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Abstract

Myelin is a lipid rich membrane produced by oligodendrocytes in the central nervous system.
During development, oligodendrocyte precursor cells find their target axons and start to wrap
their processes around axons, thereby creating a multilayered insulating sheath. Those sheaths
are regularly distributed along the axon with small, intersecting gaps called Nodes of Ranvier.
This insulation results in increase in signaling conduction velocity. Furthermore, recent

publications suggest that myelin is a dynamic structure that can adapt to environmental changes.

| investigated the epigenetic control of oligodendrocytes during motor skill learning, since it
was suggested in literature, that myelin is necessary for complex learning. Mice were subjected
to a complex running wheel and the corpus callosum, a region with high myelin density, were
collected for batch isolation of tissue specific methylated DNA immunoprecipitation (Bits-
meDIP), before and several days after complex learning. Thereby i could not identify changes

of differentially methylated regions or genes.

Myelin plasticity is also visible during development, where the formation of the myelin sheath
is accompanied by myelin outfoldings, which are normally linked to disease pathology. Here, |
investigated the ultrastructural changes of myelin by 2D and 3D electron microscopy during
optic nerve development. Thus, I could see degenerated myelin debris additional to outfoldings
in wild type optic nerves. Interestingly, degenerated myelin was not only seen in the
extracellular space, but also still attached to otherwise normal looking myelin sheath.
Additionally, microglia were found to be associated with myelin outfoldings and phagocytose
degenerated myelin. This phenomenon has already been described for demyelinating disease
models, however not yet for normal myelin development. Activation of microglia during that
time seemed to be dependent on triggering receptor on myeloid cells 2 (TREM2) signaling,
since TREM2 deficient animals showed less expression of the activation markers. Despite that
RNA sequencing of white and grey matter microglia at 14 and 60 days after birth did not show
an increase in genes usually expressed in disease-associated microglia (DAM) — a microglial
subtype which arises in a Trem2-dependent manner. Pathway analysis showed that P14
microglia in cortex and corpus callosum expressed genes related to extracellular matrix
interaction, cytokine signaling, focal adhesion and protein digestion, when compared to P60
microglia. Hence, redundant myelin during development is unlikely to be sufficient to trigger

severe disease related gene expression.

Xiii



1 Introduction

1.1 Central nervous system and its main functions

The central nervous system (CNS) that is directly or indirectly controlling our body’s
functions through neuronal networks, consists of the brain and the spinal cord. Every
neuronal cell outside of this system that connects the brain to organs and limbs belongs to
the peripheral nervous system (PNS). Together these systems are in charge of controlling
voluntary actions (e.g. movement, thinking) and involuntary actions (e.g. reflexes, blood
pressure, breathing) of the body. The brain is the most complex organ in the human body
and it is crucial for the coordination of complex motor functions, thinking and memory

formation, but also exerts control over the rest of the body through e.g. hormones.

The cortex of the brain allows for cognition and abstract thoughts. Inside the central nervous
system, there are several different cell types, such as the neurons and glia cells that support
and maintain the neuronal integrity. Glia cells can be split into three groups: namely
astrocytes, oligodendrocytes and microglia. The neurons, astrocytes and oligodendrocytes

originate from the ectoderm, while microglia are derived from the yolk sac.
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Figure 1: Central nervous system composition

In the central nervous system (CNS), most of the cells originate from the radial glia cells. Neurons, as well
as OPCs and astrocytes are differentiating during development. Microglia on the other hand, the CNS
resident immune cells, invade the brain from the yolk sac during embryonic development. Together, they
form functional connections, which leads to a complex circuit known as the central nervous system. The
CNS is responsible for coordinating all biological functions of the organism. OPC = oligodendrocyte

precursor cell, CNS = central nervous system. Modified from (Allen & Lyons, 2018)

Astrocytes fulfill several functions in the nervous system. The two most important ones, are
metabolic support of neurons and controlling extracellular ion levels at the synapses. It has
been shown by many studies, that astrocytes are able to alter local blood flow upon neuronal
activation (Gordon, Choi, Ellis-Davies, & MacVicar, 2012; Takano et al., 2006; Zonta et
al., 2003). This is an important function, since it enables adaption of the system to the local
need for additional nutrients. The second important function is the ability of astrocytes to
buffer extracellular ion concentrations at the synapse to decrease harm to the neurons. It has
been shown that an increased potassium ion concentration can lead to epileptic seizure-like
events in hippocampal slice cultures (Gabriel et al., 2004) and even cell-death after
prolonged ischemic insults (Leis, Bekar, & Walz, 2005). Therefore, clearance of excess
potassium ions is extremely crucial to assure normal neuronal function and has been shown
to be regulated by astrocytes (Bellot-Saez, Kékesi, Morley, & Buskila, 2017; Ma et al.,
2016; Wallraff et al., 2006).




Microglia also have several distinct functions in the central nervous system. They are
considered as tissue-resident immune cells, as they scavenge the tissue in search of
pathogens and apoptotic debris. Additionally, microglia are able to phagocytose debris and
further trigger immune response e.g. through cytokine-mediated signaling. During CNS
development, they are also responsible for synaptic pruning (Paolicelli et al., 2011), which
IS a process by which microglia remove non-functional synapses between axons and
dendrites to help form mature neuronal circuits. In disease related context, microglia also
play an important role by phagocytosing e.g. myelin debris in demyelinating diseases, such
as Multiple Sclerosis (MS) or Charcot-Marie Tooth disease as well as Alzheimer’s disease

and Parkinson’s disease.

The third major cell type in the CNS are oligodendrocytes which generate myelin — a
complex lipid membrane structure that spirally wraps around axons to enable saltatory nerve

conduction and metabolic support (Nave, 2010).

1.2 Functions of oligodendrocytes

Mature oligodendrocytes fulfill several functions: they are mainly known to accelerate the
conduction velocity of neuronal signal transmission by insulating the axonal membrane.
The ion channels and pumps at the axonal membrane are clustered to regions between two
neighboring myelin sheaths, which are called nodes of Ranvier. When a depolarization wave
progresses along the axon, only at the nodes of Ranvier they can be extended and further
transmitted. In between, the ions cannot exchange with the extracellular space due to the
myelin shielding around the axon. Therefore, the depolarization jumps from node to node,
accelerating the conduction velocity. This was evolutionary developed in different taxa,
since the only other way to increase conduction velocity would otherwise be to increase
axon diameter (Hartline & Colman, 2007; Huxley & Stampfli, 1949; Sato, Sato, & Suzuki,
1985).

In recent years, other functions of oligodendrocytes have emerged. Different research
groups have shown that oligodendrocytes, together with astrocytes, are able to metabolically
support the axons. It was shown that oligodendrocytes are able to shuttle lactate through
monocarboxylate transporter 1 (MCT1) into the periaxonal space. From there, lactate can

be taken up by the axon through MCT2 transporters and used for energy metabolism




(Bélanger, Allaman, & Magistretti, 2011; Funfschilling et al., 2012; Y. Lee et al., 2012;
Tekkok, Brown, Westenbroek, Pellerin, & Ransom, 2005). Another study also pointed out
that glucose might be the main metabolite of choice to deliver energy to axons in the corpus
callosum (Meyer et al., 2018). Loading of cells with glucose, not lactate or pyruvate,
prevented the reduction of compound action potential (CAP), which is the sum of action
potentials of a group of axons. Additionally, studies with mice deficient in connexin 47, a
protein which couples oligodendrocytes through gap junctions, validated that only

functional oligodendrocyte networks could rescue CAP loss (Maglione et al., 2010).

Oligodendrocytes are expressing glutamate receptors during development, thereby being
able to react to axon activity and glutamate signaling. This triggers proliferation and
myelination, which will support the axonal needs (Gautier et al., 2015; Gudz, 2006; Wake,
Lee, & Fields, 2011; Ziskin, Nishiyama, Rubio, Fukaya, & Bergles, 2007). It has further
been proposed that neuregulin is important to switch between an activity-dependent and
independent mechanism by regulating expression of N-methyl-D-aspartate receptors
(NMDAR). During remyelination, glutamate signaling has been shown to be dependent,
suggesting an important role for receptor mediated myelination (Lundgaard et al., 2013).




1.3 Myelin composition

1.3.1 Myelin lipids

Due to its high lipid content (70% of dry weight) myelin represents a unique type of
membrane (Morell & Quarles, 1999). There are three types of major myelin lipids, namely
cholesterol, galactolipids and inositols, which are crucial for the specialized function of this

membrane.

1.3.1.1 Cholesterol

Cholesterol is an important lipid as it can regulate membrane fluidity, permeability and
protein function (Espenshade & Hughes, 2007). Neurological phenotypes, like ataxia and
tremor can be observed in mice that lack oligodendroglial squalene synthase, which is an
enzyme necessary for the committing step in cholesterol synthesis. Oligodendrocytes
lacking this enzyme are functionally impaired which results in delayed myelination and
downregulated mRNAs for myelin proteins (Mathews et al., 2014; Saher et al., 2005). This
highlights the importance of cholesterol in proper myelin formation and function. In a
demyelinating disease models, it has been shown that increased myelin uptake by aged
phagocytes can lead to the formation of cholesterol crystals that actually pierce the
membrane and harm the cells itself. Moreover, this delays the clearance of debris and
remyelination (Cantuti-Castelvetri et al., 2018). However, external cholesterol fed with
chow can also be helpful for remyelination after cuprizone induced demyelination (Berghoff
etal., 2017).
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Figure 2: Myelin membrane composition
Myelin basic protein (MBP, red) is attracted to a negatively charged membrane (1). After the positive charge
of MBP is neutralized, the protein is inserted into the membrane (2) and its accumulation favors the stacking

(3) of another membrane layer. Conformational change of MBP leads to even further compaction of the

two membranes, thereby forming the major dense line (MDL) (4). MBP = myelin basic protein, CM

compact myelin, N = non-compact myelin, P = periaxonal space; MDL = major dense line, IPL
intraperiod line. Modified from (Raasakka et al., 2017)




1.3.1.2 Galactolipids

The galactosphingolipid galactocerebroside has been shown to also affect normal myelin
function. In a mouse mutant, that is deficient for UDP-galactose ceramide
galactosyltransferase  (CGT), oligodendrocytes were not able to synthesize
galactocerebroside out of ceramide. This led to a decrease in conduction velocity and an
early death of the mouse. Another study found, that galactocerebroside, in a CGT mutant
mouse, could be replaced by a lesser efficient ceramide derivate glucocerebroside. Despite
that, additional ataxia and tremor, as well as hind-limb paralysis in aged mice were visible
(Bosio, Binczek, & Stoffel, 1996; Coetzee et al., 1996). Moreover these UDP-galactose
ceramide galactosyltransferase deficient mice revealed changes in paranode formation but
proper myelin function. Ultrastructural abnormalities like altered nodal length and absence
of transverse bands were observed. Interestingly, these changes were only seen in the
central, not in the peripheral nervous system (J L Dupree, Coetzee, Blight, Suzuki, & Popko,
1998; Jeffrey L. Dupree, Girault, & Popko, 1999)

Furthermore, deficiency in galactocerebrosidase enzyme function that is the enzyme
responsible for removing galactose from ceramides, was found to be causative of Krabbe
disease, also known as galactosylceremide lipidosis, an autosomal leukodystrophy. It is
known to have a demyelinating outcome in the central and peripheral nervous system. In a
genome-wide association study, the authors found six different mutations of the enzyme in
patients with Krabbe disease, linking galactoceremide processing with white matter
integrity (Xu, Sakai, Taniike, Inui, & Ozono, 2006).

Galactocerebroside already seems to be important for proper myelin function. Another
derivate of this molecule is sulfatide, which is also important for structural regulation. By
genetically blocking the synthesis of sulfatides, which are synthesized from
galactocerebroside by cerebroside sulfotransferase, mice displayed hind-limb ataxia and
tremor and abnormalities in paranodal junctions (Honke et al., 2002). One of these studies
additionally showed, that sulfatide deficient mice had a decreased sodium and potassium
channel clustering on myelinated axons. Formation of the clusters and myelination itself

was normal except the nodal length was altered again (Ishibashi et al., 2002).




1.3.1.3 Phosphatidyl-inositols

Phosphatidyl-linositols are another class of lipids that have been shown to be involved in
myelin structure. Phophatidylinositol 4, 5-bisphosphate (PIP2) binds myelin basic protein
(MBP), which is an important protein for compaction of membranes, to the membrane.
When hydrolyzed by phospholipase C, upon increased Ca?* concentration in the cytosol,
MBP dissociated from the membrane. Additionally, vesiculation and de-compaction was
observed (Nawaz et al., 2009; Weil et al., 2016). Another study also showed the connection
between PIP2 and MBP (Musse, Gao, Homchaudhuri, Boggs, & Harauz, 2008). Therefore,
PIP2 is crucial for binding MBP to the inner leaflet and leading to the compaction of the
myelin sheaths.

Phophatidylinositol-3, 4, 5-triphosphate (PIP3) is produced by the phosphorylation of PIP2
by phosphoinositide 3-kinase (PI3K). This lipid was found at the leading edge during
myelination emphasizing its importance for myelin biogenesis. Besides, when PIP3 levels
drop again after myelination also the cytoplasmic channels close down. When PIP3 is
reintroduced by knocking out phosphatase and tensin homolog (PTEN), which inhibits
myelination, myelination seems to re-start and the channels open up again (Snaidero et al.,
2014). Other studies showed that the disruption of the PTEN together with mammalian disks
large homolog 1 (DLGL1) (Cotter et al., 2010) lead to redundant myelin formation in form
of outfoldings and tomaculae (S. Goebbels et al., 2010; Sandra Goebbels et al., 2012).
Therefore, PIP3 is of great importance regarding the regulation of myelination in

development and during adulthood.

1.3.2 Myelin proteins

1.3.2.1 Myelin basic protein (MBP)

Proteins are the second major component of the myelin sheath making up to 30% of dry
weight. As aforementioned MBP is important for compaction of the myelin sheaths
(Snaidero et al., 2017). Its function is also important for CNS integrity, since MBP defects
have severe consequences for myelin ultrastructure due to the formation of membrane
tubules as shown with a natural occurring mouse mutant called shiverer (Chernoff, 1981).
As the name suggests, these mice are shivering due to impaired axonal insulation. More
precisely, initial formation of the myelin sheath is not affected, but its compaction is absent

leading to the formation of membrane tubules. Thus, these mice die prematurely and




develop severe tremor two weeks after birth. (Shen, Billings-Gagliardi, Sidman, & Wolf,
1985). This highlights the importance of MBP in formation of the compacted myelin sheath.
It has further been shown in animal models, mimicking MS, like experimental autoimmune
encephalomyelitis (EAE) or neuromyelitis optica (NMO), that loss of MBP leads to
vesiculation at the inner tongue. This might be triggered by Ca?* influx leading to
ultrastructural changes within the myelin sheath ultimately resulting in the loss of
compaction (Weil et al., 2016).

1.3.2.2 Proteolipid protein (PLP)

Proteolipid protein (PLP) is together with MBP the most abundant protein in the myelin
sheath, which mainly interacts with cholesterol and galactosylceramide lipids (Simons,
Kramer, Thiele, Stoffel, & Trotter, 2000). Therefore, it is able to stabilize the intraperiodal
line, which is formed by compaction of adjacent membranes (Klugmann et al., 1997).
Defects in this protein are linked to Pelizaeus-Merzbacher disease (PMD), highlighting its
importance in normal myelin function (Lyahyai et al., 2018; Yool, Edgar, Montague, &
Malcolm, 2000). PMD has clinical hallmarks like tremor, loss of movement of the limbs
and horizontal movement of the eyes (Osério & Goldman, 2018). Another study showed
that progression of PMD was prevented by external cholesterol treatment due to a
cholesterol-rich diet. Notably, there is evidence that cholesterol is important for PLP

trafficking and incorporation in the myelin sheath (Saher et al., 2012; Simons et al., 2000).

