 60%) and hIL-37tgHOM (from 15% to 

70%; Figure 3.3H). 



Results | 59 
 

 

 

Figure 3.3: Performance in the Morris Water Maze test. (A) Wild-type, hIL-37tg heterozygous and 

hIL-37tg homozygous mice were trained in the MWM test described in A with the platform located in 

the north-west quadrant (NW; targed quadrant TQ). (B and C) The escape latency and travelling 

distance was significant decreased during the 8 day aquisition periode in all of the three genotypes. 

The reference test to evaluate the learning effect of the animals was performed on day 3 (D-E) and 

day 9 (F-G). (D and E) The probe trial on day 3 showed only significant preference towards the targed 

quadrant (D) in hIL-37tg homozygous mice and a slightly higher number in platform crossings (E) 

compared to WT and hIL-37tg heterozygous mice. (F and G) At the end of the test on day 9 all 

genotypes showed a significant preference towards the targed quadrant (F). In addition hIL-37tg 

homozygous mice had significant more platform crossings compared to WT and hIL-37tg 

heterozygous mice (G). (H) The analysis of searching strategies exhibited similar performances for 

every tested genotype. All data are means ± SEM. * p < 0.05; *** p < 0.001 compared to WT; ^^ p < 

0.01; ^^^ p < 0.001 compared to non-targed (NT (in B, C E and G one-way ANOVA with Turkey’s post 

hoc test; in D and F ttest). 
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Overall, the results indicate that the cognitive abilities of hIL-37tg mice are 

comparable to those of the WT mice regarding the spatial learning and memory 

processes. However, with regard to the reference memory test and the platform 

crosses hIL-37tg homozygous mice seem to have learned better and more accurately 

which needs further investigations. 

 

3.3 Aspects of the anti-inflammatory protein IL-37 on the brain 

tissue after a peripheral immune stimulus 

LPS is commonly used to activate the immune response by eliciting features of an 

acute inflammatory response (Beishuizen and Thijs, 2003; Cazareth et al., 2014; 

Dantzer, 2004). First, the immune response in wild-type mice was analyzed 6 hours 

after intraperitoneal (i.p.) injection of LPS by the detection of pro-inflammatory 

cytokines in blood and brain. The low dose of 0.2 mg/kg LPS i.p. showed significantly 

increased levels of IL-1β (from 163.3 to 231.8 pg/ml) and IL-6 (from 0.025 to 2208 

pg/ml) in the plasma samples compared to saline (NaCl, 0.9%) injected control 

animals (IL-1β: p < 0.05; IL-6: p < 0.01) (Figure 3.4A and B). The levels of IL-1β and 

IL-6 in the brain lysates also showed an increase upon LPS injection, albeit not as 

high as in plasma. For IL-1β, the levels increased from 22.17 to 25.73 pg/mg protein 

and for IL-6 from 5.229 to 8.106 pg/mg Protein (brain IL-6: p < 0.05) (Figure 3.4C and 

D). These results showed an increase in the release of pro-inflammatory cytokines 

upon LPS stimulation. 
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Figure 3.4: IL-1β and IL-6 levels in plasma and brain samples of wild-type animals after LPS 
stimulus (i.p.). Wild-type mice were treated with 0.2 mg/kg LPS i.p. and sacrificed 6h after the 
stimulus. (A and B) Pro-inflammatory cytokine levels of IL-1β (A) and IL-6 (B) were detected in the 
plasma of these mice. (C and D) Pro-inflammatory cytokine levels of IL-1β (C) and IL-6 (D) were 
detected in the bain lysates of these mice. All data are means ± SEM. * p < 0.05; ** p < 0.01 compared 
to saline-(NaCl 0.9%)-Control (ttest in each). 

Previous studies demonstrated upon peripheral stimulation long-lasting changes in 

neuronal architecture and synapses shown as changes in dendritic spine numbers 

and turn over (Beyer et al., 2020; Kondo et al., 2011). Subsequently, with regard to 

the associated structural changes of cells of the brain during acute infection (here 

with bacterial peripheral stimulus; LPS E.coli), the optimal dose of LPS was 

examined in combination with the treatment protocol. First, the analysis of dendritic 

spine density showed no significant differences between WT and hIL-37tg animals 

injected with saline both in the dentate gyrus (DG)  and the cornu ammonis (CA) of 

the hippocampus. Diolistic labeled apical dendrites of pyramidal neurons in the CA1 

area using the lipophilic fluorescent dye dialkylcarbocyanine (DiI) presented a spine 

density of 1.607 spines / µm dendrite in WT and 1.525 spines / µm dendrite in hIL-

37tg animals (Figure 3.5A). Moreover, granule neurons of the dentate gyrus showed 

a similar spine density in WT (1.554 spines / µm) and hIL-37tg (1.538 spines / µm) 

mice (Figure 3.5B). To determine the most effective LPS treatment protocol, WT and 

hIL-37tg animals were injected with either 1x 0.5 mg/kg or 2x 0.5 mg/kg LPS i.p. and 

analyzed 24 or 96 hours after the final LPS administration (Figure 3.5C-F). The single 
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injection of LPS showed no significant differences between the treatment groups in 

WT and hIL-37tg (saline / LPS treated), but a significantly higher number of spines 

per micrometer on dendrites of granule cells of the dentate gyrus in hIL-37tg-LPS-

treated mice (1.812 spines / µm) compared to WT-LPS-treated ones (1.462 spines / 

µm) (p < 0.001; Figure 3.5D). Neurons of mice injected twice i.p. with LPS showed 

significantly higher spine densites of dendrites from CA1 (1.765 spines / µm) and DG 

(1.799 spines / µm) neurons in LPS-treated hIL-37tg mice compared to LPS-treated 

WT mice (CA1: 1.604 and DG: 1.525 spines / µm) (p < 0.01; Figure 3.5E; p < 0.001; 

Figure 3.5F). Interestingly, saline-treated hIL-37tg animals also showed a significantly 

higher number of spines on the apical dendrites of pyramidal neurons compared to 

control-treated WT animals (p < 0.01; Figure 3.5E). The most important value was 

presented when comparing the spine density of LPS-treated (1.525 spine / µm) and 

saline-treated (1.696 spines / µm) wild-type mice in the dendrites of granule neurons 

in the DG (Figure 3.5F). The significantly lower number of spines after two times of 

LPS-treatment in these animals compared with control animals demonstrates the 

damaging effect on hippocampal neurons after intraperitoneal administration of LPS 

(p < 0.01; Figure 3.5F). No significant differences could not be detected after a longer 

incubation period (96 hours after the last injection) (p = 0.93, F1,49 = 0.007; Figure 

3.5G; p = 0.91, F1,47 = 0.014; Figure 3.5H). 
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Figure 3.5: Lower spine density in Wild-type LPS-treated mice compared to hIL-37tg treated 
mice. Wild-type and hIL-37tg mice were treated either with saline (NaCl 0.9%), 1x 0.5 mg/kg LPS or 
2x 0.5 mg/kg i.p. and sacrificed 24h or 96h after the stimulus. (A and B) Spine density of all groups 
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treated with saline from apical dendrites of pyramidal neurons in the area of CA1 (A) and from 
dendrites from neurons of the dentate gyrus (DG) (B). (C -F) Spine density of all groups treated with 
0.5 mg/kg LPS i.p. for 24h either one injection (CA1, C; DG, D) or two injections (CA1, E; DG, F). (G 
and H) Spine density of all groups treated with 0.5 mg/kg LPS i.p. for 96h two injections (CA1, G; DG, 
H). Scale bar 5 µm. All data are means ± SEM. ** p < 0.01; *** p < 0.001 (in A and B ttest; in C to H 
two-way ANOVA with Fisher’s LSD post hoc test). 

Finally, the experimental design was adapted according to the new findings of 

Wendeln et al. (2018) showing the strongest effect on the levels of pro-inflammatory 

cytokines such as IL-1β and TNF-α in the brain using two LPS injections (Wendeln et 

al., 2018). Thus, in the following experiments, 0.5 mg/kg LPS were administrated two 

times, 24 hours apart and the mice were sacrificed 3 hours after the last injection 

(Figure 3.6A). Using the protocol, LPS injection significantly affected the body weight, 

indicating the effect of the peripheral immune stimulus. The mice showed a decrease 

in weight in WT  (from 100.3 to 91.1%) and in hIL-37tg (from 99.8 to 93.3%) 24h after 

the first LPS administration (p < 0.001 in both genotypes WT and hIL-37tg; Figure 

3.6B). It should be noted that the weight loss was significantly lower in hIL-37tg 

animals than in WT animals (p < 0.05; Figure 3.6B). 

Based on these new finding, the cytokine IL-1β was measured in the brain tissue of 

WT and hIL-37tg mice. The levels of the pro-inflammatory IL-1β were significant 

increased in WT animals treated with LPS compared to control injected WT mice 

(from 26.92 pg/mg protein versus 98.49 pg/mg protein) (p < 0.05; Figure 3.6C). 

Furthermore, the IL-1β levels in WT-treated (98.49 pg/mg protein) were significant 

higher compared to hIL-37tg-treated mice (44.22 pg/mg protein) (p < 0.05). In 

contrast, LPS-treated hIL-37tg mice (44.22 pg/mg protein) showed no significant 

enhancement of IL-1β levels compared to the hIL-37tg control group (23.45 pg/mg 

protein) (p = 0.75; Figure 3.6C).  

Increased levels of the IL-1β could be associated with a stronger activation of 

microglial cells. To test this, IBA-1 positive cells (from treated and untreated mice) 

were analyzed for their number and morphology (Hanisch and Kettenmann, 2007; 

Papageorgiou et al., 2015; Wolf et al., 2017a). Microscopy images with the 20x 

objective were taken to measure IBA-1-positive cells in the CA1 area of the 

hippocampus and the adjacent cortex. Morphological features of microglial activation 

are, on the one hand, an increased number of IBA-1 positive cells and on the other 

hand a reduction in the number of their primary processes. With regard to the number 

of IBA-1 positive cells, a significant increase in CA1 and in cortex could be observed 

after LPS treatment only in WT mice (p < 0.01, Figure 3.6D; p < 0.001, Figure 3.6F), 
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whereas there were no differences in hIL-37tg mice comparing LPS-treated to 

control-treated hIL-37tg animals (p > 0.99, Figure 3.6D; p= 0.323, Figure 3.6F). The 

results also revealed a significant difference between the treated genotypes. The 

analysis showed a higher number of IBA-1-positive cells in WT compared to hIL-37tg 

animals (p < 0.01, Figure 3.6D; p < 0.01, Figure 3.6F). The second hallmark for 

microglial cell activation could not be confirmed for the most part. The number of 

primary processes in microglial cells showed no significant differences between WT 

and hIL-37tg mice whether treated or not with LPS. As an exception, an increase in 

processes was recorded in the cortex of IL-37tg animals treated with LPS compared 

with control mice (p < 0.05; Figure 3.6G). In addition, representative images of IBA-1 

staining also show more intense staining and increased number of cells in LPS-

treated WT animals, whereas this stronger staining is not visible in hIL-37tg mice with 

LPS treatment (Figure 3.6H and I). 
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Figure 3.6: hIL-37tg mice release less IL-1β and represent no increased numbers of IBA-1 
positive cells after LPS treatment in vivo. (A) Injecting procedure for the following in vivo 
experiments. Wild-type and hIL-37tg mice were treated either with saline (NaCl 0.9%) or 2x 0.5 mg/kg 
i.p. and sacrificed 3h after the second stimulus. (B) The change in body weight results in a decrease 
after LPS injection, with a lower weight loss in IL-37tg animals. (C) Levels of IL-1β in brain lysates of 
WT and hIL-37tg animals after LPS or saline injection i.p.. (D-E) Analysis of IBA-1 positive cells in the 
CA1 area of the hippocampus with regard to the number of positive cells (D) and the number of 
primary processes (E). (F-G) Analysis of IBA-1 positive cells in the Cortex area of the hippocampus 
with regard to the number of positive cells (F) and the number of primary processes (G). 
Representative images of IBA-1 positive cells (red) in the area of the hippocampus from WT and hIL-
37tg mice (scale bar 50 µm). All data are means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 (two-way 
ANOVA with Bonferroni’s post hoc test in each). 
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Morphological changes are one hallmark for activation of glial cells (Kettenmann et 

al., 2011; Nava Catorce and Gevorkian, 2016; Tremblay et al., 2011; Yang et al., 

2013). Another commonly used marker for microglial activation is CD68 (Jurga et al., 

2020; Kettenmann et al., 2011; Yang et al., 2013). Thus, single-cell staining was 

performed to measure and evaluate CD68 using the fluorescent activated cell sorting 

(FACS) method. During the FACS measurement, the cells are sorted for their specific 

light scattering and fluorescent characteristics. The forward and side scatter analyzes 

the size and complexity of the cells. Here, the cell populations in the lower right 

square were targeted (Figure 3.7A). The selected cells were further distinguished 

between macrophages and microglia using two additional markers CD11b and CD45. 

Again, the lower right square was selected to specifically track the population of 

microglial cells (Figure 3.7B). Finally, the percent of cells expressing CD68 was gated 

by removing signals below 103 as background staining and by gating to the values 

above 103 (Figure 3.7C-D). Representative graphs of each genotype are shown in 

Figure 12E, showing the highes amounts of CD68 in LPS-treated WT mice. In the 

following, these qualitatives observations were quantified. It could be shown that 

LPS-treated WT mice had a significantly higher amount in percent of CD68 

expressing cells from 17.875 to 26.575% compared to control animals (p < 0.01; 

Figure 3.7F). In contrast, hIL-37tg mice did not show differences in the CD68 

expressing cells with or without LPS injection (p > 0.99; Figure 3.7F). Comparing the 

LPS-treated genotypes, hIL-37tg mice exhibited significant lower percent of CD68-

expressing cells than WT mice (p < 0.001; Figure 3.7F). 
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Figure 3.7: hIL-37tg mice represent no increased CD68 levels after LPS treatment in vivo. (A-D) 
Gating strategy for microglial cells expressing CD68. First, cell surface and size are looked at in the 
forward (FSC) and sideward scatter (SSC) (A). Subsequently, the CD11b+/CD45low population is gated 
(B).The following analysis refers to positive signals (higher than 103) for CD68 (C-D). (E-F) An 
example graph of each genotype is shown in E. Overall quantification of CD68 expressing cells in 
percent showed an increased level in LPS-treated WT animals, whereas no increase was measurable 
in hIL-37tg animals with LPS treatment (F). All data are means ± SEM. ** p < 0.01; *** p < 0.001 (two-
way ANOVA with Bonferroni’s post hoc test). 

 

The data so far demonstrated a significant microglial activation in WT animals after 

LPS stimulation by their morphology, levels of the activation marker CD68 and their 

release of pro-inflammatory cytokines. In contrast, hIL-37tg mice did not show any 

significant changes of all activation hallmarks after LPS treatment. Further analysis 

was aimed at investigating whether hIL-37 expression might modulate the negative 

effects of the increased inflammation/ microglial activation in the brain observed on 

the structure of neurons.  

Spine density was analyzed using Golgi staining and showed significant changes in 

spine density in LPS-treated WT mice compared to control-treated WT mice. The 

representative images of Golgi staining in Figure C showed the phenotype of 

reduced spine density in WT animals after LPS administration (upper right panel; 

Figure 3.8C). Indeed, the number of spines was significantly reduced after LPS 

administration in WT mice on the dendrites of both pyramidal neurons in the CA1 

region (from 1.3 to 1.07 spines / µm) and dendrites of granule neurons in the DG 

(from 1.28 to 1.04 spines / µm) (p < 0.001, Figure 3.8A; p < 0.01, Figure 3.8B). In 

contrast, upon LPS injection hIL-37tg mice exhibited no significant reduction in spine 

density compared to WT mice (p = 0.1145, Figure 3.8A; p > 0.99, Figure 3.8B). 

Comparing LPS-treated WT and hIL-37tg mice showed significant differences with 

lower spine density in WT compared to hIL-37tg mice (p < 0.001, Figure 3.8A; p < 

0.05, Figure 3.8B).  
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Figure 3.8: Significant reduction in spine density of Wild-type LPS-treated mice compared to 
control-treated mice. Wild-type and hIL-37tg mice were treated either with saline (NaCl 0.9%) or 2x 
0.5 mg/kg i.p. and sacrificed 3h after the second stimulus. (A and B) Spine density of all groups 
treated with saline or LPS from apical dendrites of pyramidal neurons in the area of CA1 (A) and from 
dendrites from neurons of the dentate gyrus (DG) (B). (C) Represented images of all four groups 
(scale bar 5 µm). All data are means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 (two-way ANOVA 
with Bonferroni’s post hoc test in each). 

The data so far indicated a role of IL-37 in modulating the LPS-induced pro-

inflammatory activation of microglial cells and the consequent changes in neuronal 

morphology. Next, the role of IL-37 was addressed in rescuing the behavioral 

alterations observed in mice after a peripheral immune stimulus. A new experimental 

approach was adopted for the following analysis. WT animals were either treated 

intraperitoneal with 300 ng of recombinant IL-37 for three consecutive days or with 

saline solution as control. The day after the last IL-37 injection, the mice were 

injected (i.p.) with either 60 ng of recombinant IL-1β or saline solution. One day later 

the mice were tested for spatial cognitive ability in the Y-Maze (Figure 3.9A). 

Exploring the three different arms without re-entering the same arm twice results in a 

successful score, the so-called Spontaneous Alternation Performance (SAP). The 

performance in the Y-Maze test showed slight differences in the mobility of the 

individual animals, which, however, were not significant. The WT mice injected with 

rIL-1β visited altogether fewer arms (7.5 visits) compared to the control mice (14.5 

visits) and also compared to the mice previously treated with rIL-37 (15 visits and 

12.5 visits). This trend was confirmed by the SAP score, in which WT mice treated 

with rIL-1β performed significantly worse (8.8%) than their WT control mice (70.9%) 

(p < 0.01, Figure 3.9C) and also compared to mice previously treated with rIL-37 

(54.9%) (p < 0.01, Figure 3.9C). In the group of WT mice injected with rIL-37 a similar 

performance could be observed in mice with (54.9%) or without rIL-1β treatment 

(66.9%) (p = 0.73, Figure 3.9C). The amounts of cytokines were measured in the 
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brain lysates of the tested animals to analyze the effect of intraperitoneal injected rIL-

1β on the brain. Pro-inflammatory cytokines IL-1α and IL-6 were significantly 

enhanced in brain lysates of rIL-1β treated mice whether pre-treated with rIL-37 (IL-

1α; from 23.28 to 53.39 pg/mg protein; IL-6; from 7.69 to 18.17 pg/mg protein) or not 

(IL-1α; from 25.82 to 82.37 pg/mg protein; IL-6; from 6.77 to 24.68 pg/mg protein) 

compared to their control group (p < 0.001 WT, p < 0.001 rIL-37 WT, Figure 3.9D; p < 

0.001 WT, p < 0.001 rIL-37 WT, Figure 3.9E). Although a significant increase in 

cytokines was detected in brain tissue after rIL-1β administration in rIL-37-pretreated 

animals, these levels were significantly lower compared with WT mice injected with 

rIL-1β alone (p < 0.001, Figure 3.9D; p < 0.001, Figure 3.9E). 

