Lniversitat
wien

MASTERARBEIT | MASTER'S THESIS

Titel | Title

Establishment of Primary Microglia Isolation, Culture and Phagocytosis
Protocol for Adult Mouse Brain

verfasst von | submitted by

Lea Egerer BSc MSc

angestrebter akademischer Grad | in partial fulfilment of the requirements for the degree of

Master of Science (MSc)

Wien | Vienna, 2024

Studienkennzahl It. Studienblatt | UA 066 834
Degree programme code as it appears on
the student record sheet:

Studienrichtung lt. Studienblatt | Degree Masterstudium Molekulare Biologie
programme as it appears on the student
record sheet:

Betreut von | Supervisor: Univ.-Prof. Mag. Dr. Johannes Berger






1. Acknowledgements

Firstly, 1 would like to thank my supervisor Prof. Johannes Berger for guiding me
through this process with patience, knowledge, and advice. Secondly, | would like
to thank my colleagues Charlotte Brexc, Arthur Vansimpsen, Bianca Hafner, Andrea
Villoria-Gonzales and Anna Wunder, who made my time in the lab not only more
efficient but significantly more fun. Thirdly, | would like to extend thanks to Martina
Rothe, who always made time to help and support me and without whom this Thesis
would not have been possible. Furthermore, | would like to thank Isabelle Weinhofer
for supporting me with great advice and knowledge even though she was not my
supervisor. Lastly, | want to give thanks to my family, who have supported me both
financially and emotionally throughout my life and specifically my studies. They have
encouraged me to always be myself and to pursue my interests and passions,
whatever those might have been. Special thanks go out to Raphael Schreiner, who
motivated me to work harder and realize my full potential. | could not have done it

without you.






2. Abstract

Ether lipids, particularly plasmalogens, are significant in various cellular processes,
highlighting their crucial role in membrane stability and function. Clinical
manifestations of disorders associated with ether lipid deficiencies emphasize their
impact on brain development and function. This study presents a tool to investigate
the role of primary microglia phagocytosis of myelin debris, aiming to unravel their
implications in neuroinflammatory processes.

Primary microglia were isolated using enzymatic dissociation, magnetic bead
labelling and their purity was assessed via flow cytometry and immunofluorescent
staining. Highly pure myelin was isolated from adult mouse brain and labelled with
pHrhodo green dye to use as a substrate for the following phagocytosis assay.
Phagocytosis of fluorescently labelled myelin by isolated primary microglia was
measured with the IncuCyte live-imaging system.

Flow cytometry analysis revealed an average microglia purity of 93% and CD11b-
stainings confirmed the cell identity of the isolated microglia. After four days in cell
culture, the isolated microglia showed cell type specific processes. WT microglia
performed phagocytosis of labelled myelin particles with a peak at 12 to 15 hours
after substrate addition and a linear decline in phagocytosis within 48 hours.

This study establishes a robust microglia isolation protocol from adult murine brains,
facilitating neuroimmunology research. Methodological optimizations enhance
purity and reproducibility, laying groundwork for investigating microglia in various
contexts, from neuroinflammation to neurodegeneration. The findings underscore
the importance of methodological rigor in microglia isolation, providing a foundation

for advancing our understanding of microglia biology in health and disease.






3. Zusammenfassung

Etherlipide, insbesondere Plasmalogene, spielen eine wichtige Rolle bei
verschiedenen zellularen Prozessen und betonen ihre entscheidende Bedeutung
fur die Membranstabilitdt und -funktion. Klinische Manifestationen von Stérungen
Im Zusammenhang mit Etherlipidmangel unterstreichen ihre Auswirkungen auf die
Gehirnentwicklung und -funktion. In dieser Studie wurde eine Methode zur
Untersuchung der Rolle der primaren Mikroglia-Phagozytose von Myelinresten
entwickelt und zielt darauf ab, deren Auswirkungen auf neuroinflammatorische
Prozesse aufzuklaren.

Primare Mikroglia wurden mittels enzymatischer Dissoziation und magnetischer
Antikorper isoliert, und ihre Reinheit wurde mittels Durchflusszytometrie analysiert.
Aufgereinigtes Myelin wurde aus dem Gehirn erwachsener Méause isoliert und mit
pHrhodo-Griin markiert, welches erst fluoresziert, sobald es in das Lysosom der
Zellen aufgenommen wurde. Die Phagozytose von fluoreszenzmarkiertem Myelin
durch isolierte priméare Mikroglia wurde mit dem IncuCyte-Live-Imaging-System
gemessen.

Die Durchflusszytometrie-Analyse ergab eine durchschnittliche Mikroglia-Reinheit
von 93%, und CD11b-Farbungen bestéatigten die Zellidentitat der isolierten
Mikroglia. Nach vier Tagen in Zellkultur zeigten die isolierten Mikroglia
zellspezifische Prozesse. WT-Mikroglia fuhrten die Phagozytose von markierten
Myelinpartikeln mit einem Hohepunkt nach 12 bis 15 Stunden nach Zugabe des
Substrats und einem linearen Ruckgang der Phagozytose innerhalb von 48
Stunden durch.

Diese Studie etabliert ein robustes Mikroglia-lsolationsprotokoll aus erwachsenen
murinen Gehirnen, das die neuroimmunologische Forschung erleichtert.
Methodische Optimierungen verbessern Reinheit und Reproduzierbarkeit und
legen damit den Grundstein fir die Erforschung von Mikroglia in verschiedenen
Kontexten, von der Neuroinflammation bis zur Neurodegeneration. Die Ergebnisse
unterstreichen die Bedeutung methodischer Standardisierung bei der Isolierung von
Mikroglia und bieten eine Grundlage fir das Voranschreiten unseres

Verstandnisses von Mikroglia-Biologie in Gesundheit und Krankheit.



4. Contents

1. ACKNOWLEDGEMENTS 5
3. ZUSAMMENFASSUNG 9
4. CONTENTS 10
5. INTRODUCTION 13
5.1. ETHERLIPIDS 13
5.1.1. PLASMALOGENS 16
5.1.2. PATHOLOGIES 17
5.2. MOUSE MODELS OF ETHER LIPID DEFICIENCIES 18
5.3. MICROGLIA 19
5.3.1. FUNCTIONS IN THE CNS 19
5.3.3. PLASMALOGENS AND MICROGLIA 21
6. OBJECTIVES 23
7. MATERIAL AND METHODS 25
7.1. ANIMALS 25
7.2. GENOTYPING 25
7.3. MYELIN ISOLATION 26
7.4. BIOCHEMICAL ANALYSIS OF MYELIN 27
7.4.1. PROTEIN DETERMINATION 27
7.4.2. \WESTERN BLOT 27
7.5. MICROGLIA ISOLATION 27
7.5.1. CELL CULTURE AND LIVE IMAGING PHAGOCYTIC ASSAY 29
7.6. FLOW CYTOMETRY 30
7.7. IMMUNOFLUORESCENCE 31
8. RESULTS 32
8.1. VALIDATION OF MICROGLIA ISOLATION PROTOCOL VIA FLOW CYTOMETRY 32
8.2. CELL CULTURE AND PHAGOCYTOSIS ASSAY 36
8.2.1. MICROGLIA CELLS ARE FULLY DEVELOPED AFTER 4 DAYS OF CULTURE 36
8.2.2. MICROGLIA ARE HEALTHY AND SURVIVE DURING PHAGOCYTOSIS ASSAY 37
8.2.3. ISOLATED MICROGLIA ARE POSITIVE FOR IBA1 AFTER 4 DAYS OF CULTURE AND

PHAGOCYTOSIS ASSAY 38
8.3. PRIMARY MICROGLIA SUCCESSFULLY PHAGOCYTOSE WT MYELIN 39
9. DISCUSSION 41
9.1. VALIDATION AND ADAPTATION OF MICROGLIA ISOLATION PROTOCOL 41
9.2. FUNCTIONAL ASSESSMENT OF ISOLATED MICROGLIA 42

10



9.3.
9.4.