1.3.2.3 Other myelin proteins

Other abundant proteins within the myelin membrane include 2°, 3’-cyclic nucleotide 3’-
phosphodiesterase (CNP), myelin oligodendrocyte glycoprotein (MOG), myelin-associated
glycoprotein (MAG), which all fulfill important roles like axon-glia adhesion (MAG),
process outgrowth (CNP) and speculated adhesive function (MOG) (Johns & Bernard,
1999; J. Lee, Gravel, Zhang, Thibault, & Braun, 2005; Schnaar et al., 1998). Together, the
balance of lipids and proteins in the myelin sheath are important for its assembly,

maintenance and proper function.

1.4 Origins of oligodendrocytes and formation of myelin

Myelin was firstly described by Rudolf Virchow (1854), who tested and compared different
tissues on their chemical properties. Later on Louise-Antoine Ranvier (Ranvier, 1878)




described in more detail how myelin is wrapped around the nerve fibers and that the nodes
of Ranvier are regularly appearing along the axon. In 1962 (Bunge, Bunge, & Pappas,
1962), it was shown for the first time that the myelin sheath was connected to

oligodendrocytes on ultrastructural level using electron microscopy.

Oligodendrocytes derive from oligodendrocyte precursor cells (OPC), which are
descendants of neural stem cells (Naruse et al., 2016). The OPCs colonize the brain in
different waves and from different areas. The forebrain is getting colonized with a first wave
at embryonic day 12.5 from the medial ganglionic eminence. Under physiological
conditions OPCs from this wave are later on not found anymore. In case of malfunctioning
of the other waves, however, these cells can compensate (Kessaris et al., 2006). The second
wave arises from a more dorsal point, namely from the caudal ganglionic eminences at
embryonic day 15.5. Finally, the third wave, which later migrates into the cortex, derives
from the dorsal subventricular zone. Cerebellar and spinal cord OPCs are generated in other
regions and time points as reviewed by (Naruse, Ishizaki, Ikenaka, Tanaka, & Hitoshi, 2017;
van Tilborg et al., 2018).

Migration of the newly produced OPCs to their site of destination have been described
broadly: this can be mediated by either growth factors, extracellular matrix components,
axon guidance factors and NMDA receptor mediated signaling (Bribian, Barallobre, Soussi-
Yanicostas, & de Castro, 2006; Milner, Edwards, Streuli, & ffrench-Constant, 1996; Okada,
Tominaga, Horiuchi, & Tomooka, 2007; C. Wang et al., 1996; H. Zhang, Vutskits, Calaora,
Durbec, & Kiss, 2004). Moreover, blood vessels have been recently shown to act as a

guidance for migration for OPCs (Tsai et al., 2016).

Once the OPCs have reached their destination, they start to extend their processes to find
axons that can be myelinated. Not all axons are myelinated, which can depend on size and
activity (Klingseisen & Lyons, 2018). Once contact is established, oligodendrocytes start to
wrap their processes around the axon with the growing myelin membrane, the so called
leading edge moving around the axolemma, thereby extending underneath the previously
formed layers. The layers start to extend laterally until neighboring sheaths are close by,
ultimately forming small unmyelinated gaps called Node of Ranvier. The finally regularly
spaced myelin segments are called internodes. At the nodes ion channels on the axonal

membrane are clustered allowing for interaction with the extracellular space.
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Figure 3: Wrapping of oligodendrocyte membrane around the axon

Oligodendrocyte precursor cells (OPC) extend their processes until they reach an appropriate axon. After
contact is established, the sheath rolls around the axon by inserting the leading edge underneath the previous
wrap in order to form a multilayered sheath. Lateral and radial expansion occurs during growth of the
myelin sheath. Membrane trafficking is achieved through transport along non-compacted incisures in
already compacted layers. The mature sheath loses its channels and compact myelin establishes insulation
of the axon. OPC = oligodendrocytes precursor cell, node = Node of Ranvier, MBP= myelin basic protein,
MRNA = messenger RNA. Modified from (Nave & Werner, 2014)

During the growth of the myelin sheath, cytoplasmic channels, which are regulated by an
interplay between the two major myelin protein CNP and MBP are necessary in order to
transport the newly synthesized membrane to the leading edge (Snaidero et al., 2017). When
MBP expression is increased upon maturation of the sheaths, the non-compact myelin that
is rich in cytosol starts to compact, thereby slowly closing the cytoplasmic channels. In this
process, MBP acts as a molecular sieve and extrudes protein with a certain size in order to

bring the opposing membranes together.

The lateral growth of the myelin sheath is accompanied by the occurrence of myelin
outfoldings, which starts to decrease again in the first 8 postnatal weeks (Snaidero et al.,
2014). Their presence at later stages is usually associated with pathological myelin in

disease states (Bolino et al., 2004)
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1.5 Epigenetic control of the myelin sheath

DNA methylation was shown to drive oligodendrocytes lineage differentiation: a study has
suggested that DNA methylation transferase 1 (DNMTL1), which is responsible for
maintenance of methylation, is important for differentiation of OPCs. Due to a DNMT1-
deficiency in a mouse mutant, OPC growth was arrested accompanied by severe
endoplasmic reticulum stress. Furthermore, Moyon et al. showed a correlation between
methylation status and gene expression: hypomethylated promotor regions correlated with
an upregulation of genes related to lipid metabolism, phospholipid biosynthesis and
cholesterol biosynthesis. In contrast, hypermethylated promoter regions correlated with
downregulation of genes important for cell cycle, morphogenesis and cell migration. Hence,
less oligodendrocytes and less myelination was seen compared to the wild type control
(Moyon et al., 2016). Furthermore, a second study suggested that although DNMT1 was
reported to be important for developmental OPC regulation, DNMT3 was essential to be
more important for a proper remyelination after lysolecithin-induced demyelination, as
DNMT1 mutants did not show reduced remyelination compared to DNMT1/3 and DNMT3
mutant mice (Moyon et al., 2017).

Furthermore, another study has led to the assumption that there is a relationship of MBP to
DNA methylation in context of MS. Here, the authors observed a decrease in the
methylation of the promotor region of peptidyl arginine deiminase 2 (PAD2) in DNA from
MS patients. This enzyme is responsible for citrullination of MBP, which is known to be
linked to loss of compacted membrane due a less stable interaction of MBP to the negatively
charged membrane. The concentration of citrullinated and less positively charged MBP is
increased in myelin from MS patients. Therefore, changes in DNA methylation status may
play a critical role in MS pathology (Fabrizio G. Mastronardi, Abdul Noor, D. Denise Wood,
Tara Paton, 2007; Moscarello, Mastronardi, & Wood, 2007)

Other epigenetic regulators include histone modifications and micro RNAs, that have been
shown to influence OPC differentiation as reviewed by (J. Liu, Moyon, Hernandez, &
Casaccia, 2016). Micro-RNA miR-23 was described to be inhibiting PTEN, which is
responsible for repression of myelination, through the long intergenic noncoding RNA
(lincRNA) 2700046G09Rik (Lin, Heng, Ptacek, & Fu, 2014). This led to increased

oligodendrocyte differentiation.
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Histone deacetylase 3 (HDAC3) was shown to be important for the commitment of the
neural precursor cell to either the oligodendrocyte or astrocyte lineage. If HDACS3 binds to
p300, NF1A and Stat3 mediated astrogliogenesis is blocked and oligodendrogenesis is
favored (L. Zhang et al., 2016). Another study showed that HDAC1 and HDAC2 can
stimulate the differentiation of oligodendrocytes by acting on transcriptional repressors
HESS5 and 1D2/4 that are induced by Notch and Wnt signaling. When HDAC1 and 2 are
present they compete with NICD and B-catenin, which would normally lead to repression
(Yeetal., 2009).

1.6 Plasticity of the myelin sheath

Myelination is not just a normal developmental process, but it is also necessary in order to
adapt and learn from experience. For a long time glia were only seen as supporting cells.
But over the last two decades it was been acknowledged that these cells have a more

important role in network adaptation.

McKenzie and colleagues (2014) showed that mice that are devoid of the transcription factor
myelin regulatory factor (MyRF) in newly formed oligodendrocytes are not capable of
acquiring the skill to run on a complex running wheel. This study showed a form of plasticity
related to adaptive myelination, since the mice were already in an adult stage where most
of myelin biogenesis is thought to be completed. Furthermore, their lab could show, that
this increase in oligodendrocyte production and myelination occurs already as early as a few
hours after the environment changed (L. Xiao et al., 2016). This means myelination can be

seen as a tool to adapt the circuit to the needs of environmental changes.

Similar events were seen in another study, where the stimulation of neurons was achieved
by a new technique called optogenetic stimulation. Here, channelrhodopsin 2 was
genetically coupled to Thyl neurons in the premotor cortex. This channel allows for
induction of neuronal spiking with a pulse of blue light at 470 nm wavelength. This leads
to a region and cell type specific activation similar to voluntary movement. Consequently,
an increase in oligodendrocyte precursor cell proliferation and a change in myelin thickness
at the corpus callosum underneath the premotor cortex could be shown by the authors
(Gibson et al., 2014).
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On an ultrastructural level, Tomassy et al. (2014) showed new patterns of myelination in
the adult brain. They detected different patterns of myelination in the visual and
somatosensory cortex. Axons from pyramidal neurons showed prolonged gaps between
myelin internodes of up to 55 um length, that have never been described before.
Noteworthy, normal nodes of Ranvier have a length of 1 um. Hence, these prolonged gaps
could be another form of neuronal network regulation as synapses were also detected at
those gaps. This could imply signaling capabilities, rather than random occurrence during
normal development. These new pattern raise the question of its function, because such an
arrangement is not compatible with saltatory nerve conduction. It is known from an earlier
study, that only 30% of axons are myelinated in the corpus callosum of 240 day old mice
(Sturrock, 1980). Taken together, this could mean that the other 70% of unmyelinated axons
could be used to fine tune myelination and therefore, nerve conduction as reaction to
environmental changes in early adulthood. This is supported by the work of Hughes et al.
which show through in vivo imaging the dynamic myelination after environmental
enrichment (Hughes, Orthmann-Murphy, Langseth, & Bergles, 2018). Although, another
study suggested that the gaps close as the mice are maturing (Hill, Li, & Grutzendler, 2018).
Therefore, this might just be a temporary way of adapting to the environment, such as

running on a complex wheel, during development.
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Figure 4: Speculated timeline of adaptive myelination

Myelin can be adjusted in different ways in order to change conduction velocity. Synaptic (1) or axonal
caliber (2) changes can occur within minutes. This can trigger oligodendrocyte precursor cell (OPC)
differentiation (3) and proliferation (4). Newly formed oligodendrocytes (OL) are able to metabolically
support (5) the axon or regulate homeostasis at the synapse (6). This can be observed within hours and days
after stimulation. Internodes can be remodeled either in length (7) at the nodes of Ranvier or in thickness
(8) to change circuit timing. This happens during days and weeks after stimulation. OPC = oligodendrocyte
precursor cell, OL = oligodendrocyte, nodes= Node of Ranvier, Modified from (Almeida & Lyons, 2017)

Studies with human subjects were also conducted looking at the effects of physical training
like juggling (Scholz, Klein, Behrens, & Johansen-Berg, 2009) or musical training
(Schmithorst & Wilke, 2002) on white matter plasticity. Here, changes in the genu of the
corpus callosum or the white matter under the intraparietal sulcus could be observed. Other
examples of human behavioral changes after meditation or reasoning are described in a
review by Wang & Young (2014). However, those studies were not done on cellular basis,
but done using magnetic resonance imaging (MRI), and do not have the necessary resolution

to elucidate functional mechanisms after stimulation.
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Other forms of plasticity were shown during early development, by three different groups
within the zebrafish model system. The first one described a novel form of myelin pruning
by the oligodendrocyte itself during the first 7 days after fertilization of the egg. Here, 28%
of myelin segments of the developing spinal cord actually were retracted again. One
potential mechanism for this could be through NRG-ErbB signaling as pruning was reduced
upon NRG knockdown (P. Liu, Du, & He, 2013).

Following this study, two other groups both described Ca?* dependent retraction of myelin
sheaths. Live imaging revealed that axonal activity induced calcium transients can regulate
myelin sheath retraction or elongation. Elongation is favored by high frequency Ca?*
transients, while retraction is preceded by low frequency Ca?" transients (Baraban,
Koudelka, & Lyons, 2018; Krasnow, Ford, Valdivia, Wilson, & Attwell, 2018). This also

links neuronal activity to developmental myelin modulation.

Opposite effects are seen, when mice are not challenged, but socially isolated: here, a
reduced myelin thickness in the prefrontal cortex could be shown. Mice were socially
isolated for two weeks after weaning. Those mice showed a significant reduction in social
exploration compared to mice that were housed in regular or enriched environments.
Furthermore, the myelin thickness seemed to be reduced in the medial prefrontal cortex.
Interestingly, this happened only when mice were isolated at an early developmental time
point. When the same experiments were performed with older mice, these effects were not
seen (Makinodan, Rosen, Ito, & Corfas, 2012). This suggests a short time span during
development, where plasticity is possible.

Along those lines, another paper showed the effects of sensual deprivation by cutting of
whiskers of mice on myelination. Here, they could show that sensual deprivation leads to a
decrease in myelinated axons at p60 in the barrel cortex, as well as a delayed and reduced

onset of local field potentials after stimulation (Barrera et al., 2013).

1.7 Origins of microglia and their function during development

The tissue-resident immune cells of the CNS, the so called microglia arise from yolk-sac
myeloid progenitor cells. They enter the brain in two different waves around embryonic day
9 and 14 (Ginhoux et al., 2010; Rigato, Buckinx, Le-Corronc, Rigo, & Legendre, 2011;

Swinnen et al., 2013). During early development, they are actively scavenging the tissue for
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cellular debris from apoptotic cells fulfilling their role as resident immune cells. Therefore,
they take on a ramified morphology, which allows them to quickly screen their environment
(Davalos et al., 2005; Nimmerjahn, Kirchhoff, & Helmchen, 2005). Throughout life
microglia are able to maintain their population by self-renewal in contrast to other cells of
the myeloid lineage (Ajami, Bennett, Krieger, Tetzlaff, & Rossi, 2007; Lawson, Perry, &
Gordon, 1992).

During normal development, microglia are important for pruning of synapses. For instance
it was shown that they are actively engulfing and phagocytosing PSD95 positive synapses.
Furthermore, the amount of dendritic spines at day 15 on pyramidal neurons of the CA1
region of the hippocampus was significantly increased in microglia knock out mice
(Paolicelli et al., 2011). Others also show a remodeling function of microglia through
complement receptor 3 (CR3)/C3-mediated pruning of presynaptic inputs (Schafer et al.,
2012).

Microglia also play an important role in neuronal circuit formation by regulating the
neuronal cell number, e.g. as they are actively involved in inducing programmed cell death
(PCD) in Purkinje cells via superoxide ions (Marin-Teva et al., 2004). Another study
showed, that CD11b and DNAX-activation protein 12 (DAP12) deficient mice are not able
to induce hippocampal neuronal PCD (Wakselman et al., 2008). A recent study even
presented a microglia population that is associated to white matter proliferative regions
during development. This population seems to display an amoeboid morphology and
expresses genes that are normally seen in disease-associated microglia (DAM) which are
found amongst others in neurodegenerative diseases. Those DAM associated genes are
mainly responsible for lipid sensing and metabolism, as well as for phagocytosis of debris.
Lately it was shown that those microglia associated to proliferative zones are phagocytosing
newly myelinating oligodendrocytes (Keren-Shaul et al., 2017; Li et al., 2019).

