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Abstract

Inflammatory processes are critical for the pathophysiology of neurodegenerative diseases.
Synaptic pruning has been identified as an autoimmune reaction leading to the breakdown
of brain synapses. Clq, the initiator protein of the complement system, is a vital molecule
during this process. Clq is known to regulate brain development by sorting out dysfunctional
synapses. However, studies suggest that this function gets reactivated in older age and

contributes to neurodegeneration.

Meanwhile, an increasing number of histological images of cerebral Clq is available using
a broad variety of immunofluorescence techniques. However, a literature survey revealed a
great diversity and conflicting results concerning the distribution of Clq across the brain.
Therefore, we created a free-floating staining protocol which allowed us to reproduce and
combine all previous results in one staining. We demonstrated an overall distribution of Clq
over the whole brain. Clq deposition could be seen both on neuronal and non-neuronal cells.
Furthermore, for the first time we described linear, branched Clq signals in the area between
the dentate gyrus and the CA1 region of the hippocampus. Based on their morphological

appearance and localization, we considered those signals as Clg-dendritic-like-structures.

As a second step, we quantified Clq levels. Previous literature revealed age as a strong
stimulus for Clq expression. We investigated whether this stimulus has a uniform effect
within the hippocampus or whether regional differences can be detected. Moreover, because
Clq is known to promote neurodegenerative processes, we extended our studies to an animal
model of Alzheimer’s disease. We did not only confirm age as a strong stimulus for Clq
expression, but also demonstrated that this effect shows regional differences. Within the
hippocampus a greater increase was seen in the dentate gyrus in comparison to the CAl
region. Furthermore, we identified a two-sided effect of Alzheimer’s pathology on cerebral
Clq levels. On the one hand, the effect of age was intensified within our transgenic mouse
model. On the other hand, an effect independent of age occurred. At an earlier stage of 15
months Alzheimer transgenic animals showed suppressed concentrations of Clq. However,
with increasing age, this turned into the opposite, so that a significant increase could be
detected at the age of 20 months.
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Within anaesthetics xenon has the reputation of an almost ideal narcotic due to its low
teratogenicity and toxicity. More and more studies indicate that xenon is even capable of
reducing neurodegenerative processes like Alzheimer’s disease. Even if xenon shows favorable
properties for neuronal cells, it is still unclear whether xenon affects inflammatory synaptic
pruning mechanisms. To investigate this topic we developed a modern method for in vitro
studies. We created an acute brain slice approach with the possibility of pharmacological
interventions. We showed that short time incubation, either with xenon or isoflurane, has no

acute effect on brain Clq levels.
In conclusion, our studies underline the importance of Clq for aging and neurodegenerative

processes. Moreover, our model offers an opportunity to study pharmacological interven-

tions.
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Kurzzusammenfassung

Entziindungsprozesse sind von wesentlicher Bedeutung fiir die Pathophysiologie neurodegen-
erativer Erkrankungen. ,,Synaptic-pruning® wurde als eine Autoimmunreaktion identifiziert,
welche zum Abbau von Synapsen im Gehirn fithrt. Clq, das Initiatorprotein des Komple-
mentsystems, ist ein wichtiges Molekiil in diesem Prozess. Clq ist dafiir bekannt, dass es die
Gehirnentwicklung reguliert, indem es dysfunktionale Synapsen aussortiert. Studien legen
jedoch nahe, dass diese Funktion im Alter reaktiviert wird und so zur Neurodegeneration

beitrégt.

Inzwischen gibt es eine wachsende Zahl histologischer Darstellungen von cerebralem Clq,
welche mit einer Vielzahl von Immunfluoreszenztechniken erstellt wurden. FEine Liter-
aturiibersicht ergab jedoch eine grofie Vielfalt und widerspriichliche Ergebnisse hinsichtlich
der Verteilung von Clq im Gehirn. Aus diesem Grund haben wir ein ,free-floating” Fér-
beprotokoll entwickelt, das uns ermdoglicht, alle bisherigen Ergebnisse in einer Farbung zu
reproduzieren und zu kombinieren. Wir konnten eine Verteilung der Clq Expression iiber
das gesamte Gehirn nachweisen. Clq Ablagerungen fanden sich sowohl auf neuronalen als
auch auf nicht-neuronalen Zellen. Auflerdem beschrieben wir erstmals lineare, verzweigte Clq
Signale im Bereich zwischen dem Gyrus dentatus und der CA1-Region des Hippocampus.
Aufgrund ihres morphologischen Erscheinungsbildes und ihrer Lokalisation sehen wir diese

Signale als Clq-dendritenéhnliche (,,dendritic-like*) Strukturen an.

In einem zweiten Schritt haben wir die Clq Expression quantifiziert. Die bisherige Liter-
atur hat gezeigt, dass das Alter zu einem starken Anstieg der Clq Expression fithrt. Wir
untersuchten, ob dieser Stimulus einheitlich im Hippocampus zu finden ist oder ob regionale
Unterschiede auftreten. Da bekannt ist, dass Clq neurodegenerative Prozesse fordert, haben
wir unsere Untersuchungen auf ein Tiermodell der Alzheimer-Krankheit ausgeweitet. Wir
konnten nicht nur bestétigen, dass das Alter einen starken Stimulus fiir die Clq Expression
darstellt, sondern auch, dass dieser Effekt regional unterschiedlich ausgeprégt ist. Innerhalb
des Hippocampus fand sich ein grofierer Anstieg im Gyrus dentatus im direkten Vergleich zur
CA1 Region. Dariiber hinaus konnten wir einen zweiseitigen Effekt der Alzheimer-Pathologie

auf die zerebralen Clq Spiegel feststellen. Einerseits wurde der Effekt des Alters in unserem



transgenen Mausmodell verstirkt, andererseits trat ein vom Alter unabhingiger Effekt auf.
In einem frithen Stadium von 15 Monaten zeigten transgene Alzheimer Tiere eher niedrigere
Clq Konzentrationen. Mit zunehmendem Alter kehrte sich dies jedoch ins Gegenteil um, so

dass im Alter von 20 Monaten ein signifikanter Anstieg festgestellt werden konnte.

Innerhalb der Anésthetika hat Xenon aufgrund seiner geringen Teratogenitéit und Toxizitét
den Ruf eines nahezu idealen Betdubungsmittels. Immer mehr Studien weisen ferner darauf
hin, dass Xenon in der Lage ist, neurodegenerative Prozesse wie die Alzheimer-Krankheit
giinstig zu beeinflussen. Auch wenn Xenon protektiv auf neuronale Zellen wirkt, ist noch
unklar, ob Xenon entziindliche synaptische ,pruning“-Mechanismen beeinflusst. Um diese
Fragestellung zu untersuchen, haben wir eine moderne Methode fiir in-vitro-Studien entwick-
elt. Unser Ansatz mittels lebender Hirnschnitte eréffnet die Moglichkeit pharmakologischer
Applikationen. Wir konnten zeigen, dass eine kurzzeitige Inkubation mit Xenon oder Isofluran
keine akuten Auswirkungen auf den Clq Spiegel im Gehirn hat. Zusammenfassend unterstre-
ichen unsere Studien die Bedeutung von Clq fiir Alterungs- und neurodegenerative Prozesse.
Aulerdem bietet unser Modell die Moglichkeit, die Auswirkungen pharmakologischer Inter-

ventionen zu untersuchen.
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1 Introduction

The complement system is a vital constituent of the innate immune system, consisting of
over 40 plasma proteins that facilitate pathogen recognition and elicit direct and indirect
toxic effects. Complement activation is triggered via three distinct pathways: the lectin
pathway begins with the the binding of mannose binding lectin on the surface of pathogens;
the alternative pathway commences with the automatic hydrolysis of C3 in the bloodstream
leading to the binding of the resulting C3b to adjacent pathogen surfaces; and the classic
pathway is invoved in the initiation of enzymatic reactions by the initiator protein Clq
following antigen-antibody binding (Sjoberg et al. 2008).

"Nowadays, more and more functions of the Clq protein are revealed. It appears that Clq
is involved in brain development as well as in neuroprotection but also in synaptic pruning
mechanism and the occurrence of neurodegenerative diseases such as Alzheimer ’s diseases”.
(published in C. Rupprecht, Sarker, et al. (2022)).

1.1 Structure of Clq

The Clq protein has a distinctive structure that resembles a "bunch of flowers” (Thielens
et al. 2017) composed of 18 polypeptides (Figure 1.1). Each of the six flower heads consists
of the C-terminal domain of one A, B, and C chain, while a collagen-like region forms the
rest of each chain. Disulfide bridges at the N-terminal end connect the A and B chains and
the C chains with each other (Thielens et al. 2017).
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1.2. Clq source in the brain
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Figure 1.1: Structure of Clq (Figure reproduced from Kishore et al. 2004)

1.2 Clq source in the brain

Cell-specific deletion of Clga (Fonseca, Chu, Hernandez, et al. 2017), mRNA analysis in neu-

ronal and glial cell cultures (Diaz-Aparicio and Sierra 2019), immunofluorescence experiments

(Schéfer et al. 2000; Stephan et al. 2013) and the combination of immunohistochemistry and

in situ hybridization (Schéfer et al. 2000) identified microglia as the dominant source of Clq

in the brain.

Nowadays, it seems likely that neurons also express Clq. Usually, the neuronal expression

should be low. However, under certain conditions, as they occur in neuronal disease, this

pathway gets activated by astrocyte signals. In this context, tumor growth-factor-5 (TGF )

is an essential chemokine (Bialas and Stevens 2013; Stevens et al. 2007).
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1.3 Morphology of Clq in the brain

In this section, an overview of the morphology of Clq in the brain is given, which in part was
prepublished in C. Rupprecht, Sarker, et al. (2022)

"Clq shows an overall distribution across the entire brain (Figure 1.2), which sharply rises
with increasing age.” (published in C. Rupprecht, Sarker, et al. (2022)). In particular, in the
area of the dentate gyrus, the hippocampus, the piriform cortex, and the substantia nigra
immunofluorescence images have shown powerful signals (Figure 1.2) (Stephan et al. 2013).
(adapted from C. Rupprecht, Sarker, et al. (2022)).