10.

LIMITATIONS
IMPLICATIONS AND FUTURE DIRECTIONS

REFERENCES

44
44

46

11



12



5. Introduction
5.1. Ether lipids

Essential for ether lipid synthesis are subcellular organelles called peroxisomes.
These are present in all major eukaryotic species, however, next to core metabolic
functions they serve different additional purposes between species (Smith &
Aitchison, 2013). The peroxisome’s function in mammals and especially humans
ranges from oxidation of fatty acids to the synthesis of ether lipids, which is a
complex process involving a multitude of enzymes and pathways (Wanders &
Waterham, 2006). As can be seen in Figure 1, the rate-limiting enzyme that is
involved in the synthesis of ether lipids is the FAR1 enzyme, which is responsible
for the production of fatty alcohols (Honsho et al., 2013). Within the peroxisome,
two sequentially acting enzymes dihydroxyacetone phosphate acyltransferase
(DHAPAT; EC 2.3.1.42; gene name: glycerone phosphate acyltransferase, GNPAT)
and alkyl-dihydroxyacetone phosphate synthase (ADHAPS) are responsible for
generating the ether bond. Through an unknown mechanism of exit, modifications
of ether lipid precursors are completed within the ER or the cytosol (Dorninger et
al., 2020). Two types of peroxisomal disorders can be described in humans, namely
single peroxisomal enzyme deficiencies and peroxisome biosynthesis disorders
(PBD) (Waterham & Ebberink, 2012).
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Figure 1: Biosynthesis of ether lipids in the peroxisome and surrounding organelles. Figure acquired from
Dorninger et al. (2020).

The most common type of single peroxisomal enzyme deficiencies is X-
Adrenoleukodystrophy (X-ALD), which is characterized by a defect in transferring
the fatty acids into the peroxisome, resulting in a pathological accumulation of
VLCFAs in the cytosol. Patients with X-ALD exhibit a heterogenous phenotype
including adrenal insufficiency, progressive demyelination and paraparesis (Bjorn
M van Geel et al., 1997). PBD on the other hand are brought about by dysfunction
of the PEX gene family, which are responsible for peroxisome biogenesis. The most
common type of human PBD are the Zellweger spectrum disorders (ZSD), which
represent a spectrum of disorders with varying degrees of diminished peroxisomes
in patients. Zellweger syndrome, as the most severe form of ZSD, is characterized
by dysfunction of neuronal migration and overall brain development and function
(Bjérn M van Geel et al., 1997).

Congenital ether lipid synthesis defects in humans lead to the rare disease
rhizomelic chondrodysplasia punctata (RCDP), which can be divided into five
different subtypes with varying genetic differences and has a prevalence of
1:100000. In general, hallmarks of RCDP are shortening of proximal long bones,
developmental retardation, cataracts, and structural abnormalities in the brain

including myelination deficits (Duker et al., 2020). The disorder exhibits clinical
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heterogeneity, displaying a diverse spectrum of severity and manifestations. Clinical
symptoms encompass symmetrical shortening of proximal limbs, joint contractures,
and a distinctive dysmorphic facial appearance. Additional indications comprise
cataracts, impaired hearing, and psychomotor retardation. Radiographically,
anomalies are observed, such as calcified stippling of epiphyses, shortened femora
and humeri with epi-metaphyseal widening, and coronal clefts in most vertebral
bodies (Alkan et al., 2003). Severity of symptoms varies between lethal forms
occurring already in the neonatal period and less severe forms that may allow
patients to survive until adolescence, depending on the individual access to health
care. Currently there is no cure for RCDP with the main approach to treatment being
to alleviate symptoms and improve the patient’s quality of life. Due to the variability
of disease symptoms diagnosis of the disease is often challenging for practitioners
(Braverman & Moser, 2012a).

Presently, there are five recognized subtypes of RCDP, each attributed to a specific
genetic mutation. RCDP type 1, the most prevalent subtype accounting for 90% of
RCDP cases, results from a mutation in the PEX7 gene. This gene is responsible
for the cytosolic receptor for proteins containing PTS2. Consequently, proteins with
a PTS2 signal sequence, including AGPS, are unable to enter the peroxisome,
leading to a deficiency of essential proteins. RCDP types 2 and 3 both involve
mutations in genes responsible for the ether bond in ether lipid biosynthesis.
Specifically, RCDP type 2 stems from a GNPAT mutation, while type 3 arises from
a mutation in the AGPS gene. RCDP type 4 is associated with a mutation in FAR1,
encoding for FAR1 enzyme. Notably, this subtype of RCDP exhibits a milder
phenotype due to compensation by FAR2. Lastly, RCDP type 5 results from a
PEX5L mutation, and PEX5L belongs to the PEX5 family. PEX5 encodes for a
cytosolic protein that functions as a receptor for peroxisomal matrix proteins
containing a PTS1. The PEX5L splice variant also acts as a co-receptor for PTS2-
containing matrix proteins (Bargy et al., 2015; Duker et al., 2017). In all these
subtypes, studies showed, that the reduction of ethanolamine plasmalogens goes
hand in hand with an increase in phosphatidylethanolamine. Other phospholipids
however, did not show any differences in concentrations, indicating that
plasmalogen insufficiency is partially compensated in  RCDP by

phosphatidylethanolamine (Dorninger et al., 2015).

15



5.1.1. Plasmalogens
The distinction between non-plasmalogen ether lipids and plasmalogens is based
on the characteristic vinyl-ether bond at the snl-position, as can be seen in Figure
2. The ether bond of all ether lipids is facilitated by the activity of the GNPAT
enzyme, which introduces it within the peroxisome. After exiting the peroxisome,
the vinyl ether bond is formed by the PEDS1 enzyme in the ER (Werner et al., 2020).
Plasmalogens can be further categorized into different subtypes by the nature of
their headgroup. The most abundant of these are plasmalogen ethanolamines and

plasmalogen cholines.
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Figure 2: overview of structural differences in ether lipids. Distinction between plasmalogens and ether lipids
through the vinyl ether bond at the sn1-position of the plasmalogens versus an ether bond in other ether
lipids. Figure was provided by Charlotte Brexc.

Plasmalogens constitute the most abundant ether lipids in the brain, comprising
approximately 20% of all lipids, and are present to a lesser extent in liver and heart
tissues. Initially, plasmalogens were primarily attributed to antioxidative defense;
however, recent insights highlight their crucial role as integral membrane
constituents. Consequently, plasmalogens contribute to membrane stability and
play a significant role in dynamic cellular processes such as endocytosis. The
absence of plasmalogens imposes considerable stress on cells, altering membrane
properties. Studies indicate that modifications to the vinyl ether bond have profound
effects on the formation of the lipid bilayer, which is universally present in cells.

Additionally, in vitro experiments demonstrate that increasing the concentration of
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plasmalogens promotes the fusion rate of lipid vesicles, underscoring their essential
role in the proper functioning of curved lipid membranes (Koivuniemi, 2017).
Supporting these findings, plasmalogens significantly influence neurotransmitter
release in the central nervous system (CNS). Given that neurotransmission is
contingent upon the proper functioning of the synaptic vesicle cycle, which facilitates
neuronal communication, lipids play a pivotal role (Davletov & Montecucco, 2010).
Notably, plasmalogens are prominent constituents of the synapse membrane
(Hofteig et al., 1985) and synaptic vesicles (Takamori et al., 2006). The role of
plasmalogens in signaling has garnered increased interest due to their enrichment
in "lipid rafts,” microdomains known to compartmentalize signal transduction and
particularly rich in plasmalogens. These lipid rafts are hypothesized to organize and
sequester SNARE proteins, thereby contributing to the mediation of exocytosis
during neurotransmitter release (Pike, 2006).

Moreover, plasmalogens have been implicated in dysfunction within the AKT
signaling cascade, leading to demyelination. The absence of plasmalogens is
associated with defective protein kinase B (AKT) phosphorylation, resulting in
increased activation of glycogen synthase kinase 3b (GSK3b) in nerves of mutant
mice. Schwann cell defects include untimely differentiation and impaired
myelination. This provides further evidence that plasmalogens play a pivotal role in

regulating membrane function and cell signaling (Da Silva et al., 2014).

