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Abstract

Myelin is indispensable for the fast and efficient transmission of electric signals
along axons. The formation of myelin by oligodendrocytes in the central nervous
system (CNS) is tightly regulated at the transcriptional level to achieve the required
coordinated synthesis of myelin lipids and proteins. Disturbed oligodendroglial
RNA profiles not only cause myelin abnormalities but also affect axon health and
cause inflammation. Overlapping pathological features can be observed in other
neurological disorders and in advanced brain aging. Together, this suggests that
oligodendrocytes contribute to the onset and progression of CNS pathologies.
However, to what degree oligodendrocytes and myelin abnormalities drive disease
is unknown. Additionally, recent single-cell RNA sequencing (SCRNA-seq) studies
have revealed that oligodendrocytes are highly heterogeneous cells, which further
increases the difficulty of defining the responsible oligodendroglial subpopulations
and their corresponding signals.

In the first project, in-house generated Plpl”, Cnp’, and Foxgl-Cre Mbp"/
mutants were recruited for the single-cell resolution characterization of
oligodendrocyte transcriptome changes induced by myelin deficiencies.
Surprisingly, the absence of essential myelin genes led to a shift of the
oligodendroglial transcriptional profiles towards distinct cellular states. However,
such drastic subpopulation shifts did not result in catastrophic system failure but
rather triggered mild responses in neurons, astrocytes, and microglia. Cell manifold
modeling reconstructed mutant oligodendrocytes are caged at cell stages close to or
within the range of physiological subpopulations. The project, therefore, discovered
cell type- and subtype-specific transcription profiles of myelin mutant mice and the
unexpected tight connectivities of oligodendrocyte molecular footprints in distinct
myelin diseases.

In the second project, we aimed to understand how oligodendrocytes and myelin
defects contribute to neurodegenerative diseases by crossbreeding our myelin
mutant mice to mouse models of Alzheimer’s disease (AD). Intriguingly, the mice
with primary myelin dysfunctions showed elevated amyloid-beta (AB) plaque
deposition. Mechanistically, myelin defects induced axonal swellings and likely
enhanced local amyloid precursor protein (APP) processing. Moreover, by
combining image analyses with scRNA-seq data, we inspected that microglia in
myelin mutant mice are distracted from A plaque removal, presumably due to the
increasing engagement to myelin debris clearance. Conversely, in the absence of
forebrain myelin, the deposition of AP plaques in AD models was delayed.

Overall, my thesis provides a systematic characterization and crosswise comparison
of transcriptomic changes in mutant oligodendrocytes and discusses potential
downstream effects as a result of myelin dysfunctions. This work thus provides a
novel model to assist our understanding of myelinating oligodendrocytes in health
and disease.
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Chapter 1: Introduction

1.1 Myelin in the central nervous system (CNS)

Myelin is an insulating layer formed around the axon to ensure axon saltatory
conduction. In the CNS, myelin is generated by a type of glial cell named
oligodendrocyte. It is often considered that oligodendrocytes and myelin have high
stability and that the unique compact architecture of myelin results in a slow
turnover rate of lipids and proteins (Toyama et al. 2013; Tripathi et al. 2017; S.
Ando et al. 2003). Subsequently, this stability seemingly allows myelin to provide
steady maintenance to neuronal energy metabolism, as well as axon integrity
(Thomas Philips 2017; Klaus-Armin Nave 2010b).

Dysfunctions of oligodendrocytes and myelin lead to myelin and axon
abnormalities and reactive gliosis (Lappe-Siefke et al. 2003; Matthieu et al. 1980).
Phenotypically similar abnormalities can be observed in the aging brain or the
context of neurodegenerative disease to varying degrees (Ewa Papu¢ 2020; Safaiyan
et al. 2016; Peters 2002). In recent years, an increasing amount of research has
shown evidence that instead of being affected downstream, oligodendrocyte and
myelin can be key contributors to the pathogenesis and progression of neurological
disorders (Ettle, Schlachetzki, and Winkler 2016; Zhou et al. 2020). This, therefore,
raised the scientific question of the current thesis, of how oligodendrocyte and
myelin malfunctions induce the cascade of cell heterogeneity responses that may
further promote neuropathology (Ettle, Schlachetzki, and Winkler 2016).

1.1.1 Journey to form myelin

In early development, oligodendrocyte precursor cells (OPCs) originate from the
brain and spinal cord ventricular zones (VZs) and later migrate throughout the CNS
before differentiating into myelin-forming oligodendrocytes (Dwight E. Bergles
2016; Monika Bradl 2010). The proliferation and migration of OPCs are tightly
regulated by signals including growth factors (platelet-derived growth factor-a,
fibroblast growth factor 2, bone morphogenetic proteins, etc), axonally produced
factors (netrins, semaphorins, etc), as well as extracellular matrix proteins (N-
cadherin, etc) (Klambt 2009). As an interesting fact, OPCs derived from distinct
anatomical regions undergo different competitive programs, whereas, in the spinal
cord, the first wave OPCs remain as a source of the majority of mature
oligodendrocytes (MOL); although in the forebrain, three waves of OPCs


https://paperpile.com/c/K8YzUy/abQt+rPaJ+4nDx
https://paperpile.com/c/K8YzUy/abQt+rPaJ+4nDx
https://paperpile.com/c/K8YzUy/DpuW+C8Vp
https://paperpile.com/c/K8YzUy/vbps+6c9W
https://paperpile.com/c/K8YzUy/gItb+cjBD+BSeQ
https://paperpile.com/c/K8YzUy/gItb+cjBD+BSeQ
https://paperpile.com/c/K8YzUy/0PPt+PMWH
https://paperpile.com/c/K8YzUy/0PPt
https://paperpile.com/c/K8YzUy/xXIA+WWQH
https://paperpile.com/c/K8YzUy/xXIA+WWQH
https://paperpile.com/c/K8YzUy/MAJq

Page |2

sequentially originate from the medial ganglionic eminence and anterior
entopeduncular area of the ventral forebrain, the lateral and/or caudal ganglionic
eminences, and within the postnatal cortex, in which the first wave of the OPC
population is nearly eliminated by adulthood (Dwight E. Bergles 2016; Kessaris et
al. 2006; Richardson, Kessaris, and Pringle 2006). The reason for brain region-
dependent OPC population arrangement, especially the rapid decay of first wave
OPCs in the forebrain is not completely clear. Some proposed a special
developmental/regulatory function of these OPCs (Orduz et al. 2019), while other
hypotheses include an evolutionary point of view (Richardson, Kessaris, and
Pringle 2006). Nevertheless, the migration of OPCs is a lengthy but essential
journey, not just for initiation of myelination, but the precursor cells are also one of
the few that stay abundant in adulthood to assist CNS homeostasis (Monika Bradl
2010).

The following myelination onset is an orchestrated regulatory progress starting
around birth. Among all intrinsic and extrinsic signals, neuronal electrical activity
was shown to be critical for the commencement of myelination (Gyllensten and
Malmfors 1963; Call and Bergles 2021). Action potential firing leads to the release
of factors such as adenosine, which inhibits OPC proliferation and triggers its
differentiation into myelinating oligodendrocytes (Stevens et al. 2002). This
dependence potentially also explains why axons with less than 0.2um caliber
diameters are normally not myelinated (Simons and Trajkovic 2006). In addition to
axon activities, other key molecules involved in the onset of myelination contain
transcription factors (Oligl/2, Sox10), extracellular matrix or cytoskeleton
organization proteins (Actin, FYN, etc) (Kathryn K. Bercury 2015). Once engaged
to a target axon, the pre-myelinating oligodendrocyte will lose its bipolarity and
start generating myelin outgrowth (Kuhn et al. 2019).

Formation and maintenance of myelin require the coordinative synthesis of myelin-
specific lipids and proteins. The highest abundant proteins in the myelin fraction
include the transmembrane proteolipid protein (PLP) that contributes to myelin
extracellular membrane adhesion, the cytoplasmic myelin basic protein (MBP) that
Is required for myelin membrane compaction (Harauz, Ladizhansky, and Boggs
2009), and the 2’,3’-cyclic-nucleotide 3’-phosphodiesterase (CNP) which is
important for the construction of noncompact myelin compartments (Ishii et al.
2009; Jahn, Tenzer, and Werner 2009). Besides this, recent proteomic and lipidomic
measurements have uncovered many more molecules which are essential for
building myelin compartments, including more than 700 lipid moieties and over
1,000 proteins (Gopalakrishnan et al. 2013). Of note, proteins involved in myelin
showed high stability as previously suggested. In a study that used the c57BL/6N
wild type mouse model, myelin proteome displayed only minor changes after six


https://paperpile.com/c/K8YzUy/xXIA+LyeS+spiM
https://paperpile.com/c/K8YzUy/xXIA+LyeS+spiM
https://paperpile.com/c/K8YzUy/M4Si
https://paperpile.com/c/K8YzUy/spiM
https://paperpile.com/c/K8YzUy/spiM
https://paperpile.com/c/K8YzUy/WWQH
https://paperpile.com/c/K8YzUy/WWQH
https://paperpile.com/c/K8YzUy/mGAp+ydcX
https://paperpile.com/c/K8YzUy/mGAp+ydcX
https://paperpile.com/c/K8YzUy/mLY3
https://paperpile.com/c/K8YzUy/WiEw
https://paperpile.com/c/K8YzUy/H6As
https://paperpile.com/c/K8YzUy/IBXO
https://paperpile.com/c/K8YzUy/SAxS
https://paperpile.com/c/K8YzUy/SAxS
https://paperpile.com/c/K8YzUy/amuz+QhpD
https://paperpile.com/c/K8YzUy/amuz+QhpD
https://paperpile.com/c/K8YzUy/auAI

3|Page

hours of post mortem delay (Jahn et al. 2020). Until now, several studies have
attempted to cross-compare myelin across vertebrates, especially between humans
and mice for a better understanding and translation of disease research results (Ishii
et al. 2009; Gopalakrishnan et al. 2013; Siems et al. 2021). Overall, the myelin
content is predominantly similar between humans and mice, although species-
dependent expression of lipids and proteins has been detected to varying degrees
(Ishii et al. 2009; Gopalakrishnan et al. 2013). However, with the fast development
of omic measurement approaches, data resolution is able to reach a new altitude,
and more systematic comparisons across vertebrate myelin are still needed.

1.1.2 Cross talk between myelin and axon

The canonical function of the myelin sheath is considered to facilitate fast axon
potential transmission and to support axon integrity (Baumann and Pham-Dinh
2001). The tightly compacted, lipid-rich myelin sheath prevents the excitable axonal
membrane from being exposed to the extracellular space. Meanwhile, sodium
channels located between two myelin segments, namely the node of Ravier,
maintains depolarization of the electrical impulse (Morell and Quarles 1999). This
together secures the efficient conduction of axonal signals. On the other hand, axon
and myelin undergo life-long cross-talk, which is vital for axon diameter regulation
and long-term survival (Mikael Simons 2016). Evidence suggested that under lack
of myelin-essential proteins such as PLP or CNP, mice showed normally assembled
myelin, although developed swellings at myelinated axons in adulthood, which
eventually leads to demyelination and loss of axon integrity (Griffiths et al. 1998;
Lappe-Siefke et al. 2003). Interestingly, axons without myelin ensheathing,
especially under severe dysmyelination situations such as in the Mbp™ shiverer
mice, do not exhibit a swelling phenotype, suggesting more complex cell, axon, and
myelin cross talks that need to be unfolded (Matthieu et al. 1980; Griffiths et al.
1998).