At the cellular level, Clq accumulates perinuclearly along the cell bodies of microglia cells
(Kawai et al. 2020). On the contrary, astrocytes most likely do not directly interact with Clq
molecules (Fan et al. 2007) but indirectly regulate neuronal Clq expression using chemokines
(Bialas and Stevens 2013).

In synaptic pruning mechanisms, Clq works as an “eat me signal” and interferes with pre- and
postsynaptic material (Zabel and Kirsch 2013; Hong et al. 2016) (Based on C. Rupprecht,
Sarker, et al. (2022)). Electron microscopy images (Stephan et al. 2013; Dejanovic et al.
2018), as well as analysis of synaptosomes fractions (Gyorffy et al. 2018) revealed a direct

attachment of Clq to synaptic connections.

”Clq does not only interact with synaptic material but also with neuronal cell bodies.
Whereas Lopez et al. (2012) described a perineuronal extracellular localization of Clq protein
in the CA2 region of the hippocampus and the deep cerebellum and Fonseca, Chu, Hernan-
dez, et al. (2017) reported extracellular Clq surrounding YFP-positive neurons in the CA1
hippocampal region, Stephan et al. (2013) observed intracellular Clq located in inhibitory
neurons.” (published in C. Rupprecht, Sarker, et al. (2022)). Furthermore GADG67 positive
interneurons have been identified to carry the Clq protein (Fonseca, Chu, Hernandez, et al.
2017).

Clg-positive plaques only exist in brains with Alzheimer pathology (C. Rupprecht, Sarker,
et al. 2022). These structures, characterized by intense staining, are identical to S-amyloid
plaques. "They are mainly found in the cortex, hippocampus, striatum, and thalamus and
stay connected to microglia cells and reactive astrocytes (Rodriguez et al. 2009; Matsuoka
et al. 2001; Morgan 2018; Fonseca, Chu, Berci, et al. 2011)”. (published in C. Rupprecht,
Sarker, et al. (2022)). Additionally, some studies indicate the accumulation of Clq around
apical dendrites in pathological brain tissue of Alzheimer’s disease (Afagh et al. 1996).
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Figure 1.2: Clq basal level (right side: Knockout control) (reproduced from Stephan et al. 2013).

1.4 Synaptic pruning in the developing brain

Postnatal brains show a diverse range of processes that are critical for future development.
While learning induces the training of networks and synaptic interactions, rarely used path-
ways are reduced or destroyed. Synaptic pruning summarizes the destruction of synapses

through the body’s own immune system.

1.4.1 Synaptic pruning via microglia

In this section an overview of synaptic pruning via microglia is given, which in part was
prepublished in C. Rupprecht, R. Rupprecht, et al. (2021).

Microglia-dependent pruning is essential for normal brain development. As shown by Rosa
C. Paolicelli et al. (2011) deficiency in pruning leads to an “excess of dendritic spines and
immature synapses” and, from there, to "immature brain circuity” (Rosa C. Paolicelli et al.
2011).
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Knockout experiments have revealed that two biochemical pathways are responsible for
smooth functioning. The majority of microglia cells highly express the CxCr1-Receptor. This
receptor interacts with fractalkines on neuronal membranes and controls pruning mechanism
either by direct participation in the phagocytosis process or through indirect effects that affect
microglia activity or number (Rosa C. Paolicelli et al. 2011; Rosa Chiara Paolicelli et al. 2014;
Wolf et al. 2013). Another pathway that directly contributes to synaptic pruning uses the
complement system. "The active form of the C3 protein, C3b, can opsonize neurons and is
recognized by microglia by means of its C3 receptor”. (published in C. Rupprecht, Sarker,
et al. (2022)). Furthermore, the Clq protein is important in two ways. On the one hand, Clq
can tag synapses on its own and connects them to the Clq receptor of microglia cells. On
the other hand, Clq increases the C3b/C3-receptor pathway by activating C3 protein (Zabel
and Kirsch 2013; Schafer et al. 2012; Presumey et al. 2017). (adapted from C. Rupprecht,
R. Rupprecht, et al. (2021)).

A

c3 Astrocyte

C3b

Microglia

* %X
T

Figure 1.3: Complement dependent synaptic pruning via microglia
A) Astrocytes induce neuronal Clq expression via TGF 3, followed by complement
dependent synpatic pruning. (Figure reproduced from Chung, Allen, et al. 2015).
B) Clq converts C3 into its active from. The resulting C3b connects synaptic material
with phagocytosis receptors of microglia.

Ciqg

C3-Receptor

Microglia

AR RE

Astrocytes

Neurons




1. Introduction 1.5. Clq level changes during normal aging

1.4.2 Synaptic pruning via astrocytes

Astrocytes exhibit a direct and indirect effect on synaptic pruning. In the indirect route,
microglia execute phagocytosis processes. However, astrocytes increase their activity by
causing an increase in Clq protein via TGF 3 expression. In the direct route, synaptic material
gets directly phagocytosed by astrocytes (Figure 1.4). Therefore, the receptors MERTK and
MEGF10 recognize certain "eat-me-signals” (e.g., Clq, phosphatidylserine) on the surface of
synapses (Chung, Allen, et al. 2015; Chung, Clarke, et al. 2013; Iram et al. 2016).

Eat-me-signal

MEGF10/MERTK-Receptor

1N %

Astrocytes

) Neurons
Silenced

synapse
‘ i Eat-me signal

Figure 1.4: Synaptic pruning by astrocytes (direct pathway): Astrocytes recognize certain “eat me
signals” by MEGF10 and MERTK receptors. (Figure reproduced from Chung, Allen,
et al. 2015) (legend added by author).

Strong
synapse

Astrocyte

1.5 Clq level changes during normal aging

Immunofluorescence imaging (Stephan et al. 2013), mRNA analytics (Reichwald et al. 2009)
and Western blot analysis (Stephan et al. 2013; Naito et al. 2012; Reichwald et al. 2009)
demonstrated an age-related increase in cerebral Clq, with a particularly pronounced effect
in the synaptic layer of the hippocampus, certain areas of the CA2 neuropils, the stratum
lacunorum moleculare, and the neuropil of the central nervous system (Stephan et al. 2013).
Furthermore "Clg-patches” (Stephan et al. 2013) seem to occur at high age. According to
Stephan et al. (2013) "these Clq patches, mainly detected in the cortex, thalamus, midbrain,
and striatum, are not amyloid plaques but represent a novel structure of unknown significance

and function”.

Animal behavioral experiments indicated that increased Clq levels may have a negative
impact on cognitive function during aging. Specifically, mice with Clq deficiency showed

protection from aging-related cognitive decline (Stephan et al. 2013).
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1.6 Clq in Alzheimer animal models

1.6.1 Clq increase during Alzheimer’s disease (AD)

Using mRNA detection and Western blot analysis, Reichwald et al. (2009) demonstrated a
progressive increase in Clq levels between APP23 transgenic mice and control groups. This
elevation became significant at 15 months of age for mRNA detection and at 24 months for
Western blotting. In a separate study, Hong et al. (2016) described elevated Clq levels in
Alzheimer’s brains at an earlier stage and linked this increase to S-amyloid deposition. While
monomeric S-amyloid did not influence Clq expression, oligomeric S-amyloid represented a

potent stimulus.

1.6.2 The neuroprotective aspect of the Clq protein

For a long time, Clq has been considered a harmful molecule that drives neurodegeneration.
In contrast to these adverse reports, more and more studies reveal its role in neuroprotection.
Pisalyaput and Tenner (2008) discovered improved viability of neuronal cell cultures after
treatment with purified Clq protein. Subsequent in vitro experiments showed a signifi-
cant reduction in B-amyloid induced neurotoxicity in mature and immature neuronal cells
(Pisalyaput and Tenner 2008; Benoit, Hernandez, et al. 2013).

To explore the molecular background of this type of neuroprotection classical apoptosis
pathways have been investigated. Clq altered neither caspase nor calpain activation nor
mitochondrial potentials (Benoit and Tenner 2011). According to Benoit and Tenner (2011)
Clq has direct effects on neuronal gene expression and miRNA modulation. During neu-
roprotection, Clq downregulates let-7c miRNA and increases the expression of C/EBP-§
and activation of CREB. These three items work together in releasing neurotrophic factors
like nerve growth factor (NGF). Especially in S-amyloid injured neurons, Clq drives the
expression of low-density lipoprotein receptor-related protein 1B (LRP1B) and G-protein
coupled receptor 6 (GPR6) and overcomes their inhibition by fibrillary S-amyloid. Due to
their neuroprotective function and upregulation in vitro and even in vivo, they are the central
mediators of Clg-induced neuroprotective effects (Benoit, Hernandez, et al. 2013; Benoit and
Tenner 2011).

Clq also, directly and indirectly, reduces the interaction between toxic S-amyloid and neu-
ronal structures. On the one hand, Clq activates LRP1B, as previously described. This

membrane receptor is most likely involved in regulating S-amyloid uptake and production.
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On the other hand, Clq directly interferes with S-amyloid and enhances protein aggregation

into a less toxic form (Bialas and Stevens 2013).

1.6.3 The role of Clq in complement activation and synaptic pruning

In contrast to its potential neuroprotective effects (1.6.2), neurodegenerative properties seem

to dominate the situation in AD.

The relationship between S-amyloid and Clq protein is ambiguous. On the one hand, Clq
protein increases the aggregation of S-amyloid and reduces its toxicity (Bialas and Stevens
2013). On the other hand, f-amyloid stimulates Clq expression (Hong et al. 2016) and
activates the classical complement pathway by direct interaction with Clq (H. Jiang et al.
1994; Sim et al. 2007; Tacnet-Delorme et al. 2001). Several studies demonstrated increased
accumulation of Clq in synaptosomal fractions (Hong et al. 2016; Gyorffy et al. 2018;
Dejanovic et al. 2018), as well as extended colocalization between Clq and synaptic markers
in AD brains (Dejanovic et al. 2018; Hong et al. 2016). Hong et al. (2016) showed that early
synapse loss in Alzheimer’s models is complement-dependent, indicating that Clq may be
involved in various ways. On the one hand, Clq extends the inflammatory activity of glial
cells and increases C3-dependent synaptic engulfment by microglia. On the other hand, Clq
may act as an "eat me” signal and directly contribute to synaptic pruning (Iram et al. 2016;
Hong et al. 2016; Luchena et al. 2018; S. Jiang and Bhaskar 2017).

