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Abstract

| Abstract

Microglia are the resident immune cells of the brain and play an important role in regulating brain
function in health and disease. They are organized in a brain-wide network, with each cell having its
own territory. It is generally recognized that microglia are long-lived cells, and individual cortical
microglia can survive for a lifetime in a laboratory mouse. How the microglial network is maintained

and how aging and disease affect the homeostasis of the network is not yet fully understood.

To investigate the homeostasis of the microglial network, | pursued two approaches. First, | describe
my efforts to develop a new mouse model to study the response of the microglial network after
ablation of individual microglia in vivo. The mouse model co-expresses the diphtheria toxin receptor
(iDTR) and tdTomato dependent on Cre-recombination in a small percentage of microglial cells,
rendering tdTomato-positive microglia susceptible to diphtheria toxin-induced cell death.
Unfortunately, Cre-recombination of tdTomato and iDTR rarely, if ever, occurred in the same cell. Most
likely, differences in length between the two loxP sites flanking the STOP cassette hampered success

of this in vivo approach.

In the second part of the thesis, | describe the subsequent development of a novel hippocampal slice
culture model as a simplified in vitro model to study microglia network homeostasis. In this model, the
endogenous murine microglia were replaced by human induced pluripotent stem cells (iPSC)-derived
microglia (iMics), facilitating the discovery of human microglial network changes. iMics in these
chimeric hippocampal slice cultures differentiated and matured into microglia with a highly ramified
morphology, transcriptional profile and network organization reminiscent of human microglia. In
response to lipopolysaccharide stimulation or focal laser injury, iMics secrete pro-inflammatory
cytokines or shield the injury site with their processes, respectively. Surprisingly, human colony-
stimulating factor 1 (CSF1) was not required for iMic differentiation and survival in these chimeric
hippocampal slice cultures, which contrasts with existing xenotransplantation models that express
human CSF1. The observation that loss-of-function CSF1 receptor mutations diminish the integration
of iMics into mouse brain slices suggests that cross-species ligand-receptor interactions of mouse CSF1

or interleukin 34 are sufficient for the differentiation and survival of iMics in the mouse brain slices.

To investigate how proteopathic lesions affect the homeostasis of this microglial network, chimeric
slice cultures were combined with a recently developed a-synucleinopathy hippocampal slice culture
seeding model. Similar to what has been observed in mouse models of a-synucleinopathy, also iMics
in chimeric slice cultures develop a-synuclein inclusions that accumulate over time and show a
transcriptional response associated with neurodegeneration such as upregulation of the inflammatory

response and increased phagocytosis.



Abstract

While the investigation of in vivo microglial network homeostasis will require further adjustments of
the mouse model for targeted ablation of individual microglia, the here developed chimeric slice

cultures provide an easily accessible and scalable platform for in vitro study of human microglia under

both homeostatic as well as diseased conditions.
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Figure 1.1 Graphical abstract

This work consisted of two main parts. First, in vivo experiments to study the homeostasis of the
microglia network by targeted cell death of individual microglia (top). Second, the development of
chimeric slice cultures using human iMics, including their characterization, studies of the microglia

network in response to altered CSF1R signaling, and validation of CSC as a model for neurodegenerative
diseases (bottom).



Introduction

Il Introduction

1 Microglia

Although microglia were described by Rio-Hortega as early as 1919, they were overlooked in
neuroscientific research for a long time (Sierra, Paolicelli, and Kettenmann 2019). It was not until the
early 2000s that research on microglia gained popularity and has since grown exponentially (Paolicelli
et al. 2022). Microglia are the primary immune cells of the brain. They are derived from primitive
macrophages in the yolk sac and invade the human brain between 4.5 and 5.5 weeks of gestation,
before the blood-brain barrier closes (Andjelkovic et al. 1998). In mice, this invasion occurs around
embryonic day 8.5 (Ginhoux et al. 2010; Schulz et al. 2012; Stremmel et al. 2018). After this initial
invasion of the brain, microglia are able to maintain their population through self-renewal (Ajami et al.

2007; Askew et al. 2017; Fuger et al. 2017; Réu et al. 2017).

1.1 Microglia in health

1.1.1 Microglial functions in the brain

In the brain, microglia fulfill various functions both during development and in adulthood, including
roles in maintaining homeostasis as well as responding to disease conditions (Figure 2.1). Most
importantly, they surveil the brain with their motile processes in order to detect and phagocytose
debris, dead or dying cells but also pathological insults such as microbes or protein aggregates (Davalos
et al. 2005; Nimmerjahn, Kirchhoff, and Helmchen 2005). With their variety of surface receptors,
microglia sense their environment to detect pathogen-associated molecular patterns of microbes and
‘eat-me’ signals of neurons, such as phosphatidylserine which is only present on the outside of the cell
membrane under stress or apoptosis (Brown and Neher 2014). In response to immunological
stimulation, microglia do not only clear unwanted material but also secrete pro- or anti-inflammatory
cytokines to mediate the inflammatory reaction of the surrounding tissue (Borst, Dumas, and Prinz
2021; Colonna and Butovsky 2017; Liddelow et al. 2017). Additionally, microglia present antigens to
peripheral immune cells invading the brain during inflammatory processes and react to inflammatory
cytokines released in the periphery or by invading cells of the immune system, such as T-cells
(Abdel-Haq et al. 2019; Franco and Fernandez-Suarez 2015; Goddery et al. 2021; Moseman et al. 2020;
Qin et al. 2008; Riazi et al. 2008). Microglia perform their immunological functions as part of the innate
immune system. Moreover, recent publications described that microglia also show adaptive behavior

in response to inflammatory stimuli and form an innate immune memory. Pro-inflammatory stimuli

10



Introduction

early in life were shown to modulate the response of microglia in a mouse model of neurodegeneration

through epigenetic modifications (Wendeln et al. 2018).

Figure 2.1 Microglia functions in health
Microglia have various functions in the healthy and diseased brain. From Paolicelli et al. 2022 with
permission from Neuron - Cell Press

Besides their immunological function, microglia have several other tasks in the healthy brain, which
they perform in coordination with other cell types in the central nervous system. For example,
microglia are able to detect neuronal activity through expression of neurotransmitter receptors.
Subsequently, they modulate neuronal activity by remodeling synapses through engulfing and
phagocytosing synapses, but also by supporting the development of new synapses (Badimon et al.
2020; Eyo, Bispo, et al. 2018). The detection of neuronal activity prompts microglia to release
neurotrophic factors such as brain derived neurotrophic factor (BDNF) or neurotoxic factors such as
tumor necrosis factor o (TNFa) in order to modulate the neuronal network and synaptic plasticity
(Parkhurst et al. 2013; Taylor et al. 2005). Vice versa, neuronal activity modulates microglial process
dynamics (Cserép et al. 2020). While increased neuronal activity reduces microglial process movement

and surveillance of their microenvironment, decreased neuronal activity such as during sleep or
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anesthesia increases microglial process dynamics (Y. U. Liu et al. 2019). The modulation of neuronal
activity as well as the phagocytosis of debris and apoptotic cells by microglia happens in a highly
coordinated cooperation with astrocytes, another type of glia in the brain (Damisah et al. 2020;
Vainchtein et al. 2018). Apart from this, astrocytes provide trophic support for microglia via Colony-
stimulating factor 1 (CSF1) and Transforming Growth Factor B (TGFf), while microglia modulate the
inflammatory response of astrocytes to tissue injury (Baxter et al. 2021; Easley-Neal et al. 2019).
Moreover, microglia regulate the permeability of the blood-brain barrier. Depending on the cytokines
they are releasing, microglia can either increase or decrease the permeability of the blood-brain
barrier. Upon secretion of pro-inflammatory cytokines such as interleukin 1B (IL1B) or interleukin 6
(IL6), the blood-brain barrier becomes leakier while the secretion of anti-inflammatory cytokines like
interleukin 10 (IL10), Vascular Endothelial Growth Factor (VEGF), or TGFp increases the tightness of
the barrier (Ronaldson and Davis 2020). The secretion of VEGF also promotes angiogenesis in the brain

which is especially important during the tissue repair process (Fantin et al. 2010).

This plethora of functions is also reflected in transcriptomics analyses of microglia. Interestingly, a
couple of years ago, microglia were only considered to exist in three different states, as resting,
homeostatic microglia, as pro-inflammatory M1-microglia or as anti-inflammatory M2-microglia,
similar to what was known for peripheral and other tissue-resident macrophages (Paolicelli et al. 2022;
Ransohoff 2016). However, the application of advanced single-cell RNA sequencing (scRNAseq)
techniques in the field of microglia research showed that this view of only three substates was too
simplified. In fact, a broad range of subclusters of microglia have been identified through scRNAseq of
healthy, aging and diseased brains (Hammond et al. 2019; Sun et al. 2023). All of these subclusters of
microglia are characterized by a specific subset of key genes that hint at their functional role in the
brain. Microglia subclusters in the brain consist, amongst others, of proliferative, phagocytic, antigen-
presenting, disease-associated and interferon response microglia (Galatro et al. 2017; Keren-Shaul et
al. 2017; Olah et al. 2020; Sala Frigerio et al. 2019). The relative frequency of these microglia subsets
is constantly changing in response to the developmental state of the brain or other environmental
factors (Hammond et al. 2019). Additionally, microglia are not locked in one of these states but are
rather dynamically changing. For example, when isolated from the brain, microglia rapidly lose their
homeostatic profile and change into an ‘activated’, pro-inflammatory state. However, when put back
into a brain environment, they quickly change back into their previous homeostatic state (Bennett et

al. 2018; Gosselin et al. 2017).

The use of RNA sequencing technologies in microglia research has not only unraveled the dynamics of
microglia states but also showed that there are drastic sex differences in microglia which changes the
type of reaction to pathological insults or injury. Male microglia for example, have a higher immune

activation in homeostatic conditions which in turn could be a modifier of disease risk for neurological
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diseases. Female microglia in homeostatic conditions, however, have a neuroprotective phenotype
which is even retained after being transferred into male brains (Guneykaya et al. 2018; Lynch 2022;

Villa et al. 2018; Xu et al. 2023).

1.1.2 The role of microglia during development

Apart from their functions in adult brains, microglia are very important players in brain development.
They are the first glia cell type present in the developing brain and play a major role in the maturation
of the neuronal network (Colonna and Butovsky 2017). On the one hand, microglia secrete
neurotrophic factors in order to promote neurogenesis and synaptogenesis while on the other hand
they are also responsible for the limitation of axon outgrowth and pruning of excessive synapses
(Schafer et al. 2012; Ueno et al. 2013). In addition to that, microglia induce programmed cell death of
excessive neurons (Frade and Barde 1998; Sierra et al. 2010). The importance of microglial-induced
neuronal cell death and synaptic pruning are exemplified by diseases caused by mutations in important
microglial genes. Autosomal recessive mutations in Triggering receptor expressed on myeloid cells 2
(TREM2) or TYRO protein tyrosine kinase-binding protein (TYROBP), an adaptor protein of the TREM?2
receptor, cause Nasu-Hakola disease, a disease characterized by psychotic symptoms,
neurodegeneration and encephalopathy (Paloneva et al. 2002). Deficiencies in the fractalkine receptor
CX3C motif chemokine receptor 1 (CX3CR1), a receptor important during synaptic pruning, lead to a
transient increase in the number of dendritic spines and immature synapses in mouse models. In
adulthood, these mice show autism-like behavior due to the lack of synaptic pruning (Paolicelli et al.
2011; Rogers et al. 2011; Zhan et al. 2014). Synaptic pruning is also affected by mutations in one of the
three complement genes Clq, C3 or CR3 which then leads to a reduction of the segregation of eye-
specific synaptic fields (Schafer et al. 2012). Additionally, it is hypothesized that microglia could play a
role in neurodevelopmental disorders such as autism and schizophrenia in humans that show altered
synaptic densities and might be caused by altered synapse elimination by microglia (Prinz, Jung, and

Priller 2019).

Apart from their support and regulation of neuronal network maturation, microglia also directly
interact with other types of glia and blood vessels during development. Microglia deliver trophic
support for the generation and survival of oligodendrocytes during development, as well as for the
formation of myelin by the secretion of Insulin-like growth factor 1 (IGF1) (Hagemeyer et al. 2017;
Nemes-Baran, White, and DeSilva 2020; Wlodarczyk et al. 2017). However, this proposed microglial
function has recently been questioned by a report of mice lacking microglia with normal
oligodendrocyte maturation and myelination during development (McNamara et al. 2023). Lastly,
microglia also regulate the vascularization of the developing brain by bridging endothelial tip cells

(Fantin et al. 2010).
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1.1.3 Microglia in healthy ageing

Since microglia function is largely influenced by the environment, the ageing brain is expected to have
a major impact on microglia. In the ageing brain, microglia are exposed to various challenges such as
dying and senescent neurons or other cell types and the accumulation of proteins and lipids (Borst et
al. 2021; Marschallinger et al. 2020). Phenotypically, microglia undergo morphological changes and
become dystrophic (Damani et al. 2011; Hefendehl et al. 2014; Streit et al. 2004). The soma size
increases and microglia in the ageing brain become less ramified with fewer processes which in turn
impairs their ability to surveil their microenvironment (Damani et al. 2011; Hefendehl et al. 2014). On
a functional level, the ageing process leads to transcriptional changes of microglia. Expression of
homeostatic genes, such as P2RY12, is downregulated and microglia adapt more activated, responsive
substates (Galatro et al. 2017; Olah et al. 2018, 2020; Xu et al. 2023). Moreover, the reduction of
homeostatic functions of microglia is also shown by a downregulation of TGFp-expression, an
important gene involved in the homeostatic functionality of microglia (Olah et al. 2018). The reduced
expression of genes involved in cell adhesion, axonal guidance and receptors sensing the microglial
environment shows reduced ability of microglia to perform their homeostatic functions (Galatro et al.
2017). Additionally, these changes also lead to reduced process motility of microglia and an impaired
response to injuries of the brain, as shown by a slowed-down reaction of microglia to a laser lesion in
aged mouse brains (Damani et al. 2011; Hefendehl et al. 2014). The reduced homeostatic functionality
of microglia furthermore leads to a loss of their homogenous network distribution. As a consequence,
aged microglia more often occur in clusters in which several microglia cluster together, while leaving

other areas of the brain rather unoccupied (Hefendehl et al. 2014).

Conversely, microglia upregulate processes in ageing that are associated with their response to
pathogens. Ageing microglia increase the expression of genes involved in antigen presentation, innate
immune functions like interferon response, phagocytosis and reactive oxygen species (ROS)
production (Olah et al. 2018, 2020; Xu et al. 2023). Moreover, transcriptomics analyses show altered
lipid and iron metabolism as well as protein-degradation. Notably, two major subclasses of microglia
emerge in the ageing mouse brain. Firstly, a subcluster called interferon-response microglia (IRM) is
characterized by the upregulation of genes involved in the innate immune response and interferon
response type | pathways (Ifit2, Ifit3, Ifitm3, Irf7, and Oasl2) and usually associated with a reaction to
viral infections. Importantly, IRMs are also detectable in aged human brains (Olah et al. 2018; Sala
Frigerio et al. 2019). Secondly, another subcluster called activated response microglia (ARM) emerges
in ageing. This subcluster is characterized by upregulation of genes involved in inflammatory processes
(Cst7, Clec7A, ltgax), antigen presentation via MHC Il (CD74, Ctsb, Ctsd) and tissue regeneration (SPP1).

Interestingly, many of these upregulated genes are known genetic risk factors of neurodegenerative
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diseases such as Alzheimer’s disease and multiple sclerosis (APOE, CD33, MS4A4A, TREM2). These
genes are also highly upregulated in those diseases, indicating a connection between the regulation of
this subcluster and the development of neurodegenerative diseases (also see section 11.1.2.2) (Olah et
al. 2018; Sala Frigerio et al. 2019). Furthermore, it has been described that another subpopulation of
ageing microglia accumulates lipids and becomes dysfunctional with a decreased ability to
phagocytose and an increased production of ROS and pro-inflammatory cytokines (Figure 2.2)
(Marschallinger et al. 2020). The enrichment of these preactivated subclusters in ageing, however, is
not only relevant for neurodegenerative diseases but also changes the reaction of microglia in
response to other pathological insults such as LPS. Although there are conflicting reports on the exact
changes in the microglial reaction to LPS with ageing, they agree on the fact, that aged microglia are
not able to cope with peripheral inflammation as well as young microglia, leading to increased

vulnerability of the brain (Norden, Muccigrosso, and Godbout 2015; Xu et al. 2023).

To summarize, aged microglia present an inflammatory, neurodegeneration-like phenotype with a
complex change of their profile that is largely influenced by the aged environment of the brain (Keren-
Shaul et al. 2017; Xu et al. 2023). However, ageing microglia are not only influenced by the ageing brain
but also in return accelerate neurological decline. A recent study showed that aged microglia in a young
brain environment are sufficient to trigger cognitive decline. In these mice, the reduced support with

myelination by ageing microglia triggered deficits in learning and memory functions (Xu et al. 2023).

1.2 Microglia in disease

1.2.1 Neurodegenerative diseases

Neurodegenerative diseases are characterized by their progressive nature that leads to cognitive
decline and ultimately a premature death of the patients (Brettschneider et al. 2015). They are mostly
age-associated and are therefore a major challenge to health-care systems worldwide due to increased
life expectancy and the ageing population, especially in industrialized countries (Fu, Hardy, and Duff
2018; Prusiner 2013). Alzheimer’s disease (AD) is the most common neurodegenerative disease. Until
2050 it is expected that the annual number of new cases of AD will double. All cases of AD and other
dementias are projected to accumulate costs of just under S1 trillion per year, in the United States
alone (Alzheimer’s Association Report 2023). Many of the most common neurodegenerative diseases
are associated with a typical, disease-specific accumulation of proteins (Dawson, Golde, and Lagier-
Tourenne 2018; Jucker and Walker 2018). AD is characterized by the extracellular accumulation of
amyloid-p (AB) in amyloid plaques and intracellular accumulation of tau in neurofibrillary tangles
(Glenner and Wong 1984; Grundke-Igbal et al. 1986; Kosik, Joachim, and Selkoe 1986; Wood et al.

1986). In Parkinson’s disease (PD), however, a protein called a-synuclein (asyn) accumulates in Lewy
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bodies (LB) and Lewy neurites (LN) which will be discussed in more detail later (Spillantini et al. 1997).
Other common neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS) (with
accumulations of SOD1, TDP-43, FUS and C90RF72 dipeptide repeat proteins), frontotemporal lobar
dementia (FTLD) (TDP-43, FUS, C90RF72 dipeptide repeat proteins and tau), Creutzfeldt-Jacob Disease
(Prion protein) and Huntington’s disease (huntingtin) are also characterized by a pathological
accumulation of proteins (Prusiner 2013). In these neurodegenerative diseases, proteins not only
accumulate but are also spreading across the brain in a prion-like fashion. In 1982, Stanley Prusiner
first described prion protein as ‘proteinaceous infectious particles’ occurring in scrapie, a
neurodegenerative condition in sheep, but nowadays prion-like processes are also accepted for
proteinaceous aggregates in other human neurodegenerative diseases (Prusiner 1982, 2013). First, a
native protein misfolds and then recruits more native proteins to misfold which leads to a subsequent
aggregation of misfolded proteins into insoluble, degradation-resistant amyloid fibrils. This process
exponentially accelerates and rapidly spreads the misfolded, aggregating proteins across the brain.
The initial misfolded protein or protein aggregate is termed ‘seed’ and causes neurodegenerative
pathological processes by either a gain of toxic functions or a loss of physiological function (Jucker and

Walker 2018; Prusiner 2012).

Despite research on neurodegenerative diseases for over a century, many of the disease processes are
still not entirely understood so that therapeutical options are currently limited and are mostly focused
on symptomatic treatment while causative treatments remain scarce. In AD for example, current
treatment options mostly entail the management of neurotransmitter deficits or the excess of
neuronal stimulation that cannot stop the progressive degeneration of the brain (Alzheimer’s
Association Report 2023). Only recently, however, the first treatments tackling amyloid as a potential
cause of AD have been approved by the United States Food and Drug Administration (Alzheimer’s
Association Report 2023). These treatments are all antibodies directed against AB in order to stop the
progression of the disease which leads to a drastic reduction of amyloid plaques and a minor slow-
down of cognitive decline (Alzheimer’s Association Report 2023; Jucker and Walker 2023).
Nevertheless, disease processes in neurodegenerative diseases need to be understood in more depth
to develop more causative treatments that not only stop the progression of the diseases but are ideally
also able to restore cognitive function or even prevent their development if biomarkers become

available to ‘screen’ patients before disease-onset.

1.2.2 Microglia in neurodegenerative diseases and other diseases of the brain

When Alois Alzheimer first described AD, he mentioned glial cells with ‘adipose saccules’ (Alzheimer
et al. 1995). Today, we know that Alzheimer most likely observed the accumulation of lipid droplets in

glial cells. Nevertheless, AD research has primarily focused on neuronal deficits until the end of the
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last century. Genome-wide association studies (GWAS) for AD revealed that many of the risk genes for
AD are highly or exclusively expressed in microglia which turned the focus of AD research more
towards the involvement of glial cells (Andrews, Fulton-Howard, and Goate 2020; Efthymiou and Goate
2017; Hollingworth et al. 2011; de Rojas et al. 2021; Sims et al. 2017). In line with this, scRNAseq studies
of microglia in human AD and mouse models of AD revealed an upregulation of these GWAS hits in
microglia, highlighting their important role in AD (Keren-Shaul et al. 2017; Olah et al. 2020; Sala Frigerio
et al. 2019).

Already early in the disease, microglia are recruited to amyloid plaques where they phagocytose AP
and clear plaques (Hickman, Allison, and Khoury 2008). Moreover, microglia provide a physical barrier
against plaque expansion and by the secretion of APOE, microglia help with compaction of plaques
(Parhizkar et al. 2019; Yuan et al. 2016). However, this initially beneficial role of microglia in AD leads
to detrimental effects in later stages of the disease. The sustained activation of microglia by plaques
leads to a dysfunctional microglial phenotype with decreased phagocytic activity and an increased
release of pro-inflammatory cytokines such as IL13 and TNFa that have a neurotoxic effect on the
surrounding environment (Hickman et al. 2008). Furthermore, microglia phagocytose neurons
presenting ‘eat-me’ signals as a response to AD pathology. Conversely, this suppresses microglial
homeostatic functions such as neuronal surveillance (Sun et al. 2023; Wang and Colonna 2019). The
multifaceted role of microglia in AD is also highlighted by publications that involve microglia in the
spreading of AD pathology to other brain regions and the amplification of amyloid plaques (Joshi et al.
2014; Venegas et al. 2017). In the white matter, microglia often appear filled with lipid droplets, the
‘adipose saccules’ Alois Alzheimer already described in 1907 (Alzheimer et al. 1995; Hou et al. 2022).
These lipid droplets are derived from phagocytosed myelin debris of dying neurons. Similar to the lipid
droplet accumulating microglia that occur with ageing, lipid droplet accumulating microglia in AD are
dysfunctional microglia with a reduced phagocytic ability and increased production of reactive oxygen

species and pro-inflammatory cytokines (Hou et al. 2022; Marschallinger et al. 2020).

In 2017 Keren-Shaul et al. identified disease associated microglia (DAM), a microglial cluster which is
only present in a mouse model of AD. This microglial cluster is amongst others characterized by an
upregulation of APOE and TREM2, two of the strongest risk factors for sporadic AD. Generally, DAM
show an upregulation of genes involved in phagocytosis, lipid metabolism, inflammation and
proliferation and a down-regulation of homeostatic markers (Figure 2.2) (Keren-Shaul et al. 2017).
These gene expression changes are in line with the previously observed functional changes of microglia
described above. APOE and TREM2 have been described to regulate microglial activation in the context
of amyloid plaques but also in the context of ageing and other neurodegenerative diseases. For
example, the ARM cluster of microglia, which is enriched in healthy ageing but especially in the context

of AD, is dependent on APOE (Sala Frigerio et al. 2019). Vice versa, human transcriptomic analyses
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suggest that protective mutations of APOE decrease expression of AD risk genes, potentially explaining
a reduced disease risk, at least partially (Olah et al. 2018). In comparison to mice, human
transcriptomic analyses showed that the DAM cluster does not occur as such in humans but that the
gene expression changes are rather distributed over several different clusters, highlighting differences
in the microglial reaction to AD between mouse and human and the urge to interpret results from
mouse models with caution when translating them to humans (Sun et al. 2023). Apart from this, AD
pathology also leads to an increased antigen-presentation by microglia via MHC class Il and
recruitment of immune cells from the periphery into the brain (Chen et al. 2023; Olah et al. 2020; Sala
Frigerio et al. 2019). Interestingly, microglia have not only been described to be involved in AB
pathology in AD, but also seem to drive tau pathology. The loss of the NLPR3 inflammasome in
microglia led to decreased development of hyperphosphorylated tau and reduced accumulation of tau

downstream of A pathology in mouse models (Ising et al. 2019).
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Figure 2.2 Microglial transcriptomic phenotypes in ageing and neurodegeneration

Depending on their environment (Age or disease), microglia adapt a plethora of transcriptomic
phenotypes that influence cell function. These phenotypes are characterized by upregulation of context-
dependent genes. From Paolicelli et al. 2022 with permission from Neuron - Cell Press

Similar to AD, microglia play an important role in the development and modulation of other

neurodegenerative diseases. In 2017, Krasemann et al. compared microglial transcriptomics in mouse
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models of different neurodegenerative diseases (ALS, AD and MS) and found that a microglial
phenotype with decreased expression of homeostatic genes such as P2RY12 and CX3CR1 and an
increased expression of genes such as APOE was common across diseases. They called this microglial
phenotype microglial neurodegenerative phenotype MGnD (Figure 2.2) (Krasemann et al. 2017). In
MS, microglia are involved in the formation of lesions where they strongly proliferate (Distéfano-Gagné
et al. 2023; Kuhlmann et al. 2017). At the lesion sites, microglia appear foamy due to the lipids they
are accumulating (Absinta et al. 2021). Additionally, microglia are at least partially involved in myelin
damage, since microglia depletion is neuroprotective in mouse models of MS (Beckmann et al. 2018;
Marzan et al. 2021; Nissen et al. 2018). Proposed mechanisms of microglial neurotoxicity in MS are the
release of pro-inflammatory cytokines, activation of astrocytes into a neurotoxic phenotype by
microglia and antigen-presentation to peripheral immune cells (Absinta et al. 2021; Healy et al. 2022;
Liddelow et al. 2017). Conversely, microglia in MS are also involved in the process of remyelination

(Patani et al. 2007).

Apart from neurodegeneration, microglia also seem to play an important role in neurodevelopmental
disorders such as autism spectrum disorder. It has been suggested that a disbalance of synaptic
pruning and modulation of neuronal circuits by microglia could be the cause for these diseases

(Filipello et al. 2018; Petrelli, Pucci, and Bezzi 2016; Zhan et al. 2014).

Lastly, microglia also have a major influence on the outcome of stroke. Due to the lack of oxygen,
neurons in areas with strong ischemia die and cause excitotoxicity. In these areas, microglia clear
harmful debris. However, microglia can also have detrimental effects in stroke when neurons in the
peri-infarct areas with milder ischemia and less oxygen deprival reversibly expose ‘eat-me’ signals to
microglia which subsequently unnecessarily phagocytose these neurons (Brown and Neher 2014; Mari
et al. 2004). Additionally, microglia shield damaged vessels in order to limit the bleeding into the brain
parenchyma and later adapt a repair-associated microglial phenotype that promotes angiogenesis via

VEGF (Mastorakos et al. 2021).

1.2.3 Synucleinopathies

Synucleinopathies are a group of neurodegenerative diseases characterized by the presence and prion-
like spreading of asyn inclusions in the brain. They mainly included PD, Dementia with Lewy Bodies

(DLB) and Multiple System Atrophy (MSA) (Goedert, Jakes, and Spillantini 2017).

PD is a movement disorder with patients suffering from rest tremor, bradykinesia, muscular rigidity
and a loss of postural reflexes but also non-motor symptoms such as constipation, anosmia and sleep
disorders (Lang and Lozano 1998; Sveinbjornsdottir 2016). The cause of the motor symptoms is the

degeneration of dopaminergic neurons in the substantia nigra pars compacta (Mhyre et al. 2012).
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Histologically, PD is characterized by the accumulation of asyn in so-called Lewy bodies in neuronal
somas and Lewy neurites in neuronal processes (Spillantini et al. 1997). Within synuclein lesions it has
been shown that asyn is commonly phosphorylated at serine 129 (pS129), which might lead to
increased accumulation of asyn (Fujiwara et al. 2002). Due to its strong association with synuclein

lesions, pS129 is frequently used as a marker for pathological synuclein lesions.

Similarly to PD, patients with DLB show Lewy pathology and suffer from parkinsonism, but additionally

show cognitive symptoms and behavioral changes such as hallucinations (Outeiro et al. 2019).

Conversely, MSA is the most severe synucleinopathy with autonomic, cerebellar and cognitive
symptoms in addition to parkinsonism (Ubhi, Low, and Masliah 2011). Histological hallmarks of MSA
are the occurrence of asyn inclusions in oligodendrocytes, so-called glial cytoplasmic inclusions as well

as asyn inclusions occurring in neurons (Spillantini et al. 1998; Spillantini and Goedert 2018).

As described earlier, a hallmark of PD and other synucleinopathies is the prion-like spreading of
misfolded, aggregating protein, in this case asyn (Goedert 2015). In PD, Braak and et al. staged this
progression into several stages that showed the occurrence and spreading of Lewy pathology along
axonally connected regions beginning in the peripheral nervous system of the gut and the olfactory
bulb, to the brain stem and via the midbrain including the substantia nigra to the cortex (Braak et al.
2003). The prion-like spreading of asyn pathology was also shown by two independent groups that
implanted healthy embryonic tissue into the brain of PD patients in order to increase the availability
of dopamine in the midbrain and found Lewy pathology in the engrafted tissue more than ten years

after transplantation (Kordower et al. 2008; Li et al. 2008).

An important finding in PD research was the discovery of a missense mutation in asyn that causes a
familial form of PD. This mutation, Ala53Thr (A53T), facilitates aggregation of asyn, initiating the
cascade described above (Choi et al. 2004; Polymeropoulos et al. 1997; Serpell et al. 2000). Apart from
mutations of asyn, mutations in mitochondrial, lysosomal and autophagosomal pathways have been
discovered in sporadic cases of PD that increase the risk of the disease (Billingsley et al. 2018; Hardy

2010; Zimprich et al. 2004).

1.2.4 Microglia in synucleinopathies

Similar to the already described role of microglia in AD and other neurological diseases, microglia also
play an important role in PD and other synucleinopathies. This is highlighted by PD risk genes that are
highly expressed in microglia such as LRRK2 and GBA (Feng et al. 2023; Zhang et al. 2016). Interestingly,
mutations in the AD risk gene TREM2 have also been described to increase the risk for PD (Liu et al.
2016). However, the role of microglia in synucleinopathies has not yet been studied as extensively as

for AD and it is therefore less clear if microglia can be causative for PD. Nevertheless, it is clear that
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microglia have beneficial and detrimental roles in PD and other synucleinopathies. In
synucleinopathies, microglia phagocytose both neuronal debris and extracellular asyn in various
forms: monomeric, oligomeric and fibrillar asyn. The recognition and phagocytosis of asyn is thought
to be mediated mainly by Toll-like receptors and subsequently leads to pro- or anti-inflammatory
cytokine secretion. While the phagocytosis of monomeric asyn has been reported to also stimulate
the beneficial secretion of anti-inflammatory cytokines, oligomeric and fibrillar a.syn species elicit the
release of pro-inflammatory cytokines such as 1113 and TNFa and reactive oxygen species (Fellner et
al. 2013; Feng et al. 2019; Hughes et al. 2019; Joers et al. 2017; Li et al. 2020). It has also been described
that a pro-inflammatory environment can enhance asyn aggregation leading to a vicious cycle of asyn

aggregation and the release of pro-inflammatory cytokines (Gordon et al. 2018).

The permanent stimulation of microglia with neuronal debris and extracellular a.syn additionally leads
to sustained microgliosis which is characterized by microglial proliferation and activation.
Morphologically, activated microglia in the proximity of synuclein lesions lose their highly ramified
appearance and become more amoeboid cells with decreased branching of microglial processes (Joers

et al. 2017).

Upon phagocytosis, asyn is subjected to degradation via the autophagic-lysosomal pathway. This
process of asyn degradation is a crucial function of microglia in synucleinopathies. A microglia-specific
knockout of autophagy in a mouse model of PD led to an increased death of dopaminergic neurons
(Choi et al. 2020). Additionally, some PD risk genes play an important role in this pathway. LRRK2 has
among others been linked to microglial phagocytosis and the assembly of autophagolysosomes (Feng
et al. 2023; Li, Tan, and Yu 2014). On the other hand, GBA is a lysosomal enzyme responsible for the
degradation of glucosylceramide. Moreover, a recent publication from my laboratory showed that
microglial asyn inclusions in mouse models of PD can be stained with amyloid binding dyes such as
Luminescent Conjugated Oligothiophenes (LCOs). Although we were not able to determine the source
of these inclusions, it is likely that they are derived from phagocytosed material and could potentially
be amplified within microglia. However, it is not clear if these inclusions are an artifact of
overexpression of asyn in these models or also occur in human synucleinopathies (Tanridver et al.

2020).

An additional important function of microglia in PD is the presentation of antigens to T-cells via MHCII
which leads to the recruitment of peripheral T-cells and to both pro- and anti-inflammatory effects in

the environment (Gate et al. 2021; Olesen et al. 2018; Thomsen et al. 2021).

Furthermore, microglia are implicated in the spreading of asyn, although evidence is currently scarce.
So far, only a few labs have reported that microglia are able to spread and seed asyn lesions via the

release of asyn-containing exosomes using cell culture models of immortalized or primary mouse
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microglia (Guo et al. 2020; Xia et al. 2019). Exosomal release and uptake of asyn has also been
suggested as one possible mechanism of neuron-to-neuron spreading of asyn and has been shown to
be enhanced when autophagic activity is decreased, possibly a mechanism of cells to cope with the
increased burden of misfolded protein (Danzer et al. 2012; Grozdanov and Danzer 2018). Only recently,
however, direct transfer of asyn between microglia via nanotubes has been described as another
mechanism of cell-to-cell transfer between microglia. In this study, the authors showed that microglia
carrying a high burden of aisyn, transfer asyn to other microglia with a lower a.syn burden via tunneling
nanotubes in order to jointly degrade the aggregated protein (Scheiblich et al. 2021). However, the

translational relevance of these processes for disease progression is so far not clear.

1.3  Microglial morphology and network

1.3.1 Microglial morphology

The morphology of microglia with a small soma and highly branched processes is unique in the brain.
Unsurprisingly, microglial morphology and its dynamic changes have been an important part of
microglial research. Before the arrival of RNA sequencing techniques, morphological analyses of
microglia have been widely used to correlate the morphology with the activation status of microglia.
When microglial activation was still viewed as resting microglia vs activated M1 or M2 microglia, a
highly branched, ramified morphology of microglia was viewed as microglia in a resting state (Paolicelli
et al. 2022; Vidal-Itriago et al. 2022). Today, we know that ‘resting’ microglia are in fact highly motile
microglia in a homeostatic, surveillant state and that microglial activation occurs in a wide spectrum
of activation states, depending on the stimulus. Conversely, microglia that adapted an ameboid
morphology with decreased branching and ramification were formerly viewed as activated microglia
(Paolicelli et al. 2022; Vidal-Itriago et al. 2022). Accordingly, ameboid microglia are for example
associated with an increased release of pro-inflammatory IL-13 accompanied by reduced surveillance
and decreased phagocytic capability (Abiega et al. 2016; Madry et al. 2018). Hence, it has been
suggested that ameboid microglia should rather be viewed as dysfunctional microglia than activated

(Krabbe et al. 2013).

Typical read-outs of microglial morphology are the volume of the soma, the number branch or terminal
points and the total length of all processes. With this set of read-outs, morphological changes of
microglia in ageing and neurodegeneration have been described. During ageing as well as in
neurodegeneration, the size of the microglial soma increases, and the total process length and
ramification of microglia decreases. This reflects their change from a homeostatic phenotype towards
a phenotype reacting to the changing environment (Hefendehl et al. 2014; Hickman et al. 2018; Perry,

Nicoll, and Holmes 2010; Streit et al. 2004). Furthermore, another study compared microglial
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morphology between different species and found that microglial morphology is drastically different
between the different species. Marmoset microglia were found to be the most ramified and complex
microglia. Mammals in general were found to have more ramified and complex microglia compared to

zebrafish and various reptiles (Geirsdottir et al. 2019).