More recently, the metabolic support function of myelin towards the axons has been
validated. In humans, the longest axons can be over a meter in length, which clearly
can not be fully supported by the neuronal soma with micrometers of diameter. The
large amount of energy consumed by the axon needs to be fueled along its path. As
a close interaction partner to the axon, myelin is a readily obtainable resource of
various types of metabolites (Klaus-Armin Nave 2010a; Thomas Philips 2017). In
2012, Funfschilling et al. demonstrated oligodendrocytes are a highly efficient
glycolytic cell type that shuttles their glycolysis products along the white matter
tracts (Funfschilling et al. 2012). Shortly after, this finding has been supported by
another study conducted by Lee et al., which showed in addition to astrocyte, lactate
transporter monocarboxylate transporter 1 (MCT1) is abundantly expressed in
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oligodendrocytes. Its dysfunction resulted in phenotypically normal myelin but
degenerated axons (Lee et al. 2012). These discoveries have since added another
perspective to cell-axon energy couplings and raised many more questions, such as
where does the oligodendrocyte generate its lactate pool? The obvious first
potential source was via gap junction coupling between oligodendrocyte and
astrocytes, which would allow myelin to route small metabolites through the blood-
brain barrier (BBB) (Klaus-Armin Nave 2010a). Amazingly, a later study also
postulated and proved the expression of NMDA receptors on oligodendroglial
lineage cells that can respond to neuronal activity with increased Ca2+ influx, and
therefore upregulate glucose uptake through glucose transporter 1 (GLUT1) (Saab
et al. 2016).

It is intriguing to think about how two cellular compartments, the myelin, and the
axon, can have such elegant and fine controlled cross talks. Yet, there are still lots
of unsolved questions before this complex regulatory network can be fully
understood. Among these, cell heterogeneity is one of the most fascinating but
difficult topics that will be introduced in the following section.

1.1.3 Cell heterogeneity of oligodendroglia and beyond

The entire oligodendroglial lineage has presented a huge potential of heterogeneity
(Tomassy, Dershowitz, and Arlotta 2016). Since their discovery, researchers have
asked whether dorsally and ventrally derived OPCs give rise to different mature
oligodendrocytes (MOL), hence resulting in different myelin? Do distinct
anatomical regions induce diverse MOL profiles? And if oligodendroglial
heterogeneity exists, what would be the functional read-out and downstream effect
on their surrounding milieus? Already a century ago, Pio del Rio Hortega proposed
four oligodendrocyte  subpopulations based on their morphological
characterizations (del Rio Hortega 1928; Tomassy, Dershowitz, and Arlotta 2016).
However, these questions were not able to be sufficiently answered without the
evolution of advanced omics measurements and imaging techniques.

A strong boost to the understanding of heterogeneous oligodendrocytes is the
invention of high parallel single-cell RNA sequencing (sScCRNA-seq). In 2015,
Marques et al. first used the Smart-seq2 platform (Picelli et al. 2013), which
combines fluorescence-activated cell sorting (FACS) with multiple library indexes,
collected over 5,000 single-oligodendrocyte, and revealed six distinct MOL
populations that displayed proportion changes across different early developmental
time points, as well as among 10 different brain regions (Marques et al. 2016). The
initial conclusion of these MOL subsets was that MOL1 to MOL4 are presented in
the juvenile mouse brain, whereas MOL5 and MOLG6 are more dominant in the adult
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brain. Although with increasing sequencing resolution, especially with the stepwise
development of scRNA-seq platforms by integrating microfluidic devices
(Macosko et al. 2015) and later to spatial transcriptomics (ST) (Stahl et al. 2016),
the spatial and temporal map of MOL subpopulations has been renewed.
Surprisingly, the latest ST assessment showed different preferences of MOL
compositions in cortical and the adjacent callosal region over brain development
(Hilscher et al. 2021). It is still unclear what the functional specificities of
previously defined MOL subpopulations are, although some evidence showed that
in the spinal cord, there are apparent alterations mainly between MOL2 and
MOLS5/6 while responding to injury (Floriddia et al. 2020).

Oligodendroglial heterogeneity also exists among precursor cells. More
interestingly, apart from single-cell level characterizations under brain homeostasis,
OPCs retain higher adaptation to CNS environment changes. For instance, aged
OPCs were shown to be less responsive to cell differentiation signals, but can be
rejuvenated in scaffolds that mimic the neonate brain niche (Neumann et al. 2019;
Segel et al. 2019). As another example, in animal models of brain inflammation
such as experimental autoimmune encephalomyelitis (EAE), a proportion of OPCs
showed transcriptomic modification by expression of major histocompatibility
complex classes I and Il (MHC-1 and -11) (Falcdo et al. 2018; Meijer et al., n.d.).

Taken together, it is evident that oligodendroglia is a dynamic and heterogeneous
lineage of cells. Yet, how does this affect other cell populations? So far, most studies
have focused on the influences from other cell types and the vasculature on
oligodendroglia (Yalgin and Monje 2021). However, few studies also illustrated
regulatory effects originated from oligodendroglia. For example, knockout of Olig2
in dorsal OPCs lead to reduced corpus callosum myelination without affecting the
overall cell number, suggesting functional differences between dorsal and ventral
derived OPCs (Yue et al. 2006). Furthermore, following cuprizone-induced brain
demyelination, hippocampal CAL1 projection neurons showed retraction of dendritic
spines and therefore reduced neuronal activity (Baltan et al. 2021). In addition to
revealing the importance of oligodendroglia intrinsic signals in the CNS, these
shreds of evidence also suggested the relevancy of cell heterogeneity. Although
currently, the interpretation of oligodendrocyte subpopulation functions is restricted
to our limited understanding of its regional and molecular specificities.

1.1.4 Oligodendroglia and myelin as key players in neurological disorders

For a long time, oligodendroglia and myelin were considered to be static, and their
role was more of a ‘bystander’ in neurological disorders (Tripathi etal. 2017; Marsh
et al., n.d.). However, as previously introduced, the turnover rate of lipid and
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proteins may be slow in the compact myelin, but cellular communications between
oligodendroglial lineage cells, myelin, axon, and other cell types are rapid and
important (Klaus-Armin Nave 2010a; Mikael Simons 2016; Yalgin and Monje
2021). On top of that, a growing amount of researches has discovered obvious
oligodendrocyte transcriptome profile changes under aging and neurodegenerative
disease conditions, indicating potential predominant regulatory programs initiated
by oligodendrocytes (Ximerakis et al. 2019; Jakel et al. 2019; Mathys et al. 2019).
Upon promoting OPC differentiation and myelination, mice with AD pathology
(APP/PS1 model) showed a rescue in cognitive decline (J.-F. Chen et al. 2021).
Linking to previous magnetic resonance imaging (MRI) analyses, human myelin
levels increase continuously until ~50 years old before progressively declining
(George Bartzokis et al. 2001). The myelination stability, however, was already
achieved between the ages of 29 and 50 years in different cortical regions
(Grydeland et al. 2018). Hence, myelin stability is seemingly lost prior to the onset
of most neurodegenerative diseases.

Even in more acute scenarios, the etiology or crucial contributions to diseases that
relate to myelin dysfunction can be presumed. One well-recognized risk factor for
patients developing neurodegeneration is the disease history of stroke or traumatic
brain injury (TBI), which causes white matter injury and myelin integrity loss (Taib
et al. 2017; Gupta and Sen 2016). Regardless of age, it is imaginable that this
damage of myelin leaves a pre-aging microenvironment in the brain which can
further lead to irreversible neurodegeneration. It is of course arguable that TBI can
cause critical phenotypes like axon injury, weakening of the BBB, which also makes
the system more vulnerable to neurodegeneration. Though from a collective point
of view, all injured compartments could co-regulate with each other, and in the end
would form an impaired region where myelin damage stands as an important part
(Gupta and Sen 2016).

Another early-onset neurological disorder, with unknown etiology, characterized by
an inflammatory demyelination phenotype is MS. It is still mysterious how
peripheral immune cells choose to enter the immune-privileged CNS and attack
myelin. One of the hypotheses is molecular mimicry, where immune cells could
acquire sequence or structural self-like peptides via defending certain viruses or
bacterias (Libbey, McCoy, and Fujinami 2007). On the other hand, could a similar
Immune mimicry also occur from inside the CNS? Lately, Schirmer et al. showed
that the brain resident immune cell microglia are capable of uptaking myelin
transcripts into their nucleus (Schirmer et al. 2019). It is intelligible that in MS
lesions, microglia are in charge of a mass amount of debris removal and therefore
can take up transcripts that are locally translated in myelin. However, what is the
Initiation of the transcripts being imported to the nuclei? Guesses are that either
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myelin transcripts can further regulate transcription, or microglia undergo
procedures similar to the anti-viral responses. Considering most of the myelin
clearance happens during the launch and peak growth of myelination that lasts until
~20 years of age in humans (Grydeland et al. 2018), it could be that the immune
environment in the CNS is primed to be susceptible for myelin already at a young
age.

By combining previous as well as renewed molecular evidence with the timing of
myelin decline, one could well speculate another possibility of neurodegenerative
disease onset and progression, that is: Can oligodendrocyte and myelin dysfunctions
be an upstream factor? It is of course difficult to answer the question with
approaches using human post mortem specimens, or corresponding disease mouse
models, given that those samples and models mostly offer snapshots of complicated
cell communication networks, and can hardly reflect oligodendrocyte and myelin
driven effects. Thus, in this thesis, I utilized established myelin mutant mice that
provide well-defined and traceable white matter pathologies to decipher signals
which originate from oligodendrocytes and myelin malfunction.

1.2 Revolution of high-resolution sequencing biotechnologies

Myelination presents a fascinating biological process, that the precise but
complicated cellular programs have made it solid and efficient, but at the same time
vulnerable to pathological challenges. Dynamic heterogeneities of the cells have
made the integration of research results even more difficult (“Diversity of
Oligodendrocytes and Their Progenitors” 2017). In order to depict the molecular
footprint of oligodendroglial and myelin dysfunction, it is necessary to recruit
cutting-edge biotechnologies, especially high-throughput sequencing assays to
assist the collection of data. Specifically in this thesis, high-resolution bulk and
single-cell transcriptome sequencing were broadly applied to answer
oligodendroglial and myelin-related biological questions.