These findings suggest that mechanisms of synaptic pruning during brain development (as
described in section 1.4) may be negatively reactivated during AD, leading to neurodegener-

ation.

1.7 Aneasthetics and neurotoxicity

1.7.1 Neurotoxic effects on the developing brain

In 2018, 235130 surgeries were performed on inpatient children under the age of 5 in Germany
(Rainer Radtke 2019). Volatile anesthetics are commonly in use for such surgical interven-
tions. While these substances are indispensable in today’s medicine, their potential danger
should always be considered, particularly for young patients.

Population-based (Wilder et al. 2009) and sibling birth cohorts (DiMaggio et al. 2011)
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revealed a connection between early childhood exposure to anesthetics and the occurrence of

learning disabilities and behavioral and developmental disorders.

1.7.1.1 Isoflurane

Isoflurane application may lead to neurodegeneration, whereas neuronal apoptosis after
isoflurane application is undisputed. Istaphanous et al. (2013) showed cell death of cortical
neurons after exposing 7-day-old mice to 1.5% isoflurane for 6 hours. Similarly, G. Liang
et al. (2010) revealed that only six hours of incubation with 0.75% isoflurane is sufficient to

induce significant neuronal apoptosis (G. Liang et al. 2010).

The effect of isoflurane on long-term memory is more inconsistent and seems to be con-
centration or exposure time-dependent. Whereas in the previously described experiment
by G. Liang et al. (2010) no influence was detectable, Tao et al. (2016) found that repeated
exposure to 2% isoflurane for 2 hours per day for three consecutive days resulted in significant
cognitive impairment, particularly on memory tasks that rely on the hippocampus. These
findings are consistent with those of Murphy and Baxter (2013), who reported greater
cognitive impairment in mice exposed to isoflurane repeatedly compared to those with a

single exposure.

The neurotoxic effects of isoflurane on neuronal cell cultures and human neuronal progenitor
cells depend on exposure time and concentration. Consistent with the previous in vivo
experiments, in vitro experiments have also shown that isoflurane induces neurotoxicity.
Research by Wei et al. (2005) and Xie, Dong, Maeda, R. Moir, et al. (2006) has indicated that
this effect only occurs at concentrations above 2%, and the neurotoxicity increases with the
duration of exposure, suggesting that an incubation period of at least six hours is necessary

to produce a measurable effect.

However, outside of the dangerous concentration and incubation time range, isoflurane has
been shown to have some neuroprotective effects. For example, Sall et al. (2009) demonstrated
that a four-hour incubation with 3.4% isoflurane inhibits growth but has no neurotoxic effects
on neuronal progenitor cells. Similarly, Zhao et al. (2013) found that one-hour incubation
with 0.6% isoflurane increased progenitor cell proliferation. Interestingly, the opposite effect

occurred after increasing the dose.
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1.7.1.2 Xenon

Xenon is currently of interest as an anesthetic with fewer neurotoxic side effects than previous
ones (e.g., isoflurane, sevoflurane). However, it does not have advantages in the developing
brain.

In 2008, Davide Cattano et al. (2008) showed a significant increase of neuronal apoptosis in
the brains of seven-day-old mice after four hours of incubation with 70% xenon. Three years
later, another study reported increased apoptotic gene expression in P7 (postnatal day 7)
rat brains following two hours of exposure to 75% xenon (D. Cattano et al. 2011). In 2013,
Brosnan and Bickler (2013) compared the toxicity of different anesthetics using hippocampal
slice cultures from P7 rats at similar potent anesthetic concentrations. The study found that

xenon, isoflurane, and sevoflurane had identical neurotoxic effects on the developing brain.

1.7.1.3 Combination of isoflurane and xenon

Although both isoflurane and xenon can have detrimental effects on the developing brain
when used alone, their combination can yield different results. Studies have shown that when
used together, the two anesthetics enhance the depth of anesthesia and exhibit reduced toxic
effects. Both in vitro and in vivo experiments demonstrated that ”Xenon mitigates isoflurane-
induced neuronal apoptosis in the developing rodent brain” (Ma et al. 2007). Additionally,
the combination of both anesthetics reduced the neurotoxicity of isoflurane and retained the

neuroprotective effects of xenon (Davide Cattano et al. 2008).

1.7.2 Anaesthetics in Alzheimer’s disease

Among the various types of dementia Alzheimer’s disease is the most common form in
the elderly population (Henstridge et al. 2019). The disease initially manifests as isolated
memory lapses and progressively leads to severe cognitive decline, including deficits in memory
recall, orientation, mental function, and autonomic nervous system dysfunction (Stages of
Alzheimer’s 2019).

At the beginning of the 20th century, Alois Alzheimer identified two pathological structures
that underlie these symptoms (Vishal et al. 2011). One is the aggregation of S-amyloid
to form plaques; the other is the degeneration of cytoskeleton elements into neurofibrillary
tangles (Figure 1.5). Recent studies in the field of anesthesia suggest that anesthetics can

affect both pathologies and potentially exacerbate the development of the disease.
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Figure 1.5: Pathology of Alzheimer s disease (reproduced from Rohn 2013)
(arrow: neurofibrillary tangle; arrowhead: S-amyloid plaque)

1.7.2.1 Isoflurane

Neurotoxicity following the application of isoflurane is not only evident in the developing
brain (subsubsection 1.7.1.1) but also in adulthood. According to Xie, Culley, et al. (2008),

a clinically used concentration of 1.4% isoflurane for two hours increases caspase activation

significantly. When considering the immunofluorescence and the Western blot analysis by
Perucho, Rubio, et al. (2010), isoflurane-induced apoptosis is slightly stronger in transgenic
Alzheimer’s animals than their corresponding control. Through these direct toxic effects,

isoflurane could contribute to neurodegeneration in general.

Furthermore, isoflurane interferes directly with Alzheimer’s pathology. As a result of caspase
activation, isoflurane alters amyloid precursor protein (APP) processing and increases (-
amyloid levels in the brain (Xie, Dong, Maeda, R. D. Moir, et al. 2007; Xie, Culley, et
al. 2008; Xie and Xu 2013; Zhang et al. 2017). This, in turn, enhances caspase activity

11
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retroactively, creating a potential vicious cycle (Xie, Dong, Maeda, R. D. Moir, et al. 2007;
Xie and Xu 2013; Dong, Xu, et al. 2011).

Furthermore, isoflurane can modulate the composition of S-amyloid by promoting its ag-
gregation and accumulation. Studies have reported increased oligomeric S-amyloid levels
ranging from 20 to 30kDa following isoflurane incubation (Perucho, Rubio, et al. 2010; Zhang
et al. 2017; Perucho, Casarejos, et al. 2012; Eckenhoff et al. 2004). Notably, while high
concentrations of isoflurane led to the formation of f-amyloid plaques in aged rats (Zhang et
al. 2017), no changes were observed in the morphology of plaques in symptomatic Alzheimer’s
mice (Perucho, Rubio, et al. 2010).

Isoflurane does not only affect f-amyloid but also tau proteins. Numerous studies have
reported increased levels of phosphorylated tau protein following isoflurane treatment. Both
control groups and transgenic Alzheimer’s mice exhibited alterations in tau protein levels, as
indicated by Li et al. (2014) and Dong, X. Wu, et al. (2012), with a more pronounced effect
observed in the Alzheimer’s models. According to Li et al. (2014), Alzheimer’s animals
demonstrated a more potent and longer-lasting increase in phosphorylated tau proteins,
while Dong, X. Wu, et al. (2012) showed an early rise in these proteins. The observed
link between 3-amyloid and tau phosphorylation, as demonstrated by Jin et al. (2011), may

be a contributing factor.

1.7.2.2 Xenon

Xenon is often described as an ideal anesthetic due to its low toxicity, lack of teratogenicity,
and potential neuroprotective properties (Hecker, Baumert, et al. 2004). Several neurode-
generative diseases, including Alzheimer’s dementia, are associated with overstimulation of
NMDA (N-Methyl-D-Aspartate) receptors (Loopuijt and Schmidt 1998; Lavaur et al. 2016).
As an antagonist of NMDA and AMPA receptors (Haseneder, Kratzer, Kochs, Hofelmann, et
al. 2009; Haseneder, Kratzer, Kochs, Mattusch, et al. 2009), xenon can counteract increased
excitatory receptor activity and protect cells from excitotoxic stress (Lavaur et al. 2016;
Hecker and Rossaint 2001). Xenon has been shown to protect against injury from hypoxia
(Banks et al. 2010) and traumatic events (M. Liang et al. 2022; Harris et al. 2013) by this

mechanism.

B-Amyloid alters glutamatergic neurotransmission in multiple ways, resulting in low-level
excitotoxicity and subsequent neuronal cell death (Lavaur et al. 2016; Wang et al. 2013; Liu
et al. 2019). Treatment with 75% xenon counteracts this damage and even increases trophic

effects in specific cell types (Lavaur et al. 2016). Thus, xenon can potentially protect against
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NMDA receptor-mediated toxicity in acute brain damage and potentially in insidious diseases

like Alzheimer’s dementia.

Both Biirge et al. (2019) and Hofmann et al. (2021) have suggested that xenon’s neuropro-
tective properties extend beyond its antagonistic effects on NMDA receptors. In particular,
they have found that xenon can improve impaired synaptic plasticity, as demonstrated by
the restoration of long-term potentiation (LTP) in the presence of f-amyloid at subclinical

concentrations of xenon (Biirge et al. 2019; Hofmann et al. 2021).

Xenon also affects the gene expression of MEGF10 receptors and therefore reverse the

neurotoxic effect on astrocytic synpase elimination (Shi et al. 2023).

Questions remain unanswered regarding xenon’s effects on modulated NMDA receptors in
Alzheimer’s disease. For example, it is unclear how xenon affects the NMDA-promoted

production of S-amyloid (Lesné et al. 2005).

Despite these uncertainties, the existing research suggests that xenon may hold promise as
a therapeutic intervention for neurodegenerative diseases. Further investigation is needed
to fully elucidate the mechanisms of xenon’s neuroprotective effects and potential clinical

applications.

1.8 Aims of the thesis

"Free Floating” is a special staining method that does not require cryopreservation. This
facilitates the staining of delicate and sensitive structures in an intact structural environment
and even enables the opportunity for pharmacological interventions.