5.1.2. Pathologies
With Alzheimer’s Disease (AD) as the most prevalent form of dementia and its rising
problem in health care and society, finding markers and non-invasive strategies of
detection has come to the forefront of AD research. Specific choline phospholipid
species have been suggested as a possible target since altered levels of
phospholipids circulating in the plasma of patients have been found in connection
to AD development (Mapstone et al.,, 2014). Regarding the specific role of
plasmalogens in AD, in the white matter of post-mortem brains of SAD patients,
reduced levels of PISEtn have been discovered (Han et al., 2001). Apart from that,
a lack of PIsSEtn in the plasma of spontaneous AD patients could be linked to their
progressive cognitive decline (Han, 2005). A study by Dorninger et al. (2018)
guantified specific choline phospholipids, identified as potential Alzheimer's disease

(AD) biomarkers. Their findings indicate, that during normal aging,
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lysophosphatidylcholine, choline plasmalogen, and lyso-platelet activating factor
levels significantly increase. Importantly, individuals developing probable AD exhibit
more pronounced changes, suggesting that the conversion to AD resembles an
accelerated aging process for choline-containing plasma phospholipids.

Next to neurodegenerative diseases like AD, RCDP in mild form has been linked to
psychiactric disorders like autistic behavior and hyperactivity, with a confirmed
genetic link (Dorninger et al., 2019). This association is supported by the analysis
of plasma from autistic patients, revealing diminished plasmalogen levels (Wiest et
al., 2009). Consequently, there is a presumption that ether lipids and plasmalogens
may contribute to the etiology of some psychiatric disorders. Mouse model
experiments, particularly the RCDP mouse model, have validated these
observations, demonstrating significant behavioral differences akin to those

observed in mice displaying autistic behavior (Dorninger, Zeitler, et al., 2020).

5.2. Mouse models of ether lipid deficiencies

As the first to describe a ether lipid deficient mouse model, Rodemer et al., (2003)
characterized the phenotypic hallmarks of Gnpat KO mice, revealing critical insights
into the functional consequences of disrupting the glyceronephosphate O-
acyltransferase (Gnpat) gene. Their in vitro model demonstrated a profound
absence of ether lipids in the Gnpat KO mice, emphasizing the pivotal role of the
Gnpat enzyme in ether lipid biosynthesis. Interestingly, male infertility emerged as
a notable consequence of Gnpat deficiency in mice, shedding light on the broader
physiological implications of ether lipid dysregulation, mainly due to the absence of
seminolipids, which are an integral part of male fertility. Additionally, the Gnpat KO
mice exhibited defects in eye development, presenting with cataract formation and
optic nerve hypoplasia. Gnpat KO mice are further characterized by their low body
weight and small stature, which is also commonly observed in RCDP patients.

Regarding the behavioral phenotype of Gnpat KO mice, altered social behaviors
have been observed. In the marble burying test, which is commonly used to test for
neurodevelopmental disorders, Gnpat KO mice behave differently to WT mice.
Where WT mice quickly bury the marbles, that are placed in their cages, Gnpat KO
mice fail to do so, therefore displaying a phenotype that is observed in ASD and
attention deficit hyperactivity disorder (ADHD) mouse models (Dorninger,

Gundacker, et al., 2019). In connection to these findings, Gnpat KO mice showed a
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dysfunction in their neuromuscular junction (NMJ) (Han, 2005) as well as in
neurotransmitter homeostasis, which serve as an explanation for the progressive
tremors and generalized ataxia in these mice (Dorninger, Konig, etal., 2019). These
findings underscore the critical role of GNPAT in orchestrating various cellular
processes, providing a valuable model for further investigations into the molecular
mechanisms underlying RCDP type 2 and associated phenotypes.

Recently, the targeted knockout (KO) of the Pedsl gene in mice was achieved,
providing valuable insights into the role of this gene in cellular processes. The Pedsl
gene, crucial for the formation of the vinyl-ether bond exclusive to plasmalogens,
emerges as a pivotal player in lipid metabolism (Werner et al., 2020). Notably,
Pedsl KO mice exhibited a significant reduction in body weight, highlighting the
potential impact of Peds1 deficiency on overall metabolic regulation. Surprisingly,
despite the weight difference, Peds1l KO mice demonstrated fertility, deviating from
the reproductive challenges observed in other genetic models. In contrast to the
phenotype observed in Gnpat KO mice, the absence of cataracts in Peds1 KO mice
suggests a unique relationship between Pedsl and ocular development. However,
subtle abnormalities manifested in various systems, including eye morphology and
pigmentation, as well as skeletal and hematopoietic systems. Intriguingly, no
discernible behavioral abnormalities have been identified thus far in Peds1 KO mice
(Ingham et al., 2019). Given the recent discovery of these mice, ongoing research
endeavors aim to comprehensively explore the behavioral aspects, providing a
comprehensive understanding of the physiological consequences associated with
Pedsl deficiency. This lays the foundation for a nuanced comprehension of the
intricate interplay between Pedsl, lipid metabolism, and broader physiological

homeostasis.
5.3. Microglia
5.3.1. Functions in the CNS

Already in 1932, Del Rio-Hortega discovered the basics of microglia function. He
found that initially, microglia infiltrate the developing brain with an amoeboid
morphology, originating from mesodermal cells in the yolk sac. Their migration is
guided by vessels and white matter tracts, allowing them to extensively populate all
regions of the brain. As the brain matures, these microglia transition into a ramified,

branched phenotype, commonly referred to as resting microglia. In the mature brain,
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they exhibit a uniform distribution across the central nervous system, each cell
occupying a defined territory. However, following a pathological event, a
transformative process occurs, leading to a return to an amoeboid morphology
reminiscent of their early developmental stage. Intriguingly, these transformed
microglia retain the capacity for migration, proliferation, and phagocytosis,
underscoring their versatile role in responding to and resolving neurobiological

challenges.

5.3.2. Phagocytosis

Phagocytosis in general describes the process of specific types of cells finding and
digesting debris and cells of all kinds. The cells or debris that needs to be removed
will send out “find me”, “eat me” and “digest me” signals, which can be detected by
specialized immune cells. To properly digest cells and debris, the immune cells must
extend their plasma membrane around the particle they need to get rid of and then
this debris-filled vesicle must be successfully endocytosed (Flannagan et al., 2012).
Phagocytosis in the CNS is mainly taken care of by professional phagocytes like
the resident microglia in the brain, which constantly scan the environment for
possible debris. CNS phagocytosis mainly focuses on eliminating unnecessary
synapses, apoptotic cells and debris that stems from the normal aging processes
that take place in the brain (Galloway et al., 2019). If microglia activation exceeds a
threshold, a signal will be sent to bone-marrow-derived macrophages (BMDMS) in
the periphery, which then will be recruited into the brain for additional help during
phagocytosis. Microglia and macrophages are considered professional
phagocytosis cell types in the CNS (Kopper & Gensel, 2018). Recently it was
revealed, that different types of macrophages clear distinctly different types of
debris depending on the tissue they originate from and the area in which they act
(Roberts et al., 2017).