The development of sequencing biotechnology went through an amazingly fast but
tough revolution (“The Third Revolution in Sequencing Technology” 2018).
Generally, the milestones of sequencing techniques are recognized by names of
first-generation sequencing (i.e. Sanger sequencing), next-generation sequencing
(NGS), and third-generation sequencing. Later, it was also extended to single-cell,
or even single-cellular compartment sequencing resolutions (Hwang, Lee, and Bang
2018; Eng et al. 2019; Habib et al. 2017). Stepwise, the technique is trying to perfect
itself by balancing lots of parameters, including base pair accuracy, sequencing
length, data collection depth, and efficiency, etc. But ultimately, what the revolution
has brought is facilitation to data dimensionalities, that covers data resolution,


https://paperpile.com/c/K8YzUy/UE86
https://paperpile.com/c/K8YzUy/cDxC
https://paperpile.com/c/K8YzUy/cDxC
https://paperpile.com/c/K8YzUy/bqb9
https://paperpile.com/c/K8YzUy/9iBN+fQbw+b7SX
https://paperpile.com/c/K8YzUy/9iBN+fQbw+b7SX

Page |8

specificity, and connectivity, which has made former impossible missions
achievable.

1.2.1 First layer of dimensionality: the increase of data resolution

In biology, increasing data resolution does not simply mean performing more
experiments. There are lots of cases where researchers need to sacrifice the quantity
of samples in order to fit the limited time or the experimental setup (Holmes and
Huber n.d.; “Good Data, Bad Data and Ugly Data” 2019). The capacity of an
experimental technique is the prerequisite to big data generation. Sequencing
techniques that target information hidden in billions of base pairs of genome and
trillions of cells are obviously more in need of a high amount of data collection
within a short period of time (Brown 2002).

The first generation sequencing, namely Sanger sequencing, was invented nearly 40
years ago by Frederick Sanger and his colleagues (Sanger, Nicklen, and Coulson
1977). The principle of Sanger sequencing is to employ dideoxynucleotides that
truncate DNA replicate chain reactions and to generate oligonucleotide copies
randomly terminated at the 5’ end. By electrophoresis, copied fragments are
separated based on their size, and the base pair sequence is reflected by the readout
of 5’ dideoxynucleotides from each fragment (Schoales 2015). The emergence of
this method was a fundamental boost to sequencing resolution, and for the first time
made genome-wide sequencing possible. However, it was soon obvious that first-
generation sequencing is labor-intensive and expensive for revealing complete
sequences of genomes (Schloss 2008). Its use was also limited to the assembly of
transcriptomes, which is mainly to produce expressed sequence tags without exact
sequence locations (Adams et al. 1991). During the first decade of the human
genome project, it cost nearly US$3 billion, and this propagated further invention
of cheaper and faster sequencing methods (“The Third Revolution in Sequencing
Technology” 2018).

From the 2000s, success in microarray and NGS techniques dramatically
accelerated the progress of genome and transcriptome research (Nelson 2001;
McGettigan 2013). Between the two, NGS is more widely applied even today, due
to its more flexible performance that covers all genomic, transcriptomic, and
epigenomic usages (Anderson and Schrijver 2010). The development of NGS was
a joint effort from many organizations. As a most used principle, NGS fragments
and adapts target sequencing material (genomic DNA, cDNA) to the glass bottom
flow cell chip, applies local amplification, and gets the sequencing readout by
simultaneously synthesizing fluorescently labeled nucleotides to the fragments
(Anderson and Schrijver 2010). In this way, no post-amplification separation is
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required, and a single run of the experiment can collect millions of reads with close
to 99% sequence accuracy (Wang, Gerstein, and Snyder 2009; Anderson and
Schrijver 2010). According to the national human genome research institute, the
sequencing cost of each human genome compared to its highest time has been
reduced by nearly 100,000 times (“The Cost of Sequencing a Human Genome”
n.d.). But more importantly, what NGS has pushed forward significantly is the
improvement of bioinformatics analysis pipelines. The sequenced fragments are
often within hundreds of base pairs, and they would need to be ‘stitched’ back
together to get the assembly or alignment of the genome/transcriptome (Huber et al.
2015; Van Verk et al. 2013). Typically in assembly, the stitching process tries to
find continuous overlaps in short reads, and group them into bigger contigs to
reconstruct the initial gene sequence (Miller, Koren, and Sutton 2010). Yet, this is
challenging when dealing with sequences with highly repetitive regions (Salzberg
and Yorke 2005). In fact, although the first complete human genome was announced
in 2003, ~8% of the full sequence remained ambiguous or unfinished for decades
because of the difficulty of sequencing reads assembly (Reardon 2021). Most
recently, assisted by third-generation sequencing Nanopore that is capable of
passing long, non-fragmented DNA/RNA through ion channels and read the
sequence by observing changes of the channel shape, Nurk et al. have potentially
filled the missing sequence gaps and updated the real complete human genome for
the first time (Nurk et al. 2021).

It is still under debate whether the third generation sequencing technique, Nanopore,
is suitable for the large-scale application of genome and transcriptome assessment.
Until 2019, nanopore measurements struggled with a base pair accuracy of 80%
(Noakes et al. 2019). Whilst earlier this year, Oxford Nanopore technology has
published close to 100% sequencing accuracy in a new version of chemistry
(“Accuracy” n.d.). Nevertheless, the technique is highly promising and with further
evaluation can be of great help to complete genomes across species, as well as study
disease related single nucleotide polymorphisms (SNPs) to a broader extent.

1.2.2 Second layer of dimensionality: the increase of data specificity

The evolution of sequencing technologies has massively increased the amount of
data that can be collected at one time. However, most tissues are highly complex
and consist of multiple cell types. In which case, regardless of how much data one
could collect, it is always a mixture of transcripts from various populations of cells,
and can not reflect the specific changes in the responding cell subsets. Being aware
of this problem, researchers have attempted to get morphological or gene expression
readouts at a single-cell level (Eberwine et al. 1992; Bengtsson et al. 2008; Tomassy
etal. 2014). By manual cell selection, the first whole-transcriptome characterization
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from single-cells in blastomeres was achieved by Tang and colleagues (Tang et al.
2009). However, the protocol was time consuming, and the number of collected
cells barely reached 2,000, which is not favorable for research that targets
complicated tissues such as the brain (Tang et al. 2009; Aldridge and Teichmann
2020). Developing experimental setups that can massively collect and separate
single-cells for high-resolution sequencing has therefore become a pressing issue in
the past decade.

“If I have seen further”, said Isaac Newton in a letter to his fellow scientist Robert
Hooke, “it is by standing on the shoulder of giants.” This quote perfectly describes
the ongoing development of the single-cell sequencing field. It is still hard to believe
that within such a short time, the scale of single-cell level data collection has
increased exponentially. Part of the reason is that despite the core of different
platforms, the single-cell field has maximally adapted already established platforms
such as FACS (Smart-seq2), microfluidic devices (Drop-seq), fluorescent in situ
hybridization (FISH) (segFISH), semipermeable membrane (Seqg-Well), and
connected them to NGS or imaging for cell-specific omic readout (Svensson,
Vento-Tormo, and Teichmann 2018). Overall, to enable the tracing of transcripts to
their original cell, all platforms have used the barcoding system combined with a
unique molecular identifier (UMI). Both cell barcodes and UMIs are artificially
synthesized oligonucleotides. Once hybridized to the transcripts, they will
participate in the following steps of reverse transcription, amplification, and high
resolution sequencing (Svensson, Vento-Tormo, and Teichmann 2018). From
which, the barcode facilitates the recovery of cell identity and the UMI serves as a
control of amplification artifact. Specifically, for each transcript, one UMI in a cell
is only counted once (Hwang, Lee, and Bang 2018). In Seg-Fish, the barcoding
system is also applied, but to the transcripts identification probes instead of to cells.
The barcodes are fluorescently labeled and can be assessed by imaging (Eng et al.
2019).

Among all single-cell sequencing platforms, Drop-seq was one of the most selected
in studies (Svensson, Vento-Tormo, and Teichmann 2018). The droplet-based setup
can profile up to millions of cells or nuclei in one single experiment (Macosko et
al. 2015; Habib et al. 2017) and has adapted to epigenetic assays including
chromatin accessibility assessment (ATAC-seq) and histone modification (ChlP-
seq) at the single-cell level (Grosselin et al. 2019; Meijer et al., n.d.). Moreover, cell
surface proteins, such as immune cell epitopes, that are hard to be measured by
transcriptome assays, can be ‘stained’ by barcoded antibodies and get sequenced
together with the cell transcriptome to ensure the proper identification of cell
populations (Stoeckius et al. 2017). One of the clear drawbacks, however, is that
Drop-seq can only sequence from either the 3’ or 5’ end of the transcripts with a
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length of several hundred base pairs (Kashima et al. 2020). Unable to sequence full-
length transcripts, Drop-seq data is therefore not suitable for SNP or alternative
splicing analysis.

1.2.3 Third layer of dimensionality: the increase of data connectivity

The constantly updated single-cell sequencing techniques could help answer
research questions with great detail based on cell specificities. Yet, to better
understand the dynamic biological system, the technique needs to further develop
its latitude and restore as many connectivities as possible between collected data.

In the majority of the bulk or single-cell high-resolution sequencing techniques, the
spatial information of cells in a tissue is lost. The interpretation of whether the
responsive cells are located in a pathological region or adjacent healthy area is
therefore difficult, and more dependent on labor-intensive pre-sequencing sorting
or microdissections, as well as post-sequencing histology and biochemistry
validations (Zeisel et al. 2015, 2018; Ayata et al. 2018; Jékel et al. 2019; Grubman
et al. 2021). For running costly assays like SCRNA-seq on complex tissues such as
the brain, some studies also choose to profile a relatively larger tissue area and hope
to learn the spatial information via validating or analyzing potential marker genes
(Schirmer et al. 2019; Zhou et al. 2020). Nevertheless, without a solid match
between the spatial map of the tissue with its sequencing characterization, it is
nearly impossible to restore the cell-cell connections.

Thus, two spatial transcriptomic assays, Visium and seqFISH, were generated to
highly parallelly capture transcriptomes without losing the intact tissue (Stahl et al.
2016; Eng et al. 2019). The Visium assay aims to preserve slices of tissues that can
be placed on microchips loaded with territories of poly-T tailed oligonucleotides.
Subsequently, the tissue slices will be fixed and permeabilized to release its MRNA
molecules that can be captured by adjacent oligonucleotides on the microchip and
be subjected to high-resolution sequencing. In order to map transcripts back to their
spatial locations, the Visium chip standardizes the diameter of captured
oligonucleotide territory to roughly 100um. As a result, the readout of the Visium
assay is not exactly at a single-cell level, and can only get relative cell type modules
using the deconvolution analysis pipeline (Stahl et al. 2016; W.-T. Chen et al. 2020).
What can reach a single-cell resolution and as well preserve the anatomical
information is the seqFISH assay. As previously introduced, seqFISH uses
fluorescently labeled nucleotides to barcode molecule probes that can hybridize in
a given tissue in individual cells (Eng et al. 2019). This powerful assay can be
applied for the detection of DNA, RNA, and proteins, although is considered to be
more efficient for genetic research, considering the sensitivity of protein antibodies
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vary significantly (Geldert, Huang, and Herr 2020). In an antibody-free manner, it
is always more reliable to assess proteome and lipidome through high sensitivity
mass spectrometry. Recently, proteomics and lipidomics measurements at single-
cell resolution with retained spatial information were shown to be possible and went
through promising tests, and approaches including matrix-assisted laser
desorption/ionization mass spectrometry imaging, as well as deep learning
orientated tissue microdissection (Capolupo et al. 2021; Mund et al. 2021).