Further roles include trophic support of subcerebral and callosal projection neurons through
insulin-like-growth factor 1 (IGF-1) signaling (Ueno et al., 2013) and arranging embryonic
neural precursor proliferation (Antony, Paquin, Nutt, Kaplan, & Miller, 2011).
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1.8 Main microglia receptors

There are two kinds of receptors used by microglia for different ligands and to trigger
different responses. Toll like receptors (TLRs) or Fc-receptors (FcRs) are triggered by viral
or microbial intruders. As a reaction they promote inflammation by secreting molecules like
tumor necrosis factor o (TNF a), interleukin-1 B (IL-1 B) and nitric oxide (NO) (Stridh et
al., 2013; Yao et al., 2013). This triggers an immune response in order to clear the intruding
microbes (Olson & Miller, 2004).
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Figure 5: Different types of microglia receptors and relation to inflammation

Microglia receptors can lead to a pro-inflammatory response through TNF, IL-1 and NO signaling by
sensing microbes though receptors such as TLRs, FcRs and SRs. In contrast to that, other receptors like
TREM2, PS-Rs and PRs sense apoptotic cells and then trigger an anti-inflammatory response through TGFf3
and IL-10 signaling. TLRs = toll like receptors, FCRs = Fc-receptors, SRs = scavenger receptors, CRs =
complement receptors, TNF = tumor necrosis factor-o, IL-1 = interleukin-1p, NO = nitric oxide, TREM2
= triggering receptor expressed on myeloid cells-2, PS-R = phosphatidylserine receptors, PRs = purine
receptors, TGFR = transforming growth factor-, IL-10 = interleukin-10, Modified from (Neumann, Kotter,
& Franklin, 2009)

The second kind of receptor recognizes apoptotic cellular debris from neurons or other cells,
but does not trigger inflammation. Receptors like triggering receptor expressed on myeloid
cells-2 (TREMZ2) or phosphatidylserine receptors (PSRs) fall into this category. Through
activation of these receptors, anti-inflammatory response can be mediated through
transforming growth factor beta (TGF-B) and interleukin-10 (IL-10) (Bohlen et al., 2017;
Butovsky et al., 2014; Krasemann et al., 2017; Lively, Lam, Wong, & Schlichter, 2018; Y.
Q. Xiao et al., 2008). It was shown, that TREM2 mediated clearance of apoptotic debris, at
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the peak of demyelination in an EAE model, was increased and an anti-inflammatory
environment was observed marked by boosted IL-10 levels (Takahashi, Prinz, Stagi,
Chechneva, & Neumann, 2007). By TREMZ2 ablation microglia did indeed tend towards a
pro-inflammatory direction and were not able to phagocytose apoptotic neurons.
Furthermore, the interaction with DAP12, also known as TYRO protein tyrosine kinase-
binding protein (TYROBP), leads to a reorganization of the cytoskeleton and phagocytosis
of the debris (Takahashi, Rochford, & Neumann, 2005). Mutations in TREM2-DAP12 have
also been linked to Nasu-Hakola disease, which is characterized by early progressive
dementia and bone cysts (Paloneva et al., 2000, 2002). The secondary role of DAP12 is
crucial for osteoclast development (Humphrey et al., 2004).

1.9 Miicroglia function in diseases

During the progression of Alzheimer’s disease (AD), microglia fulfill multiple functions as
they are able to sense, surround and phagocytose extracellular protein accumulations,
namely 3-amyloid plaques, amongst others through TREM2 signaling (Y. Wang et al.,
2015; Yuan et al., 2016). Certain lipids that bind to R-amyloid plaques that might be
responsible for neurotoxic spreading, can be retained by microglia clustering through
TREM2 sensing (Y. Wang et al., 2016; Yuan et al., 2016). Furthermore, TREM2 is able to
take up AB-peptides, mediated through binding to apolipoprotein E and J (APOE/APQJ)
(Parhizkar et al., 2019; Yeh, Wang, Tom, Gonzalez, & Sheng, 2016).

The TREM2 signaling is not only necessary for uptake, but also for proliferation and
survival of the microglia cells themselves (Keren-Shaul et al., 2017; Y. Wang et al., 2015).
This might be a mechanism regulated through mammalian target of rapamycin (mTOR)-
signaling, since TREM2 deficiency in an Alzheimer’s mouse model lead to changed
metabolism and increased cell death of microglia (Carlyle et al., 2015). Interestingly,
TREMZ2 mutations correlate with a high risk of developing late onset Alzheimer’s disease
(Guerreiro et al., 2013; Jonsson et al., 2013).

In models of MS, microglia can fulfill multiple functions like releasing pro-inflammatory
cytokines or clearing myelin debris as reviewed by Luo et al. (2017). Additionally,
microglia and macrophages have been shown to promote oligodendrocyte precursor
proliferation in mouse model for MS in demyelinated lesions (Miron et al., 2013). Another
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study showed that during an EAE induced demyelination, macrophages that are recruited
from monocytes from the peripheral system, move towards nodes and initiate demyelination
and a pro-inflammatory response, while tissue-resident microglia are actually
phagocytosing debris without an pro-inflammatory answer (Yamasaki et al., 2014).
Furthermore, patient samples from MS patients have been shown, to have an increased
concentration of soluble TREM2 (STREM2) in their cerebrospinal fluid (CSF). This is
actually decreased after patients have been treated with natalizumab or mitoxantrone,
highlighting STREMZ2 as a possible marker for microglia activation (Ohrfelt et al., 2016).
Another study also suggested a regulatory function of STREM2 in disease progression, but
the exact function can only be speculated (Piccio et al., 2008). High levels of Tau, which
correlates better with AD progression than AP pathology, where accompanied by increased
amounts of sTrem2 in the CSF. Notably, in the presence A pathology, sTrem?2 levels were
decreased (Schwarz et al., 2016; Suarez-Calvet et al., 2019). STREM2 might also be a feed-
forward signal induced by interleukin-13 (IL-13) signaling, to stimulate macrophage
proliferation and a pro-inflammatory response that leads to chronic inflammation. But this

has only been shown in macrophages, not in CNS microglia (Wu et al., 2015).
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1.10 Projectaim

This study was conducted to further investigate the plasticity of myelin during
developmental and environmental changes. Recent technology like batch isolation of tissue
specific methylated DNA for immunoprecipitation (Bits-meDIP) was used to investigate
the gene expression control, during complex motor skill learning of mice on a running
wheel. Furthermore, serial block-face scanning electron microscopy (SBF-SEM) and
transmission electron microscopy (TEM) and RNA sequencing were used to elucidate the
ultrastructural changes of myelin during optic nerve development. Moreover, | aimed to

identify changes in gene expression in microglia during pruning of myelin.
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2 Materials and Methods

2.1 Material

2.1.1 Chemicals and consumables

All chemicals used were from SIGMA Aldrich, Thermo-Fischer or Roche, EMS, Science

Services, Merck unless stated otherwise.

2.1.2 Antibodies

Following antibodies were used:

Table 1: Antibodies used for immunohistochemistry

Epitope Reactivity Dilution Producer Cat. No.
GFAP guinea pig 1:400 Synaptic System 173004
Ibal rabbit 1:400 Wako 019-19741
APC (CC1) mouse 1:100 Calbiochem OP80
PDGFRa rat 1:500 Affymetrix 14-1401
eBioscience
CD68 rat 1:100 Bio-Rad MCA1957GA
Mac2/ rat 1:200 Biolegend 125402
Galectin-3
LAMP1 rat 1:100 Santa Cruz SC-19992
MBP rabbit 1:300 Dako A0623
MBP sheep 1:4000 Chemicon AB9046
MHC 11 rat 1:200 Affymetrix 14-5321

eBioscience
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NeuN ms 1:500 Millipore MAB377
Olig2 rb 1:500 IBL 18953

Mac-3 rat 1:50 BD Bioscience 553322

2.1.3 General buffers and solutions

2.13.1 PBS

A stock solution of 10X was prepared like the following:

80g NaCl
29 KCI
144 ¢ NaHPO4
249 KH2PO4

H.0 (VE) ad 1I

Adjust pH to 7.4

2.1.3.2 PFA

A stock solution of 500 ml 16% pFA in 1X PBS was prepared like the following:

400 ml of ddH20O were heated in the microwave to 60 °C. Then 80 g of pFA powder, 50 ml
of 10X PBS and one pellet of NaOH were added and stirred under the hood until the pellet
was dissolved. Then the pH was adjusted to 7.4 with 37% HCI. DdH20 was added until 500
ml were reached. 50 ml aliquots were stored at -20 °C.

2.1.3.3 Blocking solution

A stock solution of 500 ml in 1X PBS was prepared like the following:

50 ml of fetal calf serum, 50 ml of bovine serum albumin and 50 ml of fish gelatin were
dissolved in 350 ml of PBS. This mixture was then aliquoted in 50 ml conical tubes and
stored at -20 °C.
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2.1.3.4 Mowiol

The mowiol solution was prepared by mixing 2.4 g mowiol with 6 ml of ddH2O and 6 g
glycerol for a few hours at room temperature (RT). Then, 12 ml of 0.2 M Tris-HCI (pH 8.5)
were added and stirred at 60 °C for 10 min until it was centrifuged at 4000 g for 15 min.

This solution was then aliquoted in 2 ml tubes and stored at -20°C.

2.1.3.5 Anesthetic

The mouse was anesthetized according to the body weight. 6 pg of Ketamine (10%
Ketamine, WDT, Garbsen, Germany) and 900 pg of Xylazine (2% Rompun, Bayer Vita,

Leverkusen, Germany) per 10 g of body weight were injected intraperitoneally (ip).

2.1.3.6 Phosphate buffer (PB)
A stock solution of 5X PB 0.1 M 200 ml was prepared like the following:
0369 NaH2PO4*H.0
3.1g NazHPO,*2H,0

ddH»0 ad 200 ml

The working solution was prepared by diluting 5X with ddH2O.

2.1.3.7 Formvar

This solution was prepared by mixing 50 ml chloroform with 625 mg Formvar (Plano,
Wetzlar, Germany) for 30 mins. It was stored at room temperature (RT) for up to 2 months,

while protected from light by aluminum foil.

2.1.3.8 Richardson’s Methylene Blue / Azur Il blue

This solution was used for staining of lipid rich areas in semithin sections. Here, two
solutions consisting off 1% [w/v] Azur Il in ddH20 and 1% [w/v] Methylene Blue in ddH20
containing 1% sodium borate were mixed 1:1. This was produced freshly and filtered

through a 0.22 um millipore filter before use.
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2.1.3.9 Low sucrose buffer (nuclei isolation)

0.32 M
5mM
5mM

0.1 mM
1mM

0.1%

—>add protease inhibitors (Complete, Roche) by dissolving 1 tablet in 10 ml (10x) and

dilute it to 1x for use

sucrose
CaCl;
Mg(Ac):2
HEPES pH 8
DTT
Triton-X-100

2.1.3.10 High sucrose buffer

1M
3mM
10 mM
1 mM

sucrose
Mg(Ac)2
HEPES pH8
DTT

2.1.3.11 Lysis buffer for meDIP

140 mM
1mM
1%
0.1%
10 mM
1%

NaCl
EDTA
Triton-X-100

sodium deoxycholate

Tris-Cl, pH 8
SDS
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2.1.4 Software

Following software was used:

Table 2: Software used to analyze produced data

Name

Use

Developer

ImageJ

MIB

Imaris

LSM software
ImageSP
Mendeley
GraphPadPrism
Adobe Illustrator

R

Image processing

Image reconstruction

Image reconstruction
Image acquisition
Image acquisition
Reference Manager
Statistics

Image Illustration

Statistics

Wayne Rasband (NIH)

llya Belevich, Merja Joensuu,
Darshan Kumar, Helena Vihinen.
Eija Jokitalo, University of
Helsinki

Bitplane

Leica

SYS-PROG & TrS
Mendeley Ltd.
GraphPad Software, Inc.
Adobe Systems

Lucent Technologies

2.2 Methods

2.2.1 Animal handling

All the wild type animals in this study were bred in the animal facility of the Max-Planck
Institute of Experimental Medicine and kept in a 12 h light/dark cycle with food and water
ad libitum. The experiments in this thesis were performed according to the german animal

welfare law and the regulations of the state of Lower Saxony for animal experiments.

MerTK Transgenic mice were generated in the laboratories of Trevor Kilpatrick and

Michele Binder at the Florey institute of Neuroscience and Mental Health in collaboration
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of Dr. Renate Lewis of the Transgenic Vectors Core at the Hope Center for Neurological
Disorders (St Louis, MO, USA). In brief, exon 2 of the Mertk gene was flanked with loxP
sites to allow for cre-mediated deletion, thereby introducing early stop codons. Cx3Cr1Cre
mice (Goldmann et al., 2013) were purchased from the centre national de la recherche
scientific (CNRS, Paris, France).

B6.129P2-TREM2'™cI" (TREM?2) transgenic mice (Exon 3 and 4 were replaced by a floxed
neomycin cassette, which was excised in the germline and backcrossed to C57BI/6) were
kindly provided by Christian Haas (Turnbull et al., 2006).

2.2.2 Complex running wheel

This behavior experiment was done in collaboration with Prof. Dr. Liebetanz from the
University Medical Center Gottingen (UMG). The motor skills sequence (MOSS) paradigm
was performed also at the UMG.

Animals were single housed with a 12/12 hour light/dark cycle. Water and food was
available ad libitum. One group ran for three weeks on the training wheel with all rungs
intact. The other group ran for two weeks on the training wheel and for the last week on the
complex wheel where different rungs were missing according to an irregular pattern
(Liebetanz et al., 2007). Running activity, speed and distance was measured automatically
with a sensor connected to the wheel. On day 0, day 3 and day 7 after the complex wheel
was inserted into the cage, tissue was collected and flash frozen in liquid nitrogen and stored
at -80°C.

2.2.3 Tissue preparation for Immunohistochemistry

The mouse was weighed and the respective amount of a Ketamin/Xylazin solution was
injected ip into the animal. After the absence of eye and foot reflexes was ensured the
animals abdominal cavity was cut open to expose the heart. Then, a 29 G butterfly needle
(B. Braun, Melsungen) was inserted into the left ventricle and the right atrium was cut open.
First, the blood was flushed out by perfusion with ice cold PBS through a peristaltic pump
(0.2-0.5 ml/sec). After the liver turned pale yellow and the arteries lost the red color, the
solution was switched to ice-cold 4% pFA (in PBS) until the mouse turned stiff (~10 min).
The respective tissue of interest was dissected and fixed further over night at 4 °C in the

fixation solution. Water within the sample was removed by incubation in 30% sucrose (in
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PBS) solution at 4 °C until the sample sank to reduce morphological damage upon freezing.
In the next step, the tissue was frozen embedded in Tissue-TekCryo OCT (Thermo
Scientific, Epsom, UK) and stored at -80 °C until they were cut. Tissue sections (~15 pum)
were produced using a Leica cryostat (Leica CM1950, Leica Biosystems, Nussloch,
Germany) and either directly mounted on a glass slide or stored in cryoprotective solution
(25% glycerol, 25% ethylene glycol in PBS) at -20 °C.

Optic nerves were removed without perfusion after cervical dislocation of the animal and
then, immediately immersion-fixed overnight in 4% pFA (in PBS) solution at 4°C.

Afterwards the sample was processed as described above.

2.2.4 Immunocytochemistry of optic nerve

The 15 pum sections were first rehydrated with 1X PBS for 5 minutes at room temperature.
Afterwards, the sections were blocked for 1 h with 100% BS and 0.1% Triton-X-100 at
room temperature. Then, they were incubated with primary antibodies diluted in 2.5% BS
at 4 °C overnight. The next day, the sections were washed three times for 10 minutes with
PBS and incubated with the secondary antibodies diluted 1:1000 in PBS for 1 h at room
temperature or overnight at 4 °C. Finally, they were washed three times with PBS and one
time with ddH>O before being mounted on a coverslip with Mowiol at room temperature.
The same stainings were usually imaged with the same laser intensities. The percent area
fraction covered was calculated with the same threshold for the development time series
using the FIJI measurement tool.