 

Figure 3.9: Rekombinant IL-37 pre-treated animals performed significant better in the Y-maze 
test after immune stimulation. (A) Descripstion of the experimental design. Wild-type mice were pre-
treated either with saline (NaCl 0.9%) or 300 ng rIL-37 i.p. and treated with rIL-1β on the third day. (B) 
The total number of arm visits during the performance of the Y-mazed was analyzed. (C) Further 
analysis was performed regarding to the spontanous alternation factor. (D and E) Pro-inflammatory 
cytokine IL-1α (D) and IL-6 (E) were measured to check the effect of the peripheral stimulus in brain 
laysates. All data are means ± SEM. ** p < 0.01; *** p < 0.001 (two-way ANOVA with Bonferroni’s post 
hoc test in each). 
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In the previous results microglia and neurons were analyzed after an acute peripheral 

immune stimulus. The effect of an activation of the peripheral immune system could 

be shown in WT mice after LPS or rIL-1β administration. In this context the effects of 

the anti-inflammatory cytokine IL-37 were analyzed. The results clearly showed that 

the expression of IL-37 is sufficient to suppress the immune response in the brain. 

Furthermore, injection of the recombinant IL-37 demonstrated the potential 

therapeutic effects of this anti-inflammatory cytokine. 

 

3.4 Role of IL-37 in rescuing the alterations observed upon chronic 

inflammation in the brain 

Data to date indicate the anti-inflammatory cytokine IL-37 as an inhibitor of excessive 

inflammation (Cavalli and Dinarello, 2018; Nold et al., 2010) in that it reduces 

overreactive features of the immune response or inflammatory reactions upon acute 

immune stimulation (here 24-27h peripheral injection of either LPS or IL-1β) 

including, microglial cell activation, alteration of the neuronal morphology and 

cognitive deficits. The following experiments were focused on the role of IL-37 in 

modulating the effects of chronic inflammation in the brain of a mouse model for 

Alzheimer’s Disease (APP/PS1 mouse line). Since Alzheimer’s disease (AD) is 

characterized by a slow progression, evolving, over the years from mild to severe 

cognitive deficits, the question whether the protein IL-37 with its anti-inflammatory 

effects is able to positively influence the course of the disease. Amyloid-β (Aβ) is the 

cleavage product of the amyloid precursor protein (APP) and is an important hallmark 

of Alzheimer’s disease (Wilson et al., 1999). The Aβ peptides accumulate in the 

extracellular space of the brain, leading to larger deposits (Wilson et al., 1999). In a 

preliminary set of experiments, in vitro experiments showed that in primary WT 

microglial cultures, incubation with the Aβ peptides following a pre-stimulus with LPS 

was sufficient to increase the levels of pro-inflammatory cytokines IL-6, TNF-α and 

IL-1β (LPS to LPS Aβ 0.5 p < 0.05; to LPS Aβ 3 p < 0.001 (Figure 3.10A); LPS to 

LPS Aβ 0.5 p < 0.05; to LPS Aβ 3 p < 0.001 (Figure 3.10B); LPS to LPS Aβ 0.5 p = 

0.06; to LPS Aβ 3 p < 0.001 Figure 3.10C) in the supernatant. Additionally, it was 

shown that this increase was not present when the procedure was performed in 

primary microglial cells derived from hIL-37tg mice (Figure 3.10D-E). While these 
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results are still preliminary, they suggest an important role of IL-37 in modulating the 

toxic effects of the Aβ peptides. 

 

Figure 3.10: Aβ treatment of primary microglial cells increased pro-inflammatory cytokine 
release, which was decreased in cell from hIL-37tg mice. P3-5 mice were used to generate a 
astrocyte:microglia mixculture, which was incubated for 3 weeks. In general, after shaking, pure 
microglia cells were plated in 96-well plates. Following a resting time of 24h these cells were 
stimulated for 3.5h with 100 ng/ml LPS. The cells were washed and treated for the following 24h with 
0.5 µM or 3 µM Aβ1-42. (A-C) Stimulated microglia release IL-6 (A), TNF-α (B) and IL-1β (C) levels 24h 
after pure LPS (3.5h) stimulation. The additional stimulation with Aβ exhibited significant higher 
amounts of all three cytokines, especially with the dose of 3 µM Aβ. (D-E) Release of the pro-
inflammatory cytokines IL-6 (D) and TNF-α (E) after stimulation of 100 ng/ml and 3 µM Aβ in WT and 
hIL-37tg homozygous microglial cells. All data are means ± SEM. * p < 0.05; *** p < 0.001 (in A to C 
one-way ANOVA with Turkey’s post hoc test). 

 

In the following, experiments in a newly created APP/PS1-hIL37 triple transgenic 

mouse line were investigated to assess the potential positive effects in vivo of IL-37 

expression on the progression of the AD pathology and symptoms in APP/PS1tg 

mice.  

The APP/PS1tg mouse shows the first pathological alterations typical of the 

Alzheimer’s disease already from the age of 6 months (Jankowsky et al., 2004a; 

Jankowsky et al., 2004b). For example, Amyloid-β (Aβ) plaques can be detected from 

6 months of age (Jankowsky et al., 2004a; Jankowsky et al., 2004b) and cognitive 
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deficits can already be shown at the age of 9 months (Garcia-Alloza et al., 2006; 

Jankowsky et al., 2004a; Jankowsky et al., 2004b; O’Leary and Brown, 2009). Based 

on these findings, the experiments were performed in mice between 9 and 12 months 

of age (Figure 3.11A), which first examined cytokines of the brain tissue to 

characterize the inflammatory response. Then, microglial cells were assessed for 

their activation status and further studies were performed to analyze their association 

to the Aβ plaque. At the end, behavioral tests were also performed to test the 

influence of IL-37 on the cognitive deficits of APP/PS1tg mice. 

To evaluate brain tissue for inflammation, the amount of pro-inflammatory cytokines 

in brain lysates was measured. In 9-12 month old APP/PS1tg mice a significant 

increase in IL-6 (23.98 pg/mg protein) and IL-1β (46.02 pg/mg protein) could be 

detected compared to age-matched WT mice (IL-6: 16.64 pg/mg protein; IL-1β: 37.35 

pg/mg protein). In contrast, APP/PS1-hIL37tg animals exhibited no significant 

differences compared to WT both for the IL-6 and the IL-1β levels (IL-6: 18.47 pg/mg 

protein; IL-1β: 31.56 pg/mg protein) (IL-6: p < 0.05 WT to APP/PS1tg, p < 0.05 

APP/PS1tg to APP/PS1-hIL37tg; Figure 3.11B; IL-1β: p < 0.05 APP/PS1tg to 

APP/PS1-hIL37tg; Figure 3.11C). 

 

Figure 3.11: APP/PS1-hIL37tg transgenic mice show significant lower levels of pro-
inflammatory cytokines compared to APP/PS1tg mice. (A) Descripstion of the experimental 
design. Wild-type, APP/PS1tg and APP/PS1-hIL37tg mice were raised until the age of 9-12 months 
and analyzed for a set of experiments. (B-C) Pro-inflammatory cytokine IL-6 (B) and IL-1β (C) were 
measured in brain laysates. All data are means ± SEM. * p < 0.05 compared to WT; + p < 0.05 
compared to APP/PS1tg (one-way ANOVA with Fisher’s LSD post hoc test in each). 
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Next, the microglia phenotype was analyzed using the activation marker CD68. In a 

FACS experiment, CD11b+/CD45low cells were gated to specifically select for 

microglial cells and evaluate these cells for positive CD68 staining. The percentage 

of CD68-expressing cells was measured in all three genotypes (WT, APP/PS1tg and 

APP/PS1-hIL37tg) from three different age groups (Figure 3.12A). Already in 6-

month-old mice a significant increase of CD68 was detected in APP/PS1tg mice 

(12.08% cells) as well as in APP/PS1-hIL37tg mice (8.89% cells) compared to wild-

type (4.483% cells) (p < 0.001 WT to APP/PS1tg, p < 0.05 WT to APP/PS1-hIL37tg; 

Figure 3.12B). Following the percentage of CD68 expressing cells further analysis in 

9-12 (Figure 3.12C) and 20-23 (Figure 3.12D) month-old mice was performed. All 

genotypes including WT animals showed an age-related increase in percent of 

CD68-expressing cells within microglial cells. Furthermore, the levels of APP/PS1tg 

in 9–12-month-old and 20–23-month-old mice and APP/PS1-hIL37tg 20–23-month-

old mice remained significantly higher compared to the levels of WT mice (p < 0.001 

WT to APP/PS1tg; Figure 3.12C; p < 0.001 WT to APP/PS1tg, p < 0.05 WT to 

APP/PS1-hIL37tg; Figure 3.12D). Surprisingly, no significant increase in CD68 

expressing cells was detected in 9–12-month-old APP/PS1-hIL37tg mice compared 

to WT. However, very importantly, it turned out that at both ages (9-12 and 20-23 

months), the APP/PS1-hIL37 transgenic mice had a significantly lower percent cell 

number of positive CD68 staining compared with the APP/PS1tg animals (p < 0.05 

APP/PS1tg to APP/PS1-hIL37tg; Figure 3.12C; p < 0.05 APP/PS1tg to APP/PS1-

hIL37tg; Figure 3.12D). 
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Figure 3.12: In different ages APP/PS1-hIL37tg transgenic mice showed lower levels of CD68 
compared to APP/PS1tg mice. (A) FACS analysis was performed and cells were gated towards 
CD11b+ and CD45low population and plotted for the positive CD68 signals. (B-D) Wild-type, 
APP/PS1tg and APP/PS1-hIL37tg mice were analyzed at 6, 9-12 and 20-23 months of age. 
APP/PS1tg mice have significantly increased levels of CD68 at all three ages compared to WT mice, 
which is significantly reduced in the two older stages in APP/PS1-hIL37tg animals. All data are means 
± SEM. * p < 0.05; *** p < 0.001 compared to WT; + p < 0.05 compared to APP/PS1tg (one-way 
ANOVA with Bonferroni’s post hoc test in each). 

One of the main hallmarks of Alzheimer’s disease accumulations of the Aβ-protein, 

Aβ plaques known to significantly contribute to the onset and progression of the 

disease. Therefore, the density and the size of Congo-Red stained Aβ plaques were 

compared between APP/PS1tg and APP/PS1-hIL37tg mice. A qualitative analysis 

showed a stronger staining in the area of the hippocampus and the cortex of 

APP/PS1tg mice compared to APP/PS1-hIL37tg mice (Figure 3.13A). After 

quantification, a significantly lower plaque density was shown in both, the 

hippocampus (p < 0.05) and the cortex (p < 0.001) of the APP/PS1-hIL37tg mice 

compared to APP/PS1tg mice (Figure 3.13B). Indeed, the average plaque size was 

significantly lower in APP/PS1-hIL37tg mice both in the hippocampus (p < 0.05) and 

the cortex (p < 0.001) compared to APP/PS1tg mice (Figure 3.13C). 
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Figure 3.13: APP/PS1-hIL37tg animals exhibited lower amounts and smaller-sized Aβ plaques 
in the area of hippocampus and cortex. (A) Congo Red staining was performed and analyzed. 
Representative images of the staining in APP/PS1tg and APP/PS1-hIL37tg mice. (B-C) APP/PS1 and 
APP/PS1-hIL37tg mice were analyzed towards plaque load (B) and plaque size (C) in the area of the 
hippocampus and the cortex. Scale bar 500 µm. All data are means ± SEM. + p < 0.05; +++ p < 0.001 
compared to APP/PS1tg (ttest in each). 

The observation of lower density of Aβ plaques in APP/PS1-hIL-37tg mice was 

associated to a higher activation of microglial cells shown by the increased levels of 

CD68 expression in these cells. Thus, the question arose whether  the expression of 

IL-37 results in a lower deposition of Aβ or whether the phagocytic ability of microglial 

cell is increased. To address this question, FACS analysis was performed in eGFP-

expressing microglial cells derived from WT-CX3CR1GFP, APP/PS1tg-CX3CR1GFP 

and APP/PS1-hIL37tg-CX3CR1GFP mice previously injected with methoxy-X04 to 

specifically label amyloid. First, the CX3CR1 positive cell population within the FSC 

and FITC laser region was selected (Figure 3.14A) and of those the positive methoxy 

cells in the PE laser region were filtered (Figure 3.14B). Anaylsis of these cells 

revealed a significant increase in methoxy-positive signals in the microglia derived 

from APP/PS1tg (27.32% expressing cells) and APP/PS1-hIL37tg (37.02%) 
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compared with WT cells (4.37%) (p < 0.001 WT to APP/PS1tg, p < 0.001 WT to 

APP/PS1-hIL37tg; Figure 3.14C). Interestingly, APP/PS1-hIL37tg cells showed in 

addition a significant increase in methoxy-positive signals compared with cells from 

APP/PS1tg mice (p < 0.01 APP/PS1tg to APP/PS1-hIL37tg; Figure 3.14C).  

 

Figure 3.14: APP/PS1-hIL37tg mice represented higher Methoxy uptake by Microglia compared 
to APP/PS1tg mice. (A) Gated cells are represented as FITC-positive cells. (B) Example graph for 
the three genotypes for regarding to positive PE-signals for the Methoxy expression. (C) Quantified 
analysis showed significant higher amounts of Methoxy uptake in gated microglial cells in APP/PS1-
hIL37tg mice compared to APP/PS1tg. All data are means ± SEM. *** p < 0.001 compared to WT; ++ 
p < 0.01 comapred to APP/PS1tg (one-way ANOVA with Bonferroni’s post hoc test). 

The results described so far showed a reduced pro-inflammatory activation of 

microglial cells, a reduced density and size of Aβ plaques and an increased uptake of 

amyloid protein into microglial cells derived from APP/PS1-hIL37 transgenic mice. 

Next, neuronal morphology was analyzed to investigate whether the activation of 

microglial cells derived from APP/PS1tg lead to morphological changes in neurons. 

To this aim, the Golgi staining method was performed on brain sections from WT, 

APP/PS1tg and APP/PS1-hIL37tg mice. The representative images in Figure 22A 

showed a higher spine density in dendrites of pyramidal neurons in the CA1 area of 

WT mice compared to those dendrites of APP/PS1tg mice. Quantification of these 

data showed a significantly lower number of spines per micrometer dendrite (1.27 

spines / µm) on neurons of APP/PS1tg mice compared to WT mice (1.52 spines / 

µm). In contrast, the dendritic spine density on dendrites from APP/PS1-hIL37tg mice 

was only slightly, not significantly lower than in WT mice (1.35 spines / µm) (p < 0.01 

WT to APP/PS1tg, p = 0.0536 WT to APP/PS1-hIL37tg; Figure 3.15B).    
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Figure 3.15: APP/PS1tg animals exhibited lower numbers of spines compared to WT and 
APP/PS1tg mice. (A) Golgi staining was performed and analyzed. Representative images of the 
staining in WT, APP/PS1tg and APP/PS1-hIL37tg mice. (B) WT, APP/PS1tg and APP/PS1-hIL37tg 
mice were analyzed towards dendritic spine density of apical CA1 pyramidal neurons in the area of the 
hippocampus. Scale bar 5 µm. All data are means ± SEM. ** p < 0.01 compared to WT (one-way 
ANOVA with Turkey’s post hoc test).  

Taken together, the results so far showed increased inflammation at the cellular level 

in 9–12-month-old APP/PS1tg mice compared with aged-matched WT control mice. 

This increased inflammation is significantly reduced by the expression of the anti-

inflammatory cytokine IL-37 for both the expression of inflammatory markers and 

microglial cell activation. Furthermore, the pathological changes at the level of 

dendritic spines in neurons could also be mitigated. To assess whether these positive 

effects of IL-37 on the AD pathology in the brain also positively affect the cognitive 

ability this was assessed for WT, APP/PS1tg and APP/PS1-hIL37tg mice using the 

Morris water maze as a spatial learning and memory task. For all three genotypes a 

progressive significantly reduced escape latency could be observed during the 8 

days of the acquisition phase from 31.9 s on day 1 to 15.37 s on day 8 in WT (p < 

0.001, F7,88 = 5.842), from 42.7 s on day 1 to 23.3 s on day 8 in APP/PS1tg (p < 0.01, 

F7,72 = 3.477) and from 44.0 s on day 1 to 21.3 s on day 8 in APP/PS1-hIL37tg (p < 

0.001, F7,80 = 4.445) (Figure 3.16A). 9–12-month-old WT mice performed significantly 

better during the first 6 days compared to APP/PS1tg mice (day 1 p < 0.05; day 3-6 p 

< 0.01) and also on the first 5 days compared to APP/PS1-hIL37tg mice (day 1 p < 

0.05; day 4-5 p < 0.05) (Figure 3.16A). Interestingly, on day 3 of acquisition phase 

APP/PS1-hIL37tg animals performed similar to WT animals and significantly better 

than the APP/PS1tg mice (day 3 p < 0.05; Figure 3.16A). The reference test 

performed on day 9 showed significant a preference towards the target quadrant 

(TQ) in WT mice (54.8%, p < 0.001) but not in APP/PS1tg mice (28.8%, p = 0.3365) 

(p < 0.001 WT compared to APP/PS1tg, Figure 3.16B). The APP/PS1-hIL37tg mice, 

however, showed a significant preference for the target quadrant and therefore a 

rescue of the cognitive phenotype of APP/PS1tg mice (39.4%, p < 0.01). The heat 
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map examples confirmed the preference towards the target quadrant in WT and 

APP/PS1-IL37tg mice (Figure 3.16C).   

 

Figure 3.16: APP/PS1-hIL37tg animals showed a rescued phenotype in the Morris water maze 
test. (A) All genotypes were trained for 8 days in the Morris water maze. The escape latency of each 
day of the acquisition phase is plotted and show significant differences in APP/PS1tg mice (B) On day 
9, the reference test was performed without the escape plattform. The time in the quadrants is plotted 
and showing significant preference in WT and APP/PS1-hIL37tg towards the targed quadrant (TQ). In 
contrast there is no preference in APP/PS1tg animals comparing TQ and the non-targed quadrants 
(NT). (C) Representative plotts of the reference test visualized in a head map. All data are means ± 
SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to WT; + p < 0.05 compared to APP/PS1tg; ^^ p 
< 0.01; ^^^ p < 0.001 compared to non-target quadrant (in A one-way ANOVA for each genotype; two-
way ANOVA comparing genotypes with Fisher’s LSD post hoc test; in B ttest for each genotype, one-
way ANOVA comparing genotypes with Turkey’s post hoc test). 

In summary, Part 1 of this study demonstrated a positive effect of the expression of 

the anti-inflammatory protein IL-37 in suppressing inflammation upon both an acute 

stimulus, and thus a short-term or rapid inflammation as well as in a mouse model of 

a chronic disease, here Alzheimer’s disease where cognitive deficits could be 

prevented. In Part 2, the influence of a synthetically produced substance 

(dapansutrile; OLT1177), which inhibits the NLRP3 inflammasome activity was 

investigated in a mouse model of Alzheimer’s disease (APP/PS1 mouse line).  
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3.5 The synthetically produced NLRP3 inflammasome inhibitor 

Dapansutrile reduced pro-inflammatory cytokines release from 

microglial cells in vitro 

The results above showed positive effects of an anti-inflammatory protein on both 

acute and chronic inflammation. In the following experiments the effect of a synthetic 

inhibitor of the NLRP3 inflammasome was analyzed. Dapansutrile/OLT1177 (here 

and after referred as OLT1177) prevents NLRP3 oligomerization and consequently 

caspase-1 activation, which is required for the release of active IL-1β (Gu et al., 

1997; Hornung and Latz, 2010; Marchetti et al., 2018; Martinon et al., 2002; 

Sutterwala et al., 2014; Thornberry et al., 1992). In initial in vitro studies, primary 

microglial cultures were stimulated with 1 µg/ml LPS for 24 hours with or without 

different concentrations (5 µM or 10 µM) of the synthetic NLRP3 inflammasome 

inhibitor OLT1177 starting 30 min after LPS administration. In the last remaining hour 

of treatment, the cells were also stimulated with ATP. The three pro-inflammatory 

cytokines IL-1β (Figure 3.17A), IL-6 (Figure 3.17B) and TNF-α (Figure 3.17C) were 

measured by ELISA. Here, a high release was detected for all three cytokines in cells 

treated only with LPS and ATP (IL-1β: 247.8 pg/ml, IL-6: 1938 pg/ml, TNF-α: 2848 

pg/ml). The release was significantly lower in cells co-stimulated with OLT1177. IL-1β 

levels were reduced for cells treated with 5 µM OLT1177 and for cells treated with 10 

µM OLT1177 (p < 0.05 LPS to LPS + 5 µM OLT1177, p < 0.05 LPS to LPS + 10 µm 

OLT1177; Figure 3.17A), for IL-6 for cells treated with 5 µM OLT1177 and for cells 

treated with 10 µM OLT1177 (p < 0.001 LPS to LPS + 5 µM OLT1177; Figure 3.17B) 

and for TNF-α for cells treated with 5 µM OLT1177 and for cells treated with 10 µM 

OLT1177 (p < 0.01 LPS to LPS + 5 µM OLT1177; Figure 3.17C). 