In the developing central nervous system (CNS), phagocytosis is crucial for synaptic
connectivity refinement, addressing the overproduction of neurons and synapses
(Schafer & Stevens, 2013). Microglia play a pivotal role in pruning synaptic
connections through immune signaling pathways, including the complement
pathway, and sensing neuronal activity via nucleotides (Stephan et al., 2012).
Studies focusing on the visual system underscore the significance of neuronal

activity in synaptic pruning by microglia, with ADP receptor P2Y12 and CX3CR1
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playing potential roles as "find me" signals (Sipe et al., 2016). The classical
complement system, TREM2, and CD47-SIRPa signaling pathways also contribute
to microglial synapse pruning (Filipello et al., 2018). Notably, astrocytes, mediated
by receptors MerTK and MEGF10, actively participate in synaptic refinement in the
developing visual system and human CNS (Chung et al., 2013). The Alzheimer-
associated gene ApoE influences astrocytic phagocytic capacity and Clq
accumulation during aging, while sleep deprivation enhances synaptic pruning by
astrocytes, possibly mediated by MerTK (Bellesi et al., 2017; Chung et al., 2016).
5.3.3. Plasmalogens and microglia

Due to the plasmalogens role in retaining proper cell membrane stability and
function, it stands to reason that they will also influence successful phagocytosis in
the brain. A recent study on BMDMs lacking PISEtn showed, that those BMDMs are
not successfully removing opsonized zymosan particles compared to ones with
normal PISEtn levels. In the same study, an improvement in phagocytotic ability was
observed, when the cells were treated with a plasmalogen substitute
(lysoplasmalogen), which also lead to an increased amount of lipid rafts in those
cells. This suggests, that PISEtn significantly contribute to proper phagocytosis in
BMDMs (Rubio et al., 2018). With regards to the impact of plasmalogens on
microglia it has been found that plasmalogens are able to reduce inflammatory
signaling cascades by suppressing TL4 endocytosis (Ali et al., 2019). In microglia
cells lacking plasmalogens an increased rate of necroptosis can be commonly
observed. If these microglia are treated with plasmalogen substitutes, they are less
affected by necroptosis, therefore rendering plasmalogens necessary in preventing
progressive damage to the tissue (Ali et al., 2022).

Since previous research has highlighted the importance of plasmalogens in
neurodegenerative diseases associated with demyelination (like sAD), it is of
special interest, how phagocytosis of myelin debris could possibly be influenced by
the absence of plasmalogens. Contributing to the structure, stability and necessary
compactness of myelin, plasmalogens were found especially enriched in this
already lipid-rich tissue (Aggarwal et al., 2011). Within the professional phagocytic
cells like BMDMs and microglia, a dynamic plasticity between pro- and anti-
inflammatory qualities of the same cells can be observed. For example, after uptake

of myelin debris, BMDMs will exhibit a more pro-inflammatory phenotype which
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results in a foamy appearance and persistent neurotoxicity in the environment of
this cell (Wang et al., 2015). Another study found that macrophages laden with
myelin debris induce an auto-immune response, leading to further activation of T-
cells, which in turn promotes demyelination even more (Bogie et al., 2011). On the
other hand, for microglia and BMDMs it was found that after uptake of myelin, they
will exhibit a more anti-inflammatory phenotype, which is needed for resolving the
inflammatory response towards a healthy state (Liu et al., 2006).

Taken together, these findings hint at a highly complex interaction between
phagocytosis of myelin and the more anti- or pro-inflammatory effect of microglia
and BMDMs in the CNS with regards to the role of plasmalogens in these

processes.
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6. Objectives

The overall goal of this project in which thesis is involved in is to examine the
physiological functions of plasmalogens and non-plasmalogen ether phospholipids
in brain development and activities, utilizing two distinct mouse models. The initial
model, involving Gnpat KO mice, presents a complete absence of all ether lipids,
serving as a model for RCDP type 2. In contrast, the second model employs Pedsl
KO mice, featuring a targeted inactivation of the gene responsible for the vinyl ether

bond in ether lipids, specifically characterizing plasmalogens.

Figure 3: scheme of the workflow for the experiments. A) frozen dissected mouse brains from all
genotypes were used for isolation of highly pure myelin and labelled with phRodo green as a
substrate for the phagocytosis assay. B) primary microglia were isolated from freshly dissected
mouse brains through magnetic bead sorting. The isolated cells were then cultured for at least 5
days before phagocytosis assay. C) microglia phagocytosis of labelled myelin was analyzed using
the live-cell imaging software of the IncuCyte.

In this thesis, two main methodologies should be employed to elucidate the role of
plasmalogens in the phagocytosis of myelin by primary microglia. Figure 3 illustrates
the isolation of myelin from Gnpat KO, Pedsl KO, and WT mice to serve as a
substrate for the phagocytosis assay. The isolated myelin will be checked for

contamination and was labeled with pHrhodo green, a marker visible upon myelin
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uptake by microglia. Primary microglia were obtained through magnetic bead
sorting following the dissociation of fresh mouse brains, and these microglia were
cultured for 5 days prior to the phagocytosis assay. Live-cell imaging was utilized to
guantify green fluorescence, thereby determining phagocytosis ability.

Given the critical role of ether lipids and plasmalogens in maintaining proper
membrane curvature and function, it is hypothesized that the deficiency in ether
lipids would impact the phagocytosis process, where precise endocytosis is
essential. Moreover, as proper microglial function is pivotal in clearing myelin debris
resulting from demyelination—a major contributor to pathologies in ether lipid-
deficient mice—it is anticipated that microglia lacking ether lipids and plasmalogens

will exhibit decreased phagocytosis abilities compared to WT microglia.
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7. Material and Methods

7.1. Animals
Two mouse models related to ether lipid deficiency were used. Mice with a targeted
inactivation of the Gnpat (Rodemer er al., 2003) and Pedsl (Werner et al., 2020)
genes via knockout (KO). The genetic variation of the strain was sustained using a
mix of C57BL/6 and CD1 mice, and the groups used for experimentation were
produced by breeding heterozygous animals with Gnpat -~ and Peds1~- littermates,
respectively. The genotypes were determined by PCR (see below) and reconfirmed
using tail clippings directly after sacrifice. The mice were provided with standard
chow diet and had unlimited access to food and water. They were kept in a room at
the animal facility of the Medical University of Vienna that was temperature- and
humidity-controlled, with a 12-hour light-dark cycle and low levels of ambient noise.
To reduce variability in the data, sex- and age-matched WT animals were used as

far as possible in all experiments.

7.2. Genotyping
The tail tip clippings, which were collected for re-genotyping were processed with
the KAPA Mouse Genotyping kit (Ear Kit — Sigma KK7352). The lysis mix for each
sample had a volume of 100uL and consisted of 88uL PCR grade water, 10uL 10x
KAPA Express Extract Buffer and 2uL KAPA Express Extract Enzyme. To each
sample 100uL of this mix was added and then it was put on a Thermocycler at 75°C
(lysis) for 10 minutes and 95°C (enzyme deactivation) for 5 minutes. For the
following PCR analysis, the master mix consisted of different primers for Gnpat and
Peds samples, KAPA2G fast Genotyping mix with dye and filled up with PCR grade
water. The primers for Gnpat samples were OLI1626 (5-
CGATACCTACTTTGTCCCAATTAGC-3"), OLI1627
(5"GCTGGTCTCAAACAGCTACGTAGCTGA-3) and OLI1628 (5°-
CGCATCGCCTTCTATCGCCTTCTTG-3"). The primers for Pedsl samples were
OLI2825, OLI2826 and OLI2827. For each sample, 19 pL of the master mix were
put into the PCR tubes and to each 1 uL of sample was added. A negative control
was included. Within the protocol in a BioRad machine, the first minute of the
protocol was performed at 94°C and 35 cycles of the same temperatures were
performed with 20 seconds at 94°C, 20 seconds at 60°C, 50 seconds at 72°C. The

last 7 minutes were performed at 72°C. While this program was running, the 1.5%
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agarose gel was prepared for the gel electrophoresis. Approximately 20 yL of
sample was filled into a 1.5% agarose gel and each well with the first well being a
100bp marker and the last well being filled with the negative control. The gels ran
for 1h at 100V for the big chambers and at 80V for the small chamber. The gels
were then photographed in a BioRad machine and printed. The WT band was
expected at 700bp for Gnpat samples and at 411bp for Peds samples. The KO band
for Gnpat was at 900bp and for Peds1 at 223bp.