With this experimental setup, we aimed to label Clq to confirm previous results on frozen

sections and describe new morphological features.

The second part of the thesis deals with Clq expression. In order to investigate the influence
of age on Clq levels, slices from hippocampus were studied by means of immunofluorescence.
To address the impact of Alzheimer pathology transgenic Arc-A/ mice were used as a mouse

model for Alzheimer’s disease.
In the third part, we studied the putative influence of anesthetics on Clq expression. For

this purpose, we treated slices either with isoflurane or xenon and compared the results to

their corresponding controls.
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These studies aim to elucidate relevant mechanisms underlying Clq expression in the brain

and to characterize the impact of anaesthetics in relation to their side effect profile.
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2 Material and Methods

Material and Methods haven been prepublished in an adapted version in C. Rupprecht,
Sarker, et al. (2022).

2.1 Mice

"Transgenic arc-Af mice (C57BL7/6 strain) and corresponding wild-type littermates were
bred in the animal core facility of the Technical University Munich (TUM). The animal
housing and sacrificing was done in strict compliance with the regulations of the European
Union (2010/63/EU), the laws of Upper Bavaria, and the restrictions of the Technical
University Munich. Animals had been supplied with water and food ad libitum. They
grew up in a pathogen-free controlled environment and comfortably lived under a day and
night cycle of 12 hours.” (published in C. Rupprecht, Sarker, et al. (2022)).

2.1.1 Aging groups

In this study, we utilized transgenic Arc-AS mice as a model for Alzheimer’s disease. These
mice overexpress the human APP 695 gene, which leads to the development of pathological
features similar to those observed in Alzheimer’s disease. Genetic analysis was conducted
at three weeks of age to confirm the transgenic status, while negative results confirmed the
wild-type status of the control group. We selected two age groups to investigate the effects of
physiological aging and chronic S-amyloid exposure on Clq levels. The first group consisted
of animals with an average age of 15 months, while the second group comprised only animals

aged between 20-21 months.

2.2 Preparation and Regeneration

Mice including wild-types (n=9) aged 15 and 20 months and transgenic arc-Af (n=6) aged

15 and 20 months were narcotized with isoflurane and euthanized by neck dislocation.
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After whole brain extraction 100 pm thick slices were prepared using a Leica VT 1000S
vibratome. The brain was maintained in an ice-cold and oxygenated preparation solution
(Table 2.1) throughout the preparation and cutting process. "To enable cell recovery, slices
were transferred into artificial cerebrospinal fluid (aCSF) (Table 2.2) and were kept under
continuous carbogen incubation for 30 minutes in a water bath at 37 37°C and for 60 minutes

under room temperature.” (published in C. Rupprecht, Sarker, et al. (2022).)

Table 2.1: Preparation solution Table 2.2: Artifical cerebrospinal fluid
substances ammount molarity substances ammount molarity
NaCl 7.305 g/l 125 mM NaCl 7.305 g/l 125 mM
KaCl 0.186 g/1  2.50 mM KaCl 0.186 g/1  2.50 mM
NaHsPOy 0.172 g/1 1.25 mM NaHoPOy 0.172 g/1 1.25 mM
D-(+4)Glucose-Monohydrate  4.954 g/1 ~ 25.0 mM D-(+)Glucose-Monohydrate ~ 4.954 g/l 25,0 mM
NaHCOj3 2.100 g/1 25.0 mM NaHCO3 2.100 g/1 25.0 mM
MgCLsy —Hexahydrate 1.220 g/l 6.00 mM MgCLy —Hexahydrate 0.203 g/ 1.00 mM
CaCly —Dihydrate 0.037 g/l 0.25 mM CaCly —Dihydrate 0.294 g/  2.00 mM

“ p— 1. Arc-Abeta mice

f
! l 2. Brain preparation

3. Cutting of 100um hippocampal slices

4, Regeneration phase:
30 minat 37°C
60 min at room temperature

Figure 2.1: Preparation and Regeneration
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2.3 Incubation with anaesthetics

To investigate the effects of xenon and isoflurane slices were divided into four equal groups.
Following recovery, slices were incubated with the respective compounds according to the
scheme below. All treatments were done at room temperature and continuous carbogen

flow.

Xenon: After pretreatment with Ny for 90 minutes 65% xenon was applied for 60 minutes.

The remaining anesthetic was removed with a subsequent wash step using Ns.

Isoflurane: After incubation in carbonated aCSF for an additional hour slices were exposed

to 0.6% isoflurane for 90 minutes, followed by a 60-minute wash step under carbogen.

Control groups: To serve as corresponding controls, slices were continuously treated with

Ny or left untreated.

| 90 minutes I 60 minutes | 60 minutes I

Figure 2.2: Xenon treatment scheme with corresponding control

Carbogen Carbogen Carbogen

| 60 minutes | 90 minutes | 60 minutes |

Figure 2.3: Isoflurane treatment scheme with corresponding control
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2.4 Immunofluorescence

Following incubation slices were stored overnight in 4% paraformaldehyde (PFA) at 4°C.
Thress washing steps with phosphate-buffered saline (PBS) for 10 minutes each and the
Transfer into a new well removed excessive PFA. Subsequently, slices were blocked for one
hour at room temperature with a mixture of 10% normal goat serum (NGS), 0.5% Triton

X-100, and 89.5% PBS. (Adapted from C. Rupprecht, Sarker, et al. (2022)).

2.4.1 Double staining of Clq and Glial-Fibrillary-Acidic Protein (GFAP)

Primary antibody solution containing rabbit anti-Clq (Abcam(ab) 182451) at a dilution of
1:250 and mouse anti-GFAP (Cell Signalling 3670) at a dilution of 1:100 was used overnight
at 4°C. After three washing processes with 1x PBS, slices were incubated for 2 hours with
secondary antibodies against rabbit (Thermo Fischer A 11034; 1:250) and mouse (ab150119;
1:250 / ab150115; 1:100). Subsequently, slices were washed three times with PBS (each for 10
minutes) and dried on microscope slides before being covered with "ProLong Glass Antifade
Mountant with NucBlue” (Invitrogen P36985). (Adapted from C. Rupprecht, Sarker, et al.
(2022)).

Figure 2.4: GFAP staining
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2.4.2 Double staining of Clq and Microtubule-Associated-Protein 2
(MAP2)

The Clq staining was performed following the protocol outlined in subsection 2.4.1. There-

fore, the MAP2 staining was added. The last washing steps of the Clq staining were shortened
to two washes with 1xPBS for 10 minutes each before incubating the slices with chicken MAP2
(ab92434 or ab5392; 1:1000). Abcam 150119 (1:500) was used as the secondary antibody for 2
hours at room temperature. After three more washing steps with PBS (each for 10 minutes).
Slices were dried on microscope slides and covered using "ProLong Glass Antifade Mountant
with NucBlue” (Invitrogen P36985).

Figure 2.5: MAP2 staining

2.4.3 Double staining with two different Clq antibodies

The protocol followed the methodology outlined in subsection 2.4.2. However, instead of
targeting MAP2, we used another anti-Clq antibody (ab71940; dilution 1:50) along with the
secondary anti-mouse antibody ab172326 (dilution 1:25).
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2.4.4 Antibody-Overview

Table 2.3: Primary antibodies

Company Antibody-Number Host Target Dilution

Abcam 182451 Rabbit Clq 1:250
Abcam 71940 Mouse Clq 1:50
Cell Signalling 3670 Mouse  GFAP 1:100
Abcam 92434 Chicken MAP2 1:1000
Abcam 5392 Chicken MAP2 1:1000

Table 2.4: Secondary antibodies

Company Antibody-Number Host Target Dilution Conjugation

Thermo Fischer A11034 Goat  Rabbit 1:250 Alexa Fluor 488
Abcam 150119 Goat  Mouse 1:500 Alexa Fluor 647
Abcam 150115 Goat  Mouse 1:100 Alexa Fluor 647
Abcam 150172 Goat  Chicken 1:250 Alexa Fluor 594

2.4.5 Double staining of Clq and methoxy-X04

"Clq staining was completed as described above. (...). Next, slices were incubated for 60
minutes in a solution of 0.4% methoxy stock solution (Table 2.5), 49.8% PBS and 49.8%
ethanol without methylethylketone).

Table 2.5: Methoxy-X04 stock solution

substances ammount
Methoxy-X04 10 mg

DMSO 100 ul
Iso-Propanol 450 nl
1x PBS 450 pl
1M NaOH 50 pl

After three washing steps with PBS-ETOH solution (50% PBS; 50% Ethanol with methylethylke-
tone) and three washing steps with distilled water, slices were dried on microscope slides and
covered by using "Dako Fluorescence Mounting Medium” (Dako S3023).” (published in C.
Rupprecht, Sarker, et al. (2022)).
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2.5 Imaging

7All images were taken by Axio Observer.Z1 from ZEISS microscopy equipped with six objec-
tives (2,5x, 10x, 20x, 40x, 63x(oil) and 100x(oil) and four filters (96HE for blue wavelength;
46HE and 38HE for green wavelength; 63HE for red wavelength). ZEN 3.0 blue edition was

used as software for image processing.

Figure 2.6: Axio Observer.Z1 (Zeiss microscopy 2020)

As part of the light intensity measurement, strict care was taken to record all images under
the same conditions. Therefore, the microscope settings were adjusted to a binning of 1:1
and an exposure time of 1000 ms. Using the advanced tile function, regions of interest were
defined. At least four reference points were set in each region to verify the focus area. By
alternating imaging both the DAPI and the Clq staining, all pictures were taken using the
10x objective.” (Published in C. Rupprecht, Sarker, et al. (2022)).

2.6 Light intensity analysis and plaque load measurement

To ensure the integrity of the data all image labels were automatically replaced with ran-
domized numerical values to eliminate potential detection bias. Two independent researchers
conducted the analysis in a blinded manner. The analysis was assisted by "Qupath”. Light
intensity measurements were captured in two distinct regions of interest, namely the dentate
gyrus and the CAl region. These areas were manually identified and annotated, which

allowed for the exclusion of any disruptive artifacts such as ruptures, bubbles, or folds. For
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all annotated area, Qupath measured the median and mean light intensity. (Adapted from
C. Rupprecht, Sarker, et al. (2022).)