 

Figure 3.17: Microglial cells from WT animals released significant lower amounts of pro-
inflammatory cytokines when they were treated with OLT1177 after LPS stimulus. P3-5 mice 
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were used to generate a astrocyte:microglia mixculture, which was incubated for 3 weeks. In general, 
after shaking, pure microglia cells were plated in 96-well plates. (A-C) Stimulated microglia release IL-
1β, IL-6 and TNF-α levels after 24h. Release of the pro-inflammatory cytokines IL-1β (A), IL-6 (B) and 
TNF-α (C) after stimulation of 1 µg/ml in WT microglial cells treated 30 min after LPS-stimulation with 
or without OLT1177. All data are means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001 compared to WT 
LPS-treatment (one-way ANOVA with Bonferroni’s post hoc test). 

These in vitro results demonstrated that the NLRP3 inhibitor OLT1177 is capable of 

influencing cytokine production in primary microglial cells after LPS stimulus. 

Dapansutrile (OLT1177) is known to specifically inhibit the NLRP3 inflammasome 

(Marchetti et al., 2018) and thus decrease the production of IL-1β. Treatment of 

microglial cells with this inhibitor showed a decrease in IL-6 and TNF-α in addition to 

IL-1β reduction. In summary, treatment with OLT1177 in a pure microglial culture was 

able to reduce the release of three major pro-inflammatory cytokines upon LPS 

stimulation. The next set of experiments were performed in APP/PS1tg animals 

treated with different doses of OLT1177 given via the diet. 

 

3.6 3 months of OLT1177 treatment in APP/PS1tg animals reduced 

inflammation and rescued cognitive deficits 

6-month-old WT and APP/PS1tg mice were fed with food pellets either containing 

OLT1177 or without OLT1177 for 3 months. Several animals (up to 5) were kept 

together in one cage. Each mouse was regularly checked for its weight and at the 

age of 9 months the experiments were started (Figure 3.18A). Neither WT mice (p = 

0.244, F2,49 = 1.452; Figure 3.18B) nor APP/PS1tg mice (p = 0.447, F2,87 = 0.8125; 

Figure 3.18C) showed significant differences in weight curves over the 3 month 

administration of dapansutrile (Figure 3.18B-C) 

  

Figure 3.18: Study design of APP/PS1tg animals treated with Dapansutrile. (A) 6 months old WT 
and APP/PS1tg animals were treated for 3 months with or without different doses of OLT1177. (B-C) 
The weight of each mouse was noted and plotted for 12 weeks showing no differences in WT (B) or 
APP/PS1tg (C) mice over the time. All data are means ± SEM (two-way ANOVA). 
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First the chronic inflammatory response was analyzed by measuring the levels of pro-

inflammatory cytokines in the brain as previously done in vitro. The levels measured 

in several experimental rounds were normalized and combined and showed a 

significant increase of IL-1β levels (1.359 pg/mg protein) and of IL-6 (1.409 pg/mg 

protein) for APP/PS1tg mice compared with WT mice of the same age (p < 0.05 WT 

to APP/PS1tg, Figure 3.19A; p < 0.05 WT to APP/PS1tg, Figure 3.19B). No 

significant changes were detected in TNF-α levels (p = 0.91, Figure 3.19C). 

Interestingly, the treatment with the two concentrations of OLT1177 (3.75 g and 7.5 

g) resulted in significantly lower levels of IL-1β (in 3.75 g: 0.96 pg/mg protein; p < 

0.001 and 7.5 g: 0.94 pg/mg protein; p < 0.001) and IL-6 (in 3.75 g: 1.065 pg/mg 

protein; p < 0.05 and 7.5 g: 0.799 pg/mg protein; p < 0.001) compared to APP/PS1tg 

mice. Moreover, APP/PS1tg mice treated with the higher concentration showed 

significant lower levels of TNF-α compared to APP/PS1tg control-treated mice (7.5 g: 

0.468 pg/mg protein; p < 0.05). 

Figure 3.19: APP/PS1tg mice treated with OLT1177 showed significant reduced levels of pro-

inflammatory cytokines compared to APP/PS1tg control mice. (A-C) Elevated levels of IL-1β (A), 

IL-6 (B) and TNF-α (C) in brainy lysates of APP/PS1tg control mice. All data are means ± SEM. * p < 

0.05 compared to WT; + p < 0.05; +++ p < 0.001 compared to APP/PS1tg control (one-way ANOVA 

with Turkey’s post hoc test). 

After showing the reduction of inflammatory markers within the brain tissue of 

APP/PS1tg mice due to the administration of a synthetic inflammasome inhibitor via 

the diet, microglial cells were analyzed regarding their activation. Further the question 

was investigated if the administration of OLT1177 was also able to suppress the 

microglial activation observed in APP/PS1tg mice. For this purpose, the expression of 

the microglia marker IBA-1 and CD68 was analyzed in the brain tissue. The brains of 

APP/PS1tg mice fed either control or OLT1177-containing diets were isolated and 
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sectioned and immunostained for IBA-1 and counterstained for DAPI. No differences 

in morphology or fluorescence intensity of the IBA-1 staining was detected in the 

sample images (Figure 3.20A). Also, after quantification of the number of positive 

IBA-1 cells and the number of their primary processes, similar results in APP/PS1tg 

control-treated and APP/PS1tg OLT1177-treated were observed (p = 0.084, F2,21 = 

2.788, Figure 3.20B; p = 0.475, F2,45 = 0.757, Figure 3.20C). It should be noted that 

only cells not associated with Aβ plaques could be counted. Thus, microglial 

activation was also analyzed using the FACS method to quantify the CD68 

expressing cells (Figure 3.20D). It was found that the percentage of CD68 expressing 

cells was significantly increased in APP/PS1tg mice compared to WT mice (p < 0.05 

WT to APP/PS1tg; Figure 3.20E). In contrast, this value was elevated but not 

significantly increased when comparing WT mice to APP/PS1tg mice fed 3.75 g or 

7.5 g OLT1177 (p = 0.0833 WT to APP/PS1tg 3.75 g OLT1177, p = 0.0714 WT to 

APP/PS1tg 7.5 g OLT1177, Figure 3.20E).  

 

Figure 3.20: APP/PS1tg mice treated with OLT1177 showed no differences in the number of 
IBA-1 positive cells, but showed higher levels of CD68. (A) Representative images of IBA-1 
staining (red) in APP/PS1tg mice (Control, 3.75g and 7.5g OLT1177) (DAPI in blue; scale bar 100 
µm). (B-C) Analysis of IBA-1 positive cells regarding the number of cells (B) and the number of 
primary processes (C). (D-E) FACS analysis towards the CD68 expression of CD11b+ and CD45low 
gated microglia population. All data are means ± SEM. * p < 0.05 compared to WT (in B and C one-
way ANOVA with Bonferroni’s post hoc test; in E one-way ANOVA with Fisher’s LSD post hoc test). 

Next a co-staining against IBA-1 and Aβ (BAM10) was performed to investigate 

whether the reduced activation of microglial cells in APP/PS1tg mice after 

administration of the NLRP3 inhibitor OLT1177 compared with APP/PS1tg control-
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treated mice also had an effect on the density of Aβ plaques. As seen in the example 

images, while no plaques can be seen in WT mice, the section from the APP/PS1tg 

mouse showed several plaques whose number was higher when compared to the 

section from the APP/PS1tg-7.5g-OLT1177-treated mouse (Figure 3.21A). 

Quantification showed no differences in the Aβ plaque number for the hippocampus 

(ttest p = 0.1685; Figure 3.21B), but confirmed the qualitative impression of less Aβ 

plaques in the cortex with a significant decrease in the number of plaques in 

OLT1177-treated APP/PS1tg versus APP/PS1tg control-treated mice (ttest p < 0.05; 

Figure 3.21C). 

 

Figure 3.21: APP/PS1tg mice treated with OLT1177 showed less numbers of plaques in the area 
of the cortex. (A) Representative images of IBA-1 (green) and BAM-10 (red) staining in WT and 
APP/PS1tg mice (Control and 7.5g OLT1177) (DAPI in blue; scale bar 500 µm). (B-C) Analysis of IBA-
1 positive cells regarding the number of cells (B) and the number of primary processes (C). All data 
are means ± SEM. + p < 0.05 compared to APP/PS1tg control (ttest in each). 
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Next, the question arose of whether the significant reduction in inflammation seen 

upon treatment with the synthetic inhibitor OLT1177 could also be associated to a 

rescue of the impaired spatial learning and memory in APP/PS1tg mice. The Morris 

water maze test was performed to test the cognitive behavior in treated and non-

treated APP/PS1tg mice. Following 3 days of pre-training an acquisition phase of 8 

days was performed. All experimental groups performed similarly in the test and the 

escape latency progressively significantly decreased from the first day of training to 

the last day of training (day 8) as shown in Figure 3.22A for WT (p < 0.001, F7,48 = 

4.268), APP/PS1 control (p < 0.01, F7,72 = 2.962), APP/PS1 3.75g OLT1177 (p < 

0.001, F7,72 = 5.359) and APP/PS1 7.5g OLT1177 (p < 0.001, F7,88 = 6.875, Figure 

3.22A). Especially, on day 5 and day 6 of the acquisition phase, APP/PS1tg control-

treated mice exhibited a significant higher escape latency of 43.08 s on day 5 and 

35.32 s on day 6 compared to WT mice, which represented an escape latency of 

26.07 s on day 5 and 20.83 s on day 6 (day 5: p < 0.05; day 6: p < 0.05, Figure 

3.22A). Interestingly, the 7.5g-OLT1177-treated APP/PS1tg mice showed 

significantly shorter escape latency on day 3 and day 5 of training by 29.81 s on day 

3 and 24.08 s on day 5 compared to APP/PS1tg control-treated mice (day 3: p < 

0.001; day 5: p < 0.01, Figure 3.22B). The results of the reference test, in which the 

platform was removed, showed a clear failure of the cognitive test in APP/PS1tg 

control-treated mice, represented by them only spending 25.70% of time in the targed 

quadrant (TQ) (p = 0.86). All other experimental groups exhibited a significant 

preference towards the target quadrant by 50.14% of target qudrant time in WT (p < 

0.001), 32.3% in APP/PS1tg-3.75g-OLT1177 (p < 0.05) and 41.92% in APP/PS1tg-

7.5gOLT1177 (p < 0.001) (Figure 3.22C). The comparison of the time in percent 

spent within the target quadrant between the groups showed significant differences 

comparing WT with APP/PS1tg-control (p < 0.01, F3,35 = 5.437; p < 0.01 WT to 

APP/PS1tg, Figure 3.22C). Even the preference for the target quadrant in 

APP/PS1tg-7.5g-OLT1177-treated mice showed a significant difference compared to 

APP/PS1tg control-treated mice (p < 0.05). In contrast, no difference was found in 

the quantification of the number of platform crossings (p = 0.4066, F3,36 = 0.9942, 

Figure 3.22D). The examples for the 4 groups in the heat map showed a denser 

coverage of the TQ area in WT and APP/PS1tg mice fed with OLT1177, whereas 

APP/PS1tg control-treated mice exhibited a more even coverage of the entire pool 

(Figure 3.22E). Also WT mice were fed the respective concentrations of the NLRP3 



Results | 86 
 

inhibitor and were tested in the Morris water maze assay. In the reference test, all 3 

wild-type groups were able to show a significant preference for the target quadrant 

independently of their treatment (WT: p < 0.001; WT 3.75 g OLT1177: p < 0.01; WT 

7.5 g OLT1177: p < 0.001, Figure 3.22F). 

 

Figure 3.22: APP/PS1tg mice showed a rescued phenotype in the Morris water maze test when 
treated with 7.5 g OLT1177. (A) All genotypes were trained for 8 days in the Morris water maze. The 
escape latency of each day of the acquisition phase is plotted and show significant differences in 
APP/PS1tg mice on day 5 (B) Especially on day 3 and day 5 of the acquisition phase APP/PS1tg mice 
had a significant higher escape latency comapred to WT and APP/PS1tg mice treated with 7.5 g 
OLT1177. (C) On day 9, the reference test was performed without the escape plattform. The time in 
the quadrants is plotted and showing significant preference in WT and APP/PS1tg treated with 7.5 g 
OLT1177 towards the targed quadrant (TQ). In contrast there is no preference in APP/PS1tg control-
treated or 3.75 g OLT1177-treated mice comparing TQ and the non-targed quadrants (NT). (D) The 
number of plattform crossings during the reference test showed no significant differences comparing 
all groups. (E) Representative plotts of the reference test visualized in a head map. (F) The reference 
test was in addition performed with WT mice control treated or with 3.75 g or 7.5 g OLT1177. All 
groups showed a significant tendency towards the target quadrant. All data are means ± SEM. * p < 
0.05; ** p < 0.01 compared to WT; + p < 0.05; ++ p < 0.01; +++ p < 0.001 compared to APP/PS1tg; ^ p 
< 0.05; ^^ p < 0.01; ^^^ p < 0.001 compared to non-target quadrant (in A one-way ANOVA in groups 
with Bonferroni’s post hoc test;comparing groups two-way ANOVA with Bonferroni’s post hoc test; in B 
one-way ANOVA with Turkey’s post hoc test; in C and F ttest in groups; comparing groups one-way 
ANOVA with Turkey’s post hoc test; in D one-way ANOVA with Turkey’s post hoc test). 

In summary, these data showed that both an anti-inflammatory protein (IL-37) and a 

synthetic inhibitor of inflammasome NLRP3 (OLT1177) were able to alter the 

inflammatory state of the brain tissue and the activation of resident immune cells of 

the brain toward a reduction of inflammation (Figure 3.23). Further analysis even 

showed rescue of cognitive deficits which might be correlated with these changes in 

inflammation. 
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Figure 3.23: Hyptothetical summary of the interaction between the anti-inflammatory IL-37 and 
the specific NLRP3 inflammasome inhibitor OLT1177 during neuroinflammatory processes. 
Receptors like TLR4 or IL-1R1 bind their ligands LPS or IL-1 to start a signalling cascade to activate 
NFκB. This activation leads to production of pro-inflammatory cytokines like IL-6 or TNF-α. In addition 
also pro-IL-1β gets produced, which needs to get activated/cleaved by caspase-1. To generate an 
active caspase-1, the NLRP3 inflammasome complex has to be constructed. Therefore an additional 
signal is needed to activate the NLRP3 inflammasome/caspase-1 complex. Various of stimulating 
molecules and factors are suitable like Aβ or ATP. The results of this study provide evidence, that IL-
37 is able to interact in the inflammatory signalling pathway by reducing the release of pro-
inflammatory cytokines. Furthermore, OLT1177 which inhibits the NLRP3 inflammasome shows also a 
reduction in pro-inflammatory cytokine levels. 

 

The results above indicated a possible benefit of a therapeutic approach to suppress 

inflammation in a mouse model reflecting some features of Alzheimer’s disease. A 

final experiment in the following section involves the analysis of APP/PS1tg mice in 

terms of cognitive and physical activity. 
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3.6 Repeated learning of a specific spatial memory test is sufficient 

to prevent or rescue cognitive deficits 

The data so far provided evidence that a therapeutic intervention with either an anti-

inflammatory protein (IL-37) or an engineered protein (OLT1177) can reverse or 

prevent cognitive deficits in a model of chronic neurodegenerative disease. In the 

following section, the question of whether rescue of the cognitive phenotype in 

APP/PS1tg mice can be achieved simply via training will be addressed. Wild-type 

and APP/PS1tg mice were used in this experimental setup. The same cohort of mice 

was followed for several months and trained in the water maze. Four learning and 

memory sessions were performed at 3-months intervals starting at 3 then 6, 9 and 12 

months of age. WT and APP/PS1tg mice were trained in the Morris water maze at 3 

months of age as previously described, including 3 days of pre-training, 8 days of 

acquisition phase and a reference test on days 3 and 9. In 3-month-old animals, 

while a progressive reduction in escape latency was detected in both genotypes (in 

WT from 35 s on day 1 to 14 s on day 8), it did not reach significance (WT p = 0.1 

F7,72 = 1.778; APP/PS1tg p = 0.096 F7,64 = 1.828, Figure 3.24A). With respect to the 

reference test, a significant preference for the target quadrant was shown in both 

genotypes (WT 41%; p < 0.01; APP/PS1 38%; p < 0.01, Figure 3.24B). 3 months 

later, the same mice (now 6 months old) were trained and tested again in the spatial 

memory maze. A significant reduction in escape latency (in WT from 14 s on day 1 to 

7 s on day 8) and a significant preference for the target quadrant in the reference test 

on day 9 was shown in both genotypic groups (WT p < 0.001 F7,72 = 5.770; 

APP/PS1tg p < 0.001 F7,64 = 7.181, Figure 3.24C; WT 58%; p < 0.001; APP/PS1tg 

48%; p < 0.001, Figure 3.24D). Moreover, the number of platform crossings was 

measured in all 4 training rounds and showed no significant differences between WT 

and APP/PS1tg mice, but a slight increase of platform crossings in 9 months old 

APP/PS1tg mice compared to their age-matched WT mice (Figure 3.24E-H).    
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Figure 3.24: WT and APP/PS1tg mice performed similar in the Morris water maze test. (A and C) 
All genotypes were trained for 8 days in the Morris water maze and the escape latency was decreased 
day by day in 3 months old animals (A) and 6 months old animals (C). (B and D) On day 9, the 
reference test was performed without the escape plattform. The time in the quadrants is plotted and 
showing significant preference in WT and APP/PS1tg towards the targed quadrant (TQ). (E-H) The 
number of plattform crossings during the reference test showed no significant differences comparing 
all groups and all ages. All data are means ± SEM. *** p < 0.001; ^^ p < 0.01; ^^^ p < 0.001 compared 
to non-targed (in A and C one-way ANOVA in genotype and two-way ANOVA comparing genotypes; in 
B and D ttest in genotype; in E to H ttest). 