Recently, more advanced methods to analyze microglial morphology are used that rely on highly
automated, computational pipelines in order to reduce multiple sources of bias introduced in previous
analyses. The selection of individual cells and individual parameters for the read-out could lead to a
selection bias in previous studies. In contrast, the computational pipelines allow for an unbiased
analysis of a huge number of cells and subsequent cluster analysis of microglia according to their
morphology. These studies confirmed morphological changes of microglia in neurodegeneration and
ageing but also found morphological differences between human and mouse microglia that previous
studies failed to detect in that detail by clustering microglia using UMAP plots according to their
morphology. These algorithms also detected morphological differences between male and female
microglia and between microglia in different brain regions (Colombo et al. 2022; Salamanca et al.
2019). Importantly, however, it is not yet clear how these morphological differences correlate with

functional states of different clusters of microglia.

1.3.2 Network organization of microglia

Depending on the brain region, microglia make up 5 to 12 % of cells in the brain and hereby form an
evenly distributed network of cells with distinct territories for each cell (Lawson et al. 1990). Microglial
density is generally higher in white matter areas of the brain as compared to gray matter (Mittelbronn
et al. 2001). Moreover, microglial densities and the ratio of microglia to neurons varies between brain
regions. The ratio of microglia to neurons is three times higher in the frontal cortex compared to the
cerebellum or the hippocampus (Geirsdottir et al. 2019). The reason and the functional consequences
of this are not known. However, it has been suggested that microglial density rather correlates with
the density of synapses and not the number of neurons (Dos Santos et al. 2020). The cortex for example
is the brain region with the highest synaptic density (Santuy et al. 2020). Thus, it is possible that the
microglia to synapse ratio is stable throughout the brain and might reflect the homeostatic functions

of microglia in maintaining and shaping neuronal network activity via effects on synapses.

The microglial network is built by clonal expansion of a rather small proportion of microglia progenitors
that invade the brain early during development. Once established, the microglial network remains
stable during life (Barry-Carroll et al. 2023; Tay et al. 2017). Microglia are able to self-renew without a
known stem cell or precursor population present in the adult brain (Ajami et al. 2007; Askew et al.
2017; Fuger et al. 2017; Réu et al. 2017). Only under extreme experimental conditions such as

irradiation and blood-brain barrier damage, peripheral myeloid cells invade the brain in order to
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differentiate into microglia-like cells and occupy microglial territory (Ajami et al. 2007; Ginhoux et al.
2010; Mildner et al. 2007). Precise mechanisms for how microglia occupy their assigned territory and
how microglial numbers are regulated are not known. However, P2RY12 was shown to regulate
translocation of microglia to regulate the microglial network (Eyo, Mo, et al. 2018). Additionally, it was
suggested that contact inhibition between microglia via Syndecan-4 could be an important process in
this regulation (Zhan et al. 2019). This process could also play an important role in the event of
microglial cell death when the microglial network needs to replace the missing cell. In the olfactory
bulb of mice, a brain area with one of the highest proliferation rates of microglia, a study found
temporally coupled events of microglial cell death and proliferation. The authors also found that the
dividing microglial cell usually was the second-closest cell to the apoptotic cell (Askew et al. 2017).
Similarly, a study from my laboratory found that the rates of proliferation and apoptosis are almost

equal, supporting the coupled process of apoptosis and proliferation (Fliger et al. 2017).

Only in ageing and neuronal injury or neurodegeneration the microglial network undergoes major
changes. In ageing, the number of microglia is stable but microglia tend to lose their even distribution
over the parenchyma, possibly increasing the local susceptibility of the brain tissue to insults
(Hefendehl et al. 2014). In neurodegeneration or neuronal injury, microglia locally expand in order to
react to the injury (Fliger et al. 2017; Olmedillas et al. 2023; Tay et al. 2017). After the injury is resolved,
excess microglia undergo apoptosis and the microglial network returns to its pre-injury state (Tay et

al. 2017).
1.3.3 Longevity of microglia

It is widely accepted that microglia, especially at a network level, are long-lived cells, yet current
studies show conflicting results on the longevity of individual microglia in mice and humans. For human
microglia, estimations range from a nearly full replacement of all microglia every four years (about 20
cycles per life) to hundreds of cycles of self-renewal of the entire microglial population (Askew et al.
2017; Réu et al. 2017). However, the methods used to obtain these estimations differed and might
explain the variety of results. For example, the study estimating hundreds of cycles of self-renewal
used staining for Ki67 in microglia (Askew et al. 2017). Ki67 is widely used as a marker for proliferating
cells. However, Ki67-positive cells do not necessarily undergo division as Ki67-positive cells also might
be blocked in the Gi-phase of the cell cycle. This phenomenon would lead to an overestimation of the
proliferation rate of microglia (Busch et al. 2007). Hence, the authors acknowledged the need for a
more precise method to estimate microglial proliferation rates and longevity in humans (Askew et al.
2017). Another study used radiocarbon dating of the DNA of microglia in order to avoid these
challenges. The authors found that microglia had an average age of 4.2 years with some cells being

more than 20 years old. Based on these data, they estimated that human microglia were replaced by
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newly produced cells at a median rate of 28 % per year (Réu et al. 2017). Although radiocarbon dating
is a very precise method, this method might underestimate the actual proliferation rate of microglia
while precisely reflecting the longevity of microglia. The reason for this is, that it has been shown that
newborn microglia in mice are much more likely to die shortly after division and not replace existing
microglia in the network (Askew et al. 2017). These cells, however, would not be detected by

radiocarbon-dating and only by Ki67 staining.

While estimations of microglia longevity and proliferation rates in humans are only possible in post-
mortem samples, experimental procedures in mice allow for longitudinal analyses. A study from my
laboratory followed individual microglia in the cortex throughout the life of mice via in vivo 2-Photon
live cell imaging. The study calculated the average lifetime of microglia in mice to be 29 months, which
is more than the entire lifetime of most mice (Fliger et al. 2017). In contrast to this, another study used
several methods to determine microglia turnover in the mouse brain. Labeling of dividing microglia
with BrdU and y-retroviral vectors that selectively transduce proliferating glial cells, revealed that
proliferation rates of microglia were especially high in the dentate gyrus of the hippocampus and the
olfactory bulb. In addition to this, the authors performed in vivo 2-Photon live cell imaging of microglia
in the olfactory bulb. Consistently with the aforementioned methods, they found that microglia
undergo a full turnover of their population every 96 days (Askew et al. 2017). A third study investigating
microglial longevity used so-called microfetti mice, in which microglia are fluorescently labeled in four
different colors which facilitates the detection of proliferation events post-mortem. Interestingly, the
authors estimated a complete turnover of the microglial population in the olfactory bulb every 8
months, compared to 41 months in the cortex, explaining the differences between the two in vivo 2-
Photon live cell imaging studies (Tay et al. 2017). In summary, the consensus of these studies is that
microglia are mostly long-lived cells with a low turnover rate with a strong heterogeneity between

different brain regions.

Besides homeostatic conditions, two studies also looked at the longevity of microglia in mouse models
of AD. In the periphery of amyloid plaques, the microglial network is as stable as under non-diseased
conditions with long-lived microglia. However, the proliferation rate of microglia in the periphery is
higher with newborn microglia migrating towards the plaques (Fliger et al. 2017). Additionally, the
microglial turnover is increased in close vicinity to the plaques with coupled events of cell death and
proliferation indicating that the pathology leads to a decreased survival of microglia (Olmedillas et al.

2023).
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1.4 CSF1R and global microglia depletion

A crucial receptor for the differentiation, maintenance and survival of microglia is colony stimulating
factor 1 receptor (CSFA1R). While CSF1R in the brain is mainly expressed by microglia, its two ligands,
IL34 and CSF1 are differentially expressed in the brain (ElImore et al. 2014; Paolicelli et al. 2022; Zhang
et al. 2016). IL34 is mainly expressed in the gray matter by neurons, while CSF1 is mostly expressed by
astrocytes, oligodendrocytes and microglia in the white matter (Badimon et al. 2020; Easley-Neal et al.
2019). CSF1R is a receptor tyrosine kinase that, upon binding of its ligands, dimerizes and is
phosphorylated. This induces subsequent downstream signaling via the phosphorylation of ERK1/2
among others (Liu et al. 2012; Stanley and Chitu 2014). The importance of CSF1R signaling for microglia
and the brain is highlighted by a disease called Hereditary diffuse leukoencephalopathy with spheroids,
an autosomal dominant disease caused by loss-of-function mutations in CSF1R (Rademakers et al.
2012). The lack of functional CSF1R leads, among others, to a reduced number of microglia (Tada et al.
2016). Patients suffering from this disease experience dementia, parkinsonism, epileptic seizures and

depression (Rademakers et al. 2012).

The importance of CSF1R signaling for microglia can be exploited in order to globally deplete and
replace microglia for experimental purposes in mice but is also considered for potential therapeutic
approaches for various neurological diseases (Han et al. 2022). The most popular compounds for this
approach are PLX3397, PLX5622, GW2580 and BLZ945, all of which are small molecule inhibitors of
CSF1R that are able to pass the blood-brain barrier (Coniglio et al. 2012; Conway et al. 2005; Han et al.
2022; Krauser et al. 2015). They stabilize CSF1R in its auto-inhibited state which leads to kinase
inactivation and prevents substrate and ATP binding (Benner et al. 2020). All of these CSF1R inhibitors
lead to a near complete loss of microglia in mice within days (Green, Crapser, and Hohsfield 2020; Han
et al. 2022). As soon as the CSF1R inhibition is stopped, microglia begin to proliferate and repopulate
the brain from the few remaining microglia. During this process, the microglia repopulation first
exceeds microglial numbers from before the depletion but then regulates itself to decrease to the
previous network density (ElImore et al. 2014; Huang et al. 2018). Currently, not much is known about
the microglial subpopulation that survives CSF1R inhibition, but it is believed that a small, progenitor-
like microglia subpopulation exists that is independent of CSF1R signaling and therefore resistant to its
inhibition. This subpopulation highly expresses MAC2, a ligand of TREM2 (Zhan et al. 2020). In various
mouse studies, it has been shown that microglial depletion and repopulation has beneficial effects in
ageing mice and mouse models of neurodegeneration. In ageing, microglia depletion improves spatial
memory and reverses synaptic and neuronal deficits in aged mice (EImore et al. 2018). In a mouse
model of AD, microglia depletion reduces neuroinflammation and neuronal loss although plaque-

associated microglia are more resistant to CSF1R inhibition and microglial depletion did not affect
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amyloid pathology (Spangenberg et al. 2016). Lastly, short-term microglia depletion improves
remyelination in a mouse model of MS (Beckmann et al. 2018). In contrast to these beneficial effects,
microglia depletion can also have detrimental effects that need to be taken into consideration.
Microglia depletion in early development can lead to altered functional connectivity in the brain,
leading to hyperactivity and anxiolytic-like behavior (Rosin, Vora, and Kurrasch 2018). Additionally,
CSF1R inhibitors have unspecific effects on other receptors and cell types in the brain. PLX3397 for
example not only inhibits CSF1R but also inhibits other tyrosine kinases such as C-KIT, PDGFRa. and
FLT3 (Green et al. 2020; Han et al. 2022). On a cellular level, BLZ945, PLX3397 and PLX5562 indirectly
or directly lead to a reduction of oligodendrocyte progenitor cells which could have further adverse
effects (Hagemeyer et al. 2017; Y. Liu et al. 2019). Moreover, cellular debris from the excessive
microglia cell death during microglia depletion needs to be cleared by other cell types, e.g. astrocytes
(Zhou et al. 2022). Besides effects on the brain, CSF1R inhibition also influences peripheral

macrophages and other tissue-resident macrophages (Lei et al. 2020).
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Figure 2.3 Strategies for global depletion of microglia

Strategies for the global depletion of microglia involve inhibition of CSF1R by PLX3397 and other similar
compounds as well as genetic strategies that rely on the expression of iDTR or HSVTK. In the latter
models, depletion is induced by the application of DT and ganciclovir, respectively. From Waisman et al.
2015 with permission from Trends in Immunology - Cell Press
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Antibodies directed against CSF1R to block downstream signaling, that would be more specific than
small molecule inhibitors, are, however, not commonly used to deplete microglia. They are able to
deplete tissue-resident macrophages but do not affect microglia when applied peripherally

(MacDonald et al. 2010).

In addition to inhibition of CSF1R, other approaches exist to selectively deplete microglia from the
brain. One of these approaches is clodronate liposomes. These liposomes are selectively phagocytosed
by phagocytic cells and processed within lysosomes. This releases clodronate which triggers apoptosis.
However, this toxin-based approach causes cytokine release, astrogliosis and blood vessel damage.
Furthermore, clodronate liposomes do not cross the blood-brain barrier and therefore need to be

injected into the brain (Green et al. 2020; Han et al. 2019; Rooijen and Sanders 1994).

Apart from these drug-based approaches, there are genetic approaches in order to deplete microglia.
Firstly, microglia specific expression of the receptor for diphtheria toxin (DTR) in combination with the
injection of diphtheria toxin (DT), active DT or the thymidine kinase of herpes simplex virus (HSVTK) in
combination with ganciclovir treatment can be used to induce apoptosis in microglia (Bruttger et al.
2015; Buch et al. 2005; Heppner et al. 2005; Varvel et al. 2012; Wang et al. 2016). The diphtheria toxin-
based approaches cause cytokine release and astrogliosis while HSVTK-based approaches compromise
the blood-brain barrier (Bruttger et al. 2015; Varvel et al. 2012; Waisman et al. 2015). The DT-based
approaches will be explained in more detail later (see section 11.2.1). Secondly, constitutive and
conditional knock-out models of CSF1R exist. Constitutive CSF1R knock-out mice, however, suffer from
developmental defects with skeletal and neurodevelopmental abnormalities (Cronk et al. 2018; Dai et
al. 2002; Erblich et al. 2011; Li et al. 2006). This major drawback of constitutive CSF1R knock-out seems

AFIRE/AFIRE

to be solved by so-called Csflr mice. The genomic deletion of a highly conserved super

enhancer region, the fms-intronic regulatory element (FIRE), leads to a lack of tissue-resident

AFIRE/AFIRE mice while other

macrophages in the brain, skin, heart, kidney and peritoneum in Csflr
macrophages and monocytes are not affected. In contrast to constitutive CSF1R knock-out mice,
Csf1riFRE/AFIRE mice are healthy and fertile without the aforementioned skeletal and

neurodevelopmental abnormalities (Rojo et al. 2019).

Notably, a recent study used three cycles of microglia depletion and repopulation. Hereby the authors
artificially induced an aged microglia phenotype in a young brain environment due to the high amount
of proliferation. The authors estimated that each microglial cell in this model divides approximately 40
times. They then showed transcriptionally that microglia in this model developed an aged-like

phenotype that affected the surrounding ‘young’ brain environment (Xu et al. 2023).
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2 Approaches for targeted cell death

Since global depletion of microglia does not correspond to a physiologically occurring situation,
approaches are needed that target individual microglia. Targeted cell death of individual microglia is
of importance to study the microglial network. As discussed earlier, microglial cell death is a rare event
(see section 11.1.3.3) and thus can be modeled by approaches for targeted cell death of individual
microglia. Besides brain-wide depletion of microglia via CSF1R inhibition, several methods exist that

make the targeted death of individual cells possible (Figure 2.4).
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Figure 2.4 Approaches for targeted cell death

(A) Mode of action of Diphtheria toxin. DT consists of two subunits. Upon binding to iDTR (HBEGF) and
processing in endolysosomes, the active A subunit of DT is released into the cytoplasm where it inhibits
protein synthesis which leads to subsequent apoptosis. Created with Biorender.com according to Rued|
and Jung 2018 with permission from European Journal of Immunology — John Wiley and Sons (B)
Generation of ROS by excitation of Hoechst 33342 (2Phatal) or a photosensitizing protein (for example
KillerRed). Induction of ROS leads to apoptotic or necrotic cell death. Adapted from Zhao et al. 2021
with permission from Chemical Society Reviews

2.1 Diphtheria toxin

In contrast to humans, mice are not sensitive to Diphtheria toxin (DT) (Middlebrook and Dorland 1977;
Pappenheimer Jr. et al. 1982). By expressing the human or simian heparin-binding epidermal growth
factor-like growth factor (HBEGF), the receptor for DT (DTR), mouse cells can be sensitized to the toxin
(Buch et al. 2005; Cha et al. 2003; Jung et al. 2002; Saito et al. 2001). Upon binding of DT, the toxin is
endocytosed. Once in the cytoplasm, the toxic A subunit of DT inactivates elongation factor 2 which
leads to a stop of protein synthesis and subsequent apoptosis (Figure 2.4 A) (Drazin, Kandel, and Collier
1971; Honjo et al. 1971; Pappenheimer Jr. et al. 1982). To prevent permanent and global expression
of DTR, the most commonly used transgene is designed so that expression of DTR is blocked by a loxP-

flanked STOP-cassette (Buch et al. 2005). In microglia, this approach has so far only been used for
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global microglia depletion of about 80 % to 99 % of the microglial population (Bruttger et al. 2015;
Parkhurst et al. 2013; Rubino et al. 2018). However, when dosing of Tamoxifen is adjusted to achieve
low recombination efficiency by CreERT, a small subpopulation of microglia could be selectively
targeted to express DTR. Intraperitoneal injection of DT would then lead to a selective ablation of these
cells. Alternatively, a mouse model exists in which the expression of the A subunit of DT is blocked by
a loxP-flanked STOP-cassette. Upon Cre-mediated recombination, the A subunit of DT is expressed in

the target cell and induces apoptosis without the additional injection of DT (Lund et al. 2018).

2.2 2Phatal

2Phatal is a recently developed method for targeted apoptotic ablation of single cells (Hill et al. 2017).
It is based on the photobleaching of the nucleus of the target cell which generates ROS and
subsequently leads to apoptotic cell death of the target cell without inducing tissue damage to the
surrounding area (Figure 2.4 B) (Hill et al. 2017). This is in contrast to frequently used laser ablation
experiments that induce tissue burning and cell rupture (Hill et al. 2017). To use 2Phatal, the nuclear
dye Hoechst 33342 is topically applied onto the brain during cranial window surgery (Damisah et al.
2020; Hill et al. 2017). Target cells can then be selectively ablated by focused scanning of the nucleus
with a 2-Photon laser to induce apoptosis (Hill et al. 2017). After its application, Hoechst 33342 is
cleared from the brain within a couple of days (Hill et al. 2017). So far, 2Phatal has been demonstrated
in neurons, astrocytes, oligodendrocytes, pericytes and NG2 glia (Chapman et al. 2023; Damisah et al.
2020; Hill et al. 2017; Mills et al. 2022). However, microglia seem to not be labeled by Hoechst 33342
(Hill et al. 2017). Another disadvantage of the method is that Hoechst 33342 does not efficiently cross
the blood-brain barrier which makes it necessary to apply the dye during surgery where minor leakage
of the blood-brain barrier occurs (Choi et al. 2011; Hill et al. 2017). This limitation also restricts the
time window during which 2Phatal can be performed since a reapplication of Hoechst 33342 to a later

time point might be difficult.

2.3 Genetically encoded photosensitizers

Similarly to 2Phatal, photosensitizers are based on the induction of cell death by phototoxicity (Bulina
et al. 2006; Liu et al. 2021). Photosensitizers are fluorescent proteins that are characterized by an
especially high capability to generate ROS (Figure 2.4 B) (Liu et al. 2021). The phototoxicity of KillerRed
for example, the most commonly used genetically encoded photosensitizer, is more than 1000-fold
the phototoxicity of GFP (Pletnev et al. 2009). Upon prolonged excitation, either broadly by an
epifluorescent light source or on a single cell level by confocal or 2-Photon lasers, photosensitizers lead
to cell death (Auer, Vagionitis, and Czopka 2018; Buckley et al. 2017; Ertlirk, Wang, and Sheng 2014;

Liu et al. 2021; Williams et al. 2013). Depending on the localization of the protein within the cell,
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targeted cells undergo either apoptotic or necrotic cell death (Liu et al. 2021). Other photosensitizing
proteins are KillerOrange, SuperNova and miniSOG amongst others (Ruiz-Gonzalez et al. 2013;
Sarkisyan et al. 2015; Takemoto et al. 2013). Photosensitizers are either stably expressed in transgenic
organisms or are delivered by viral or non-viral vectors to cells (Auer et al. 2018; Buckley et al. 2017,
Ertlirk et al. 2014; Liu et al. 2021; Williams et al. 2013). So far, the use of photosensitizers has been
described for targeted cell death in neurons, oligodendrocytes and other cell types of mouse and rat
OBSC, Caenorhabditis elegans and zebra fish (Auer et al. 2018; Buckley et al. 2017; Ertlrk et al. 2014;
Formella et al. 2018; Liu et al. 2021; Williams et al. 2013).

3 Model systems to investigate microglia

Their important role in plenty neurological conditions makes microglia a valuable target for different
therapeutical approaches. However, microglial homeostasis and the tight balance between beneficial
and detrimental effects need to be well understood so that it can be exploited in order to develop
successful therapies. To this end, various model systems to investigate microglia, both in vitro and in

vivo, exist which will be discussed in the following.

3.1 Invitro models

3.1.1 Immortalized cell lines

Of all model systems for microglia, immortalized cell lines are the model system with the easiest
accessibility and handling. Many different immortalized microglia cell lines exist that were generated
from mice, rats, macaques and humans. The most commonly used cell lines of these are the BV2 and
N3/N9/N11/N13 mouse-derived lines and the HMO6 human-derived lines (Timmerman, Burm, and
Bajramovic 2018). BV2 cells were generated by the transduction of neonatal primary mouse microglia
with a retrovirus carrying the oncogenes v-raf and v-myc (Blasi et al. 1990). They express basic
microglial markers and are responsive to LPS, AB or asyn stimulation by phagocytosis of e.g. AB fibrils
and an upregulation of ROS and pro-inflammatory genes (Blasi et al. 1990; Boza-Serrano et al. 2014;
Kopec and Carroll 1998; Stansley, Post, and Hensley 2012; Timmerman et al. 2018). Similarly,
N3/N9/N11/N13 cells, of which N9 are the most commonly used, were generated by transforming
embryonic primary mouse microglia with v-myc or v-mil (Righi et al. 1989). These lines also express
basic macrophage markers, have phagocytic capabilities and react to LPS or A stimulation with the

secretion of pro-inflammatory cytokines (Hickman et al. 2008; Righi et al. 1989).

The human HMO6 microglia line is derived from embryonic primary microglia from telencephalon
tissue which were transduced with a retroviral vector carrying v-myc (Nagai et al. 2001). HMO®6

microglia express the microglial marker CD11b and are able to secrete IL8 and TNFa in response to LPS
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stimulation. However, when compared to primary microglia that were not immortalized, they fail to

also release IL13 and IL6 (Ahn et al. 2008; Nagai et al. 2001; Timmerman et al. 2018).

Generally, immortalized microglia cell lines are only capable to reproduce the most basic functions of
microglia and are therefore not suitable to recapitulate complex microglial interactions in the brain.
Potentially, the process of immortalization might alter microglia but also the lack of a complex
environment that supports microglia with trophic factors alters their phenotype (Bennett et al. 2018;
Henn et al. 2009; Horvath et al. 2008; Stansley et al. 2012; Timmerman et al. 2018). Thus, immortalized

microglia cell lines are mostly used to answer less complex research questions.

3.1.2 Primary cell culture: monocultures and organotypic brain slice cultures

Another approach to investigate microglia in vitro is primary cell culture. This includes both microglia

monocultures and the cultivation of organotypic brain slice cultures.

Primary microglia can be isolated and cultivated from mice, rats, non-human primates and humans.
To this end, microglia are usually isolated from brain tissue by tissue dissociation followed by density
gradient centrifugation. Depending on the protocol this can lead to microglia single-cell cultures with
up to 99 % purity (Stansley et al. 2012; Timmerman et al. 2018). Similarly to immortalized microglia,
primary microglia reliably express markers of microglia, have phagocytic capabilities and react to
various stimuli by the production of ROS and pro-inflammatory cytokines (Colton and Gilbert 1987;
Maezawa et al. 2011; Takata et al. 2010). However, the loss of their complex 3D-environment in the
brain and the loss of signaling with other brain cells lead to the loss of their homeostatic signature. In
culture, primary microglia rapidly adapt an ‘activated’ phenotype with increased secretion of pro-
inflammatory cytokines compared to in vivo (Cadiz et al. 2022; Dubbelaar et al. 2018; Gosselin et al.
2017; Maguire et al. 2022). Hence, the application of primary microglia cultures is limited, especially

in the context of homeostasis.

In contrast to the preparation of monocultures of primary microglia, the preparation of organotypic
brain slice cultures (OBSC) does not include the dissociation of brain tissue. OBSC are typically prepared
from newborn rodents (Gahwiler et al. 1997; Humpel 2015), but can also be prepared from human
tissue that is derived from resective brain surgery or tissue that is made available after abortions
(Eugene et al. 2014; Schwarz et al. 2017, 2019; Wickham et al. 2020). To this end, the tissue is sliced
into thin sections (250-350 um thin) and cultivated on semipermeable membranes for several months
(Barth et al. 2021; Novotny et al. 2016; Stoppini, Buchs, and Muller 1991). Since several slices can be
obtained from one animal, multiple experimental conditions can be tested with slices from one animal
and thus reduce animal numbers (Barth et al. 2021). While OBSC obtained from newborn rodents can

be kept in culture for several months (Gdhwiler et al. 1997), the preparation of OBSC from adult
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rodents has proven to be much more difficult with OBSC only surviving a few weeks before the tissue
degenerates (Humpel 2015). OBSC can be prepared from various brain regions. For rodents, OBSC from
cortex, cerebellum, brain stem, hippocampus and retina have been described among others (Gahwiler
et al. 1997). For humans, OBSC are mostly prepared from cortex or hippocampus due to tissue
availability (Eugéne et al. 2014; Schwarz et al. 2017, 2019; Wickham et al. 2020). A major advantage of
OBSC compared to primary microglial culture is the conservation of the complex 3D tissue architecture
and cell-cell interactions of all types (Gahwiler et al. 1997). However, since most OBSC are prepared
from newborn rodents, they mostly reflect a developing stage of the brain (Humpel 2015). Interestingly
though, a recent study showed signs of accelerated ageing and cellular senescence in OBSC. The extent
of this accelerated ageing, however, is not yet further characterized (Liu et al. 2022). Additionally, the
availability of human tissue is a limiting factor. Besides these drawbacks, the biggest disadvantage of
OBSC is that the preparation causes axonal damage and subsequent tissue inflammation as shown by
pronounced astro- and microgliosis which form a so-called ‘glial scar’ (Grabiec et al. 2017). Microglia
in OBSC initially migrate towards the site of axonal damage on the surface of the culture but gradually
readapt a more homeostatic phenotype within the first one to two weeks (Hailer, Jarhult, and Nitsch
1996; Heppner et al. 1998). After this initial inflammatory phase, microglia in OBSC readapt a more
ramified morphology, reminiscent of the microglial morphology in vivo (Czapiga and Colton 1999;
Hailer et al. 1996). On a transcriptomic level, microglia in OBSC are closer to microglia in vivo than to
primary microglia in vitro despite still showing an ‘activated’ phenotype after three weeks in culture
(Delbridge et al. 2020). Taken together, OBSC are a suitable model to study microglia in a state as close
as possible to in vivo and in an environment which is as close as possible to the in vivo situation. Lastly,
OBSC can also be used to model the pathology of various neurodegenerative diseases which is helpful
to model the microglial reaction in this context (Barth et al. 2021; Croft et al. 2019; Novotny et al.

2016).

3.1.3 Invitro graft models

An extraordinary approach to study microglia in OBSC is the replenishment of OBSC endogenous
microglia with isolated microglia from newborn and adult mice. The authors used regular OBSC and
depleted microglia with clodronate. Subsequently, they grafted isolated microglia onto the tissue
which then integrated at a similar density as the endogenous microglia. Moreover, the authors showed
that grafted adult microglia adopted a morphology reminiscent of microglia in vivo (Masuch et al.
2016). However, this approach has neither been further characterized nor adapted widely by other

labs.
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3.1.4 Induced Pluripotent Stem Cells (iPSC)

The development of induced Pluripotent Stem Cells (iPSC) by Takahashi and Yamanaka in 2006 enabled
a plethora of possibilities to study human cells in healthy and diseased conditions (Dolmetsch and
Geschwind 2011; Shi et al. 2017; Takahashi and Yamanaka 2006). By overexpression of only four
factors (Oct3/4, Sox2, c-Myc, and KIf4), they were able to generate pluripotent stem cells from somatic
cells that are able to differentiate into cells from all three germ layers and have the capacity of infinite
self-renewal (Takahashi and Yamanaka 2006). This discovery gave rise to the opportunity to study
human cells and disease-associated mutations to an unprecedented extent and study patient-derived
cell lines in order to recapitulate their individual genetic background (Dolmetsch and Geschwind 2011;

Shi et al. 2017).

The differentiation of microglia from iPSC, however, has long proven difficult. Shortly after the
discovery of their origin as primitive macrophages from the yolk sac (Ginhoux et al. 2010), several
protocols to generate microglia from iPSC were published that mimicked the natural differentiation of
microglia (Abud et al. 2017; Douvaras et al. 2017; Haenseler et al. 2017; Lee, Kozaki, and Ginhoux 2018;
McQuade et al. 2018; Muffat et al. 2016; Pandya et al. 2017; Takata et al. 2017). Most of these
protocols have in common, that they first drive iPSC into a mesoendodermal fate and then via
hemogenic endothelium towards primitive hematopoiesis (via at least BMP4 and VEGF). These
embryonic macrophage precursors are then expanded and supported by CSF1 and IL3. Lastly,
differentiation into microglia-like cells and cultivation is achieved via CSF1 and IL34. This process
usually takes between three and ten weeks (Lee et al. 2018; Speicher et al. 2019). Generally, one can
distinguish between two major types of differentiation protocols: embryoid bodies (EB)-based and
monolayer-based protocols. The use of EBs simulates cell signaling that is crucial for mesoendodermal
specification that needs to be replaced by the addition of other factors and incubation under hypoxic
conditions in monolayer-based protocols (Lee et al. 2018). Recently, a third major method to obtain
microglia from iPSC was published. The authors induced expression of six transcription factors in order

to generate microglia within only eight days and in large quantities (Drager et al. 2022).

iPSC-derived microglia-like cells (iMicros) in monoculture express microglial markers such as P2RY12,
Ibal and TMEM119 (Douvaras et al. 2017; Muffat et al. 2016). Importantly, these microglia-specific
markers (P2RY12, TMEM119) identify monoculture iMicros as microglia-like cells and differentiate
them from other tissue-resident macrophages (Bennett et al. 2016; Chiu et al. 2013; Wes et al. 2016).
Additionally, monoculture iMicros are phagocytically active, ramified, respond to stimulation and are
able to secrete cytokines (Abud et al. 2017; Douvaras et al. 2017; Haenseler et al. 2017; Muffat et al.
2016; Pandya et al. 2017). In monoculture, iMicros exist in several different states and stimulation with

brain-derived stimuli is also able to induce transcriptional states such as DAM, reminiscent of those
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found in vivo as a response to pathological stimuli (Dolan et al. 2023; Sun et al. 2023). Nevertheless,
cluster analysis of monoculture iMicros in comparison to in vivo microglia shows a lack of homeostatic
signatures (Dubbelaar et al. 2018; Sun et al. 2023). Their transcriptional profile maps them closely to
the differentiation steps and cultured primary human microglia while overlap with microglia in vivo is
limited (Abud et al. 2017; Douvaras et al. 2017; Haenseler et al. 2017; Lee et al. 2018; Muffat et al.
2016). This is due to lacking cellular interactions with other cell types that naturally occur in the brain
and influence the microglial transcriptome and functionality (Bennett et al. 2018; Bohlen et al. 2017;

Dubbelaar et al. 2018; Gosselin et al. 2017).

In contrast, when cultured together with iPSC-derived neurons, astrocytes or both, iMicros are more
ramified and less pro-inflammatory indicating a more ‘homeostatic’ phenotype (Abud et al. 2017,
Haenseler et al. 2017; Vahsen et al. 2022). Additionally, transcriptomic analyses mapped co-cultured
iMicros with microglia between embryonic development and postnatal microglia on day 3 (Takata et
al. 2017). Overall, iMicros are a powerful tool to investigate disease-associated mutations and patient-
derived cells and mimic in vivo microglia more closely than immortalized or primary microglia (Speicher
et al. 2019; Stoberl et al. 2023). Findings from iMicros, however, should still be verified with more
complex model systems as they mostly reflect early developmental stages and lack homeostatic

signatures.

3.1.5 Cerebral organoids

Except for OBSC, all culture models described so far are comparably simple models in 2D. The
advantage of 3D-models, however, is that they are able to more realistically reflect naturally occurring
cell-cell interactions in the brain (Zhang et al. 2023). While tissue for the preparation of human OBSC
is scarce, the development of cerebral organoids from iPSC increased the availability of human tissue
for 3D-models. Cerebral organoids were first described by Lancaster et al. in 2013 (Lancaster et al.
2013; Lancaster and Knoblich 2014). They showed that cerebral organoids consist of various cell types
including functional neurons and radial glia and can recapitulate characteristics of various brain regions
(Lancaster et al. 2013). Moreover, the authors and others showed that cerebral organoids model
human brain development until early postnatal stages (Gordon et al. 2021; Lancaster et al. 2013; Luo
et al. 2016). Nowadays, several protocols are published to specifically differentiate organoids into
defined brain regions such as cortex, hippocampus and midbrain (Jo et al. 2016; Pasca et al. 2015;
Sakaguchi et al. 2015). Further studies showed that cerebral organoids contain not only neurons and
radial glia, but also astrocytes, oligodendrocyte precursor cells and oligodendrocytes (Quadrato et al.
2017; Tanaka et al. 2020; Velasco et al. 2019). While all of these cell types are of neuroectodermal
origin and hence induced during the differentiation process, microglia are derived from mesoderm

(Hasselmann and Blurton-Jones 2020; Stoberl et al. 2023; Zhang et al. 2023). Since mesodermal and
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endodermal lineage are not specifically inhibited in all protocols for the generation of cerebral
organoids, it is still possible that iPSC differentiate spontaneously into this fate in these protocols (Qian,
Song, and Ming 2019; Zhang et al. 2023). Although some protocols showed the presence of
mesodermal precursors or even microglia, cerebral organoids are nevertheless widely considered to
be devoid of microglia (Bodnar et al. 2021; Ormel et al. 2018; Pérez et al. 2021; Quadrato et al. 2017
Zhang et al. 2023). Unfortunately, the degree of this spontaneous differentiation seems to be
stochastic and varies between different iPSC lines, experiments and protocols (Bodnar et al. 2021;

Ormel et al. 2018; Zhang et al. 2023).

To overcome this limitation, several protocols exist in which cerebral organoids and microglia are
differentiated separately. Subsequently, microglia precursors are engrafted into the organoids where
they integrate and differentiate into microglia (Abud et al. 2017; Jin et al. 2022; Park et al. 2023; Song
et al. 2019). However, the success of this engraftment is still varying between labs (Abud et al. 2017,

Jin et al. 2022; Park et al. 2023; Zhang et al. 2023).

Microglia in cerebral organoids, no matter whether endogenously differentiated or engrafted, react to
various stimuli such as blunt tissue damage, viral infection or LPS (Abud et al. 2017; Muffat et al. 2018;
Ormel et al. 2018; Xu et al. 2021). Furthermore, they seem to interact with synapses and enhance
neuronal maturation, recapitulating important functions of microglia (Park et al. 2023; Sabate-Soler et
al. 2022; Schafer et al. 2012). Morphologically, they are more ramified than microglia in 2D model
systems and transcriptionally resemble human microglia in vivo (Abud et al. 2017; Ormel et al. 2018;
Popova et al. 2021). Still, microglia in cerebral organoids show artifacts of their in vitro environment,
similar to primary microglia (Ormel et al. 2018; Popova et al. 2021). Namely, levels of the homeostatic

markers TMEM119 and P2RY12 are lower than in vivo (Ormel et al. 2018).

3.2 Invivo models

Despite growing complexity and an increased quality of in vitro models, they still cannot fully
recapitulate microglia phenotypes in vivo. The most frequently used organisms for the study of
microglia in vivo are mammals and zebrafish (Sharma, Bisht, and Eyo 2021). To not exceed the scope
of this thesis, | will only discuss the use of mice for the study of microglia in vivo since they are the
best-defined model organism for microglia and most of the research presented here is derived from

mice.