Figure 2.7: Annotations of the dentite gyrus (red),
the CA1 region (yellow) and the hippocampus (cyan)

Since most plaques are localized in the cortex, we limited the plaque load measurement to
this region. “Inside our specified regions, we used a uniform threshold to detect the plaque
area. In this context a threshold of 7500 in combination with a smoothing sigma of 0.5 was
determined. (compare Figure 2.8). Using these values, Qupath calculated the percentage of
area that the plaques occupy of the total area”. (Published in C. Rupprecht, Sarker, et al.
(2022)).

Figure 2.8: Adjustment of the threshold with
(A) Threshold = 1000, no plaques are identified.
(B) Threshold = 3000, isolated plaques are identified.
(C) Threshold = 5000, almost all plaques are identified.
(D) Threshold = 7500, all plaques are identified and filled in.
(E) Threshold = 9000, all plaques are identified but not filled in.
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2.7 Statistics

2.7.1 Immunofluorescence imaging

"In order to control for confounding effects of staining variability, we normalized data to a
respective reference point derived from the respective individual mice. For this purpose, light
intensities of the whole hippocampus were measured and assigned to the respective day of
staining for each mouse brain. Within each group the median was determined and assigned

to the respective aging group and genetic status (subsection 2.1.1). Within these homogenous

experimental groups, the median was again determined. After that, the respective median
was divided by the individual data to obtain the normalization factor, which was multiplied

with individual experimental data from the same staining condition.

Normalized light intensity measurements and the unprocessed plaque load detection data were
allocated to their respective group of age and their transgene status. The Mann-Whitney-U
test was used as a test for significance.” (Published in C. Rupprecht, Sarker, et al. (2022)).
Based on the rank-sum and the sample size Ul (Equation 2.1) and U2 (Equation 2.2) or
z-values (Equation 2.3) were calculated. Both groups’ results were chosen and compared to

a predetermined reference value on a significance level of <5%.

U1:n1*n2+"1*(21+1)—31 (2.1)
U2:n1*n2+"2*(z2+1)—1%2 (2.2)
U— nlxn2
\/nl*nZ*(n1+n2+1)
12

Receiver-Operating-Characteristics (ROC) curves combined with area under the curve (AUC)
values were used to quantify effect sizes. The AUC value is the area under the ROC curve
and represents the accuracy of a diagnostical test. A value close to 0 or 1 indicates that two
groups can be distinguished by measuring this parameter (indicating high test accuracy). In
contrast, a value close to 0.5 indicates that no differentiation can be made (indicating poor

test accuracy). This approach can be extended to evaluate effect sizes, whereby a drug’s
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efficacy is considered superior if it can effectively discriminate between treated and untreated

groups.
1.0/
0.8/
ol
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:'5
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w
A=1.0AUC
0.2; B< 1.0 AUC
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0.0 D = 0.5 AUC
00 02 04 06 08 1.0
FPR

Figure 2.9: Examples for ROC curves and AUC values (Park et al. 2004)
(FPR= false positive rate)

According to Mandrekar (2010) and to Hosmer et al. (2013) an AUC value of 0.5 suggests
wno difference/effect”; 0.9 equals a ,,very strong difference/effect”, 0.8 equals a ,strong differ-
ence/effect* and 0.7 equals a ,moderate difference/effect*. The interval from 0.5 to 0.7 was
defined as "no discernible difference/effect ”. The results gain significance if the confidence

interval limits lie entirely within one of these defined areas.

AUC value effect size
0.9-1.0 very strong effect
0.8-0.9 strong effect
0.7-0.8 moderate effect
0.5-0.7 no discernible effect

0.5 no effect

Table 2.6: Effect sizes of AUC values
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3 Results

3.1 Morphology

In this section our results and images about the morphological representation of Clq in the
brain are described, which have been published in C. Rupprecht, Sarker, et al. (2022).

"Frozen staining methods have the advantage of easy handling, thin tissue sections, and
low force on the slices. However, freezing bears the risk of changing or even destroying
morphology. In order to gain more clarity about morphological characteristics, we successfully
used a newly developed free-floating staining method avoiding freezing.” (published in C.
Rupprecht, Sarker, et al. (2022)).

3.1.1 Clq is globally distributed across the entire brain

”Overview images of mouse brain tissue sections revealed a general distribution of Clq across
the entire brain (Figure 3.1). Although every part of the brain seems to express Clq to a
certain extent, regional differences became apparent. Regions such as the dentate gyrus and
some parts of the hippocampal cornu ammonis (CA) layers always showed high expression
levels, in contrast to the dendritic region of the hippocampus or certain parts of the brain
stem.” (published in C. Rupprecht, Sarker, et al. (2022)).
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Figure 3.1: Immunofluorescence staining reveals an overall Clq distribution across the entire brain.
A) Overview image of a whole mouse brain tissue slice stained with abcam 182541
anti-Clq antibody (green). Clq is present across the entire brain with pronounced
signals at the dentate gyrus and CA1 region (red arrow). (Scale bar: 1000pm)

B) High magnification image of the hippocampus reveals regional differences of Clq
deposition. The molecular layer of the dentate gyrus and the stratum oriens of the CA1
regions (red arrow) reveal pronounced signals. In contrast, the stratum pyramidale,
stratum radiatum, and the granule cell layer of the dentate gyrus show almost no
signal. DAPT (blue) visualizes cell nuclei. (Scale bar: 500 pm) (reproduced from

C. Rupprecht, Sarker, et al. 2022).

3.1.2 Morphology of Clq positive somata is dependent on localization

"Circular Clq signals could be detected using a higher magnification, which always had a
DAPI-positive cell nucleus in the center. After excluding interactions with the DAPI staining,
we considered those signals "Clq positive somata”. These Clg-positive somata are present
in every part of the brain. Whereas these are numerous with a circular appearance in the
cortex (Figure 3.3B; Cortex), they are elongated and occur more rarely in the CA1 region
of the hippocampus (Figure 3.3B; CAl). In addition, the CA4 region (Figure 3.3B; CA4)
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was characterized by strong staining of somata with apparent connections between the single

somata signals.

Occasionally, we observed densely packed groups of Clq somata, mainly in the CA2 and CA3
regions of the hippocampus (Figure 3.2). These fields are limited to the CA cell body layer
and show prominent staining signals. Whereas those signals in the CA2 layer appear well
ordered and with small extensions in the direction of the dendritic zone, the signals in the
CA3 area seem to stay in closer connections with each other, comparable to the network
system observed in the CA4 region.” (published in C. Rupprecht, Sarker, et al. (2022)).

Figure 3.2: Densely packed Clq somata in the stratum pyramidale of the CA2 and CA3 region:
left-upper picture: Overview image of the Clq distribution across the hippocmapus.
right-upper picture: High magnification image of Clq somata fields in the CA2 region
left-lower picture: High magnification image of Clq somata fields in the CA3 region
(Figure reproduced from C. Rupprecht, Sarker, et al. 2022).
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Figure 3.3: The morphology of Clq somata (green) differs across various brain regions.
A) Overview of a Clq stained mouse brain slice showing all hippocampus regions. Clq
somata are visual in the CA3 and CA4 regions. (Scale bar: 250 pm)
B) The morphological appearance of Clq somata depends on their anatomical
localisation. Clq somata appear rare and elongated in the CA1 region, numerous and
interconnected in the CA4 region and numerous, sharp limited and circular in the
cortex. (reproduced from C. Rupprecht, Sarker, et al. 2022).
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3.1.3 Clq positive somata can be visualized by different anti-Clq

antibodies.

"To confirm antibody specificity for Clq somata, we performed double staining with two
different Clq antibodies (ab 182451; ab 71940). Since the staining with both antibodies
showed a clear colocalization (Figure 3.4), our next steps aimed to differentiate the cell type

underlying Clq positive somata.” (published in C. Rupprecht, Sarker, et al. (2022)).

Clqg
(ab182451)

Figure 3.4: Double staining of anti-Clq ab182451 and anti-Clq ab71940 proves the specificity of
the antibodies for Clq somata (reproduced from C. Rupprecht, Sarker, et al. 2022).
A) Overview image of the hippocampal CA4 region showing the confluence of both
staining signals. (Scale bar: 25 pum)
B) Higher magnification image reveals the distribution of Clq around a DAPI-stained
cell nucleus in both Clq stainings. Anti-Clq antibodies show a complete overlap.
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3.1.4 Clq is located paraneuronal as well as perineuronal around
DAPI-positive cell nuclei

”Based on their appearances and localization, we questioned whether neurons are the cellular
origin of Clg-positive somata. To test this hypothesis, we performed double staining of MAP2
as a neuronal marker in combination with ab182451 as a marker for Clq. On the one hand,
Figure 3.6 demonstrates that Clq somata occur close to MAP2 positive neurons without any
connection or interaction, suggesting a paraneuronal glial origin. As an additional double
staining of Clq and GFAP excluded astrocytes involvement (Figure 3.5), we hypothesize
microglia to be the origin of paraneuronal Clq somata. On the other hand, Figure 3.7 reveals
the deposition of Clq along the cell membrane of neuronal cell bodies. As there was a
direct morphological correlation but no clear overlap, we suggested a perineuronal deposition
(Figure 3.8). Moreover, our results showed that Clq signals cover neuronal cell bodies and
extend in the direction of dendrites (Figure 3.7: yellow arrows).” (published in C. Rupprecht,
Sarker, et al. (2022)).

Figure 3.5: GFAP positive astrocytes (red) show no overlap or connection to Clq positive somata
(green). The image was taken in the hippocampus CA4 region. (Scale bar: 15 pm)
(reproduced from C. Rupprecht, Sarker, et al. 2022).
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Figure 3.6: Paraneuronal Clq in a triple staining of Clq (green), MAP2 (red) and DAPT (blue).
Clq somata do not colocalize with MAP2 neurons (reproduced from C. Rupprecht,
Sarker, et al. 2022).
A) Overview image showing cortical DAPI stained cell nuclei, Clq somata, and MAP2
positive neurons. Clq somata are located close to MAP2-positive neurons in a
paraneuronal position. (Scale bar: 25 pm)
B) Signals of Clq, as well as MAP2, surround DAPI-stained cell nuclei in the cortex as
well as in the hippocampus. There was no interaction between MAP2-stained neuronal
cell bodies and Clq somata. (Scale bars: 25 pm)
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Figure 3.7: Triple staining of Clq (green), MAP2 (red) and DAPIT (blue) (reproduced from
C. Rupprecht, Sarker, et al. 2022):
Clq somata show a perineuronal position around MAP2 positive neurons. Small
protrusions of Clq appear along neuronal dendrites (yellow arrows). Images were taken
in the hippocampus. (Scale bars: 10 pm)
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Figure 3.8: Clq positions around somata of different cell types. The accumulation around neuronal
cell bodies is defined as a perineuronal position (orange arrow), while we use the term
paraneuronal for non-neuronal (glial) Clq somata (green arrow). (Scale bar: 20pm)
Graph created with BioRender.com (reproduced from C. Rupprecht, Sarker, et al.
2022).