2.2.5 Cell counting

For the quantification of immunohistochemical stainings a tilescan of one 15 um thick
longitudinal section from at least 3 animals was taken whole. Then a region of interest (ROI)
was defined by manually drawing along the optic nerve making sure to exclude the epineural
area. Here, the ROI was measured and the cells were counted with the CellCounter plugin

in ImageJ. Then the number of cells per area was calculated and plotted in Excel.

2.2.6 Tissue preparation for Electron microscopy

The animals were sacrificed by cervical dislocation and the optic nerves were cut away from

the eyeballs and the chiasm. They were immersion fixed for 24 h in Karlsson Schultz
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solution (4% pFA, 2.5% glutaraldehyde in 0.1M PB (pH 7.3)) (Schultz & Karlsson, 1965)
at 4 °C. Afterwards, they were processed with a modified reduced osmium-
thiocarbohydrazide-osmium (rOTO) protocol (Mikula, Binding, & Denk, 2012; Yokota &
Okada, 1996) to increase the contrast. At first they were washed 3 times with 0.1M PB
buffer followed by 3 h of 2% OsO. and 0.25% Ka[Fe(CN)s] incubation at 4°C to reduce
OsOs to OsO.. Then the samples were washed in ddH20 and incubated with 0.1%
thiocarbohydrazide (in ddH20) for 1 hour at room temperature. Contrast was achieved by
incubation with 2% OsO4 for 90 minutes followed by (after washing with ddH20) 2.5%
uranyl acetate incubation over night at 4°C. The samples were washed again in ddH-O and
dehydrated using increasing concentrations of acetone (always 15 minutes at 30%, 50%,
75%, 90%, 3x 100%). Lastly, the samples were embedded using an increasing concentration
of Durcupan resin (without component D) in acetone (1.5 hours at 25%, 50%, 75%, and
overnight at 100% Durcupan). The next day, samples were incubated for 5 hours in 100%
Durcupan with component D followed by embedding in silicone molds with fresh resin from
the same composition. They were polymerized for 48 hours at 60 °C until the blocks

hardened.

Durcupan solution was mixed with the following components (Electron Microscopy
Sciences (EMS) Catalog #14040):

114¢ component A (epoxy resin)
10¢g component B (964 hardener)
03¢ component C (964 accelerator)

01g component D (Dibutyl phthalate)
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2.2.7 Cutting of ultrathin sections for TEM analysis

The blocks were trimmed to a pyramidal shape (Reichert Jung, Ultratrimm) and cut into
semi-thin (500 nm) sections on an ultramicrotome (UC7 Leica Microsystems, Vienna) with
a diamond knife (3.5 mm, 35° Diatome, Biel, Switzerland). Afterwards, the sections were
stained with Richardson blue to verify tissue integrity and asses localization of region of
interest. After further trimming ultrathin sections were cut at 50 nm thickness from the resin
blocks. They were caught in a small water reservoir before being placed on a 100 hexagonal
mesh copper grid (Gilder, UK), which were coated beforehand with a thin layer of Formvar.
Finally images were obtained using a Zeiss Leo 912 Omega transmission electron

microscope equipped with the ImageSP software at 6300 x magnification.

2.2.8 Sample preparation for 3View imaging

The sample in the resin was exposed over a block length of ~400 um on four sides by
trimming away the excess resin using a trimming diamond knife (Ultratrimm 90°, Diatome,
Biel, Switzerland). The trimmed block was mounted on an aluminum Gatan pin with
CW2400 conductive epoxy resin and baked for additional 3 days at 60 °C. Finally, the block
was sputter coated with 20 nm of platinum (ACE600 Leica Microsystems, Vienna) before
imaging at the Zeiss Merlin VP Compact SEM equipped with a Gatan3view2XP system.
The SEM images were taken by an alternating procedure of cutting 80 nm and imaging with
a pixel time of 0.5 us and an image size of 80 x 80 um. The pixel size was 10 nm at 1147 x

magnification.

2.2.9 EM quantification

For the TEM quantifications 15 images covering an area of 2693 um? at 6300 magnification
were randomly taken across the optic nerve, per animal and at least three animals per
condition and age were quantified. Counting was performed using the CellCounter plugin

for ImageJ.

2.2.10 Nuclei isolation

The animals were killed by cervical dislocation and the corpus callosum was dissected and
snap frozen in liquid nitrogen as fast as possible. To prepare and isolate the nuclei for
staining the tissue of 4 animals was pooled and the corpus colossi transferred to a 1.5 mL
tube. They were mixed immediately with 250 pl of ice cold low sucrose buffer and
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homogenized on ice using a small micro-pestle. Then the volume was adjusted by using the
same buffer to 500 pl and 13 pl of 37% formaldehyde (final concentration 1%) were added
to fix the nuclei for 5 min at room temperature on a rotating wheel. To block remaining
aldehyde groups, 52 ul of 1.25 M glycine (final concentration 125 mM) was added to the
mixture and incubated for 5 min at room temperature. Then the sample was centrifuged at
2000 g for 3 min at 4 °C. The supernatant was removed and the nuclei resuspended in 1 mL
ice-cold low sucrose buffer (containing protease inhibitors). For mechanical
homogenization the volume was adjusted to 6 mL and the ultraturax (IKA Labortechnik,
Staufen in Breisgau) was used for less than a minute on ice. The homogenate was divided
onto 4 cushions of 6 mL high sucrose buffer. At 3200 g for 10 minutes at 4 °C, the nuclei
were separated from the cell debris using a swing bucket table top centrifuge (Eppendorf
Centrifuge 5810 R). The supernatant was discarded and the nuclei pellet was carefully
resuspended in 0.2 mL of ice cold PBS. To get rid of aggregates the nuclei were filtered
through a 70 pum filter. From this solution 50 pl were taken for negative controls later on.

The rest of the nuclei were pelleted in 2 mL tubes for staining.

2.2.11 Staining of isolated nuclei for FACS

Nuclei were resuspended in 1 mL of PBS-T (PBS with 0.1% Tween) + 5% BSA. Then 30
ML of goat serum and 2 pL of NeuN (Millipore, Cat.No.: mab377) and Olig2 (IBL, Cat.No.:
18953) antibody was added to the solution. This was incubated for 30 min at 4 °C on a
rotating wheel. The samples were centrifuged at 2000 g for 3 min and the supernatant was
removed. After that the samples were washed with 1.5 mL of PBS-T for 4 times for 5 min.
Next, the nuclei were stained in 1 mL PBST + 5% BSA + 30 pL goat serum and 1 L of
anti-mouse Alexa 488 secondary antibody for 15 min at 4 °C on a rotating wheel. Then they
were washed again in PBS-T for 2 min before they were resuspended in 1.5 mL of PBS-T
+ 5% BSA. This solution was pressed through a 26 G needle to make sure there are no

aggregates right before cell sorting.

2.2.12 Fluorescence associated cell sorting (FACYS)

The FACS was performed by Dr. Magali Hennion from the Stefan Bonn lab at the European

Neuroscience Institute (ENI Gottingen).

The stained nuclei were sorted with a FACSAria 1l (BD Bioscience) into ice-cold conical
tubes that were incubated with 1mL of 5% BSA in PBS solution. The NeuN" and Olig2*
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stained nuclei were gated according to cell size and cell density. Unstained fractions were
also collected, which contain other glia cells (Astrocytes, Microglia). The purity of the
sorted nuclei was above 95%. Tubes with the sorted cells were centrifuged at 3200g for 15
min at 4°C in a swing bucket table top centrifuge. Supernatant was removed by pouring and

the pellet was further processed.

2.2.13 Methylated DNA immunoprecipitation (meDIP)-seq protocol

The MeDIP-seq protocol was performed in collaboration with Dr. Magali Hennion from the
Stefan Bonn lab at the European Neuroscience Institute (ENI) in Gottingen and Ramon

Vidal from the German Center for Neurodegenerative Diseases (DZNE) in Gottingen.

Pellet obtained after FACS was resuspended in lysis buffer (10 mM Tris-Cl pH 7.5, 10 mM
NaCl, 2 mM EDTA, 0.5% SDS, 100 ug Proteinase K) and incubated 16 h at 65 °C. The
genomic DNA was extracted using phenol-chloroform and precipitated with 0.3 M sodium
acetate pH 5.2 and 100% ethanol. A pellet was obtained after centrifugation at 20.000 rcf
for 20 min at RT. This was resuspended in TE buffer (10 mM Tris-Cl pH 7.5 and 1 mM
EDTA) with addition of 20 pg/ml RNase A and incubated half an hour at 37 °C and 1
additional hour at 65 °C. The DNA was sheared with a Bioruptor NGS (Diagenode) for 10
cycles (30 s ON, 30s OFF) to a fragment size of ~300 bp. Around 700 ng of the fragments
was used for library preparation. Afterwards NEBNext Chip-Seq Library Prep Master Mix
(NEB, E6240 kit) was used for end-repair and adaptor ligation according to the kit’s manual.
Illumina paired-end sequencing adaptors (Sigma-Aldrich) were ligated as stated in the kit’s
protocol. From this 100 ng of adaptor ligated DNA was used for immunoprecipitation with
an anti-5-methylcytosine (5mC) antibody (Eurogentec BI-MECY-100). The resulting
enriched DNA was amplified according to the kit's guidelines and further purified using
AgencourtAMPure XP beads (Beckman Coulter, A63880). The MeDIP libraries were then
sequenced with a HiSeq 2000 (Illumina) system, according to manufacturer’s manual.

Modified from (Halder et al., 2015).

2.2.14 Magnetic activated cell sorting (MACS) of microglia cells

The MACS protocol was performed in collaboration with M.Sc. Tim Diking and M. Sc.
Stefan Berghoff from the Saher group in the Department of Neurogenetics at the Max-

Planck Institute for Experimental Medicine in Gottingen.
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Mice were killed by cervical dislocation and the brain was removed from the skull. After
the meninges were removed the brain was cut with a brain slicer into 1-2 mm sections by
using two to three razor blades. Then, the whole corpus callosum and the whole cortex were
removed with a fine scalpel. All steps were performed on ice. First, the cells were
dissociated using the Adult Brain Dissociation Kit mouse rat from MACS MiltenyBiotec
(Cat.No.: 130-107-677). The protocol was performed according to the manufacturer’s
guidelines. Tissue was washed with ice-cold PBS and then dissociated with two enzyme
mixes in the gentleMACS Octo-Dissociator with heaters. Then the suspension was strained
using a MACS SmartStrainer (70 um). The debris and red blood cells were removed using
the debris removal and red blood cell removal solution provided by the kit. Cell solutions
were then sorted by using the CD11lb MicroBeads mouse/human from MACS
MiltenyBiotec (130-049-601). The cell suspensions were resuspended in 90 pl of buffer
followed by adding 10 pl of CD11b MicroBeads. This solution incubated for 15 min at 4°C.
Cells were sorted in the next step by using a MS column for the MACS Separator. After
washing with buffer, the cells were eluted from the magnet. The pellet obtained after

centrifugation was then frozen at -80 °C until further processing for RNA sequencing.

2.2.15 RNAseq library preparation

The RNAseq was performed in collaboration with Nirmal Raman Kannaiyan from the
Moritz Rossner group in the Department of Molecular and Behavioral Neurobiology at the

Ludwig-Maximilians-University clinic in Munich.

Sequencing was performed with 2 biological replicates for each condition. The cells from 2
mice were pooled for one biological replicate to maximize the transcriptome diversity. RNA
was extracted using Qiagen Micro-RNAeasy Kit (Qiagen, Cat. No. 74004) according to the
kit protocol provided by the manufacturer. 1 pul of ERCC RNA Spike-In Mix
(ThermoFisher, Cat No. 4456740) diluted at 1:5000 fold was added to the isolated RNA as
external control. cDNA was synthesised using Ovation RNA-Seq system v2 (NuGEN, Cat.
N0.7102).100 ng of cDNA was used as input for library preparation using the lonXpress
plus gDNA and Amplicon library preparation kit (ThermoFisher, Cat no: 4471269). The
library was size selected using 2% E-Gel and the samples were barcoded and then amplified.
Each sample library was further quantified using Kapa Library Quantification Kit (Kapa,
Cat. No. KK4827). Equal quantities of each sample were then pooled and sequenced on an
lon Torrent Sequencer.
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2.2.16 Transcriptome Data analysis

The raw reads (Fastq) were split into sample specific reads based on the barcodes. The reads
were then checked for sequence quality and sequence repeats. Low quality bases and short
reads were trimmed or removed from further analysis. The reads were then mapped to Mus
musculus genome (mm10) using TMAP Aligner and quantified using Ensembl annotation
86 using Partek Flow software. Genes with at least 5 reads in at least 80% of the samples
were considered for further analysis. Differentially expressed genes (DEGSs) were
determined in R with the DESeq2 package (Love, Huber, & Anders, 2014). Genes with at
least one-fold change and adjusted p-Value of less than or equal to 0.05 were considered as

differentially expressed.

2.2.17 Pathway analysis

Overrepresentation analysis was performed with KEGG Pathways using WebGestalt
implementation (J. Wang, Vasaikar, Shi, Greer, & Zhang, 2017).

2.2.18 Statistics

Statistics were calculated in GraphPad Prism. The comparison of two groups with normal
distribution and one independent variable was performed with a one way ANOVA. When
two groups with two or more independent variables were compared two way ANOVA was
used. A Bonferroni correction and Wilcoxon correction were used to correct for multiple
testing as indicated in the figures. P-values above 0.5 were considered non-significant (n.s.);

values below as significant with * (<0.5), ** (<0.1) and *** (<0.01).
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3 Results

3.1 Changes in DNA-Methylation after running wheel exercise

Learning a new motor skill is associated with an increase in the proliferation of
oligodendrocyte precursor cells (OPCs) and even more with an increase in newly formed
oligodendrocytes (OLs). When the differentiation from precursor to mature, myelin-
producing OL was blocked, mice were not able to learn to run on a complex wheel compared
to control groups (Mckenzie et al., 2014). This occurs rather fast as changes in subcortical
white matter could already be seen 2.5 hours after the complex wheel was introduced (L.
Xiao et al.,, 2016). Similarly, when mice are fed with the copper chelator cuprizone,
demyelination - especially in the corpus callosum - is observed. This also leads to a reduced
ability to run on a complex running wheel (Liebetanz & Merkler, 2006). Along the same
line, mice that lack the corpus callosum completely, either from birth, or surgically altered
after birth show a significantly decreased running speed on the complex running wheel
(Schalomon & Wahlsten, 2002). Other bimanual coordination test were also harder for mice
that lack the corpus callosum (Mueller, Marion, Paul, & Brown, 2009). These studies
describe the decrease in performance, but the involved molecular pathway is still not
described. Our aim was to investigate the changes that occur during the learning phase by
studying the methylation profile in order to identify the genes responsible for the changes.
Therefore, | used a learning paradigm developed by Liebetanz and Merkler (Liebetanz &
Merkler, 2006) that is able to detect even small changes in learning ability. The mice were
trained to run on a running wheel setup with all the rungs for two weeks. This has multiple
effects on the mice: first, after two weeks of training one can neglect the cardiopulmonary
and musculoskeletal effect that the mice gain from running daily on a wheel. Second, the
motivation for the mice to run is increased as it is a voluntary activity and, compared to the
complex wheel, it is not too challenging for the mice. When the animals are finally
introduced to the complex running wheel lacking certain rungs, bi-hemispherical motor
coordination needs to be trained in order to achieve maximum running speed. Hence, they

need to form a running strategy to be able to run without slipping or falling in the gaps.

Motor learning group 1 (MLG1) was introduced to the complex wheel setup in the third
week (Figure 6 A), whereas motor learning group 2 (MLG2) continued on the training wheel

for another week (Figure 6 B). Samples for investigating the genome-wide DNA
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methylation patterns were obtained on day 0, 3 and 7 after introducing the complex wheel.
There was also a control group (CG) of mice that did not run at all for three weeks, but was

also single housed, under the same conditions as the runners.