Aside from restoring spatial information, in particular for developmental research,
it is also critical to investigate cell fate and cell decision making. By combining the
CRISPR-Cas9 gene-editing technique with the single-cell barcoding concept, guide
RNAs with specific labels can be introduced in single cells that later can be sorted
and traced for their triggered transcriptomic changes (Replogle et al. 2020).
Furthermore, instead of one-time induction of genetic editing in a pool of cells, an
inducible CRISPR-Cas9 system such as iTracer is capable of introducing DNA
‘scars’ at any given time point for better tracing of cell lineage footprints (Zafar,
Lin, and Bar-Joseph 2019; He et al., n.d.). As a caveat, neither the inducible nor the
non-inducible CRISPR system has perfect reconstruction accuracy and is frequently
reported to give off-target effects (Zafar, Lin, and Bar-Joseph 2019; Jun et al. 2020;
He et al., n.d.).

Acknowledging rich technologies that have enabled sequencing data to converge
compositional and spatial cell information, continuous efforts are being invested
into the construction of cell atlas for humans and other species (Rozenblatt-Rosen
et al. 2017; Ando et al. 2020; The Tabula Muris Consortium). The challenge of
material and data collection has prompted many organizations to work and publish
in consortia fashion and brought more collaborative models for future scientific
research (Ando et al. 2020).

1.3 Code to decode biological information, from a sScRNA-seq perspective

It is of course an exciting era, where data can be collected on a scale of millions of
cells, with tens of thousands of genes being profiled in each cell. However, this
means even in the processed form, a single-cell resolution RNA sequencing data
could appear as a numeric matrix with ultra-dimensionalities (Ld&hnemann et al.
2020; Oskolkov 2021), which brings an obvious follow-up question: how to process
this huge amount of data?

Nowadays, big data processing is exclusively handled by high-performance
computing, i.e. to process data and perform complex calculations at high speed.
Especially in the high-resolution sequencing field, for the purpose of maintaining
the flexibility of adapting frequently updated analysis pipelines, computational
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coding has become a helpful skill (Gatto and Christoforou 2014; Draghici 2016;
Love et al. n.d.). Through coding, bioinformaticians try to maximally recover the
realistic states of a biological system and filter the most relevant regulatory
pathways. In this process, a decent amount of decisions need to be made for
choosing the optimal algorithms that fit the type of data.

1.3.1 Critical algorithms for scRNA-seq analysis

One of the critical steps for high-resolution data processing is the reduction of
dimensionality. For bulk assays, this is reflected by the steps of filtering outlier
samples and non-detected genes, and the assessing of relative sample distances
(Love etal. n.d.). In more complex data such as SCRNA-seq, to process data without
intensively laboring the computational system, dimensionality reduction of the
expression matrix has become indispensable (Sun et al. 2019). Nearly all SSRNA-
seq processing pipelines implemented principal component analysis (PCA) in their
initial steps, the algorithm aims at capturing most variability through the high
dimensional data, and the selection of top principle components can summarize
most of the data relevance. More importantly, by applying PCA and selecting the
most representative principal components, the dimension of a ScRNA-seq
expression matrix that can contain up to 50,000 genes will be reduced to merely 10
to 50 principal components (Luecken and Theis 2019; Sun et al. 2019). However,
PCA that focuses on the bulk structure of the data does not offer enough specificities
to reveal cell heterogeneity. Therefore, typical SCRNA-seq analysis utilizes the k-
nearest neighbor (KNN) algorithm, combined with t-distributed stochastic neighbor
embedding (t-SNE) or uniform manifold approximation and projection (UMAP), to
embed and calculate closest cell neighbors and assemble them into clusters
(Luecken and Theis 2019).

The unbiased clustering analysis has dominated the early stage SCRNA-seq studies
and has made vital contributions. In neuroscience alone, this algorithm has helped
to reveal numerous characteristically and/or functionally relevant cell populations,
including disease-associated microglia (DAM) (Keren-Shaul et al. 2017), MS
enriched MAFG-driven astrocytes (Wheeler et al. 2020), MOL subpopulations
(Marques et al. 2016), etc. Although later studies soon realized that overclustering
of cells does not help further discovery of biologically valid cell subsets. Instead, a
pressing issue was to solve the problem of how cells become disease-associated or
vulnerable to certain environments (L&hnemann et al. 2020). Thus, the concept of
pseudotime trajectory analysis emerged and was soon widely applied. By definition,
pseudotime represents the relative positioning of cells along a reconstructed
trajectory that quantifies cell activity and potentially reflects biological processes
(Saelens et al. 2019; “Chapter 18 Trajectory Analysis” n.d.). Essentially,
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pseudotime reconstruction is a matter of cell state connectivity and therefore can be
calculated using a variety of algorithms (Saelens et al. 2019). Nevertheless, in most
cases, reconstructed trajectory still depends on the annotation of cell clusters or
subpopulations, and does not fully exploit the single-cell resolution.

The next milestone algorithm, RNA velocity, managed to recover the putative
connectivities between single-cell data points. In a nutshell, the algorithm assumes
a model of cellular state based on the ratio of spliced, unspliced, and degraded
transcripts (La Manno et al. 2018; Bergen et al. 2020). The initial study has tested
the assumption using multiple bulk and single-cell RNA sequencing datasets (La
Manno et al. 2018). Subsequently, the highly reconstructed cell connectivities
unlocked many more possibilities for further analysis and visualization of data
(Lange et al. 2020). Among which, by assuming adjacent cell states are tightly
linked, the Markov chain algorithm was applied and greatly helped discover cell
fate determinative genes (Setty et al. 2019; Lange et al. 2020).

1.3.2 Batch effect correction and data integration at the single-cell level

It was noted for a long time that high-resolution sequencing data can hardly be
cross-compared between different batches (Zhang, Parmigiani, and Johnson 2020).
This potentially came from the accumulation of diverse parameter choices, such as
the amount of input material, library preparation kit, sequencing depth, etc, from
different experimenters. As a result, many experiments have been done repetitively.

In scRNA-seq, with the immense increase of data dimensionality, batch effects also
create more distortion of biological signals. For example, a previous study that used
scRNA-seq to detect cell subpopulation shifts from post mortem brain samples
showed a specific astrocyte subset that was exclusively related to AD. Although it
was later validated that these cells were solely contributed by one AD patient, and
clustered because of a minor batch effect within the data (Grubman et al. 2019). In
another case, single-oligodendroglial profiles were collected from the brains of
wild-type animals and EAE mouse models, respectively (Falcdo et al. 2018).
However, cells from healthy or EAE animals showed minimal overlapping, which
could also have been the influence of sequencing batch effect, rather than
realistically reflecting a completely different oligodendroglial state under
pathological conditions (Falcéo et al. 2018).

Removal of batch effects from scRNA-seq experiments is a challenging task. The
high amount of cells are originally collected for the purpose of reading cell
heterogeneity that shall not be over-corrected by algorithms. On top of that, artificial
effects can be introduced by single or multiple covariates (specific patient,
sequencing platform and depth, dropout rate, cell cycle effect, etc) and each cell
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might adapt to it to a different degree (Luecken and Theis 2019). Hence, every cell
can be considered as a mini-experiment, and can not be treated in a linear way for
batch effect correction (Forcato, Romano, and Bicciato 2020). Thus, the upfront
mission prior to batch effect removal and data integration is to find the joint features
among the cells. Typically, this contains two categories of commonalities: first, the
shared, highly variable genes in the given datasets that are supposed to reflect the
heterogeneity of cells, even rare subpopulations; and second, subsets of cells that
share preserved profile structures identified by mutual nearest neighbors (MNN)
and will serve as integration anchors (Forcato, Romano, and Bicciato 2020). In
principle, most algorithms presuppose that at least one stable cell population is
being shared among different batches of experiments and therefore attempt to use
these common integration anchor cells to compute data in a shared low-dimensional
space (Tran et al. 2020). Detection of integration anchors is assisted by highly
variable genes, and its accuracy can be additionally elevated by firstly summarizing
the data in a space with reduced dimensionality. This can be achieved by canonical
correlation analysis (CCA) (represented by Seurat v3 and above), PCA (represented
by Harmony), or other cell neighbor calculations (scNCA, etc) (Butler et al. 2018;
Korsunsky et al. 2019; Gong et al., n.d.). Eventually, in the shared low-dimensional
space, integration anchors are used for the evaluation of alignment vectors or weight
of anchor connection edges to joint cells obtained from different batches (Butler et
al. 2018; Tran et al. 2020; Forcato, Romano, and Bicciato 2020). Alternatively,
apart from anchor detection methods, other less common approaches for batch
effect correction include non-negative matrix factorization (LIGER) or deep neural
networks (scGen, scAlign) (Welch et al. 2019; Lotfollahi, Wolf, and Theis 2019;
Johansen and Quon, n.d.).

Unlike bulk sequencing batch correction, nonlinear alignment of the scRNA-seq
dataset parallelly seeks the common and specific features. As a result, the method
IS not restricted to merging transcriptomes but is also generally used for the
integration of multimodal single-cell data (Stuart et al. 2019; Stuart and Satija 2019;
Welch et al. 2019). Downstream to all applications, corrected data can be further
embedded and visualized by its aligned expression profiles. However, the corrected
expression values are returned from shared low-dimensional space and mainly
mirror the relative positions of datasets, which should be treated with caution for
statistical use (Forcato, Romano, and Bicciato 2020; Ld&hnemann et al. 2020).

Fascinating as it is, mathematical algorithms can always gain another layer of charm
when used for solving life science questions. As Joel E Cohen once summarized,
‘mathematics is biology’s next microscope, only better’ (Cohen 2004). The
evolution of algorithm applications in bioinformatics not only helps decode
biologically relevant information but also provides more possibilities for the
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development of biotechnology. In this thesis, | will present several projects
combining cutting-edge sequencing techniques and bioinformatics pipelines, to try
to answer the question of whether oligodendrocyte and myelin dysfunction can be
an upstream factor of onset and progression of neurological disorders.
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Chapter 2: Scope of the thesis

The scope of this thesis includes two major projects (Project | and Il) and one
supporting project (Appendix A). Ultimately, the author aimed to investigate one
question: What are oligodendroglia and myelin dysfunction intrinsic signals, and
how do they influence the CNS?