Since cognitive deficits in the APP/PS1tg mouse model are described in the literature 

starting around 9 months of age (Garcia-Alloza et al., 2006; Jankowsky et al., 2004a; 

Jankowsky et al., 2004b; O’Leary and Brown, 2009), the focus in the following was to 

compare 9 and 12 months old mice that were trained multiple times (Figure 3.25A-D) 

with mice of the same ages trained only once (Figure 3.25E-H). In 9-month-old mice 

a reduction in the escape latency over time was seen, regardless of their genotype 

and of whether they were trained once or multiple times (WT p < 0.01 F7,72 = 3.558; 

APP/PS1tg p < 0.05 F7,64 = 2.401, Figure 3.25A; WT p < 0.001 F7,96 = 9.665; 

APP/PS1tg p < 0.05 F7,48 = 2.858, Figure 3.25E). WT mice already trained 2 times 

before showed a time of 17 s on day 1 of the third round and 6 s on day 8, in contrast 

to untrained WT mice, which needed 40 s on day 1 and 15 s on day 8. The latency 

times of the multiple trained APP/PS1tg mice were similar to those of the WT mice 

during acquisition and did not significantly differ (Figure 3.25A). However, the escape 

latency curves in untrained WT and APP/PS1tg mice differed significantly (p < 0.05 

on day 3, 5 and 6, Figure 3.25E). Surprinsingly, the reference test showed a clear 

difference between previously trained and untrained animals. 9-month-old mice that 
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had already been trained twice showed a significant preference for the target 

quadrant both for WT and APP/PS1tg mice (WT p < 0.001; APP/PS1tg p < 0.001, 

Figure 3.25B). Also WT mice which have not been trained before showed a clear and 

significant tendency to the target quadrant in the reference test (WT p < 0.001, Figure 

3.25F). In contrast, not previously trained 9-month-old APP/PS1tg mice did not show 

any preference (APP/PS1tg p = 0.5, Figure 3.25F). Even in 12-month-old animals, a 

similar result was shown. Also in 12-month-old mice, a significant progressive 

reduction in escape latency was shown in each experimental group (WT p < 0.001 

F7,64 = 7.671; APP/PS1tg p < 0.001 F7,64 = 13.53, Figure 3.25C; WT p < 0.05 F7,40 = 

3.123; APP/PS1tg p < 0.05 F7,24 = 2.495, Figure 3.25G). However, both not 

previously trained and previously trained APP/PS1tg mice showed a significantly 

slower learning curve in the acquisition phase compared to WT mice (F1,16 = 16.68: p 

< 0.05 day 1, 3 and 4 and p < 0.01 day 5, Figure 3.25C; F1,8 = 29.65: p < 0.05 day 2 

and 7 and p < 0.01 day 6, Figure 3.25G). In the subsequent reference test, WT mice, 

whether previously trained or not, showed a significant preference to the desired 

quadrant (p < 0.001, Figure 3.25D; p < 0.001, Figure 3.25H). Not previously trained 

APP/PS1tg mice didn’t show any preference, whereas in APP/PS1tg mice, which 

were trained several times, the impairment in spatial learning could be prevented and 

a significant preference for the target quadrant could be observed (p < 0.001, Figure 

3.25D; p = 0.667, Figure 3.25H).  
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Figure 3.25: Failure in the Morris water maze test was prevented by performing the test several 
times. (A, C, E and G) All genotypes were trained for 8 days in the Morris water maze and the escape 
latency was decreased day by day in 9 months old animals (A and E) and 12 months old animals (C 
and G). (B, D, F and H) On day 9, the reference test was performed without the escape plattform. The 
time in the quadrants is plotted and showing significant preference in WT and APP/PS1tg towards the 
targed quadrant (TQ) in several trained animals (B and D). In contrast APP/PS1tg mice only trained 
once with either 9 months of age (F) or 12 months of age (H) did not show significant preferences (F 
and H). All data are means ± SEM. * p < 0.05; ** p < 0.01; *** p < 0.001; ^^^ p < 0.001 compared to 
non-targed quadrant (in A, C, E and G one-way ANOVA in genotype and two-way ANOVA comparing 
genotypes with Fisher’s LSD post hoc test; in B, D, F and H ttest in genotype). 

 

Further, the data from the water maze test could be used to evaluate the use of 

hippocampus-dependent and hippocampus-independent specific search strategies 

The individual swimming paths were analyzed with the help of a parameter-based 

Matlab program (Garthe et al., 2009). The results showed a clear tendency toward 

the use of more hippocampus-dependent and a decrease of hippocampus-

independent searching strategies during the acquisition phase in WT mice, both in 

already repeatedly trained and in not previously trained 12 months old mice (trained: 

independent: day 1 69% to day 8 33%, Figure 3.26A; dependent: day 1 31% to day 8 

67%, Figure 3.26B; untrained: independent: day 1 92% to day 8 33%, Figure 3.26C; 

dependent: day 1 8% to day 8 67%, Figure 3.26D). Surprisingly, this trend was also 
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shown in APP/PS1tg mice that had been trained multiple times and exhibited only on 

day 1 significant differences compared to controls (trained: independent: day 1 92% 

to day 8 56%, day 1 p < 0.05, Figure 3.26A; dependent: day 1 8% to day 8 44%, day 

1 p < 0.05, Figure 3.26B). In contrast, in APP/PS1tg mice not previously trained, it 

could be clearly shown that mostly hippocampus-independent strategy (random 

search) was used over the entire training period showing significant differences 

compared to untrained WT animals (untrained: independent: day 1 100% to day 8 

81%, day 4-8 p < 0.05 or p < 0.001, Figure 3.26C; dependent: day 1 0% to day 8 

19%, day 4-8 p < 0.05 or p < 0.01 or p < 0.001, Figure 3.26D).  

 

Figure 3.26: Analysis of the searching strategies of 12 months old trained and untrained WT 
and APP/PS1tg mice. (A and C) The three strategies random search, scanning and chaining are 
grouped under the term hippocampus-independent search strategies. The values for independent 
strategies in trained (A) and untrained (C) are presented in these graphs. (B and D) In contrast, 
hippocampus-dependent strategies include direct swimming, focal search and directed search 
represented for trained (B) and untrained (D) dependent strategies. All data are means ± SEM. * p < 
0.05; ** p < 0.01; *** p < 0.001 (two-way ANOVA comparing genotypes with Fisher’s LSD post hoc test 
in each). 
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In conclusion, all of the 3 different approaches tested in this study to influence the 

cognitive decline observed in 9-12 month-old APP/PS1tg mice, showed a significant 

rescue effect. The presence of an anti-inflammatory cytokine IL-37 in the APP/PS1-

hIL37tg mouse or treatment for 3 months with a NLRP3 inflammasome specific 

inhibitor or the repetitive training of the same cognitive test (Morris water maze) 

resulted in an improvement in the performance in the reference test for spatial 

memory.
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4. Discussion 

Inflammatory processes play a critical role when the body needs to respond to 

infection or injury (Netea et al., 2017; Shabab et al., 2017). Thus, inflammation is 

primarily described as a successful process when it results in the elimination of 

pathogens or the triggering of tissue repair (Carson et al., 2006b). In the brain, 

inflammatory processes are described as neuroinflammation and are often 

associated to negative consequences, such as in acute and chronic brain disorders 

(Harry and Kraft, 2008; Meyer, 2014). Understanding why inflammation can be both 

beneficial and detrimental is still elusive, but may play a key role in relation to 

neuronal injury (Giatti et al., 2012). The immune cells in the brain, the microglial cells 

are the resident macrophages and are involved in brain inflammatory processes and 

neurodegenerative diseases (Harry and Kraft, 2012; Kettenmann et al., 2011; Wolf et 

al., 2017b). Microglial cells get activated by several stimuli like infection factors or 

damaged cells and tissue. The beneficial effect of activated microglia such as 

clearance of pathogens or cellular debris (neuroprotective role) can change towards 

a harmful activation leading to neuronal damage due to the release of pro-

inflammatory factors (like cytokines) or the phagocytosis of neuronal structures 

(neurotoxic / neurodegenerative role) (Carson et al., 2006a; Park et al., 2011). The 

neuroprotective role of activated microglial cells is necessary for brain homeostasis to 

keep the balance of pro- and anti-inflammatory mediators and prevent changes 

towards neurotoxicity (Neher et al., 2012; Shabab et al., 2017). In contrast, the 

increased release of pro-inflammatory cytokines in case of a prolonged detrimental 

activation of microglial cells results in a toxic neuronal environment possibly 

contributing to neurodegeneration (Lyman et al., 2014). A systemic inflammation can 

be induced for example by the injection of lipopolysaccharide (LPS), an endotoxin of 

gram-negative bacteria signaling through the toll-like receptor (TLR) known to 

activate the inflammatory response as a defense mechanism towards pathogen 

infection (Lyman et al., 2014; Shabab et al., 2017). In recent decades, 

neuroinflammation has been added as an important hallmark in many 

neurodegenerative diseases such as multiple sclerosis (MS), Alzheimer’s disease 

(AD) or Parkinson’s disease (PD) (Carson et al., 2006b). Especially in AD, the 

progressive loss of cognitive abilities reflects the unstoppable course of the disease 

(Akbar et al., 2016; Su et al., 2016). So far incurable, AD describes the most cases 

among dementias and is one of the most significant causes of disability among the 
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elderly (Akbar et al., 2016; Su et al., 2016). The release and accumulation of 

amyloid-β peptide probably lead to cerebral atrophy resulting in the shrinkage of 

brain tissue / brain volume (Akbar et al., 2016; O’Connor and Boulis, 2015). Recent 

studies show that well before the loss of synaptic structures and neurons, 

neuroinflammatory processes are critical in the progression of the disease (Frank-

Cannon et al., 2009) as, pro-inflammatory mediators are expressed locally in the 

tissue but in addition can be involved in the disruption of the blood-brain barrier 

(BBB) (Blamire et al., 2000), which can lead to an accumulation of peripheral immune 

cells contributing in neurotoxic or neurodegenerative processes (Allan and Rothwell, 

2003). Indeed, an early sign of neuroinflammation is microglial activation (Carson et 

al., 2006a), determined by an increased release of pro-inflammatory cytokines such 

as IL-1β and TNF-α (Shabab et al., 2017). IL-1β in particular is a crucial mediator in 

the course of AD (Swaroop et al., 2016) secreted from abnormal or chronic microglial 

cell activation as response to AD progression (Heneka et al., 2015; Swaroop et al., 

2016). The underlying cellular and molecular mechanisms of neuroinflammation 

related to microglia are closely associated with cognitive deficits both in aging and in 

the course of neurodegenerative processes in AD (Chen et al., 2016; Lyman et al., 

2014; Shabab et al., 2017; Wu et al., 2016). During inflammation the microglial 

phagocytosis of synaptic components, which is in healthy condition an important 

mechanism to shape neuronal circuitry (Paolicelli et al., 2011; Tremblay et al., 2010; 

Wake et al., 2009), turns into an aggressive process leading to excessive synaptic 

remodeling contributing to changes in cognition, neurodegeneration and brain 

atrophy (Blum-Degen et al., 1995; Miller and Spencer, 2014; Mrak and Griffin, 2005; 

Tarkowski, 2002). 

Thus, microglial activation plays an important role in the progression of the disease, 

but can also, due to chronic inflammation, cause microglial cells to “age” like other 

somatic cells (Shabab et al., 2017). Because activated microglial cells trigger 

neuroinflammatory processes, thereby promoting neuronal destruction and 

progressive neurodegeneration, brain immune cells have become the focus for the 

development of new therapeutic approaches. Indeed, anti-inflammatory mediators 

could reduce inflammation and thereby improve cognitive abilities in AD patients 

(Vyas et al., 2016; Wu et al., 2016). 
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4.1 The anti-inflammatory cytokine IL-37 reduces microglial 

activation and neuroinflammation upon LPS injection 

Neuroinflammation has increasingly become the main focus in the development of 

therapeutic approaches for AD. In this context, this study assesses the effect of 

different approaches to regulate inflammatory processes in achieving a beneficial 

effect on the cognitive impairment observed in brain-related inflammatory disorders. 

In the first part of this work the effects of over-expressing the anti-inflammatory 

cytokine IL-37 were studied by using a humanized IL-37 transgenic mouse (hIL-37tg). 

Unlike other IL-1 family members an IL-37 homologue gene has not been identified in 

the mouse so far (Cavalli and Dinarello, 2018). In humans IL-37 is upregulated in 

patients with inflammatory diseases and is supposed to limit excessive inflammation 

(Cavalli and Dinarello, 2018). Importantly, comparable anti-inflammatory function of 

the human IL-37 gene in generated hIL-37tg mice was demonstrated regarding many 

pro-inflammatory conditions (Ballak et al., 2014; Coll-Miró et al., 2016; McNamee et 

al., 2011; Nold-Petry et al., 2015; Nold et al., 2010; Yousif et al., 2011). The 

inflammatory response after an acute stimulating event, in this case the 

intraperitoneal injection of lipopolysaccharide (LPS), was detected in wild-type (WT) 

mice and compared to the responses in hIL-37tg animals. Previous studies 

demonstrated elevated levels of IL-6, TNF-α and IL-1β in mouse models of septic 

shock following the systemic administration of LPS (Lemstra et al., 2007; Widmann 

and Heneka, 2014). Initially, in in vitro experiments primary microglial cells were 

produced to be used as an assay to test for acute inflammation in a pure microglial 

culture. An increased release of pro-inflammatory cytokines such as IL-1β, TNF-α or 

IL-6 could be shown after LPS stimulation as also previously described (Olson and 

Miller, 2004). Indeed, LPS is able to activate microglial cells directly due to their 

expression of TLR4 receptors (Rivest, 2003; Zhou et al., 2006). It was already shown 

that expression of IL-37 in macrophages or epithelial cells reduces pro-inflammatory 

cytokines after LPS treatment (Nold et al., 2010). This work shows that also primary 

microglial cells from hIL-37tg mice stimulated with LPS release significantly lower 

levels of IL-1β, TNF-α and IL-6. Thus, it can be shown that IL-37 is also able to signal 

and reduce a pro-inflammatory response in immune cells of the brain, which is in line 

with recently published results of human microglia (Conti et al., 2020; Tsilioni et al., 

2019). This is additionally based on studies showing the expression of the important 

proteins of the IL-37 signaling cascade on CNS-related cells. Both the IL-18Rα and 
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SIGIRR receptors are also expressed in microglial cells (Andre et al., 2005). The 

signaling of IL-37 was demonstrated in human blood monocytes stimulated with IL-1 

or TLR agonists showing IL-37 binds the IL-18Rα and recruits the SIGIRR receptor 

resulting in a weak pro-inflammatory signal (Cavalli and Dinarello, 2018; Nold-Petry 

et al., 2015). Importantly, confirmation of the interaction of IL-37 with SIGIRR and 

with IL-18Rα was shown in bone-marrow-derived macrophages (BMDMs) from hIL-

37tg mice (Nold-Petry et al., 2015). 

In addition, the analysis of cytokine release by microglia confirmed the importance of 

different conditions to release certain pro-inflammatory cytokines. While the 

production of both IL-6 and TNF-α is independent from the activation of the NLRP3 

inflammasome, the maturation of IL-1β is very much dependent on it as this was 

demonstrated by the response to the additional treatment with ATP. The levels of IL-

6 and TNF-α showed similar values, whereas IL-1β could only be detected in large 

amounts when ATP was added.  

Next, in vivo analysis was performed using the hIL-37tg mouse line, which was 

previously described to show no specific phenotype (Dinarello, 2018). To validate the 

cognitive abilities of IL-37tg (heterozygous and homozygous) mice compared to WT 

mice (control) the Morris water maze test was performed (Morris, 1984). According to 

the previous description of Nold and colleagues (Nold et al., 2010), no difference 

could be found in the healthy situation in this study either. However, homozygous 

hIL-37tg mice showed a slightly better performance compared to WT mice. Although 

there were no differences in escape time and distance or in the search strategies 

used in the learning phase from day 1 to day 8, the reference test showed 

differences on day 3 and day 9. On day 3 in the reference test the hIL-37tg 

homozygous mice showed a significant preference for the target quadrant which 

could be associated with a faster learning of the memory task. Moreover, with regard 

to platform crossings, describing the precise location of the platform, homozygous 

hIL-37tg mice had significantly higher number of hits compared to WT mice in the 

reference test on day 9. Further behavioral experiments need to be done to analyze 

possible benefits of the anti-inflammatory cytokine IL-37 during learning and memory 

consolidation. 

Subsequently, further experiments were performed in vivo in a mouse model of septic 

shock by injecting WT and hIL-37tg mice with LPS. It has been previously shown that 
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systemic (intraperitoneal; i.p.) administration of LPS can lead to neuroinflammation 

(Zhou et al., 2006). This has been shown by pro-inflammatory cytokines as well as 

analyzing microglial activation (Buttini et al., 1996; Zhou et al., 2006). To use an 

appropriate dose of LPS resulting in both neuroinflammation and changes in 

neuronal structure, 0.2 mg/kg LPS was first injected i.p. according to previous studies 

(Beyer et al., 2020). The levels of IL-1β and IL-6 were significantly increased in 

plasma after LPS administration, whereas only IL-6 levels were increased in brain 

tissue. In order to analyze the effects of neuroinflammation on the morphology of 

neuronal dendrites of hippocampal CA1 and DG cells, a higher dose of 0.5 mg/kg 

LPS was therefore chosen, which has already been described for the influence on 

neuronal architecture (Kondo et al., 2011). There was no difference in the number of 

spines between WT and hIL-37tg mice in the unstimulated situation. However, when 

the density of spines was analyzed for mice of both genotypes injected with LPS 

according to the different protocols, an acute effect including a defect in neuronal 

morphology could only be detected in WT animals injected twice with LPS and 

examined 24 hours after the last injection in the area of the dentate gyrus.  

After new findings published by Wendeln and colleagues (2018), the stimulation 

protocol was adapted accordingly (Wendeln et al., 2018). According to this protocol, 

WT and hIL-37tg mice were now injected twice with 0.5 mg/kg LPS i.p., 24 hours 

apart and the brain was harvested three hours after the last LPS administration. 

Thereby, the injected mice lost significant weight already after the first dose 

regardless of genotype. Although hIL-37tg mice also lost weight, this was significantly 

less compared to WT animals. This result is comparable to previous studies in which 

IL-37 was suggested to provide protection against septic shock (Nold et al., 2010). 

Increased levels of pro-inflammatory IL-1β and an increased number of IBA-1-

positive cells are the first signs of neuroinflammation (Shabab et al., 2017; Widmann 

and Heneka, 2014; Yang et al., 2013). These first features of an immune response in 

brain tissue, could each be reduced in the presence of the anti-inflammatory cytokine 

IL-37. One exception represents the number of processes in WT and hIL-37tg mice. 

Upon systemic immune stimulation quantitative analysis of microglial cells did not 

reveal morphological differences typical for their activation in WT mice (Kettenmann 

et al., 2011; Yang et al., 2013). Although the significantly increased number of 

primary processes in the treated hIL-37tg mice could be correlated to reduced-
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activated microglial cells in a mouse expressing an anti-inflammatory protein, it can 

also be explained by the one cell with a high number of primary processes (outlier).  

Another important hallmark of microglial cell activation is represented by the strong 

increase in the expression of the surface protein CD68 (Jurga et al., 2020; 

Kettenmann et al., 2011; Yang et al., 2013). For this purpose, the brain was used for 

Fluorescence Activated Cell Sorting (FACS) analysis. The results are in line with the 

previous detected characteristics of activated microglial cells as they showed 

significantly reduced percent of CD68 expressing cells in LPS-stimulated hIL-37tg 

mice compared to LPS-stimulated WT mice.  