A) Motor learning group 1 (MLG1) B) Rung pattern
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Figure 6: Running wheel paradigm scheme

A) Motor learning group 1 (MLG1) trained two weeks on the training wheel before the complex wheel was
set up for one additional week. Motor learning group 2 (MLG2) ran on the training wheel for three weeks.
The control group (CG) did not have access to a running wheel. At day 0, 3 and 7 after the complex wheel
was put in place (marked by red bars) mice were sacrificed and the corpus callosum was prepared for

isolation of nuclei. B) Illustration of different rung patterns. Missing rungs are marked in red.

To investigate underlying changes at gene level, | decided to investigate the DNA-
methylation genome-wide to get a better understanding of changing gene clusters. |
therefore went for the DNA-methylome of the corpus callosum at three different days of
motor skill learning, to investigate whether changes in genes related to myelination are
detectable. The first sample was taken after two weeks of training before the complex wheel
was introduced to get the effects of two weeks exercise (day 0). To assess early changes in
DNA methylation, another cohort was sacrificed after 3 days. To monitor later changes, the
final cohort was analyzed at 7 days after the complex wheel was introduced. In all three
cohorts, | always pooled 4 mice for one biological replicate (total n=2) in order to get

sufficient amount of nuclei for immunoprecipitation.

At first the running distance and maximum running speed were assessed to see the effects
of training and learning on the complex wheel. Figure 7 shows the comparison of MLGL1 to

MLG?2 to investigate the impact of the complex running wheel to training only. On the
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training wheel, over the course of 14 days, it could be observed that all mice are running
longer distances over the two weeks of training and that the velocity also increased, but not
significantly. The distance traveled rose from 3 km to almost 8 km during 24 h. The running
speed barely increased from around 15 cm/s to 20 cm/s. This showed that both groups had
the same conditions and were not affected differently by the running itself. Then, the
complex wheel was introduced and the effects were visible immediately after the first day.
The running distance in MLG1 decreased significantly from almost 7 km to 4 km per 24 h
and the running speed slowed down from 22 cm/s to 14 cm/s. The maximum running speed
in the MLGL1 increased again after 7 days on the complex wheel, while the MLG2 stayed
on a plateau. The distance traveled also plateaued at about 6 km per day, whereas for the
MLGL1 it was about 4 km per day over a course of 1 week. Even after training on the complex
wheel for 7 days, the running distance did not increase whereas the velocity in MLGL1 did.
This might be due to the mice not being prone to not run too long distances at this
complexity.
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Figure 7: Comparison of running performance between normal and complex wheel

Mice were subjected to the MOSS paradigm for three weeks. Left panels in A and B show performance on
the training wheel and right panels show the performance on the complex wheel over the individual days
after inserting the complex wheel. A) Distance run over the course of 24 h was always measured at 9 am in
the morning. B) Average maximum speed achieved was calculated to cm/s. n = 8; Two-way repeated
measure ANOVA with a Bon Ferroni Post-Hoc test. (p<0.05 = *, p<0.01 =**, p<0.001 = ***) ns = not

significant. Shown are the mean values +/- standard deviation (SD).

The animals on day 0, 3 and 7 after introducing the complex wheel were sacrificed and the
corpus callosum was dissected fresh and immediately flash frozen in liquid nitrogen. The
sample of four animals were pooled and the NeuN™ and Olig2" stained nuclei were further
sorted according to fluorescence.
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Figure 8: Fluorescence-activated cell sorting of corpus callosum nuclei
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A) Purified nuclei from mice were stained for Olig2 and NeuN. B) Nuclei were sorted with gate P3 and P4
to exclude doublets, other cell types and debris. Oligodendroglial nuclei marker Olig2 was stained with
Alexa 647 (red) and neuronal nuclei marker NeuN was stained with Alexa 488 (green). Gate P6 were other

cells and debris was collected in gate P5.

Figure 8 shows the gating strategy to exclude debris (gate P1) and doublets of nuclei (gate
P2). The Olig2* oligodendrocyte nuclei were then sorted with gate P3 according to their
high fluorescence signal for Alexa 647 (APC). NeuN™ neuronal nuclei were sorted with gate
P4 according to their high fluorescence signal for Alexa 488. Gate P5 and P6 were set to

catch the remaining cell types and everything else remaining.

The sorted nuclei were then further processed for methylated-DNA immune precipitation
followed by Illumina sequencing. The data obtained were processed by the Stefan Bonn
laboratory at the European Neuroscience Institute (ENI) in Goéttingen. Here, we sequenced
the MLG1 and the non-runner CG. I chose those two groups as they were expected to show
the highest differences in DNA-methylation. As shown in Figure 9 (A-B) almost no changes
between the two groups were visible. Not surprisingly, no significant differences were

obtained, when comparing MLGL1 at different days of running or comparing to the CG.
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Figure 9: DNA-methylation profile of the complex runners compared to the control group

A) MLG1 was compared with itself on different days, in respect to NeuN* and Olig2* sorted cells (e.g. NeuN*
from day 0 to NeuN™* from day 3). Shown are the number of differentially methylated regions (DMR) / genes
(DMG) in respect to neuronal and oligodendrocyte cells. B) MLG1 was compared with the CG that did not
run at all. Shown are the number of DMR/DMGs in respect to neuronal and oligodendrocyte cells. C) The
comparison of DMGs and DMRs between neurons (NeuN™*) and oligodendrocytes (Olig2*) of MLG1 as means

of control.

The technical control consisted of two internal NeuN™ and Olig2* samples from the Bonn
lab (data not shown) that were compared to our samples. The control samples showed
similar DNA-methylation patterns for each cell type. Therefore, I concluded that there were

no technical problems of sample preparation for this analysis.

NeuN* nuclei were compared to Olig2™ nuclei directly to test for cell type specificity. Figure
9 C shows between 6000 to 7500 differentially methylated regions (DMR) and between
3500 to 4500 differentially methylated genes (DMG). This displays substantial differences
which would be expected from two different cell types. However this diversity was not

detected in regards to motor learning on NeuN™ or Olig2™ cells alone.
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The differentially methylated genes from Figure 9 A did not show a functional connection
to either myelin-related genes or neuronal signaling molecules. Table 3 shows the genes that
were differentially methylated when comparing NeuN* nuclei and Olig2* nuclei on different

days with each other.
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Table 3: Enriched genes during motor skill learning from trained and untrained mice

Table shows genes that were differentially regulated with logFoldchange (logFC) and the adjusted p-values,
as well as the gene names and the transcript IDs. In the first column, the different conditions that were
compared are listed. NeuN* nuclei from day 0, 3 and 7 and Olig2* nuclei from day 0, 3 and 7. Color code
ranges from <-1,5 (blue) to >+1,5 (red).

Comparison Gene name Transcriptld logFC p-adjust Comparison Gene name Transcriptld logFC p-adjust
NeuN+dOx d3 C230014012Rik ENSMUST00000134921 0,0276 Olig2+d0Oxd3  Gm9013 ENSMUST00000132933 1,32 0,0438
NeuN+d0x d7 Slc13a3 ENSMUST00000029208 0,0106 Olig2+d0Ox d7 AC116720.1 ENSMUST00000181093 - 0,0006
Gm853 ENSMUST00000124528 0,0915 Gm15405 ENSMUST00000120530 1,58 0,0355
Gm6270 ENSMUST00000132731 \ﬁﬁﬂ&ﬂ 0,0906 Tnfrsf8 ENSMUST00000123027 1,46 0,0839
Haus4 ENSMUST00000022784 1,19 0,0570 2010111101Rik ENSMUST00000091560 1,44 0,0114
Trim14 ENSMUST00000136978 1,17 0,0124 Tfeb ENSMUST00000086932 1,43 0,0355
5830454E08Rik ENSMUST00000064646 1,14 0,0157 Gm12380 ENSMUST00000119012 1,40 0,0547
2010315B03Rik ENSMUST00000071300 1,02 0,0000 Pappa ENSMUST00000084501 1,30 0,0839
Spatal9 ENSMUST00000034473 1,02 0,0555 Atfeb ENSMUST00000015605 1,25 0,0481
Gm10801 ENSMUST00000099684 1,02 0,0000 Ms4adb ENSMUST00000136366 1,23 0,0506
Gm26282 ENSMUST00000178138 1,00 0,0153 Gm12380 ENSMUST00000119012 1,09 0,0547
Gm5614 ENSMUST00000091097 0,99 0,0000 Slc2a10 ENSMUST00000029196 1,07 0,0220
Gm10800  ENSMUST00000099683 0,98 0,0001 Tinagl1 ENSMUST00000030560 0,78 0,0839
Tmem125 ENSMUST00000128098 0,97 0,0042 Anks1 ENSMUST00000114842 0,0355
Cregl ENSMUST00000111432 0,97 0,0797 Gm10705  ENSMUST00000098980 0,0091
Gm21738 ENSMUST00000177817 0,96 0,0000 Olig2+d3xd7 /

Gm10722 ENSMUST00000151376 0,96 0,0428
Gm10720  ENSMUST00000099050 0,95 0,0172
Gm17535 ENSMUST00000178641 0,94 0,0185
Gm7120 ENSMUST00000099147 0,92 0,0006
CdkSrap2 ~ ENSMUST00000144099 0,89 0,0006
Chil ENSMUST00000066905 0,88 0,0127
2210408121Rik ENSMUST00000168779 0,88 0,0347
KenhS ENSMUST00000042299 0,85 0,0378
Gm6020 ENSMUST00000092094 0,84 0,0491
Sspn ENSMUST00000111702 0,79 0,0153
Gm7120 ENSMUST00000099147 0,76 0,0003
Mdga2 ENSMUST00000037181 0,72  0,0062

Gm25577  ENSMUST00000083414 0,0948
Gm23176  ENSMUST00000104365 0,0170
Cgnll ENSMUST00000121322 0,0192
BC043934  ENSMUST00000070500 0,0188
Gm15218  ENSMUST00000131006 0,0959
Cyp26b1 ENSMUST00000168003 0,0625
Klk10 ENSMUST00000014058 0,0572
Gm13659  ENSMUST00000145460 0,0106
Rb1l ENSMUST00000164624 0,0862
Agrn ENSMUST00000075787 0,0430

NeuN+d3xd7  Gli2 ENSMUST00000062433 (SN 0,0740
5830454E08RIk ENSMUSTO0000064646 | 1,06, 0,0287
Tmem125  ENSMUSTO0000128098 0,78 0,0071
2010315B03Rik ENSMUSTO0000071300 0,76 0,037
GmS614  ENSMUSTO0000091097 0,74 0,0000
AC131780.1 ENSMUSTO0000181572 0,72 0,0834
GM10801  ENSMUSTO0000099684 0,71 0,0022
Gm10800  ENSMUSTO0000099683 0,71 0,0707
CdkSrap2  ENSMUST00000144099 0,70 0,0365
Gm10722  ENSMUSTO0000151376 0,68 0,0048
Gm10720  ENSMUST00000099050 0,68 0,0095
GM10718  ENSMUSTO0000099046 0,68 0,0001
Gm10717  ENSMUSTO0000177875 0,67 0,0008
Gm10717  ENSMUST0000179839 0,66 0,0000
Gm21738  ENSMUSTO0000177817 0,65 0,0000
Gm17535  ENSMUST00000178641 0,62 0,0226
Gm7120  ENSMUSTO0000099147 0,61 0,088
Lyéc2  ENSMUSTO0000100542 0,58 0,0706
Mdga2  ENSMUSTO0000037181 0,56 0,0128
Gm7120  ENSMUSTO0000099147 0,54 0,0174
RP23-81C12.3 ENSMUSTO0000182010 0,29 0,0106
Gm23024  ENSMUST00000158770 JE8B] 0,0740

Even though I could not detect significant differences within the methylation pattern,
several genes that were changed could potentially be involved in network modulation.
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Cell adhesion molecule L1 like (CHL1) was slightly upregulated when comparing the first
and last day neuronal cells. This gene encodes for a protein that promotes neurite outgrowth
of cerebellar and hippocampal neurons. Furthermore, genes that regulate the response to
neurotransmitters, such as Potassium voltage-gated channel subfamily H member 5 was

moderately upregulated.

Additionally, neurons also seem to regulate their synthesis of cholesterol, steroids and other
lipids — due to hyper/hypomethylation of Cyp26b1.

In comparison to that, transcription factor EB (TFEB) showed an increase in methylation in
oligodendrocytes when comparing day 0 and day 7. This transcription factor is involved in
activating expression of lysosomal genes. Additionally, it has been shown that TFEB
signaling is actually an inhibitor of myelination as it leads to apoptosis of oligodendrocytes

in unmyelinated brain regions (Sun et al., 2018).

Genes that regulate the glucose homeostasis, such as solute Carrier Family 2 member 10
(Slc2al10) were slightly upregulated in oligodendrocytes.

Taken together the mice seemed to learn over the period of 7 days on the complex wheel,
although speed was not drastically increased and did not match the level of mice on the
training wheel. This might be reflected in the methylated DNA analysis since no genes
which are responsible for plasticity or related to myelin were affected. Therefore, | decided

not to further investigate in this direction.
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3.2 Changing populations of glia cells in the optic nerve after birth

After the exercise did not show the expected plasticity in gene regulation in our
experimental paradigm, | wanted to look at the already naturally occurring plasticity during
development. Our laboratory has shown that myelin during development in the optic nerve
displays outfoldings that are disappearing in later stages of development (Snaidero et al.,
2014). Therefore, | wanted to assess what physiological changes at cellular level during
normal development are. Since the optic nerve is relatively early myelinated, | wanted to

get a baseline for different cell types and start of myelination.

As starting point, | investigated the number of PDGFRa positive oligodendrocyte precursor
cells and APC positive mature oligodendrocytes in young mice from the age of 4 days to 3
weeks. Furthermore, I quantified the MBP positive area in the optic nerve to determine the

time point when myelination begins.

| could detect that myelination roughly starts at around 7-8 days after birth as first patches
of single isolated MBP producing oligodendrocytes are detectable (Figure 10). Myelination
progresses which is indicated by increased amounts of MBP shown by
immunohistochemical staining (B).Furthermore, the amount of PDGFRa positive
oligodendrocyte precursor cells decreases (A) and the amount of APC positive

oligodendrocytes increases (C) from day 8 to day 14 after birth onward.
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Figure 10: Oligodendrocyte and OPC maturation in the optic nerve during development

Representative epifluorescent pictures A-C of 8 day old optic nerves from C57BI/6 wildtype mice.
Followed by the quantification of 3-4 animals D-F. A) Representative image of a staining of the optic nerve
for the oligodendrocyte precursor receptor PDGFRa (green). B) Representative image of a MBP (red)
staining for mature oligodendrocytes. C) Representative image of an APC staining (green) for mature
oligodendrocytes. D) Number of PDGFRa* cells counterstained with DAPI (blue) for the nucleus. E)
Percentage of area fraction covered by MBP* pixels. F) Number of APC* cells, counterstained with DAPI

(blue) for the nucleus. Shown are the mean with the standard deviation. One-way ANOVA with a Bon

47




Ferroni Post-Hoc test was performed for statistical analysis. (p<0.05 = *, p<0.01 =**, p<0.001 = ***) scale

bar =50 pum.

To better understand the physiological interplay between different cell types, | wanted to
see how the migration and proliferation of other glial cell types, namely astrocytes (positive
for positive for glial fibrillary acidic protein (GFAP*) and microglia (IBA1") is related to
the myelination process. Figure 11 A displays the presence and distribution of IBA1 and
GFAP at P8. When | quantified the number of lbal™ microglia cells, | could reveal an
increase from day 4 to day 7 and then a small decrease from day 8 until day 21. Interestingly,
the area of the optic nerve covered with GFAP™ astrocytes showed a similar curve. The area
fraction of GFAP™ signal increased from day 4 to day 5 by roughly 50%. Afterwards, it

dropped from day 7 to day 8 to around 50% again and even further in the following days.
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Figure 11: Astrocytes and microglia distribution in the optic nerve during development

Representative epiflourescent pictures A-B of 8 day old, stained optic nerve from C57BI/6 wild type mice.