7.3. Mpyelin isolation

Purified myelin was isolated in batches of three mouse brains at a time. | should be
noted that all steps in this protocol were done on ice. After the brain was weighed,
a razor blade was used to mince the brain tissue in a drop of 0.3M sucrose solution
until a homogenous consistency was achieved. The pooled tissue was placed in
0.3M sucrose solution and homogenized in a Dounce homogenizer using five
strokes of the loose pestle and five strokes of the tight pestle. The homogenized
tissue solution was transferred to a 50mL cylinder and brought up to a final volume
of 36mL with 0.3M sucrose solution. At this point 200uL of this homogenate was
taken for Western blot analysis of endotoxins in the myelin.

A density gradient centrifugation was performed with 6mL of the homogenate being
gently layered over 6mL of a 0.83M sucrose solution and centrifuged at 75.000xg,
4°C for 30 minutes in an ultracentrifuge (Beckmann Optima LE-80K). For the
ultracentrifuge, six UC-tubes with a volume of 14mL were used. The weight of each
of the six tubes was adjusted since the ultracentrifuge requires exact balancing of
each of the tubes. After centrifugation, three phases could be visible, the first layer
was discarded, and the interphase was collected with a glass Pasteur pipette. The
crude myelin fractions were collected and transferred into a beaker.

To achieve osmotic shock, the combined myelin fractions were resuspended in
21mL of 0.2M Tris-Cl buffer and homogenized using 5 strokes of the tight pestle.
The myelin membranes were transferred to a beaker and filled up to 72mL with a
Tris-Cl buffer solution. 12mL of the suspensions were transferred into each of the
six UC-tubes and centrifuged at 75.000xg, 4°C for 15 minutes. The supernatant was
discarded, and the remaining pellet was resuspended in 0.8M Tris-Cl buffer solution
using a Pasteur pipette. The same homogenization step was performed as for the

step before and in a beaker the homogenates were filled up to 72mL with 0.8M Tris-
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Cl buffer solution. The tubes were weighed, balanced, and centrifuged at 12.000xg,
4°C for 15 minutes. The cloudy supernatant was discarded, and the pellet
resuspended in 0.8M Tris-ClI buffer solution and once again homogenized. After the
homogenates were filled up to 72mL with the same solution they were transferred
to the six UC-tubes, which were weighed, balanced, and centrifuged at 12.000xg,
4°C for 10 minutes. To achieve a purer myelin fraction, the supernatant was
discarded and the steps from the density gradient centrifugation and osmotic shock
were repeated as described above.

Lastly, two wash steps with PBS were performed. The myelin pellet after the last
osmotic shock step was resuspended in 1mL of cold PBS and filled up to 12mL total
volume and centrifuged at 12.000xg, 4°C for 10 minutes. Afterwards, the
supernatant was discarded and 1mL of PBS was added to the first tube. The pellet
was resuspended and then transferred to the next tube and so on. The result is

around 1-2mL of pure myelin in PBS which was stored at —20°C.
7.4. Biochemical Analysis of myelin

7.4.1. Protein determination
The amount of protein in the myelin suspension was determined using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientific). Standard curves for calibration
with albumin and PBS were made to measure the protein levels as per
manufacturer’s instructions. 10uL of sample (diluted or undiluted) were combined
with 200uL of working solution which was prepared as per manufacturer’s
instructions. After incubation of 30min at 37° in the incubator, samples were
measured.

7.4.2. Western Blot
For the analysis of the myelin, two 1.5mm 10% SDS-page gels (30% acrylamide
(AA), 1.5M Tris-Cl pH 8.8, 10% SDS, TEMED, 10% APS) were used. Firstly, gels
were pured into BioRad chambers, then isopropanol was poured on top and the
gels set for 15 minutes until hard. Then, the isopropanol was washed off with water,
the collection gel (30% acrylamide (AA), 1.5M Tris-Cl pH 8.8, 10% SDS, TEMED,

10% APS) was poured on top and the combs were inserted.

7.5. Microglia isolation
The Adult Mouse Brain Dissociation Kit (130-107-677, Miltenyi Biotec) was used for

the isolation of microglia from adult mice. After the brains were dissected and

27



weighed, they were cut into 8 sagittal sections and transferred into the MACS C
tube containing an enzyme mix (as described in the kit). The tube was loaded onto
the gentleMACS Dissociatior with Heaters (Miltenyi Biotec), which then performed
the brain dissociation step during the on-instrument enzyme incubation. After
completion of the 30-minumte dissociation, the tissue was put through a 70um
MACS SmartStrainer which was pre-moistened with D-PBS and centrifuged at 300g
for 10 minutes at 4°C.

The supernatant was removed, the pellet was resuspended in 1 mL cold D-PBS and
filled up to 3.1mL. 900uL of cold Debris Removal Solution was added. Further 4mL
of D-PBS were added gently at a 45° angle so that the two phases do not mix. The
sample was centrifuged at 1000g for 10 minutes at 4°C with no break and the upper
two of three phases were removed. The tube was filled up to 10mL, inverted 3 times
and centrifuged at the same parameters as before. The supernatant was removed,
the pellet was resuspended in 1mL of Red Blood Cell Removal Solution and
incubated for 10 minutes in the fridge. 10 mL of a D-PBS/FCS buffer (1:20) was
added to the sample and centrifuged at 300g for 10 minutes at 4°C. For clarity
reasons, if a buffer is mentioned in the following steps the D-PBS/FCS buffer is
meant.

Myelin or O4 removal beads were used to minimize the myelin contamination in this
protocol. To achieve this, the amount of myelin removal beads needed was
determined by the weight of the mouse brain. The myelin beads were added to the
pellet with a predetermined amount of buffer and incubated for 15 minutes in the
fridge. The cells were washed by adding 10x the volume of labelling buffer and then
centrifuged at 300g for 10 minutes at 4°C. The supernatant was removed
completely and 1mL of buffer was added per MACS LS or LS column that was used.
To magnetically separate the labelled myelin, the column was placed into a
magnetic field and prepared by rinsing it with 3mL of buffer. The cell suspension
was then applied onto the column and the flow-through containing the cells without
the labelled myelin was collected. The column was washed two more times with
1mL of buffer each.

In the following step, the cells were labelled with CD11b+ beads, which select the
microglia from the cell suspension. To achieve this, the cells were counted and per
107 cells, 10uL of beads were added and incubated for 15 minutes in the fridge. The

cells were then washed with 1mL of buffer and centrifuged at 300g for 10 minutes
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at 4°C. The magnetic separation was achieved with an MS column in a magnetic
field. The column was washed with 500uL and the cell suspension was applied to
the column. The flow-through was collected as the microglia-negative cell fraction.
The column was removed from the magnetic field and 1mL of buffer was applied to
the column and with a plunger, the labelled microglia in the column were instantly
flushed out (this step was repeated to achieve higher cell number). The labelled
cells were now either used for flow cytometry (FC) or cultured for the phagocytosis
assay.
7.5.1. Cell culture and live imaging phagocytic assay

The isolated microglia were seeded at a concentration between 50.000 and 100.000
cells/96-well plate (Greiner, sterile, F-bottom, Cat.-No. 655180) in 7uL/well in order
to achieve a drop in the middle of the well. This prohibits the cells from adhering
only on the rim of the well, where they cannot be detected by the IncuCyte software.
These drops are then incubated in a wet chamber for 45 minutes, before filling the
wells up with 150uL DMEM complete + M-CSF medium and incubated at 37°/5%
CO2 overnight. On the next day, half of the medium was removed and filled up with
200pL of freshly prepared medium. The microglia are then cultivated without media
change for 5 days before further experiments.