After showing signs of neuroinflammation upon peripheral LPS administration, the 

study continued to investigate whether the expression of IL-37 following the lower 

activation of microglial cells and the reduced release of pro-inflammatory cytokines in 

hIL-37tg mice had an effect on neuronal cells. The morphology of the dendrites of 

hippocampal pyramidal neurons from the CA1 region and neurons from the dentate 

gyrus (DG) region were analyzed. Crucially, the results for the spine density of WT 

animals showed a reduction in the number of spines in both regions of the 

hippocampus upon peripheral LPS treatment, whereas in hIL-37tg mice the effect of 

an immune stimulation on dendritic spine density was rescued, in that no significant 

decrease in spines per dendrite can be shown. Microglia are known to be involved in 

phagocytosis of neuronal debris upon injury or infections (Graeber and Streit, 2010; 

Miyamoto et al., 2013; Perry and Gordon, 1988) but in more detail also in 

phagocytosis of neuronal structures like axonal terminals and synapses (Miyamoto et 

al., 2013; Oliveira et al., 2004; Yamada et al., 2008). The microglia-synapse contacts 

regarding to shape of neural circuits by pruning of synapses during healthy 

development and in response to injury had been already demonstrated (Miyamoto et 

al., 2013; Tremblay et al., 2010). Observations of microglia-synapse interactions in 

neurodegenerative disease suggest an important role of microglial phagocytosis in 

response to neuroinflammation (Miyamoto et al., 2013). It remains unknown how 

microglial cells contact synapses through specific signals named as “find-me” and 

“eat-me”. Furthermore, it remains to be explored how microglial cells recognize less 

or more activated neurons and why phagocytosis by microglia distinguishes between 

inhibitory and excitatory synapses (Miyamoto et al., 2013).   
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In addition to the rescued morphological phenotype of hippocampal neurons, a 

rescue of the LPS-induced impairments of synaptic transmission was also 

demonstrated in experiments performed by Dr. Shirin Hosseini. In 

electrophysiological experiments, the long-term potentiation (LTP) of axons of CA3-

CA1 pyramidal neurons, the so-called Schaffer collaterals, was measured. WT 

animals that received peripheral stimulation by LPS exhibited decreased LTP 

compared with WT control animals. In contrast, this impaired LTP by systemic LPS 

administration could not be shown in hIL-37tg mice (Figure 4.1) (Lonnemann et al., 

under review). Thus, it is most likely that by reducing inflammation in brain tissue, 

LTP could be rescued.  

 

Figure 4.1: Significant impairment in long-term potentiation (LTP) in Wild-type mice treated 
with intraperitoneally LPS. Wild-type and hIL-37tg mice were treated either with saline (NaCl 0.9%) 
or 2x 0.5 mg/kg LPS i.p. and sacrificed 3h after the second stimulus. (A) WT mice showed a significant 
impairment in LTP induced by theta-burst stimulation (TBS) after peripheral injection of LPS, 
compared to their control-treated littermates. (B) In contrast, comparing hIL-37tg mice treated and 
control-treated, hIL-37tg mice showed no significant differences in LTP after peripheral injection of 
LPS. (C) The mean LTP values (average of the last 5 min of recording) was significantly lower in WT 
LPS-treated mice, whereas no differences were detected in hIL-37tg animals. All data are means ± 
SEM. ** p < 0.01 (two-way ANOVA in each). Dr. Shirin Hosseini performed this experiment. 

 

The experiments described so far aim to show that the peripheral administration of 

the endotoxin, LPS, has a strong effect on the neuronal tissue and related cells. A 

critical issue is whether the administered LPS can penetrate into the brain and thus 

have a direct effect on neuronal cells or whether peripheral processes of the immune 

response have an influence on the brain. The IL-37 transgene has an instability 

sequence which is stabilized upon immune stimulation resulting in increased IL-37 

expression. An important question is whether the effects of a peripheral LPS 

administration on the brain are prevented because IL-37 suppresses the peripheral 

immune response or because it’s local expression in the brain. By another 

electrophysiological experiment of Dr. Shirin Hosseini, it could be shown that acute 

slices obtained from the hIL-37tg mouse treated ex vivo with LPS could show a 
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rescue effect on LTP similar to the one observed in systemically LPS-treated hIL-37tg 

mice (Figure 4.2) (Lonnemann et al., under review). Thus, it can be suggested that 

IL-37 may exhibit beneficial effects locally in the brain. Microglial cells can be 

activated by LPS but also by other stimuli such as pro-inflammatory cytokines (Buttini 

et al., 1996; Zhou et al., 2006). Stable production of IL-37 can also be achieved by 

various mediators such as IL-1β (Cavalli and Dinarello, 2018; Nold et al., 2010). The 

results shown are consistent with the literature. It is further suggested that small 

amounts of LPS can penetrate through an intact blood-brain barrier (BBB) into the 

brain after peripheral administration (Nadeau and Rivest, 1999). For the most part, it 

is assumed that peripheral inflammatory factors trigger inflammatory processes in the 

brain (Block and Hong, 2005; Chakravarty and Herkenham, 2005; Ji et al., 2008; Kim 

et al., 2000; Laflamme et al., 2003; Qin et al., 2007; Wu et al., 2011; Yang et al., 

2013). Thus, both LPS and pro-inflammatory cytokines can activate microglia and 

promote IL-37 release. 

 

Figure 4.2: Significant impairment in long-term potentiation (LTP) in Wild-type mice treated 
with LPS ex vivo. Wild-type and hIL-37tg mice were treated either with ACSF or LPSfor 2-3h. (A) 
Acute slices of WT mice showed a significant impairment in LTP induced by theta-burst stimulation 
(TBS) after LPS treatment, compared with control-treated slices. (B) In contrast, comparing section of 
IL-37tg mice treated and control-treated, these acute slices of hIL-37tg mice showed no significant 
differences in LTP after LPS stimulation. (C) The mean LTP values (average of the last 5 min of 
recording) was significantly lower in WT LPS-treated slices, whereas no differences were detected in 
hIL-37tg sections. All data are means ± SEM. ** p < 0.01 (two-way ANOVA in each). Dr. Shirin 
Hosseini performed this experiment. 

 

Long term potentiation is supposed to be a cellular correlate of learning and memory 

processes. Thus, since in hIL-37tg mice a rescue of the LPS-induced LTP 

impairments could be observed in the hippocampal circuits, the question arises if in 

the regulation also the neuroinflammation and the cognitive deficits could be 

positively affected. Therefore, a cognitive behavioral test, the Y-maze, was performed 

in mice upon immune stimulation. Neuroinflammation was achieved due to peripheral 
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stimulation with recombinant IL-1β (rIL-1β) and detected in brain lysates by increased 

levels of pro-inflammatory cytokines IL-6 and IL-1α. In contrast to previous 

experiments, here, recombinant IL-37 (rIL-37) was used instead of the hIL-37 

transgenic mouse. Pre-treatment with rIL-37 following systemic stimulation with rIL-

1β showed significantly lower amounts of IL-6 and IL-1α compared to rIL-1β-treated 

control animals. Furthermore, the rIL-37 administration showed a rescue effect in the 

cognitive test of the Y-maze, whereas rIL-1β-treated control mice showed 

impairments in the performance of the test. These findings are in line with other 

studies showing the highly potential of recombinant IL-37 as a therapeutic approach 

in inflammation and diseases (Cavalli and Dinarello, 2018). 

 

4.2 Rescued cognitive impairment in APP/PS1-hIL37tg mice indicate 

crucial role for IL-37 in the progression of AD  

The previous results thus show a beneficial and profitable effect in relation to the 

expression of the anti-inflammatory cytokine IL-37. In the further course of this study, 

the question was investigated whether IL-37 is also able to play a role in limiting or 

reducing the processes in a chronically persistent neuroinflammatory situation, such 

as the progression of Alzheimer's disease. 

First, in vitro experiments were performed to determine whether IL-37 affects the 

activation of primary microglial cells treated with the Aβ molecule. The activation 

upon Aβ is in line with other studies showing the release of inflammatory mediators 

(Ayasolla et al., 2004; Cai et al., 2014; Garção et al., 2006; Hu et al., 1998; O’Barr 

and Cooper, 2000; Szczepanik and Ringheim, 2003).       

There is a strong consensus that microglial activation by Aβ is an important 

component of early AD (Cai et al., 2014; Heneka et al., 2005; Janelsins et al., 2005) 

and also a contributor to neuroinflammatory progression in AD (Bamberger and 

Landreth, 2001; Cai et al., 2014; Craft et al., 2005; Grzanna et al., 2004; Lindberg et 

al., 2005a; Lindberg et al., 2005b; Patel et al., 2005; Sondag et al., 2009; Zaheer et 

al., 2008). For the following experiments the APP/PS1tg mouse line was chosen, 

which represents a reliable model for AD showing Aβ plaques at the age of 4 to 6 

months and learning deficits in a spatial memory test at 8 months (Garcia-Alloza et 

al., 2006; Jankowsky et al., 2004a; Jankowsky et al., 2004b; O’Leary and Brown, 
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2009). To investigate the role of IL-37 during the progression of AD, the hIL-37tg 

mouse line was crossed into the APP/PS1tg mouse line to generate APP/PS1-hIL37 

transgenic mice (Lonnemann et al., under review). In 9-12-month-old animals of each 

genotype (WT, APP/PS1tg, and APP/PS1-hIL37tg), cytokine levels for IL-6 and IL-1β 

were first measured and showed a significant reduction in APP/PS1-hIL37tg brain 

lysates compared with samples from the APP/PS1tg animals. These important pro-

inflammatory factors have previously been linked to AD and microglial activation 

(Heneka et al., 2015; Prinz et al., 2011). Thus, microglial activation was examined by 

the amount of cells positive for CD68. This was demonstrated to be significantly 

reduced in APP/PS1-hIL37tg animals compared to APP/PS1tg animals. Although 

increased activation was shown in 6-month-old APP/PS1tg and APP/PS1-hIL37tg 

animals compared with WT animals, reduced activation in the presence of IL-37 

protein was detected in 9-12- and 20-23-month-old animals compared to APP/PS1tg 

samples. A general trend can even be seen in WT animals, which showed increased 

microglial activation at 9-12 months of age compared to young adults (6 months of 

age). This activation is maintained in WT animals at 20-23 months of age. However, 

at all ages, it is clear that APP/PS1tg animals showed a significant increase in CD68-

positive cells compared with WT cells. Aging and neurodegenerative disease both 

reflect a disturbed homeostasis in which, especially microglial cells undergo changes 

in morphology and function (Mosher and Wyss-Coray, 2014; Udeochu et al., 2016). 

The increased activation in WT animals can be substantiated by their aging and 

could also be shown in other species, such as in humans, monkeys or rats (Dickson 

et al., 1992; Luo et al., 2010; Ogura et al., 1994; Peters et al., 1991; Sheffield and 

Berman, 1998).   

To investigate whether the reduced levels of pro-inflammatory cytokines and 

microglial cells affect the amount of Aβ plaques, Congo Red staining was performed 

in sections from 9-12-month-old animals. Here, it was found that in both, the 

hippocampal and cortex region, there was a significantly reduced number and size of 

Aβ plaques in APP/PS1-hIL37tg mice compared with APP/PS1tg control mice. 

Amyloid-β deposits have been an interesting focus for research related to the 

amyloid hypothesis for several years. For example, the methodology of 

immunotherapy against Aβ peptides has been used in several studies with great 

relevance for mouse models and clinical trials. Immunizations against Aβ in these 

studies showed a reduction in plaque amount and further even an improvement in 
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cognitive tests (Janus et al., 2000; Morgan et al., 2000; Schenk et al., 1999; Wilcock 

and Colton, 2008). Next, the question arose whether the lower amount of deposition 

was related to microglial cells and their phagocytic activity. For this purpose, FACS 

analysis was performed by measuring cells with respect to positive methoxy staining. 

The results demonstrated a significantly increased amount of cells that have taken up 

methoxy/Aβ in the APP/PS1-hIL37 transgenic mouse, whereas samples from the 

APP/PS1tg mouse have fewer positive methoxy cells. Thus, it can be assumed that a 

lower amount of Aβ plaques resulting from an increased phagocytosis activity of 

microglial cells is the result of the anti-inflammatory properties of IL-37. This 

conclusion has already been shown recently in another study by Schoch and 

colleagues (2021).  In their experiments, Trem2-lowering resulted in prevention of 

plaque deposition as well as enhancement of plaque clearance (Schoch et al., 2021). 

Other studies suggested prolonged production of pro-inflammatory cytokines to be 

associated with cognitive diseases as high concentrations of pro-inflammatory 

cytokines are found in AD (Blum-Degen et al., 1995; Mrak and Griffin, 2005; 

Tarkowski, 2002) and are directly leading to amyloid-β formation (Goldgaber et al., 

1989; Miller and Spencer, 2014; Ringheim et al., 1998). This again demonstrates the 

important role of microglial regulation in aging and in progressive neurodegenerative 

diseases (Kang et al., 2018; Keren-Shaul et al., 2017; Krasemann et al., 2017; 

Schoch et al., 2021).  

In addition to the previously described hallmarks of chronic neuroinflammation, such 

as inflammatory processes and CNS-related immune cell activation, pathological 

findings in AD include synaptic and neuronal loss (de Pins et al., 2019; Wirths and 

Bayer, 2012). In this study, the morphology of dendrites of hippocampal pyramidal 

neurons of the CA1 region was analyzed using Golgi staining. 9-month-old 

APP/PS1tg mice showed a significantly reduced number of dendritic spines 

compared to WT animals. In contrast, no significant reduction of dendritic spine 

density was detected in 9-month-old APP/PS1-hIL37tg mice. Thus, it can be 

assumed that the expression of an anti-inflammatory cytokine (IL-37) reduced 

neuroinflammation and had a positive effect on the loss of synaptic structure shown 

in the APP/PS1tg control situation. Microglia-synapse interactions are important for 

the strengthening of the neural circuit by eliminating weaker synapses in the 

developing brain or after injury (Miyamoto et al., 2013). However, microglia-synapse 

interactions in neurodegenerative diseases in combination with microglial activation, 
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synaptic and cognitive defects need to be further investigated (Miyamoto et al., 

2013). Few studies demonstrated a link between neuron-microglia interaction as 

shown by the release of IL-1 from microglia resulting in loss of synaptic proteins and 

impaired cognitive function (Coleman et al., 2004; Li et al., 2003; Miyamoto et al., 

2013). A turning point could be suggested by lowering pro-inflammatory mediators 

and / or increasing anti-inflammatory mediators. Another study could corroborate this 

assumption, in which overexpression of brain-derived neurotrophic factor (BDNF) 

was investigated in a mouse model of Alzheimer's disease and led to the recovery of 

dendritic spine density and morphology (de Pins et al., 2019). Microglia in the 

homeostatic situation are neuron-supportive and secrete BDNF (Elkabes et al., 1996; 

Ferrini and De Koninck, 2013; Miwa et al., 1997; Trang et al., 2011). In this sense, IL-

37 could return microglial cells from pro-inflammatory status to anti-inflammatory 

status.   

Finally, a behavioral experiment comparing cognitive abilities between WT, 

APP/PS1tg, and APP/PS1-hIL37tg mice was performed. 9-month-old APP/PS1tg 

mice were unable to successfully complete the spatial memory test. Although the 

animals were able to reduce escape latency during the acquisition phase, they 

showed no preference for the target quadrant in the following reference test. 

Surprisingly, the APP/PS1-hIL37tg mice, which in contrast to the APP/PS1tg control 

mice additionally express the anti-inflammatory cytokine IL-37, were able to 

successfully complete the test and demonstrated a similarly significant preference for 

the target quadrant compared to the WT.  

In summary, the first part of this thesis shows a reducing effect on neuroinflammation 

by the expression of IL-37, also resulting in a beneficial outcome in terms of cognitive 

phenotype in a mouse model of AD. The positive effects of reducing 

neuroinflammation in AD have already been investigated in other studies. For 

example, the very well-known drug ibuprofen, which causes decreased inflammation, 

reduced accumulations of Aβ (Lim et al., 2000) and showed significant improvements 

in the cognitive behavioral test of the Morris water maze (McKee et al., 2008). In both 

acutely and chronically disturbed homeostasis, IL-37 can be understood as a key 

regulatory player for suppressing inflammation. With regard to a therapeutic 

approach, it is important to note that a certain functioning immune response (pro-

inflammatory mediators) is important. Thus, in the presence of IL-37, inflammation is 
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not completely shut down, but brought back to a balanced homeostasis. Microglial 

cells appear to be less activated by increased levels of IL-37 and consequently 

secrete fewer amounts of pro-inflammatory cytokines and exhibit increased 

phagocytic activity to clear Aβ (Figure 4.3).               

 

Figure 4.3: The supposed influence of the anti-inflammatory cytokine IL-37. The presence of IL-
37 has beneficial effect on microglial cells by reducing the release of pro-inflammatory cytokines and 
increasing phagocytic activity towards for example Aβ. 

 

4.3 Cognitive phenotype of APP/PS1tg mice is rescued upon 

treatment with NLRP3 inflammasome inhibitor 

The regulation of neuroinflammation in an AD mouse model was investigated in the 

following with regard to the inhibition of an important inflammatory complex, the 

NLRP3 inflammasome, which has already been shown in many studies to play a 

crucial role in the activation process of the pro-inflammatory cytokine IL-1β. In 

contrast to the expression of the anti-inflammatory cytokine IL-37, in the following 

experiments a recently described small molecule, which has already achieved 

success in clinical trials, named Dapansutrile (referred as OLT1177), was used by 

oral administration to inhibit the NLRP3 inflammasome. First, primary microglial cells 

were used to study in vitro the release of pro-inflammatory cytokines specifically in 

CNS-related immune cells after treatment with OLT1177 and LPS stimulation. The 
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results demonstrated significantly reduced levels of pro-inflammatory cytokines, most 

notably IL-1β, which as mentioned above is directly activated by the NLRP3 

inflammasome complex. In addition, IL-6 and TNF-α levels were also reduced. This 

can be explained by the ability of cytokines to induce the production and release of 

other cytokines (Plata-Salaman, 2001). For example, the production of the primary 

inflammatory cytokine IL-1β can also induce another cytokine such as IL-6 (Cahill 

and Rogers, 2008). Therefore, by inhibiting specifically the NLRP3 inflammasome 

using the OLT1177 drug, the levels of IL-1β were reduced, which also had a reducing 

influence on the release of IL-6 and TNF-α levels. 

Further experiments were performed in vivo using the AD mouse model APP/PS1tg 

(Jankowsky et al., 2004a; Jankowsky et al., 2004b). Animals were fed with two 

different doses of the NLRP3 specific inhibitor OLT1177. Starting at 6 months of age, 

the drug was given via the diet for a period of 3 months. At 9 months of age, a time 

point at which Aβ plaques are already detectable and cognitive deficits appear in the 

APP/PS1tg mouse model (Garcia-Alloza et al., 2006; Jankowsky et al., 2004a; 

Jankowsky et al., 2004b; O’Leary and Brown, 2009), the animals were analyzed. The 

administration of the inhibitor (control diet, 3.75 g and 7.5 g) had no effect on the 

weight of the animals, neither in WT nor in APP/PS1tg animals. Cytokine levels in 

brain lysates from 9-month-old animals were determined by ELISA, similar as in the 

in vitro studies. IL-1β and also IL-6 levels were significantly increased in APP/PS1tg 

control animals compared with age-matched WT animals. Interestingly, both the low 

and higher doses of OLT1177 significantly reduced the levels of these two pro-

inflammatory cytokines. For TNF-α, no increase could be detected in comparison 

between WT and APP/PS1tg samples, but the high dose of OLT1177 could 

significantly reduce the levels of TNF-α. These important data support the beneficial 

effect of NLRP3 inhibition on the release of pro-inflammatory mature IL-1β during the 

course of AD. Many studies reported that IL-1β is involved in the progression 

(Ardura-Fabregat et al., 2017; Dursun et al., 2015; Sciacca et al., 2003) but also in 

the early onset of AD pathology (Ardura-Fabregat et al., 2017; Payão et al., 2012; 

Yuan et al., 2013). Thus, it can be suggested that a reduction in IL-1β release, might 

have positive effects not only on the levels of pro-inflammatory cytokines but also on 

other features of AD, such as microglial activation, Aβ plaque formation or neuronal 

dysfunction. Subsequently, microglial cells were examined specifically for their 

number and activation characteristics. Neuroinflammation is associated with 
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activation of microglial cells. Indeed, it has been reported in the literature that the 

number of Iba-1-positive cells increases (Widmann and Heneka, 2014; Yang et al., 

2013), the morphology of the cells changes towards less ramified architecture 

(Kettenmann et al., 2011; Yang et al., 2013) and surface markers such as CD68 are 

increased in expression (Jurga et al., 2020; Kettenmann et al., 2011; Yang et al., 

2013). Analysis of the cells revealed no difference in the number of Iba-1-positive 

cells in the three experimental APP/PS1tg groups (control chow, 3.75 g and 7.5 g). 