Followed by the quantification C-D of 3-4 animals. A) Representative image of a staining against Ibal

(green) a marker for microglia counterstained with DAPI (blue) for nuclei. B) Representative image of a

staining of GFAP (green) which marks processes of astrocytes. C) Percentage of area fraction covered with

GFAP™* pixels. D) Quantification of the number of Iba* cells. Shown are the mean with the standard

deviation. One-way ANOVA with a Bon Ferroni Post-Hoc test was performed for statistical analysis.
(p<0.05 = *, p<0.01 =**, p<0.001 = ***); Scale bar = 50 pm.
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3.3 Ultrastructure of optic nerve myelination

In order to get a better understanding of the morphological changes that occur during
development at an ultrastructural level, we performed, in collaboration with Dr. Hegermann
and Dr. Wrede from the Medizinische Hochschule Hannover (MHH), 3D serial block face
imaging (SBF-SEM). This advanced method allowed us to show the myelin ultrastructure
in relation to other cells and the interaction between them not only in x/y but also in Z
dimension. I manually segmented myelin sheaths with microscopy image browser and later
reconstructed 3D models using Imaris. This approach allows to obtain volume information

on a phenotype.

Here, | was able to detect several myelin abnormalities that are usually seen in aged mice
or disease-related tissue (Bolino et al., 2004; Lampron et al., 2015; Safaiyan et al., 2016;
Umehara et al., 1993), such as huge myelin outfoldings. Those are excess but still intact
myelin sheets that are redirected away from the axons. In the reconstruction, one can
appreciate the dimensions of the outfoldings (several um) and that the excess myelin is
usually found also far away from the normal internode (Figure 12). These observations were
made at an otherwise normal appearing internode. The percentage of outfoldings was
quantified in regular 2D TEM images and decreased in number as the mice matured (Figure
16), which is consistent with the data from our own laboratory (Snaidero et al., 2014).
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Figure 12: Myelin outfoldings occur during normal development

Wild type optic nerve of al4 day old C57BI/6 mouse was immersion fixed and processed for 3View
imaging. A) 2D representing SEM image of the reconstruction depicted in B. Asterix marks an outfolding
around the axon (Ax). B) 3D-reconstruction of myelin outfolding (red) around the axon (green) was created

from the binned raw data with MIB and Imaris software. Scalebar = 3 um.

Not only myelin outfoldings but also myelin debris attached to the internode, were found in
the 3D volumes of the maturing optic nerve. Degenerated or deformed myelin was observed,
which is two to three times larger than the diameter of the axon itself. Interestingly, these
features were often still attached to the internode of healthy axons (Figure 13). Those
findings were quantified by using TEM imaging which showed a similar decrease upon

maturation (Figure 16).
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Figure 13: Myelin debris are attached to the axon during normal optic nerve development

Wild type optic nerve of 14 day old C57BI/6 mouse was immersion fixed and processed for 3View imaging.
A) 2D representing SEM image of the reconstruction depicted in B. Asterix marks degenerated myelin
debris around the axon (Ax). B) 3D-reconstruction of myelin debris (red) around the axon (green) was

created from the binned raw data with MIB and Imaris software. Scalebar = 2 pm.

Another interesting finding was myelin debris that is phagocytosed by microglia cells at P8
to P60. This feature is normally observed under pathological conditions in MS lesions or
demyelinating animal models (Lampron et al., 2015; Nielsen et al., 2009). Surprisingly, |
found the same ultrastructural features during normal development. Extracellular myelin
debris was taken up in big chunks by microglia cells (Figure 14). Additionally, myelin
debris that was still attached to the axon and even the whole internode was engulfed by
microglia processes (Figure 15). These observations were made in early development (P10,
P14) and also at later stages (P21, P60), but to a much lesser extent.
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Figure 14: Microglia phagocytose myelin debris during normal development in the optic nerve

Wild type optic nerve of 10 day old C57BI/6 mouse was immersion fixed and processed for 3View imaging.
A) 2D representing SEM image of the reconstruction depicted in B. Asterix marks myelin debris inside a
microglia cell (MG). B) 3D-reconstruction of myelin debris (red) partially surrounded by a microglia cell

(blue) was created from the binned raw data with MIB and Imaris software. Scalebar =1 um.

We termed this phagocytosis of myelin “myelin pruning”, since it resembles synapse
pruning, which is another important developmental process for network calibration (H. J.
Kim et al., 2017; Paolicelli et al., 2011).
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Figure 15: Microglia actively pull myelin off of internodes

Wild type optic nerve of 14 day old C57BI/6 mouse was immersion fixed and processed for 3View imaging.
A) 2D representing SEM image of the reconstruction depicted in B. Asterix marks degenerated myelin
inside a microglia (MG) cell. B) 3D-reconstruction of myelin debris (red) partially surrounded by a
microglia cell (blue) around the axon (green) was created from binned raw data with MIB and Imaris
software. Scale bar = 3 um.
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Figure 16: Increase of myelinated axons and decrease of myelin degeneration during development

Representative TEM images of optic nerve from wildtype C57BI/6 animals 14 days old (A), 21 days old
(B) and 60 days old (C). Left panel overview, middle and right panel example of outfolding and
degeneration. An * marks outfoldings and # marks degenerated myelin. D) Quantification of myelinated
axons at different time points in the optic nerve. Shown are means + standard error of mean. E)
Quantification of the percentage of outfoldings and degenerated myelin. Shown are the means + SEM. One-
way (D) and two-way (E) ANOVA with a Bon Ferroni Post-Hoc test was performed for statistical analysis.
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<0.05 = *, p<0.01 =**, p<0.001 = ***). Scale bar in A)-C) left panel = 2 um, middle and right panel = 1
p p
pm.

Furthermore at the histological level, I could show that microglia (Ibal) phagocytose myelin
(MBP) and degrade it through the lysosomal pathway (LAMP1). This event was rarely
visible (1-2 times per whole optic nerve longitudinal section), hence only a representation

is shown in Figure 17.

Figure 17: Myelin is phagocytosed by microglia cells during development
Optic nerve of 8 day old mouse was stained with Lampl (lysosomal, green), MBP (myelin, red), Ibal
(microglia, white) and DAPI (blue) for the nucleus. Shown are the native 3D-volume. (A), the reconstructed

channels (B) and the orthogonal slicer view (C). Reconstruction was done with Imaris. Scale bar = 20 pm
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3.4 MERTK is not a receptor responsible for myelin pruning

Since microglia are engaged in myelin pruning, | wanted to investigate which receptor is
responsible for myelin recognition and uptake. Microglia have multiple receptors mediating
phagocytosis and one of them, is MER Proto-Oncogene tyrosine kinase (MERTK). Hence,
| also wanted to see whether deletion of this receptor would affect the amount of debris or

outfoldings observed in the wild type mice.

Therefore, | prepared samples of MerTK deficient mice and age-matched litter mates for
electron microscopy. When comparing the transgenic mice to the wild type control, no
differences regarding number of myelinated axons, outfoldings or debris were observed at
14 days after birth or 21 days (Figure 18). Additionally, the 3D data of the knockout nerves

did not show any differences compared to the control group.
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Figure 18: MerTK KO mice show no apparent difference in amount of degeneration

A) Representative TEM images of optic nerve from MertK KO mice P14 (left panel) and P21 (right panel).
B) Quantification of myelinated axons at different time points and genotypes in the optic nerve. C)
Quantification of the percentage of outfoldings and degenerated myelin at 14 day optic nerve from MertK
KO and wildtype mice. D) Quantification of the percentage of outfoldings and degenerated myelin of P21
optic nerve from MertK KO and wildtype mice. One-way (B) and two-way (C, D) ANOVA with a Bon
Ferroni Post-Hoc test were performed for statistical analysis. (p<0.05 = *, p<0.01 =**, p<0.001 = ***),

Shown are the means + SEM; Scale bar in A) = 2um.

3.5 TREM2 deficient microglia show less activation

Next | tested another candidate, namely triggering receptor expressed on myeloid cells 2
(Trem2). Trem2 is a microglial receptor important for activation, phagocytosis and cell

survival (Filipello et al., 2018).

By assessing electron micrographs of optic nerves from developmental day 14 to 21, | could
not identify differences in the number of normally myelinated axons at P14 or P21 in the
optic nerve (Figure 19). Additionally, there were no differences in the amount of outfoldings
in Trem2 KO mice compared to the wild type control. In contrast to that, the percentage of
degenerated myelin compared to all myelinated axons was significantly increased from 2 to
8% at pl14 and from 1 to 4% at p21 (Figure 19 C, D). Furthermore, the percentage of

degenerated myelin was doubled in the younger time point compared to 7 days later.
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Figure 19: Trem2 KO mice show more degenerated myelin during development

A) Representative TEM images of myelinated axons from the optic nerve of Trem2 KO mice at P14 (left
panel) and P21 (right panel). B) Quantification of myelinated axons at different time points and genotypes
in the optic nerve. C) Quantification of the percentage of outfoldings and degenerated myelin in 14 day old
Trem2 KO and wildtype optic nerves. D) Quantification of the percentage of outfoldings and degenerated
myelin of 21 day old Trem2 KO and wildtype optic nerves. One-way (B) and two-way (C, D) ANOVA
with a Bon Ferroni Post-Hoc test was performed for statistical analysis. (p<0.05 = *, p<0.01 =**, p<0.001

= ***)_Shown are the means + SEM; Scale bar in A) = 2um.

Due to this vast increase in degenerated myelin, | wanted to analyze if Trem2-deficient mice
also have a different activation profile compared to the controls. Therefore, | performed
immunohistochemical stainings for CD68, which is a member of the lysosomal/endosomal-
associated membrane glycoprotein (LAMP) family. There was a clear difference between
Trem2 knockout and wildtype mice: microglia from control mice were almost 100%
positive for CD68, whereas the Trem2-deficient microglia showed less than 25% of
activation. Interestingly, this was only the case 14 days after birth, whereas at P21 microglia
of Trem2 knockout showed the same amount of CD68/Ibal* cells compared to age matched

controls.

To assess another microglia marker, | evaluated a member of the lectin family, namely
MAC?2/Galectin3, which is involved in activating microglia phagocytosis, on a histological
level, (Reichert & Rotshenker, 1996). Almost 20% of wildtype microglia at P14 were
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MAC2" as compared to less than 5% MAC2*/Ibal* in the Trem2-deficient microglia. At 21
days after birth, this difference increased to almost 30% positive microglia cells in the

wildtype compared to almost no double positive microglia in the Trem2 knockout.
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Figure 20: Trem2 KO show less microglia activation in the optic nerve during development

Representative epiflourescent pictures of 14 day old optic nerve from C57BI/6 wild type and Trem2 KO
mice (A, C, E). Microglia were stained with Ibal (white) (A, C, E) and their activation as marked by CD68
(A), Mac2 (C) and Mac3 (E) (red). In B), D), F) the percentage of double positive cells of the respective
stainings of 3-5 animals. Shown are the mean + SD. One-way ANOVA with a Bon Ferroni Post-Hoc test

was performed for statistical analysis. (p<0.05 = *, p<0.01 =**, p<0.001 = ***); Scale bar = 20 um.

The last marker 1 investigated was Lysosomal-associated membrane protein 2 (LAMP2)
also known as MAC3 which is part of the lysosomal cascade to break down cellular debris
(Eskelinen et al., 2002; Hubert et al., 2016). The MACS3 positivity of microglia at p14 was
at 50% for the wild type microglia and 25% for the Trem2-deficient microglia. At p21 the

60




double positivity dropped to around 20% for the wild type microglia and around 10% for
the Trem2-deficient microglia.

3.6 RNA profile of microglia in the corpus callosum and cortex

On a histological level, | found that the Trem2 knockout mice showed less activation of
microglia proteins involved in phagocytosis and degradation of debris. Using RNAseq, |
wanted to further assess the microglia phenotype in these mice, as Keren-Shaul and
colleagues used this method to identify a microglial subtype called DAM, which is formed

in a Trem2-dependent manner (Keren-Shaul et al., 2017).

Therefore, our collaborators from the laboratory of Gesine Saher (MPI-EM) prepared cortex
(ctx) and corpus callosum (cc) samples from P14 and P60 wild type mice. Two mice were
pooled for n=1 and n=2 were used for sequencing each of the four groups (14 cc, 14 ctx, 60
cc, 60 ctx) (Table 4). In the following, genes that were expressed at least 2 fold higher or
lower than the other group and with a p-value of less than 5% are shown. Every sample had
between 8 and 12 million total reads (Figure 26) and over 80% alignment to the genome
(Figure 29). The principle component analysis showed that principle component one is
responsible for 58% of the variances in the samples and principle component two is
responsible for 30% of variances (Figure 30). Each group was well separated from the
others.

On RNAseq level, there were 649 genes upregulated and 330 genes downregulated when
comparing cortex of p14 to p60 microglia. When comparing the corpus callosum of 14 and

60 day old microglia 381 genes were upregulated and 782 genes were downregulated.
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Figure 21: Microglia show differentially expressed genes in grey and white matter upon maturation
A) The p-value is plotted against the fold change of genes that are compared between P14 and P60 corpus
callosum. B) Here the same values are plotted as in A) but comparing the change between P14 and P60
cortex. Genes that are upregulated in P14 compared to P60 are shown in red and downregulated genes are

shown in blue. Marked genes are below a p-value of 0.05 and a logFold change above 1.

The Volcano plots in Figure 21 are showing the most regulated genes when comparing
corpus callosum (A) and cortex (B) of microglia from P14 and P60 old wild type mice.
Genes marked in red are upregulated in p14 compared to p60 and blue when downregulated.
Most differentially changed genes when comparing the corpus callosum of P14 microglia
to cortex and P60 corpus callosum and cortex revealed only small changes (Figure 32). No

significance was seen, since the biological variance was too high.

The top ten regulated KEGG-pathways are shown in Figure 22. Most prominent pathways
when looking at the corpus callosum upregulation in p14 compared to p60 microglia were
ECM-receptor interaction, focal adhesion, PI3K-Akt signaling, cytokine-cytokine receptor
interaction, protein digestion and absorption. These can all be linked to myelin pruning. The
same ones were significantly regulated when comparing the cortex of p14 and p60. But the
significance was higher in the cortex (B) than the corpus callosum (A). Some interesting
pathways were also downregulated (C). Here, calcium signaling, complement coagulation
cascades, insulin secretion, neuroactive ligand-receptor interaction and cAMP signaling
were downregulated most significantly. When comparing the downregulated genes in the

cortex (D) only complement and coagulation cascades pathway seemed to be interesting.
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Figure 22: Top 10 regulated KEGG - Pathways
A-B) Top upregulated pathways between P14 and P60 microglia from corpus callosum (A) and cortex (B) are
shown. C-D) Top downregulated pathways between P14 and P60 microglia from corpus callosum (C) and

cortex (D) are illustrated. P-value from hypergeometric test from WebGestalt (http://www.webgestalt.org).
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Lastly, we compared the gene expression profile in the context of DAM to gene expression
from the literature (Keren-Shaul et al., 2017). Figure 23 A shows the top regulated genes in
our samples matching the list published by Keren-Shaul et al. The expression level of genes
that were upregulated in P14 corpus callosum were then compared to the expression levels
of differently activated Trem2-deficient 5XFAD mouse line of early onset AD (B). Here the

expression levels of our samples were low compared to the ones published in different DAM
stages.
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Figure 23: DAM response genes are not activated during myelinogenesis

A) Genes related to the DAM-response found in (Keren-Shaul et al., 2017), regulated in corpus callosum of P14
mice compared to the cortex and older age (P60). Color code: blue = downregulated, red = upregulated. B) Gene
expression levels of genes upregulated in P14 corpus callosum (A) compared to the expression levels of the same

genes found in different knockout animals published by Keren-Shaul et al. (2017). Color code: blue = slightly
enriched, yellow mildly enriched.
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4 Discussion

4.1 Effects of DNA-methylation on complex motor skill learning

Several studies have shown that increased activity of motor cortices changed the white
matter landscape (as reviewed by (S. Wang & Young, 2014)). Oligodendrocytes in the
corpus callosum increased proliferation after optogenetic stimulation of projection neurons
in the premotor cortex. Even four weeks after stimulation increased number of EdJU*/CC1
cells (newly born mature oligodendrocytes) was detected (Gibson et al., 2014). Moreover,
the ultrastructure was changed, since myelin thickness seemed to increase with neuronal
activity. Furthermore, mice that were placed on a complex running wheel showed an
increased number of newly formed oligodendrocytes and the proliferation of OPCs was
activated shortly after. When the transition of precursor cells to myelin forming
oligodendrocytes was blocked by inhibiting the expression of myelin regulatory factor
(MyRF), mice were unable to learn to run on the complex wheel (Mckenzie et al., 2014). It
was later shown by the same group (L. Xiao et al., 2016) that this increase in newly formed
oligodendrocytes occurred already after 2.5 hours in the corpus callosum and after 4 hours
in the motor cortex. This means that changes occur already rapidly after first contact with
the complex running wheel. Changes were still significantly different 8 days after running.
Another study using rats found that even an enriched environment lead to enlargement of

the corpus callosum as well as an increase in myelinated fibers (Zhao et al., 2012).