3.2.1 Mouse models

Due to the popularity of mice, a wide spectrum of tools and experimental methods are available to
study microglia and their effects on the brain. This includes mouse lines for the targeted manipulation

or visualization of microglia, as well as experimental tools such as viruses, drugs and small molecules.
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One of the most commonly used genetic tools in biomedical research is the Cre/loxP system. Cre/loxP
is a recombination system that allows for the excision or inversion of defined genetic sequences that
are flanked by loxP-sequences (Sauer 1998; Sauer and Henderson 1989). In biomedical research, this
recombination system is exploited to achieve expression or deletion of target genes but also to express
reporter genes such as fluorescent proteins for the purpose of visualization or fate mapping (McLellan,
Rosenthal, and Pinto 2017; Stifter and Greter 2020). By using specific promoters, the expression of Cre
can be confined to a specific cell type in order to obtain cell-type specific expression or knock-out of
any gene (MclLellan et al. 2017). When the active enzyme, the Cre-recombinase, is fused to a mutated
estrogen ligand-binding domain (CreER(T2)), the recombinase stays in the cytoplasm where it cannot
induce recombination of the target sequence. Upon binding to 4-Hydroxytamoxifen, the active
metabolite of tamoxifen, the fused enzyme is translocated to the nucleus where it recombines the
target sequence. The necessity to inject Tamoxifen in this system, makes it controllable in time (Feil et

al. 1996; McLellan et al. 2017).

For microglia, several different mouse lines exist, that use various promoters to achieve microglia-
specific CreER-expression (Eme-Scolan and Dando 2020; Faust et al. 2023). However, these cell lines
vary in cell-type specificity, recombination efficiency and rate of spontaneous recombination (rate of
recombination without Tamoxifen), parameters that need to be taken into consideration in order to
avoid undesired effects in other cell types or incomplete recombination in microglia (Faust et al. 2023).
The most popular of these lines uses the promoter of CX3CR1 (Eme-Scolan and Dando 2020; Faust et
al. 2023). Other promoters used for microglial CreER mouse lines include CD11b, , TMEM119, Hexb
and P2RY12 (Chappell-Maor et al. 2020; Faust et al. 2023; Kaiser and Feng 2019; Masuda et al. 2020;
McKinsey et al. 2020). On the one hand, CX3CR1-CreER mice have the highest recombination efficiency
but on the other hand also show a comparably high rate of spontaneous recombination (2-10 %).
Additionally, CX3CR1 and CD11b are promotors that are less specific to microglia and hence CreER
expression under control of these promoters also affects other macrophages in the brain such as
border-associated macrophages and peripheral immune cells such as circulating monocytes (Faust et
al. 2023; Shi et al. 2018). In contrast to that, CreER-mice based on the promoters of TMEM119, Hexb
and P2RY12 have been shown to be more microglia specific but are less efficient in inducing
recombination (Faust et al. 2023). A recent approach that introduced a split Cre-enzyme under the
CX3CR1-promoter and the other half of the enzyme under control of either Salll or Lyvel achieved a
distinction between microglia (Sall1-promoter) and border-associated macrophages (Lyvel) (Kim et al.
2021). Similar to CX3CR1-CreER, these binary Cre-transgenic mice showed fairly high rates of

recombination (Faust et al. 2023; Kim et al. 2021).

Apart from CreER, microglia-specific promoters are also used to specifically label microglia in mice with

reporter proteins. Some of the most commonly used lines are Ibal-EGFP and CX3CR1-EGFP (Hirasawa
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et al. 2005; Jung et al. 2000). Similar to CreER mice, these promoters are not exclusive to microglia and
also induce expression of the reporter in other myeloid cells. Hence, novel mouse models use
promoters that are more specific to microglia such as TMEM119, Salll1 and Hexb (Eme-Scolan and

Dando 2020; Kaiser and Feng 2019; Masuda et al. 2020; Takasato et al. 2004).

Besides genetic targeting of microglia in mice, several viral strategies exist in order to label or
manipulate microglia. However, viral strategies generally face the problem of microglial immune
activation (Klichinsky et al. 2020; Rosario et al. 2016). A first strategy of viral transduction of microglia
is the use of a lentiviral microRNA9-regulated vector (Akerblom et al. 2013; Barry-Carroll et al. 2023;
Brawek et al. 2017). microRNA9 is expressed in all cells of the brain but microglia, so that the viral
vector is degraded in all cells but microglia and is only expressed in microglia. This leads to a highly
specific expression in microglia (Akerblom et al. 2013). Another strategy is the use of adeno-associated
viruses (AAV) in combination with vectors controlled by microglia-specific promoters. A recent
publication optimized the capsid of AAV9 to maximize transduction of microglia while avoiding

microglial immune activation (Lin et al. 2022).

This plethora of genetic and viral tools to visualize and manipulate microglia in vivo is used in various
types of experiments. Visualizing microglia by fluorescent labeling is commonly used for 2-Photon in
vivo imaging in order to observe microglial motility, network dynamics, reaction to tissue injury and
Calcium signaling in microglia (Brawek et al. 2017; Cserép et al. 2020; Eme-Scolan and Dando 2020;
Flger et al. 2017; Hefendehl et al. 2014; Hierro-Bujalance, Bacskai, and Garcia-Alloza 2018). Multicolor
labeling of microglia, either genetically or virally transduced, has additionally been used for fate-
mapping studies (Barry-Carroll et al. 2023; Tay et al. 2017). Another common read-outs of in vivo
experiments is single-cell transcriptomics in order to dissect the various states of microglia (Keren-

Shaul et al. 2017; Sala Frigerio et al. 2019; Sun et al. 2023; Xu et al. 2023).

Together with additional tools to investigate microglia such as microglia depletion and replacement
(see section 11.1.4), mouse models are frequently used to study the effect of microglia in
neurodevelopment and neurological diseases (Beckmann et al. 2018; Elmore et al. 2014; Rosin et al.

2018; Spangenberg et al. 2019).

Despite this vast spectrum of models and experimental methods, mouse microglia are not the ideal
model to recapitulate the phenotype of human microglia. Although humans share a similar genetic
background with mice, many human genes enriched in microglia have only mouse orthologs with
limited similarity or no orthologs at all (Hasselmann and Blurton-Jones 2020; Mancuso et al. 2019).
This becomes especially clear when looking at AD risk genes. Of 44 AD risk genes that are enriched in
microglia, only 29 have orthologs with a similarity larger than 60 % in mice. Among the genes that do

not have convincing orthologs are important AD risk genes such as TREM2 (Hasselmann and Blurton-
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Jones 2020; Mancuso et al. 2019). Apart from these genetic differences, human microglia were shown
to age differently, have different gene expression patterns under homeostatic conditions and
increased heterogeneity as compared to mouse microglia (Galatro et al. 2017; Geirsdottir et al. 2019;

Masuda et al. 2019).

3.2.2 Chimeric mouse models

To overcome the aforementioned drawbacks of mouse microglia, several labs developed chimeric
mice with xenotransplanted microglia. To this end, immunodeficient mice expressing human CSF1
were injected at a neonatal stage with iPSC-derived microglia or iPSC-derived microglial precursors
(Abud et al. 2017; Fattorelli et al. 2021; Hasselmann et al. 2019; Mancuso et al. 2019; Svoboda et al.
2019). After transplantation, the microglia precursors stably integrate into the various regions of the
brain and form a human microglial network (Hasselmann et al. 2019; Mancuso et al. 2019; Svoboda et
al. 2019). Several studies showed that xenotransplanted human microglia are highly ramified, similar
to human microglia ex vivo and functionally respond to stimuli such as LPS or focal laser injury, however
differently to iPSC-derived microglia in vitro (Hasselmann et al. 2019; Svoboda et al. 2019).
Transcriptomically, xenotransplanted human microglia closely resemble human microglia ex vivo,
hence overcoming the prominent in vitro phenotype of all previously described model systems of
human microglia (Hasselmann et al. 2019; Mancuso et al. 2019; Svoboda et al. 2019). When crossed
with mouse models of AD, xenotransplanted microglia cluster around AP plaques where they
downregulate homeostatic markers and adapt a disease-associated phenotype (Abud et al. 2017,
Hasselmann et al. 2019). However, the microglial reaction to amyloid pathology was shown to differ
between mouse and xenotransplanted human microglia. For example, Hasselmann et al. showed that
only about one third of differentially-expressed genes (DEGs) found by Keren-Shaul et al in the classical
DAM phenotype overlapped with the DEGs in xenotransplanted human microglia. Furthermore,
Hasselmann et al. found hundreds of additional DEGs that were not part of the DAM signature,
highlighting important differences between human and mouse microglia (Hasselmann et al. 2019;

Keren-Shaul et al. 2017).

A novel approach that tries to improve xenotransplanted microglia was only published recently.
Xenotransplanted microglia only interact with other brain cell types of mouse origin but lack
interactions with human neurons and glia. In order to achieve the interaction of human microglia with
other human brain cells in vivo, Schafer et al. xenotransplanted microglia-containing brain organoids
into immunodeficient mice (Schafer et al. 2023). In contrast to the previously described
xenotransplantation models, the mice for this transplantation approach did not require the expression
of human cytokines due to interactions with other human brain cells (Hasselmann et al. 2019; Mancuso

et al. 2019; Schafer et al. 2023). Xenotransplanted microglia within human brain organoids are actively
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surveilling their environment, react to a focal laser injury and LPS and adapt a morphological
appearance reminiscent of human microglia ex vivo (Schafer et al. 2023). Interestingly, the authors
found that the human brain-like environment induced a human-specific microglial gene signature
contrary to xenotransplanted microglia from Hasselmann et al. that still expressed some mouse-
specific microglial genes indicating that the human brain environment shapes the phenotype of the

transplanted microglia (Hasselmann et al. 2019; Schafer et al. 2023).

3.3 Comparison of model systems to investigate microglia

Model systems to investigate microglia can be divided into three main categories: 2D in vitro models,

complex 3D in vitro models and in vivo models.

2D in vitro models of microglia, that include immortalized cell lines, primary microglia cultures and
iPSC-models, are easily accessible for experiments and genetic manipulations (Hedegaard et al. 2020).
Additionally, experiments with in vitro microglia can be performed at high throughput. However, in
vitro models lack the complex 3D-architecture of the brain including cell-cell interactions that shape
the microglial phenotype and transcriptome which differ significantly from in vivo microglia (Gosselin
et al. 2017; Warden et al. 2023). Furthermore, in vitro models lack vascularization and interactions
with the periphery of the brain (Hasselmann and Blurton-Jones 2020; Hedegaard et al. 2020). Hence,
in vitro models of microglia are best suited to investigate basic cellular functions such as phagocytosis

and secretion of cytokines (Hedegaard et al. 2020).

More complex in vitro systems to investigate microglia are cerebral organoids and OBSC. In contrast
to 2D in vitro models they provide a more complex cellular architecture including multiple cell types
and a brain-like organization (Hasselmann and Blurton-Jones 2020; Warden et al. 2023). Microglia in
these models are transcriptomically less activated but still show artifacts of their in vitro culturing
conditions (Ormel et al. 2018; Popova et al. 2021). Due to the more complex environment, they can
be used to study cell-cell interactions between microglia and other cell types of the brain while
combining this advantage with the previously mentioned easy accessibility for experiments and
genetic manipulations (Hasselmann and Blurton-Jones 2020; Hedegaard et al. 2020; Warden et al.

2023).

The most complex model systems for microglia are in vivo models. ‘Pure’ mouse models and chimeric
mice with xenotransplanted microglia are suited for complex modeling of diseases, allow for the
investigation of brain region specific phenotypes of microglia and include a periphery of the brain that
influences microglia (Hasselmann and Blurton-Jones 2020; Warden et al. 2023). On the one hand,
xenotransplanted microglia resemble human microglia ex vivo as close as possible and can still be easily

targeted for genetic manipulation (Hasselmann and Blurton-Jones 2020; Schafer et al. 2023; Warden
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et al. 2023). On the other hand, chimeric mice need to be severely immunocompromised and
experimental methods such as live cell imaging require complicated surgical procedures that limit the

throughput of these experiments (Hasselmann et al. 2019; Mancuso et al. 2019; Schafer et al. 2023;
Svoboda et al. 2019).
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Figure 2.5 Model systems for microglia

Model systems for microglia range from comparably easy 2D cell culture models to complex
xenotransplantation of iPSC-derived microglia into mice to study human microglia in vivo. With
increasing complexity of the model system, the physiological relevance of the experiments increases but
inversely, the experimental control over the model system decreases. From Hedegaard et al. 2020
published in Frontiers in Immunology under a Creative Commons CC-BY license (CC-BY 4.0)

In summary, in vitro models to investigate microglia guarantee as much control as possible over
experimental parameters with high throughput but their reduced complexity leads to a reduced
relevance. This is the opposite for in vivo models that are the most relevant model systems but are
more difficult to control (Figure 2.5) (Hedegaard et al. 2020). Independent of the model system, species
differences for microglia always need to be taken into consideration when planning experiments and
interpreting results (Galatro et al. 2017; Geirsdottir et al. 2019; Hasselmann and Blurton-Jones 2020;

Mancuso et al. 2019; Masuda et al. 2019).
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4 Aims of the study

Microglia are organized in a brain-wide network with defined areas for each cell. It is generally
recognized that microglia are very long-lived cells under homeostatic conditions, but that they
proliferate in the event of injury or neurodegeneration. Depending on the brain region, most microglial
cells survive the entire life of a mouse. Therefore, the death of microglial cells is a rare event during
homeostasis but occurs more frequently in neurodegeneration. Whenever a microglial cell dies, a gap
is created in the microglial network, so that the remaining cells must react to reoccupy the area of the

dead cell. This process of homeostasis of the microglial network is not yet well understood.

The main goal of this work was to study how the microglial network is maintained. To this end, |
pursued two approaches. The first step was to develop a novel mouse model that enables the selective
ablation of individual microglia in vivo. The mouse model was designed so that a small percentage of
microglia expressed diphtheria toxin receptor, making this subset of microglia susceptible to
diphtheria toxin. Using 2-photon in vivo live imaging, | wanted to investigate the response of the

microglial network after single cell death at different ages in the mouse brain.

Due to the complexity of in vivo models, a novel chimeric OBSC system (CSC) with human iPSC-derived
microglia should be developed as a simplified model system for future investigation of the homeostasis
of the microglia network under different conditions. For this purpose, human iPSC microglia should be
transplanted onto microglia-depleted mouse OBSC. To establish this novel model system, | first sought
to characterize CSC and compare the human microglia phenotype and network organization in CSC
with human microglia ex vivo to demonstrate the suitability of the system for studying the microglia
network. In addition, | aimed to induce neurodegenerative pathology in CSC by seeding with asyn pff

to confirm the suitability of CSC for modeling the microglial network response to neurodegeneration.
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Il Materials and Methods

General Materials

1.1 Antibodies and other compounds

1.1.1  Primary antibodies for immunofluorescence

Table 3.1 Primary antibodies for immunofluorescence

Antigen Species
Ibal goat polyclonal
Ibal rabbit polyclonal

pS129 rabbit monoclonal

PU.1 rabbit monoclonal

STEM101 mouse monoclonal

tdTomato goat polyclonal

TMEM119 = rabbit polyclonal

Dilution

1:250

1:250

1:1000

1:250

1:250

1:250

1:100

Manufacturer

Novus Biologicals

NB100-1028

Thermo Fisher Scientific

PA521274

AbCam
ab51253

Thermo Fisher Scientific

MA5-15064

Takara Bio

Y40400

SICGEN
AB8181-200

AbCam
ab185333
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Antigen retrieval and

Incubation Time

4°CON

4°CON

4°C ON

4°CON

4°C ON

4°CON

Antigen retrieval:
Citrate Buffer + 0.05%
Tween, 10 min 97 °C
4 °C, 3 days
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1.1.2 Secondary antibodies for immunofluorescence

Table 3.2 Secondary antibodies for immunofluorescence

Antigen + Tag Species Dilution Manufacturer
Goat-Alexa 488 Donkey 1:250 Jackson ImmunoResearch
705-545-147
Goat-Alexa 568 Donkey 1:250 Invitrogen
A-11057
Goat-Alexa 647 Donkey 1:250 Jackson ImmunoResearch
705-605-147
Mouse-Alexa 488 Donkey 1:250 Jackson ImmunoResearch
715-545-150
Mouse Alexa 647 Donkey 1:250 Jackson ImmunoResearch
715-605-151
Rabbit-Alexa 488 Donkey 1:250 Jackson ImmunoResearch
711-545-152
Rabbit-Alexa 568 Donkey 1:250 Invitrogen
A10042
Rabbit-Alexa 647 Donkey 1:250 Jackson ImmunoResearch

711-605-152

1.1.3 Luminescent conjugated oligothiophenes

Incubation Time

2 hatRT

2 hatRT

2 hatRT

2hatRT

2 hatRT

2 hatRT

2 h atRT

2 hatRT

Table 3.3 Luminescent conjugated oligothiophenes

Name Concentration used Origin

pPFTAA 3 uM Peter R. Nilsson

Linkdping, Sweden

hFTAA 3uM Peter R. Nilsson

Linkdping, Sweden

44

Incubation Time

30 min at RT

30 min at RT
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1.1.4 Antibodies for FACS

Table 3.4 Antibodies for FACS

Antigen + Tag Species
CD11b-Brilliant Rat
Violet785
CD45-AF700 Rat

1.1.5 Other antibodies

Table 3.5 Other antibodies
Antigen (+ Tag) Species

Mouse CSF1R Rat

Dilution

1:100

1:100

Concentration

5 pg/ml

Manufacturer

BioLegend
101243

Bio-Rad Laboratories

MCA1031A700T

Manufacturer

BioLegend
135539

1.2 Cell Culture Media and other chemicals

Incubation Time

30 min 4°C

30 min 4°C

Use

Depletion of

mouse microglia

1.2.1 Cell culture media

Table 3.6 HSC preparation medium

Component

Minimum Essential

Medium (-Phenolred)

Glutamax

UltraPure Distilled Water

Sterile filtered

Manufacturer

Gibco
21935028

Gibco
35050-038

Invitrogen

10977035
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Stock conc

2x

100x

Final conc

1x

1x
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Table 3.7 HSC culture medium
Component

Minimum Essential

Medium

Horse Serum (Heat-

Inactivated)

Glutamax

Ascorbic acid

Insulin

CaC|2

MgSO4

D-Glucose (water-free)

Penicillin/Streptomycin

pH =7.28
Sterile filtered

Manufacturer

Gibco
32360034

Gibco
26050088

Gibco
35050-038

Sigma-Aldrich
A4403-100mg

Gibco
12585014

Sigma-Aldrich
21115-100ml

Sigma-Aldrich

83266-100ml-F

Roth
X997.1

Gibco
15140122

46

Stock

concentration

1x

100 %

100x

25%

4 mg/ml

1M

25M

100x

Final

concentration

1x

20%

0.5x

0.00125 %

0.001 mg/ml

1mM

2 mM

13 mM

1x
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Table 3.8 EB medium

Component Manufacturer
mTeSR+ Stem Cell Technologies
100-0276
BMP4 Miltenyi Biotec
130-111-167
VEGF Miltenyi Biotec
130-109-396
SCF R & D Systems
255-SC-050
+Y-27632 on Dayl Stem Cell Technologies
72304

Table 3.9 EB differentiation medium

Component Manufacturer
X-Vivol5 Lonza
h-M-CSF Miltenyi Biotec

130-096-493
h-IL-3 Miltenyi Biotec
130-095-069
Penicillin/Streptomycin Gibco
15140122
Glutamax Gibco
35050-038
Beta-mercaptoethanol Gibco
31350010
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Stock

concentration

50 pg/ml

50 pg/ml

20 pg/ml

10 uM

Stock

concentration

100 pg/ml

25 pg/ml

100x

100x

50 mM

Final

concentration

50 ng/ml

50 ng/ml

20 ng/ml

10 nM

Final

concentration

100 ng/ml

25 ng/ml

1x

1x

55 uM
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Table 3.10 iMic monoculture medium

Component

Dulbecco’s Modified

Essential Medium-F12

Neurobasal A Medium

Beta-mercaptoethanol

Glutamax

B27 Supplement with

Vitamin A

h-M-CSF

h-1L34

Table 3.11 Stempro Medium

Component

Stempro-34 SFM

Transferrin from human

serum

Glutamax

Penicillin/Streptomycin

Ascorbic acid

Manufacturer

Gibco
12634010

Gibco
10888-022

Gibco
31350010

Gibco
35050-038

Life Technologies

17504-044

Miltenyi Biotec
130-096-493

PeproTech
200-34

Manufacturer

Gibco
10639011

Roche

10652202001

Gibco
35050-038

Gibco
15140122

Sigma-Aldrich
A4403-100mg
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Stock

concentration

1x

1x

50 mM

100x

50x

100 pg/ml

100 pg/ml

Stock

concentration

100x

100x

Final

concentration

0.5x

0.5x

50 uM

1x

1x

20 ng/ml

100 ng/ml

Final

concentration

200 pg/ml

1x

1x

0.5 mM
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1-Thioglycerol Sigma-Aldrich 0.45 mM
M6145

Table 3.12 Serum-Free Differentiation Medium (SF-Diff)

Component Manufacturer Stock Final
concentration concentration
IMDM, GlutaMAX™ Gibco 75 %
Supplement 31980030
Ham's F-12 nutrient mix Gibco 25%
11765054
N-2 supplement Gibco 100x 1x
17502001
B-27 supplement, serum- Gibco 50x 1x
free 17504001
BSA Gibco 7.5% 0.05%
15260037
Penicillin/Streptomycin Gibco 100x 1x
15140122

1.2.2 Buffers

Table 3.13 Dissection Buffer

Component Manufacturer Amount
1x HBSS Self-made 10 ml
45 % D-Glucose Self-made (0.9 g D-Glucose in 2 ml ddH,0) 120 pl
DNAse | SigmaAldrich 1mg
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Table 3.14 FACS buffer

Component
1x HBSS

BSA7.5%

EDTAO.5 M

Hepes 0.5 M

Table 3.15 HBSS 10x

Component
ddH,0
NaCl
KCI
KH,PO4
Na;HPO4
NaHCO;

Glucose

1.2.3 Other chemicals

Table 3.16 Other chemicals
Compound

Diphtheria toxin
Tamoxifen

NaCl 0.9% (for injections)

Manufacturer
Self-made

Gibco

Sigma-Aldrich

Roth

Concentration
Fillupto1l
1.38M
53.3 mM
4.4 mM
3mM
40 mM

56 mM

Manufacturer
Sigma-Aldrich
Sigma-Aldrich

Pharmacy of the University

Clinics Tuebingen

50

Amount
48 ml

666 pl (filtrated
through 0.22 um

filter)

1 ml (filtrated
through 0.22 um

filter)

500 pl

Article number
322326-1mg
T5648-1g

M25
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LPS Sigma-Aldrich L6511-100mg
Calbryte 590 Biomol Feinchemikalien ABD-20700
aSynuclein preformed fibrils Ronald Melki -
Institut Francois Jacob,
Fontenay-aux-Roses, France
1.3 Software
Table 3.17 Software and Plug-Ins
Software Source
GraphPad Prism 9 GraphPad

R 4.3.1 & RStudio 2023.06.2+561
FlowlJo 10.6.2
Imaris 9.7.2
FlJI 2.1.0/1.53c

Time Series Analyzer v3 for FlJI

Huygens Essential 20.04
Serial Cloner 2.6.1

SnapGene Viewer 7.0.2

14

The R Foundation
FlowJo LLC
Bitplane
Schindelin et al. 2012

https://imagej.nih.gov/ij/plugins/time-

series.html
Scientific Volume Imaging B.V.
Serial Basics

SnapGene by Dotmatics

Statistics

All statistical analyses including the creation of figures were performed with either R or GraphPad
Prism 9 (GraphPad Software, San Diego, California USA). Individual datapoints represent biological
replicates with one to three technical replicates each, depending on the experiment. Error bars

represent the standard error of the mean (SEM). P-values smaller than 0.05 were considered

significant.
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2 New mouse model does not allow to induce targeted microglia
cell death to investigate microglial network homeostasis in vivo

2.1 Mice

2.1.1 Mice and breeding scheme

iDTR (hom) tdTomato (hom)

GFP (het) CreERT2 (hom)

CreERT2 (het

tdTomato (het)

GFP (het)

iDTR (het)

Figure 3.1 Breeding scheme of tdTom x iDTR mice

Breeding scheme of tdTom x iDTR mice. The Ibal-GFP transgene could only be bred heterozygously due
to sterility of homozygotes. The two transgenes on the ROSA26 locus were introduced from two different
homozygous lines to reduce excessive animals of an unwanted genotype.

For breeding of mice used for the targeted ablation of individual microglia, B6.Cg-
Gt(ROSA)26Sortmi4(CAG-tdTomatolHize /) mjca (R26-tdTomato; JAX number 007914) (Madisen et al. 2010)
crossed to CD11b-CreERT2 mice (Fliger et al. 2017), heterozygous B6.Cg-Tg(Aif1-EGFP)1Kohs/J- (short:
Ibal-EGFP) (Hirasawa et al. 2005) mice and Ibal-EGFP mice crossed to B6-Gt(ROSA) 26Sortm*(HBEGHAWai /)
(R26-iDTR) (Buch et al. 2005) were used. The lines used in the experiment were crosses from these
lines. First, the triple transgenic mice used in Flger et al. were bred by crossing R26-tdTomato (hom)
x CD11b-Cre (hom) with Ibal-EGFP mice (het). Furthermore, a new 4x transgenic mouse line was bred
for the second line used in the in vivo imaging experiments. R26-iDTR mice were crossed with Ibal-
EGFP mice to obtain R26-iDTR (hom) x Ibal-EGFP mice (het) mice that were then crossed with R26-
tdTomato (hom) x CD11b-Cre (hom) mice into a new 4x transgenic mouse line which was heterozygous
for all four transgenes (Figure 3.1; called tdTom x iDTR mice). Both, male and female mice were
included in all experiments. All animal experiments were performed in accordance with German

Animal Protection Laws and were registered as N 08/19 G.

2.1.2 Mouse genotyping

Newborn animals were separated from their mother at 21 days of age into cages with all female or all

male littermates. During this process, mice were marked with ear tags and the tissue from the marking
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process was used for subsequent genotyping. DNA from tissue samples was extracted using the
REDExtract-N-Amp™ Tissue PCR Kit (Sigma-Aldrich) according to the manufacturer’s instructions.
Presence of the transgene was tested via PCR and analyzed with a QlAxcel Advanced (Qiagen) with the
QlAxcel DNA screening kit and the QlAxcel ScreenGel 1.5.0 software. For primers and protocols see

the following sections:

R26-tdTomato - Section X.1.1
CD11b-CreERT2 - Section X.1.2
R26-iDTR - Section X.1.3
Ibal-EGFP - Section X.1.4

2.1.3 Mouse injections

250 mg tamoxifen (Sigma-Aldrich) were dissolved in 25 ml corn oil (Sigma-Aldrich) while heating to 37
°C at 10 pg/ul and aliquots of 1 ml were stored at -20 °C. Aliquots were thawed and heated on a heating
pad just before injection to reduce viscosity. Mice were injected intraperitoneally (i.p.) with 100 pg/g

body weight tamoxifen twice 48 hours apart at the age of three months.

Diphtheria toxin (DT) (Sigma-Aldrich; 322326) was dissolved in 0.9 % NaCl injection solution at 1 mg/ml.
Aliquots of 10 pl were stored at -80 °C. For injections, DT-stock was diluted 1:500in 0.9 % NaCl injection
solution and mice were injected i.p. with a total of 500 ng DT in a volume of 250 ul for five consecutive

days. As vehicle control, mice were injected with 0.9 % NaCl injection solution as described above.

2.1.4 Cranial window surgery

For implantation of a cranial window, the surgical procedure was performed as described by Hefendehl
et al. 2012. Mice were anesthetized with a mix of Fentanyl (0.05 mg/kg bodyweight), Midazolam (5
mg/kg bodyweight), Medetomidin (0.50 mg/kg bodyweight) in H,O administered by i.p. injection.
Additionally, preoperative analgesia was subcutaneously injected (Carprofen 5 mg/kg bodyweight).
The depth of the anesthesia was assessed by testing for reflexes between the toes and once a deep
anesthesia of the mice was assured, local anesthesia was applied subcutaneously with 0.05 ml of 2%
Lidocain. Then, mice were placed on a heating pad to keep the body temperature stable and the head
was fixed in a stereotactic frame. Eye ointment was applied to both eyes to prevent the eyes from
drying out. After shaving the site of the surgery, a first midline incision of the skin was made from the
neck to the front in between the eyes. Once the skin was moved towards the sides to expose the skull,
the lateral muscles on each side of the skull were gently lifted from the skull. Next the entire surface
of the skull was gently drilled and scratched with a forceps to roughen the surface for better long-term

stability of the glue. Then, an adhesive (iBond, Heraeus) was applied onto the skull and to the sides
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where the lateral muscles were lifted earlier and subsequently hardened with UV-light for 20 seconds.
Next, venus flow dental cement (Dental Bauer) was applied to the sides and hardened with UV-light
for 20 seconds. Afterwards, a custom-made coverslip (4 mm diameter, 0.13-0.16 mm thickness) was
placed onto the skull in order to outline the region for the craniotomy with forceps for the subsequent
drilling. Then the skull was drilled along the marked outline until only a very thin part of the skull
remained. During the drilling process, the drill was permanently moved around and short breaks were
done to avoid over-heating. The thickness of the remaining skull was tested by gently trying to push
the center of the craniotomy with the back of forceps. Once the skull could be pushed down easily,
tiny holes were carefully poked into the skull on both sides of the craniotomy while avoiding damage
to the dura mater. PBS was dropped onto the craniotomy in order to flow through the tiny holes in the
skull. This process separated the dura mater from the skull and allowed for the gentle removal of the
skull with forceps without damaging the dura. Then, a new, heat-sterilized coverslip was placed onto
the craniotomy and carefully pushed onto the brain. More dental cement was used to fix the coverslip
and to connect the newly applied cement with the previously applied cement. The cement was
hardened for one minute with UV light. Lastly, a custom-made titanium ring which allowed for stable
repositioning during imaging was fixed with dental cement on the existing thin layer of cement on top
of the skull and around the cranial window and hardened with UV light for one minute. If necessary,
the skin of the mice was sutured and the antidot for the anesthesia was applied. The antidot consisted
of Flumazenil (0.5 mg/kg bodyweight), Atipamezol (2.5 mg/kg bodyweight), Buprenorphin (0.1 mg/kg
bodyweight) in H,O administered by subcutaneous injection. Mice were monitored until they woke up
and were fully mobile. Postoperative analgesia (Carprofen 5 mg/kg bodyweight) was administered
subcutaneously twice per day for the first three days and subsequently according to the individual
needs of the mice but at least every second day for a total of ten days after the surgery. During the
first ten days after surgery wet food pellets were added into the cage to improve recovery of the mice
from the surgical procedure. After the surgery, mice were kept alone in their cages to prevent injuries

to the surgery site.

2.1.5 Mouse preparation and brain fixation

In order to prepare mice and isolate the brain, the animals were sacrificed with a lethal dose of
ketamine (250 mg/kg bodyweight) and xylazine (20 mg/kg bodyweight) in 0.9 % NaCl. Once the mice
died from the overdose, they were immediately transcardially perfused with ice-cold PBS. Then, the
brain was removed and fixed in 4 % PFA for 48 hours. After fixation, brains were cryoprotected in 30

% sucrose for another 48 hours and snap-frozen in 2-Methylbutane until further processing.
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2.2 Imaging

2.2.1 2-Photon in vivo imaging

2-Photon in vivo imaging was performed at a Leica DMLFS microscope equipped with a TCS SP2 scan
head (Leica Microsystems, Bensheim, Germany) and a Spectra Physics (San Jose, California) MaiTai eHP
laser. To achieve excitation of both EGFP and tdTomato, the MaiTai eHP laser was tuned to 1000 nm.

A 25x HCX IRAPO water-immersion objective (0.95 NA; Leica Microsystems) was used for detection.

Earliest one week after cranial window surgery, mice were used for 2-Photon in vivo imaging.
Anesthesia of mice was introduced with 3 % Isoflurane vapor mixed in pure oxygen. Once mice were
deeply anesthetized, the window was cleaned with water and the titanium ring on the head was fixed
to a custom-made head fixation system which was attached to the motorized stage of the microscope
to enable precise relocalization of previously identified regions of interest (ROI) (Hefendehl et al.
2012). During imaging, mice were placed on a heating pad and deep anesthesia was maintained with
1to 1.5 % Isoflurane vapor mixed in pure oxygen. Anesthesia was monitored closely during the entire
imaging. Imaging was performed for a maximum of one hour per imaging session which was usually

sufficient to image six ROls.

2.2.2 Brain sectioning

Fixed brains were sectioned at 25 um using a freezing-sliding microtome (SM2000 R; Leica Biosystems).
The sections were collected in a 12-well plate with cryoprotection solution (35% ethylene glycol and

25% glycerol in PBS) to collect every 12t section in one well.

2.2.3 Immunofluorescent staining and imaging

Sections were carefully mounted onto TOMO adhesive glass slides with a brush and dried for 1 hour
at 37 °C or overnight at room temperature. Slides were blocked for two hours at room temperature in
5 % Normal Donkey Serum + 0.3 % Triton X-100 in PBS and subsequently incubation with the primary
antibodies was performed in 2 % Normal Donkey Serum + 0.3 % Triton X-100 in PBS. Incubation
conditions and antibody dilutions are indicated in Table 3.1. After incubation with the primary
antibodies, slides were washed three times in PBS for 15 minutes each before secondary antibody
incubation. Slides were incubated with secondary antibodies in 1 % Normal Donkey Serum + 0.3 %
Triton X-100 in PBS for two hours at room temperate and finally washed again three times in PBS for
15 minutes. Finally, slides were dried for 15 minutes at 37 °C and coverslipped with Dako Fluorescence

Mounting Medium. Slides were dried for 24h at RT before storage at 4°C.
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Confocal images were acquired using an upright Zeiss LSM 880 NLO microscope with ZEN Black
Software (Zeiss). All images were obtained using a water-immersion x20 Objective (W Plan-
Apochromat x20/1.0, Carl Zeiss, Jena. To depict the morphology of microglia, z-stack images were

acquired and maximum intensity projections were generated.

2.3 Image analysis

2.3.1 Analysis of immunofluorescent staining

In order to analyze the recombination rate of microglia, confocal images were imported into the Imaris
software version 9.7.2 (Bitplane). Ibal or tdTomato signal from the soma was semi-automatically
reconstructed using the ‘Spots’ function of Imaris with a diameter of the ‘Spots’ which was as a large
as the soma of a microglia. The number of somata per channel was then determined in order to

calculate the percentage of tdTomato-positive microglia in relation to the total amount of microglia.

All images for figures were created with FlJI as maximum intensity projections.

2.3.2 Analysis of 2-Photon in vivo imaging
Huygens Essential (Scientific Volume Imaging B.V., Hilversum) was used to deconvolve all images
acquired with 2-Photon live-cell imaging before further processing.

Then, all images of one ROl were imported into Imaris and fused into one movie of the position.
Despite the stable head-fixation system, a small drift was visible between every two images that was
corrected by reconstructing the soma of all tdTomato-positive microglia in all frames and using this

reconstruction as a stable reference point for drift correction.

All images for figures were created with FlJI as maximum intensity projections.

24 FACS

2.4.1 Microglia isolation for FACS

In order to isolate microglia for FACS, mice were prepared as described above (see section 111.2.1.5).
Next, the skull was opened to remove the brain and the olfactory bulb and cerebellum were removed.
Then, the brain was transferred into a petri dish with 1 ml of dissection buffer (Table 3.13) and minced
with a scalpel before being transferred to Dounce homogenizers (Wheaton) in a total of 2 ml dissection
buffer. After homogenization, the cell suspension was filtered through a 70 um cell strainer into a 15
ml Falcon and centrifuged for 20 minutes at 300g without break. During centrifugation, isoprecoll
solution was prepared (1 ml 10x HBSS + 9 ml Percoll (GE Healthcare)) and a gradient of 30 % Percoll,

underlaid with 37 % Percoll with phenol red was prepared. Afterwards, the cell pellet was resuspended
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in 5 ml 70 % Percoll and the gradient was underlaid by the 5 ml cell suspension before a gradient
density centrifugation was performed at 800 g for 30 minutes without break. Microglia were enriched
in the interphase between 37 % and 70 % Percoll and collected with a pipette. The microglia cell
suspension was transferred into a new 15 ml Falcon and washed with FACS buffer (Table 3.14) by
centrifugation at 300 g for 20 minutes without break. Subsequently, the supernatant was discarded
and the residual volume was reduced to 200 ul. Microglia were resuspended in the residual volume
and transferred into a 1.5 ml low-binding Eppendorf tube (Eppendorf). In order to stain microglia for
FACS, the cell suspension was blocked with 1:100 mouse Fc block (BD Biosciences) on a spinning rotor
at 4 °C. After 10 minutes, CD11b-Brilliant Violet 785-coupled (BioLegend) and CD45-A700-coupled
(BioLegend) antibodies were added at a dilution of 1:100 and incubated for another 30 minutes at 4
°C. Subsequently, the cell suspension was washed once with FACS buffer by centrifugation at 300 g for

10 minutes and resuspended in 500 pl FACS buffer for FACS analysis.