3.1.5 Clq dendritic-like structures

”Our results indicate that Clq is not only located perineuronal along neuronal cell bodies but
also extends in the direction of dendritic structures. Based on these findings, we investigated
whether this phenomenon is only present near the cell body or whether it is also evident
around peripheral dendritic structures. Therefore, we defined the stratum radiatum of the
CA1l and CA2 region, enriched in basal dendrites and glial cells, as a region of interest
and focused on this area with high magnification objectives. Within this ROI, we detected
dendritic-like structures (Figure 3.9). These structures primarily arise from Clg-positive
somata in the CA layer and extend toward the dentate gyrus. On their way, the signals
split up into multiple branches. To exclude any involvement of extensions of astrocytes,
we performed double staining of Clq and GFAP (Figure 3.10). Based on the combination of
localization, origin, branching, and the exclusion of astrocytic involvement, these signals most
likely represent the accumulation of Clq on neuronal dendrites. Their neuronal origin could

be substantiated to some extent (Figure 3.12/Figure 3.11), which, however, should be fully

elucidated in further studies. Intriguingly, there was no qualitative difference between Clq
dendritic-like structures in the transgenic mouse model of Alzheimer’s disease Arc-AfS and
the corresponding wild-type control (Figure 3.9) or between young animals of 6 weeks (data
not shown) and older brain sections.” (published in C. Rupprecht, Sarker, et al. (2022)).
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Figure 3.9: Clq dendritic-like structure in transgenic Arc-AS mice and corresponding wild type
control (reproduced from C. Rupprecht, Sarker, et al. 2022).
A) Staining of Clq (green) and DAPI (blue) showing overview images of the stratum
pyramidale (demonstrated by the ring of numerous DAPI-cell nuclei) and stratum
radiatum. Clq dendritic-like structures arise from the stratum pyramidale and extend
through the stratum radiatum toward the dentate gyrus. (Scale bars: 60 pm)
B) 40x images showing numerous Clq dendritic-like structures in the stratum
pyramidale and upper stratum radiatum. A division of the signals into first-side
branches is apparent. (Scale bars: 30 pm)
C) Single Clq dendritic-like structures demonstrated by images with 100x and 63x
magnification. Clq dendritic-like structures rise from Clq somata and extend toward
the dentate gyrus. On its way the signals splits into up to three side branches. (Scale

bars: 15 pm) 24
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Figure 3.10: Triple staining of Clq (green), DAPI (blue) and GFAP (red): Clq dendritic-like
structures are shown in a field of astrocytes without any interaction, correlation or
overlap.(Scale bars: 15 pm) (reproduced from C. Rupprecht, Sarker, et al. 2022).

Figure 3.11: Possible antibody interference in the double staining of Clq (green) and MAP2 (red).
The Clq staining is weak or even missing in areas of intense MAP2 staining (yellow
arrows) and vice versa. Since both signals flow into one another, a neural origin is still
likely. Images were taken in the hippocampus CA1 region.

Figure 3.12: Colokalsisation of Clq dendritic like structures and MAP2 positive neuron. Images
were taken in the hippocampus CA1 region.
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3.1.6 Clq accumulates in mouse models of Alzheimer’s disease

"Depositions and accumulations of Clq in the form of plaques are only present in mouse
models of Alzheimer’s disease and are mainly localized in the cortex and the hippocampus
(Figure 3.13A). Based on their formation and location, we assumed a relationship between
Clq and S-amyloid plaques based on their formation and location. To investigate this
assumption more closely, we performed double staining of Clq and methoxy-X04, a marker
for amyloid plaques. The results presented in Figure 3.13C showed a continuous overlap of
both markers. (...). Additional double staining of GFAP and Clq revealed that astrocytes
surround Clq plaques and their processes were in contact with them suggesting a functional
interaction (Figure 3.13D).” (published in C. Rupprecht, Sarker, et al. (2022)).
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Figure 3.13: Morphology of Clq (green) in transgenic arc-A mice, a mouse model for Alzheimer s
disease ( A) reproduced from C. Rupprecht, R. Rupprecht, et al. 2021 and B-D) from
C. Rupprecht, Sarker, et al. 2022):

A) Overview images of transgenic arc-AS mice in comparison to the corresponding
wild-type control. Clq plaques only occur in the transgenic animal line and are
mainly located in the cortex and the hippocampus. (Scale 1 1000 pm)

B) Clq plaques in a field of cortical neurons. Some plaques revealed an increased
concentration of cell nuclei (blue). (Scale bars: 100 pm)

C) Clq plaques completely overlap with methoxy-X04, a marker for g-amyloid
deposition. (Scale bars: 1000 pm)

D) Astrocytes do not only surround Clq plaques but also reach out into the plaque
area with their processes. (Scale bars: 15 nm)




3. Results 3.2. The effect of age, AD, and anesthetics on brain Clq

3.2 The effect of age, AD and anesthetics on brain Clq

This section in part was prepublished in C. Rupprecht, R. Rupprecht, et al. (2021) and C.
Rupprecht, Sarker, et al. (2022).

The second component aims to investigate variations in Clq expression during physiological
aging, the prevalence of AD, and after anesthetic exposure. We quantified Clq levels through
two distinct modalities. Firstly, light intensity measurement was employed to assess the
overall Clq level, explicitly targeting the CA1 region and the dentate gyrus. Secondly, plaque

load detection monitored changes in Clq aggregates within the cortical area.

3.2.1 Clq increase during normal aging

Figure 3.15 demonstrates an age related effect on hippocampal Clq expression. Mice at
the age of 20 months showed significantly elevated levels of Clq both in the dentate gyrus
(Figure 3.14/Figure 3.15a) and the CA1 region (Figure 3.14/Figure 3.15c) relative to 15

months old animals. Notably, regional differences were evident within the hippocampus,

with a more substantial increase detected in the dentate gyrus than in the CA1l region.
Additionally, the age-related effect was more pronounced in the transgenic mouse model for
Alzheimer’s disease (Figure 3.15b,d). (Adapted from C. Rupprecht, R. Rupprecht, et al.
(2021) and C. Rupprecht, Sarker, et al. (2022)).
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Figure 3.14: Light intensity values were calculated from Arc-AS-mice (15 and 20 months) and
corresponding wild-types (15 and 20 months). (TG: transgenic, WT: wild type)
(reproduced from C. Rupprecht, Sarker, et al. 2022).
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Figure 3.15: Clq expression within the dentate gyrus differs significantly between 15- and

20-month-old animals (Mann—Whitney U test: p<0.00001). This effect is even more
pronounced in the transgenic mouse model (TG: transgenic, WT: wild type) ( a) and
b) reproduced from C. Rupprecht, R. Rupprecht, et al. 2021).
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This investigation revealed that aging exerts a significant impact not only on basal Clq levels
but also on Clq plaque formation. Cortical plaque concentrations markedly increased in

our transgenic Alzheimer mouse model within the five-month test period (Figure 3.16). In

contrast no plaques were observed in the corresponding wild-type group, regardless of age.
(Adapted from C. Rupprecht, R. Rupprecht, et al. (2021) and C. Rupprecht, Sarker, et al.
(2022)).
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Figure 3.16: Plaque load detection reveals a significant increase of Clq plaques in transgenic
Arc-AS-mice between the age of 15 and 20 months. (Mann-Whitney U test:
p<0.00001) (TG: transgenic, WT: wild type) (reproduced from C. Rupprecht, Sarker,
et al. 2022).
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3.2.2 Clq levels are altered in Arc-AfS-mice

15 months old transgenic arc-Af8 mice displayed significantly lower concentrations of Clq in
both the dentate gyrus (Figure 3.17a) and CA1 region (Figure 3.17c) of the hippocampus.
This effect reversed at the age of 20 months, with transgenic mice exhibiting significantly
higher Clq levels in both regions (Figure 3.17b,d). (Adapted from C. Rupprecht, R. Rup-
precht, et al. (2021) and C. Rupprecht, Sarker, et al. (2022)).
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Figure 3.17: Light intensity measurements show suppressed Clq levels both in the CA1 region and
the dentate gyrus in Arc-Af mice at the age of 15 months (Mann—Whitney U test:
p<0.00001). However, at 20 months, there was a significant increase in Clq light
intensity in both groups (Mann-Whitney U test: p<0.03). (TG: transgenic, WT: wild
type) (reproduced from C. Rupprecht, Sarker, et al. 2022).
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3.2.3 The effect of xenon and isoflurane on brain Clq levels

Following an incubation period of mouse brain slices with xenon and isoflurane we analyzed
Clq levels through light intensity measurements in two discrete hippocampus regions. The
collected data were then stratified into four distinct categories based on region, age, and

transgenic status, as depicted in Figure 3.18, Figure 3.19, Figure 3.20 and Figure 3.21.