This can possibly be explained due to plaque formation leading to underestimating 

the microglial activation. Plaque-associated microglial cells could not be evaluated 

because they were superimposed. Since Aβ activates microglial cells, non-plaque-

associated cells may be less activated (Cai et al., 2014; Garção et al., 2006; Sondag 

et al., 2009). Certainly, it has been shown in other studies that the number of Iba-1-

positive cells is significantly increased in 6- to 12-months old APP/PS1tg mice 

compared to WT mice (Liu et al., 2020). However, this aspect was not investigated in 

this case, as the focus was on the comparison of APP/PS1tg untreated and treated 

mice. However, in a further analysis using FACS, a significant increase of CD68 

could be measured in microglial cells from APP/PS1tg control mice compared with 

those of WT mice. In contrast, no significant increase of CD68 was detected in 

APP/PS1tg mice treated with OLT1177.  

To investigate whether the modulating neuroinflammation has an impact on the Aβ 

plaque formation, an analysis on Aβ plaque amounts was performed, by Iba-1 and 

Bam10 identified plaque-associated microglia. Thus, Iba-1-Bam10-positive plaques 

were evaluated. Inhibition of the NLRP3 inflammasome by acute administration of 

OLT1177 caused a reduction in the number of plaques in the cortex at the high dose 

(7.5 g OLT1177), whereas no differences were detected in the hippocampus. It has 

already been demonstrated in studies by Heneka and colleagues (2013) that the 

NLRP3 inflammasome is involved in the formation of Aβ plaques. This was reflected 

in their study in which NLRP3 knockout mice were used resulting in decreased 

amyloid-β deposits (Heneka et al., 2013). 

To put the findings shown in relation to the downregulation of neuroinflammation into 

correlation of cognitive ability in the AD mouse model, testing was performed in the 

Morris water maze with APP/PS1tg mice receiving either control chow or OLT1177-

containing chow. The results of the spatial memory test showed in the reference test, 
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both the low and the high dose of OLT1177 were able to induce a rescue effect in 

APP/PS1tg mice. Hence, the acute inhibition of NLRP3 inflammasome showed 

positive effect similar to the data from NLRP3 knockout mice (Heneka et al., 2013). 

While no NLRP3 activity from the beginning is present in the NLRP3 knockout 

mouse, in acute NLRP3 inflammasome inhibition the activity is only blocked for the 

period of drug administration. The analysis of the APP/PS1tg mice was performed in 

the similar period of 7-9 months (Heneka et al., 2013) and 9 months of age (in this 

study). This suggests that blocking the NLRP3 inflammasome starting from 6 months 

of age in APP/PS1tg mice is sufficient to rescue cognitive impairments.  

In terms of a therapeutic approach, it is important to note that in these mouse studies, 

experiments were performed in very clean (sterile) conditions. Thus, animals up to 9 

months of age are not exposed to further infections or health risks. It is important to 

note that IL-1β as an important driver of inflammatory responses, is not completely 

reduced. In translation to the human situation, the human body is constantly exposed 

to infections throughout life to which the immune system must respond, including 

important cytokines such as IL-1β. IL-1β can therefore also be produced by other 

inflammatory complexes that promote caspase-1 activation, which are for example 

NLRP1, NLRC4 or AIM2 (Newton and Dixit, 2012). It can be suggested that, as 

previously described, resting microglia undergoes chronic activation by sustained 

stimuli of the Aβ molecule. Increased numbers of activated microglial cells, more pro-

inflammatory cytokine release and reduced uptake of Aβ is the result. Treatment with 

OLT1177, has a positive potential in AD resulting in fewer activated microglial cells, 

reduced release of pro-inflammatory cytokines and an increase clearance of Aβ 

molecules by phagocytosis (Figure 4.4).  

Compared to the microglia analyses in this work, it will be important to perform more 

detailed studies on individual microglial populations in the future. Iba-1 and CD68 are 

general markers for all microglial cells and also monocytes/macrophages. 

Interestingly, a new type of microglia was identified in 2017, which was described as 

a specifically neurodegenerative-associated cell type (Keren-Shaul et al., 2017). How 

these disease-associated microglia (DAM) are involved in the progression of AD or 

how they can be modulated and what role other microglial populations or infiltrated 

peripheral immune cells then play remains unclear. 
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Figure 4.4: The supposed influence of the specific NLRP3 inflammasome inhibitor OLT1177. 
The blockade of the NLRP3 inflammasome has beneficial effect due to their action on microglial cells 
by reducing their number of cells and the release of pro-inflammatory cytokines (red circles) and 
increasing phagocytic activity towards for example Aβ. 

 

4.4 Rescuing the impaired cognitive phenotype in APP/PS1tg mice 

by repeated performances in the spatial memory task of the Morris 

water maze   

The question arose as to whether training of learning and memory processes could 

prevent the cognitive decline observed in a mouse model for AD. An experiment was 

designed in which the same WT and APP/PS1tg mice were trained several times in 

the Morris water maze at 3, 6, 9 and 12 months of age. No differences were detected 

between WT and APP/PS1 mice during the acquisition phases and reference tests in 

the 3- and 6-month-old animals. APP/PS1tg mice were able to achieve comparable 

levels of significant preference for the target quadrant as WT animals. These findings 

can be explained by the fact that in young adult (3- and 6-months old) APP/PS1tg 

mice no cognitive deficits have been described yet neither Aβ deposits are present in 

a multitude to reinforce the chronic neuroinflammation (Jankowsky et al., 2004a; 



Discussion | 111 
 

Jankowsky et al., 2004b). At older ages (9 and 12 months old), APP/PS1tg mice that 

had already been trained twice successfully completed the reference test. On the 

other hand, 9- and 12-month-old APP/PS1tg mice that had no training experience 

could not successfully complete the reference test. The ability of the trained 

APP/PS1tg mice to retain the reference test and platform position can be attributed to 

the multiple repetitions of the test. The further analysis of the searching strategies 

could have highlighted these observations by demonstrating significant differences 

between hippocampus-dependent and hippocampus-independent searching 

comparing WT and APP/PS1tg mice. These findings are very much in line with 

studies assuming physical exercise and cognitive activity lead to improvement of 

age-related memory impairments and further changes AD risk (Iso-Markku et al., 

2015; Larson et al., 2006). Moreover, there are studies demonstrating the positive 

effect of physical exercise regarding Aβ plaque formation (Ahlskog et al., 2011; Black 

et al., 1990; Radak et al., 2010; Roig et al., 2013). A recent study from Stazi et al. 

(2021) showed rescue of motor deficits and preservation of spatial memory upon 

enriched environment (EE) paradigm for 4 months in a mouse model for AD (Stazi 

and Wirths, 2021).  
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5. Conclusion and outlook 

The present work was able to demonstrate the influence of neuroinflammation on 

brain tissue by both, acute systemic stimulation using a bacterial endotoxin and 

chronic sustained activation of the immune response during the progression of the 

disease in an Alzheimer's disease mouse model. Here, particular emphasis was 

placed on cognitive behavioral tests involving in particular the brain region of the 

hippocampus. Neuroinflammation, shown here, can induce cognitive deficits in both 

acute and chronic situations. The major goal of this work was to assess the role of 

different approaches to reduce neuroinflammation in reversing cognitive deficits or 

restoring cognitive performance upon acute or chronic immune activation. 

Two important aspects can be distinguished in this study. In the first part the 

influence of an endogenous human anti-inflammatory protein, for which, however, no 

homologue has been found was investigated in mice. On the other hand, a specific 

inhibitor for the NLRP3 inflammasome was investigated, which is already used for 

other diseases in clinical trials as an oral pill. The mouse model for the investigation 

of IL-37 uses an overexpression of the human IL-37 cytokine (Cavalli and Dinarello, 

2018; Nold et al., 2010) creating an artificial situation. In addition, the mouse model 

of Alzheimer's disease (APP/PS1tg mouse model), which is generated by the 

expression of the human APP protein and an additional mutation in the human 

presenilin gene, also represents an artificial situation, since mice generally do not 

develop Alzheimer's disease (Jankowsky et al., 2004a; Jankowsky et al., 2004b). 

However, the APP/PS1tg mouse model has been considered for several years as a 

very valid model for testing the amyloid protein-triggered AD hypothesis. With respect 

to the IL-37 protein, all other signaling proteins (receptors) are present in the mouse 

and also in cells of the brain (Andre et al., 2005) and an active IL-37 signaling 

cascade could be demonstrated also in the mouse (Cavalli and Dinarello, 2018; Nold-

Petry et al., 2015). The results described in the first part during acute peripheral 

immune stimulation and the positive effect of anti-inflammatory IL-37 in reducing the 

immune response and inflammation, respectively, reflect the mechanism of action of 

IL-37. In the transgenic mouse, little to no IL-37 protein is produced in the 

unstimulated situation due to an instability sequence that limits the half-life of IL-37 

mRNA. Upon stimulation, this sequence stabilizes and solid IL-37 expression occurs. 

The production of IL-37 mRNA in primary microglial cells upon LPS treatment was 

shown by Melanie Ohm (Lonnemann et al. under review).  
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In this work, the age of the APP/PS1tg mice studied played an important role. In the 

IL-37 part, 9-12-month-old animals and in the OLT1177 part, 9-month-old animals 

were examined in the cognitive test. At this relatively early age, at which deficits in 

APP/PS1tg control-treated mice were seen, learning and memory impairments were 

prevented regardless of intervention/treatment (IL-37/OLT1177). Further studies also 

need to focus on older animals to investigate whether these treatments promote 

rescue or postponement of the progression of the disease. In contrast to the acute 

LPS stimulus leading to a fast immune response, the rather "slow" chronic stimulus 

by Aβ and activated immune cells might not be sufficient for a reduction of chronic 

inflammation in the further course. Also, regarding treatment for 3 months with the 

NLRP3 inhibitor, 6-month-old animals were used in this study and treated for 3 

months. Thus, according to the literature, mice treated showed amyloid plaques, but 

no cognitive deficits yet. The question is whether only the phenotype of 6 months is 

stabilized and seen in the analysis of 9 months old mice or whether cognitive deficits 

can be rescued in older mice in case of later treatment. Furthermore, studies in 

young adult APP/PS1tg mice (6-8 weeks old) treated with OLT1177 could be 

investigated to analyze for example plaque formation and neuroinflammatory markers 

in early course of the disease suggesting a preventing approach in hallmarks of AD. 

The specific NLRP3 inhibitor dapansutrile is taken by patients as a small pill without 

side effects. Considering AD risk factors such as genetic factors like apolipoprotein E 

(APOE) (Leduc et al., 2010; Saunders et al., 1993; Strittmatter et al., 1993), triggering 

receptor expressed on myeloid cells 2 (TREM2) (Ruiz et al., 2014) or medical factors 

like obesity (Bouras et al., 1993; Gustafson, 2010; Mazon et al., 2017; Tolppanen et 

al., 2014) and traumatic brain injury (TBI) (Geddes et al., 1999; Henderson, 1988; 

Heyman et al., 1984; Jordan, 2013; McKee et al., 2014; McKee et al., 2015; McKee 

et al., 2013; Mortimer et al., 1985; Shalat et al., 1986), dapansutrile as a safe drug 

might be involved in further treatment approaches as an AD preventing model 

(Armstrong, 2019). 

If these results are projected to the human course, this would be equivalent to a very 

early treatment, in patients who do not yet show cognitive deficits. So far, the 

problem of Alzheimer's research and cure remains those hallmarks such as amyloid 

plaques or neurofibrillary tangles can only be detected after death. Important 

biomarkers for early detection of Alzheimer's disease and other dementias are under 

investigation and could facilitate early treatment of affected patients.  
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This work delineates an important aspect of neuroinflammation in neurodegenerative 

diseases and thus a very interesting therapeutic approach. The use of an 

endogenous protein could be an important factor in drug development. In other 

diseases, positive effects have already been achieved in mouse models and clinical 

trials using recombinant IL-37. Further experiments should also investigate the use of 

recombinant IL-37 in regulating neuroinflammation during Alzheimer's disease 

(APP/PS1tg mouse model) as shown in this study upon acute systemic stimulation.   

The great challenge in the fight against Alzheimer's disease is the progressive aging 

of the human population most likely leading to an increase in the number of dementia 

patients. The focus on neuroinflammation is an important part of current research, as 

inflammatory processes increase with age in the body and especially in the brain. It is 

believed that neuroinflammatory processes are activated years before the 

characteristic protein deposits (Aβ and Tau) and are involved in the early course of 

neurodegenerative diseases. However, the question remains to what extent the 

regulation and deactivation of certain inflammatory processes has a positive or 

negative effect on the disease progression. Two drugs have already been 

investigated in clinical trials, which generally inhibit inflammation. In mouse models of 

Alzheimer's disease, both ibuprofen and indomethacin were able to reduce Aβ 

accumulations in the brain (Cai et al., 2014). However, neither drug was successful in 

clinical trials (Cai et al., 2014).  

In conclusion, although neuroinflammation is a very interesting and important 

approach to the treatment of neurodegenerative diseases, much research remains to 

be done and many questions remain unanswered. For example, can 

neuroinflammation be regulated in general or does the brain also require a certain 

degree of neuroinflammatory processes, which may also be protective or beneficial? 

Is a specific regulation of microglial cells possible and helpful to limit excessive cell 

activation and the release of inflammatory mediators? What is the role of peripheral 

immune cells and their activation status? Do they infiltrate into the brain to support 

microglial cells or to interfere with the resolution of inflammation? And further, a more 

detailed and specific analysis of different microglial populations is needed. In the 

case of this study, a general neuroinflammation and its reduction in the relatively 

early stage of a chronic disease could be determined. Since Alzheimer's disease 

shows a progressive course over individual brain regions, a specific investigation of 
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these regions is also necessary in further studies. At the neuronal cell level, however, 

a rescue of the morphological phenotype could be achieved specifically in the 

hippocampus, but could also be investigated and extended to other regions.
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7. Appendix 

7.1 List of statistic values and statistic tests 

Table 7.1 | Summary of statistic values and statistic tests used in this thesis, 

orchestrated after they are plotted for the corresponding figures 

Figure Name Legend Mean±SEM n Test  Post hoc  

3.2B 100 ng/ml 

24h 

WT 

HET 

HOM 

1141±181.8 

613.3±91.11 

415.5±101.3 

5 

4 

5 

One-

way 

ANOVA 

p < 

0.01,  

F2,11 = 

7.9 

Turkey’s  

p < 0.01 

WT vs.  

IL-37hom 

 1 µg/ml, 

6h 

WT 

HET 

HOM 

333.2±63.95 

79.61±14.08 

14.33±3.999 

5 

4 

3 

One-

way 

ANOVA 

p < 

0.01,  

F2,9 = 

12.7 

Turkey’s  

p < 0.01 

WT vs.  

IL-37het 

       Turkey’s  

p < 0.01 

WT vs.  

IL-37hom 

 1 µg/ml, 

24h 

WT 

HET 

HOM 

1219±145.2 

1008±69.27 

783.6±78.79 

5 

5 

4 

One-

way 

ANOVA 

p = 

0.052,  

F2,11 = 

3.9 

Turkey’s  

p < 0.05 

WT vs.  

IL-37hom 

         

3.2C 1 µg/ml WT 

WT+ATP 

IL37 

IL37+ATP 

140.9±9.15 

2953±43.34 

78.01±7.65 

2117±136.1 

9 

9 

6 

9 

ttest p < 

0.001 

  

 100 ng/mg  WT 

WT+ATP 

IL37 

IL37+ATP 

99.94±10.5 

2646±104.4 

42.34±7.23 

1794±133.6 

9 

9 

6 

9 

ttest p < 

0.001 

  

 10 ng/ml WT 

WT+ATP 

IL37 

IL37+ATP 

26.51±6.52 

876±138.0 

3.306±2.14 

542.8±21.5 

9 

9 

6 

9 

ttest p < 

0.05 

  

3.2D 1 µg/ml WT 

WT+ATP 

4604±155.6 

4426±147.3 

9 

9 

ttest p < 

0.001 
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IL37 

IL37+ATP 

2913±242 

2753±222.7 

6 

9 

 100 ng/mg  WT 

WT+ATP 

IL37 

IL37+ATP 

3491±236.2 

3220±198.5 

1833±31.44 

1764±82.22 

9 

9 

6 

9 

ttest p < 

0.001 

  

 10 ng/ml WT 

WT+ATP 

IL37 

IL37+ATP 

1897±235.7 

1648±219.1 

797±25.81 

902.9±27.1 

9 

9 

6 

9 

ttest p < 

0.01 

  

3.2E 1 µg/ml WT 

WT+ATP 

IL37 

IL37+ATP 

1722±126.8 

1547±93.68 

1019±32.65 

1042±30.28 

9 

9 

6 

9 

ttest p < 

0.001 

  

 100 ng/mg  WT 

WT+ATP 

IL37 

IL37+ATP 

925.9±134 

778±79.23 

526±30.44 

484±19.86 

9 

9 

6 

9 

ttest p < 

0.01 

  

 10 ng/ml WT 

WT+ATP 

IL37 

IL37+ATP 

388±56.3 

312±44.07 

246±25.92 

231±16.07 

9 

9 

6 

9 

ttest p = 

0.1007 

  

         

3.3B Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

22.93±3.7 

21.30±2.8 

16.47±1.96 

11.40±1.97 

6.35±1.2 

6.18±1.8 

5.22±0.92 

5.22±0.93 

5 

5 

5 

5 

5 

5 

5 

5 

One-

way 

ANOVA 

p < 

0.001, 

F7,32 = 

12.12 

 WT 

  day 1 26.75±2.5 5 One-

way 

p < 

0.001, 

 IL-37het 
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day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

16.60±4.6 

16.02±2.9 

16.21±2.98 

14.21±3.7 

8.93±2.5 

7.49±0.9 

7.26±2.05 

5 

5 

5 

5 

5 

5 

5 

ANOVA F7,32 = 

4.724 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

28.17±8.6 

18.14±2.9 

13.85±2.2 

9.46±1.1 

5.77±1.2 

5.35±0.7 

5.54±0.6 

6.26±1.19 

5 

5 

5 

5 

5 

5 

5 

5 

One-

way 

ANOVA 

p < 

0.001, 

F7,32 = 

5.771 

 IL-37hom 

3.3C Distance day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

607.8±97.5 

549.5±74.5 

445.1±57.4 

293.5±59.1 

160.0±33.5 

160.7±52.95 

126.0±27.0 

126.8±23.0 

5 

5 

5 

5 

5 

5 

5 

5 

One-

way 

ANOVA 

p < 

0.001, 

F7,32 = 

11.71 

 WT 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

716.0±63.9 

450.3±122.2 

386.9±55.1 

433.6±80.8 

365.4±93.7 

240.2±64.9 

197.9±29.9 

193.7±58.2 

5 

5 

5 

5 

5 

5 

5 

5 

One-

way 

ANOVA 

p < 

0.001, 

F7,32 = 

5.181 

 IL-37het 

  day 1 713.6±200.4 5 One-

way 

p < 

0.001, 

 IL-37hom 
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day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

495.7±77.0 

356.5±69.3 

228.2±43.1 

138.7±35.6 

127.0±20.8 

121.3±17.2 

147.4±30.5 

5 

5 

5 

5 

5 

5 

5 

ANOVA F7,32 = 

6.737 

3.3D PT day 3 NT 

TQ 

24.02±1.89 

27.94±5.68 

5 

5 

ttest p = 

0.53 

 WT 

  NT 

TQ 

24.57±1.41 

26.28±4.22 

5 

5 

ttest p = 

0.71 

 IL-37het 

  NT 

TQ 

20.59±0.86 

38.24±2.58 

5 

5 

ttest p < 

0.001 

 IL-37hom 

3.3F PT day 9 NT 

TQ 

17.48±2.18 

47.55±6.54 

5 

5 

ttest p < 

0.01 

 WT 

  NT 

TQ 

18.11±2.53 

45.67±7.59 

5 

5 

ttest p < 

0.01 

 IL-37het 

  NT 

TQ 

10.31±2.06 

69.06±6.18 

5 

5 

ttest p < 

0.001 

 IL-37hom 

3.3G Crossings 

PT day 9 

WT 

HET 

HOM 

3.2±0.86 

3.2±0.58 

6.2±0.66 

5 

5 

5 

One-

way 

ANOVA 

p < 

0.05,  

F2,12 = 

5.921 

Turkey’s  

p < 0.05 

WT vs.  