2.1 Aim of Project |

In Project I, three myelin mutant mouse models, Plp1”, Cnp”’, and Foxgl-Cre
Mbp were used to investigate upstream effects derived from oligodendrocyte and
myelin dysfunctions. The Plp1” and Cnp~ lines presented different degrees of
myelin instability, and Foxgl-Cre Mbp™"" contributed a forebrain shiverer
environment. The project used the snRNA-seq technique to characterize
heterogeneous oligodendrocyte transcriptomic changes under these various
conditions. Moreover, cutting-edge bioinformatics analysis pipelines were applied
to reconstruct oligodendrocyte molecular footprints under mutant conditions, as
well as to read their influences on other CNS cell populations.

2.2 Aim of Project |1

Project 1l specifically discussed the potential upstream role of oligodendrocyte and
myelin dysfunction in the context of AD. The study applied multiple genetically or
biochemically induced myelin disruptions on top of an AD pathological
background. Using a battery of experiments comprised of immunohistochemistry,
light-sheet microscopy, fluorescent imaging, behaviour characterization, bulk and
single-cell transcriptome sequencing, this project dedicatedly characterized and
investigated the effects of oligodendrocyte and myelin dysfunctions on AD.
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Chapter 3: Project |

Characterization of dysfunctional oligodendrocytes at single-cell
resolution

3.1 Overview of Project |

With the advent of high-resolution genetic approaches, it became apparent that the
perturbation of even a single gene can induce a series of changes in the gene
expression network (Davidson and Peter 2015; Zavolan 2015). Our previous
microarray data suggest that mouse models lacking myelin-related genes show
highly unique, although partially overlapping bulk-level transcriptome profiles
(Rossner). These data, however, lack single-cell resolution which allows for
probing of cell-type and subtype-specific responses which could help to decipher
the complex interplay between myelin defects, gliosis, and axonal damage in myelin
mutant mice.

Therefore in project 1, three well-characterized myelin mutant mouse strains, the
Cnp”- mice that exhibit strong reactive gliosis accompanied with axon pathology
(Lappe-Siefke et al. 2003), the Plp1”Y mice that show clear axon instability and
swelling pathologies, and present milder microgliosis and astrogliosis compared to
the Cnp”- (Griffiths et al. 1998), and the Foxg1-Cre Mbp™f mice that were generated
as forebrain shiverer model, were utilized for highly parallel single-nuclei
transcriptome sequencing to reveal the molecular footprint of CNS cells under
myelin abnormality challenges. The three lines share one important feature, which
is the initial dysfunction created by mutant oligodendrocytes and defective myelin.
Hypothetically, considering the overlapping pathological features among the
mutant mouse brains, myelin mutant oligodendrocytes could be expected to exhibit
similar profile or subpopulation shifts.

However, through unbiased clustering, RNA velocity calculation, and integrative
analysis with previously published data (Marques et al. 2016), a surprisingly
departed, yet closely connected cell map was recovered from myelin mutants and
corresponding WT mature oligodendrocytes (MOLSs). In particular, Foxgl-Cre
Mbp™f presented a novel juvenile MOL subpopulation MOLO, Cnp”- mainly
expanded intermediate stage MOL4, and the Plpl” mutant upregulated relative
proportion of the most mature stage MOL5/6. Astonishingly, each myelin mutant
would concentratedly enlarge one particular MOL subpopulation to over 50% upon
knockout of one essential myelin gene. In comparison to former studies that have
reported cell subpopulation shifts, such as disease-associated microglia (DAM) and
disease-associated astrocyte (DAA) in AD and aging, the activated cell
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subpopulations were never at the dominant proportion; More importantly, both
DAM and DAA were discovered as novel cell clusters at relatively distant locations
from the homeostatic cells, which means their transcriptome profiles are largely
shifted from the homeostatic stage (Keren-Shaul et al. 2017; Habib et al. 2017).
However, the same situation apparently does not apply to oligodendrocytes. In
myelin mutants, as well as in re-analyzed scRNA-seq data from the experimental
autoimmune encephalomyelitis (EAE) mouse model (Wheeler et al. 2020), both
chronic and acute myelin disruptions did not push the MOLs towards disconnected
cell stages but rather resulted in MOL subpopulation alterations within or adjacent
to physiological range.

Moreover, reconstruction of the cell manifold and recovery of cell state
determinative gene signatures revealed that the observed MOL subpopulations are
indeed tightly connected. Regardless of relative stages, MOLs are generally
concentrated on the production and maintenance of myelin and aim to differentiate
towards two putative end states, MOL2/3 and MOLS5/6. This further determined that
downstream effects from mutant oligodendrocytes are not as drastic. Among all
studied mutants, Cnp~- exhibited the strongest reactive gliosis and inhibitory neuron
gene expression changes. In addition to myelin deficiency, cell interaction analysis
also suggested that the microgliosis in the Cnp”- mutant could have been caused by
increased communications between MOL4 and reactive microglia subtypes. Of
note, compared to neurological disorders that mainly activate DAM (Keren-Shaul
etal. 2017; Hammond et al. 2019), the Cnp”- and Foxg1-Cre Mbp™f mice presented
increased proportions of microglia that ingested myelin transcripts, namely the
myelin transcripts enriched microglia (MyTE). Such myelin transcripts uptaken
microglia have been described from a previous MS study (Schirmer et al. 2019).
However, the proportion of MyTE was more obviously enriched in the recruited
myelin mutants. More specifically, in the Foxgl-Cre Mbp™! model that cannot
sufficiently form compact myelin in the forebrain, the percentage of MyTE
exceeded 20%, implying myelin transcripts are not necessarily transported to the
microglia cell soma and nuclei through the compact myelin.

In summary, project | delivered comprehensive transcriptomic characterizations of
mutant oligodendrocytes. The surprisingly expanded MOL subpopulations of each
mutant were collected and formed an informatic basis to rebuild the genetic
signature path that underlies cell state transitions. Altogether, this hopefully
provides a systematic model to investigate intrinsic signals in the event of
oligodendrocyte and myelin dysfunction that are relevant for aging and neurological
diseases.
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3.2 Original manuscript

Sun, T.*, Depp, C.*, Berghoff, S. A, Spieth, L., Sasmita, A. O., ... & Nave, K. (2021).
Characterization of dysfunctional oligodendrocytes at single-cell resolution. Manuscript in
preparation.

Personal contribution to Project |

| was involved in the conceptualization, experimental design, and data analysis of
the project. The sequencing analysis results were interpreted by me and my
colleagues. Further, I have assembled the manuscript figures and wrote the
manuscript text.
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Abstract

Oligodendrocytes form myelin and enable the efficient transmission of axon electronic impulses in the central
nervous system (CNS). Dysfunctions of oligodendrocyte and myelin are paralleled by pathological halimarks such
as axon swelling and reactive gliosis in multiple sclerosis (MS) and leukodystrophies. How these pathological
side-effects of oligodendrocyte dysfunction arise, however, is incompletely understood. Here, we performed
single-nuclei transcriptome sequencing (snRNA-seq) of cortex and underlying white matter from knockout mouse
models of the three most abundant myelin proteins (PLP1, MBP, CNP) that present with subtle oligodendrocyte
dysfunctions. We recovered astonishingly distinct oligodendrocyte RNA profiles upon knockout of CNP, PLP1,
and MBP Cell manifold reconstruction, as well as integrative analysis with previously defined cell subpopulations,
revealed that mutant oligodendrocytes are mostly trapped at specific cell states. The imbalanced oligodendrocyte
subtype proportions in the mutant brain potentially shift crosstalk between oligodendrocytes and other cell
populations. Our data, therefore, provides a single-cell perspective on the early stages of oligodendrocyte
dysfunction with relevance to neurological disorders that present with myelin defects.

Introduction

As a key process in the development of the central nervous system (CNS) in higher vertebrates, myelination
mediates rapid action potential conduction and provides axonal frophic support (Funfschilling et al. 2012; Lee et
al. 2012; Nave 2010b). Despite its conserved function of producing myelin, recent snRNA-sequencing has
revealed the highly heterogeneous nature of the oligodendrocyte lineage across brain development and
adulthood (Marques et al. 2016; Marisca et al. 2020). Lately, an increasing number of studies showed that
oligodendrocytes launch early responses and show altered heterogeneities in neurological disorders not only
restricted to the classical myelin disease MS (Falc&o et al. 2018; Jakel et al. 2019), but also during brain aging
(Ximerakis et al. 2019), and Alzheimer’'s Disease (AD) (Zhou et al. 2020). This highlights that oligodendrocytes
are key regulators of disease progression. However, under disease conditions, it is challenging to distinguish
oligodendrocyte dysfunction driven effects.

Recent proteomics measurements have systematically unfolded the relative abundance of proteins from myelin
fractions (Chen et al. 2021). Among which, the top three most abundant myelin proteins are the fransmembrane
proteolipid protein 1 (PLP1) which extracellularly stabilize myelin lamellar structures, the myelin basic protein
(MBP) that intracellularly compacts myelin leaflets, and the 2'-3' cyclic nucleotide phosphodiesterase (CNP) that
maintain non-compacted myelin areas . Removal of PLP1 and CNP from oligodendrocytes by genetic editing
approach resulted in milder myelin structural defects, reactive gliosis, and axon swellings at various degrees
(Klugmann et al. 1997; Lappe-Siefke et al. 2003; Griffiths et al. 1998). Without MBP function as seen in the
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classical shiverer mutant leads to myelin cannot be compacted any large stretches of axons are not properly
myelinated (Matthieu et al. 1980). Surprisingly, the latter mutant does not represent axonal swellings.

We here utilized Cnp™, Pip1™”, and a novel forebrain specific shiver (Foxg1-Cre Mbp™) mice and performed
single-nuclei resolution transcriptomics sequencing to investigate the molecular footprint of dysfunction
associated oligodendrocytes (DAO), as well as of other reactive cell populations, under primary myelin
dysfunctions.

Results

Myelin mutants show minor overall cell proportion changes

Cortex and corpus callosum were microdissected from 3-month-old myelin mutant mouse models (Cnp™, Pip 1
and Foxg1-Cre Mbp™) and corresponding wild type (WT) animals. Tissues were subjected to nuclei isolation and
then single-nuclei RNA seguencing (snRNA-seq) experiments (Fig.1A). In total 55,777 valid single-nuclei
transcriptome profiles were recovered and embedded into distinct cell clusters that were later annotated into the
neuron, oligodendrocyte precursor cell (OPC), newly formed oligodendrocyte (NFOL), mature oligodendrocyte
(MOL), microglia, astrocyte, endothelial cell, and pericyte based on their coresponding marker genes (Fig.2B-C).
Interestingly, when highlighting genotype distributions on the embedded two-dimensional space, cells from myelin
mutants and WT animals did not show spatial separation among all cell populations except in MOLs (Fig.1D).
Clearly, MOLs from different genotypes preferred distinct spatial locations. This, however, is unlikely caused by
the experimental batch effect according to the homogeneous grouping of other cells, indicating divergent
transcriptome profiles among myelin mutant MOLs (Fig.1D). Nevertheless, regardless of spatial locations,
proportions of all annotated cell types showed only minor shifts. Foxg7-Cre Mbp™ and Cnp> showed the
decreased frend of neuronal cell proportion and a relative expansion of the MOL cell population (Fig.1E).