In both the dentate gyrus and CA1 region, administration of anesthetics did not result in a
statistically significant increase in Clq levels. Furthermore, the apparent observed significant
decrease in Clq levels induced by isoflurane (Figure 3.18b) could not be detected within the
wild-type control (Figure 3.18a), within the CA1 region data (Figure 3.20a,b) as well as in
the other age group (Figure 3.19a,b,Figure 3.21a,b).
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Figure 3.18: Light intensity measurements of the dentate gyrus do not show significant elevations
of Clq in either the transgenic Arc-Af group or the corresponding wild type control
(Mann-Whitney U test: p>0.05). There was a significant decrease in the transgenic
group after isoflurane incubation (Mann-Whitney U test: p<0.012).
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Figure 3.19: Light intensity measurements of the dentate gyrus do not show significant elevations
of Clq after xenon or isoflurane incubation in either the transgenic Arc-AfS group or
the corresponding wild-type control (Mann-Whitney U test: p>0.05).
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Figure 3.20: Light intensity measurements of the CA1 region do not show significant elevations of
Clq after xenon or isoflurane incubation in either the transgenic Arc-Af group or the
corresponding wild type control (Mann-Whitney U test: p>0.05).
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Figure 3.21: Light intensity measurements of the CA1 region do not show significant elevations of
Clq after xenon or isoflurane incubation in either the transgenic Arc-Af group or the
corresponding wild type control (Mann-Whitney U test: p>0.05).
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To facilitate statistical handling and to test for equality, we calculated AUC values (subsec-
tion 2.7.1) for each anatomic region and age group (Figure 3.22). The AUC values for both
xenon and isoflurane-treated slices, depicted in Figure 3.22b,Figure 3.22d, Figure 3.22a and

Figure 3.22¢, showed an average value that is close to 0.5, indicating that the compounds did
not have a significant acute effect on Clq levels in this experimental setup. However, the data
exhibits a wide range and large standard deviation, which prevents a definitive conclusion

and warrants further investigation.
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Figure 3.22: AUC values are calculated by offsetting a treatment group against the corresponding
control and can be used to determine effect sizes (Table 2.6). The following graph
shows the average AUC of 0.32-0.72 in the isoflurane and 0.38-0.83 in the xenon
group. Even if the mean values do not indicate an acute effect, there is no significance
in any group due to the large standard deviation.
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Nevertheless, regarding the previously described data, which validated the setup by showing
a significant elevation of Clq with increasing age (Figure 3.15), it can be concluded that both

xenon and isoflurane affect Clq levels less than the normal aging of 5 months.

48



4 Discussion and Conclusion

Free-floating tissue samples prevent freezing-induced damage, resulting in improved retention
of cell structures and antigens, ultimately leading to better tissue morphology and antigenicity
preservation. Additionally, free-floating can be used for pharmacological interventions to
study the effects of drugs on brain tissue. In this unique technique slices of brain tissue are
cut and allowed to float freely in a solution containing nutrients and oxygen. This procedure

allows the tissue to remain viable and functional for a short period, typically a few hours.

4.1 Morphology

In this section the morphological representation of Clq in the brain is discussed, which has
been published in C. Rupprecht, Sarker, et al. (2022).

Our experimental free-floating setup provided the possibility to investigate the morphology of
Clq in the brain. We replicated all previously described morphological features and combined
them in one staining. Moreover, we detected Clq dendritic-like structures. A more detailed
understanding of the morphology helps us to better understand the functioning of the immune
system and how it responds to different pathogens and diseases. (Adapted from C. Rupprecht,
Sarker, et al. (2022).)

"In overview images of cerebral sections and the hippocampus, we confirmed basal Clq
levels distributed over the whole brain (Figure 3.1). Within this overall distribution, we
detected an accumulation of Clq on cell bodies and described their morphological features

dependent on their respective localization (Figure 3.2,Figure 3.3). The interaction of Clq

with somata was two-fold (Figure 3.8). On the one hand, Clq has a perineuronal position
around MAP2-positive somata (Figure 3.7). On the other hand, paraneuronal Clq seems
to colocalize with glia cells (Figure 3.6). Intriguingly, our setup revealed "Clq positive
dendritic-like structures” within the dendritic zone of the hippocampus (Figure 3.9). Even

though its neuronal origin could be substantiated to some extent, a detailed elucidation is
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needed in further studies. Finally, we were able to demonstrate the deposition of Clq within
plaques. (...). Complementary stainings revealed an overlap with S-amyloid accumulation
and interaction with astrocytes (Figure 3.13).” (published in C. Rupprecht, Sarker, et al.
(2022))

"In overview images of cerebral sections and the hippocampus, we confirmed basal Clq
levels distributed over the entire brain (Figure 3.1). Studies in neuroinflammation often
used this type of Clq distribution as a starting point for different quantification methods
(Hammond et al. 2020; T. Wu et al. 2019), but only a few studies dealt with morphology
itself. Stephan et al. (2013) showed that basal Clq is already present in mouse pups of 6 weeks
but dramatically increases with normal aging. The expression at young age can be related
to the function of Clq during brain development. As an “eat me signal,” Clq recognizes
excessive synapses and leads to complement-dependent synaptic pruning, thereby avoiding
immature brain circuitries (Rosa C. Paolicelli et al. 2011). However, this does not explain the
increasing levels of Clq during normal aging since these processes show a significant reduction
in adulthood (Petanjek et al. 2011). We hypothesize that in older age, Clq is involved in
different cellular processes. On the one hand, Clq might be present in an inactive form to
provide readiness for the execution of inflammatory processes, as they occur in defense of
streptococcus infections (T. A. Rupprecht et al. 2007). On the other hand, Clq can also
exert neuroprotective properties (Benoit and Tenner 2011). Further studies should address
the physiological role of Clq at a higher age. Besides its essential physiological functions,
Clq is most likely part of the pathophysiology behind neurodegenerative disorders. Hong
et al. (2016) demonstrated that the early synapse loss in Alzheimer’s disease is complement-
dependent, indicating a pathological reactivation of synaptic pruning mechanisms.” (published
in C. Rupprecht, Sarker, et al. (2022)). These facts align with our previous results showing
increased basal Clq in a mouse model of Alzheimer’s disease (C. Rupprecht, R. Rupprecht,
et al. 2021; Reichwald et al. 2009). (Adapted from C. Rupprecht, Sarker, et al. (2022)).

"In the next step, we focused on the putative cellular target structures of Clq. Previous
literature revealed some inconsistency about the interaction of Clq with neuronal cell bodies.
Lopez et al. (2012) described perineuronal extracellular Clq in the CA2 region of the
hippocampus, Fonseca, Chu, Hernandez, et al. (2017) Clq surrounding YFP positive neurons
in the CA1 region, and Stephan et al. (2013) Clq inside of GABAergic neurons. In the
literature, however, these accumulations seem to be rather relatively rare. It is of note that
our slices show a greatly increased number of Clq positive somata as well as the formation

of connected systems and organized fields (Figure 3.2, Figure 3.3). Despite the difference in

the amount of expression, our results align with the findings of Lopez et al. (2012) reporting
a perineuronal position of Clq around MAP2 positive neurons (Figure 3.7).” (published in
C. Rupprecht, Sarker, et al. (2022)).
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”Consistent with the previously reported structures, we identified a considerable amount
of Clq somata in a paraneuronal position without any correlation or interaction to MAP2
positive neurons (Figure 3.6). Since microglia are the dominant sources of Clq in the brain
(Fonseca, Chu, Hernandez, et al. 2017), we assume that paraneuronal Clq somata result
from an increased microglial Clq expression. This thesis is in line with previous results,
which showed an overlap of perinuclerar Clq with microglia (Kawai et al. 2020).” (published
in C. Rupprecht, Sarker, et al. (2022)).

"In our experiments, we noticed linear, branched Clq signals between the CA1l and CA2
somata layer and the dentate gyrus of the hippocampus (Figure 3.9). Based on the local-
ization, branching, and origin, we supposed an accumulation of Clq on dendrites. These
dendritic-like structures stood out from their surroundings due to their solid signals and
concise morphology. Although there were hints of dendritic-like Clq structures in various
brain regions, they could only be clearly detected in the hippocampus. Previous literature
mentions the deposition of Clq only on apical dendrites in pathological brain tissue (Afagh
et al. 1996; Head et al. 2001). In contrast, our data show that Clqg surrounds dendrites in
total length in healthy brains as well as in the Alzheimer’s mouse model Arc-Aj (Figure 3.9).
On the one hand, those structures might take over a role in neuroprotective processes. On the
other hand, potential involvement in neurodegenerative synaptic pruning mechanism should
be of interest in further studies. In this context, the source of the dendritic Clq is of high
importance, as those structures might point to TGF-8 induced neuronal Clq expression
(Bialas and Stevens 2013).” (published in C. Rupprecht, Sarker, et al. (2022)).

"For many years, genetic mouse models have been used to research Alzheimer’s disease
(AD). A histological feature of AD is the deposition of S-amyloid plaques in the brain.
However, several studies showed that S-amyloid is not the only protein prevalent in those
plaques. Reichwald et al. (2009) demonstrated the accumulation of multiple complement
proteins in these areas. Moreover, Fonseca, Chu, Hernandez, et al. (2017) showed that
the "contribution of complement activation” (...) 7differs among various mouse models of
Alzheimer’s disease”. For example, Clq plaques were not present in 3xTg mice but in arc-AS
and TG 2576 mouse models. We investigated whether we could reproduce the data from
Fonseca, Chu, Berci, et al. (2011) focusing on the morphological representation of Clqg. In
our study, we selected methoxy-X04 as a marker for 5 -amyloid accumulation. Our previous
studies showed that the formation of Clq plaques occurs in transgenic ArcAf mice and
is absent in wild type control animals (Figure 3.13A/(C. Rupprecht, R. Rupprecht, et al.
2021)). Furthermore, we demonstrated that Clq plaques consistently overlap with S-amyloid
deposits (Figure 3.13C) (...). Rodriguez et al. (2009) mentioned reactive astrocytes located
around [S-amyloid plaques. Since our results showed a complete overlap of Clq and S-amyloid

plaques, it is not surprising that astrocytes also surround Clq plaques (Figure 3.13D). As Clq
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and astrocytes are involved in synaptic pruning mechanisms, those plaques could be a sign of
(B-amyloid-induced concentrated synapse loss. Further research should address whether the
accumulation of microglia and astrocytes around -amyloid plaques is complement-dependent
and whether those cells show increased synaptic pruning activity compared to S-amyloid
independent glia cells.” (published in C. Rupprecht, Sarker, et al. (2022)).

"In conclusion, our study revealed a differential morphological representation of Clq in the
brain concerning cellular and subcellular target structures, which might contribute to the
complex role of this small molecule in physiology and disease.” (published in C. Rupprecht,
Sarker, et al. (2022)).
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4.2 The influence of age and AD on brain Clq

In this section the influence of age and AD on brain Clq is discussed which has been published
in part in C. Rupprecht, R. Rupprecht, et al. (2021) and C. Rupprecht, Sarker, et al. (2022).

In order to deepen our understanding of the function of Clq in both physiological and
pathological conditions, it is essential to quantify its levels. We adjusted our free-floating

setup to enable the measurement of Clq levels through light intensity measurements.