IL-37hom 

         

3.4A Plasma IL-1β NaCl 

LPS 

163.3±3.64 

231.8±23.9 

4 

4 

ttest P < 

0.05 

 Saline vs. 

LPS 

3.4B Plasma IL-6 NaCl 

LPS 

0.03±0.03 

2208±535.2 

4 

4 

ttest P < 

0.01 

 Saline vs. 

LPS 

3.4D Brain IL-6 NaCl 

LPS 

5.23±0.36 

8.11±0.92 

4 

4 

ttest P < 

0.05 

 Saline vs. 

LPS 

         

3.5D 1x 0.5 mg/kg 

24h DG 

WT 

WT+LPS 

1.62±0.05 

1.46±0.05 

14 

15 

Two-

way 

ANOVA 

p < 

0.002, 

F1,55 = 

Fisher’s LSD 

p < 0.001 

WT LPS vs. 

IL-37hom 
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IL37 

IL37LPS 

1.7±0.06 

1.8±0.07 

15 

15 

13.81 LPS 

3.5E 2x 0.5 mg/kg 

24h CA1 

WT 

WT+LPS 

IL37 

IL37LPS 

1.62±0.05 

1.604±0.04 

1.797±0.03 

1.765±0.04 

14 

21 

20 

25 

Two-

way 

ANOVA 

p < 

0.001, 

F1,76 = 

18.10 

Fisher’s LSD 

p < 0.01 

WT LPS vs. 

IL-37hom 

LPS 

       Fisher’s LSD 

p < 0.01 

WT NaCl vs. 

IL-37hom 

NaCl 

3.5F 2x 0.5 mg/kg 

24h DG 

WT 

WT+LPS 

IL37 

IL37LPS 

1.696±0.05 

1.525±0.04 

1.703±0.03 

1.799±0.04 

16 

23 

19 

23 

Two-

way 

ANOVA 

p < 

0.01,  

F1,77 = 

11.02 

Fisher’s LSD 

p < 0.001 

WT LPS vs. 

IL-37hom 

LPS 

       Fisher’s LSD 

p < 0.01 

WT NaCl vs. 

WT LPS 

3.5G 2x 0.5 mg/kg 

96h CA1 

WT 

WT+LPS 

IL37 

IL37LPS 

1.656±0.05 

1.639±0.04 

1.692±0.07 

1.613±0.05 

13 

16 

7 

17 

Two-

way 

ANOVA 

p = 

0.93,  

F1,49 = 

0.007 

  

3.5H 2x 0.5 mg/kg 

96h DG 

WT 

WT+LPS 

IL37 

IL37LPS 

1.586±0.07 

1.572±0.06 

1.537±0.12 

1.602±0.07 

13 

14 

6 

18 

Two-

way 

ANOVA 

p = 

0.91,  

F1,47 = 

0.014 

  

         

3.6B Weight loss WT 

WT+LPS 

IL37 

IL37LPS 

100.3±0.5 

91.1±0.36 

99.8±0.63 

93.3±0.77 

10 

20 

10 

22 

Two-

way 

ANOVA 

p < 

0.001, 

F1,17 = 

220.5 

Bonferroni’s 

p < 0.001 

WT NaCl vs. 

WT LPS 

       Bonferroni’s 

p < 0.001 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

p = 

0.229, 

F1,41 = 

Bonferroni’s WT LPS vs. 

IL-37hom 
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ANOVA 1.486 p < 0.05 LPS 

3.6C IL-1β WT 

WT+LPS 

IL37 

IL37LPS 

26.92±7.57 

98.5±28.17 

23.45±6.28 

44.22±12.7 

7 

6 

6 

8 

Two-

way 

ANOVA 

p < 

0.05,  

F1,7 = 

9.399 

Bonferroni’s 

p < 0.05 

WT NaCl vs. 

WT LPS 

     Two-

way 

ANOVA 

p = 

0.09,  

F1,7 = 

3.18 

Bonferroni’s 

p < 0.05 

WT LPS vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p < 

0.05,  

F1,7 = 

9.399 

Bonferroni’s 

p = 0.75 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

3.6D IBA-1 CA1 WT 

WT+LPS 

IL37 

IL37LPS 

17688±929 

21365±785 

17195±902 

17216±861 

19 

18 

9 

17 

Two-

way 

ANOVA 

p < 

0.05,  

F1,25 = 

5.222 

Bonferroni’s 

p < 0.01 

WT NaCl vs. 

WT LPS 

       Bonferroni’s 

p > 0.99 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p < 

0.05,  

F1,34 = 

4.951 

Bonferroni’s 

p < 0.01 

WT LPS vs. 

IL-37hom 

LPS 

3.6F IBA-1 Cortex WT 

WT+LPS 

IL37 

IL37LPS 

19146±823 

24754±1076 

18183±865 

20642±950 

19 

18 

 

9 

17 

Two-

way 

ANOVA 

p < 

0.001, 

F1,25 = 

15.97 

Bonferroni’s 

p < 0.001 

WT NaCl vs. 

WT LPS 

       p= 0.323 IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p < 

0.05,  

F1,34 = 

Bonferroni’s 

p < 0.01 

WT LPS vs. 

IL-37hom 

LPS 
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5.159 

3.6G IBA-1 Cortex 

processes 

WT 

WT+LPS 

IL37 

IL37LPS 

8.23±0.21 

8.97±0.32 

8.11±0.31 

9.3±0.33 

30 

30 

18 

30 

Two-

way 

ANOVA 

p < 

0.01,  

F1,104 = 

9.865 

Bonferroni’s 

p < 0.05 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

         

3.7F CD68 WT 

WT+LPS 

IL37 

IL37LPS 

17.88±0.63 

26.58±1.18 

12.48±1.1 

12.62±1.7 

4 

4 

4 

4 

Two-

way 

ANOVA 

p < 

0.01,  

F1,6 = 

19.5 

Bonferroni’s 

p < 0.01 

WT NaCl vs. 

WT LPS 

       Bonferroni’s 

p > 0.99 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p < 

0.001,  

F1,6 = 

48.4 

Bonferroni’s 

p < 0.001 

WT LPS vs. 

IL-37hom 

LPS 

         

3.8A Spines CA1 WT 

WT+LPS 

IL37 

IL37LPS 

1.301±0.04 

1.073±0.03 

1.415±0.03 

1.316±0.02 

18 

25 

16 

21 

Two-

way 

ANOVA 

p < 

0.001, 

F1,32 = 

22.81 

Bonferroni’s 

p < 0.001 

WT NaCl vs. 

WT LPS 

       Bonferroni’s 

p = 0.1145 

IL-37hom 

NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p < 

0.001, 

F1,44 = 

26.68 

Bonferroni’s 

p < 0.001 

WT LPS vs. 

IL-37hom 

LPS 

3.8B Spines DG WT 

WT+LPS 

IL37 

IL37LPS 

1.286±0.05 

1.041±0.06 

1.176±0.04 

1.227±0.06 

15 

19 

13 

19 

Two-

way 

ANOVA 

p = 

0.08,  

F1,26 = 

3.307 

Bonferroni’s 

p < 0.01 

WT NaCl vs. 

WT LPS 

       Bonferroni’s IL-37hom 
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p > 0.99 NaCl vs. 

IL-37hom 

LPS 

     Two-

way 

ANOVA 

p = 

0.47,  

F1,36 = 

0.529 

Bonferroni’s 

p < 0.05 

WT LPS vs. 

IL-37hom 

LPS 

         

3.9C SAP Y-maze WT 

WT+IL1 

rIL37 

rIL37IL1 

70.93±10.2 

8.8±8.83 

66.95±6.09 

54.95±4.67 

4 

4 

4 

4 

Two-

way 

ANOVA 

p < 

0.01,  

F1,6 = 

18.21 

Bonferroni’s 

p < 0.01 

WT NaCl vs. 

WT rIL-1β 

     Two-

way 

ANOVA 

p < 

0.05,  

F1,6 = 

9.89 

Bonferroni’s 

p < 0.01 

WT rIL-1β vs. 

WT rIL-37 + 

rIL-1β 

     Two-

way 

ANOVA 

p < 

0.01,  

F1,6 = 

18.21 

Bonferroni’s 

p = 0.73 

WT rIL-37 vs.  

WT rIL-37 + 

rIL-1β 

3.9D IL-1α WT 

WT+IL1 

rIL37 

rIL37IL1 

25.8±1.36 

82.4±5.13 

23.3±0.86 

53.4±7.63 

6 

4 

6 

4 

Two-

way 

ANOVA 

p < 

0.001, 

F1,16 = 

132.0 

Bonferroni’s 

p < 0.001 

WT NaCl vs. 

WT rIL-1β 

       Bonferroni’s 

p < 0.001 

WT rIL-1β vs. 

WT rIL-37 + 

rIL-1β 

     Two-

way 

ANOVA 

p < 

0.001, 

F1,16 = 

17.47 

Bonferroni’s 

p < 0.001 

WT rIL-37 vs.  

WT rIL-37 + 

rIL-1β 

3.9E IL-6 WT 

WT+IL1 

rIL37 

rIL37IL1 

6.78±0.21 

24.68±0.95 

7.7±0.65 

18.2±1.68 

6 

4 

6 

4 

Two-

way 

ANOVA 

p < 

0.001, 

F1,16 = 

264.6 

Bonferroni’s 

p < 0.001 

WT NaCl vs. 

WT rIL-1β 

       Bonferroni’s 

p < 0.001 

WT rIL-1β vs. 

WT rIL-37 + 
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rIL-1β 

     Two-

way 

ANOVA 

p < 

0.01,  

F1,16 = 

10.27 

Bonferroni’s 

p < 0.001 

WT rIL-37 vs.  

WT rIL-37 + 

rIL-1β 

         

3.10A IL-6 NIL 

LPS 

+Ab 0.5 

+Ab 3 

3.5±0.25 

630±4.97 

710±14.64 

964±19.93 

3 

3 

3 

4 

One-

way 

ANOVA 

p < 

0.001  

F3,9 = 

791.9 

Turkey’s 

p < 0.05 

Aβ 0.5 

       Turkey’s 

p < 0.001 

Aβ 3.0 

3.10B TNF-α NIL 

LPS 

+Ab 0.5 

+Ab 3 

0.0±0.0 

1310±36.76 

1575±36.03 

2408±65.78 

3 

3 

3 

4 

One-

way 

ANOVA 

p < 

0.001 

 F3,9 = 

444.8 

Turkey’s 

p < 0.05 

Aβ 0.5 

       Turkey’s 

p < 0.001 

Aβ 3.0 

3.10C IL-1β NIL 

LPS 

+Ab 0.5 

+Ab 3 

0.0±0.0 

42.54±2.19 

37.76±0.39 

89.25±0.52 

3 

3 

3 

3 

One-

way 

ANOVA 

p < 

0.001 

 F3,8 = 

1029 

Turkey’s 

p = 0.06 

Aβ 0.5 

       Turkey’s 

p < 0.001 

Aβ 3.0 

         

3.11B IL-6 WT 

APP 

APPIL37 

16.64±1.4 

23.98±2.29 

18.47±1.77 

6 

8 

10 

One-

way 

ANOVA 

p < 

0.05 

F2,21 = 

3.6 

Fisher’s LSD 

p < 0.05 

WTvs. APP 

       Fisher’s LSD 

p < 0.05 

APP vs. 

APPIL37 

3.11C IL-1β WT 

APP 

APPIL37 

16.64±1.4 

23.98±2.29 

18.47±1.77 

6 

8 

8 

One-

way 

ANOVA 

p < 

0.05 

F2,19 = 

5.224 

Fisher’s LSD 

p = 0.09 

WTvs. APP 
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       Fisher’s LSD 

p < 0.05 

APP vs. 

APPIL37 

         

3.12B 6 months WT 

APP 

APPIL37 

4.48±1.1 

12.08±0.72 

8.89±1.04 

4 

5 

6 

One-

way 

ANOVA 

p < 

0.001, 

F2,12 = 

13.45 

Bonferroni’s 

p < 0.001 

WTvs. APP 

       Bonferroni’s 

p < 0.05 

WT vs. 

APPIL37 

3.12C 9-12 months WT 

APP 

APPIL37 

27.93±2.13 

44.58±1.86 

36.98±2.07 

3 

6 

5 

One-

way 

ANOVA 

p < 

0.001, 

F2,11 = 

14.39 

Bonferroni’s 

p < 0.001 

WTvs. APP 

       Bonferroni’s 

p < 0.05 

APP vs. 

APPIL37 

3.12D 20-23 

months 

WT 

APP 

APPIL37 

14.54±3.43 

40.83±6.54 

26.69±1.53 

5 

3 

7 

One-

way 

ANOVA 

p < 

0.001, 

F2,12 = 

13.38 

Bonferroni’s 

p < 0.001 

WTvs. APP 

       Bonferroni’s 

p < 0.05 

WT vs. 

APPIL37 

       Bonferroni’s 

p < 0.05 

APP vs. 

APPIL37 

         

3.13B HC load APP 

APPIL37 

0.005±0.0 

0.004±0.0 

 

34 

42 

ttest p < 

0.05 

 APP vs. 

APPIL37 

 Cx load APP 

APPIL37 

0.008±0.0 

0.005±0.0 

 

27 

38 

ttest p < 

0.001 

 APP vs. 

APPIL37 

3.13C HC size APP 

APPIL37 

5602±308.2 

4565±321.0 

 

34 

42 

ttest p < 

0.05 

 APP vs. 

APPIL37 

 Cx size APP 

APPIL37 

9281±589.7 

5129±413.5 

27 

38 

ttest p < 

0.001 

 APP vs. 

APPIL37 



Appendix | 146 
 

 

         

3.14C Methoxy WT 

APP 

APPIL37 

4.371±0.6 

27.32±3.0 

37.02±1.8 

11 

5 

9 

One-

way 

ANOVA 

p < 

0.001, 

F2,22 = 

136.2 

Turkey’s 

p < 0.001 

WT vs. APP 

       Turkey’s 

p < 0.001 

WT vs. 

APPIL37 

       Turkey’s 

p < 0.01 

APP vs. 

APPIL37 

         

3.15B Spine 

density 

WT 

APP 

APPIL37 

1.518±0.04 

1.27±0.06 

1.35±0.05 

22 

21 

23 

One-

way 

ANOVA 

p < 

0.01,  

F2,63 = 

6.318 

Turkey’s 

p < 0.01 

WT vs. APP 

       Turkey’s 

p = 0.0536 

WT vs. 

APPIL37 

         

3.16A Escape 

latency  

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

31.93±3.4 

30.46±3.1 

29.06±4.2 

19.84±3.9 

13.54±1.9 

15.26±2.5 

16.80±2.2 

15.37±3.5 

12 

12 

12 

12 

12 

12 

12 

12 

One-

way 

ANOVA 

p < 

0.001, 

F7,88 = 

5.842 

 WT 

 Escape 

latency  

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

42.73±3.8 

36.85±4.2 

44.51±2.9 

40.23±4.1 

34.90±4.9 

32.00±4.4 

25.77±4.5 

23.30±3.9 

10 

10 

10 

10 

10 

10 

10 

10 

One-

way 

ANOVA 

p < 

0.01, 

F7,72 = 

3.477 

 APP 
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 Escape 

latency  

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

44.04±3.7 

34.01±3.5 

34.33±3.1 

33.27±4.5 

26.81±4.4 

23.51±3.4 

22.15±2.9 

21.30±3.9 

11 

11 

11 

11 

11 

11 

11 

11 

One-

way 

ANOVA 

p < 

0.001, 

F7,80 = 

4.445 

 APPIL37 

 Escape 

latency  

   Two-

way 

ANOVA 

p < 

0.001, 

F2,30 = 

10.5 

Fisher’s LSD 

p < 0.05 

WT vs.  

APP day 1 

       Fisher’s LSD 

p < 0.01 

WT vs.  

APP day 3-6 

       Fisher’s LSD 

p < 0.05 

WT vs.  

APPIL37 day 

1 

       Fisher’s LSD 

p < 0.05 

WT vs.  

APPIL37 day 

4-5 

       Fisher’s LSD 

p < 0.05 

APP vs.  

APPIL37 day 

3 

3.16B PT day 9 NT 

TQ 

14.43±1.2 

54.79±3.3 

12 

12 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

23.32±1.9 

28.82±5.2 

10 

10 

ttest p = 

3365 

 APP NT vs. 

TQ 

  NT 

TQ 

19.47±1.9 

39.41±5.1 

11 

11 

ttest p < 

0.01 

 APPIL37 NT 

vs. TQ 

     One-

way 

ANOVA 

p < 

0.01, 

F2,30 = 

8.415 

Turkey’s 

p < 0.001 

WT vs. APP 

         

3.17A IL-1β NIL 

LPS 

0.0±0.0 

247.8±23.8 

14 

14 

One-

way 

ANOVA 

p < 

0.001, 

F3,41 = 

Bonferroni’s 

p < 0.05 

LPS vs. LPS 

5 µM OLT 
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LPS+OLT 

LPS+OLT 

149.7±21.1 

153.5±34.3 

9 

8 

29.73 

       Bonferroni’s 

p < 0.05 

LPS vs. LPS 

10 µM OLT 

3.17B IL-6 NIL 

LPS 

LPS+OLT 

LPS+OLT 

0.6±0.6 

1938±65.3 

1809±87.3 

1461±138.4 

14 

20 

10 

7 

One-

way 

ANOVA 

p < 

0.001, 

F3,47 = 

173.9 

Bonferroni’s 

p < 0.001 

LPS vs. LPS 

5 µM OLT 

3.17C TNF-α NIL 

LPS 

LPS+OLT 

LPS+OLT 

0.0±0.0 

2848±182.1 

2337±109.9 

2144±148.4 

14 

20 

14 

12 

One-

way 

ANOVA 

p < 

0.001, 

F3,56 = 

75.78 

Bonferroni’s 

p < 0.01 

LPS vs. LPS 

5 µM OLT 

         

3.18B weight    Two-

way 

ANOVA 

p = 

0.244, 

F2,49 = 

1.452 

 WT 

3.18C weight    Two-

way 

ANOVA 

p = 

0.447, 

F2,87 = 

0.8125 

 APP 

         

3.19A IL-1β WT 

APP 

APPOLT3 

APPOLT7 

0.998±0.03 

1.359±0.1 

0.958±0.1 

0.936±0.05 

6 

10 

12 

10 

One-

way 

ANOVA 

p < 

0.001, 

F3,34 = 

8.151 

Turkey’s 

p < 0.05 

WT vs. APP 

       Turkey’s 

p < 0.001 

APP vs. 

APPOLT3.75 

       Turkey’s 

p < 0.001 

APP vs. 

APPOLT7.5 

3.19B IL-6 WT 

APP 

APPOLT3 

APPOLT7 

1.0±0.05 

1.41±0.1 

1.065±0.07 

0.799±0.07 

6 

10 

12 

10 

One-

way 

ANOVA 

p < 

0.001, 

F3,34 = 

8.526 

Turkey’s 

p < 0.05 

WT vs. APP 

       Turkey’s APP vs. 
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p < 0.05 APPOLT3.75 

       Turkey’s 

p < 0.001 

APP vs. 