Mature oligodendrocytes in myelin mutants are locked at distinct cell states

To confirm and further investigate potential MOL molecular profile diversities from the myelin mutants,
oligodendrocyte lineage cells inciuding OPC, NFOL, and MOL were subset for individual analysis (n = 8,951
cells). Astonishingly, embedding analysis revealed spatially dislocated MOL subpopulations from different
genotypes (Fig.2A). Similar spatial separation was not observed in OPC or NFOL cell clusters. Considering Pip1,
Mbp and Cnp are highly abundant transcripts in MOLs, and their encoded protein products together account for
more than 70% of the total myelin proteome, here list different proportions of all genes (Jahn et al. 2020), it was
comprehensible that removal of these genes can fundamentally alter the relative location of a cell profile on a
high dimensional space. Thus, to control for the potential knockout effect of highly abundant genes, counts of
Pip1, Mbp, and Cnp were removed from the oligodendroglia expression matrix for re-embedding and clustering
analysis. Yet, MOL exhibited the same spatial disconnections among four genotypes regardless of the absence
of Pip1, Mbp, and Cnp transcripts (Supplementary 1A). This together confimed fundamental shifts of MOL
profiles once the cell loses the expression of an essential gene.

We then asked the question if the MOL cell profile shifts are within a traceable physiological range. For which, an
external single-oligodendrocyte RNA sequencing dataset from Marques et al. 2016 was recruited (n = 4,867
cells), given its well-characterized oligodendroglia subpopulations (Marques et al. 2016; Hilscher et al. 2021).
Through data integration, the majority of clusters that have been detected in the current data (Supplementary
Fig.1B) were well aligned to previously discovered oligodendrocyte subpopulations (Supplementary Fig.1C).
Hence, the current data oligodendrocyte clusters were annotated to OPC, NFOL, MFOL2, MOL2/3, MOL4, and
MOLS/6 according to co-localizations with the reference dataset (Fig.2B; Supplementary Fig.1C), and the
expression of previously described marker genes (Fig.2C) (Margues et al. 2016; Hilscher et al. 2021). In addition,
one novel MOL cluster that was nearly exclusively contributed by Foxg?-Cre Mbp™ was annotated that we
termed MOLO (Fig.2B). Evidently, compared to the WT oligodendrocytes, each myelin mutant has specifically
expanded one MOL subpopulation, that in specific, is the enlarged proportion of MOLS/6 in Pip7* mutant, MOL4
in Cnp™*, and MOLO in Foxg1-Cre Mbp"® (Fig.2B).

Shifted MOL states are tightly connected on the cell manifold

The efficient integration of the current study oligodendrocyte profiles with formerly identified oligodendrocyte
subpopulations indicate that myelin mutant MOLs are mostly within the known physiological stages. Recent
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studies have concluded MOL2/3 and MOL4 are at a more juvenile stage compared to MOLS/6, whereas in
adulthood, MOL2/3 and MOLS5/6 stay as abundant subtypes in the spinal cord and brain, respectively (Hilscher et
al. 2021; Floriddia et al. 2020). In the traumatic spinal cord injury model, MOL2/3 and MOLS/6 showed equal
contributions at the acute injury site, although MOS5/6 showed relative increases during the injury chronic phase
(Floriddia et al. 2020). Conversely, from reanalysis of single-MOL RNA profiles from experimental autoimmune
encephalomyelitis (EAE) mouse brain, similar MOL subpopulations were assigned to unbiasedly recognize cell
clusters (Supplementary Fig.3A; Supplementary Table.4), and further cell proportion calculation revealed
upregulation of MOL2/3 quantity at the disease priming and peak stages (Supplementary Fig.3B). Linking fo a
previous study which suggested knockout MOL2/3 specific marker gene, kallikrein-related peptidase 6 (KIk6), led
to milder EAE pathology, this together reflected that oligodendrocyte state shifts can be essential for disease
progression (Bando et al. 2018). However, it is still unclear how MOL regulates its gene expressions to respond
to the different physiopathological conditions.

In the myelin mutant, cells are stuck at one particular MOL state instead of shifting MOL2/3 and MOLS/6
subpopulations. We, therefore, asked the next question, of whether the enriched cell subpopulations could assist
the reconstruction of cell molecular footprints and reveal the underlying biological signatures of MOL subtypes.
For this, RNA velocity, an assumption model that uses the profile of sliced, unspliced, and degraded transcript
proportions to recover the cell manifold, was applied to the MOL subset. As a result, MOL celis that are
embedded based on spliced transcript counts were shown to be tightly connected on a UMAP space (Fig.3A).
The reconstructed cell manifold indicated that MOLO is at the most juvenile stage, and MOL4 locates at an
intermediate cell stage (Fig.3A). Next, reclustering analysis was applied for capturing most representing cell
subpopulation clusters (Supplementary Fig.2A). Subsequently, cell terminal states were calculated using the
Markov chain algorithm, where in accordance with previous research, MOL2/3 and MOLS/6 were separately
recognized as end states of the MOLs. In addition, no clear profile transition was observed between MOL2/3 and
MOLS/6 (Fig.3A), potentially explained the relative enriched OPC proportion in Pjp™ which has more mature
MOLs, as well as the decreased OPC proportion in Foxg7-Cre Mbp™® that has only juvenile MOLs (Fig.2B).
Putatively, cells from the starting state have no clear path preference changing towards the end states
(Supplementary Fig.2B).

At the expression level, the top 100 genes that are most relevant for cells to shift to terminal state 1 (MOL2/3
direction) or terminal state 2 (MOLS/6 direction) were extracted and visualized based on the latent time trajectory,
respectively (Fig.3B). Notably, genes that are involved in the molecular footprint towards MOL2/3 include its
previously defined marker KIk6, and additionally show regulations of the actin cytoskeleton (Gsn, Tin2, Actn4)
and extracellular cell adhesion (Adam19, Adam23); Where molecular footprint towards MOLS/6 are shown to be
related with trophic support (Ptgds), glutamate signaling (Gria2), voltage-gated channels regulation (Scn8a,
Kcnat), and cell migration and proliferation (Cerk, Lrp4, Ptn). Expression fluctuations of Pfgds, Plp1, Apoe, and
Apod were further supported by dynamic expression plot visualizations and the expressions from previously
reported oligodendrocyte subpopulations (Fig.3C; Supplementary Fig.2C). Intriguingly, Pip7 was shown to be
required for the differentiation of cells towards MOL2/3 direction, but to a lesser extent towards MOLS5/6 (Fig.3B),
which potentially explained why phenotypically similar Cnp™ and Pip1?” mutants expanded distinct MOL subsets
(Fig.2A-B). Moreover, the two MOL terminal states also showed different preferences of apolipoprotein
expressions. Of which, MOL2/3 end states expressed higher Apod, where MOLS5/6 end states showed more
expression of Apoe. Recent studies showed Apod is required for myelin compaction and the stabilization of
lysosomal functions, and its level was shown to be reduced in Multiple Sclerosis (MS) patient brains
(Garcia-Mateo et al. 2018; Navarro et al. 2018). On the other hand, Apoe plays an important role in cholesterol
transport that is essential for myelination (Stoll et al. 1989; Li et al. 2020). The reguiation of apolipoproteins might
further reflect the functionality preferences of MOL cell states.

Reactive microgliosis elicited by CNP null oligodendrocytes

Previous characterizations of Cnp™ and Pip7™” mutants revealed a strong reactive gliosis especially pronounced
in whtie matter tracts. The phenotype is earlier observed, as well as more severe in the Cnp” (Griffiths et al.
1998; Lappe-Siefke et al. 2003). However, without apparently disrupted myelin, the underlying mechanism of how
primary oligodendrocyte profile disruptions trigger reactive gliosis is unclear. We therefore further investigated the
microglia subset for unfolding possible cell crosstalks of oligodendrocytes and microglia.

From 1,898 single-microglia data points, four major subpopulations were identified, including homeostatic
microglia with high expressions of checkpoint genes (Cx3cr1, p2ry12, Hexb), myelin transcript enriched microglia
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(MyTE) that show a high quantity of myelin transcripts (Mbp, Mog, Pip1), brain border macrophages
characterized by expression of Mrc? and Ms4a7 (Hammond et al. 2019), and disease-associated microglia
(DAM) that uprequlate Trem2, Spp1 and Apoe expressions (Keren-Shaul et al. 2017) (Fig.4A). At 3-month of age,
Pip1¥ mutant did not show a clear microglia subpopulation difference compared to WT. However, the Cnp™
exhibited obvious upregulation of both MyTE and DAM (Fig.4A). Compared to microglia activation, the reactive
astrogliosis is less discernible in the Cnp™ (Supplementary Fig.4A-B).

Interestingly, Foxg7-Cre Mbp™" that cannot form compact myelin in the forebrain showed the largest elevation of
the MyTE proportion among all genotypes (Fig.4A). Previously, Schirmer et al. had demonstrated that microglia
can uptake myelin transcripts in MS (Schirmer et al. 2019). In this study, tissue microdissection was performed to
collect both cortex and corpus callesum, the enriched white matter content potentially also enriched the capture
of the myelin processing microglia. Under this condition, we discovered the MyTE proportion was already
abundant in the WT brain. More importantly, the current data suggest myelin franscripts are not necessarily
imported to microglia in compact myelin debris. Under an amyelination situation, MOLs stay at a juvenile stage
and likely urge the synthesis of myelin essential lipids and proteins, thus downstream trigger microglia processing
of non-compact myelin debris (Fig.4A).

Independent of myelin, oligodendrocyte cells have been shown to be able to modulate immune responses
through the expression of immune receptors and the release of cytokines and chemokines (Peferoen et al. 2014;
Jakel et al. 2019). To understand if there are cell communications enhanced between specific MOL and microglia
subpopulations, we recruited public available reference databases and queried the cell subpopulation profiles
using the CellPhoneDB analysis pipeline.We observed increased cell-cell interactions between Cnp™ enriched
MOL4 subpopulation and activated microglia cells (Fig.4B). The potential interaction partners between MOL4 and
activated microglia underlie several signaling pathways, such as NRG-Erbb, glutamate signaling (GRIN2A,
GRIN2B), and fibroblast growth factor signaling (Fig.4B).