Supporting the hypothesis that myelin plasticity is involved in learning, experiments in
which the corpus callosum was demyelinated using cuprizone treatment showed worse
performance with overall decreased speed and distance traveled on the training wheel. This
even intensified on the complex wheel in cuprizone treated mice compared to un-treated
controls. In a second experiment, mice were tested after remyelination of the corpus
callosum. The distance and running speed were again comparable to the untreated control
animals. Hence the corpus callosum ventral to the motor cortices, was also important for
bimanual motor coordination (Liebetanz & Merkler, 2006; Schalomon & Wahlsten, 2002).
Therefore 1 also used the MOSS paradigm by Liebetanz et al. in order to detect small
changes in the corpus callosum. Here, | compared two groups: MLGL1 ran for two weeks on
the training wheel before a complex wheel was introduced for the final third week. MLG2

ran for three weeks on the training wheel as a control group. Both groups showed an increase
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in distance ran after each day and also higher maximum running speed achieved at the time
analyzed (Figure 7 left panels). However, when performance was compared on the complex
wheel significant changes could be detected (Figure 7 right panels). MLG1 had a dramatic
reduction of maximum running speed and distance ran as expected due to the difficult task
compared to MLG2. Inside the groups, there was no significant increase in distance or speed
each day. Additionally, the within group ANOVA of MLG2 showed no difference of
maximum running speed on the complex wheel indicating that the mice already reached the
maximum running speed and that training for another week did not further increase their
performance. In contrast to that MLG1 showed a significant increase in maximum running
speed after 7 days suggesting that MLG1 indeed learned to run on the complex wheel after
1 week of training. They did not reach the maximum running speed as observed by MLG2
or during the training wheel period. This shows the complexity of the task, leading to the
assumption that the mice might have improved their performance after a longer training
period.

On day 12 on the training wheel there was a drop in both parameters in both groups. This
might be a technical error or an external disturbance e.g. through noise, light during the
night or storm that could have affected the animals. This was observed in both groups and
afterwards the measured parameters continued their trends as before. Moreover, after a little
training both groups ran between 5-8 km a night which overlaps with observations seen by
other groups (Hibbits, Pannu, Wu, & Armstrong, 2009; Liebetanz et al., 2007). Hence,

technical or external disturbances are considered unlikely in this study.

Analyzing the methylation profile, there was only a small amount of differentially
methylated genes and regions (Figure 9), when MLG1 and non-runners were compared. |
decided to compare those two groups, since | expected the most methylation changes
between them. MLG1 and MLG2 might be to close in methylation profiles, since both had
the exercise on the training wheel. To further analyze the data, MLG1 was compared to
itself on different days: when looking at the changes of NeuN™ nuclei between day 0 and
day 3, as well as the Olig2™ nuclei only one non-coding gene for neurons (C230014012Rik)
and one for oligodendrocytes (Gm9013) were identified. Notably, neither of them is
involved in plasticity, as C230014012Rik is a long non-coding RNA and Gm9013 is a
pseudogene. When day 0 samples were compared to day 7 of both cell types, more genes

were detected indicating a later response of myelin to exercise. A closer look at the gene
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functions revealed, that only a few genes might be linked to motor learning (Table 3). Other
genes did not code for functional proteins. For neuronal genes, the Neural cell adhesion
molecule L1-like (Chl1) protein might be relevant, since it is involved in neurite outgrowth
and positioning of pyramidal neurons, as well as defects in motor coordination
(Demyanenko et al., 2004; Naus et al., 2004; Pratte, Rougon, Schachner, & Jamon, 2003).
Every other gene found in the comparison of day 0 and day 3 in NeuN™ nuclei do not seem
to be related to motor learning. There were some genes that were found in the comparison
of Olig2" nuclei at different training days. One was transcription factor EB (TFEB), that is
a regulator of lysosomal biogenesis (Settembre et al., 2011). Furthermore, it has been shown
that TFEB acts as a negative regulator of myelination by either repressing trafficking of new
membrane or suppressing lipid synthesis. A study using a zebrafish model showed that Ras-
related GTP Binding A (RagA) represses TFEB, which in turn represses myelination. The
exact mechanism is still not completely understood yet (Meireles et al., 2018). Additionally,
Barres and colleagues could show that TFEB is actually responsible for inducing
programmed cell death in oligodendrocytes in unmyelinated brain regions through the
PUMA-Bax-Bak pathway. This study links TFEB to a timed regulation of myelination
during development (Sun et al., 2018). Concerning our experiment, this would mean that
the TFEB gene is hypermethylated, which inactivates gene expression and favors
myelination. Further experiments, using TFEB deficient mice could be conducted to

elucidate more aspects of its connection to myelination.

In conclusion, | expected more changes in gene methylation related to either neuronal or
glial plasticity due to exercise as mice are learning or at least have an enriched environment.
But there are several reasons why | might not have been able to see a lot of relevant
differences. One of the reasons could be that other research laboratories focused on the
cerebellum or hippocampus when looking at motor learning (Abel & Rissman, 2013;
Gomez-Pinilla, Zhuang, Feng, Ying, & Fan, 2011; Guo et al., 2011). Therefore, maybe the
corpus callosum was just not affected as much as other regions. Here, 1 would like to point
out that we tried to sort cells from the motor cortex, but we could not analyze the samples
as we were unable to acquire sufficient material. Another reason might be the time points
that we chose were not in the window of plasticity. The first time point after two weeks of
training wheel functions as a baseline. This will negate the pure training effect. The next
time point was 3 days after running on the complex wheel. As shown by Xiao et al. (2016)

first changes of newly formed oligodendrocyte numbers were already seen after 2.5 hours
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of running in the subcortical white matter and after 4 hours in the motor cortex. This
difference increases and stays significantly, even 8 days after running with a peak at 24
hours after running. Therefore, three days after running, those changes are already so small
that we were not able to detect it with the chosen MeDIP approach. Third, changes in the
epigenetic landscape might be on the histone level rather than the DNA-methylation level.
Some research suggests that also 24 hours after stimulation of the premotor cortex (M2)
with optogenetics, the expression of histone modification markers (histone H3 lysine 9
trimethylation (H3K9me3) and histone H3 acetylation (AcH3)) on newly formed
oligodendrocytes changed (Gibson et al., 2014). Three hours after stimulation no changes

were apparent.

Research by other laboratories has shown that the differentiation of OPCs to myelinating
oligodendrocytes is regulated by chromatin remodeler BRG1 (Smarca4), which is recruited
by the transcription factor Olig2. This facilitates expression of myelin related genes (Yu et
al., 2013) and therefore complex motor skill learning might be regulated on different levels
and during different time points. Oligodendrocyte development depends on stage-specific
transcription factors, including Olig2, Sox10, YY1, Oligl, MRF, and Zfp191, as well as
small non-coding RNAS, such as miR-219 (Emery, 2010; Li et al., 2009). Those would have
been expected to change in the methylome, but none of them showed significant changes.
Hence, | suggest that a repetition of this experiment with earlier time points and in different

cortical areas, would reveal differences in the parameters outlined above.

4.2 Optic nerve development

In another approach, | wanted to investigate the physiological myelin plasticity during
development of the optic nerve (Snaidero et al., 2014). Here, myelin outfoldings during
internode formation was seen, which in adult stage decreases again suggesting that the
myelin outfoldings might serve as a membrane reservoir. Outfoldings are commonly known
from patients or disease models, such as Charcot-Marie-Tooth disease or hereditary motor
sensory neuropathy and EAE (Bolino et al., 2004; Bolis et al., 2005; Ohnishi A, Murai Y,
Ikeda M, Fujita T, Furuya H, 1989; Umehara et al., 1993; Weil et al., 2016).

In order to better understand the role of myelin outfoldings in development, | wanted to

establish a time course with all glia cells in the optic nerve to see if we can find a correlation
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with other cell types. In accordance with others (Dangata, Findlater, & Kaufman, 1996;
Foran & Peterson, 1992; Kondo et al., 2013), | also detected that the number of OPCs
decreases after P8, while the maturing, myelinating oligodendrocytes start appearing
(Figure 10). In the optic nerve the first MBP* myelin sheets were visible 7 days after birth.

Likewise the amount of APC expressing cells starts rising at p7.

Around the same time the number of microglia and astrocytes also start to decrease again
(Figure 11) (Hagemeyer et al., 2017). At this time, it has been reported that programmed
cell death (PCD) of oligodendrocytes is happening (Sun et al., 2018), which could explain
the peak in microglia/astrocyte numbers at P8. Several papers have shown the involvement
of microglia in phagocytosis of apoptotic neurons (Marin-Teva et al., 2004; Takahashi et
al., 2005), but this is outside the optic nerve. Either they engulf dying neurons or they
actively induce PCD by secreting factors like NGF, TNFa or ROS. Another way to regulate
cell numbers is to directly monitor progenitor cell numbers by phagocytosis (Reemst,
Noctor, Lucassen, & Hol, 2016). Those are all events that happen in the first two weeks
after birth.

| took the optic nerve as the model system, as myelination events and distribution of other
cell types are relatively more synchronous compared to different areas like the spinal cord,
corpus callosum or the cerebellum. Those other areas have a more complex interplay of cell
types and a less synchronized time course. Therefore, | investigated the effects at the peak
of myelination around P14 (Mayoral, Etxeberria, Shen, & Chan, 2018; Winters et al., 2011).
This time point allowed us to have enough myelinating oligodendrocytes, but not too much

in order to see individual patches better.

4.3 Ultrastructural changes during optic nerve development

On ultrastructural level, myelin can be visualized quite efficiently through electron
microscopy due to its dense structure. Traditionally 2D micrographs are produced that have
a good resolution in order to describe the myelin morphology. The state of the art sample
preparation, using high pressure freezing (HPF), can be applied to get a more native
preservation of membrane architecture (Leunissen & Yi, 2009; Mdobius, Nave, & Werner,
2016). This is achieved through the sudden drop in pressure (2000 bar) and temperature
(liquid nitrogen), which avoids the formation of ice crystals harming the sample and

69




building artefacts. It needs to be mentioned, however, that sometimes wrong conclusions
are drawn since this method lacks additional volume information of surrounding tissue and

cells.

Figure 24: 3D-electron microscopy stack of 14 day old optic nerve of a wild type mouse

Visualization of a 80 x 80 x 150 um volume in Imaris using two perpendicular cross sectional slices
generated from image stack acquired with serial block face scanning electron microscope (SBF-SEM).
Scale bar = 10 pm.

Therefore, 1 went for a scanning electron microscopy method which combines still good
resolution with 3D volume imaging called: serial block face imaging (3 View). The tissue
is differently contrasted and embedded in plastic like for regular transmission electron
microscopy. The gain of volume information is achieved by the setup itself using a diamond
knife mounted inside the microscope itself. After each cut the surface is scanned. This
allowed us to acquire datasets of several 80 x 80 x 150 pum?® volumes, which gave us
additional information about myelin events in 3D. The volume gave me the opportunity to
look at the outfoldings in more detail, which revealed several novel findings. Outfoldings

were detected from P14 to P60 in decreasing rate as described already by our lab previously
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in conventional TEM But in the (Snaidero et al., 2014). In the 3D reconstruction (Figure
12) one could see that the dimension of the outfolding were several um stretching away
from the axon. The myelin seemed to be intact and still fully attached to the corresponding
internode. This was seen in all time points analyzed (P10, P14, P21, P60) in various degrees
of severity. Interestingly, | was able to find debris that was still attached to the internode
(Figure 13). That came as a surprise, since the myelin was similar as found in demyelination
models (Weil et al., 2016). Additionally, I could find microglia that engulfed and also
already phagocytosed sizeable myelin clumps (Figure 14). This was unexpected in normal
developing optic nerve. This redundant myelin debris is normally observed after axonal
injury or damage to the tissue itself (Cantuti-Castelvetri et al., 2018; Kocur et al., 2015). My
findings suggest that the outfoldings are pinched off by microglia during development. This
is supported by my finding of microglia pulling at myelin debris that was still attached to
an otherwise intact internode (Figure 15). Therefore I suggest a newly identified, active role
for microglia in myelin pruning during development, similar to synaptic pruning (Paolicelli
et al., 2011). It is possible, that the intact outfoldings have a certain threshold in length,
which decides on whether they can be retracted again by the oligodendrocyte for further
use, when the axons grows. If the size is over a certain limit, then there are two options to
discard excess myelin again. Either the oligodendrocyte starts exposing eat-me signals like
phosphatidylserine, on the outer membrane, or microglia actively start to degrade the myelin
themselves. This theory of active involvement in myelin disassembly is supported by the
fact, no intact myelin outfolding have been phagocytosed by microglia. The intact
outfoldings could be seen attached or aligned around the microglia but not intracellularly.
Only degenerated myelin was internalized by the microglia. Sometimes there was also
myelin debris visible, which was not attached to the axon but just existing in the

extracellular space (like in Figure 14).

To further investigate the underlying mechanism of myelin pruning by microglia e.g. live
in vivo imaging of myelin and microglia tagged proteins in either the zebrafish or mice
model using two-photon or confocal imaging could be done, similar to approaches by
(Morsch et al., 2015; Peri & Nsslein-Volhard, 2008). However, myelin pruning it is a rather

infrequent event, hence it is hard to track and to identify.

Further investigation of 2D TEM images revealed that this degenerated myelin is also

decreasing as the optic nerve matures (Figure 16). This hints towards myelin pruning being
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a transient process, like synaptic pruning, to establish the first mature connections for early
adulthood.
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Figure 25: Developmental processes in the CNS
Shown are developmental processes involving central nervous system cell types along a time axis ranging.

PCD = programmed cell death. Modified from (Reemst et al., 2016)

To further proof that microglia are indeed the cells that are involved in the pruning process

of myelin internodes, | detected MBP* lysosomes inside microglia as shown in Figure 17.