2.4.2 FACS

FACS of microglia was performed at a Sony SH800. First, gating was performed to use only live cells for
the subsequent gating with the forward scatter and the side scatter (Figure 3.2 A), then, cell doublets
were removed using the forward scatter (Figure 3.2 B), before sorting microglia based on their
expression of CD11b and CD45. All cells that showed high levels of CD11b, CD11b"€" and intermediate
levels of CD45, CD45"ermediate \yare considered microglia. Due to the tdTom-positive microglia that
caused fluorescent bleedthrough into the CD45-channel, a second subpopulation with increased CD45
signal was visible on the right within the selected polygon (Figure 3.2 C). Lastly, microglia were sorted
based on their endogenous EGFP and tdTomato fluorescence. A ‘GFP only’ and a ‘“tdTom’
subpopulation were sorted into 1.5 ml low-bind Eppendorf tubes and stored at -80 °C for subsequent

experiments. Unstained samples were used as gating controls.
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Figure 3.2 FACS gating

(A) Gating for living cells with forward scatter area plotted on the x-axis and side scatter area plotted
on the y-axis. The gating is indicated as black polygon. (B) Gating for single cells to exclude doublets.
Forward scatter area is plotted on the x-axis and forward scatter height is plotted on the y-axis. The
gating is indicated as black polygon. (C) Gating for microglia as CD11,high (y-axis)/ CD45intermediate (x_gxijs)
cells. Gating is indicated as black polygon. Please note the second subpopulation on the right within the
selected polygon which were tdTom-positive microglia that caused fluorescent bleedthrough into the
CD45-channel.

2.5 PCR

2.5.1 DNA isolation

DNA from microglia sorted into 1.5 ml low-bind Eppendorf tube was isolated with a DNeasy Blood &
Tissue Mini Kit (Qiagen) according to the manufacturer’s instructions. DNA was stored at -20 °C until

subsequent experiments were performed.
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2.5.2 Primer and Protocols

Primers were designed using Serial Cloner 2.6.1 (Serial Basics).

Control PCR

ROSA26-F': 5"AAA GTC GCT CTG AGT TGT TAT 3’
ROSA26-tg R: 5'CAT CAA GGA AAC CCT GGA CTA CTG 3’

Table 3.18 PCR mix Control PCR
ROSA26-F 0.2 ul

ROSA26-tg_R 0.2 ul

Mastermix (Sigma-Aldrich) | 10 pl

10.4 ul
Cell lysate 9.6 ul

20 ul
1. Incubate at 94 °C for 2’
2. Incubate at 94 °C for 45s
3. Incubate at 60°C  for 45s
4. Incubate at 72°C  for 1’

Repeat steps 2 — 4 35 more times

5. Incubate at 72 °C for 2’
6. Incubate at 4 °C forever
Product: 241 bp

The primers for the control PCR were designed to be specific for the ROSA26-iDTR transgene and would

not generate a product for the ROSA26-tdTomato transgene.
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No recombination PCR

STOP-F1: 5’AGG CTA CTG CTG ACT CTC AAC 3’
DTR-R1: 5’GCT GGT CCG TAG ATC CAG TG 3’

Table 3.19 PCR mix No recombination PCR
STOP-F1 0.2 ul

DTR-R1 0.2 ul

Mastermix (Sigma-Aldrich) | 10 pl

10.4 ul
Cell lysate 9.6 ul

20 ul
1. Incubate at 94 °C for 2’
2. Incubate at 94 °C for 45s
3. Incubate at 60°C  for 45s
4. Incubate at 72 °C for 90 s

Repeat steps 2 — 4 35 more times

5. Incubate at 72°C  for 2’
6. Incubate at 4 °C forever
Products: No recombination: 840 bp

Recombination: No product due to the removed STOP-F1 binding sequence
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Recombination PCR

DTR-Cre-F: 5'GTC CAG GGT TTC CTT GAT GAT G 3’
DTR-Cre-R: 5'CTG AGA TCC GGG TGG GAA TTA G 3’

Table 3.20 PCR mix Recombination PCR
DTR-Cre-F 0.2 ul

DTR-Cre-R 0.2 ul

Mastermix (Sigma-Aldrich) | 10 pl

10.4 ul
Cell lysate 9.6 ul

20 ul
1. Incubate at 94 °C for 2’
2. Incubate at 94 °C for 45s
3. Incubate at 59°C for 45s
4. Incubate at 72 °C for 90 s

Repeat steps 2 — 4 35 more times

5. Incubate at 72°C  for 2’
6. Incubate at 4 °C forever
Products: No recombination: 4.6 kbp = not amplified due to short elongation period

Recombination: 801 bp

2.5.3 QlAxcel

Analysis of the PCR products was performed with a QlAxcel Advanced (Qiagen) with the QlAxcel DNA
screening kit and the QlAxcel ScreenGel 1.5.0 software and compared to the projected PCR products

from Serial Cloner 2.6.1.
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2.6 Sanger sequencing

The PCR products of the ‘Recombination PCR’ were also used for Sanger sequencing of the products.
To this end, the PCR DNA products were purified with a QlAquick PCR Purification Kit (Qiagen)
according to the manufacturer’s instructions. The sequencing primers were the same as used for the
PCR amplification of the ‘Recombination PCR’ (DTR-Cre-F and DTR-Cre-R). Purified DNA samples
together with the sequencing primers were sent to LGC genomics, Berlin for Sanger sequencing.
Resulting chromatograms and sequences were analyzed using SnapGene Viewer 7.0.2 (SnapGene by

Dotmatics) and Serial Cloner 2.6.1.

3 Development of a novel chimeric in vitro model to investigate
human microglial network homeostasis and neurodegeneration

3.1 Induced pluripotent stem cells

3.1.1 iPSC culture

Different lines of human induced pluripotent stem cells (iPSC) were used for the described experiments
(Table 3.21). iPSC were cultured on Geltrex -coated (Thermo Fisher Scientific) 6-well plates (Corning)
in mTeSR* medium (Stemcell Technologies) at 37 °C and 5 % CO,. Medium was changed after one day
in culture (or after splitting) and subsequently every other day. Once about 80 % confluency was
reached, iPSC were split using ReleSR (Stemcell Technologies) for five minutes or used for
differentiation. For the first day after splitting, 10 uM Y27632 (Rock inhibitor, Stemcell Technologies)

was added to the medium to improve survival of iPSC.

Table 3.21 iPSC lines

Line Origin
BIONi010-C European Bank for Induced Pluripotent Stem
Cell
BIONi010-C CAG-GFP European Bank for Induced Pluripotent Stem

Cell + CRISPR-edited in-house
KOLF2.1J (including CSf1R mutants) The Jackson Laboratory

K5 Prof. Stefan Liebau, University of Tuebingen
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3.1.2 iMic differentiation

iPSC-derived microglia (iMic) were differentiated as described by Haenseler et al. 2017 with minor
changes. Once 80 % confluency of the iPSC was reached, the cells were washed once with PBS and
then detached with ReLeSR for five minutes. Cells were then collected in DMEM/F12 (Gibco) + 0.1 %
BSA (Gibco) (wash buffer) and centrifuged at 300 g for five minutes in a Heraeus Multifuge 3-SR. After
aspiration of the supernatant, the iPSC-pellet was resuspended in 1 ml of EB medium (Table 3.8) and
the cell number was counted with a Neubauer counting chamber (Neubauer Zdhlkammer Improved,
Bard). In the meantime, an AggreWell800 plate in a 24-well plate format (Stemcell Technologies) was
prepared. To this end 500 pul anti-adherence rinsing solution (Stemcell Technologies) was added to
each well to be used and centrifuged at 1,300 g for five minutes. The anti-adherence solution was

aspirated, each well was washed with 2 ml of wash buffer and 1 ml of EB medium was added.

Afterwards, in order to create embryoid bodies (EB), 3,000,000 iPSC were seeded into each of the
prepared wells in another 1 ml of EB medium for a total of 2 ml EB medium per well supplemented
with 10 uM of Y27632 for the first day. Subsequently, the cells were centrifuged at 800 g for three
minutes without brake. EBs were kept at 37 °Cand 5 % CO; and a partial medium exchange (75 %) was

performed daily.

After five days, EBs were transferred from the AggreWell800 plate into 12 wells of 6-well plates in 2
ml EB Differentiation Medium (Table 3.9). To this end, EBs were flushed out of the microwells with a
serological pipette and transferred into a 50 ml Falcon with EB Differentiation Medium where they
were allowed to settle to the bottom of the falcon for a few minutes. Then, the medium was aspirated,
the EBs were resuspended in EB Differentiation Medium and equally distributed (about 15 EBs per

well). From here on, EBs were kept at 37 °C and 5 % CO, with weekly medium exchange.

Alternatively and only for one experiment, iMics were differentiated as described by Takata et al. 2017.
In brief, once 80 % confluency of the iPSC was reached, the cells were washed once with PBS and then
detached with ReLeSR for five minutes. Cells were then collected in DMEM/F12 (Gibco) + 0.1 % BSA
(Gibco) (wash buffer) and centrifuged at 300 g for five minutes in a Heraeus Multifuge 3-SR. After
aspiration of the supernatant, the iPSC-pellet was resuspended in 1 ml of mTeSR* medium and the cell
number was counted with a Neubauer counting chamber (Neubauer Zdhlkammer Improved, Bard).
Afterwards 10,000 cells per well were plated onto a Matrigel-coated (Corning) 6 well plate in Stempro
Medium (Table 3.11) supplemented with the following cytokines during the differentiation process:
Differentiation Day 0 (5 ng/mL BMP4, 50 ng/mL VEGF, and 2 pM CHIR99021 (Miltenyi Biotec)),
Differentiation Day 2 (5 ng/mL BMP4, 50 ng/mL VEGF, and 20 ng/mL FGF2 (Miltenyi Biotec)),
Differentiation Day 4 (15 ng/mL VEGF and 5 ng/mL FGF2), Differentiation Day 6 to 10 (10 ng/mL VEGF,
10 ng/mL FGF2, 50 ng/mL SCF, 30 ng/mL DKK-1 (), 10 ng/mL IL-6 (), and 20 ng/mL IL-3), Differentiation

63



Materials and Methods

Day 12 and 14 (10 ng/mL FGF2, 50 ng/mL SCF, 10 ng/mL IL-6, and 20 ng/mL IL-3). From Differentiation
Day 16 on, the cells were fed with SF-Diff (Table 3.12) supplemented with 50 ng/mL h-M-CSF. A full
medium exchange was performed every 3 days. Around Differentiation Day 20 to 25, when floating
cells occurred, these cells were used for experiments. Until Differentiation Day 8, the cells were
cultured in a hypoxia incubator at 37 °C with 5 % CO, and 5 % O, and were cultured at 37 °C with 5%

CO, in normoxic conditions afterwards.

3.1.3 iMic precursor harvesting

After two to three weeks of differentiation in EB Differentiation Medium, EBs started to produce free-
floating microglial precursor cells (pre-iMics). Pre-iMics were harvested weekly by collecting the
supernatant cell culture medium during medium exchange. The cell culture medium was then filtered
through a cell strainer (40um, Greiner) to avoid a loss of EBs and the contamination of pre-iMics with
EBs. The cell suspension containing the pre-iMics was centrifuged for five minutes at 300 g, the
supernatant was aspirated and the pre-iMics were resuspended in 1 ml of iMic monoculture medium
(Table 3.10) before determining the cell number with a Neubauer chamber. The desired amount of
pre-iMics was then either plated for monoculture or transferred into an Eppendorf tube and
centrifuged again at 300 g for five minutes for subsequent grafting onto HSC. The supernatant was

aspirated and the cells were resuspended at a density of 10,000 cells/pl.

3.1.4 iMic monocultures

After harvesting of pre-iMics, the cells were plated in 6-wells plates at 100,000 pre-iMics per well in 2
ml iMic monoculture medium. iMic monocultures were kept at 37 °Cand 5 % CO; and the medium was
fully exchanged three times per week. After two weeks, iMics in monoculture were considered as

differentiated cells.

3.2 Hippocampal slice cultures

3.2.1 Mice

For the preparation of hippocampal slice cultures (HSC), C57BL/6J (Jackson), heterozygous B6.Cg-
Tg(Aif1-EGFP)1Kohs/J- (short: Ibal-EGFP) (Hirasawa et al. 2005) and heterozygous Thy1-hA53T-aSyn
(short A53T) (van der Putten et al. 2000) were used. All animal experiments were performed in

accordance with German Animal Protection Laws and were registered as N 04/19 M and N 03/20 G.
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3.2.2 Mouse genotyping

To determine the genotype of Ibal-EGFP mice, prepared HSC were put under a standard fluorescence
microscope and checked for fluorescence in the green channel. In order to genotype HSC from Thy1l-
hA53T-aSyn mice, a tail biopsy was obtained from the dead animal during the preparation process and
used for subsequent genotyping. DNA from tissue samples was extracted using the REDExtract-N-
Amp™ Tissue PCR Kit (Sigma-Aldrich) according to the manufacturer’s instructions. Presence of the
transgene was tested via PCR using the primers and PCR settings as indicated in section X.1.5 and
analyzed with a QlAxcel Advanced (Qiagen) with the QlAxcel DNA screening kit and the QlAxcel

ScreenGel 1.5.0 software.

3.2.3 Slice culture preparation and maintenance

HSC were prepared according to previously published protocols (Daniel et al. 2005; Novotny et al.
2016). Mouse pups, four to six days after birth, were decapitated using scissors. Next, the skull was
exposed and carefully opened to remove the brain. Then, the brain was transferred into a Petri dish
containing HSC preparation medium (Table 3.6) for further dissection. The hippocampi were removed
and chopped into 350 um thin slices using a tissue chopper (Mcllwain). All slices were collected in a
new dish with HSC preparation medium. Only intact slices were transferred onto sterile Millicell Cell
Culture Inserts (Merck) (3-4 slices/insert) in 6-well plates (Corning) with 1.2 ml pre-warmed HSC culture
medium (Table 3.7). The entire procedure was performed in a semi-sterile laminar flow hood. Usually,
18 to 24 intact slices were generated per pup. The cultures were kept at 37 °C and 5 % CO, with full

medium exchange three times per week.

3.2.4 Microglia depletion and iMic grafting

In order to deplete endogenous mouse microglia from HSC, a mouse specific anti-CSF1R antibody
(BioLegend, 5ug/ml) was added to the HSC culture medium. If not otherwise noted, the antibody
treatment was performed throughout the entire experiment. Upon creation of a niche for microglial
integration, pre-iMics were harvested as described above (see section 111.3.1.3) and drop grafted onto
HSC at 2-5 DIV of the HSC. To this end, pre-iMics were concentrated at 10,000 cells/ul and 1 pl of the
cell suspension was added on top of each culture in order to create chimeric hippocampal slice cultures
(CSC). Before the start of subsequent experiments, iMics were allowed to integrate and differentiate

for at least 14 days.

65



Materials and Methods

3.2.5 Slice culture fixation

To fix HSC for subsequent immunofluorescent staining, HSC culture medium was aspirated, HSC were
washed once with PBS and then fixed with 1.2 ml of 4 % PFA each underneath and on top of the insert
for 2 hours at room temperature. After fixation, the PFA was removed and the HSC were washed three

times for 15 min with PBS and subsequently stored at 4 °C in PBS for up to one month.

3.2.6 LPS treatment

After the generation of CSC at 14 DIV, a ‘chronic’ 7-day treatment with 25 ng/ml lipopolysaccharide
(LPS) was started. 24 hours before the start of the treatment, HSC culture medium was refreshed and
collected at the start of the treatment as ‘baseline’ sample. LPS was added for another three media
changes on days 2, 4 and 6 six of the treatment. On day 5 of the ‘chronic’ LPS treatment, the HSC
culture medium of different CSC derived from the same pup was refreshed and collected at treatment
onset for an ‘acute’ LPS stimulus at 200 ng/ml on day 6 of the ‘chronic’ LPS treatment (corresponding
to 20 DIV of the CSC). The experiment was terminated 24 hours after application of the ‘acute’ LPS

stimulus for all conditions and the culture medium was collected for subsequent measurements.

3.2.7 Pfftreatment

a-synuclein (asyn) pathology was induced in HSCs 42 days after iMics were engrafted by a-synuclein
pre-formed-fibrils (pff) (gifted by Ronald Melki) as described in Barth et al. 2021. In brief, 1 pl of 0.5
pg/ul asyn-pff was added onto each CSC once and the cultivation was continued as usual. To analyze
the progression of asyn pathology and iMic responses, CSCs were either fixed at 3- and 5-weeks post-
seeding with 4% PFA as described above (see section 111.3.2.5) or used for scRNAseq as described below
(see section I11.3.3). Furthermore, HSC culture medium was collected 48 hours, 3 and 5 weeks after

seeding for cytokine measurements.

3.2.8 Human brain slices

Healthy human access brain tissue was obtained from resective tumor surgeries in cooperation with
the university hospital Aachen, sliced at 250 um per slice and fixed in 4 % PFA, as described in Schwarz
et al. 2017 and 2019. Informed written consent of the patients for tissue donation for scientific use
was collected before surgery and approval of the institutional ethics board was obtained before the
study (EKO67/20). The donor patients, both male (50 and 66 years old) were both operated for removal

of a tumor.
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3.3 Sequencing

3.3.1 Microglia isolation

For single-cell RNA sequencing (scRNAseq) of iMics in CSC, iMics were isolated from CSC at 21, 42 and
77 DIV (with and without asyn pff treatment) and compared to pre-iMics. For one biological replicate
slices from 2.5 to 4 plates of CSC were pooled. Two biological replicates per group were used and
pooled for the final scRNAseq analysis. CSC were carefully removed from the inserts using a cell lifter
(VWR) and transferred to Dounce homogenizers (Wheaton) in 2 ml Dissection buffer as described
above. After homogenization, the cell suspension was filtered through a 70 um cell strainer into a 15
ml Falcon and centrifuged for 15 minutes at 400g without break. After centrifugation the supernatant
was discarded and the cell pellet was resuspended in 80 ul of buffer from a mouse cell depletion kit
according to the manufacturer’s instructions (Miltenyi, 130-104-694). Afterwards, mouse cells were
depleted according to the manufacturer’s instructions. The remaining cells were centrifuged for 10
minutes at 400g and the pellet was resuspended in 100 ul of buffer. Then, the cell suspension was
transferred into a low-bind 1.5 ml Eppendorf tube, the cell number was determined using a Neubauer
counting chamber and the cell suspension was centrifuged for 10 minutes at 400g. The pellet was

resuspended in PBS + 0.04 % BSA at 1000 cells per pl.

3.3.2 RNA library generation and single-cell RNA sequencing

A 10x scRNAseq library of the cell suspension was generated using the Chromium Next GEM Single Cell
3' Kit v3.1 kit on a Chromium Controller X with a Next GEM Chip G and a Dual Index Plate TT Set A
according to the manufacturer’s instructions. Quality control was performed as recommended with an

Agilent TapeStation4200 D5000 High Sensitivity ScreenTape.

Further steps in the library generation were performed at the NGS Competence Center Tlibingen using
the NEBNext® Single Cell/Low Input RNA Library Prep Kit for lllumina® kit (New England Biolabs).
scRNAseq was performed with the lllumina NovaSeq 6000 system and the NovaSeq 6000 SP Reagent

Kit v1.5 (lllumina) at the NGS Competence Center Tubingen.

3.3.3 Single-cell RNA sequencing analysis

Analysis of scRNAseq data was performed at the Zentrum fiir Quantitative Biologie (QBiC) Tlibingen by
Dr. Jun-Hoe Lee. CellRanger analysis pipeline (v7.1.0) was used to process the 10x genomics single-cell
RNA-sequencing data. Read alignment to the reference was performed and a matrix containing UMI
counts per gene per cell (gene expression matrix) was generated. For dimensionality reduction analysis

the Seurat R package (v4.3.0) was used. For cell clustering, the k-nearest neighbors of each cell were
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determined based on Euclidean distance in PCA space, and the edge weights between any two cells
were refined based on the shared overlap in their local neighborhoods (PCs:30, resolution: 0.8). The

cell clusters were plotted using uniform manifold approximation and projection (UMAP) technique.

Finally, gene-expression levels were compared for pre-iMics and iMics 21 DIV, 42 DIV and 77 DIV for a
selected set of genes as well as for a similar set of genes for iMics 42 DIV and 77 DIV from CSC with

and without induced synucleinopathy.

Graphs were produced in RStudio with R version 4.1.3 (2022-03-10) mainly using the R package ggplot2

v3.4.2. Final reports were produced using the R package rmarkdown v2.21, with knitr v1.42.

3.4 Imaging

3.4.1 Immunofluorescent staining

Unsectioned HSC and CSC were used for immunofluorescent staining. To this end, HSC and CSC were
carefully cut from the insert with a scalpel while they were still attached to the membrane in order to
maintain top-down orientation for later imaging and stained in a 48-well plate (one separate well per
condition). Only for TMEM119, antigen retrieval was performed as described in Table 3.1. Afterwards,
slices were washed in PBS for ten minutes and transferred into blocking solution (5 % Normal Donkey
Serum + 0.3 % Triton X-100 in PBS) in order to block unspecific binding. Slices were blocked for two
hours at room temperature and subsequently incubation with the primary antibodies was performed
in 2 % Normal Donkey Serum + 0.3 % Triton X-100 in PBS. Incubation conditions and antibody dilutions
are indicated in Table 3.1. After incubation with the primary antibodies, slices were washed three times
in PBS for 15 minutes each before secondary antibody incubation. Slices were incubated with
secondary antibodies in 1 % Normal Donkey Serum + 0.3 % Triton X-100 in PBS for two hours at room
temperate and finally washed again three times in PBS for 15 minutes. Finally, slices were mounted
onto TOMO adhesive glass slides by carefully detaching them from the membrane with a brush, dried
for 15 minutes at 37 °C and coverslipped with Dako Fluorescence Mounting Medium. Slides were dried

for 24h at RT before storage at 4°C.

3.4.2 LCO staining

To stain microglial inclusions of asyn, CSC were stained with Luminescent Conjugated Oligothiophenes
(LCOs) that specifically bind amyloid fibrils such as asyn fibrils. LCO staining was performed after
incubation with fluorescently labelled secondary antibodies (see Ill .3.4.1). The LCO dyes pentamer-
formyl thiophene acetic acid (pFTAA; 3 uM) or heptamer-formyl thiophene acetic acid (hFTAA; 3 uM)

were applied for 30 minutes at room temperature in a dark humid chamber. Subsequently, slides were
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washed three times for 15 minutes with PBS before they were mounted and coverslipped as described

above.

3.4.3 Confocal imaging

Confocal images were acquired using an upright Zeiss LSM 880 NLO microscope with ZEN Black
Software (Zeiss). All images were obtained using a water-immersion x20 Objective (W Plan-
Apochromat x20/1.0, Carl Zeiss, Jena. To depict the morphology of microglial cells, z-stack images were
acquired and maximum intensity projections were generated. Overview images were generated as

tilescans of several z-stacks and subsequently maximum intensity projections were generated.

3.4.4 2-Photon live cell imaging

Movies of slice cultures with GFP-positive microglia (either CAG-GFP transgenic iMics or mouse HSC
with lbal-EGFP microglia) were acquired with an upright Zeiss LSM 880 NLO microscope, using an IR-
optimized water-immersion x20 Objective (W Plan-Apochromat x20/1.0, Carl Zeiss, Jena). A MaiTai
eHP (Spectra Physics) laser was used for two-photon excitation, tuned at 920 nm for exciting the GFP
fluorescence. Emission was collected using Non-Descanned GaAsP detectors, with a 520/50 emission
filter. Timelapse images were acquired at a resolution of 0.208 x 0.208 x 0.830 um per voxel every 2
minutes. To induce a focal laser injury, the MaiTai eHP laser was tuned to 810 nm, set to point scan
mode on lowest scanning speed with maximum power for 8 seconds. During acquisition the slice
cultures were placed in a custom-made slice culture holder, that securely holds the inserts at the same
position and orientation. Additionally, the slice cultures were submerged in pre-warmed CM and the
entire imaging took place within a customized stage-top incubator to guarantee a stable imaging

environment.

3.4.5 Calcium imaging

CSC 12 weeks after grafting and age-matched control HSC as well as HSC that were depleted for the
entire experiment were used for Calcium imaging. To this end, Calbryte-590 AM (AAT Bioquest) was
freshly dissolved at 4 mM in DMSO + 20 % Pluronic F-127 (Invitrogen) and subsequently diluted 1:200
in PBS before being applied on top of HSC/CSC for 30 minutes before imaging. Calcium imaging of
entire slice cultures was performed at 10 Hz for three minutes using a Leica Thunder Imager with 5x
maghnification to capture the entire slice culture. During the imaging, slice cultures were kept at 37 °C
and 5 % CO,. After capturing baseline Calcium activity for all slices on an insert, 4-AP (100 uM) was

added to the slice cultures and stimulated Calcium activity was measured as before.
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3.5 Image analysis

3.5.1 Image processing

Huygens Essential (Scientific Volume Imaging B.V., Hilversum) was used to deconvolve all movies

acquired with 2-Photon live-cell imaging before further processing.

All images for figures were created with FlJI as maximum intensity projections.

3.5.2 Morphological analysis of microglia

In order to analyze morphological parameters of microglia, confocal images were imported into the

Imaris software version 9.7.2 (Bitplane).

First, nuclear signal such as derived from STEM101 (human nuclei) and PU.1 (microglia nuclei) was
semi-automatically reconstructed using the ‘Spots’ function of Imaris. The number of nuclei per
channel was then normalized to the total volume of the slice culture by reconstructing the entire slice
culture with a very low absolute intensity threshold (Between 1 and 5 for 8-bit images) in the ‘Surfaces’
tool of Imaris. The reconstructed nuclear signal was also used to analyze the nearest-neighbor distance

of microglia by using the implemented statistics for the ‘Distance to Nearest Neighbour’ in Imaris.

Next, the signal of Ibal-staining was used to reconstruct microglial morphology. To this end, microglia
were semi-automatically reconstructed with the ‘Surfaces’ tool of Imaris based on the absolute
intensity of the signal. Microglia that touched the borders of the image were excluded from the
analysis. The resulting 3D-reconstruction of microglia was used to create a new channel in the image
that removed all signal outside of the reconstructed microglia in order to improve the subsequent
reconstruction with the ‘Filaments’ tool. The reconstruction of microglia with the ‘Filaments’ tool was
then used to read out the morphological parameters ‘Filament No. Dendrite Branch Pts’ (Number of
microglial branchpoints per cell as a measure of ramification) and ‘Filament Length (sum)’ (Length of

all microglial processes per cell as a measure of ramification) in the ‘Statistics’ tab.

Lastly, the volume each microglia was governing (the volume of the convex hull), was calculated by
using MATLAB 2021b and the MATLAB plug-in ‘Convex hull’ for Imaris which is available from the Imaris

customer portal.
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3.5.3 Analysis of microglia dynamics

To analyze microglial dynamics during 2-Photon live cell imaging, the microglial morphology was
reconstructed as described above using the ‘Surfaces’ and ‘Filaments’ tool of Imaris (see section
[11.3.5.2). The reconstruction was performed for each timepoint of the movie and process movement

was tracked by the ‘Filaments’ tool up to a distance of 10 um between two timeframes.

In order to quantify the reaction of microglia to a focal laser injury, the injury site was reconstructed
at the first frame after the lesion using the ‘Spots’ function of Imaris so that microglial processes were
not yet present at the site. The resulting reconstruction of the injury was duplicated onto all timepoints
and pixel values for the injury site were set to zero for all timepoints. Subsequently a vantage plot was
calculated in Imaris (Spatial view) to calculate average pixel intensity in relation to the distance of the
reconstructed injury site for all time points. In the next step, the intensity values for each movie were
normalized to the highest value of the respective movie and averaged over all movies per group using

MATLAB (see section XI.1.1.1).

3.5.4 Calcium imaging analysis

All calcium imaging movies were imported into FlJI and batch-processed. In FlJI, each movie was
divided into 256 equally sized squares and the mean fluorescence intensity was measured for each of
the ROls at each of the 1,800 timepoints (Figure 3.3). The resulting measurements were then exported
into an .csv-file for subsequent analysis in MATLAB. In MATLAB, a rolling average of ten subsequent
timepoints was calculated for each of the ROIs and if the mean fluorescence intensity of the following
timepoint was more than 0.5 % higher as the rolling average, this signal was counted as a spike. After
detecting all spikes for one movie, a spike histogram of all ROIs was performed in which two
timeframes were pooled into one bin (200 ms per bin). If a spike was detected for ten or more regions
in one bin, this was counted as a spike to determine the synchronous spiking activity. Finally, the
average spike amplitude, the general spike activity and the synchronous spike activity were calculated

(see section XI.1.1.2 for scripts).
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Figure 3.3 Analysis of Calcium imaging

(A) Calcium imaging movies were imported into FIJI and then the movies were divided into 256 squares
of an equal size in which the mean fluorescence intensity was measured. (B) Resulting mean fluorescence
intensity curve for one of the ROIs. For each of the 1,800 timepoints, the mean intensity was measured.
Several spikes characterized by a rapid increase in the mean fluorescence intensity are visible. Overall,
the mean fluorescence intensity was constantly decreasing due to bleaching.

3.5.5 Microglial inclusions

LCO-positive inclusions within iMics were analyzed with Imaris. iMics in tilescan images of entire CSC
were 3D-reconstructed as described above with the ‘Surfaces’ tool of Imaris (see section [11.3.5.2).
Next, all voxels of the channel for the LCO signal (either from pFTAA or hFTAA) outside of the
reconstructed microglial surfaces were set to ‘Zero’ in order to only see LCO-signal within iMics. LCO-
positive signal within iMics in the newly created channel was then reconstructed with the ‘Spots’ tool
of Imaris in order to quantify the number of microglia with LCO-positive inclusions and divided by the
total number of iMics to obtain the relative amount of iMics with LCO-positive inclusions. Additionally,
the LCO-positive signal was reconstructed with the ‘Surfaces’ function of Imaris in an intensity-based
manner as described above for microglia and normalized to the total volume of the CSC to determine

the relative volume of LCO-positive inclusions within iMics.

3.6 MSD

In order to measure secreted cytokine levels of CSC, slice culture medium was collected during the
media change before the start of the treatment and during the treatment at the timepoints described
in the respective sections and frozen until all samples were collected for further analysis. Cytokine
levels were measured using a V-PLEX Human Proinflammatory Panel Il (4-Plex, IL-13, IL-6, IL-8, TNF-a)
kit (Meso Scale Discovery). Samples were not diluted before measurement and measured according
to the manufacturer’s instructions with a Mesoscale Sector Imager 6000. For every measurement,
internal reference samples were used. Data analysis was performed using the MSD discovery

workbench software 3.0.

72



Results

IV Results

1 New mouse model does not allow to induce targeted microglia
cell death to investigate microglial network homeostasis in vivo

Our laboratory has previously shown that microglia in the mouse cerebral cortex are very long-lived
cells, with an average lifespan of over 15 months. Thus, death of microglia in the mouse cerebral cortex
occurs rarely (Fuger et al. 2017). However, it is not well understood how microglia maintain their
network, especially during aging and neurodegenerative disease, and how dying microglia are replaced
in the mouse cortex. Three possibilities of how the microglial network could maintain itself are (Figure

4.1):

1. Network rearrangement without the addition of new cells to the network. Since only a small
percentage of the entire network dies at a time, the remaining microglia only translocate into
empty positions and reorganize their network in order to fill the empty spaces and still cover the
entire brain (Eyo, Mo, et al. 2018; Olmedillas et al. 2023). Microglia division only happens remotely
from time to time and leads to another minor reorganization of the network.

2. The empty space left by the dead cell is replenished by local division of close-by microglia which
then migrate into the position of the dead cell. The dividing cell could either be the closest cell or
a more remote cell as described for the olfactory bulb (2" closest microglia) (Askew et al. 2017).

3. The dead microglia cell is replaced by the invasion of peripheral immune cells that subsequently
differentiate into microglia or microglia-like cells while the local microglial network does not react

to the death event.
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Figure 4.1 How does the microglial network react to the death of individual microglia

Scientific question of this study: In response to the targeted death of individual microglia (labelled by
tdTomato (red); left and center) the microglial network could have three different responses: 1.
Reorganization of the network without the addition of new cells to the network (top right) 2. Division
of a neighboring cell from the first or second row and migration into the empty spot (center right) 3.
Invasion of peripheral macrophages and integration into the empty position of the network (bottom
right)

1.1 Development of a 4x transgenic mouse model to ablate individual
microglia

In order to answer this question, a novel 4x transgenic mouse model (called tdTom x iDTR mice) was
developed to observe the targeted ablation of individual microglia via 2-Photon in vivo imaging. To this
end, a triple transgenic mouse line was used that was previously established in my laboratory (Flger
et al. 2017). This mouse model expresses GFP in all microglia and additionally tdTomato (tdTom) in a
small percentage of microglia in a Tamoxifen (Tam)-inducible manner. For this study, a fourth
transgene was added so that these mice would also express an inducible human Diphtheria toxin
receptor (iDTR) only in the tdTomato-positive microglia (Figure 4.2 A). In detail, to achieve microglia-
specific expression, GFP expression was under control of the Ibal-promoter. Additionally, these mice
expressed CreERT2, a Tamoxifen-inducible Cre-recombinase under the control of the CD11b-promoter
which leads to its expression in microglia. Lastly, both the transgenes for tdTom and iDTR were

targeted into the ROSA26 locus and under the control of a universal CAG-promoter. However, the
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protein expression for both transgenes was blocked by a STOP-cassette that was flanked by two loxP-
sites (Figure 4.2 B). Only upon Tam-induced Cre-recombination the STOP-cassette was removed and

protein expression was started.

CreERT2 (het) CreERT2 (het) — Y — B —
tdTomato (het)
GFP (het) GFP (het) — CD11b —_ CreERT2 —_
iDTR (het)
—— R05a26-CAG — loxP-STOP-loxP tdTomato
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Figure 4.2 Development of a 4x transgenic mouse model to ablate individual microglia

(A) Schematic visualization of both mouse models used in this study. 3x transgenic CD11b-CreERT2;R26-
tdTomato;lbal-eGFP mice previously used in Fliger et al., 2017, that expressed GFP in all microglia and
Cre-recombination-dependent tdTomato. The newly developed tdTom x iDTR mouse model for this study
additionally expressed the receptor for Diphtheria toxin (iDTR) in dependence of Cre-recombination. (B)
Visualization of all four transgenes. Microglial expression of GFP was achieved under control of the Ibal-
promoter (15t row). Expression of a Tamoxifen-inducible Cre-recombinase in microglia was achieved
under the control of the CD11b-promoter (24 row). Expression of tdTomato (379 row) and iDTR (4th row)
was inhibited by a floxed STOP-cassette. Upon Tamoxifen-induced Cre-recombination both transgenes
were expressed under the control of the CAG promoter in the ROSA26 locus. (C) Experimental setup.
Upon injection of a low dose of Tamoxifen, only a small percentage of microglia in tdTom x iDTR mice
expressed tdTomato and iDTR. tdTomato allowed for the identification of iDTR-expressing cells in 2-
photon in vivo imaging of mice that underwent cranial window surgery. After identification of ROls, DT
was applied in order to selectively ablate tdTomato-positive microglia. (D) Experimental timeline.
Tamoxifen was injected at three months of age. Cranial window surgery was scheduled to be performed
three weeks before DT-application at different ages for three different age groups. Two weeks after
surgery, initial ROls were identified and one week later, after successful relocalization of ROIls, DT was
injected. Subsequently, mice were imaged biweekly for 2 months and afterwards in monthly intervals.
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Similar to Flger et al., only a low dose of Tamoxifen was used at three months of age to induce Cre-
recombination in a small subset of microglia in tdTom x iDTR mice. The sparse labeling of microglia
with tdTom allowed for the visualization of iDTR-expressing microglia in which | aimed to induce
apoptosis through injection with DT (Figure 4.2 C). For the study design, the mice were divided into
three age groups. | planned to ablate individual microglia at 4 months of age for the young age group,
at 10 months of age for the adult age group and at 22 months for the aged group. Mice underwent a
surgical procedure to remove a part of the skull and implant a cranial window shortly before the start
of observation. First, two weeks after surgery, initial ROIs with tdTom-positive microglia were
identified via 2-Photon in vivo imaging. Then, another week later, all ROIls were reidentified to
guarantee a stable cranial window and reliable repositioning of the ROIs. Subsequently, mice were
treated with DT to induce targeted cell death of tdTom-positive microglia and reimaged one week after
the treatment. Afterwards, mice were imaged biweekly until two months after treatment and
scheduled for monthly imaging thereafter in order to see, in case of microglial division, if one of the

two cells had a reduced lifetime compared to the other (Figure 4.2 D).
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Figure 4.3 Dosing of Tamoxifen and DT

(A) Low dose of Tamoxifen as used in Flger et al. 2017 (2x 100 pg tamoxifen per gram bodyweight 48h
apart) led to sparse tdTom (magenta) expression in only a small fraction of microglia (green). Scale bar:
20 um. (B) Quantification of tdTomato positive microglia. Tamoxifen injection led to tdTomato
expression in only 1 % of microglia four weeks after Tamoxifen injection. DT was injected at 500 ng per
injection for five consecutive days but no significant differences in the percentage of tdTomato positive
cells was found one week after the final DT injection. number of mice per group = 4-5; Mann-Whitney
test p = 0.9048

Before starting in vivo imaging, dosing of Tamoxifen was tested in order to assess if the recombination
efficiency in the novel tdTom x iDTR mouse model was similar to the triple transgenic mouse model
used in Flger et al. To this end, tdTom x iDTR mice were injected twice 48 hours apart with 100 ug
tamoxifen per gram bodyweight and sacrificed one month later. Low dose Tamoxifen injection led to

sparse labeling of microglia with tdTom in addition to the global GFP labeling of microglia, similar to

76



Results

the mouse model used in Flger et al. (Figure 4.3 A). Furthermore, to test the expression of iDTR in
tdTom-positive microglia, tdTom x iDTR mice were injected with DT or NaCl as control one month after
Tamoxifen treatment and sacrificed another one week later. Both control and DT-treated mice showed
expression of tdTom in roughly 1 % of microglia, indicating that DT ablation of tdTom-positive microglia

did not work as intended (Figure 4.3 B).