For the live imaging phagocytosis assay the media was removed and replaced with
DMEM complete medium containing 10pug/mL WT myelin or 0.1uL of a red nuclear
dye (1:1000 dilution). The plate was transferred to the IncuCyte Live-Cell Analysis
System (Sartorius AG), which is placed within an incubator at 37° and 4% CO2 for
up to 48 hours. The cells were allowed to settle within the system for 30 minutes to
ensure successful focus of the microscope. Four pictures per well were taken every
hour for the duration of the assay using a 10x objective lens. The acquisition time
for the green channel (myelin uptake) was 400ms and an area filter was used to
exclude objects below a certain size. The threshold for the green signal was set
according to untreated cell signal and phagocytic substrate background signal. Cell
segmentation was adjusted to 0.5 and the minimum phase area was set at 350um?,
which ensured the inclusion of all single cells and the exclusion of as much debris

as possible. All data was analyzed with the Incucyte software.
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7.6. Flow Cytometry

The cells were used for flow cytometry analysis on the Guava easyCyte machine
(serial number: 8472060245, InCyte version #3.4). The number of cells that were
used for flow cytometry varied between 50.000-100.00 cells/ antibody staining,
since there was a lot of variability in the isolation step. However, the volume
corresponding to the same cell number/ antibody staining was maintained. The flow-
through (microglia-negative fraction) and the microglia-positive fraction were each
divided into four tubes, representative of the four antibodies that were used and one
unstained control. They were centrifuged at 300g/5min/4°, then resuspended in
45uL PBS/FCS buffer and 1.25uL of each antibody was used. All antibodies are of
the REAfinity (Miltenyi Biotec) type, which allows for only one isotype staining per
wavelength used. Therefore, one sample of each fraction was stained with CD11b-
APC, one with O4-PE and one with isotype APC and isotype PE (for a summary
see Table 1). The samples were vortexed shortly and incubated in the fridge for 10
minutes, followed by a wash with 500uL buffer and a centrifugation at 300g/5min/4°.
The supernatant was removed, and the pellet was resuspended in 350uL buffer until
analysis. The gain control settings on the machine were set according using the
unstained sample to determine approximate size and granularity of the cells. The
following samples were then analyzed with the same settings, which can be seen
in table 1.

Table 1: reagents and gain settings used for flow cytometry analysis of isolated primary microglia to establish
and adapt the protocol.

Instrument: guava easyCyte

Antibody Fluorochrome Vendor/Cat.No./Clone
Anti-mouse CD11b APC Miltenyi Biotech/#130-113-802/REA592
Anti-hu/mou/rat 04 PE Miltenyi Biotech/#130-117-711/REA576
anti-human IgG1 APC Miltenyi Biotech/#130-113-434/REA293
anti-human IgG1 PE Miltenyi Biotech/#130-113-438/REA293
Gains
FSC 108 YEL-B 336
SSC 1 RED-B 617
GRN-B 4 RED-R 456
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7.7. Immunofluorescence

Primary microglia cells from 3 6JLBL6 4-week-old mice were used after 6 days of
culture to achieve a representative immunofluorescence staining.

The cells were washed with 1x PBS and detached with TrypLE, which was
incubated at RT for 10 minutes. Per well, 15uL DMEM complete medium was
added, and the pipette tip was used to scrape off the adherent cells. All cells from
each well were combined and re-plated on a round cover slip within a 24-well plate.
For the first cover slip, an 80uL drop was positioned in the center of the cover slip
and on the second a 60uL drop was used. The cells were then incubated to 45
minutes in the incubator and filled up with 500uL of medium and left over night. On
the next day, the cover slips with adherent cells were washed with PBS and fixed
with 3% paraformaldehyde (37% formaldehyde, 10x PBS and ddH20) for 20
minutes. Afterwards, they were washed 3 times with PBS with continuous shaking.
The cells were then permeabilized and blocked with a 0.1% Triton Blocking Solution
(2% FCS, 2% BSA, 0.2% fish gelatin) for 30 minutes. It should be noted, that all
following antibody stainings were performed in the dark and at RT. IBA1 antibody
(1:1000) was used as the first antibody and cells were incubated for 1 hour on a
100pL antibody solution (diluted with Blocking Solution) on parafilm. The cover slips
were transferred to the 24-well plate again and washed 5x with PBS. The secondary
antibody incubation (Cy3 donkey-anti-rabbit 1:400) was performed exactly like the
first one. Another washing step with PBS was performed and lastly nuclear DAPI
staining (1:1000) for 10 minutes was done. Afterwards, the cells were washed again
and mowiol was used to fix the cover slip on an object slide. The slides were stored

at 4° in the dark until analysis.
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8. Results

8.1. Validation of microglia isolation protocol via flow cytometry
The isolation protocol for the primary microglia was adapted to our specific
requirements. Cell yields of microglia ranged from 400.000 to almost 800.000 cells,
and the microglia-positive fraction as well as the flow through were analyzed for
percentage of microglia and myelin (O4) contamination. We first established if there
is a need for the myelin-removal beads or not. Two wild type animals at the age of
3 or 4 weeks (as can be seen in table 2) were used. For WT1 myelin removal beads
were used during the isolation, whereas for WT2 they were not. For WT1, the O4
contamination was 4.8% in the microglia-positive fraction and 6.9% in the flow
through, whereas WT2 showed 29.5% contamination in the microglia fraction and
39.2% in the flow through. The contamination with O4+ cells in the microglia-positive
fraction as well as in the flow through was noticeably higher if no myelin removal

beads were used, which is visualized in figure 4.
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Table 2: combined results for flow cytometry analysis of variations of the microglia isolation protocol. Usage of
myelin beads improves contamination of microglia-positive fraction and age of the animal does not have
noticeable effects on purity and contamination. Percentages of microglia-positive and flow through fractions
stem from fully stained sample.

Micrc;glia—_positive Flow through

raction

Genotype Age Myelin Mic_roglia CD1lb+ O4 +cells| CD1lb+ 04 + cells

(weeks) beads yield cells (%) (%) cells (%) (%)
WT1 3 Y 400.000 38.7 4.8 9.4 6.9
WT2 4 N 500.000 52.7 29.5 6.2 39.2
WT3 14 Y 590.000 325 4.5 145 1.2
WT4 12 Y 780.000 29.1 1.7 15.7 7.1
WT5 20 Y 480.000 92.6 2.7 0.6 0.8
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Figure 4: Preliminary testing of microglia-positive fraction regarding necessity of myelin removal through beads.
A) WT1 cells show distinct CD11b+ microglia staining in the APC channel. B) O4 staining of WT1 cells show
minimal contamination with myelin. C) outside of gating settings a cell population appears to distort analysis.
D&E) WT2 O4 staining shows significant amount of myelin contamination in the yellow (PE) channel. It was
concluded that myelin removal through beads is necessary.

After establishing the need for using O4-beads before separating the microglia, it
was investigated, whether the age of the animal has an impact on the microglia cell
yield and purity. As is apparent in table 2, cell yields of older animals (WT3-4) are

slightly higher, however, the purity is not affected in WT3 and WT4. Since younger
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animals yielded less cells and the purity is not affected significantly, all further
experiments were conducted with adult mice.

Final protocol adjustments

After poor microglia purity and a relatively high percentage of microglia in the flow
through for WT1-4, multiple adjustments to the protocol were made. Most
significantly, the density gradient centrifugation step was identified as the most
crucial step in the protocol and was therefore optimized for increased purity.
Furthermore, the settings of the flow cytometer had to be adjusted. As can be seen
in figure 4C, in the top left corner a cell population appeared, which showed a very
high forward scatter and could not be detected by the used settings. The usage of
pre-separation filters (7Oum) in the magnetic separation step might have dissolved
cell clumps, that later appear as very large cells in the flow cytometry analysis.
Following the final adaptations to the protocol, isolated microglia from two brains of
20-week-old WT mice were used to adjust the settings and further analyze the flow
through and microglia-positive fraction for possible astrocyte contamination (results
from this analysis can be seen in table 3). The gating strategy and consequent cell
populations is shown in figure 5. An area was identified, which shows a very distinct
cell population of CD11b+ cells in the microglia-positive fraction (5B), however, in
the flow through no such cell population could be identified (5C). Therefore, this
area (R4) was used as the gate for all further analysis. Dot plots of isotype controls
were used to determine appropriate CD11b+ and O4+ gates. The observed cells
shifted from isotype control samples to the stained samples successfully and the

resulting dot plots and histograms can be seen in figure 5.