4.4 MerTK/TREM2 involvement in pruning

| established that microglia are involved in myelin pruning. Thus, | wanted to further
investigate possible receptors involved in the recognition and phagocytosis of myelin debris.
Several publications pointed to MerTK being responsible for myelin uptake, either in vitro
with human myeloid cells or in vivo Schwann cells in the peripheral nervous system
(Akkermann et al., 2017; Brosius Lutz et al., 2017; Healy et al., 2016, 2017). To check,
whether ablation of this receptor leads to a decrease in myelin phagocytosis and an increase
in myelin debris, | performed the same TEM quantification as before with optic nerves from
a mouse line deficient for MerTK in microglia. Surprisingly, there were no differences
detectable when looking at the number of normally myelinated axons, as well as outfoldings
or debris as seen in Figure 18. This did not change, when maturing as P21 mice showed also
no effect. One explanation could be that other receptors from the same family are higher
expressed on microglia compensate for the loss of function of MerTK. MerTK is a member

of the TAM - receptor tyrosine kinase family, with the other two members being AxI and




Tyro3. Schwann cells deficient for Axl, were not able to sufficiently clear myelin debris,
after a nerve crush injury in the peripheral nervous system (Brosius Lutz et al., 2017).
Furthermore, Axl-deficient mice were also not able to clear myelin in an EAE demyelinating
model (Weinger et al., 2011). The same was apparent in a cuprizone induced demyelinating
model, where Axl-deficient mice showed a delayed removal of myelin debris and a resulting
delay in recovery (Hoehn et al., 2008). So maybe there is a compensatory effect when
MerTK is deleted (Seitz, Camenisch, Lemke, Earp, & Matsushima, 2007), although Axl is
known to be expressed more in aged white matter (Raj et al., 2017). Additionally, there
could also be other cells that could compensate for the lack of microglia phagocytosis.
Astrocytes have also been shown to be able to phagocytose myelin from the internode of
developing optic nerve in Xenopus laevis during metamorphosis (Mills et al., 2015). In the
adult forebrain of rats, astrocytes have also been shown to associated with disrupted myelin
(Varela-Echevarria, Vargas-Barroso, Lozano-Flores, & Larriva-Sahd, 2017). It can also be
an age effect, meaning during development maybe other receptors are involved but later on

MerTK considered to be mainly responsible (X. Wang et al., 2018).

Hence, | changed the focus to another promising receptor, called Trem2. This receptor has
been shown to activate microglia cells (Filipello et al., 2018) during normal development.
During demyelination by cuprizone treatment, Trem2-deficiency has led to a decreased gene
expression of phagocytic receptor (Axl), lipid transport and metabolism linked genes (Apoe,
Lpl) or inflammatory genes (ll1b, 116) (Poliani et al., 2015). Another study also suggests
that Trem2 is responsible for the recognition of glycolipids like sphingomyelin and
sulfatides, which are present on degenerated myelin (Y. Wang et al., 2015). Besides a study
has shown that TREM2 protein is expressed longer in white matter regions after birth,
compared to grey matter regions (Chertoff, Shrivastava, Gonzalez, Acarin, & Giménez-
Llort, 2013). This suggests an involvement of TREM2 in the formation of white matter

tracts.

Consequently, | went for the same approach, as described for the wild type and Mertk-
deficient microglia before (Figure 16, Figure 18). The number of overall normally
myelinated axons was not changed in 14 and 21 day old animals. When comparing the
percentage of outfoldings observed per total number of axons, no difference was detectable.
But, when comparing the percentage of degenerated myelin, there was an increase from 2

to 8% of all myelinated axons at 14 days after birth. This percentage decreased from 1 to
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4% of all myelinated axons at 21 days after birth (Figure 19). So there is an overall decrease
within those two time points, but an increase when wild type and trem2 deficient mice are
compared. Therefore, trem2-deficiency in microglia leads to an increase in degenerated
myelin during the first three weeks after birth. Suggesting impaired phagocytosis of myelin
debris. Indeed, a recent study has shown that microglia are actually phagocytosing newly
myelinating oligodendrocytes during development (Li et al., 2019). But this study suggests
a peak of those phagocytosing amoeboid microglia cells at P8 and already a decline again
at P14. In their model they suggest that those microglia, are not dependent on TREM2
signaling, since in TREM2 and APOE mutant mice, this pool of developmental,
phagocytosing microglia cells was not reduced.

To further investigate the microglia behavior, | investigated whether microglia activation is
altered as described by literature (Filipello et al., 2018). Here, | checked for known
microglia activation markers like CD68, Galectin-3/Mac2 and Mac3 (Bodea et al., 2014;
Hagemeyer et al., 2017; Reichert & Rotshenker, 1996). Here, | could see that CD68/IBA1
double positive cells were significantly reduced in the 14 day old trem2 deficient animals
compared to the wild type. That drastic decrease in activation was not seen 7 days later at
p21 (Figure 20). This could mean, that there is only a small window during development,
when myelin pruning takes place. This observation matches with the previous findings,
where the percentage of outfoldings and degenerated myelin declines upon maturation of
the animal (Figure 17). Also in literature it was shown, that in vitro microglia devoid of
trem2 are less activated and less motile than in the wild type control (Mazaheri et al., 2017).
The other activation marker Galectin3/MAC-2 did show the opposite pattern. Here, there
was no significant decrease at 14 days after birth, but at 21 days with a decrease of 30% to
almost no double positive cells. At 14 days, a downward trend was visible. The expression
at 21 days after birth in the wild type was higher compared to the 14 day old wild type which
could be explained by a delayed expression of MAC-2 in white matter as shown by (Raj et
al., 2017). Lastly, MAC-3 was tested as an activation marker. It did not show any significant
changes between the Trem2 knock out and control animals, but there was a downward trend
visible Figure 20. The biological variance was quite high, because the reproducible cutting
of thin cryo-sections was quite difficult. Additional animals would be needed here, in order

to detect small changes within microglial activation makers.
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4.5 DAM-response during development

In the last experiment | wanted to confirm a microglia activation during peak of myelination.
Therefore, we compared the cortex and corpus callosum at peak myelination (at P14) to
almost complete myelination (at P60). | chose those time points since pruning should not
be visible anymore when myelination is declining again at p60. If there is a microglia
subtype that is responsible for myelin pruning, there should be genes that are higher
expressed at p14 corpus callosum compared to either p14 grey matter or at a more adult (at
p60) stage. Indeed, I could see differentially expressed genes (Figure 21, Figure 32) and
pathways (Figure 22) when comparing the different tissues. The top 10 regulated pathways
in pl4 showed some relation to our hypothesis. First of all, the pathways that were
upregulated in p14 white matter compared to p60 white matter can be linked to myelin
pruning. For instance the ECM-receptor interaction might be necessary in order to activate
microglia into phagocytosing the myelin debris (Milner & Campbell, 2003) or to attach the
microglia to the ECM with integrins in order to migrate towards the debris (Dupuy & Caron,
2008). Another way of recognition of debris might be through cytokine signaling, but it is
not clear if proteins or lipids from the myelin sheath would act as attractants (Barrette, Nave,
& Edgar, 2013). Now the microglia, if being attracted towards the debris, can move by actin
remodeling and anchoring via focal adhesion (Fan, Chen, Pathak, Carneiro, & Chung,
2018). This combined with the PI3k-Akt signaling then can lead to actin reorganization and
therefore, cell growth and cell motility towards the debris (Chung, Funamoto, & Firtel,
2001; Horvath & Deleo, 2009) and after phagocytosis of the debris to protein digestion
(Janda, Boi, & Carta, 2018). This program of events would match our results of the pathway
analysis (Madry & Attwell, 2015). It was surprising, that the same pathways are even more
significantly upregulated in the cortex samples compared to the corpus callosum Figure 22.
Looking closer, also more genes were involved in the pathways mentioned compared to the
white matter comparison. This might be explained by the difference between the cortical
areas and the corpus callosum itself: maybe in white matter those phagocytic mechanisms
are important in order to accompany the overproduction of myelin by the oligodendrocyte
and to aid myelination, but are also necessary in the cortical regions for removal of debris

caused by apoptosis of various cell types (W. R. Kim & Sun, 2011).

Since | saw an upregulation of pathways that can be involved in myelin pruning and

chemotaxis towards debris, | wanted to further investigate, if this activation is enough to
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trigger a profile as described for Trem2-dependent DAM (Keren-Shaul et al., 2017; Li et
al., 2019). Therefore, we compared our differentially expressed genes with the ones from
supplement table no. 2 from Keren-Shaul et al. (2017) (Figure 23 A). Here, we could see a
difference in gene expression levels, when comparing our different ages and brain regions.
Unfortunately, when comparing the expression values with the level that Keren-Shaul et al.
showed, DAM genes were not as highly expressed (Figure 23 B). Therefore, | do not think
that myelin debris produced during normal myelination is a strong signal triggering the
transition of microglia into a highly activated state in order to phagocytose myelin. Maybe
myelin pruning is also mediated through complement receptors as shown for synaptic
pruning (Schafer et al., 2012). One would need to either do slice-culture experiments, with
labeled myelin debris or zebrafish live imaging experiments in order to prove the receptor

involvement. Also gPCR could be done to compare actual transcript levels.

Taken together, microglia seem to be important for the proper formation and fine tuning of
myelin. But further research needs to be done to identify important pathways and specific

regulators, for recognition of debris and the signal transduction, which is triggered.
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5 Summary

Myelin has been shown to be more than just an insulator of neuronal processes. The
involvement in motor skill learning and different forms of plasticity have been in focus of
research in the recent years. In this thesis, my aim was to investigate the gene regulation
after motor skill learning and the myelin plasticity during development. | could show that
mice are able to increase their running speed and velocity after a few days of learning. |
could see no broad epigenetic (DNA-methylation) regulation of genes related to plasticity
or myelination. This was true after two weeks on the training wheel, as well as 3 or 7 days
after learning on the complex wheel. Only the transcription factor TFEB, which is directly
linked to myelin, was differentially methylated. This factor is involved in inducing apoptosis
in unmyelinated brain regions in oligodendrocytes by regulating the timing of myelination
during development (Sun et al., 2018). In our experiment this would translate to a regulation
of myelinating oligodendrocytes by methylation of the TFEB gene to suppress programmed
cell death. This could increase OL number and myelination capabilities. Otherwise, | did
see no other significant changes, but this could be because other brain regions (motor cortex,
cerebellum) are mainly affected, or the timing of the samples taken was too late (Doya,
2000; L. Xiao et al., 2016).

In order to investigate myelin plasticity during optic nerve development, | investigated the
ultrastructure using 2D- and 3D-electron microscopy. In the 3D volumes of optic nerves
from P14, P21 and P60 wild type mice, I could observe outfoldings and degenerated myelin
debris. The degenerated myelin was seen in the extracellular space, but more interestingly
sometimes also still attached to the myelinated axon. This debris in the extracellular space,
degenerated myelin membranes and outfoldings were often associated with microglia cells.
Outfoldings and degenerated myelin was seen most at pl4 and decreased later in

development.

Following this engulfment of myelin debris by microglia during development, which 1
termed “myelin pruning”, | investigated if this process is receptor-mediated. Therefore, |
investigated if certain receptors like MerTK and TREM2, which have been linked to the

recognition and phagocytosis of myelin debris. Hence, | checked the same parameters using
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electron microscopy in an optic nerve from a MerTK mutant mice. Here, no differences in
myelin outfoldings or degenerated debris compared to the wild type were visible. This
suggests that MerTK might not be responsible for developmental myelin pruning, but rather

another microglial receptor.

Furthermore, I investigated another receptor called TREM2, which also has been described
as being responsible for phagocytosis of apoptotic neurons and oligodendrocyte precursors
during development. Here, TEM analysis showed no change in the amount of outfoldings,
but a significant increase in degenerated myelin. Furthermore, immunohistochemical
stainings of the optic nerve confirmed that microglia cells are less activated in TREM2
deficient animals at P14 and P21. Microglial activation markers like CD68, Mac2 and Mac3,
co-expressed with 1bal seemed to be downregulated in the knockout animals. It was recently
discovered that a subpopulation of microglia, which are highly phagocytic active and were
identified i.e. in AD mouse models, are formed in a Trem2- dependent manner. These cells
were identified due to their distinct gene expression profile. Hence, | wanted to know if
myelin pruning is also triggering a gene profile comparable to DAM (Keren-Shaul et al.,
2017). Therefore, we compared the white and grey matter of 14 and 60 day old mice. Here,
the corpus callosum and the cortex were sequenced separately. Classical genes that were
mentioned in Alzheimer’s disease, related to lipid metabolism, phagocytosis, and lysosomal
pathways were not upregulated in P14 white matter compared to literature and also P60
mice (Keren-Shaul et al., 2017; Li et al., 2019). But when a pathway analysis was
performed, pathways related to cell migration, cytokine signaling and extracellular matrix
signaling were upregulated. This was observed in both white and grey matter and might be
because of other developmental processes like synapse pruning or apoptosis of

overproduced glial cells.

Taken together, microglia appear to be involved in myelin pruning during development.
This might be regulated via TREM2 signaling, but does not trigger a full DAM gene profile

as seen in disease models.
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Figure 26: FACS control stainings of mouse corpus callosum

A) The blank sample did not have any antibody labeling. Gate P3 and P4 were without staining. B)-C) For
the background control of the AF488 (B) and AF647 (C) the respective primary antibody was omitted and
only the secondary was used. No staining was apparent in gate P3 and P4. D) Staining for NeuN with Alexa
488 as secondary antibody did not show cells in gate P3. The purity of the cells gated in P4 were above
95%. E) Staining for Olig2 with Alexa 647 did show only a small set of positive cells in the gate P4 for
NeuN* cells. The purity of the gated cells was above 95%. F) Double staining for NeuN* and Olig2* cells.
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Figure 27: Principal Component Analysis of the samples tested for MeDIP sequencing
MLGL1 on different days (DO, D3, D7) and the CG1 that did not run on a wheel were compared with each
other. For neurons (NeuN*) and oligodendrocytes (Olig2*) nuclei were compared using the clustering of

variances between samples.
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Table 4: Sample barcode

Listed are the sample and their sample information, that were pooled and their given names for the sequencing.

SI | Sample Name Genotype Region Age | Sex | Pool | Barcode

1 P14 cc #1 WT CcC P14 male |1 lonXpress001
2 P14 cc #2 WT CcC P14 | male

3 P14 cc #3 WT CcC P14 | male |2 lonXpress002
4 P14 cc #4 WT CcC P14 | male

5 P14 ctx #1 WT CTX P14 male | 3 lonXpress003
6 P14 ctx #2 WT CTX P14 male

7 P14 ctx #3 WT CTX P14 male | 4 lonXpress004
8 P14 ctx #4 WT CTX P14 male

9 P60 cc #1 WT CC P60 | male |5 lonXpress005
10 | P60 cc #2 WT CC P60 | male

11 | P60 cc #3 WT CC P60 | male | 6 lonXpress006
12 | P60 cc #4 WT CC P60 | male

13 | P60 ctx #5 WT CTX P60 male | 7 lonXpress007
14 | P60 ctx #6 WT CTX P60 male

15 | P60 ctx #7 WT CTX P60 male |8 lonXpress008
16 | P60 ctx #8 WT CTX P60 male
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Figure 28: Sample reads
Shown are the total reads from each microglia sample. Names can be taken from Table 4.
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Figure 29: Alignment to genome

Shown is the alignment of the reads to the mouse genome. All the samples had over 80% alignment. Names

can be taken from Table 4.
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Figure 30: Principle component analysis of different microglia conditions
Shown is the principle component analysis of the samples from Table 4. Principle component 1 (PC1)
accounts for 58% of the variance in the samples. Principle component 2 accounts for 30% of the variance

in the samples. Each group was well separated from all other groups. cc= corpus callosum, ctx= cortex.
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Figure 31: Sample to Sample Distance

Comparison of sample to sample distance. The color code ranges from no distance (dark blue) to big
difference (white). cc= corpus callosum, ctx= cortex.
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Figure 32: Most differentially expressed genes from wt mice at P14 and P60
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Genes that were differentially expressed when comparing wild type mice corpus callosum at P14 to P60 and
cortex. cc = corpus callosum, ctx = cortex. There were no significant differences with a p-value of 0,05

when performing a Wilcoxon rank-test.
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