Our experiments confirmed the effect of age on Clq expression described in the literature
(Reichwald et al. 2009; Stephan et al. 2013). Furthermore, we could analyze individual regions
of the hippocampus. The Clq concentration increased more within the dentate gyrus than in
the CA1 region (Figure 3.15). In the further course, two effects of Alzheimer’s pathology on
Clq levels (Figure 3.17) occurred. Firstly, the effect of age was intensified in the transgenic
arc-Af mice (Figure 3.15). Secondly, Alzheimer’s pathology showed an effect independent
of age. At 15 months, the transgenic status led to significant inhibition of Clq expression
(Figure 3.17a/c), while at the age of 20 months, a stimulation occurred (Figure 3.17b/d).
Finally, we showed that not only soluble Clq increases with age but also the deposition
of Clq within plaques (Figure 3.16). (Adapted from C. Rupprecht, R. Rupprecht, et al.
(2021)).

As mentioned in section 1.4, synaptic pruning mechanisms are indispensable for normal brain
development. However, studies revealed that Clq levels are initially low in the developing
brain but exhibit a steep exponential increase in older age (Reichwald et al. 2009; Stephan
et al. 2013). This phenomenon raises the question of why the body increases Clq production
during life, given that synaptic pruning is far less pronounced in adulthood (Petanjek et
al. 2011). To address this question, we investigated whether age has regional effects on
hippocampal Clq levels. Our findings indicate that regions with high levels of C1q expression,
such as the hippocampus and the dentate gyrus, are highly susceptible to age-dependent
increases in Clq expression (Figure 3.15). Utilizing these data, future investigations may
explore molecular distinctions between regions with high and low levels of age-induced Clq
stimulation. (Adapted from C. Rupprecht, R. Rupprecht, et al. (2021)).

Since age constitutes a major risk factor for neurodegenerative disorders like Alzheimer’s
dementia and studies indicate the pathological reactivation of synaptic pruning mechanisms in
such insidious diseases, we investigated how transgenic mice models for Alzheimer’s pathology
affect cerebral Clq levels. On the one hand, we detected an enhancement in age-dependent

Clq expression. APP23 mice at nine months showed significantly higher C1q mRNA levels
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than the wild-type control, which was even more pronounced in higher age (Reichwald et al.
2009). These results align with our light intensity measurement data (Figure 3.15). "Trans-
genic Arc-Af mice, which are characterized by overexpressing human APP695 with Swedish
(K670N/M671L) and Arctic (E693G) mutations and constitute a valid model for pathological
f-amyloid deposition (Knobloch et al. 2007), showed a markedly greater increase of Clq
during aging in comparison to wild type control animals. On the other hand, Alzheimer’s
pathology itself may influence Clq expression. For example, mice treated intraventricularly
with S-amyloid (Af) showed a significant increase in Clq levels (Hong et al. 2016).” (published
in C. Rupprecht, Sarker, et al. (2022)). Our results and those of Reichwald et al. (2009)
strongly support an age-dependent Clq expression pattern. At younger age, mouse models for
Alzheimer’s disease show relatively low Clq levels (Figure 3.17a/c). However, this expression
pattern in aged animals is entirely different and shows characteristics of rather elevated brain
Clq levels (Figure 3.17b/d). "Further investigations are needed to resolve this age-dependent
shift in expression patterns in AD models” (published in C. Rupprecht, Sarker, et al. (2022))
and might provide a therapeutic approach. (Adapted from C. Rupprecht, R. Rupprecht,
et al. (2021) and C. Rupprecht, Sarker, et al. (2022)).

"Clq plaques only occur in animal models of AD and are mainly located in the cortex and the
hippocampus (Figure 3.13A). Interestingly, those Clq aggregates overlap entirely with AfS
plaques unraveled in respective colocalization experiments (Figure 3.13C). Moreover, also in
human postmortem brain tissue of patients suffering from AD it has been shown that increased
Clq expression is positively correlated with A plaques (Tooyama et al. 2001).” (published
in C. Rupprecht, Sarker, et al. (2022)). Our subsequent quantification experiments revealed
that Clq cortical plaque concentration markedly increased in our transgenic Alzheimer mouse
model within the five-month test period (Figure 3.16) (adapted from C. Rupprecht, Sarker,
et al. (2022)). Comparable studies can only be found on $-amyloid deposition (Hashimoto
et al. 2020) (adapted from C. Rupprecht, Sarker, et al. (2022)).

"In conclusion, it can be assumed that synaptic pruning mechanisms can be aberrantly
reactivated particularly during older age and thereby contribute to neurodegeneration. This is
in line with the well-known phenomenon that age constitutes a major risk factor for neurode-
generative disorders such as AD. Complement proteins such as Clq may play a role as “eat
me” signals in this context and opsonize synapses for microglia-mediated phagocytosis. These
mechanisms constitute a good example of the cooperation of the cellular and non-cellular
immune responses in the context of inflammatory processes. Future research should address
the following questions: What is the exact role of Clq during age and neurodegeneration
in the human brain? Is an increase of Clq triggering neurodegeneration or is it simply
a consequence of other ongoing neurodegenerative processes? May Clq serve as a general

marker for neurodegeneration or is there a difference between various forms of dementia? Can
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Clq serve as a putative biomarker either by quantification in CSF alone or in conjunction
with other complement markers or is it accessible in molecular neuroimaging studies, e.g.,
by positron emission tomography (PET)? May Clq even constitute a putative therapeutic
target? In conclusion, Clq and the complement system will add new avenues to the already
complicated puzzle underlying aging and neurodegenerative disorders such as Alzheimer’s
disease. ” (published in C. Rupprecht, R. Rupprecht, et al. (2021)).
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4.3 Effects of xenon and isoflurane on brain Clq

Although anesthetics have become indispensable in contemporary medicine, their use must
be carefully considered due to the possibility of inducing long-term changes in the molecular

and cellular structure of the brain. As discussed in subsection 1.7.1, isoflurane and xenon

exhibited neurotoxic effects on developing brains. However, in older brains afflicted with
Alzheimer’s disease, xenon has demonstrated neuroprotective properties (Lavaur et al. 2016),
whereas isoflurane has shown neurotoxic features (Xie, Culley, et al. 2008) and amplified
f-amyloid (Zhang et al. 2017; Xie, Dong, Maeda, R. D. Moir, et al. 2007) and tau pathology
(Li et al. 2014; Dong, X. Wu, et al. 2012). Differences in molecular target structures may
underlie these adverse effects. Xenon, acting as an NMDA antagonist, counters neurotoxic
excitatory stress (Lavaur et al. 2016; Hecker and Rossaint 2001), whereas isoflurane, as a
GABA agonist, exerts the opposite effect (Perucho, Rubio, et al. 2010).
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intracellular Na+ Ca2+
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Figure 4.1: Molecular receptors for xenon and isoflurane (reproduced from Longone et al. 2011)

By quantifying Clq protein levels in living brain slices after exposing them to clinically
relevant concentrations of xenon and isoflurane, we investigated the potential impact of these
anesthetics on the inflammatory component of Alzheimer’s disease. The findings of this
investigation hold significance for the scientific community as they can help enhance our
understanding of the underlying mechanisms of the disease and the possible contribution of

anesthetics to its progression.

This thesis showed no significant changes in brain Clq levels following the application of
isoflurane or xenon. However, the large standard deviations in our results suggest that our
setup was only semiquantitative, which means that small but distinct changes might have

been missed. Additionally, the lifespan of our brain sections was limited to a few hours, which
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may have further limited the ability to detect potential changes in Clq levels over a longer

period.

While our results suggest that isoflurane and xenon may not have immediate effects on Clq
levels in the brain, it is important to acknowledge the experimental limitations of our study.
Specifically, we can not exclude the possibility of a delayed effect due to the limited lifespan
of our brain sections. Furthermore, we conducted our study in brain slices rather than living

animals, which may have different physiological responses to anesthetics.

To gain a more comprehensive understanding of the potential effects of anesthetics on Clq
levels in the brain, future studies should address these limitations by exploring the putative
effects of anesthetics in living animals over a longer time frame, from a few hours up to a
few days following anesthesia. If future studies could reveal that anesthetics indeed have a
significant impact on Clq levels and subsequent inflammatory responses in the brain, this
could have implications for the administration of anesthetics in patients with Alzheimer’s
disease or other neuroinflammatory conditions. As such, there is a pressing need for continued
research to ensure that the use of anesthetics in clinical settings is optimized to minimize

potential long-term risks.

In conclusion, we have developed a new experimental approach for investigating physiological
and pathophysiological processes in living brain tissue. Using electrophysiological techniques,
we created living brain slices that provide a valuable platform for studying the molecular
mechanisms underlying various neurological conditions. Furthermore, this experimental setup
allows for quantifying specific proteins and investigating rapid modulatory effects following
the incubation with certain substances. However, the usefulness of these brain slices is limited
by their relatively short life span, which is an important consideration when developing
research questions related to pharmacology.

Despite these limitations, this approach can potentially reduce the number of laboratory
animals used for specific research questions. Additionally, our free-floating approach provides
a valuable tool for assessing the role of Clq and other proteins in the brain concerning health
and disease. With further optimization and refinement, this experimental setup can help
to explore the complex mechanisms underlying neurological disorders and provide valuable

insights into potential treatments and therapies.
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Table A.1: Software- and IT-Support

Usage area

Software

Image making

ZEN 3.0 blue edition by Carl Zeiss Microscopy GmbH

Image processing

ZEN 3.0 blue edition by Carl Zeiss Microscopy GmbH

Image analysis

ZEN 3.0 blue edition by Carl Zeiss Microscopy GmbH
https://qupath.github.io (licensed under GNU General Public License)

Statistical analysis

https://www.socscistatistics.com (copyright by Jeremy Stangroom)

Excel by Microsoft cooperation

Powerpoint by Microsoft cooperation

Graphics Excel by Microsoft cooperation
https://www.biorender.com/ (copyright by 2023 Biorender)
) https://app.grammarly.com (copyright by 2023 Grammarly Inc.)
Grammatics/

Language support

https://chat.openai.com (rights owned by Open Ai)
Word by Microsoft cooperation

Layout and writing

https://sharelatex.tum.de (copyright by 2023 Overleaf)
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