Sample ID CD11b+ fraction (%) 04/ASC2+ fraction (%)

stained CD11b and O4 92.56 2.71

positive cell fraction stained ASC-2 0.84 512
isotype control 1.16 1.51

unstained 0.81 1.71

stained CD11b and O4 0.63 0.76

flow through stained ASC-2 0.13 51.86
isotype control 0.29 0.19

unstained 0.00 0.00

Table 3: percentages of cells within the gated area using InCyte software. Flow through and the positive
cell fraction were analyzed according to their content of microglia-positive cells and oligodendrocyte-
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This analysis shows a very high purity of microglia in the microglia-positive cell
fraction and very little contamination of myelin and astrocytes. Furthermore,
analysis of the flow through showed almost no CD11b+ cells, however, over 50%
of astrocytes. Taken together, these findings confirm the reproducibility and success

of the adapted microglia isolation protocol.
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Figure 5: Flow cytometry data analysis from representative sample after successful adaptation of the microglia isolation
protocol. A) contour plot of cell population indicating that correct settings were used. B) Dot plot of stained microglia fraction
with R4 surrounding a very distinct cell population of microglia. C) Dot plot of stained flow through frection where distinct
cell population of B is not visible. All further analysis and plots were gated to R4. D&E) Dot plot of O4 and CD11b-positive
cells of microglia fraction. F) Histogram of unstained (blue), isotype control (dark green) and microglia podtive sample
(bright green) in microglia positive fraction. G&H) Dot plot of O4 and CD11b-positive cells of flow through. F) Histogram
of unstained (blue), isotype control (dark green) and microglia positive sample (bright green) in the flow through.
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8.2. Cell culture and phagocytosis assay

8.2.1. Microglia cells are fully developed after 4 days of culture
To determine the ideal timepoint for conducting further experiments with the primary
isolated microglia, they were cultured for 4 days and imaged via live-cell imaging.
As is evident in figure 6, directly after isolation and after one day, the cells exhibit
an amoeboid shape which is to be expected of microglia that were just isolated. On
day 2 of culture, the beginning of the formation of characteristic processes can be
seen and intensifies on day 3 and day 4. Despite high cell density, microglia were
shown to recover from the isolation procedure and return to characteristic, healthy
cell morphology on day 4 of culture. Therefore, all further experiments were

conducted on day 5 of culture.

4d Oh Om

Figure 6: Increased growth and characteristic bifurcation of microglia cells in culture. Time course of isolated primary
microglia cells with pHrhodo labelled myelin as a substrate of 4 days acquired with the IncuCyte software with a
10x objective (n = 1). Only day 1 and day 4 are depicted for clarity.
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8.2.2. Microglia are healthy and survive during phagocytosis assay
After spending four days in culture, microglia cells were used for a phagocytosis
assay in parallel with a nuclear dye staining to show the continuous survival of the
cells and possibly exclude debris giving a fluorescent signal from real cells.
Therefore, in three wells with a density of approximately 200.000 cells the pHrhodo
labelled myelin was added as a substrate in parallel with a nuclear dye. Shown in
figure 6, even when seeding the cells carefully in a 7uL drop, density of cells can
vary between wells and even within one well. Furthermore, it can be said, that the
nuclear dye was not taken up well by microglia in either dense or sparce seeding
conditions. Despite that, the visual assessment of the cells is telling of their health
and survival through the phagocytosis assay with myelin as a substrate. The nuclear

dye concentration therefore is not necessary.

Figure 7: Nuclear dye experiment data. Blue dots represent a nuclear dye signal. A) dense cell population
at 15h and 24h after adding the nuclear dye showed sparce uptake of the dye by the cells. C) less dense
cell population at 15h and 24h after adding the nuclear dye show similar dye uptake patterns as dense cell
populations. Dye concentration must be increased.
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8.2.3. Isolated microglia are positive for IBA1 after 4 days of culture and
phagocytosis assay

To investigate the prolonged survival of the isolated cells and for making certain that
the isolated cells truly are microglia, immunofluorescence was conducted. These
cells (n = 2) had been cultured for 4 days and subsequently went through the
phagocytosis assay, which included adding myelin and red nuclear dye to the cells.
After the assay, they were detached and stained for IBA1 and DAPI. As a control,
half of the cells were only stained with DAPI. As can be seen in figure 8, microglia
show IBAL1 signal throughout their cell body. The red signal elucidates the various
morphologies the microglia exhibit. At a resolution of 60x, a single cell can be
observed with characteristic branched morphology and even the end point of the
cell, where it attaches to the glass slide. The same can be said for a resolution of
40x, where the complete morphology of a single microglia cell is seen. At a
resolution of 20x, multiple cells with varying morphologies are depicted. Smaller,
rounder (also known as amoeboid) shaped cells were positive for IBA1 staining, as
well as a cell with only short processes. For the control, where no IBA1 antibody
was used, a red signal was detected surrounding the nucleus of the cells. Since
these cells were subjected to a red nuclear dye for 48h before fixation and
immunofluorescent staining, it stands to reason that these are the remnants of this
nuclear dye and not an IBA1 staining. The pattern of red signal can also be clearly
distinguished from the figures above, where the whole cell body is uniformly stained.
However, in the control cells, the red signal only occurs directly next to the nucleus
in a circular shape.

Taken together, these images confirm sustained microglia cell identity even after
multiple days of culture and a 48h phagocytosis assay. This further substantiates
the functionality of the suggested protocol and increases the potential applications

of the protocol in various fields of interest.
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Figure 8: IBA1 and DAPI staining of primary microglia after 4 days of culture and 2 days of phagocytosis assay.
Successful staining of whole microglia cell body by IBA1 confirms microglia isolation and culture protocol. The
control group, where no IBA1 antibody was added shows red fluorescence, however the pattern of red staining
is significantly different from IBAL stained cells.

8.3. Primary microglia successfully phagocytose WT myelin
As phagocytosis of myelin is one of the key functions of microglia in the CNS, it was
pivotal to show proper phagocytosis function of the isolated microglia. To achieve
this, microglia were left for 4 days in culture and phagocytosis activity was measured
for 48 in case of late-onset phagocytosis. The live cell-imaging software measured
the green area relative to the phase area, giving relevant fluorescent signal intensity
of the primary microglia. As can be seen in figure 9, the primary microglia showed
successful phagocytosis ability of WT myelin labelled with pHrhodo green dye.
Green dots and lines in the figure represent either the relative fluorescent signal of
the replicates combined (9A) or separately (9B). In red cells without myelin addition
are depicted and in blue the background signal is shown, which consists of only
myelin but no cells. The bars of each dot show the standard deviation of each well.
Phagocytosis of myelin showed a similar pattern in all three replicates; however, the
intensity of green, fluorescent signal is overall rather low. Highest fluorescent signal
occurred between 12 and 15 hours after myelin addition and continues to drop off
in a linear way after these timepoints. A renewed increase in signal was registered

at 45 hours, however, due to the overall pattern of phagocytosis and comparisons
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to the current literature, this seems to be an artefact of some sort rather than a true
increase in phagocytosis activity. Regarding the untreated control, a complete drop
in in fluorescent signal was observed at timepoints 20, 24, 30 and 41 hours. At these
timepoints, the IncuCyte took out-of-focus images of the well, explaining the unusual

pattern in this case.
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Figure 9: Results of myelin phagocytosis by primary microglia over 48h. Cells of two brains were
combined and seeded in three wells including a background control for the fluorescent myelin and ar
untreated control. A) results of the ratio of green area vs. phase area for 3 wells filled with cells and myelin
replicates combined including standard error bars. B) green area/phase area for each of the replicates

These results indicate successful phagocytosis ability of the isolated primary
microglia and an overall relatively low fluorescent signal, with the highest

phagocytosis rate between 12 and 15 hours after myelin addition.
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9. Discussion

The absence of ether lipids in humans has been associated with the manifestation
of RCDP, a debilitating and infrequent genetic disorder characterized by severe
skeletal abnormalities and impaired growth. Only 50% of patients born with this
disease make it to 6 years of age, before the disease kills them (Braverman &
Moser, 2012b). Microglia, the resident immune cells of the central nervous system,
are recognized for their pivotal role in the clearance of cellular debris following
demyelination and synaptic pruning during neural development. This thesis was
undertaken with the objective of establishing a robust methodology for the isolation
of primary microglia derived from adult murine brains. The outcome of this thesis is
the a reliable protocol for the extraction and purification of these cells, the outcomes
are anticipated to facilitate subsequent investigations involving microglia. Such
advancements hold promise for interdisciplinary applications, spanning fields
ranging from neurobiology to immunology, thereby augmenting the scientific
understanding of microglial function and its implications in various pathological
contexts. Here, we discuss the implications of our findings and the significance of

the established method in the context of ether lipid deficiencies.