APPOLT7.5 

3.19C TNF-α WT 

APP 

APPOLT3 

APPOLT7 

1.0±0.13 

1.185±0.06 

0.98±0.2 

0.468±0.18 

4 

4 

6 

6 

One-

way 

ANOVA 

p < 

0.05,  

F3,16 = 

3.346 

Turkey’s 

p = 0.91 

WT vs. APP 

       Turkey’s 

p < 0.05 

APP vs. 

APPOLT7.5 

         

3.20B IBA-1 cells APP 

APPOLT3 

APPOLT7 

46378±2561 

38914±2272 

44258±2192 

9 

9 

6 

One-

way 

ANOVA 

p = 

0.084, 

F2,21 = 

2.788 

  

3.20C IBA-1 

processes 

APP 

APPOLT3 

APPOLT7 

8.11±0.44 

8.72±0.39 

8.75±0.41 

18 

18 

12 

One-

way 

ANOVA 

p = 

0.475, 

F2,45 = 

0.757 

  

3.20E CD68 WT 

APP 

APPOLT3 

APPOLT7 

10.40±2.8 

23.98±3.5 

19.58±4.7 

20.00±3.2 

5 

4 

4 

4 

One-

way 

ANOVA 

p = 

0.077, 

F3,13 = 

2.869 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

       Fisher’s LSD 

p = 0.0833 

WT vs. 

APPOLT3.75 

       Fisher’s LSD 

p = 0.0714 

WT vs. 

APPOLT7.5 

         

3.21B HC APP 

APPOLT 

1.0±0.1 

1.1±0.1 

6 

6 

ttest  p = 

0.1685 

 APP vs. 

APPOLT7.5 

3.21C Cx APP 

APPOLT 

1.0±0.1 

0.7±0.1 

6 

6 

ttest p < 

0.05 

 APP vs. 

APPOLT7.5 

         

3.22A Escape 

latency 

day 1 

day 2 

32.66±4.8 

38.39±3.7 

7 

7 

One-

way 

ANOVA 

p < 

0.001, 

F7,48 = 

 WT 
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day 3 

day 4 

day 5 

day 6 

day 7 

day 8  

40.01±5.4 

37.70±6.6 

26.07±4.5 

20.83±2.3 

17.79±3.4 

18.77±3.6 

7 

7 

7 

7 

7 

7 

4.268 

 Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

40.52±4.6 

43.07±4.5 

50.79±2.9 

41.44±4.3 

43.08±5.4 

35.32±5.8 

27.76±6.3 

25.01±5.2 

10 

10 

10 

10 

10 

10 

10 

10 

One-

way 

ANOVA 

p < 

0.01,  

F7,72 = 

2.962 

 APP 

 Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

43.92±2.4 

43.35±4.0 

45.37±3.5 

32.16±2.9 

33.06±4.1 

28.36±4.2 

25.44±3.6 

24.88±4.2 

10 

10 

10 

10 

10 

10 

10 

10 

One-

way 

ANOVA 

p < 

0.001, 

F7,72 = 

5.359 

 APPOLT3.75 

 Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

39.48±2.5 

36.37±3.5 

29.82±2.9 

29.83±3.9 

24.08±2.1 

26.77±3.9 

18.81±2.0 

16.90±2.3 

12 

12 

12 

12 

12 

12 

12 

12 

One-

way 

ANOVA 

p < 

0.001, 

F7,88 = 

6.875 

 APPOLT7.5 

 Escape 

latency 

   Two-

way 

ANOVA 

p < 

0.05,  

F3,35 = 

Bonferroni’s 

p < 0.05 

WT vs. APP 

day 5 
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3.975 

       Bonferroni’s 

p < 0.05 

WT vs. APP 

day 6 

      p < 

0.05,  

F3,35 = 

3.975 

Bonferroni’s 

p < 0.001 

APP vs. 

APPOLT7.5 

day 3 

       Bonferroni’s 

p < 0.01 

APP vs. 

APPOLT7.5 

day 5 

3.22B Escape 

latency 

   One-

way 

ANOVA 

p < 

0.001, 

F3,35 = 

7.418 

Turkey’s 

p = 0.21 

WT vs. APP 

day 3 

      p < 

0.001, 

F3,35 = 

4.636 

Turkey’s 

p < 0.05 

WT vs. APP 

day 5 

 Escape 

latency 

   One-

way 

ANOVA 

p < 

0.001, 

F3,35 = 

7.418 

Turkey’s 

p < 0.001 

APP vs. 

APPOLT7.5 

day 3 

      p < 

0.001, 

F3,35 = 

4.636 

Turkey’s 

p < 0.01 

APP vs. 

APPOLT7.5 

day 5 

3.22C PT day 9 NT 

TQ 

15.57±2.0 

50.14±5.7 

7 

7 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

24.70±1.9 

25.70±5.3 

10 

10 

ttest p = 

0.86 

 APP NT vs. 

TQ 

  NT 

TQ 

22.50±1.4 

32.30±3.99 

10 

10 

ttest p < 

0.05 

 APPOLT3.75 

NT vs. TQ 

  NT 

TQ 

19.25±0.99 

41.92±2.9 

12 

12 

ttest p < 

0.001 

 APPOLT7.5 

NT vs. TQ 

     One-

way 

ANOVA 

p < 

0.01, 

F3,35 = 

5.437 

Turkey’s 

p < 0.01 

WT vs. APP 

       Turkey’s 

p < 0.05 

APP vs. 

APPOLT7.5 
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3.22D Plattform 

crossings 

WT 

APP 

APPOLT3 

APPOLT7 

3.0±0.7 

1.6±0.4 

2.2±0.4 

2.1±0.6 

8 

10 

10 

12 

One-

way 

ANOVA 

p = 

0.4066, 

F3,36 = 

0.9942 

  

3.22F PT day 9  NT 

TQ 

15.57±2.0 

50.14±5.7 

7 

7 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

19.63±2.3 

39.00±5.7 

8 

8 

ttest p < 

0.01 

 WTOLT3.75 

NT vs. TQ 

  NT 

TQ 

13.75±1.8 

55.75±4.7 

8 

8 

ttest p < 

0.001 

 WTOLT7.5 

NT vs. TQ 

         

3.24A Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

35.30±4.7 

26.28±3.1 

28.93±4.9 

21.80±5.4 

21.91±4.2 

20.08±4.9 

19.50±5.4 

14.79±5.2 

10 

10 

10 

10 

10 

10 

10 

10 

One-

way 

ANOVA 

p = 0.1  

F7,72 = 

1.778 

 WT 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

34.44±2.7 

24.66±5.7 

18.99±4.3 

21.18±4.7 

24.02±6.2 

24.16±4.6 

13.43±4.0 

15.80±5.2 

9 

9 

9 

9 

9 

9 

9 

9 

One-

way 

ANOVA 

p = 

0.096  

F7,64 = 

1.828 

 APP 

3.24B PT day 9  NT 

TQ 

19.56±2.1 

41.33±6.4 

10 

10 

ttest p < 

0.01 

 WT NT vs. 

TQ 

  NT 

TQ 

20.62±1.8 

38.15±5.5 

9 

9 

ttest p < 

0.01 

 APP NT vs. 

TQ 

3.24C Escape day 1 18.40±2.3 10 One-

way 

p <  WT 
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latency day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

15.47±2.1 

11.69±1.8 

10.05±1.7 

7.95±1.3 

7.04±0.9 

9.04±2.0 

7.02±1.3 

10 

10 

10 

10 

10 

10 

10 

ANOVA 0.001  

F7,72 = 

5.770 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

23.33±2.5 

16.83±2.7 

12.20±2.2 

9.67±0.89 

9.35±1.5 

9.55±0.88 

8.80±1.4 

8.98±2.3 

9 

9 

9 

9 

9 

9 

9 

9 

One-

way 

ANOVA 

p < 

0.001  

F7,64 = 

7.181 

 APP 

3.24D PT day 9  NT 

TQ 

13.98±1.5 

58.06±4.4 

10 

10 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

17.22±1.4 

48.35±4.2 

9 

9 

ttest p < 

0.001 

 APP NT vs. 

TQ 

3.24E PT day 9 WT 

APP 

3.4±0.8 

2.2±0.5 

10 

9 

    

3.24F PT day 9 WT 

APP 

3.8±0.4 

3.6±0.5 

10 

9 

    

3.24G PT day 9 WT 

APP 

3.7±0.6 

5.0±0.4 

10 

9 

    

3.24H PT day 9 WT 

APP 

4.8±0.9 

3.6±0.6 

10 

9 

    

         

3.25A Escape 

latency 

day 1 

day 2 

day 3 

day 4 

17.06±3.6 

12.83±3.1 

8.73±1.6 

9.32±1.6 

10 

10 

10 

10 

One-

way 

ANOVA 

p < 

0.01  

F7,72 = 

3.558 

 WT 
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day 5 

day 6 

day 7 

day 8 

6.70±1.7 

6.46±1.1 

5.42±0.9 

6.89±1.6 

10 

10 

10 

10 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

15.83±2.2 

19.52±3.9 

11.69±3.6 

11.56±1.09 

10.49±1.8 

9.52±1.8 

9.28±2.1 

8.78±1.3 

9 

9 

9 

9 

9 

9 

9 

9 

One-

way 

ANOVA 

p < 

0.05  

F7,64 = 

2.401 

 APP 

3.25B PT day 9  NT 

TQ 

16.67±1.1 

50.00±3.2 

10 

10 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

14.05±1.3 

57.86±3.8 

9 

9 

ttest p < 

0.001 

 APP NT vs. 

TQ 

3.25C Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

18.35±2.5 

12.24±1.8 

9.55±1.6 

7.17±1.6 

6.75±0.5 

7.23±1.2 

6.69±1.0 

6.49±0.7 

10 

10 

10 

10 

10 

10 

10 

10 

One-

way 

ANOVA 

p < 

0.001  

F7,64 = 

7.671 

 WT 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

27.96±2.6 

12.10±1.4 

14.89±1.8 

13.41±1.5 

9.45±0.5 

9.20±1.1 

9.33±1.4 

11.45±2.3 

9 

9 

9 

9 

9 

9 

9 

9 

One-

way 

ANOVA 

p < 

0.001  

F7,64 = 

13.53 

 APP 
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 Escape 

latency 

   Two-

way 

ANOVA 

p < 

0.001  

F1,16 = 

16.68 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 1, 3 and 4 

       Fisher’s LSD 

p < 0.01 

WT vs. APP 

day 5 

3.25D PT day 9  NT 

TQ 

12.36±1.6 

62.91±4.7 

10 

10 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

15.01±1.7 

54.97±5.0 

9 

9 

ttest p < 

0.001 

 APP NT vs. 

TQ 

3.25E Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

40.71±3.4 

35.95±3.3 

35.95±4.3 

31.23±4.8 

24.72±3.5 

15.63±1.3 

15.94±3.2 

15.28±1.4 

13 

13 

13 

13 

13 

13 

13 

13 

One-

way 

ANOVA 

p < 

0.001  

F7,96 = 

9.665 

 WT 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

41.95±6.2 

47.38±4.7 

50.70±3.2 

43.70±4.96 

44.36±6.3 

35.87±6.4 

24.83±7.4 

24.62±6.6 

7 

7 

7 

7 

7 

7 

7 

7 

One-

way 

ANOVA 

p < 

0.05  

F7,48 = 

2.858 

 APP 

 Escape 

latency 

   Two-

way 

ANOVA 

p < 

0.05  

F1,18 = 

7.878 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 3, 5 and 6 

3.25F PT day 9  NT 

TQ 

18.92±1.7 

43.15±5.0 

13 

13 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

24.14±1.9 

28.14±5.6 

7 

7 

ttest p = 0.5  APP NT vs. 

TQ 
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3.25G Escape 

latency 

day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

36.03±5.4 

28.11±5.1 

25.18±7.5 

16.38±5.96 

14.22±2.96 

10.51±2.5 

17.68±3.89 

12.30±4.8 

6 

6 

6 

6 

6 

6 

6 

6 

One-

way 

ANOVA 

p < 

0.05  

F7,40 = 

3.123 

 WT 

  day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

51.21±6.0 

45.50±3.5 

39.24±4.1 

38.43±8.2 

31.81±6.8 

33.19±4.2 

30.04±3.5 

23.42±6.8 

4 

4 

4 

4 

4 

4 

4 

4 

One-

way 

ANOVA 

p < 

0.05  

F7,24 = 

2.495 

 APP 

 Escape 

latency 

   Two-

way 

ANOVA 

p < 

0.001  

F1, 8 = 

29.65 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 2 and 7 

       Fisher’s LSD 

p < 0.01 

WT vs. APP 

day 6 

3.25H PT day 9 NT 

TQ 

14.19±1.5 

57.42±4.5 

6 

6 

ttest p < 

0.001 

 WT NT vs. 

TQ 

  NT 

TQ 

25.31±0.9 

24.06±2.6 

4 

4 

ttest p = 

0.667 

 APP NT vs. 

TQ 

         

3.26A Independent 

trainded 

mice 

WT day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

69.44±8.1 

61.11±7.3 

38.89±6.1 

33.33±5.9 

27.78±7.7 

33.33±5.9 

9 

9 

9 

9 

9 

9 

Two-

way 

ANOVA 

p < 

0.05 

F1,16 = 

7.41 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 1 
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day 7 

day 8 

APP day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

30.56±8.1 

33.33±10.2 

91.67±4.2 

61.11±10.3 

55.56±9.1 

52.78±7.7 

50.00±8.3 

41.67±10.2 

50.00±10.2 

55.56±10.0 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

3.26B Dependent 

trainded 

mice 

WT day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

APP day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

30.56±8.1 

38.89±7.3 

61.11±6.1 

66.67±5.9 

72.22±7.7 

66.67±5.9 

69.44±8.1 

66.67±10.2 

8.33±4.2 

38.89±10.3 

44.44±9.1 

47.22±7.7 

50.00±8.3 

58.33±10.2 

50.00±10.2 

44.44±10.0 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

9 

Two-

way 

ANOVA 

p < 

0.05 

F1,16 = 

7.41 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 1 

3.26C Independent 

untrainded 

mice 

WT day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

91.67±5.3 

87.50±5.6 

66.67±10.5 

45.83±13.6 

41.67±12.4 

29.17±4.2 

6 

6 

6 

6 

6 

6 

Two-

way 

ANOVA 

p < 

0.01 

F1,8 = 

23.19 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 7 
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day 7 

day 8 

APP day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

66.67±10.5 

33.33±12.4 

100.0±0.0 

100.0±0.0 

87.50±12.5 

93.75±6.23 

93.75±6.23 

93.75±6.23 

100.0±0.0 

81.25±6.3 

6 

6 

4 

4 

4 

4 

4 

4 

4 

4 

       Fisher’s LSD 

p < 0.001 

WT vs. APP 

day 4,5,6 and 

8 

3.26D Dependent 

untrainded 

mice 

WT day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

APP day 1 

day 2 

day 3 

day 4 

day 5 

day 6 

day 7 

day 8 

8.33±5.3 

12.50±5.6 

33.33±10.5 

54.17±13.6 

58.33±12.4 

70.83±4.2 

33.33±10.5 

66.67±12.4 

0.0±0.0 

0.0±0.0 

12.50±12.5 

6.25±6.23 

6.25±6.23 

6.25±6.23 

0.0±0.0 

18.75±6.3 

6 

6 

6 

6 

6 

6 

6 

6 

4 

4 

4 

4 

4 

4 

4 

4 

Two-

way 

ANOVA 

p < 

0.01 

F1,8 = 

23.19 

Fisher’s LSD 

p < 0.05 

WT vs. APP 

day 4,7 and 8 

       Fisher’s LSD 

p < 0.01 

WT vs. APP 

day 5 

       Fisher’s LSD 

p < 0.001 

WT vs. APP 

day 6 
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7.2 List of abbreviations 

Table 7.2 | Summary of used abbreviations 

Abbreviation Explanation 

Aβ amyloid-β 

ACSF artificial cerebrospinal fluid 

AD Alzheimer’s disease 

AIM2 absent in melanoma 2 (Interferon-inducible 

protein) 

APP amyloid precursor protein 

ASC apoptosis-associated speck-like protein 

ATP adenosine triphosphate 

B cell lymphocyte 

BBB blood brain barrier 

BDNF brain-derived neurotrophic factor 

BSA bovine serum albumin 

CA Cornu ammonis 

CD (CD11b, -45, -68) Cluster of differentiation 

cDNA complementary DNA 

CMV cytomegalovirus 

CNS central nervous system 

CTFb carboxy terminal fragment b 

CTRL control  

CX3C cytokine with C-X3-C structure 

CX3CR1 CX3C chemokine receptor 1 

DAMP damage-associated molecular pattern 

DAPI 4’,6-diamidino-2-phenylindole 

DG dentate gyrus 

DiI 1,1’-dioctadecyl-3,3,3’3’-

tetramethylindocarbocyanine perchlorate 

DMEM Dulbecco’s modified eagle’s medium 
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DNA deoxyribonucleic acid 

E9.5 embryonic state day 9.5 

E13.5 embryonic state day 13.5 

EAE Experimental autoimmune encephalomyelitis 

E.coli Escherichia coli 

ELISA enzyme-linked immunosorbent assay 

FACS fluorescence activated cell sorting 

FCS fetal calf serum 

GFAP glial fibrillary acidic protein 

HBSS Hanks balanced salt solution 

IBA-1 Ionized calcium-binding adapter molecule 1 

IL (IL-1, -1α, -1β, -4, -6, -10, -18, -36, -37) interleukin 

IL-1R (IL-1R1, -1R5, -1R7, -1R8) interleukin-1 receptor 

IL-1Ra interleukin-1 receptor antagonist 

IL-18R interleukin-18 receptor 

IL-18Rα interleukin-18 receptor α chain 

IL-18Rβ interleukin-18 receptor β chain 

IL-36R interleukin-36 receptor  

IL-36Ra interleukin-36 receptor antagonist 

IL-37b interleukine-37 splice variant b 

i.p. intraperitoneal  

KO knockout  

LPS lipopolysaccharide 

LRR leucine-rich repeats 

LTP long-term potentiation 

mRNA messenger ribonucleic acid 

MCC950 CP-456773 sodium (NLRP3 specific inhibitor) 

MHC major histocompatibility complex 

MilliQ millipore ‘ultrapure’ water 

MS Multiple Sclerosis 
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MWM Morris water maze 

MyD88 myeloid differentiation factor 88 

NFκB nuclear factor kappa-light-chain-enhancer of 

activated B cells 

NLR NOD-like receptor 

NLRC4 NLR family CARD domain-containing protein 4 

NLRP3 NOD-like receptor protein-3 

NOD nucleotide-binding oligomerizing  

NT non-target quadrant 

OLT1177 Dapansutrile (NLRP3 specific inhibitor) 

P3-5 postnatal day 3-5 

P2X7 purinergic receptor 7 

PB phosphate buffer 

PBS phosphate buffered saline 

PCR polymerase chain reaction 

PNS peripheral nervous system 

PAMP pathogen-associated molecular pattern 

PFA paraformaldehyde  

PRR pattern recognition receptor 

PS1 presenilin 1 

PS2 presenilin 2 

ROI region of interest 

RT Room temperature 

SIGIRR single Ig IL-1-related receptor 

Smad3 mothers against decapentaplegic protein 3 

STKM Protein extraction buffer 

T cell lymphocyte  

TBS theta burst stimulation 

TIR toll/Interleukin-1 domain 

TIRb toll/Interleukin-1 domain mutated domain 

TG transgenic 
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TGFβ transforming growth factor β 

TLR toll-like receptor 

TNF-α tumor necrosis factor α 

TNFR1/2 TNF receptor 1/2 

TQ target quadrant 

WT wildtype 
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