Neurons show modest responses to myelin dysfunctions at early stages

In the CNS, myelin plays a vital role in axon integrity and trophic support (Nave 2010a, [b] 2010). Decay of
myelinogenesis and loss of myelin integrity is one of the critical features of brain aging and is correlated with
pathological hallmarks including axon damage and cognitive decline (Sams 2021). In the Cnp™ and Pip1™
mutants, the lack of essential proteins results in the unstable but morphologically normal-appearing myelin
sheath. This chronic instability, however, apparently disrupted axonal support and developed pronounced axon
swelling pathology (Lappe-Siefke et al. 2003; Griffiths et al. 1998). From the current data, we observed only
minor reductions of neuron cell proportion in Cnp™ and Foxg1-Cre AMbp™ mutants (Fig.1E) highlighting no obvious
cell death. Subset analysis of neurons also revealed no obvious shifts between excitatory and inhibitory neurons
across all genotypes (Supplementary Fig.SA-C). Subsequently, differential gene expression (DGE) analysis of
proportionally small aithough well myelinated inhibitory neurons (Micheva et al. 2016) was applied between the
mutants and WT. The result shows Foxg1-Cre Mbp"™ mutant that shows amyelination of cortical axons in the
forebrain did not trigger significant transcriptome responses in inhibitory neurons (Supplementary Table.S).
Phenotypically overlapping Cnp™ and Plp1"¥ mutants gave rise fo inhibitory neuron differentially expressed genes
(DEGs) that enriched similar biological function terms through gene ontology analysis (Supplementary Fig.SD;
Supplementary Table.5). Of which, Cnp™ mutant exhibited more regulated genes, which are involved in cell
morphogenesis (Pfprd, Ephb1), dendritic spine regulation (Homer?, Sipa/1), and more importantly, synaptic
signaling and neurotransmitter release (Nrgn1, Erc2, Mcip1, Camk2a, Syt6) (Supplementary Fig.5D;
Supplementary Table.6).

Discussion

While appreciated a long time ago (Trotter, Wegescheide, and Garvey 1984), oligodendroglial heterogeneity
became recently studiable at unprecedented detail with the invention of single-cell resolution sequencing and
spatial transcriptomics approaches. A special interest lies in the characterizations of oligodendrocyte
subpopulations in their pathological responses (Marques et al. 2016; Ximerakis et al. 2019; Jakel et al. 2019;
Hilscher et al. 2021). In the current study, we discovered that the homeostatic distribution of heterogeneous
oligodendrocytes in the brain can be strongly disrupted by the lack of myelin essential proteins. Under such
mutant conditions, MOLs would concentratedly adapt their transcriptome profiles towards one particular state.
The drastic cell subpopulation shift, however, did not exceed much from previously described physiological
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oligodendrocyte subtypes (Marques et al. 2016). Phenotypically, the imbalanced assembly of the oligodendrocyte
population led to diverse, but overall chronic pathologies (Griffiths et al. 1998; Lappe-Siefke et al. 2003; Stassart
et al. 2018). This suggests tight connectivities between oligodendrocyte subpopulations at the molecular level.
Indeed, on both neighboring embedded UMAP and RNA velocity reconstructed cell manifolds, MOL subtypes are
closely adjacent to each other. In which case, it differs from other cell types, such as microglia, that present
fundamentally changed transcriptome profiles upon cell activations (Keren-Shaul et al. 2017; Hammond et al.
2019). To a certain extent, this might reflect the unique cell property of MOL, which is generally focused on the
formation and maintenance of myelin, and at the side fry to adapt to local microenvironments with slightly altered
functional priorities ranging from myelin compaction, immune modulation, to axon trophic support.

The current data also enabled us to investigate the intra- and inter-cellular regulatory networks downstream of
one particular MOL stage, which is relevant for decoding oligodendrocyte and myelin intrinsic signals in the
context of neurological disorders (Wheeler et al. 2020; Zhou et al. 2020; Hilscher et al. 2021). It is obvious from
previous studies, that defect myelin burdens the system by exhausting microglia (Safaiyan et al. 2016), activating
phagocytotic astrocyte (Ponath et al. 2017), and promoting axonal organelle accumulations (Stassart et al. 2018).
However, to what degree oligodendrocyte and myelin play a primary role in diseases is unclear (Braak and Del
Tredici 2004; Ettie, Schiachetzki, and Winkler 2016). Here, our observation through MOL subpopulation shifts
derived single-cell profile changes argues that even in brain homeostasis at young adulthood, microglia
constantly process myelin debris that results in the presence of myelin transcripts in the microglia cells. Yet with
stable myelin turnover or absence of compact myelin, microglia do not necessarily undergo cell activation to
disease-associated phenotype. Under more challenging situations such as Cnp™, the myelinating cells are
trapped at an immature stage, where microglia and astrocyte are both activated into inflammatory phenotypes
through exposure to myelin and axon pathology, as well as potential direct signaling from the oligodendrocytes. In
the long term, this might lead to overload and/or distraction of reactive cells and therefore contribute to the onset
and progression of neurological disorders to various degrees.
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Figure 1
A snRNA-seq experimental setup
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Figure 2
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Figure 3

MOL RNA velocity reconstruction
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Figure 4

A Microglia subpopulation analysis
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Main figure legends

Figure 1. Myelin mutant cortex and corpus callosum snRNA-seq

A Cortex and corpus callosum from 3-month-old mice brains were used for snRNA-seq experiment. In total, four
genotypes including WT, CNP*, PLP1" and Foxg1-Cre MBP™ were recruited for the experiment, every genotype
is sequenced in two replicates which contains material pooled from two animals. Collected brain tissues were
subjected to iodixanol gradient nuclei isolation and snRNA-seq (10x Genomics). B UMAP represents annotated
cell types of all nuclei (n = 55,777). C Identification of cell types were based on unbiasedly calculated cluster
marker genes. Expression and distribution of top cell specific marker genes across different cell populations are
shown in the violin plot. D single-nuclei RNA profiles from four genotypes distributed equally across cell types,
but not in MOL (highlighted by dash line box). E Relative proportion of cells among experiment replicates do not
show obvious alterations, although MOL proportion in CNP™ and Foxg1-Cre MBP™ exhibited a upregulation
trend.

Figure 2. OLG subset analysis

A In total 8,951 annotated OLG lineage cells were subset for further analysis. Different genotypes distribute
evenly among OPC and NFOL clusters, although occupy distinct spatial locations in the MOL population. B
Clustering analysis of OLGs identified seven cell subpopulations (Supplementary Figure 1.B). Six subpopulations
were annotated based on previous published data (Supplementary Figure 1.C), and one novel detected
population is annotated as MOLO. Proportions of OLG subpopulations shift diversity in each myelin mutant
model. C Featureplots show expression levels of OLG lineage and subpopulation marker genes.

Figure 3. MOL cell manifold reconstruction using RNA velocity

A RNA velocity analysis of MOLs (n = 7,281 cells) revealed putative cell manifolds on UMAP embedded by
single-nuclei spliced RNA profiles. Color codes indicate different genotypes (left), cell subpopulations (middle),
and position at latent time axis (right). Two cell terminal states, state 1 that ends at MOL2/3 subpopulation, and
state 2 that ends at MOLS5/6 subpopulation, were recognized by using cell terminal subclusters for calculation
(Supplementary Figure 2.A). B Top 100 genes that are relevant for cell state transitions towards terminal state 1
(left) or terminal state 2 (right) are calculated by Markov Chain algorithm, respectively. Heatmaps show scaled
expression values of genes over latent time (x-axis). Absorption probabilities represent cell state transition rate
are shown under the heatmaps. C Dynamics of Ptgds, Pip1, Apoe and Apod gene expressions (y-axis) towards
two terminal states are plotted along latent time (x-axis), colors of curves separate different terminal states.

Figure 4. Microglia subset analysis and interaction with MOL

A Microglia were extracted and individually analyzed. In total 1,898 cells were clustered into four major
subpopulations including homeostatic, myelin transcript enriched (MyTE), disease-associated microglia (DAM),
and brain border macrophages. Dotplot shows marker genes expression and positive expressed rate among
microglia subpopulations. Barplot represents microglia subpopulation proportions changes across different
genotypes. B Molecular interactions between MOL and microglia cell clusters were calculated using the
CellPhoneDB toolkit; the amount of interactions between each pair of cell subpopulations are shown in the left
heatmap, where MOL4 showed relatively enriched interactions with other microglia subtypes. Specific cell cross
talkk molecule pairs between MOL4 and microglia subtypes are visualized in the right heatmap, color scale
represents interaction scores.
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Material and Methods

Animal strains and tissue microdissection

Animal experiments were performed under approval by the local authority of German animal weilfare practice
regulations. Mice included in the study were housed in groups under 12 hours dark/light cycles. Tissue
microdissection was performed using 3-month-old male mice across four genotypes, the wildtype, Cnp™, Plp1™7,
and Foxg1-Cre Mbp™. Genotypes were confirmed by animal ear and tail biopsies genotyping before performing
downstream experiments.

For tissue microdissection, animals were sacrificed by cervical dislocation to exiract the whole brain into a
prechilled 1x PBS buffer. Subsequently, the whole brain was coronally sliced and spread on an ice-cold glass
plate, from which the cortical and corpus callosum regions from left and right hemispheres were carefully
dissected, respectively, The microdissected tissue was directed frozen on dry ice and collected into pre-frozen
1.5 mi low-binding eppendorf tubes. Tissues collected from the animal’s left hemisphere were subjected to the
snRNA-seq experiment, where the right hemisphere samples were collected and stored as backups. All samples
were stored under -80°C until further use.

Single-nuclei isolation

Microdissected left hemisphere cortex and corpus callosum tissue were pooled into two samples for each
genotype, of which, the wild type group was pooled of ¢c57BL/6J from Cnp™ and Pip7™ colony, respectively, and
Mbp™. For each pooled sample, tissue was kept frozen and subjected to 2ml of homogenization buffer as
previously described (Depp et al.,, n.d.) and mechanically disrupted. Homogenized tissue was then passed
through a 80um strainer to filter tissue debris. The filtered suspension was centrifuged for 1min under 100 rcf,
and 400ul supematant was transferred into a pre-chilled low-binding Eppendorf tube. Afterwards, nuclei were
isolated by gradient centrifugation assay. In specific, the collected supernatant was diluted into 25% iodixanol
concentration by adding 400ul pre-chilled S0% iodixanol solution that contains 480mM sucrose, and layered on
top of 29% (middie) and 35% (bottom) iodixanol solutions. The gradient solutions were centrifuged for 20min
under 3,000 rcf, where nuclei were collected at the band between the 29% and 35% iodixanol layers. Collected
nuclei were then washed by a resuspension buffer that contains 1xPBS, 1% BSA, and 0.1U/ul RNase inhibitor.
The isolated nuclei were immediately subjected to the snRNA-seq experiment.

snRNA-seq experiment

Freshly isolated nuclei were used for single-nuclei transcriptome library constructions using chromium single-cell
3’ reagent kit (10x Genomics) according to the manufacturer's protocol. Around 15,000 nuclei were used for each
reaction to target for recovery of 9,000 single-nuclei transcriptome profiles. Constructed single-nuclei RNA
libraries were validated by the Agilent Bioanalyzer high sensitivity DNA chip (Agilent). Quality controlied library
products were then sequenced by NovaSeq 6000 (lllumina).