1.2 Targeted microglia cell death in vivo

1.2.1 2-Photon in vivo imaging of tdTom x iDTR mice

Next, | continued with 2-Photon in vivo imaging of tdTom x iDTR mice and started with the young age
group that underwent Tamoxifen treatment at three months of age and DT treatment at four months
of age. Additionally, one triple transgenic mouse of the Fliger et al. mouse model was treated
accordingly and used as a negative control. For the tdTom x iDTR mice, a total of ten ROIs in five mice
were observed until six weeks after DT treatment. In none of the ten ROIs tdTom-positive microglia
were ablated, however, in four positions tdTomato-positive microglia underwent cell division. The cell
division events were observed between one and two weeks after the end of the DT treatment (Figure
4.4 A). Due to the remaining microglia in these ROIs being all GFP-positive only, it was not possible to
determine with absolute certainty that some of these cells underwent DT-induced apoptosis, although
for two ROIs in which the tdTom-positive microglia divided, potential cell death events were observed
in close proximity to the tdTom-positive microglia. For the control mouse, neither cell death nor cell
division events of tdTom-positive microglia were observed until six weeks after DT injection in four
ROIs (Figure 4.4 B). All in all, these observations were in line with the previous experiment where no
reduction in the ratio of tdTom-positive microglia could be observed after injection with DT (Figure 4.3

B), overall indicating that DT-induced ablation of tdTom-positive microglia did not work in this model.
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Figure 4.4 2-Photon in vivo imaging of tdTom x iDTR mice

(A) Representative 2-Photon in vivo images of three ROls of tdTom x iDTR mice from the young age group
before (upper row) and six weeks after DT application (bottom row). In none of the Ols DT was able to
ablate tdTomato positive microglia. In four out of ten ROIs, division of tdTomato-positive cells was
observed upon DT injection. Scale bars: 20 um (B) Representative images from a 3x transgenic mouse as
used in Flger et al. Neither ablation nor division of tdTomato-positive cells in any ROl was observed.
Scale bars: 20 um

1.2.2 Fluorescence activated cell sorting of tdTom x iDTR mice

To rule out that | did not miss DT-induced ablation due to the limited number of microglia observed in
2-Photon in vivo imaging, tdTom x iDTR mice were treated with Tamoxifen for four consecutive days
at three months of age to induce a slightly higher rate of recombination and injected at four months
of age with DT (three mice) or NaCl (two mice), respectively. One week later, mice were sacrificed, and
microglia were isolated by fluorescence-activated cell sorting (FACS). Microglia were identified as
CD11b"e"/CD45* cells and afterwards sorted according to their GFP and tdTom signal. As expected, |
identified two subpopulations in the NaCl-injected control mice. All microglia showed strong GFP
expression while only 3.4 % of microglia were also positive for tdTom. Hence, the subpopulations were
named ‘GFP only’ and ‘tdTom’. However, despite DT-treatment, the ratio of the ‘tdTom’ subpopulation
remained at 3.4 %, which was again in line with the observations from previous experiments (Figure

4.5).
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Figure 4.5 Fluorescence activated cell sorting of tdTom x iDTR mice
Gating of FACS experiments from tdTom x iDTR mice that were injected with Tamoxifen and subsequently
treated with either NaCl or DT. Microglia were isolated via Percoll gradient and identified via their CD11b
and CD45 flow cytometry signal. Then, microglia were sorted into two subpopulations according to their
GFP and tdTom fluorescence intensity. DT-injected tdTom x iDTR mice had a similar percentage of tdTom-

positive cells as NaCl-injected control animals.
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In order to better understand why | was not able to selectively ablate tdTom-positive microglia in

tdTom x iDTR mice, the respective subpopulations from each of the treatment groups were sorted for

subsequent analysis. For both NaCl- and DT-injected mice, a ‘GFP only’ and a ‘tdTom’ subpopulation

were obtained.
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1.3 Analysis of recombination efficiency in tdTom x iDTR mice

My first approach to understand the problems | faced, was to analyze the recombination efficiency of
the iDTR-transgene in the four samples obtained from the FACS experiment. To this end, | designed

three PCR reactions that targeted the following parts of the transgene (Figure 4.6):

1. APCRtoshow the expression of the iDTR transgene, independently of the recombination status.
The primers were designed to specifically target the iDTR transgene so that the PCR would not be
positive for the ROSA26-tdTom transgene. Hereafter, this PCR is called ‘Control PCR’.

2. A PCR which was only positive if the iDTR transgene did not undergo Cre-recombination. The
binding site of the forward primer was located in the STOP-cassette so that the binding sequence
was excised upon Cre-recombination. Following, this PCR is called ‘No recombination PCR’.

3. A PCR which was only positive if the iDTR transgene did undergo recombination. The forward
primer bound in the promoter region and the reverse primer bound in the iDTR gene so that
without recombination a PCR product of 4.6 kbp would be generated. However, the elongation
phase of the PCR was designed to be too short to amplify the product. Only after recombination
of the iDTR transgene, a product of 801 bp was amplified. Hereafter, this PCR is called

‘Recombination PCR’.

No recombination Recombination
Control Control
PCR 241 bp PCR 241 bp
‘Green' ‘Green’
Norecombination o No recombination
PCR 840 bp PCR No product
‘Blue' —_——————— ‘Blue' <
Recombination ——>. Recombination
PCR 46kbp PCR 801bp
< ->notamplified
'Red' ‘Red"
— Rosa26-CAG »— loxP-STOP-lox? — | IICEIE— — Ro0sa26-CAG —IoxP

Created with BioRender.com

Figure 4.6 PCR analysis strategy of Cre-recombination efficiency in tdTom x iDTR mice

PCR analysis strategy to assess recombination efficiency of Cre in the iDTR transgene. 1. A control PCR
in the ROSA26-locus specific for the iDTR-transgene showed the presence of the transgene
independently of the recombination status (‘Green’). 2. A PCR to specifically target the iDTR transgene
if it has not undergone Cre-recombination. The forward primer was located in the STOP cassette and the
reverse primer in the iDTR-gene. In case of recombination the forward primer would not bind to the
transgene anymore (‘Blue’). 3. A PCR specific for the iDTR transgene upon Cre-recombination. The
forward primer was designed to bind in the ROSA26-CAG promoter and the reverse primer bound to the
iDTR gene. Before recombination, this PCR would have a theoretical product of 4.6 kbp but the
amplification time was set too short for the length of this product (‘Red’).

As expected, the ‘Control PCR’ was positive for all four subpopulations (GFP only and tdTom for both
NaCl and DT treated mice), showing that the iDTR transgene was present in all subpopulations.

However, since the tdTom population should not exist anymore after DT-treatment, the ‘Control PCR’
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showed that either the recombination of the iDTR transgene did not happen in tdTom-positive

microglia or that the iDTR gene or the DT treatment itself did not work properly (Table 4.1).

Table 4.1 PCR Results Control PCR

FACS POPULATION EXPECTED RESULT ACTUAL RESULT MATCH/MISMATCH?
GFP ONLY NACL Positive Positive ‘/
TDTOM NACL Positive Positive ‘/
GFP ONLY DT Positive Positive ‘/
TDTOM DT Negative (Population Positive X
should not exist)

Next, the ‘No recombination PCR’ was positive for all subpopulations from the previous FACS
experiment, indicating that in all the subpopulations were microglia that did not undergo Cre-
recombination for the iDTR transgene. For the GFP only subpopulations a positive result was expected,
however, the positive result for both tdTom subpopulations showed that the recombination of the

iDTR transgene did not take place in all the microglia of these subpopulations (Table 4.2).

Table 4.2 PCR Results No recombination PCR

FACS POPULATION EXPECTED RESULT ACTUAL RESULT MATCH/MISMATCH?
GFP ONLY NACL Positive Positive ‘/
TDTOM NACL Negative Positive X
GFP ONLY DT Positive Positive ‘/
TDTOM DT Negative (Population Positive X
should not exist)
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Figure 4.7 PCR Results Recombination PCR

PCR result of the PCR specific for the Cre-recombined iDTR-transgene. None of the tdTomato
subpopulations nor the mastermix showed a band. Only the GFP only subpopulation from NaCl-injected
tdTom x iDTR mice showed the expected band at 801 bp while the GFP only subpopulation from DT-
injected mice showed an unspecific band at around 50 bp.

Lastly, | wanted to test if Cre-recombination did not work at all or if the recombination efficiency was
too low compared to the tdTom transgene. The ‘Recombination PCR’ showed that the expected PCR
product at 801 bp was only detectable in the GFP only subpopulation of control treated mice (Figure
4.7). Together with the result of the ‘No recombination PCR’ of this subpopulation, this showed that
iDTR-recombination was functional and occurred in a fraction of GFP only microglia. However, these
results showed that Cre-recombination did either not take place at all in the tdTom subpopulation or
the fraction of recombination was too low in this subpopulation to detect the DNA by PCR amplification
since only 3,000 cells in total were isolated for the tdTom subpopulation of NaCl-treated mice

compared to 100,000 cells in the GFP only subpopulation.

Table 4.3 PCR Results Recombination PCR

FACS POPULATION EXPECTED RESULT ACTUAL RESULT MATCH/MISMATCH?
GFP ONLY NACL Negative Positive = Sequencing X
TDTOM NACL Positive Negative X
GFP ONLY DT Negative Unspecific Band 2> X
Sequencing
TDTOM DT Negative (Population Negative ‘/
should not exist)
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Additionally, the ‘Recombination PCR’ of the DT-treated mice was negative for the tdTom
subpopulation, again either due to no recombination or a too small fraction of recombination. Finally,
the GFP only subpopulation of DT-treated mice showed an unspecific band at around 50 bp (Figure
4.7), indicating that DT-treatment might have led to apoptosis of iDTR-expressing microglia in the GFP

only microglia (Table 4.3).

A

GFP only

f/\_/\www«m_/\f\h/vﬂ[\/\j \ JJALA

Seq 1 31 CGGTTGAGGACAA-CTCTTCGCGGTCTTTCCAGTGGTTA--~ATTARATAACTTCGTATA 86

(RRRRRRRRRE] (ANNNERNRRRN i |

2> Seql 623 —————m—m——mm—————— TATCGGCGCGCCGATA: €38
s ARRRRRNRNAN
o Seq2 1380 CGGCGCGCCGATATCGAATTCGCCACCATGAAGCTGCT 1439
LL =
(O]
Seq 1 €39 €3
Seq 2 1440 GCCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGA 1499

Figure 4.8 Sanger-sequencing of iDTR to confirm recombination

(A) Sanger chromatogram of the FACS subpopulations: 1. GFP-only NaCl-treated 2. GFP-only DT-treated.
The chromatogram for NaCl treatment showed a clean chromatogram with easily identifiable peaks. The
chromatogram for the DT-treatment, however, showed multiple peaks per position indicating several
different sequenced fragments. (B) Alignment of the resulting sequences with the Cre-recombined
transgene for iDTR. The sequence of the GFP-only NaCl-treated population perfectly aligned with the
Cre-recombined transgene of iDTR, while the sequence for the GFP-only DT-treated population showed
no matching sequence fragments.

Even though DT-treatment seemed to affect the fraction of GFP only microglia that underwent Cre-
recombination, | wanted to know if the iDTR was intact and functional in tdTom x iDTR mice. To this

end, | performed Sanger sequencing of iDTR in the GFP only FACS subpopulations of both NaCl-treated
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and DT-treated mice (see Figure 4.5). In the previous PCR experiment, these subpopulations were the
only ones for which the ‘Recombination PCR’ showed a result, although the band for the DT-treated
mice seemed to be unspecific (see Figure 4.7 & Table 4.3). Sanger sequencing of the GFP only
subpopulation from NaCl-treated mice showed clean Sanger chromatograms with easily identifiable
base peaks. The respective chromatograms of DT-treated mice, however, showed multiple peaks per
base which made it impossible to identify a clear sequence, a possible hint for fragmented DNA (Figure
4.8 A). Accordingly, the consensus sequence of DT-treated mice did not align with the sequence of
iDTR. The identified sequence for NaCl-treated mice, however, aligned perfectly with the sequence of

iDTR (Figure 4.8 B) (also see section X.2 for full alignments) (Buch et al. 2005).

Overall, Sanger sequencing showed that the iDTR sequence was intact and functional. The potential
fragmentation of DNA upon DT-injection together with the failure to detect the expected band in the
‘Recombination PCR’ after DT-treatment in the GFP only subpopulation indicated that DT treatment
successfully ablated iDTR expressing microglia. However, iDTR-recombination was not detectable in
tdTom-positive microglia which explains why no targeted ablation of tdTom-positive microglia was

possible during 2-Photon in vivo imaging of tdTom x iDTR mice.

2 Development of a novel chimeric in vitro model to investigate
human microglial network homeostasis and neurodegeneration

These previous experiments demonstrate that in vivo models require a high investment of time, costs
and animal numbers and are limited to low-throughput manipulations. Therefore, as a next step |
tested whether in vitro culture models could offer a simplified, alternative system to study microglia
homeostasis in various conditions. Because of the easy accessibility of in vitro models for treatments
and experimental readouts and the complex 3D-architecture of hippocampal slice cultures (HSC) that
more closely resembles in vivo conditions compared to other in vitro systems, | decided to turn to this
model system. To facilitate the investigation of mutations in microglia and to study human microglia
in vitro, a novel slice culture system was developed in which endogenous mouse microglia were

replaced with human iPSC-derived microglia in order to improve current HSC models.

2.1 Generation of chimeric slice cultures

First, different conditions for the engraftment of iPSC-derived microglia (iMics) into HSC were tested.
To test if iMics required a microglia-depleted niche or could coexist with endogenous mouse microglia,
iMic precursors (pre-iMics), that were derived from iPSC according to the protocol by Haenseler et al.
(Haenseler et al. 2017), were either grafted onto untreated HSC or HSC with a microglia-depleted

niche.
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Figure 4.9 Depletion of mouse microglia in hippocampal slice cultures with a mouse-specific anti-CSF1R
antibody

(A) Experimental timeline. All mouse HSC were allowed to adjust to culturing conditions for 10 days. The
‘control’ group was cultivated in regular culture medium for the entire experiment. The ‘depletion’
group was switched to culture medium supplemented with 5 pg/ml anti-CSF1R-antibody after 10 days
for the rest of the experiment, while the ‘repopulation’ condition was switched back to not
supplemented culture medium after 7 days of depletion. (B) Representative images of the three
experimental groups. Microglia were stained against Ibal (magenta) and PU.1 (green; microglia nuclei).
After 2 weeks of depletion only 8 % of microglia were left in the hippocampal slice cultures. After one
week back in regular culture medium, microglia were beginning to repopulate the culture. Scale bars:
200 um (C) Microglia density of mouse HSC measured as microglia per volume. Depletion with a mouse-
specific anti-CSF1R-antibody led to a sharp decrease in microglia cell numbers over time. n (groups)=6;
number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison
test p = 0.0077(D) Microglia density of mouse HSC measured as microglia per volume. After removal of
the anti-CSF1R-antibody, microglia repopulate the hippocampal slice cultures within a week. n
(groups)=3; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple
comparison test p = 0.025

In order to create a niche for iPSC-derived microglia, endogenous mouse microglia in HSC, prepared
from four to six days old C57BL6/J (B6) mice, were depleted with a mouse-specific a-CSF1R-antibody
(5 pg/ml; BioLegend) after an accommodation period to the culturing conditions of ten days (Figure
4.9 A). Within one week, antibody treatment of HSC lead to an 85.6 % depletion of mouse microglia

(Figure 4.9 B-C, p = 0.0077). However, upon removal of the antibody, the remaining mouse microglia
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were able to quickly repopulate the HSC to 68 % of the original density within one week (Figure 4.9 D,

p = 0.025).
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Figure 4.10 Optimization of iMic grafting conditions

(A) Experimental timeline. iMics were grafted at the day of preparation for all conditions. The ‘control’
group was cultivated in regular culture medium for the entire experiment. The ‘1w Depletion’ and the
‘2w Depletion’ groups were cultured in culture medium supplemented with 5 ug/ml anti-CSF1R-antibody
from the start of the experiment but only the ‘1w Depletion’ group was switched back to regular culture
medium. (B) iMic density of CSC measured as iMics per volume. Continuous depletion of mouse microglia
led to a higher number of iMics integrated into the slice cultures. n (groups)=3; number of independent
experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison test p = 0.0107 (C)
Grafting efficiency of CSC calculated by dividing the number of iMics (STEM101-positive cells) by the
total number of microglia (PU.1-positive cells). Continuous depletion of mouse microglia led to a higher
grafting efficiency. n (groups)=3; number of independent experiments per group = 3; Kruskal-Wallis test
with Dunn’s multiple comparison test p = 0.0036 (D) Representative images of three grafting paradigms.
iMics were stained against STEM101 (white; human nuclei). Only few STEM101-positive cells were visible
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in the ‘no depletion’ and ‘1w Depletion’ groups, while STEM101-positive cells are spread over the culture
in the ‘2w Depletion’ group. (E) Survival of the grafted amount of pre-iMics, calculated by dividing the
number of iMics 7 days after grafting by the size of the graft (x-axis). n (groups)=3; number of
independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison test p =
0.0036 (F) Microglia density of CSC measured as microglia per volume. Different amounts of grafted pre-
iMics did not lead to significantly different amounts of integrated cells 7 days after grafting. n
(groups)=3; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple
comparison test p = 0.1964 (G) Representative images of two different amounts of grafted pre-iMics 7
days after grafting. A graft size of 10k cells led to a lower number of STEM101-positive cells (green)
while iMics in cultures with a graft size of 50k cells showed lower Ibal-levels (magenta). Scale bar: 20
pum (H) Experimental set-up. Hippocampal slice cultures were prepared from 4-6 days old C57BL6/J mice.
Endogenous mouse microglia were depleted throughout the entire experiment by CSF1R-inhibition and
pre-iMics differentiated from human iPSC according to Haenseler et al. (2017) were grafted at 2-5 DIV.
After 14 days of differentiation CSC were used for experiments.

After establishing the creation of a microglia-depleted niche, pre-iMics were grafted onto HSC to
create chimeric hippocampal slice cultures (CSC), either on untreated HSC or HSC with microglia
depletion for one or two weeks (Figure 4.10 A). Only a continuous depletion for 2 weeks with a-
msCSF1R-antibody yielded high cell counts and grafting efficiencies. When depleting endogenous
microglia throughout the entire experiment, 93 % of total microglia were of human origin, also showing
that the a-CSF1R-antibody used, does not affect human microglia. Inversely, without endogenous
microglia depletion, iMics did barely integrate and only made up 7.6 % of total microglia which was
only slightly improved to 22 % when depleting for one week (Figure 4.10 B-D; Panel B: p = 0.0107;
Panel C: p = 0.0036). This indicates that iMics required the sustained depletion of mouse microglia

throughout the entire experiment and were dependent on the resulting niche.

Next, to determine the optimal number of precursors to graft, three different pre-iMics cell numbers
were tested for grafting. While the survival of the graft was decreasing with increasing size of the graft
from 73 % (5,000 cells grafted) to 11 % (50,000 cells grafted) (Figure 4.10 E; p = 0.0036), the resulting
number of integrated cells did not differ significantly (Figure 4.10 F, p = 0.1964). However,
immunofluorescent staining of the different conditions revealed a decreased expression of Ibal when
grafting 50,000 precursors, indicating a slower differentiation of the precursors (Figure 4.10 G).
Therefore, for all subsequent experiments mouse microglia were permanently inhibited with a mouse

specific a-CSF1R-antibody and a graft size of 10,000 cells per HSC was used (Figure 4.10 H).

After establishing the protocol, the protocol was retested with various iPSC-lines and a second
differentiation protocol for microglia precursors in order to make the model system more accessible
and reproducible for other laboratories. While different lines and protocols yielded varying amounts
of integrated iMics after 14 days in vitro (DIV) (6400 iMics/mm?—16200 iMics/mm?3), they all integrated
in high numbers with a grafting efficiency between 93.6 % and 97.4 % (Figure 4.11 A, B; Panel A: p =
0.0014; Panel B: p = 0.2357) and differentiated into highly ramified iMics (Figure 4.11 C),
demonstrating the accessibility of CSC for a broad research community. For all further experiments,

unless otherwise noted, the EB-based protocol with the BIONi010C line was used.
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Figure 4.11 CSC with different iPSC lines and differentiation protocols

(A) Microglia density of CSC measured as microglia per volume. pre-iMics derived from different iPSC-
lines (K5-mCherry, BIONi0O10C, KOLF2.1) and different microglia differentiation protocols (EB-based and
monolayer-based) integrated in high numbers into mouse HSC. Kruskal-Wallis test with Dunn’s multiple
comparison test; p = 0.0014 (B) Grafting efficiency of CSC calculated by dividing the number of iMics
(STEM101-positive cells) by the total number of microglia (PU.1-positive cells). iMics derived from
different iPSC-lines (K5-mCherry, BIONiO10C, KOLF2.1) and different microglia differentiation protocols
(EB-based and monolayer-based) made up between 93.6 % and 97.4 % of total microglia in CSC 14 days
after grafting. Kruskal-Wallis test with Dunn’s multiple comparison test; p = 0.2357 (C) Representative
images of iMics in Chimeric slice cultures 14 days after grafting derived from different iPSC-lines and
differentiation protocols. iMics in all conditions were highly ramified as visualized by mCherry-
expression (K5, magenta) or Ibal staining (other conditions, magenta). STEM101 (green) was used to
confirm human identity of the cells. Scale bars: 20 um

2.2 Characterization of iMics in chimeric slice cultures

In order to validate CSC, a characterization of CSC and iMics in CSC was performed on a cellular and
functional level. First, iMics morphology and network organization was investigated in comparison to
mouse microglia in HSC and human microglia ex vivo. Furthermore, the functionality of iMics in CSC
was assessed by 2-Photon live cell imaging and cytokine measurements and additionally profiled iMics

on a transcriptional level. Lastly, | performed Calcium-imaging as a viability readout of CSC.
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2.2.1 Morphological characterization of iMics in chimeric slice cultures

First, immunofluorescent staining of iMics in CSC at different timepoints was performed against Ibal
to visualize microglial morphology. From 7 DIV until 42 DIV a morphological maturation of iMics in CSC
could be observed. Furthermore, overview images of the entire CSC revealed an even distribution of
iMics over the entire slice culture (Figure 4.12 A). Quantification of the number of iMics in CSC and the
percentage of iMics as compared to the total amount of microglia (grafting efficiency), revealed that
iMics amount and grafting efficiency stabilized after 4 weeks at around 8000 iMics/mm? which is close
to the reported microglia density in the mouse hippocampus (Keller, Ero, and Markram 2018) (5990
microglia/mm?; Figure 4.12 B dotted line) and 97 % of all microglia were human-derived (Figure 4.12
B, C; Panel B: p = 0.1417; Panel C: n (groups)=6; p = 0.9547). In order to validate microglial identity of
the cells, immunofluorescent staining against lbal, PU.1 and TMEM119 was performed. All markers
were expressed after 4 weeks, confirming a microglial identity of the cells (Figure 4.12 D). These
findings were then further validated and several morphological and network parameters of iMics in
CSC after 21 DIV (3 w) and 42 DIV (6 w) were compared with human ex vivo microglia derived from
resective human brain surgery and mouse microglia in HSC. To this end, microglia from various sources

were reconstructed with the ‘Spots’ and ‘Filaments’ tool of Imaris.

To assess the distribution of iMics throughout CSC, a Nearest-Neighbor-Distance (NND) approach
based on the coordinates of the nucleus of each cell was used. The nearest neighbor distance of iMics
in CSC was compared with the other aforementioned groups and a Kruskal-Wallis analysis with Dunn’s
multiple comparison test was performed. No significant differences between iMics in CSC and human
microglia ex vivo were found. The mean NND for iMics at 42 DIV (31.95 um) was almost identical to
the mean NND of human microglia ex vivo (32.42 um). While mouse microglia in HSC at 42 DIV had a
comparably shorter NND (27.69 um) indicating a higher density of mouse microglia in HSC (Figure 4.12
E; p = 0.0006).

The total number of branchpoints per cell was slightly, but not significantly increasing from 21 DIV
(5.55 per cell) to 42 DIV (6.10 per cell) and overall very similar to human ex vivo microglia (4.77 per
cell) (Figure 4.12 F; p = 0.3844). Similarly, the total process length per iMic in CSC slightly increased
from 147 um at 21 DIV to 160 um at 42 DIV and was close to human ex vivo microglia at 133 um (Figure
4.12 G; p = 0.8680). Furthermore, the volume each of the microglia surveilled was compared by
reconstructing the cells with the ‘Filaments’ tool in Imaris and calculating the volume of the convex
hull. For all groups, the volume each microglia surveilled was not significantly different. On average,
iMics in CSC surveilled 4283 um? per cell at 21 DIV and 5964 um? per cell at 42 DIV, compared to 6959
um? per cell for human ex vivo microglia (Figure 4.12 H; p = 0.4667). Overall, these analyses suggest

that iMics in CSC mature morphologically to a similar ramification and distribute similarly compared to
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human microglia ex vivo. Especially the high similarity of the network organization between iMics in
CSC and human microglia ex vivo showed that CSC develop a human microglial network within mouse

brain tissue in vitro which is reminiscent of the homeostatic human microglial network ex vivo.
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Figure 4.12 iMics are stably integrating into mouse hippocampal slice cultures and maturing towards
a human ex vivo microglia-like phenotype

(A) Representative images of CSC at different timepoints of differentiation. iMics were stained against
Ibal (magenta) and STEM101 (green; human nuclei). Close-up images showed morphological maturation
of iMics in CSC over time by increasing ramification of processes. Overview images (bottom row) showed
an even distribution of iMics throughout the culture. Scale bars: 20 um (Close-ups) and 200 um (overview
images). (B) iMic density of CSC measured as iMics per volume. After decreasing over the first three
weeks, the density of iMics (counted as STEM101-positive cells) stabilized at around 8000 cells/mm3.
The dotted line indicates microglial density in the mouse hippocampus at 5990 cells/mm3. n (groups)=6;
number of independent experiments per group = 3; Kruskal-Wallis test p = 0.1417 (C) Grafting efficiency
of CSC calculated by dividing the number of iMics (STEM101-positive cells) by the total number of
microglia (PU.l-positive cells). After three weeks the grafting efficiency stabilized above 95 %. n
(groups)=6; number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple
comparison test p = 0.9547 (D) Representative immunofluorescent images of microglial markers. The
left panel shows STEM101-positive cells also expressing Ibal and PU.1. The right panel shows the
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expression of hTMEM119 in Ibal-positive cells. Scale bars: 20 um (E) Nearest neighbor distance [um] of
iMics in CSC compared to endogenous mouse microglia and ex vivo human microglia. Localization of cell
somata was reconstructed with the Spots mode of Imaris 9.7.2. The mean of all microglia from one well
is indicated as black dot, individual values are indicated via Violin-plots. n (groups)=5; number of
independent experiments per group = 2-3; Kruskal-Wallis test with Dunn’s multiple comparison test p =
0.0006 (F - H) Number of branch points (F), total process length [um] (G) and volume of convex hull
(=surveilled volume per cell) [um3] (H) of iMics in CSC compared to endogenous mouse microglia and ex
vivo human microglia. Cells were reconstructed with the filaments mode of Imaris 9.7.2. The mean of all
microglia from one well is indicated as black dot, individual values are indicated as gray dots. n
(groups)=5; number of independent experiments per group = 2-3; Kruskal-Wallis test with Dunn’s
multiple comparison test F: p = 0.3844; G: p = 0.8680; H: p = 0.4667

2.2.2 Functional characterization of iMics in chimeric slice cultures

Moreover, in order to analyze iMics functionality, 2-Photon live cell imaging of BIONi010C-iMics 21 DIV
endogenously expressing GFP was performed to compare their homeostatic process movement with
mouse microglia in Ibal-EGFP HSC. Z-stacks of one position were acquired every 2 minutes for 20
minutes and cells were subsequently reconstructed with the ‘Filaments’ tool of Imaris to track process
movement over time. Overlay of z-stacks from different time points indicated homeostatic process
movement (Figure 4.13 A; colorful terminal points of processes) and quantification of process
movement did not reveal a significant difference between grafted iMics in CSC and endogenous mouse
microglia in HSC (means: iMics 21 DIV: 0.02902 pum/s; Mouse 21 DIV: 0.02925 um/s) (Figure 4.13 B; p
=0.8203).

A common assay to test functionality of microglia, is to induce a focal laser injury to the tissue to test
for a quick reaction of microglia to shield the injury site. For this purpose, a laser beam (810 nm, 8 sec)
was applied to a random spot in the tissue and z-stacks were acquired every 2 minutes for 30 minutes
to observe the subsequent reaction. Both iMics in CSC and endogenous mouse microglia in Ibal-EGFP
HSC were found to quickly react to the laser injury (Figure 4.13 C; magenta circle) by moving their
processes towards the injury site within minutes. Similar to above, colorful spots in the merge images
indicate movement of the cells. The reaction to laser injury was then quantified by plotting the
normalized fluorescent intensity of the iMics/microglia channel against the distance to the lesion site.
Before the lesion, both iMics and endogenous mouse microglia showed a random distribution of the
fluorescent intensity. After the injury, the normalized fluorescent intensity quickly increased close to
the injury site and peaked after 30 minutes, while the fluorescent intensity remained randomly
distributed in the more distant parts. The reaction for both iMics in CSC and endogenous mouse

microglia was very similar, indicating functionality of iMics in CSC (Figure 4.13 D).
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Figure 4.13 iMics in chimeric slice cultures are motile and respond to focal laser injury

(A) Representative images of homeostatic movement of iMics in CSC (upper row) and endogenous mouse
microglia in HSC (bottom row) at 21 DIV. Shown are images for 0 min (cyan), 2 min (magenta) and 4 min
(yellow). The cyan, magenta and yellow processes in the merge images show process movement of the
cells. Scale bars: 20 um (B) Violin plots of the speed of process movement. Processes in 30 min movies
(2 min intervals) were tracked semi-automatically with Imaris. Mann-Whitney-Test: p = 0.8203; n (mouse
21 DIV) = 769 (tracked processes); n (iMics 21 DIV) = 390 (C) Representative images of the response to
a focal laser injury of iMics in CSC (upper row) and endogenous mouse microglia in HSC (bottom row) at
21 DIV. Shown are images before the lesion (white; not included in the merge image) for 0 min (cyan),
14 min (magenta) and 30 min (yellow) after the lesion. The cyan, magenta and yellow processes in the
merge images show process movement towards the injury site and the formation of a barrier. Scale bars:
20 um (D) Normalized intensity of the fluorescence of iMics (magenta) and endogenous mouse microglia
(cyan) plotted against the distance from the injury site for 4 different time points (before the lesion, 0
min, 14 min and 30 min after the laser lesion). Note the sharp increase over time of the intensity close
to the lesion site (0-10 um distance) for both groups. n (Endogenous) = 9 movies from independent
cultures = n(iMics); Mean = SEM

Furthermore, the ability of iMics in CSC to secrete pro-inflammatory cytokines was tested. For this
purpose, CSC were treated with either a chronic low dose LPS stimulus (25 ng/ml) for 7 days or with
an acute high-dose stimulus (200 ng/ml) for 24 hours in order to simulate a bacterial infection. The
concentration of human pro-inflammatory cytokines in the culture medium was measured using a
human-specific cytokine panel on the Mesoscale (MSD) platform. Treatment started at 14 DIV (Figure
4.14 A). While human cytokines were measurable neither in the untreated control condition nor in LPS

treated HSC without human iMics (or only at a low level), both the chronic and the acute LPS stimulus
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elicited a diverse pro-inflammatory cytokine release in CSC. An increase in IL1B, TNFa, IL8 and IL6 was
measured. Interestingly, only for IL8 the release levels were at the same level between the two
different LPS paradigms. For all other measured cytokines, the acute LPS stimulus elicited the highest
cytokine release (Figure 4.14 B). All in all, these results indicated that iMics in CSC were capable of

functionally reacting to diverse stimuli.

A B LPS Response iMics

\\{’ ® 800

600
a-ms-CSF1R microglial precursor
ldeple(ion lgrafting

‘chronic’ 8 : O Chronic

Acute

N
oo
So
4
@

2208000000

No LPS ctrl
endogenous ctrl chronic

_
7 days
25ng/ml LPS

endogenous ctrl acute

do \d d2:5 g d2-5
depletion start grafting grafting : T
acute' &
© 1 day (200ng/
#50e MILPS)

: : Ll 4 8
e o o= T - .-
IL1b IL6 IL8 TNFa

Cytokine concentration [pg/ml]
=NWHN
O AN W O000O
[INNE N
[ )

Figure 4.14 iMics in chimeric slice cultures respond to a pro-inflammatory LPS stimulus

(A) Experimental set-up. 14 days after grafting chronic low dose treatment (25 ng/ml LPS) with LPS was
started and continued for 7 days, while acute high dose treatment (200 ng/ml LPS) was started 20 days
after grafting and lasted for 24 hours (B) Human-specific mesoscale measurements of four pro-
inflammatory cytokines showed an increase in cytokine secretion into the cell culture medium after
stimulation of CSC after chronic and acute LPS stimulation compared to unstimulated CSC and stimulated
HSC with endogenous mouse microglia only (endogenous ctrl). n (groups)= 5; number of independent
experiments per group = 3

2.2.3 Transcriptional characterization of iMics in chimeric slice cultures

Next, iMics were characterized on a transcriptional level in order to investigate their maturation and
differentiation in CSC for an extended period of time. Single cell RNA sequencing (scRNAseq) was
performed in pre-iMics and iMics in CSC at 3, 6 and 11 weeks in vitro. scRNAseq showed a down-
regulation of genes associated with proliferation (CENPF, SPC24 and MKI67) from the precursor stage
towards differentiating microglia over time. Additionally, homeostatic markers of microglia, such as
P2RY12, CX3CR1 and CSF1R, as well as genes involved in immunological functions of microglia such as
the complement system and antigen presentation, were upregulated, indicating that iMics were more
and more differentiating towards mature microglia over time. Furthermore, increased expression of
P2RY12, CX3CR1 and OLFML3, markers specific for microglia (Chiu et al. 2013; Wes et al. 2016),
identified iMics in CSC as microglia and distinguished them from peripheral macrophages and
monocytes. At 11 weeks in vitro, however, iMics in CSC showed a strong downregulation of
homeostatic markers, such as P2RY12, CX3CR1 and CSF1R, and a drastic upregulation of genes
previously associated with aging and neurodegeneration. At 11 weeks, iMics showed upregulation of
the complement system and antigen presentation but also strongly upregulated genes involved in
antigen presentation, phagocytosis and other disease-associated microglia (DAM) genes, such as APOE

and TREM2 (Keren-Shaul et al. 2017). Furthermore, iMics in CSC upregulated genes involved in the
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interferon response which were previously identified as key genes of a microglial subpopulation called
interferon-responsive microglia (IRM), a subpopulation of microglia associated with aging (Olah et al.
2020; Sala Frigerio et al. 2019). All in all, these results indicated that iMics in CSC differentiate into
homeostatic microglia within six weeks but that CSC at 11 weeks in vitro showed signs of aging or
degeneration and iMics reacted to this changed environment by adapting an IRM or DAM-like

phenotype (Figure 4.15).
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Figure 4.15 RNA sequencing of iMics in chimeric slice cultures

Heatmap depicting differentially expressed genes from scRNAseq of pre-iMics and iMics in CSC at 3, 6
and 11 weeks in vitro. Genes involved in proliferation were rapidly downregulated and key microglial
homeostatic markers showed increased expression from precursors to 6w in vitro. At 11 weeks,
homeostatic markers were downregulated and inflammation, neurodegeneration and aging-associated
genes were strongly upregulated.