9.1. \Validation and Adaptation of Microglia Isolation Protocol

As a first step in our initial validation experiments, we determined the importance of
incorporating myelin removal beads into the isolation protocol. Manufacturing
instructions (Miltenyi) indicated a necessity for myelin removal beads, however,
several publications with similar aims emphasized the density gradient
centrifugation step as most important (Bohlen et al., 2019; Bordt et al., 2020). The
significant reduction in myelin contamination observed when using myelin removal
beads in this study underscores their necessity in achieving high-purity microglia
populations. Since the usage of myelin removal beads did not significantly change
the achieved cell numbers, we proceeded the experiments with myelin removal
beads. It should be noted, however, that the duration of the isolation protocol is
increased by approximately 30 minutes, possibly impacting the quality of the
isolated microglia.

Furthermore, our analysis of the effect of animal age on microglia isolation yielded
valuable insights. While most publications into the topic of primary microglia

isolation repeatedly emphasized the importance of neonatal or very young animals,
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citing myelin contamination and microglia quality as their main motive. In these
cases, the protocol for isolating microglia entails significantly longer durations,
shaking-off of the microglia and increased time for culture (Li et al., 2022). These
protocols were not applicable in this study for several reasons. Firstly, obtaining
neonatal mouse brains requires not only impeccable timing but also specialized
skills. Secondly, the mortality rate of newborn Gnpat KO mice is high, with breeding
in general proving difficult. Thirdly, the pathologies of the mice are intensified in
progressed age with some of the pathologies only developing after adolescence.
The overall aim of the study being to investigate possible microglia dysfunctions in
these pathologies, it was important to extract the microglia at a time where the full
progression of disease had been reached. Therefore, using adult animals was the
more practical as well as sensible approach. In our analysis we found that older
animals demonstrated slightly higher cell yields, however, the purity of microglia
cells remained consistent across 3-4-week-old and up to 20 weeks old animals. This
finding supports the use of adult mice for further experiments, ensuring sufficient
cell yields without compromising purity. Our purity of approximately 93% ties in with
publications where purity ranges between 90%-95%, depending on the method of
isolation (Bordt et al., 2020; Liu et al., 2006). However, it's worth noting that
variations in microglia yield and purity may arise from factors beyond animal age,
such as genetic background or experimental conditions.

Striving to optimization of the protocol led to several crucial adjustments aimed at
enhancing isolation efficiency and purity. The optimization of density gradient
centrifugation and fine-tuning of flow cytometer settings proved instrumental in
improving the overall purity of microglia isolates. Our average purity of These
adjustments not only addressed the observed contamination issues but also
contributed to the reproducibility and reliability of the isolation protocol. Moreover,
the gating strategy of distinct cell populations using flow cytometry enabled accurate
guantification of microglia purity and contamination levels.

9.2. Functional Assessment of Isolated Microglia

The subsequent functional assessment of isolated microglia through cell culture,
immunofluorescence and phagocytosis assays provided additional validation of the
established protocol. After we achieved successful flow cytometry results, the next

obstacle was determining optimal culture conditions and durations. Once again,
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some publications with similar aims used very different culture conditions. Most
used a specific Microglia Growth Medium (either commercially bought or tediously
made), which requires a multitude of ingredients which are not usually found in a
lab, therefore making it expensive or time intensive to produce (Bohlen et al., 2017).
Before investing such amounts of funds or time, we aimed at achieving similar
culture conditions with standard equipment and cell culture solutions already
available in the lab. The nature of our isolation protocol made it so that the microglia
did not have to further differentiate or multiply in our culture conditions, they only
needed to recover from the isolation process and take their characteristic form. It is
for that reason why our growth medium consisted only of DMEM complete and
MCSF, which was sufficient to achieve our goal.

The time-course analysis of phagocytosis revealed distinct peak activity patterns for
WT microglia. Specifically, our results demonstrated that in our primary microglia
cells, the peak of phagocytosis occurred approximately 12-15 hours after the
addition of labelled myelin particles. In contrast, a study using a microglia BV-2 cell
line exhibited a delayed peak, with maximal phagocytic activity observed at 22-24
hours post-stimulation with myelin particles (Zorina et al., 2018). Interestingly, in
microglia infected with prions, a significant upregulation of phagocytosis could be
observed, reaching its peak as early as 6 hours after myelin addition (Sinha et al.,
2021). These findings underscore the dynamic nature of microglial phagocytosis
and highlight the impact of different experimental conditions on its temporal
dynamics. Furthermore, our results also revealed a lower level of phagocytosis in
primary microglia compared to those of a BV2 cell line (Zorina et al., 2018). One
potential explanation for this discrepancy could be the density at which the cells
were seeded. It is plausible that primary microglia cells were seeded at a higher
density, which may have influenced their phagocytic activity. Further investigation
into the seeding density and its effect on phagocytosis is warranted to elucidate this
observation fully. It is also known, that cell lines of any kind perform better in
functional assays than primary cells. The ability of our isolated microglia to take up
myelin particles, albeit at low levels, is indicative of successful isolation and culture

conditions.
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9.3. Limitations
This study's sample size was relatively small, consisting of wild-type animals of
varying ages, which may limit the generalizability of the findings. Future research
could enhance the robustness of the method by including a larger and more diverse
sample population. While the study primarily focused on establishing and validating
a microglia isolation protocol via flow cytometry, its efficacy and limitations may vary
across different experimental setups and research questions. Thus, further
investigation is warranted to assess its suitability for alternative experimental
designs or downstream analyses. While efforts were made to optimize the isolation
protocol and minimize contamination, reliance solely on flow cytometry analysis
may not provide a comprehensive assessment of all potential impurities.
Incorporating complementary technigues such as RNA analysis or gene expression
analysis could provide additional insights into purity and contamination sources. The
phagocytosis assay's reliance on pHrhodo-labelled myelin particles presents
limitations in sensitivity and specificity, with variations in assay conditions potentially
affecting outcomes. Further characterization of phagocytosis kinetics and specificity
could enhance the assay's reliability and relevance to physiological microglial

function.

9.4. Implications and Future Directions

The successful establishment and validation of a robust microglia isolation protocol
from adult mouse brains have far-reaching implications for neuroimmunology
research. The high-purity microglia populations obtained from adult brains using this
protocol offer a reliable platform for investigating various aspects of microglia
biology, including their roles in neuroinflammation, synaptic remodeling, and
neurodegenerative diseases.

Future research endeavors may explore the applicability of the established protocol
in studying microglia heterogeneity across different brain regions or disease
models. Additionally, further optimization and validation of the protocol for specific
experimental contexts, such as single-cell RNA sequencing or spatial
transcriptomics, could enhance our understanding of microglia function at the

molecular level.
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In conclusion, the findings presented in this study underscore the importance of
methodological standardization in microglia isolation and provide a foundation for
advancing our knowledge of microglia biology in health and disease. By establishing
a reliable and reproducible isolation protocol, this study contributes to the
methodological toolkit available to researchers in the field of neuroimmunology,
paving the way for future discoveries and therapeutic interventions targeting

microglia-mediated pathologies.
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