2.2.4 Electrophysiological characterization of chimeric slice cultures

Lastly, the viability of the new culture system was determined by measuring the electrical activity of
CSC by calcium imaging of entire slice cultures. Control HSC, microglia depleted HSC and CSC were
incubated with Calbryte590-AM, a small-molecule calcium sensor, after 12 weeks, and calcium activity
was recorded for three minutes at ten Hertz. Subsequently, images were analyzed with FlJI and
MATLAB. Each timepoint at which at least 10 ROIs were spiking simultaneously was defined as

synchronous spiking. While stimulation with 4-AP led to a significant increase in spike rate, no
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significant differences between the different culturing conditions were found, neither for unstimulated

nor for 4-AP stimulated cultures (Figure 4.16; A: p = 0.6691; B: p = 0.6259; C: p = 0.3080).
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Figure 4.16 Chimeric slice cultures are electrophysiologically active

(A - C) Spike rate (A), synchronous spiking activity (B) and average spike amplitude (C) during calcium
imaging of HSC with mouse microglia (control), without any microglia (depletion) and CSC (iMics) in
baseline conditions and with 4-AP stimulation. No significant differences for the different culturing
conditions were detected (A: p=0.6691; B: p=0.6259; C: p = 0.3080) (B) Spike activity pattern of control
mouse HSC (left) and CSC (right) during Calcium imaging of the entire slices with 4-AP stimulation. For
the purpose of analysis, each image was divided into 256 ROIs (Y-axis). Each measurement was
performed for 3 min at 10 Hz.

Together with the detailed analysis of iMics, calcium imaging revealed that CSC are a viable culture
system for 12 weeks with human iMics that closely resemble human microglia ex vivo in their
morphological, functional and transcriptional phenotype, as well as in their network organization and

thus could be used to study human microglial network homeostasis in vitro.

2.3 Modelling of synucleinopathies in chimeric slice cultures

As microglia play a major role in several neurodegenerative diseases, CSC were also validated in the
context of neurodegenerative pathology. To this end, synucleinopathy was induced in CSC according

to a previously established protocol in the laboratory (Barth et al. 2021) and the reaction of iMics to
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the pathological insult was characterized by immunofluorescent staining, cytokine profiling and

scRNAseq five weeks after seeding.

2.3.1 Induction of synucleinopathy in chimeric slice cultures

Before the induction of synucleinopathy, CSC were generated as described above. HSC were prepared
from four to six days old B6 mice and endogenous mouse microglia were replaced by iMics. At 42 DIV
asyn pff were drop-seeded onto CSC and cultivated for another 35 days (Figure 4.17 A). 35 days after
seeding, CSC were fixed in PFA and the resulting pathology was assessed via immunofluorescent
staining against Ibal and pS129-asyn, a marker for pathology-associated forms of asyn (Fujiwara et
al. 2002). iMics were found to be evenly distributed and pS129-positive asyn pathology was also widely
detectable (Figure 4.17 B). Thus, the induced synucleinopathy in CSC was comparable to the described
pathology in HSC with endogenous mouse microglia (Barth et al. 2021). However, since iMics in CSC
were differentiated from human iPSCs, this enabled the possibility to study the properties and

responses of human microglia in synucleinopathy in a novel model system.
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Figure 4.17 CSC can be induced with synucleinopathies and develop pS129+-inclusions after seeding
with asyn-pff

(A) Experimental set-up. Six weeks after grafting 1ul a-syn pre-formed fibrils (0.5 pug/ul) was drop-
seeded onto CSC to induce synucleinopathy and cultivation was continued for another 5 weeks. (B)
Overview image of a CSC that was treated according to the above experimental scheme. iMics were
stained with Ibal (green) and pathological synuclein was stained against pS129 (magenta). Scale bar:
200 pm
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2.3.2 Microgliosis and microglial inclusions in chimeric slice cultures with
synucleinopathy

One of the most prominent microglial phenotypes in synucleinopathies, such as PD, is microgliosis
which is amongst others characterized by the proliferation of microglia. In order to test if microgliosis
in CSC is detectable, the density of iMics was determined three and five weeks after treatment with
asyn-pff in CSC derived from A53T-transgenic mice. A53T-transgenic mice are a common model of
synucleinopathy with neuronal asyn inclusions and prominent motor symptoms (van der Putten et al.
2000). For both timepoints, iMic densities in synucleinopathy-induced CSC was doubled compared to
untreated CSC, while iMic density remained stable over time within each condition showing

microgliosis in CSC after induction of synucleinopathy (Figure 4.18 A; p = 0.0398).

Next, | aimed to find out if iMics in CSC treated with asyn-pff would also develop microglial inclusions
with asyn, as recently described by my laboratory in different mouse models of synucleinopathy
(Tanridver et al. 2020) and in asyn-pff treated HSC (Barth et al. 2021). Interestingly, microglial
inclusions of asyn cannot be detected with immunofluorescent staining against pS129. Therefore,
pentameric formyl thiophene acetic acid (pFTAA), a luminescent conjugated oligothiophene (LCO) that
binds to amyloid structures such as asyn fibrils (Tanriéver et al. 2020), was used to detect these
inclusions. For quantification of microglial inclusions, CSC were stained for human microglia (Ibal and
STEM101) together with pFTAA. Microglial inclusions were present in both CSC derived from B6 and
A53-transgenic mice engrafted with BIONi010C and KOLF2.1 iMics, respectively (Figure 4.18 B).
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Figure 4.18 Microgliosis and inclusions in iMics in CSC

(A) iMic density of CSC measured as iMics per volume. Higher microglial densities were seen three and
five weeks after pff-treatment, indicating microgliosis as response to induced synucleinopathy. number
of independent experiments per group = 3; 2-Way ANOVA p (pff-treatment) = 0.0398 (B) Representative
image of iMics (magenta) in a-syn pre-formed fibrils-treated CSC that showed intracellular pFTAA (cyan,
amyloid-binding dye) inclusions. Human nuclei were stained with STEM101 (yellow). Scale bar: 20um (C)
Quantification of iMics with LCO+ inclusions in synucleinopathy-induced CSC. LCO+ inclusions could not
be detected in untreated CSC, while LCO+ inclusions increased from three to five weeks. number of
independent experiments per group = 3; 2-Way ANOVA p (pff-treatment) = 0.0018 (D) Relative LCO
volume within iMics. Only LCO-signal within iMics was quantified and the relative volume of LCO signal
within iMics was calculated by dividing the absolute volume of LCO within iMics by the total volume of
the culture and multiplied by 100. No LCO signal was present in control CSC, while the relative volume
of LCO increased from three to five weeks. number of independent experiments per group = 3; 2-Way
ANOVA p (pff-treatment) = 0.0059

In order to exclude that the detected microglial inclusions are not derived from the initial seed material
but from endogenously amplificated asyn fibrils, microglial inclusions were quantified three and five
weeks after pff treatment of CSC prepared from A53T-transgenic mice. Three weeks after pff-
treatment roughly 10 % of iMics were positive for LCO-inclusions. Two weeks later, the percentage of
LCO-positive iMics increased to more than 20 %. Moreover, the relative volume of LCO signal within
iMics was quantified in order to exclude that iMics only shared the initial burden of the seed and
redistributed the inclusions. No LCO signal was detected within iMics in untreated CSC. However, LCO
signal was detected three weeks after seeding and was almost fourfold increased two weeks later in

asyn-pff-treated CSC indicating that endogenously amplificated asyn fibrils were incorporated in
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microglial inclusions of asyn and not only the initial seed was phagocytosed (Figure 4.18 C, D; Panel C:
p = 0.0018; Panel D: p = 0.0059). Overall, these results showed that microgliosis and microglial

inclusions are reproducible in iMics in CSC.

2.3.3 Inflammatory and transcriptomic response of iMics in chimeric slice

cultures with synucleinopathy

Next, the functional response of iMics in CSC with synucleinopathy from B6 mice was characterized.
To this end, pro-inflammatory cytokines in the culture medium were measured at different time points

via a human-specific cytokine panel using the MSD platform and compared to untreated CSCs.

48 hours after pff-treatment, all measured cytokines were significantly increased compared to control
CSC indicating a strong response to the initial seed. After three and five weeks, however, the levels of
the pro-inflammatory cytokines IL1[3, IL6 and TNFo went back to baseline levels. Only levels for IL8
remained elevated over the concentrations of control CSC over time (Figure 4.19 IL1[: p = 0.0167; IL6:
p =0.1155; IL8: p =0.0020; TNFa: p =0.0466). All in all, iMics in CSC showed a diverse pro-inflammatory

response to synucleinopathy with a strong initial response and a weak, sustained elevation of IL-8

levels.
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Figure 4.19 Inflammatory response of iMics in CSC to the induction of synucleinopathy
Human-specific mesoscale measurements of four pro-inflammatory cytokines showed an increase in
cytokine secretion into the cell culture medium after a-syn pff treatment. Cytokine secretion peaked at
48 h after the treatment and decreased over time back to control levels for all 4 cytokines. Only for IL8,
cytokine levels remained above baseline level for an extended period of time. n (groups)=4 per cytokine;
number of independent experiments per group = 3; Kruskal-Wallis test with Dunn’s multiple comparison
test IL1B3: p = 0.0167; IL6: p = 0.1155; IL8: p = 0.0020; TNFa: p = 0.0466

Lastly, in order to investigate the transcriptional response of iMics in CSC with synucleinopathy and to
see if DAM-genes were upregulated in iMics upon induction of disease as described in the literature
(Keren-Shaul et al. 2017; Krasemann et al. 2017), scRNAseq was performed on CSC from B6 mice which
were treated with asyn-pff at 6 weeks in vitro and cultivated for another five weeks and compared to
age-matched control CSC and to the baseline transcriptome at 6 weeks in vitro. As expected from the

previous scRNAseq timeline (Figure 4.15), iMics in CSC for both treatment and control conditions,
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downregulated the key microglial homeostatic markers P2RY12, CX3CR1, CSF1R and HEXB at 11 weeks

in vitro.
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Figure 4.20 Single cell RNA sequencing of iMics in chimeric slice cultures with synucleinopathy
Heatmap depicting differentially expressed genes from scRNAseq analysis of iMics in CSC with asyn
pathology for 5 weeks (Treatment) compared to the baseline (Non; iMics 6 weeks in vitro) and age-
matched control CSC (Control). At 11 weeks in vitro both groups showed an upregulation of proliferation-
associated genes as compared to 6 weeks. Moreover, both groups downregulated homeostatic microglial
genes and upregulated neurodegeneration and aging associated pathways. iMics in control CSC at 12
weeks showed mostly an aging-associated IRM phenotype while iMics in CSC with synucleinopathy
showed a higher upregulation of phagocytosis-associated and other DAM genes.

Moreover, compared to 6 weeks in vitro both groups upregulated genes involved in proliferation,
complement, inflammation, antigen presentation, phagocytosis, interferon response and other DAM
genes with increasing time in vitro, indicating a general activation of microglia towards a degeneration
and aging phenotype (Keren-Shaul et al. 2017; Krasemann et al. 2017; Sala Frigerio et al. 2019). When
comparing asyn pff-treated and untreated CSC at 11 weeks in vitro, iMics from control CSC showed a

stronger upregulation of interferon response genes, further highlighting a pronounced aging-
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associated transcriptional phenotype at 11 weeks in vitro. In contrast to that, iMics from seeded CSC
showed a stronger upregulation of classical DAM genes, such as APOE, LPL, TREM2 and TYROBP
showing amongst others, a changed reaction to lipids. Furthermore, iMics from treated CSC
upregulated phagocytosis-associated genes, while expression levels of complement and antigen
presentation associated genes were comparable between the groups. Overall, this shows that iMics in
CSC with synucleinopathy do not only react to the aging culture by transitioning into IRM-like microglia
but also react to the induced neurodegenerative pathology by upregulation of DAM markers that have

initially been described for AD (Keren-Shaul et al. 2017) (Figure 4.20).

2.4 iMic network in chimeric slice cultures in the absence of human
cytokines

2.4.1 Differentiation of CSF1R mutant iPSC into iMic precursors

The current dogma in immunology states that mouse CSF1 and IL34 cannot bind to human CSF1R
(Elmore et al. 2014; Rathinam et al. 2011; Sieff 1987), which is further supported by recent microglia
chimeric mouse models (Hasselmann et al. 2019; Mancuso et al. 2019). However, iMics in CSC do not
require supplementation of human cytokines to the system for integrating and differentiating into
mature microglia with an evenly distributed, similarly dense microglia network when compared to
human microglia ex vivo. In order to understand these opposing findings, CSF1R E633K loss-of-function
mutant iPSC on the background of the KOLF2.1J line (Pantazis et al. 2022) were used to prove that
iMics in CSC are dependent on CSF1R signaling for their integration, differentiation and survival.
Patients with the E633K mutation in CSF1R suffer from Hereditary diffuse leukoencephalopathy with
spheroids (Rademakers et al. 2012), an autosomal dominant disease which is among others
characterized by a reduced number of microglia in the brain (Tada et al. 2016), showing the importance
of CSF1R for a proper microglia network homeostasis. Additionally, these patients experience

dementia, parkinsonism, epileptic seizures and depression.

First, to obtain pre-iMacs for grafting onto microglia-depleted HSC, iPSC from the four different lines
(CSFAR** WT, CSF1R*/E33 heterozygous, CSF1RE®33K/E6E3K homozygous and CSF1IR” KO) were
differentiated as described above. Mesodermal fate induction and generation of EBs was not different
for any of the lines showing the independence of CSF1R during this step (Figure 4.21 1% row). During
the next step of the differentiation protocol, EBs serve as ‘factories’ for the production of iMic-
precursors (pre-iMics). However, before producing actual pre-iMics, EBs first produce less
differentiated and smaller precursor cells. This stage of differentiation was still observed for all

genotypes. About a week after producing these smaller precursors, EBs start to generate vast amounts
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of the desired pre-iMics, characterized by their larger size and a bright halo in phase-contrast

microscopy.

This stage of pre-iMics can then be used for monocultures, co-cultures with neurons or for
engraftment. Only CSF1R** WT and CSF1R*®33K heterozygous EBs were able to generate this final
stage of precursors while CSF1R 33KE663K homozygous and CSF1R”" KO EBs were unable to transition to
this stage (Figure 4.21 2" row). Accordingly, only CSF1R** WT and CSF1R*/E%33 heterozygous pre-iMics
were able to attach and differentiate in monoculture (Figure 4.21 3™ row). As expected, this
experiment showed that CSF1R signaling is necessary for differentiation of iPSC into microglia in

monoculture.

CSF1IR WT CSF1R E633K Het CSF1R E633K Hom CSF1R KO

EBs

pre-iMics

monoculture iMics, D1

Figure 4.21 CSF1R signaling is required for in vitro differentiation of iMics

Initial steps of differentiation from iPSC to pre-iMics in KOLF2.1J iPSC harboring WT (1st column),
heterozygous (2" column) or homozygous E633K mutant (379 column) or KO CSF1R (4th column). No
differences were observed in EB formation efficiency and EB morphology (1st row). However,
CSF1RE633K/E663K gand CSF1R/- lines failed to produce proper iMic-progenitor cells, which were much
smaller and less abundant compared to CSF1R*/* and CSF1R*/E633k (2nd row). Additionally, pre-iMics
plated in monoculture did not differentiate when harboring no functional CSF1R (379 row, 374 and 4th
column). CSF1R*/* and CSF1R*/E633K pre-iMics both attached to the plate and showed first signs of
morphological differentiation by extending processes. EBs imaged at 4x magnification, pre-iMics and
iMics imaged at 10x magnification.

2.4.2 Integration of CSF1R mutant iMic precursors into chimeric slice cultures

After showing that CSF1R*/£633K heterozygous iPSC can be successfully differentiated into microglia in
monoculture, the same four lines were used to generate CSC and the amount of integrated iMics was

assessed at 7, 14 and 28 DIV.
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Figure 4.22 Intact CSF1R signaling is necessary for integration, differentiation and survival of iMics in
CSC

(A) Representative images of the integration and survival of WT and CSF1R mutant microglial precursors
in CSC at 7 and 28 DIV. iMics were stained against Ibal (magenta), STEM101 (cyan; human nuclei) and
PU.1 (yellow). WT iMics (15t column) showed a stable integration and morphological differentiation into
ramified, evenly distributed iMics. CSF1R*/E633K heterozygous iMics (2"d column) integrated to a similar
extent as WT iMics at 7 DIV but showed decreased survival at 28 DIV. Only few CSF1RE633K/E663K
homozygous and CSF1R~/- KO pre-iMics (379 and 4th column) integrated at 7 DIV but did not survive until
28 DIV. Scale bars: 200 um (B) iMic density of CSC measured as iMics per volume for WT CSF1R mutant
iMics. WT iMics showed an expected initial decrease of microglia numbers with a stabilization after 14
to 28 DIV. CSF1R*/E633K heterozygous iMics initially integrated to a similar extent but were not able to
survive until 28 DIV, while CSF1RE633K/E663K homozygous and CSF1R-/- KO iMics only integrated in small
numbers. number of independent experiments per group = 3; 2-Way ANOVA p (genotype) = 0.0053
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As expected, due to the failed differentiation of CSF1R®33¥/5663K homozygous and CSF1R”- KO EBs into
pre-iMics, the generation of CSC from both lines was not successful and only a few ‘pre-iMics’
integrated into CSC. Only small clusters of human cells (STEM101) that were negative for both

microglial markers Ibal and PU.1 were found.

More interestingly, CSF1R*/%%33X heterozygous pre-iMics (42349 iMics/mm?) integrated to a similar
extent into CSC as compared to CSF1R** WT pre-iMics (64414 iMics/mm?) and also showed a similar
morphological phenotype at 7DIV, indicating that integration and the initial stages of differentiation
are still possible in CSC despite the impaired CSF1R signaling in the heterozygous mutants. Similar to
CSF1R** WT iMics, the number of CSF1R*/#633 heterozygous iMics declined sharply at 14 DIV, but, in
contrast to the WT iMics did not stabilize after this initial decline. While the number of CSF1IR** WT
iMics remained constant at around 10,000 iMics/mm?, only a few CSF1R*/f633K heterozygous iMics
survived until 28 DIV (3574 iMics/mm?) (Figure 4.22; Panel B: p = 0.0053). In addition to drastically

reduced survival, CSF1R*/€633K heterozygous iMics did not seem to mature morphologically.

Their morphology still resembled iMic morphology at 7 DIV while CSF1R** WT iMics at 28 DIV were
more ramified and less elongated compared to their appearance at 7 DIV. Overall, these results
showed that intact CSF1R signaling is not only necessary for the initial steps of differentiation from
iPSC to pre-iMics but is also necessary for iMic differentiation, survival and network homeostasis in
CSC. Due to the absence of supplemented human ligands of CSF1R, these experiments show that

mouse ligands of CSF1R can bind to human CSF1R and induce downstream signaling.

All in all, I present the development of a model that allows for the investigation of network
homeostasis of human microglia in vitro. This model system is able to recapitulate features of microglia
in homeostatic conditions at morphological, functional and transcriptional levels. Furthermore, in
proof-of-principle experiments, the suitability of CSC to investigate microglia in both healthy and
neurodegenerative conditions was demonstrated. Additionally, the homeostatic microglial network
was shown to be dependent on CSF1R signaling in CSC. Lastly, iMics in a CSC model of seeded
synucleinopathy were shown to react by profound microgliosis and upregulation of DAM-associated

genes to the pathology and thus modeled the microglial network in disease-conditions.
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V Discussion

1 New mouse model does not allow to induce targeted microglia
cell death to investigate microglial network homeostasis in vivo

The microglial network is very stable over the entire life (Fliger et al. 2017). Due to the important role
of microglia in the brain, it is paramount to understand how the homeostatic microglial network is
maintained and if ageing or neurological diseases can affect the network homeostasis. Various studies
have shown that microglia are very long-lived cells, and that microglial cell death is a rare event (Fliger
et al. 2017; Réu et al. 2017). In contrast to the rare cell death of microglia, current depletion
experiments of microglia make use of global depletion approaches that usually ablate 80 to 99 % of
microglia (Waisman et al. 2015). Microglial network homeostasis in the context of the cell death of

single microglia, however, is not yet understood.

Before this study, only one group showed that in the microglial network a dead cell is replaced by
migration of a neighboring cell and proliferation of the second-closest cell (Askew et al. 2017).
However, this finding is from the olfactory bulb, a brain region known for its several fold higher
proliferation rate of microglia in comparison to other areas such as the cortex (Tay et al. 2017). Due to
the very different proliferation rates between the two regions, it is possible that different mechanisms
exist to cope with the death of individual microglia. Since more cells undergo apoptosis in the olfactory
bulb at the same time (0.69 %), the disturbance to the entire network is higher as compared to the
cortex where most microglia survive the entire lifetime of a mouse. Hence, it is imaginable that the
disturbance in the cortex is so small that a rearrangement of the neighboring microglia is sufficient to
reoccupy the ‘lost’ territory. Lastly, another possibility is the invasion of peripheral immune cells and
the subsequent differentiation into microglia-like cells. So far, this phenomenon has only been
described under extreme conditions, namely irradiation to destroy the blood-brain barrier (Bruttger

et al. 2015; Xu et al. 2020).

1.1 Development of a 4x transgenic mouse model to ablate individual
microglia

The goal for this project was to investigate microglial network homeostasis in the mouse cortex when
ablating single cells. Additionally, | sought to compare network homeostasis between age groups and
in neurodegeneration to detect functional deficits in this process that could explain the age-dependent
susceptibility to neurodegenerative diseases. To this end, a previous mouse model of the laboratory
to sparsely label microglia via Cre-recombinase for 2-Photon in vivo imaging was combined with a

model for Cre-dependent expression of iDTR (Buch et al. 2005; Fiiger et al. 2017) (Figure 4.2). The
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sparse tdTomato-positive microglia were hypothesized to also express iDTR and therefore these
microglia would be susceptible to DT for targeted microglial cell death. In summary, this model would
allow the visualization of all microglia via EGFP-expression and the selection of ROIs depending on the
low percentage of tdTomato-positive microglia to know in advance which cells would be ablated upon

DT injection.

When using the Ibal-EGFP and CD11b-CreERT transgenes for in vivo experiments, not only microglia
are expressing EGFP or CreERT, respectively, but all myeloid cells express the transgenes (Eme-Scolan
and Dando 2020). This includes other long-lived myeloid cells such as border-associated macrophages
in the brain and short-lived, circulating myeloid cells in the periphery. Unspecific expression of both
transgenes, however, only had minor effects for my experiments. EGFP expression under the Ibal-
promoter was mostly used for visualization purposes in 2-Photon live cell imaging. Morphologically,
microglia can be distinguished from circulating blood monocytes. However, distinguishing microglia
from border-associated macrophages is not possible on a morphological level. Yet, microglia are far
more common in the brain, so that most likely, only a few border-associated macrophages were
included in the live-cell imaging. For FACS, and all subsequent analyses, peripheral myeloid cells were
excluded by perfusion with PBS during the preparation of the mice. However, border-associated
macrophages were likely included in the sorting. Yet, it is unlikely that the small number of border-
associated macrophages compared to the number of microglia changes the interpretation of the

results.

Unspecific expression of CreERT in the used mouse model also led to an unspecific expression of
tdTomato and iDTR as a consequence of Tam-induced recombination. CD11b, however, is a marker for
myeloid cell differentiation, so myeloid precursors in the periphery were not affected by the
recombination (van Lochem et al. 2004). Consequently, the short lifetime of peripheral myeloid cells
should lead to an exchange of cells with recombined transgenes after a few weeks, similar to what has
been described for CX3CR1-CreER mice (Faust et al. 2023). In this project, injection of DT was scheduled
earliest four weeks after Tam, so that a full exchange of peripheral myeloid cells should have been
completed beforehand. Hence, tdTomato and iDTR expression only persisted in long-lived myeloid
cells, e.g. microglia and border-associated macrophages. Like the aforementioned unspecific
expression of EGFP under Ibal-control and for the same reasons, the influence of the unspecific

recombination of tdTomato and CD11b should be limited.

We showed with Immunofluorescence that a low-dose injection of Tamoxifen induced a low rate of
recombination of the tdTomato transgene, resulting in labeling of roughly 1 % of microglia with

tdTomato (Figure 4.3). This result was in line with the observations my laboratory made in Fliger et al.
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(2017). However, due to a lack of appropriate antibodies for iDTR, | was not able to determine the

recombination rate of the iDTR transgene.

1.2 Diphtheria toxin and proliferation of tdTomato-positive microglia

For this study, iDTR mice were selected and combined with an existing mouse model from the
laboratory. The Cre-dependent expression of iDTR allowed for a cell-type specific and temporally
controllable ablation of cells. Previous studies that used iDTR for the ablation of microglia used a global
depletion approach which ablated more than 90 % of microglia. In these experiments, mice suffered
from impaired learning, astrogliosis and increased cytokine production in the brain (Bruttger et al.
2015; Parkhurst et al. 2013). The authors of these studies attributed the side effects of DT-mediated
depletion to the lack of microglia in general and to the massive accumulation of cell death over a short
time window. In this study, by injecting a low dose of Tam, only a minority of microglia, the tdTomato-
positive microglia, was hypothesized to express iDTR. Assuming that the recombination efficiencies for
tdTomato and iDTR are similar, this approach would make 1 % of microglia susceptible to DT. These
microglia were then ablated at a later timepoint by the injection of DT. Since my approach only led to
the death of about 1 % of microglia and hence to only a fraction of the amount of cell death of the

previous studies, the occurrence of these side effects of DT-mediated ablation was unlikely.

When injecting mice with DT four weeks after Tam application, | could not find a reduction in the ratio
of tdTomato-positive cells via immunofluorescent staining (Figure 4.3). Due to the high variability of
this result, | nevertheless continued with 2-Photon observations in vivo. In these experiments | was
able to reliably follow predefined ROIs over several weeks. Similar to my immunofluorescent staining,
| was not able to selectively ablate tdTomato-positive microglia as designed. Additionally, | even
observed proliferation of some of the tdTomato-positive microglia (Figure 4.4). Further FACS analysis
revealed that there was also no reduction of the tdTomato population at a brain-wide level (Figure

4.5). The potential reasons for these challenges are the following:

1. Mutationsinthe iDTR-transgene led to a dysfunctional iDTR, so that DT had no effect anymore.
2. The DT concentration was too low.

3. iDTR was not expressed in tdTomato-positive microglia.
| then sought to further investigate the mouse model to discover the reason for the challenges | faced.

Analysis of the GFP only and tdTom subpopulations from both DT-treated and NaCl-treated mice from
the FACS experiment revealed that recombination of the iDTR transgene was only detectable in the
GFP only subpopulations (Figure 4.7 & Table 4.3). However, | cannot exclude that PCR was not sensitive
enough to detect possible recombination of iDTR in the tdTomato subpopulations. Since both

subpopulations only consisted of 3000 to 4000 cells, a low recombination efficiency might have led to
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only a few recombined cells and hence a false-negative result. The detected signal for the GFP only
subpopulation from NaCl-treated mice corresponded to the expected length of the PCR, hence
showing that recombination of the transgene generally worked. However, upon DT-treatment, an
unspecific band was still detectable at a size of 50 bp, a potential sign for DNA fragmentation and cell
death (Figure 4.7). This indicates that iDTR was intact and that the DT-concentration used was
appropriate to induce cell death. | could further substantiate this finding by Sanger sequencing of iDTR
and did not find any mutations in the iDTR transgene of NaCl-treated mice. Upon DT-treatment, the
chromatogram obtained by Sanger sequencing showed overlapping peaks for all positions, indicating
that no intact DNA was amplified (Figure 4.8). Hence, these results indicate that the problems | faced

were likely caused by non-overlapping expression of the iDTR transgene with the tdTomato transgene.

Before After
DT DT

Figure 5.1 Death of GFP only microglia

Representative 2-Photon in vivo images of a ROl with a dying GFP only microglia from a tdTom x iDTR
mice from the young age group before (left) and four weeks after DT application (right). Note that the
tdTom-positive microglia are not the microglia closest to the dying cell but the proliferating microglia
then migrated towards the territory of the dead cell. Scale bar: 20 um

When further investigating the proliferation of tdTomato positive cells upon DT-injection, | was able
to observe disappearing microglia that were only positive for GFP. Interestingly, the GFP only microglia
that was ablated was always in close proximity to the subsequently proliferating tdTomato-positive
microglia. However, it was never the microglia closest to the dying cell (Figure 5.1). Although | did not
quantify the distance of the tdTomato-positive microglia to the dying cell further due to the small
number of observed proliferation events, this result is reminiscent of the results by Askew et al. who
found that the proliferation event mostly occurred in the second-closest microglia to the dying cell

(Askew et al. 2017). Since proliferation of tdTomato-positive microglia did not occur in the control mice
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without iDTR (from Fliger et al. 2017) an effect of DT itself could be excluded. Thus, the most likely
explanation for the proliferation is that recombination of iDTR occurred in some microglia without
recombination of the tdTomato transgene. This hinted at a stochastic process for the recombination
which would be independent for the two Cre-dependent transgenes. This would result in a random
distribution of the recombination of the transgenes. Due to the low dose of Tam, however, which
resulted in a recombination rate of only about 1 %, the probability for the recombination of both
transgenes in one cell, would be very low, so that | would most likely miss these with the limitation of
imaging only a few ROls. This stochastic process would also explain why | did not see a change in the
ratio of tdTom-positive cells in the FACS experiment, since GFP only and tdTomato-positive microglia
would be ablated at the same ratio. The absence of detectable recombination by PCR in the tdTomato-
positive subpopulation from the FACS experiment does also not contradict this explanation. Assuming
arecombination rate of 1 % for the iDTR transgene in the tdTomato-positive subpopulation, this would
lead to a total of 30 to 40 tdTomato-positive microglia that underwent recombination for iDTR, a cell

number which is likely below the limit of detection for this experiment.

Alternative to the use of iDTR, other methods for targeted cell death are 2Phatal and the use of
photosensitizers such as KillerRed. Compared to iDTR, both methods have significant disadvantages
which is why a decision against using them was made. On the one hand, 2Phatal would be ideally suited
to control which cell is targeted in any field of view and hence could be used to target tdTomato-
positive microglia (when using in the Flger et al. mice), but also to target directly neighboring GFP only
microglia and microglia further away from the tdTomato-positive microglia. This would facilitate the
observation of the reaction of a single neighboring microglia towards a dying cell in the network. On
the other hand, this theoretically high flexibility to observe microglial network homeostasis is
contrasted by the inability of Hoechst 33342 to label microglial nuclei. Thus, it cannot be used to ablate
individual microglial cells (Hill et al. 2017). Additionally, the dye needs to be applied during cranial
window surgery. Due to the inability of Hoechst 33342 to cross the blood-brain barrier, minor damages
to the barrier that occur during surgery are necessary for the dye to penetrate the brain parenchyma
and to label nuclei (Choi et al. 2011; Hill et al. 2017). After administration, the dye only stays in the
tissue for a few days (Hill et al. 2017). In order to guarantee homeostatic conditions after surgery and
to reduce the stress for the mice, my experimental schedule included a two-week recovery window
after surgery. Hence, 2Phatal was not compatible with my experiment. Similar to 2Phatal,
photosensitizers allow for more control of which cells are targeted for ablation compared to iDTR.
However, no mouse model expressing a photosensitizing protein is commercially available. Thus, the
only available option for the in vivo use of photosensitizers is the use of viral vectors. The biggest
disadvantage of using viral vectors for the delivery of genetic information to microglia is the

subsequent activation of microglia (Klichinsky et al. 2020; Rosario et al. 2016). Thus, an observation of
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the microglial network would not be possible under homeostatic conditions and was therefore not

suitable for my aims.

1.3 The distance between loxP sites

The most likely explanation for the unsuccessful ablation of tdTomato-positive microglia is, that
recombination of the two transgenes did not occur in the same cell. Hence, the majority of cells that
underwent Cre-mediated recombination only had one recombined transgene, either tdTomato or
iDTR. Contrary to our expectations, recombination did not take place at all or only rarely took place for
both transgenes within one microglia and was thus not detected by my experiments. | hypothesize
that Cre recombination for two transgenes is a stochastic process, meaning that even if Cre-mediated
recombination takes place for one transgene, this does not influence the probability of recombination
for the second transgene. In my experimental set-up, in which | aimed for a recombination rate of 1
%, this would be especially meaningful. In numbers, an entirely stochastic process for the
recombination would mean that 0.01 % of all microglia were expressing both transgenes. For in vivo
imaging, this would mean that only 1 % of tdTomato-positive microglia would also express iDTR. Hints
that this hypothesis is true, although not proven, are the PCR band for iDTR recombination in the GFP
only subpopulation of microglia and the proliferation of some tdTomato-positive microglia upon DT
injection which did not occur in the control animals. Hence, DT-iDTR interaction led to a proliferation

event which is only explainable by cell death of a GFP only microglia.

A further problem of the experimental design was the difference between the distances between the
two loxP-sites flanking the respective STOP-cassettes. For tdTom the distance between the two loxP-
sites was only 0.9 kbp, while for iDTR the distance was 3.8 kbp. Several groups reported that the
distance between the loxP-sites influences the leakiness and recombination efficiency of the
transgenes (Faust et al. 2023; Glaser, Anastassiadis, and Stewart 2005). The shorter the distance, the
leakier the transgene, meaning the more recombination occurs without Tam-induction of Cre-
recombination. Furthermore, the shorter the distance between the loxP-sites, the higher the
recombination efficiency. For us, this means that the recombination rate for tdTom was higher than
for the iDTR transgene. Since | adjusted the dose of Tam according to the recombination rate of tdTom,
the recombination rate of iDTR was likely even lower than 1 %, making it even more unlikely to find
cells with recombination of both transgenes. However, increasing the dose of Tam would not solve
this problem because the recombination rates for tdTom and iDTR would always be different and thus
would always lead to many tdTom-positive microglia that would not express iDTR. The best possibility
to avoid this problem is the use of fusion proteins, in which iDTR is fused to the fluorescent reporter
so that identification of the target cell is always possible. Several years ago, a group published a mouse

model for Cre-dependent expression of iDTR fused to mCherry under the control of the CSF1R
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promoter (Schreiber et al. 2013). In combination with lbal-EGFP and CD11b-Cre, this triple transgenic

mouse model could be an alternative option for future in vivo studies.

2 Development of a novel chimeric in vitro model to investigate
human microglial network homeostasis and neurodegeneration

The first part of this study proved a general problem of in vivo experiments. They usually require a high
investment of resources such as animal numbers and time. However, when they fail, in vivo
experiments do not allow for quick, flexible adjustments to the same extent as in vitro experiments
due to official regulations for animal experiments (in Germany). In contrast to that, in vitro experiments
can be modified and adapted to fit different purposes more easily. For example, my laboratory
published OBSC models that mimic AD-like or PD-like pathology and can both be performed on a WT
mouse background (Barth et al. 2021; Novotny et al. 2016). However, in the microglia field, several
publications showed drastic differences between microglia in vivo and in vitro (Bennett et al. 2018;
Gosselin et al. 2017). Thus, the more in vivo-like a model system is, the more relevant its results are
for microglia research. Additionally, there are well known differences between human and mouse
microglia, especially in the context of neurodegenerative diseases (Geirsdottir et al. 2019; Hasselmann
and Blurton-Jones 2020; Mancuso et al. 2019; Masuda et al. 2019). Several human microglial risk genes
for neurodegeneration do not have a proper mouse ortholog (Hasselmann and Blurton-Jones 2020;

Mancuso et al. 2019).

The current methodological spectrum in microglia research comprises various in vitro models ranging
from immortalized cell lines to 2D and 3D models using human iPSC-derived microglia which however
show a strong in vitro phenotype. Furthermore, more complex 3D models, namely OBSC, can closely
mimic complex cell-cell interactions in the brain but are almost entirely generated from rodents. On
the other hand, the recent development of chimeric mice with xenotransplanted iPSC-derived
microglia allowed for the first time the study of human microglia in an in vivo environment
(Hasselmann et al. 2019; Mancuso et al. 2019). For this reason, these mice are one of the most relevant
model systems to study microglia. Yet, a major drawback of chimeric mice is that they need to be
immunodeficient to allow for xenotransplantation and thus limit their lifetime and complicating their

housing conditions.

Despite current model systems covering a broad range of complexity and relevance, a need for an in
vitro model system of human microglia with a microglial phenotype as close to in vivo as possible was
identified. A recent publication attempted the generation of chimeric hippocampal slice cultures by
transplanting iPSC-derived microglia onto HSC but only showed data for 14 DIV (Ogaki, Ikegaya, and

Koyama 2022). In order to be able to study microglia over a longer period of time than the previous
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study, mouse OBSC as the in vitro system with the highest complexity of cell-cell interactions was used
and combined with human iPSC-derived microglia by replacing endogenous mouse microglia with
human microglial precursors to generate CSC. The generation, characterization and validation of this
novel model system as well as two applications in the context of microglial homeostasis and

neurodegeneration will be discussed in the following.

2.1 Chimeric slice cultures as a model to study microglia

First, in order to generate CSC, a niche was created by depleting endogenous mouse microglia for
engraftment of iPSC-derived microglial precursors, similar to what is done in some xenotransplantation
models (Fattorelli et al. 2021; Mancuso et al. 2019). Engraftment without previous depletion of mouse
microglia led to a grafting efficiency of less than 10 %. When using continued depletion throughout
the entire experiment, 93 % of microglia in CSC were of human origin (Figure 4.10). Interestingly, when
only depleting for one week after engraftment of the precursors or stopping depletion of endogenous
mouse microglia at a later time point of the experiment, endogenous mouse microglia reemerged and
suppressed human microglia (data not shown). This phenomenon is in contrast to xenotransplanted

mice that only need a one-time depletion of microglia and will be discussed later (see section V.2.2).

The most commonly used method to deplete microglia in vitro and in vivo is PLX3397, a small molecule
inhibitor of CSF1R. PLX3397 and Clodronate were also the methods of choice to deplete endogenous
microglia by Ogaki et al. However, PLX3397 seemed to totally prevent human microglia integration
while Clodronate depletion resulted in 80 % replacement of mouse microglia by human microglia
(Ogaki et al. 2022). However, to generate a suitable model system to investigate human microglia, the
aim was to achieve a full exchange of microglia. The results by Ogaki et al. showed the necessity to
specifically deplete mouse microglia without affecting human microglia, thus making the use of
PLX3397 and other unspecific CSF1R-inhibitors impossible for the aims of this thesis. Hence, a mouse-
specific anti-CSF1R antibody was used which made differentiating human microglia while
simultaneously suppressing mouse microglia possible. Another major advantage of using an anti-CSF1R
antibody as compared to PLX3397 is the high specificity of the antibody which avoids off-target effects
that usually occur by the action of PLX3397 on other receptors than CSF1R. Additionally, one of the
major drawbacks of the use of antibodies for microglia depletion, a lacking penetration of the blood-
brain-barrier, is not relevant for an in vitro model system. This is because the antibody can be applied
directly to the CSC via supplementation into the medium without the need to pass a blood-brain
barrier. Depletion of mouse microglia with an anti-CSF1R antibody is similarly efficient as PLX3397 and
depletes 85 % of microglia within a week and more than 90 % within two weeks (Figure 4.9) (Green et
al. 2020). In line to published results for PLX3397 or PLX5622 (Elmore et al. 2014; Huang et al. 2018), a

small microglial population remains that is resistant to CSF1R inhibition and is able to repopulate the

112



Discussion

slice culture within a week. Due to limited collection of different time points, however, the previously

described ‘overshoot’ phenomenon during repopulation events was not observed.

As described above, a need for a model that bridges the gap between current in vitro models and
chimeric mice with xenotransplanted microglia was identified. One of the biggest challenges when
working with iPSC, especially in more complex 3D models, is the lack of reproducibility and high
variability between different cell lines (Stoberl et al. 2023). For CSC, three different iPSC lines and two
different protocols for the generation of microglia precursors were tested and robust integration for

all conditions was shown (Figure 4.11). This highlights the reproducibility of this approach.

2.1.1 Morphology and functionality of iMics in chimeric slice cultures

The most important characteristic of a model system is that it needs to mimic the ‘real’, i.e. the in vivo
situation, as closely as possible. For microglia models, the most relevant properties of a model by which
it is evaluated are morphological characteristics of microglia, their network organization, their
functionality under homeostatic conditions and under pathology-like stimuli and lastly their

transcriptional phenotype.

The comparison of morphological parameters between studies, especially for human tissue, is difficult.
Hence, it isimportant to use appropriate controls in these experiments to obtain good reference values
for the analysis. The morphology of microglia is not only influenced by the activation status of
microglia, for which it has been used as a read-out, but is also influenced by other, less controllable
parameters. Geirsdottir et al. showed that the morphology of microglia is different between species
but also between different brain regions within a species. For example, the number of branch points
in the human cortex and hippocampus is almost double compared to the cerebellum (Geirsdottir et al.
2019). Additional parameters influencing the morphology of microglia and its analysis are sample
preparation, differing analysis pipelines and software and most importantly for human tissue the post-
mortem delay. Post-mortem delay has been shown to induce transcriptional changes in microglia and
hence could also influence microglial morphology (Heng et al. 2021). The results of this thesis were not
affected by post-mortem delay since human ex vivo tissue was obtained from brain surgery and hence
the tissue could be fixed immediately to obtain a ‘gold standard’ as a reference. However, the scarce
availability of human tissue only allowed for the analysis comparison of microglia in the prefrontal
cortex to microglia in the hippocampus in CSC. Nevertheless, very similar morphological properties of
human iMics in CSC, mouse microglia in HSC and human microglia ex vivo were found, proving
successful morphological differentiation and maturation of human iMics in CSC towards a highly
ramified microglial appearance (Figure 4.12). Additionally, a morphological maturation of human iMics
in CSC over time towards a more ramified phenotype for all analyzed morphological parameters was

detected. Conversely, morphological differences between human microglia ex vivo, human iMics in
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CSC and mouse microglia in HSC were not observed. Similarly, it was not possible to determine if
human iMics in CSC are morphologically closer to human microglia ex vivo or mouse microglia in HSC.
What eventually determines the morphological appearance of microglia is not known, is it the species
and region they are derived from or is the local environment that differs between species and brain
regions, although some evidence suggests that it could be a combination of both (Bennett et al. 2018).
The study by Geirsdottir et al. was one of the studies with the most detailed information about
microglial morphology across species and brain regions and includes data from microglia in the human
and mouse hippocampus (Geirsdottir et al. 2019). iMics in CSC are less ramified compared to human
and mouse microglia in the hippocampus (Geirsdottir et al. 2019), potentially indicating a more
activated or primed and less homeostatic phenotype of iMics in CSC. Decreased homeostatic
morphology in CSC, however, could be interpreted as an in vitro phenotype of microglia, although it is
only minor compared to other 2D and 3D in vitro models to investigate microglia. However, the results
of the previously mentioned study also differed from the results of this thesis for human microglia ex
vivo, hence raising the question if the observed differences between the published results and iMics
in CSC are more likely due to differences in the methodology and not due to an activation phenotype

or a lack of microglial maturation.

In addition to microglial morphology, the network organization of iMics in CSC was also analyzed by
analyzing the nearest neighbor distance (NND) and the microglial number per volume. Similar to the
morphological analysis, no differences between iMics in CSC and the other experimental groups were
detected (Figure 4.12). Thus, iMics in CSC not only morphologically resembled human microglia ex vivo,
but also had a similar network organization. Yet, microglial NND values from the literature usually are
in the range between 40 and 50 um in the brain compared to 30 — 35 um in CSC (Barry-Carroll et al.
2023; Hefendehl et al. 2014; Mancuso et al. 2019). Age differences between 1.5 months old CSC and
three-week-old mice in Barry-Carroll et al. and three-month-old mice in Hefendehl et al., could explain
the differences. Barry-Carroll et al. for example showed that the NND decreases during development
between the embryonic stages and p21. Hefendehl et al. on the other hand showed a decrease of the
NND with ageing, hence mapping iMics in CSC to an ageing or activated phenotype. However, since
this difference was also detected for human microglia ex vivo as ‘gold standard’, methodological
differences could again explain the minor differences. In contrast to the other studies, neither HSC nor
CSC nor the human tissue slice were cut before staining and imaging so that tissue of 250 — 300 um
thickness was mounted compared to 25 to 80 um thin sections in other studies. During this process,
the compression of the tissue by the coverslip might be higher for thicker tissue and hence artificially
reducing the NND for iMics in CSC. Since NND and the density of microglia are inversely correlated,
similar results were obtained for the comparisons of the microglial density. Although quite similar to

the published density of microglia in the mouse hippocampus (5990 microglia/mm3), the density of
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iMics in CSC (7600 microglia/mm3) was slightly increased (Keller et al. 2018) (Figure 4.12). Like before,

this could be a possible hint at a primed or aged phenotype of iMics in CSC.

In addition to read-outs obtained post-fixation, functional characteristics of iMics in CSC were also
assessed by 2-Photon live cell imaging. iMics in CSC were shown to actively monitor their territory and
respond to a functional laser injury to a similar extent as mouse microglia in HSC (Figure 4.13). Both
methods and experimental readouts are commonly used to assess microglial functionality. Again,
absolute comparisons to other studies are difficult due to differences in analysis pipelines and the used
software for process tracking. Thus, comparisons of iMics in CSC with endogenous mouse microglia
functionality are most important. Furthermore, qualitative assessment of the homeostatic process
movement and the injury reaction revealed high similarities between iMics in CSC and published
results (Hasselmann et al. 2019; Hefendehl et al. 2014). During homeostasis, iMics in CSC have a
stationary soma and only move their processes, similar to what has been described in vivo. Similarly,
microglia only move their processes but not their soma to the injury site upon focal laser injury within

minutes.

Lastly, both chronic and acute LPS stimulation induced a broad cytokine response, including secretion
of TNFa, IL1B, IL6 and IL8 (Figure 4.14). Despite LPS not being a physiological stimulus of microglia in
the brain, it is commonly used as a proof-of-principle experiment due to the strength of the
stimulation. The broad cytokine response of iMics in CSC to LPS is in line with results from primary
microglial cell culture. In contrast to this, immortalized microglial cell lines are not able to elicit such a
broad response and usually only secrete one or two cytokines upon stimulation (Ahn et al. 2008; Nagai
et al. 2001; Timmerman et al. 2018). Furthermore, acute 24h stimulation with a high dose of LPS
elicited a stronger response for all measured cytokines than a lower dose chronic stimulation for 7
days. Possible explanations for this are the higher dose of the acute stimulus or tolerance mechanisms
induced by the chronic stimulation and could be further investigated by adjusting concentrations and

extending the panel of tested cytokines, including anti-inflammatory cytokines (Wendeln et al. 2018).

Besides the performed functional experiments, microglia have several more, important functions
under homeostatic conditions that were not further investigated in this thesis. This comprises
phagocytic capability including the phagocytosis of synapses and neuronal debris, functionality of the
complement system and antigen presentation. Testing for these functions, however, would have
exceeded the scope of this thesis and usually is not performed in similar studies, such as in the first
studies describing chimeric mice with xenotransplanted microglia (Hasselmann et al. 2019; Mancuso

et al. 2019).
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2.1.2 Transcriptional profile of iMics in chimeric slice cultures

Transcriptional profiling of microglia is a widely used method to determine microglial phenotypes.
Here, scRNAseq was performed to characterize the transcriptional profile of iMics in CSC regarding
their homeostatic profile and developmental age. However, due to time constraints, analysis on a
single cell level including clustering and pseudo-time analysis was not yet finished when this thesis was
written so that the different experimental groups were only analyzed as a bulk. Once completed, single
cell analysis will reveal the heterogeneity of the iMics population in CSC in order to see how well

different subclusters of microglia that exist in vivo are recapitulated by this novel model system.

We found that iPSC-derived microglial precursors highly expressed genes associated with proliferation,
iMics in CSC at 3 and 6 weeks in vitro, showed a pronounced homeostatic signature and at 11 weeks
of age, a signature similar to the described IRM phenotype was found (Olah et al. 2020; Sala Frigerio
et al. 2019) (Figure 4.15). The homeostatic microglial signature at 3 and 6 weeks in culture included
high expression of key homeostatic markers P2RY12, CX3CR1 and CSF1R. Additionally, expression of
the microglia specific marker OLFML3 was shown, identifying iMics in CSC as microglial cells and
distinguishing them from other tissue-resident and circulating macrophages. Besides their
homeostatic markers, iMics expressed genes involved in important microglial functions at low levels.
This included phagocytosis, complement, inflammasome and antigen presentation. However, the
expression of other important microglial markers such as TMEM119 and Sall1 (data not shown) could
not be detected. In contrast to that, | could show TMEM119 protein expression in iMics by
immunofluorescent staining (Figure 4.12 D). Hence, the sequencing depth of scRNAseq was most likely
too low to detect expression of these genes and possibly could be shown by more sensitive bulk RNA
sequencing. Nevertheless, TMEM119 and Salll seemed to be only lowly expressed. This could be a hint
that at this timepoint, iMics in CSC were not yet fully matured and rather corresponded to
developmental stages of microglia. Although no direct comparison was performed so far, iMics in CSC
seemed to differentiate into more in vivo-like microglia in comparison to other in vitro models due to

the high expression of the key homeostatic markers.

Between 6 and 11 weeks in vitro, however, transcriptional profiling revealed a major shift in gene
expression. At 11 weeks, homeostatic markers were strongly downregulated, and genes involved in
antigen presentation, inflammasome, complement and phagocytosis were highly upregulated.
Furthermore, genes involved in lipid metabolism, i.e. APOE and other genes previously associated with
the DAM signature were found to be upregulated as well as genes associated with an increased
interferon response. The detected gene expression changes were in line with the IRM phenotype
which was described for human and mouse ageing (Olah et al. 2020; Sala Frigerio et al. 2019). This

raises the question if CSC undergo accelerated ageing due to culturing conditions. In 2022, a group
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published that brain ageing is modelled in OBSC based on the upregulation of genes related to cellular
senescence (Liu et al. 2022). The reported changes already occurred after 8 weeks in vitro and thus
could explain the observed ageing phenotype for iMics after 11 weeks. However, according to these
data, a strong ageing phenotype was already detectable at 8 weeks, suggesting that age-related
changes should be visible already at 6 weeks, which were not detectable in CSC. A possible explanation
for this discrepancy is that the generation of CSC requires depletion of microglia directly from the
beginning and is thus limiting the formation of a glial scar. Since the glial scar is characterized by strong
microgliosis and astrogliosis, a reduction of inflammatory cytokines is probable in CSC (Grabiec et al.
2017). Since inflammation is one of the hallmarks of ageing, the reduction of the glial scar in CSC could

have a beneficial effect and delay ageing of the slice culture by a few weeks (Ferrucci et al. 2020).

Overall, transcriptional profiling of iMics in CSC revealed that CSC are indeed filling the gap between
current in vitro and in vivo systems to study microglia because iMics adapt a homeostatic, in vivo-like
transcriptional profile. As a more complex in vitro model, they also offer the opportunity for low-
throughput screens. The potential accelerated ageing of CSC is especially interesting for
neurodegeneration research as age is the most important risk factor for the development of these

diseases. This aspect, however, first needs to be further investigated.

2.2 iMics in chimeric slice cultures are independent of supplementation
with human cytokines

The methodology of CSC and chimeric mice with xenotransplanted microglia is very similar. For the
generation of iPSC-derived microglia, similar protocols are used (Fattorelli et al. 2021; Hasselmann et
al. 2019; Mancuso et al. 2019). Depending on the protocol for chimeric mice, both methods rely on
the depletion of endogenous microglia to create a niche for the integration of human iPSC-derived
microglial precursors (Fattorelli et al. 2021; Mancuso et al. 2019). Other protocols for the generation
of chimeric mice, however, do not deplete endogenous microglia (Hasselmann et al. 2019; Svoboda et
al. 2019). Depending on which of the different immunodeficient mouse models is used, grafting
efficiency in these mice ranges from 20 % to 80 % of total microglia in the mouse brain (Fattorelli et al.
2021; Hasselmann et al. 2019; Svoboda et al. 2019). By permanently depleting endogenous mouse
microglia in CSC with a mouse specific anti-CSF1R antibody, a 97 % exchange of mouse microglia with
human iMics was achieved which was stable for several weeks and thus higher compared to the
grafting efficiency of current xenotransplantation mouse models (Figure 4.12 C). A recent publication
used a similar approach for chimeric mice. The authors discovered a PLX3397-resistant CSF1R variant
to continue depletion of endogenous microglia even after engraftment (Chadarevian et al. 2022).
Besides the relevance of this mutation for xenotransplantation models, this study also opens up new

possibilities for therapeutical approaches for neurodegenerative diseases and other diseases in which
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microglia play a crucial role. Replacing microglia in the human brain with engineered microglia could
help to correct disease-associated mutations such as TREM2 variants for AD or Nasu-Hakola disease.
Since an existing microglial network does not allow for the efficient xenotransplantation of microglia,
this approach was so far impossible (Abud et al. 2017). A PLX3397-resistant CSF1R variant, however,
would make depletion of endogenous microglia possible without affecting the engineered microglia

that are engrafted (Chadarevian et al. 2022).

The biggest difference between CSC and chimeric mice, however, is the supplementation of human
cytokines to the system. CSC can be generated and sustained without further supplementation of
human cytokines such as hCSF1 or hiL34. In contrast to this, all published protocols for the generation
of chimeric mice use mice with humanized knock-in alleles for at least hCSF1 (Fattorelli et al. 2021;
Hasselmann et al. 2019; Mancuso et al. 2019; Svoboda et al. 2019). This is based on the current dogma
inimmunology that the mouse cytokines mCSF1 and mIL34 cannot bind to the human receptor hCSF1R
which is crucial for microglial differentiation, maturation and survival (ElImore et al. 2014; Rathinam et

al. 2011; Sieff 1987).

2.2.1 The role of CSF1R for microglial differentiation and survival

Due to these differences, further investigations were necessary to determine how iMics are capable
to differentiate into microglia and survive in CSC without any human cytokines. To this end, iPSC lines
were used that are heterozygous or homozygous for a loss-of-function mutation in CSF1R, as well as a
CSF1R KO line based on an isogenic background. CSF1R signaling was shown to be crucial for the first
steps of differentiation from iPSC to microglial precursors. In these steps, the cells were still treated
with hCSF1 and hIL3. While mesodermal induction and EB formation were successful independent of
CSF1R background, only the WT and CSF1R*/#633¢ heterozygous line were able to produce proper iMic

RE633K/EE33K 3 the CSFLR KO line seemed to be stuck in an earlier

precursor cells. The homozygous CSF1
differentiation step and only produced smaller, less differentiated precursor cells that were neither
able to integrate and further maturate in CSC nor to differentiate in monoculture (Figure 4.21). Hence,
the most interesting line for further observations was the CSF1R*/€633 heterozygous line as it was able
to produce morphologically normal iMic precursors that successfully integrated into CSC at 7 DIV.
Accordingly, hCSF1 in the differentiation medium provided a strong enough cue for differentiation in
vitro. Upon grafting, it was not possible to determine if remaining hCSF1 from the differentiation
medium supported the successful integration of iMics into CSC or if the endogenous mouse cytokines
induced CSF1R signaling. However, iMics on a CSF1R* 33K heterozygous background were not able to
survive until 28 DIV, in contrast to the isogenic WT control, demonstrating the need for intact CSF1R

signaling in CSC (Figure 4.22). Thus, the importance of CSF1R signaling for microglial differentiation

and survival was confirmed in line with the existing literature (Elmore et al. 2014).

118



Discussion

2.2.2 Cross-species interaction of CSF1 and CSF1R

With this approach, however, it was impossible to determine how CSF1R signaling is induced in CSC.
CSF1IR has two known ligands, CSF1 and IL34. According to a blastp alignment
(https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE=Proteins), the sequence identity of hCSF1 and mCSF1
as well as of hiL34 and mIL34 is each only about 70 %, making it reasonable to assume that cross-
species binding affinity of the cytokines with CSF1R might be impaired but not necessarily fully
depleted. This might also explain the differences between chimeric mice and CSC. In their paper
describing the development of chimeric mice with xenotransplanted microglia, Hasselmann et al.
further investigated the necessity of hCSF1 knock-in for their mice. A lack of hCSF1 expression led to a
total failure of integration of human microglia into the mouse brain. By heterozygous expression of
hCSF1 they could show a dose-dependent effect as a partial survival of human microglia was
observable (Hasselmann et al. 2019). For the homozygous hCSF1 knock-in, this suggests that the
presence of hCSF1 provides human microglia with a competitive advantage over mouse microglia, but
the presence of mouse microglia also shows that murine microglia can differentiate and survive in the
presence of hCSF1, demonstrating cross-species binding of hCSF1 and mCSF1R or strong enough

signaling via miL34.

In CSC, similar conditions were tested but then an inverse approach was used. When endogenous
murine microglia were not depleted, neither integration nor survival of human iMics in CSC was seen
(Figure 4.10 C). This corresponds to the experiment by Hasselmann et al. in which the mice did not
express hCSF1 (Hasselmann et al. 2019). The murine microglia in this scenario have a competitive
advantage over human microglia due to their assumed higher binding affinity to mCSF1 so that human
microglia cannot integrate and differentiate in the slices. Instead of using homozygous hCSF1
expression to provide human microglia with a competitive advantage over mouse microglia, mouse
microglia were continuously depleted in CSC. In the absence of mouse microglia, the lower binding
affinity of mCSF1 to hCSF1R would not play a major role and would still suffice to induce CSF1R
downstream signaling for iMic differentiation and survival. This hypothesis would also explain why a
stop of the depletion in CSC led to a repopulation of the murine microglia that replaced the already
integrated human iMics (Figure 4.10 C). Although only a few murine microglia remain after depletion,

they then have a competitive advantage over human iMics once the depletion is stopped.

This hypothesis is also supported by the recent publication that attempted to develop CSC. Similar to
us, the authors also used WT mice and depleted the endogenous mouse microglia. However, instead
of depleting throughout the entire experiment with a mouse specific anti-CSF1R antibody, they
depleted the endogenous microglia with PLX3397 or Clodronate. Of the two methods, Clodronate

provided the more efficient depletion and resulted in a grafting efficiency of about 80 %, while PLX3397
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prevented integration of human microglia, likely due to remaining substance in the tissue. Additionally,
after grafting, the slices were supplemented with hCSF1, hence providing human microglia with
enough trophic support to not be replaced by remaining murine microglia (Ogaki et al. 2022). This
approach resembles the heterozygous hCSF1 mice of the Hasselmann et al. study in which neither
human nor mouse microglia had a competitive advantage, resulting in lower grafting efficiency for

human microglia compared to the homozygous knock-in mice (Hasselmann et al. 2019).

Interestingly, models for chimeric mice with xenotransplanted microglia only rely on hCSF1 knock-in
but do not require the expression of hiL34. An important difference between the two ligands is their
expression pattern. CSF1 is mostly expressed by astrocytes, oligodendrocytes and microglia while IL34
is mainly expressed by neurons leading to regional differences in the expression (Badimon et al. 2020;
Easley-Neal et al. 2019). CSF1 is mainly expressed in the white matter, while IL34 is mainly expressed
in the gray matter. Despite low levels of hCSF1 and only miIL34 present in the gray matter,
transplantation of microglia in the gray matter is as efficient as in the white matter in chimeric mice
(Hasselmann et al. 2019; Svoboda et al. 2019). This indicates that mlIL34 is indeed able to bind hCSF1R
at a normal level and that cross-species binding to CSF1R is only impaired for CSF1 but not for IL34. For
CSC, this would mean that trophic support for iMics is at a normal level in the gray matter areas of the
hippocampus and potential low affinity binding would only occur in the white matter areas.
Nevertheless, iMic integration and survival in CSC is very homogenous and no obvious impaired

integration is observable for certain areas.

In order to further investigate cross-species binding of CSF1R and its ligands, more detailed
biochemical assays are necessary. First, receptor-ligand binding assays could reveal differences in the
affinity of the receptor-ligand binding. Second, activation of downstream-signaling of CSF1R could be
assessed by Western Blot analysis of phosphorylated CSF1R and other downstream targets such as
phosphorylated ERK which only occurs upon activation of the receptor (Liu et al. 2012; Stanley and

Chitu 2014).

2.3 Chimeric slice cultures to model neurodegenerative diseases

A major advantage of CSC is that they are independent of the mouse model. No matter which model
needs to be used for an assay, mouse microglia can be replaced by human iMics as described. Hence,
CSC can be combined with existing mouse OBSC models for various neurological conditions. Current
models involving the use of OBSC include neurotoxicity assays and small-scale screening as well as
models for neurodegenerative diseases such as tauopathies, prion disease, AD and synucleinopathies
(Croft et al. 2019; Falsig and Aguzzi 2008; Humpel 2015). An important caveat for the combination of
CSC with neurodegenerative disease models is that microglial replacement should be performed

before pathology induction if possible. The reason for this is that plaque-associated microglia in a
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mouse model of AD were reported to be less dependent on CSF1R signaling and hence could not be
depleted by PLX5622 (Spangenberg et al. 2019). Induction of pathology including a disease-associated
microglial phenotype before microglial replacement could thus impair the efficiency of the

replacement.

In my laboratory, we established OBSC-based models for AD-like amyloid plaque formation and asyn-
seeding induced synucleinopathy (Barth et al. 2021; Novotny et al. 2016). As a proof-of-principle
experiment, a combination of CSC with our previously established, seeded model for synucleinopathy
was performed to demonstrate the variability of CSC. To this end, HSC are seeded with synthetic asyn-
pff. For our model of synucleinopathy, we demonstrated that HSC prepared from both WT and A53T-
asyn transgenic mice can be used. A53T mice are characterized by the overexpression of human asyn
with the A53T mutation that makes asyn more aggregation-prone. The mice suffer from prominent
motor symptoms and have neuronal asyn inclusions reminiscent of the inclusions occurring in PD (van
der Putten et al. 2000). Consequently, seeding of A53T-transgenic HSC accelerates and enhances the
development of asyn inclusions. Seeded A53T cultures develop prominent asyn inclusions within a
week. In contrast to that seeded WT cultures need five weeks to develop a similar amount of asyn
inclusions (Barth et al. 2021). Seeding of WT cultures hence serves as a more physiological, slower way
of inducing synucleinopathies in HSC while A53T cultures are suitable for experiments for which fast
and/or strong aisyn pathology is necessary. Despite the midbrain being the most affected brain region
in PD, the use of the hippocampus as brain region of interest for the generation of a model for seeded
synucleinopathies has two major advantages. First, the organization of the hippocampus with axonal
connections that are outside the hippocampus only to and from the entorhinal cortex. This limits
axonal damage during the preparation procedure and thus reduces synaptic rearrangement (Gahwiler
et al. 1997). Second, the well-known axonal connections within the hippocampus facilitates the
investigation of mechanisms of spreading alongside axonal connections as demonstrated in Barth et
al. Nevertheless, neuronal pathology and specific susceptibility of dopaminergic neurons cannot be

modeled in HSC and are thus a disadvantage.

2.3.1 Microglial inclusions in chimeric slice cultures with synucleinopathy

In another recent publication of the laboratory, we discovered prominent microglial inclusions in
transgenic mouse models of PD (Tanridver et al. 2020). We were also able to model these inclusions
in our seeded synucleinopathy HSC model. However, five weeks after seeding, microglial inclusions
were only prominent in seeded A53T HSC and almost completely absent in seeded WT HSC (Barth et
al. 2021). Most likely, due to the delayed time course of WT cultures, they would nevertheless occur
at some point in WT slices as well. Nevertheless, to test if human microglia would also develop asyn

inclusions in seeded CSC, | used CSC based on the A53T background to obtain a stronger induction of
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asyn pathology. | seeded A53T-CSC at 14 DIV with asyn-pff and quantified microglial inclusions three
and five weeks after seeding. In order to visualize microglial inclusions, asyn inclusions were stained
with the amyloid-binding dye hFTAA. Then, co-localizing signal of hFTAA with microglial lbal was
quantified. First, | found several microglia that had typical asyn inclusions (Figure 4.18 B). These
inclusions are typically non-compact structures that are positive for hFTAA. Their size can range from
almost non-detectable to soma-sized and with higher resolution microscopes these inclusions appear
wool-like, indicating a filamentous structure of the inclusions (Tanriover et al. 2020). In Tanriover et
al., my laboratory could show that microglial inclusions are C-terminally truncated and therefore not
detected by pS129-staining. Thus, it is possible that the inclusions are derived from phagocytosed
material that can only partially be digested by microglia and then accumulates within microglia. The
asyn inclusions within microglia are thus comprised of the N-terminus and the NAC-domain of asyn
(Tanriover et al. 2020). The C-terminus of asyn is thought to protect the NAC-domain from
fibrillization, suggesting that C-terminal truncation of asyn by microglia could have effects on the
aggregation propensities of asyn (Gallardo, Escalona-Noguero, and Sot 2020). The C-terminal
truncation of asyn in microglia and the resulting lack of the epitope for the binding of pS129-antibodies
that are widely used to detect asyn pathology could also be a reason why microglial inclusions have

been overlooked so far.

Second, | found that the percentage of iMics that were positive for asyn inclusions doubled from three
to five weeks post seeding. Moreover, the relative volume of LCO-signal within iMics increased four-
fold, demonstrating that microglial inclusions are not only derived from the seeded material but also
from ongoing pathology within the tissue, similar to what we showed in regular HSC (Barth et al. 2021)
(Figure 4.18 C, D). Additionally, this showed that asyn within microglial inclusions is not only
redistributed between microglia to share the burden, as suggested by Scheiblich et al. (Scheiblich et
al. 2021), but that more asyn is incorporated into microglial inclusions. The most likely assumption for
the origin of microglial asyn inclusions is that it is phagocytosed material from neurons that is then
processed and C-terminally truncated within microglia, but not fully degraded and thus accumulates.
This is supported by the time-delay between the occurrence of pS129-lesions and microglial inclusions
(Barth et al. 2021). A second possibility is that asyn inclusions are additionally amplified in microglia.
Microglia were shown to express low levels of asyn which could also be incorporated into microglial
inclusions (Austin et al. 2006; Zhang et al. 2016). This could be tested by using asyn knock-out iMics in

the same experiment as described above.

Besides the origin of microglial inclusions, another open question is what happens in the event of
microglial cell death. A permanent increase in the amount of LCO-positive signal within microglia

would eventually lead to an ‘overloading’ of microglia with asyn inclusions. Although Scheiblich et al.
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showed that microglia are able to share their asyn-burden via nanotubes which reduces the
inflammatory signature and cytotoxicity, it is unclear how microglial inclusions are processed within
microglia (Scheiblich et al. 2021). How much asyn can be degraded by microglia? Are microglial
inclusions eventually released via exosomes? Once coping mechanisms such as degradation,
exocytosis of asyn or direct transfer to asyn-inclusion naive cells via nanotubes are exhausted, the
increasing amount of cytotoxicity would most likely lead to microglial death and the microglial
inclusions would be released into the extracellular space. However, asyn has so far only been
described as intracellular inclusions in the form of Lewy bodies and Lewy neurites, but not in the
extracellular space (Spillantini et al. 1997). There are two major questions that influence the relevance
of this hypothesis. First, are microglial inclusions occurring in PD patients and if so to an extent that
this hypothetical situation of microglial ‘overload’” would occur or is the amount of asyn pathology in
the used slice culture system too artificial and too high? Second, what is happening in case asyn
inclusions are released into the extracellular space? Is the released material capable to induce further
seeding and spreading of the disease or is it just phagocytosed by another microglia that is able to
degrade it, at least partially? To answer these questions, human PD tissue needs to be studied further
in order to determine the extent of microglial inclusions in the human disease. Furthermore, isolation
and amplification of the microglial seeds with subsequent seeding of HSC with these microglial seeds
will help to determine the role of microglia in the spreading of asyn pathology. Lastly, the role of
microglia in the spreading of asyn pathology can also be studied by live cell imaging of microglial

inclusions in combination with organelle tracking.

2.3.2 Response of iMics in chimeric slice cultures with synucleinopathy

Besides the presence of microglial inclusions, the response of iMics to the seeded synucleinopathy was
also characterized. To achieve a less artificial pathology, WT CSC that have slower disease progression
compared to A53T CSC were used. The cytokine profile of iMics in CSC showed peaks after 48 hours
for all four tested cytokines but then came back to baseline levels, except for IL8, for which
concentrations stayed slightly elevated over the following weeks (Figure 4.19). In PD, CSF levels for
TNFa, IL13 and IL6 are increased (Joers et al. 2017). Serum IL8 is positively correlated with disease
severity in PD patients, while in CSF, IL-8 levels show a higher variability over the day compared to
healthy controls (Eidson et al. 2017). Due to the comparably high volume of the slice culture medium
(1.2 ml / well), it is reasonable to assume that the dilution of TNFa, IL1p and IL6 was so high that
potential elevated levels were not detectable anymore when compared to the control. A possible
solution for this problem would be to culture slice cultures on smaller inserts that are designed for 24-
well plates. In other experiments in my laboratory, we used the smaller inserts with a culture medium

volume of 300 ul for one slice per insert, but smaller volumes of down to 200 ul might be possible to
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use. In our regular 6-well plates we use 400 pl per slice, so that using 24-plates with small inserts would

significantly increase all cytokine concentrations.

A strong initial cytokine reaction compared to a weaker chronic reaction for all cytokines is similar to
previous observations for acute and chronic LPS stimulation of CSC. However, the reasons for this
might be different. Additionally, the cytokine reaction to asyn-pathology was much weaker compared
to LPS (Figure 4.14). For the LPS stimulation, a high concentration was used that was hypothesized to
elicit a strong response as proof-of-principle experiment. For the induction of synucleinopathy,
however, a WT background was selected for the CSC generation that led to a slow, less artificial disease
progression compared to more severe models such as A53T slices. Hence, the stimulation of microglia
by asyn is expected to be smaller. The initial peak of the asyn experiment is most likely derived from
the reaction to the initial seed. After the initial seed is processed, the subsequent progression of the
pathology is much slower and thus does not reflect an immune tolerance mechanism as suspected for

LPS.

Furthermore, five weeks after seeding, profound microgliosis demonstrated by higher iMic densities
compared to untreated CSC was observed, a finding which is similar to the findings in PD (Joers et al.
2017; Smajic¢ et al. 2022) (Figure 4.18 A). At this timepoint, scRNAseq analysis was performed and the
transcriptomic profile was compared to the baseline situation before seeding and unseeded control
CSC at the endpoint. iMics in seeded CSC showed a downregulation of homeostatic markers and a
general upregulation of genes associated with antigen presentation, inflammasome, complement,
lipid metabolism, phagocytosis and other DAM genes, similar to the ageing-associated iMics at the
same timepoint (Figure 4.20). Compared to the age-matched control CSC, seeded CSC showed reduced
upregulation of the IRM phenotype of microglial, demonstrating a differential regulation to the age-
associated processes in the untreated CSC. Moreover, classical DAM markers APOE, TREM2 and
TYROBP were stronger upregulated in CSC with synucleinopathy (Keren-Shaul et al. 2017). Besides
classical DAM markers, that were originally described for AD, a strong upregulation of genes was found
that were also reported to be upregulated in microglia of PD patients, namely IL1B and SPP1, genes
involved in the inflammatory response and phagocytosis (Smaji¢ et al. 2022). This demonstrates that
CSC with seeded synucleinopathy are a valid model to study synucleinopathy in vitro and that CSC can
most likely also be adapted for the study of other models of neurological diseases. Similar to the
characterization experiments of CSC, more detailed scRNAseq analysis to detect distinct clusters of
microglia has not yet been performed. These could reveal how well iMics in CSC are mimicking
microglia in PD patients. Furthermore, this will show if further studies should focus more on CSC
generated from midbrain OBSC and if the brain-region dependency of the microglial phenotype also

has implications on the response to neurodegenerative pathology.
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2.4 Chimeric slice cultures (Summary)

As an in vitro model, CSC have several drawbacks that are common to this type of model system. First,
survival of CSC was so far only shown until 12 weeks in vitro, a short time period compared to the slow
progression of many neurodegenerative diseases. Second, while precisely modeling cell-cell
interactions within the brain, CSC lack interactions with the periphery of the brain. The existing
vasculature within the brain becomes dysfunctional upon culturing and a functional blood brain barrier
is missing (Humpel 2015). In light of recent trends in the field of neurodegeneration, a lack of these
interactions might be an important, limiting factor of CSC. Recent high impact publications highlight
an important role of the interactions of the brain with immune cells derived from the bone marrow of
the skull and the glymphatic system, processes that can only be studied in vivo (Jorfi, Maaser-Hecker,
and Tanzi 2023; Da Mesquita et al. 2018). Similarly, many neurological diseases involve the vasculature
of the brain and the functionality of the blood brain barrier. Examples of this are stroke and cerebral
amyloid angiopathy caused by deposition of AP in vessel walls. The simplicity of CSC and their limited

time of survival hence limits their range of applications.

On the other hand, CSC combine several advantages of both in vitro models and microglia
xenotransplantation models. CSC are scalable and can be used for low throughput screens. At the same
time, CSC save animal numbers compared to in vivo experiments since several conditions can be tested
in slices prepared from one pup. Like chimeric mice, CSC provide microglia with a complex tissue
environment that induces a close to in vivo transcriptional profile (see section V.2.1.2) but on the other
hand do not rely on immunodeficient mouse models. In contrast to brain organoids, however, CSC do
not only provide a complex 3D-environment but are also well-defined in terms of their cellular
composition. Moreover, CSC do not require a specialized mouse line and thus can mostly be prepared
from WT mice or even be used with already existing models of various neurological diseases. This limits

the complicated and time- and labor-consuming generation of novel mouse models.

The use of iPSC opens up the opportunity to investigate the effect of microglia-specific mutations of
target genes. Mutations can be induced at the iPSC stage and thus do not spill into undesired cell types
of the slice culture. Furthermore, iPSC can be derived from patients and subsequently be used to
generate CSC to investigate patient-specific phenotypes. For experimental read-outs, CSC are easily
accessible for a broad range of methods, including low throughput screens. They generate cell
numbers that are high enough for single-cell RNA-sequencing when pooling several slices and can be

used for 2-Photon live cell imaging without complicated surgical procedures.

Overall, CSC will be a useful addition to the methodological spectrum in microglia research as the trend
in the field goes towards more complex models that investigate human microglia in an environment

that is as close as possible to in vivo.
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3  Conclusion and Outlook

In this PhD thesis, | present two main projects, firstly in vivo experiments to observe the homeostasis
of the microglial network by targeted cell death of individual microglia and secondly the development

of chimeric slice cultures with human iMics.

Unfortunately, during the in vivo project, | faced problems in establishing the mouse model, which |
was able to explain with further experiments to analyze the recombination efficiency of the two
transgenes by CreERT. | found that recombination of tdTomato and iDTR rarely, if ever, occurred in the
same cell. In addition, the transgenes were most likely not recombined to the same extent due to
differences in the length between the two loxP-sites flanking the STOP-cassette. | also ruled out other
approaches for targeted microglial cell death, such as 2Phatal and photosensitizing proteins. So the
only possible solution for this project would have been to create a new mouse model with a fusion
protein of a red fluorescent protein and iDTR. With this model, the fluorescent marker protein would

always be expressed in the iDTR expressing cells to allow the identification of the targeted cell.

Due to these challenges, which are not uncommon for in vivo experiments, a novel chimeric in vitro
model was developed to facilitate further microglial research on this and other topics. To this end,
established HSC models were combined with human iPSC-derived microglia to generate CSC. The
endogenous mouse microglial cells were specifically depleted and replaced with iPSC-derived
microglial progenitor cells. Subsequently, these cells differentiated into iMics that morphologically,
functionally and transcriptionally resembled microglia in vivo. This work also showed how microglia-
specific mutations of CSF1R through mutant iPSC lines can affect the microglial network and that iMics
are dependent on CSF1R signaling via cross-species ligand-receptor interactions for their
differentiation and survival. In a seeded synucleinopathy model, iMics adapt a phenotype associated
with neurodegeneration, demonstrating that CSC can be used to model neurodegenerative diseases.
CSC have thus proven to be a valid model for studying the homeostasis of human microglial networks

in vitro under different conditions.

In future applications, CSC could be used as an alternative approach for a follow-up study to the in vivo
project of this thesis. Despite being an in vitro system, iMics in CSC adapt a homeostatic phenotype,
making them suitable for studying the homeostasis of the microglial network. Due to their easy
accessibility, they allow cell-type-specific manipulations of microglia and the use of 2Phatal,
photosensitizing proteins or fusion proteins of iDTR and a fluorescent reporter for targeted ablation of

microglia would be facilitated.
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In addition, the field of microglia will benefit enormously from CSC. CSC are a scalable, easily accessible
in vitro model for studying human microglia with an in vivo-like phenotype that can be adapted to

various existing OBSC models of neurological diseases.

Finally, research into neurodegenerative diseases would benefit from even more complex chimeric in
vitro systems. There are already xenotransplantation models for astrocytes and neurons in mice that
have shown a human-specific neuronal susceptibility to Alzheimer's disease (Balusu et al. 2023). A

similar approach is theoretically possible for CSC to generate double- or triple-chimeric slice cultures.

Overall, CSCs with human iMics are a novel in vitro system that bridge the gap between current in vitro
models and xenotransplanted chimeric mice in the spectrum of model systems for the study of
microglia. They are one of the most complex in vitro models and induce a microglia phenotype

reminiscent of microglia in vivo.
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VIIl Abbreviations

°C Degrees Celsius

4-AP 4-Aminopyridine

AAV adeno-associated virus

AB Amyloid beta

AD Alzheimer’s disease

ALS Amyotrophic lateral sclerosis

ARM Activated response microglia

asyn Alpha synuclein

B6 Black 6 or C57BL/6 mouse strain

BDNF brain derived neurotrophic factor

CD11b Cluster of differentiation molecule 11B, also known as ITGAM
CD45 Cluster of differentiation molecule 45, also known as PTPRC
CO; Carbon dioxide

CreERT2 Cre recombinase fused to a mutant estrogen ligand-binding domain
Csc Chimeric slice culture

CSF1(R) Colony stimulating factor 1 (receptor)

CX3CR1 CX3C motif chemokine receptor 1

DAM Disease-associated microglia

DEGs Differentially-expressed genes

DIV Days in vitro

DLB Dementia with Lewy Bodies

DNA Deoxyribonucleic acid

DT Diphtheria toxin

(E)GFP (Enhanced) green fluorescent protein

EB Embryoid body
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FACS Fluorescence-activated cell sorting
FTLD Frontotemporal lobar degeneration
GWAS Genome-wide association studies

h Hours

(h)TMEM119 (human) transmembrane protein 119
Het Heterozygous

hFTAA heptamer-formyl thiophene acetic acid
Hom Homozygous

HSC Hippocampal slice culture

HSVTK herpes simplex virus thymidine kinase
Ibal ionized calcium-binding adapter molecule 1, also known as AlF1
iDTR Cre-inducible diphtheria toxin receptor
IGF1 Insulin-like growth factor 1

IL Interleukin

iMic iPSC-derived microglia

iMicros iPSC-derived microglia-like cells

iPSC Induced pluripotent stem cells

IRM Interferon response microglia

(k)bp (kilo)base pair

KO Knock-out

LCO Luminescent conjugated oligothiophenes
loxP Locus of X-over P1

LPS Lipopolysaccharide

M Molar

MHC Major Histocompatibility Complex

min Minute(s)
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ml

mM

MS

MSA

NaCl
NND
OBSC

ON

PCR

PD
pFTAA
Pre-iMics
pS129
PU.1

R26

RNA

ROI

ROS

RT
scRNAseq
STEM101
Tam
tdTom

TGFB

Milliliters

Millimolar

cubic millimeter

Multiple sclerosis

Multiple System Atrophy

Number of technical/biological replicates
Sodium chloride

Nearest neighbor distance
Organotypic brain slice culture(s)

Over night

Polymerase chain reaction

Parkinson’s disease

pentamer-formyl thiophene acetic acid
iMic precursors

Phosphorylation at serine 129
Transcription factor also known as SP1
Rosa26-locus

Ribonucleic acid

Region of interest

Reactive oxygen species

Room temperature

Single-cell RNA sequencing

Antibody specific to human Ku80
Tamoxifen

tdTomato

Transforming Growth Factor beta
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TNFa
TREM2
TYROBP
VEGF
WT

pm

uM

um?

Tumor necrosis factor alpha

Triggering receptor expressed on myeloid cells 2
TYRO protein tyrosine kinase-binding protein
Vascular Endothelial Growth Factor

Wildtype

Micrometer

Micromolar

cubic micrometer
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X Supplementary Material

1 Genotyping PCRs

1.1 R26-tdTomato

1.1.1 Primer

tdTom-F: 5’CTC TGC TGC CTC CTG GCT TCT 3'
tdTom-tg R: 5’TCA ATG GGC GGG GGT CGT T 3’
tdTom-wt R: 5’CGA GGC GGA TCA CAA GCA ATA 3’

1.1.2 Protocol

Table 10.1 PCR mix tdTomato

H20: 5.25ul
tdTom-F 0.25 ul
tdTom -tg_R 0.25 ul
tdTom -wt_R 0.25 ul

Mastermix (Sigma-Aldrich) | 10 pl

16 ul
Tissue Extract 4 ul

20 ul
1. Incubate at 95 °C for 5’
2. Incubate at 95°C  for 10s
3. Incubate at 61°C  for 30s
4. Incubate at 72°C  for 30s

Repeat steps 2 — 4 35 more times

5. Incubate at 72°C  for 5
6. Incubate at 4°C forever
Products: Transgenic: 270 bp

WT: 350 bp

162



Supplementary Material

1.2 CD11b-CreERT2

1.2.1 Primer

CD11lb-Cre Fw:
CDl1lb-Cre Rev:
KO2F:
KO1R:

5"GCT GCC ACG ACC AAG TGA CAG CAA TG 3’
5"GTA GTT ATT CGG ATC ATC AGC TAC AC 3’
5"CCA CGC AGG ATC ACG ATG 3’

5"TCT GCG TTC AAG GCT CGT CC 3’

1.2.2 Protocol

Table 10.2 PCR mix CD11b-Cre

H20: 5.1u
CD11b-Cre Fw 0.25 ul
CD11b-Cre Rev 0.25 ul
KO2F 0.2 ul
KO1R 0.2 ul

Mastermix (Sigma-Aldrich) | 10 pl

16 ul
Tissue Extract 4 ul

20 ul
1. Incubate at 95°C for 5’
2. Incubate at 95°C  for 10s
3. Incubate at 58°C  for 30s
4. Incubate at 72°C  for 30s

Repeat steps 2 —

5. Incubate at

6. Incubate at

4 35 more times
72 °C for 5’

4 °C forever

Products: Transgenic: 450 bp

WT control: 400 bp
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13

R26-iDTR

1.3.1 Primer

ROSA26-F': 5’AAA GTC GCT CTG AGT TGT TAT 3’

ROSA26-tg R: 5'CAT CAA GGA AAC CCT GGA CTA CTG 3’

ROSA26-wt R: 5’'GGA GCG GGA GAA ATG GAT ATG 3’

1.3.2 Protocol

Table 10.3 PCR mix iDTR

H20: 5.6 ul
ROSA26-F 0.1 pl
ROSA26-tg R 0.1yl
ROSA26-wt_R 0.2 ul
Mastermix (Sigma-Aldrich) | 10 pl

16 ul
Tissue Extract 4 ul

20 ul
1. Incubate at 94 °C
2. Incubate at 94 °C
3. Incubate at 60 °C
4. Incubate at 72 °C

Repeat steps 2 — 4 35 more times

5. Incubate at

6. Incubate at

Products: Transgenic: 241 bp

WT: 600 bp

72 °C

4°C

for 2’
for 45s
for 45s
for 1’
for 2’
forever
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1.4 Ibal-EGFP

1.4.1 Primer

EGFP Fw: ©5’AAG TTC ATC TGC ACC ACC G 3’
EGFP Rev: 5’CGG CCA TGA TAT AGA CGT TG 3’
KO2F': 5"CCA CGC AGG ATC ACG ATG 3’

KOI1R: 5"TCT GCG TTC AAG GCT CGT CC 3’

1.4.2 Protocol

Table 10.4 PCR mix |bal-EGFP

H20: 53u
EGFP Fw 0.25 ul
EGFP Rev 0.25 ul
KO2F 0.1 pl
KO1R 0.1 pl

Mastermix (Sigma-Aldrich) | 10 pl

16 ul
Tissue Extract 4 ul

20 ul
1. Incubate at 95°C for 5’
2. Incubate at 95°C  for 45s
3. Incubate at 60°C  for 45s
4. Incubate at 72°C  for 45s

Repeat steps 2 — 4 35 more times

5. Incubate at 72°C  for 10°
6. Incubate at 4°C forever
Products: Transgenic: 375 bp

WT control: 400 bp
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1.

5

Thy1-hA53T-aSyn

1.5.1 Primer

aSYN-sl Fw: 5’TGT AGG CTC CAA AAC CAA GG 3’

aSYN-sl Rev: 5’'TGT CAG GAT CCA CAG GCA TA 3’

KO2F': 57CCA CGC AGG ATC ACG ATG 3’

KOI1R: 5"TCT GCG TTC AAG GCT CGT CC 3’

1.5.2 Protocol

Table 10.5 PCR mix A53T

H,O: 5ul
aSYN-s1 Fw 0.3 ul
aSYN -s1 rev 0.3 ul
KO2F 0.2 ul
KO1R 0.2 ul
Mastermix (Sigma-Aldrich) | 10 pl
16 ul
Tissue Extract 4 ul
20 ul

1. Incubate at

2. Incubate at

3. Incubate at

4. Incubate at

Repeat steps 2 — 4 35 more times

5. Incubate at

6. Incubate at

Products: Transgenic: 284 bp

WT control: 400 bp

95 °C

95 °C

64 °C

72 °C

72 °C

4°C

for

for

for

for

for

forever
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2 Sanger sequencing - Alignments

2.1 GFP only — NaCl Forward

Alignment of Sequence_1: [iDTRlinear_Cre-recombination.xdna]  with Sequence_2:

[Untreated_GFPonly_F.txt.xdna]

Seq 1 1201 CCTTCCCCCTCTTCCCTCGTGATCTGCAACTCCAGTCTTTCTAGCATCTGTAGGGCGCAG 1260

Seq 2 1 = —ommm oo 0

Seq 1 1261 TAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTTTTTTTTCCACAGCTCG 1320

(I | FEEEEr el LT
Seq 2 1  —-mmmmmmmm—m——m—————————— o GAGA--CA-ATCTGTCCTTTTATTTCA--AGCTCG 30

Seq 1 1321 CGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGTTATTAATTAAATAACTTCGTATA 1380

FErrrrrrrrr e et et e e e e e et FEEEEEEErrr el
Seq 2 31 CGGTTGAGGACAA-CTCTTCGCGGTCTTTCCAGTGGTTA---ATTAAATAACTTCGTATA 86

Seq 1 1381 GCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAAGCTGCTG 1440

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 87 GCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAAGCTGCTG 146

Seq 1 1441 CCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGAG 1500

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 147 CCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGAG 206

Seq 1 1501 AGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTTCCACT 1560

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 207 AGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTTCCACT 266

Seq 1 1561 GGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCGTGACTTG 1620
Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e

Seq 2 267 GGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCGTGACTTG 326

Seq 1 1621 CAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGCACTGGCC 1680
Crrrrrrrerrrrrrrerrrrrrrrrrrr e e ettt et e e et
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Seq 2 327 CAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGCACTGGCC

Seq 1 1681 ACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGGGAAGAAG

Crrrrrrrerrrrrrrrrrrrrrrrrrrt et rr et e e
Seq 2 387 ACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGGGAAGAAG

Seq 1 1741 AGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAAATATGTG

Frrrrrrrrrrrerr e rrrrer e e e e e e e
Seq 2 447  AGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAAATATGTG

Seq 1 1801 AAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAGGTGTCAT

Crrrrrrrerrrrrrrerrrrrrrrrrrr e e et rr e e e
Seq 2 507 AAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAGGTGTCAT

Seq 1 1861 GGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTATCCTGGCT

Frrrrrrrrrrrerr e rrrrer e e e e e e e
Seq 2 567  GGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTATCCTGGCT

Seq 1 1921 GTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTT

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 627 GTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTT

Seq 1 1981 AGGTACCATAGGAGAGGTGGTTATGATGTGGAAAACGAAGAGAAAGTGAAGTTGGGCATG

Frrrrrrrrrrrerr et et e e e e e e e e
Seq 2 687  AGGTACCATAGGAGAGGTGGTTATGATGTGGAAAACGAAGAGAAAGTGAAGTTGGGCATG

Seq 1 2041 ACTAATTCCCACCCGGATCTCAGACATGATAAGATACATTGATGAGTTTGGACAAACCAC

FETTTEEEEErr e
Seq 2 747  ACTAATTCCCACCCGGATCTCAGA--——===——=—==——————————

Features [Seq 1]:

LoxP : [1368 : 1401]
DTR : [1429 : 2079]
ROSA26_tg R : [1258 : 1281]
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2.2 GFP only — NaCl Reverse

Alignment of Sequence_1: [iDTRlinear_Cre-recombination.xdna]  with Sequence_2:

[Untreated_GFPonly R.txt.xdna]

Seq 1 1254 GGCGCAGTAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTTTTITTTTCCA 1313

PErrrrrrrrrrer e e e e e e e e e e e e e
Seq 2 771  —=——=-——-=- GTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTTTTTTTTCCA 721

Seq 1 1314 CAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGTTATTAATTAAATAACT 1373

Frrrrrrrrrrrrrrrerr et e e e e e e e e FEETEEEETT
Seq 2 720  CAGCTCGCGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGTTA---ATTAAATAACT 664

Seq 1 1374 TCGTATAGCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAA 1433

Frrrrrrrrrrrerr et et e e e e e e e e
Seq 2 663  TCGTATAGCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAA 604

Seq 1 1434 GCTGCTGCCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGAC 1493

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 603 GCTGCTGCCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGAC 544

Seq 1 1494 TGGCGAGAGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCC 1553

Crrrrrrrerrrrrrrrrrrrrrrrrrr e ettt et e e
Seq 2 543 TGGCGAGAGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCC 484

Seq 1 1554 TTCCACTGGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCG 1613

Crrrrrrrerrrrrrrerrrrrrrrrrrr e e ettt et e e et
Seq 2 483 TTCCACTGGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCG 424

Seq 1 1614 TGACTTGCAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGC 1673

Frrrrrrrrrrrrrr et et e e et e e e e e e e
Seq 2 423  TGACTTGCAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGC 364

Seq 1 1674 ACTGGCCACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGG 1733

Crrrrrrrerrrrrrrerrrrrrrrrrrr e e ettt et e e et
Seq 2 363 ACTGGCCACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGG 304
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Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

1734

303

1794

243

1854

183

1914

123

1974

2033

4

GAAGAAGAGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAA

Frrrrrrrrrrrerr et et er et e e e e e e e
GAAGAAGAGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAA

ATATGTGAAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAG

FEEErrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrreer e
ATATGTGAAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAG

GTGTCATGGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTAT

Frrrrrrrrrrrerr et et e e e e e e e e
GTGTCATGGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTAT

CCTGGCTGTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCT

FEEErrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrrreer e
CCTGGCTGTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCT

CATGTTTAGGTACCATAGGAGAGGTGGTTATGATGTGGAAA-ACGAAGAGAAAGTGAAGT

FErrrrrrrrrrerrrerrrerrrrrrrrrrrrrrrrrrer e e
CATGTTTAGGTACCATAGGAGAGGTGGTTATGATGTGGAAATTCG-AAGAGAAAGGAAGT

TGGGCATGACTAATTCCCACCCGGATCTCAGACATGATAAGATACATTGATGAGTTTGGA

Features [Seq_ 1]:

LoxP

DTR

ROSA26_tg R

[1368 : 1401]
[1429 : 2079]
[1258 : 1281]

170

1793

244

1853

184

1913

124

1973

64

2032

2092



Supplementary Material

2.3 GFPonly-DT Forward

Alignment of Sequence_1: [iDTRlinear_Cre-recombination.xdna]  with Sequence_2:

[DT_GFPonly_F.txt.xdna]

Seq 1 1201 CCTTCCCCCTCTTCCCTCGTGATCTGCAACTCCAGTCTTTCTAGCATCTGTAGGGCGCAG 1260

Seq 2 1 = —ommmm oo 0

Seq 1 1261 TAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTTTTTTTTCCACAGCTCG 1320

Seq 2 1 = —ommmm oo 0

Seq 1 1321 CGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGTTATTAATTAAATAACTTCGTATA 1380

Seq 2 1 = —ommmm oo 0

Seq 1 1381 GCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAAGCTGCTG 1440

Seq 2 1 = —ommmm oo 0

Seq 1 1441 CCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGAG 1500

Seq 2 1 = —ommmm oo 0

Seq 1 1501 AGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTTCCACT 1560

Seq 2 1 = —ommmm oo 0

Seq 1 1561 GGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCGTGACTTG 1620

Seq 2 1 = —ommmm oo 0

Seq 1 1621 CAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGCACTGGCC 1680

Seq 2 1 = —ommm oo 0
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Seq 1 1681 ACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGGGAAGAAG

Seq 2 1 = —ommmm oo

Seq 1 1741 AGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAAATATGTG

Seq 2 1 = —ommmm oo

Seq 1 1801 AAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAGGTGTCAT

Seq 2 1 = —ommmm oo

Seq 1 1861 GGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTATCCTGGCT

Seq 2 1 = —ommmm oo

Seq 1 1921 GTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTT

Seq 2 1 = —ommmm oo

Seq 1 1981 AGGTACCATAGGAGAGGTGGTTATGATGTGGAAAACGAAGAGAAAGTGAAGTTGGGCATG

Seq 2 1 = —ommmm oo

Seq 1 2041 ACTAATTCCCACCCGGATCTCAGACATGATAAGATACATTGATGAGTTTGGACAAACCAC

Seq 2 1 = —ommmm oo

Features [Seq_ 1]:

LoxP : [1368 : 1401]
DTR : [1429 : 2079]
ROSA26_tg R : [1258 : 1281]
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2.4 GFP only - DT Reverse

Alignment of Sequence_1: [iDTRlinear_Cre-recombination.xdna]  with Sequence_2:

[DT_GFPonly_R.txt.xdna]

Seq 1 1201 CCTTCCCCCTCTTCCCTCGTGATCTGCAACTCCAGTCTTTCTAGCATCTGTAGGGCGCAG 1260

Seq 2 2780  mmmmmm e 2781

Seq 1 1261 TAGTCCAGGGTTTCCTTGATGATGTCATACTTATCCTGTCCCTTTTTTTTCCACAGCTCG 1320

Seq 2 2780  mmmmmm e 2781

Seq 1 1321 CGGTTGAGGACAAACTCTTCGCGGTCTTTCCAGTGGTTATTAATTAAATAACTTCGTATA 1380

Seq 2 2780  mmmmmm e 2781

Seq 1 1381 GCATACATTATACGAAGTTATCGGCGCGCCGATATCGAATTCGCCACCATGAAGCTGCTG 1440

Seq 2 2780  mmmmmm e 2781

Seq 1 1441 CCGTCGGTGGTGCTGAAGCTCCTTCTGGCTGCAGTTCTTTCGGCACTGGTGACTGGCGAG 1500

Seq 2 2780  mmmmmm e 2781

Seq 1 1501 AGCCTGGAGCAGCTTCGGAGAGGGCTAGCTGCTGGAACCAGCAACCCGGACCCTTCCACT 1560

Seq 2 2780  mmmmmm e 2781

Seq 1 1561 GGATCTACGGACCAGCTGCTACGCCTAGGAGGCGGCCGGGACCGGAAAGTCCGTGACTTG 1620

Seq 2 2780  mmmmmm e 2781

Seq 1 1621 CAAGAGGCAGATCTGGACCTTTTGAGAGTCACTTTATCCTCCAAGCCACAAGCACTGGCC 1680

Seq 2 2780  mmmmmm e 2781
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Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

Seq 1

Seq 2

1681

2780

1741

2780

1801

2780

1861

2780

1921

2780

1981

2780

2041

2780

ACACCAAGCAAGGAGGAGCACGGGAAAAGAAAGAAGAAAGGCAAGGGACTAGGGAAGAAG

AGGGACCCATGTCTTCGGAAATACAAGGACTTCTGCATCCACGGAGAATGCAAATATGTG

AAGGAGCTCCGGGCTCCCTCCTGCATCTGCCACCCAGGTTACCATGGAGAGAGGTGTCAT

GGGCTGAGCCTCCCAGTGGAAAATCGCTTATATACCTATGACCATACAACTATCCTGGCT

GTGGTGGCCGTGGTGCTGTCCTCTGTCTGTCTGCTGGTCATCGTGGGGCTTCTCATGTTT

AGGTACCATAGGAGAGGTGGTTATGATGTGGAAAACGAAGAGAAAGTGAAGTTGGGCATG

ACTAATTCCCACCCGGATCTCAGACATGATAAGATACATTGATGAGTTTGGACAAACCAC

Features [Seq_ 1]:

LoxP
DTR

ROSA26_tg R

[1368 : 1401]
[1429 : 2079]
[1258 : 1281]
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XI Scripts and Macros

1.1.1 Laser injury

Normalization

%%select folder with xls-files containing scatter plot coordinates
filename= input ('Name of output-file? ','s');
folder=uigetdir;

cd(folder);

%$%Find all excel files in folder
matfiles = dir(fullfile(folder, '*.xls*'));

nfiles = length(matfiles);

$%summarize all excel files of one image in one variable
for i = 1 : nfiles
data=readtable (matfiles (i) .name) ;
x=[];
y=1[1;
for j = 2: height (data)
xvalue=str2double (cell2mat (data{j,1}));
yvalue=str2double (cell2mat (data{j,3}));
x=[x xvalue];
y=[y yvalue];
end
alldata.x(i)={x};
alldata.y(i)={y};

end

$Search min & max for each timepoint

for i= 1 : nfiles
alldata.max (i)=max (alldata.y{i});
alldata.min(i)=min(alldata.y{i});

end

$Normalize all timepoints to global max and min
globalmax=max (alldata.max) ;
globalmin=min(alldata.min) ;
for i= 1: nfiles
alldata.y{i}=(alldata.y{i}-globalmin)/ (globalmax-globalmin) *100;

end
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save (strcat (filename, ' .mat'), 'alldata');

Summary

%%select folder with mat-files containing normalized scatter plot
coordinates

filename= input ('Name of output-file? ','s');

folder=uigetdir;

cd(folder);

timepoints=16;

%$%Find all mat files in folder

matfiles = dir(fullfile(folder, '*.mat*'));

nfiles = length(matfiles);

for timepoint= 0:timepoints

$%summarize all mat files of one analysis in one variable

for i = 1 : nfiles
data=open (matfiles (i) .name) ;
if i==

summary.x=data.alldata.x{i}"';
leng=length (data.alldata.x{i});
else
if length(data.alldata.x{i})<leng
leng=length (data.alldata.x{i});
summary.x=data.alldata.x{i}"';
end
end
summary.y{i}=data.alldata.y{timepoint+1}"';
end

output=zeros (leng,nfiles+1);
output (:,1)=summary.x;
for 1 = 1: nfiles
y=summary.y{i};
output (:,1i+1l)=y(l:1lengqg);
end

output=array2table (output) ;
output.Properties.VariableNames{1l}="'x";
for i = 1 : nfiles
output.Properties.VariableNames{i+l}=char (matfiles (i) .name) ;
end
fulloutput.timepoint{timepoint+1}=output;
end

save (strcat (filename, ' .mat'), 'fulloutput');
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1.1.2 Calcium imaging

Part 1 —FUI

Parts of the code were copied from user ‘Biovoxxel (Jan Brocher) from https://forum.image.sc/t/using-

macro-to-open-lif-tif-files/33853/5, accessed on April 20, 2023

//@ File (label = "Input directory", style = "directory") chosenDir
inputDir = chosenDir + File.separator;
var acceptedNonBioFormatsFiles = "jpg, Jjpeg, tif, png, bmp, gif, avi, ijm, txt";
run ("Bio-Formats Macro Extensions");
processBioFormatFiles (inputDir) ;
function processBioFormatFiles (currentDirectory) {

fileList = getFilelist (currentDirectory);

for (file = 0; file < filelist.length; file++) {

Ext.isThisType (currentDirectory + filelList[file], supportedFileFormat) ;

if (supportedFileFormat=="true" && !matches (acceptedNonBioFormatsFiles,
".*" + substring(fileList[file], lengthOf (filelList[file])-3) + ".*")) {

Ext.setId(currentDirectory + filelList([file]);

Ext.getSeriesCount (seriesCount) ;

for (series = 1; series <= seriesCount; series++) {

//record the Bio-Formats importer with the setup you need
if different from below and change accordingly

run ("Bio-Formats Importer", "open=[" + currentDirectory +
fileList[file] + "] autoscale color mode=Composite rois import=[ROI manager]
view=Hyperstack stack order=XYCZT series "+series);

runMyMacro () ;

} else if (matches (acceptedNonBioFormatsFiles, moxn +
substring(fileList[file], lengthOf(filelList[file])-3) + ".*")) {

open (currentDirectory + filelist[file]);

runMyMacro () ;
} else if (endsWith(fileList[file], "/™)) {
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processBioFormatFiles (currentDirectory + filelist[file]);

function runMyMacro () {

getDimensions (width, height, channels, slices, frames);

if

(frames > 3) {

oldfileName=getTitle () ;
//print (oldfileName) ;
unwanted part="/";

slash=indexOf (oldfileName, unwanted part);

fileName=substring(oldfileName, slash+l, oldfileName.length);

//print (fileName)

rename (fileName) ;

run ("Duplicate...", "use");
setAutoThreshold ("Default dark");
setOption ("BlackBackground", true);

run ("Convert to Mask");

run ("Analyze Particles...", "size=100000-Infinity clear add");

selectWindow (fileName) ;

close ("Log") ;

k=1;

for (i = 1; i < 17; i++) {

for (3 = 1; 3 < 17; j++) {

makeRectangle (64* (i-1), 64*(j-1),
roiManager ("Add") ;
k=k+1;

}
al = newArray(147);
for (i=0; i<al.length; i++) {

al[i] = 1i+1;

roiManager ("Select", al);
run ("Time Series Analyzer V3");

wait (1000) ;

run ("IJ Robot", "order=Left Click x point=116

keypress=[]");

wait (10000) ;

close ("Time Trace Average");
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selectWindow ("Time Trace(s)");

saveAs ("Results", "C:/Users/Marc/Desktop/Calcium traces/" + fileName +
" partl.csv");

close(fileName + " partl.csv");

a2z = newArray(k-148);

for (i=0; i<a2.length; i++) {
az2[i] = 1+148;

}

selectWindow ("DUP " + fileName);
roiManager ("Select", a2);

run ("Time Series Analyzer V3");
wait (1000) ;

run ("IJ Robot", "order=Left Click x point=116 y_point=105 delay=300
keypress=[]");

wait (10000) ;
close ("Time Trace Average");
selectWindow ("Time Trace(s)");

saveAs ("Results", "C:/Users/Marc/Desktop/Calcium traces/" + fileName +
" part2.csv");

close(fileName + " part2.csv");

roiManager ("Deselect") ;
roiManager ("Delete") ;

}

close ("*");

}

Part 2 — MATLAB

%% Get directory and find all xls files in that directory
dname = uigetdir ('C:\"'");

cd (dname) ;

matfiles = dir(fullfile (dname, '*.csv'));

nfiles = length(matfiles);

set (groot, 'defaultLinelLineWidth',1.5)

%% Remove unwanted partl and part?2 from filename as preparation to merge
x1ls-files
for k = 1 : nfiles
name=matfiles (k) .name;
if contains (name, 'partl') == 1
newname = erase (name," partl");
elseif contains (name, 'part2') == 1
newname = erase (name," part2");
end
matfiles (k) .name2 = newname;
end
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%% Find unique filenames and merge xls-files to one file per condition
for k = 1: nfiles
allfiles{k,1} = matfiles (k) .name?2;

end
allfiles = string(allfiles);
filenames = unique(allfiles);
nfilenames = length(filenames) ;
for k = 1 : nfilenames
index = find(allfiles == filenames (k));

data{k,1l} = filenames (k) ;
for i = 1 : length(index)

data{k,i+l} = readmatrix (matfiles (index (1)) .name) ;
[rows,columns] = size(data{k,i+1});
data{k,i+1} = data{k,i+1}(l:rows,l:columns-2);
end
for i = 2 : length (index)
data{k,2} = [data{k,2} data{k,i+1}];
end
for i = 2 : length (index)
data{k,i+1} = [];
end

end
%% Processing of each file separately and summarizing in results table

for k = 1 : nfilenames
a = dataf{k,2};

%% Find files for which FIJI had a bug

zero = find(a == 0);
if zero >= 1
disp ('Error in file ' + filenames (k))
else
%% Detect spikes and measure amplitude with rolling average of 10
timepoints
[rows,columns] = size(a);
spikes = zeros(rows, columns);
amplitudes = zeros(rows, columns);
for 1 = 1 : columns
b =a(:,1);
for 7 = 11 : rows

rollingaverage = mean(b(j-10:3-1));
if b(j) > rollingaverage * 1.005
spikes (3, 1) = 1;
amplitudes (j,i) = (b(j)/rollingaverage-1)*100;
end
end
%% Find peak of Spike and count only this as spike
for 3 = 2 : rows
if spikes(j,i) == 1 && spikes(j-1,1i) == 1
incr= 1;
if § < rows
while j+incr <= rows && spikes(j+incr,i) == 1
incr = incr + 1;
end
end
amps = [amplitudes(j-1 : j-1l+incr,i)];
sptime = find(amps == max (amps)) ;
spikesreset = zeros (incr+1l,1);
spikesreset (sptime,1l) = 1;
spikes(j-1 : j-l+incr,i) = spikesreset;

180



Scripts and Macros

end
end
for 3 =1 : rows

amplitudes(j,1) = amplitudes(j,i) * spikes(j,1):;
end

end

o9

3% Plot spikes for all regions
for i = 1 : columns

sptimes{i} = find(spikes(:,1) ==1)/10;
end

figure ('Units', 'normalized', 'Position', [0 0 0.3 17])
ax = subplot(2,1,1); hold on

for i = 1 : length(sptimes)

spks = sptimes{i}';
xspikes = repmat (spks,3,1);
yspikes = nan(size (xspikes));

if ~isempty (yspikes)

yspikes(1l,:) = i-1;
yspikes(2,:) = i;
end
plot (xspikes, yspikes, 'Color', 'k')
end
ax.XLim = [0 1807];
ax.Y¥Lim = [0 length (sptimes)];
ax.XLabel.String = 'Time [s]';
ax.YLabel.String = 'Regions';

set (gca, "linewidth',1.5)
set (gca, '"FontSize',20)

%% Spike histogram

all = [1;

for i = 1: length(sptimes)
all = [all; sptimes{i}];

end

ax = subplot(2,1,2);
nbins = 900;
h = histogram(all,nbins);

h.FaceColor = 'k';

ax.XLim = [0 1807];
ax.XLabel.String = 'Time [s]';
ax.YLabel.String = 'Spikes/Bin';

set (gca, "linewidth',1.5)
saveas (gcf, data{k,1} + '.jpg');

%% Calculation of analysis parameters

%% Average amplitude and spike firing rate per region
amplitudes (amplitudes == 0) = [];

averageamplitude = mean (amplitudes, 'all');

spikesum = sum(spikes, 'all');

time = 180;
spikerate = spikesum/ (time*columns) ;
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%% Synchronized activity as defined as synchronous activity in 10+
region in bins of 200 ms with filter to avoid double count of adjacent bins
histo=h.Values;

[rows2, columns2] = size(histo);
for 1 = 2 : columns?2
if histo(1,i) > 0 && histo(1,i-1) > O
incr= 1;

if 1 < columns?2
while i+incr <= columns2 && histo(l,i+incr) > 0

incr = incr + 1;
end
end
maxHisto = [histo(l,i-1 : i-1+4+incr)];
peaktime = find(maxHisto == max (maxHisto));
peaksreset = zeros (incr+l1,1);
peaksreset (peaktime,1l) = max (maxHisto);
histo(l,i-1 : i-1+incr) = peaksreset;
end
end
idx = histo >= 10;
synchspikes = sum(idx(:));

synchspikerate = synchspikes/time;

%% Put parameters in data array
data{k,3} = averageamplitude;
data{k,4} = spikerate;
data{k,5} = synchspikerate;
end
end

o

% Save cell array with data as Excel-file

T = cell2table(data);

T = removevars (T, {'data2'});

T.Properties.VariableNames ("datal") = "Filename";
T.Properties.VariableNames ("data3") = "Average Amplitude";
T

T

—~ e~~~

)

)
.Properties.VariableNames ("data4d") = "Spike Rate";
.Properties.VariableNames ("data5")
writetable (T, '"Results.xlsx');

clear

= "Synchronous Spike Rate";
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