Data alignment and pre-processing

Raw sequencing data in Fastq format were aligned and quality controlled using CellRanger v3.0.2 (10x
Genomics), alignment was performed against reference transcriptome pre-mRNA (mm10). On average, each
reaction was able to recover 7,716 droplets. Raw expression matrices from each sample were extracted from
each sample and underwent individual quality control and droplet filters using R toolkit Seurat v3.2.3 (Stuart et al.
2019). In specific, cells with less than 500 total transcripts and less than 200 annotated genes were removed for
further analysis. Moreover, cells exceeding the upper limit of transcripts detection rate are identified in individual
samples and excluded from the following analysis (Supplementary Table.1).

After the individual sample filter, all matrices were merged for the next step analysis. Genes expressed in less
than three cells were excluded from downstream calculations. Gene raw counts were represented by UMI values,
which is normalized against the total amount of transcripts in each cell with a scale factor of 10,000, then
transformed using log1p. To ensure efficient data processing, 3,000 variable genes that exhibit high cell-cell
variations were detected for further analysis. Prior to dimensionality reductions, data was centered by scaling
genes with a mean expression of 0 and a standard deviation of 1 across all cells.

Dimensionality reduction and cluster annotations

Data were summarized by linear dimensionality reduction using principal component analysis (PCA). For all
61,609 nuclei, the first S0 principal components (PCs) were selected for further data processing. Subsequently,
non-linear dimensionality was performed for the data by utilizing the k-nearest neighbor (KNN) algorithm and
visualized by Uniform Manifold Approximation and Projection (UMAP). Single-nuclei profiles were determined for
closest neighbours in the reduced PCA space, and underwent unbiased cluster detection using resolution 0.5. As
a result, 36 cell clusters were identified, and corresponding cluster-specific differentially expressed genes (DEGs)
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were calculated using the Wilcoxon Rank Sum test (Supplementary Table.2). Major CNS cell types including
neuron, oligodendroglia, astrocyte, microglia, endothelial cells, and pericyte were assigned to individual clusters.
Cells with ambient markers were annotated as unclear and removed for further analysis. After removing unclear
cell populations, the altered data expression matrix (n = 55,777 nuclei) was re-calculated for linear and non-linear
dimensionality reduction, as well as for cell cluster visualization.

Cell subset analysis

Four cell types, oligodendrocyte, microglia, astrocyte, and neuron were subjected for subset analysis,
respectively. Each cell population was extracted based on previous cell type annotations, and underwent
re-normalization and scaling, and additionally dimensionality reductions and clustering analysis to identify cell
subpopulations. In detail, oligodendroglia accounted for 8,951 nuclei, and the subset data was summarized by
the first 15 PCs with 2,000 high variable genes, and clustered into seven subpopulations under resolution 0.5. In
order to control gene knockout effects on data embedding and visualization, Cnp, Plp1, and Mbp counts were
removed from the oligodendroglia expression matrix and subjected to the analysis pipeline using the exact same
parameters. The seven subclusters recognized in the oligodendroglia subset were annotated by cluster marker
genes, as well as integrative analysis with Marques et al. 2016 dataset (Marques et al. 2016). In other neuron
and microglia subsets, subpopulations were purely detected by cluster marker genes, respectively. Specifically,
neuron data subset (n = 34,645 nuclei) was summarized using the first 50 PCs and further clustered under
resolution 0.5, where microglia data subset (n = 1,898 nuclei) was summarized using its first 20 PCs, and
subpopulations were detected under cluster resolution 0.3 For astrocyte analysis, only Cnp™ and Foxg1-Cre
Mbp™ mutants and corresponding wild type profiles were subset for the purpose of support microgiia subset
analysis. The subset astrocyte data was reduced using the first 20 PCs, and data points were annotated for
biological relevant subpopulations by integrating with the Habib et al. 2020 dataset (astrocyte subset) (Habib et
al. 2020).

Differential gene expression statistics

Statistics analysis of differentially expressed genes were carried out by the MAST algorithm implemented in
Seurat toolkit between the given cell groups. For MOLs, downsampling analysis was applied by comparing cells
from every myelin mutant to WT. In detail, MAST analysis used 200 randomly selected cells from each compared
genotype, and was repetitively applied for S0 times. All calculated results were then averaged for investigating
the most stably differentially regulated genes in myelin mutant MOLs (Supplementary Table.3).

RNA velocity analysis

To reconstruct potential cell manifolds, single-nuclei RNA profiles from MOL were extracted and subjected to
RNA velocity analysis. The alignment for separating spliced, unspliced and degraded RNA was done by the
python package Velocyto (La Manno et al. 2018) on top of each CellRanger aligned snRNA-seq raw data, and
saved in .loom format. For the next step, loom files were translated to Seurat objects. Profiles were then merged
and annotations from previous franscriptome analysis were matched to the new object that contains spliced and
unspliced transcript counts. The MOL cells were subseted for further velocity analysis. Altematively, the
embedding of the subset cells was performed only using sliced RNA profiles. Afterward, the object was saved in
AnnData format (Wolf, Angerer, and Theis 2018) and continuous for velocity calculations using python package
scVelo v0.2.3 (Bergen et al. 2020). Cell microstates were calculated based on the Markov Chain algorithm
implemented in the python package CeliRank v1.4.0 (Lange et al., n.d.).

External datasets reanalysis and integration

Data integration and cell subtype classification using integrated reference data were performed using the
SCTransform pipeline implemented in Seurat v4.0.0 (Hao et al. 2021). Wheeler et al. 2020 dataset was
recovered from the GEO database under accession number GSE130119 (Wheeler et al. 2020). MOL cells
annotated in the comresponding dataset were subjected for reanalysis. In total 4,225 single-MOL profiles were
collected, across five major groups including CFA control and four EAE pathological stages (priming, peak,
remitting). Cell subclusters were calculated under resolution 0.8. For annotating identified subclusters, projection
analysis was conducted by referring to the Marques et al. 2016 dataset (Marques et al. 2016) (Supplementary
Table 4).

For external data integrative analysis with the current study, expression matrices from GSE75330 (Marques et al.
2016), GSE143758 (Habib et al. 2020) were accessed from GEO platform, and metadata matrices with cell
subtype annotations were acquired upon contact to comresponding authors of the original publications. For
oligodendroglia, subset profiles and objects recovered from GSE75330 were normalized using the SCTransform
algorithm (Hafemeister and Satija 2019). Normalized matrices were then calculated for 3,000 shared integration
genes, as well as for cell pairs that share stable expression structures as integration anchors for the alignment of
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two expression matrices. Aligned data was downsifream embedded using the first 20 PCs, and visualized for cell
subpopulation overlapping. Similarly, the astrocyte subset from the cumrent study was integrated with GSE143758
using the first 30 PCs after integration analysis based on shared 1,000 variable genes. However, since
GSE143758 contains two different batches using distinct cell dissociation reagents, data integration was
therefore applied based on experimental batches instead of different studies. To further confirm the detection of
disease-associated asfrocytes in the current study, projection analysis was performed for the astrocyte subset by
referring to GSE143758.

Cell subpopulation crosstalk analysis

For analyzing cell-cell communication pariners between MOL and microglia subpopulations, normalized
expression matrices were firstly extracted from the analysis object. In order to suit for querying public databases
that are mainly based on human studies, genes in extracted matrices were translated using R package biomaRt
v2.42.1. Matrices with translated gene symbols were then input to the public repository CellPhoneDB v2.1.7 for
the analysis of potential cell-cell interactions (Efremova et al. 2020).

Data and code availability

Raw single-cell RNA sequencing data are uploaded to the Gene expression Omnibus (GEO) under the
SuperSeries accession number GSE178304. Analysis code can be accessed upon contact to the corresponding
author.
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Supplementary Figure 1

A OLG embedding without knockout genes B Original OLG clustering
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Supplementary Figure 2

A Cell terminal clusters B Markov chain random walk

C Marques et al. 2016 gene expression ridgeplots
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Supplementary Figure 3

A MOL subset from Wheeler et al. 2020
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Supplementary Figure 4

A Astrocyte integrative analysis with Habib et al. 2020

Poa

Other cells
® DAA

® AD
® CNP””

©® MBP cKO

© Habib2020 WT
@ This study WT

l—’ UMAP1

UMAP2

/-
® CNP Habib2020_1
® MBP cKO ® DAA‘(-I Habib2020_2
@ This study WT | Habib2020 3
1 Habib2020_4
L Habib2020 5
Habib2020_6
& _
0.074 0.069
0.06
5]
8%
8

CNP- MBP cKO  WT



41| Page

Supplementary Figure 5

A Neuron subset analysis
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Supplementary Figure legends

Supplementary Figure 1. OLG subset validation analysis and subpopulation integrative annotation

A UMAP shows embedding of OLG cells after removal of Cnp, Plp71 and Mbp expressions; spatial dislocations in
MOL among different genotypes remains unchanged. B Original calculations of OLG clusters. C Integrative
analysis of OLG cells from this study with Marques et al. 2016 dataset. In total 13,818 valid cell profiles were
analyzed, and clusters detected in B were annotated to previously reported OLG subpopulations according to the
colocalization of cells with the assistance of prediction scores.

Supplementary Figure 2. MOL RNA velocity structures and gene expression in Marques et al. 2016 OLG

A Temminal states calculation of MOLs was based on reclustering analysis on single-nuclei sliced RNA profile
embedded UMAP. Structure plot shows clear separations between identified clusters that represent MOL
subpopulations. B Plot shows 100 random walks on the Markov chain in UMAP embedding. C Ridgeplots show
expression of Pfgds, Plp1, Apod, and Apoe over first reported OLG subpopulations from Marques et al 2016
dataset.

Supplementary Figure 3. Reanalysis of Wheeler et al. 2020 MOL subset

A MOLs from Wheeler et al. 2020 dataset ( n = 4,225 cells) were extracted for subpopulation analysis. UMAPs
show cells distributed unevenly according to their pathological stages (left) and can be clustered into 11 distinct
subpopulations. B Subpopulations identified in A are annotated based on prediction scores when projecting to
Marques et al. 2016 dataset (Supplementary Table.4). Barplot shows relative proportions of annotated cell
subpopulations across disease stages.

Supplementary Figure 4. Astrocyte subset integrative analysis

A Astrocytes were subset and integrated with astrocyte profiles from Habib et al. 2020 dataset. Previous
identified disease-associated astrocyte (DAA) showed in one concentrate cluster. Distribution of cells from each
genotype is shown by highlighting UMAPs. B Astrocyte subset from this study is individually analyzed and
embedded (left). Cell subtypes are annotated using prediction scores referring to Habib et al. 2020 astrocyte
subpopulations. DAA is recognized in astrocytes from this study and highlighted in UMAP (middie). Relative
proportion of DAA in each genotype is shown in barplot.

Supplementary Figure 5. Analysis for neuronal responses

A Left side UMAP shows highlighted neuron subset among all CNS cell types. Highlighted cells were subset and
subjected to zoom-in analysis, where excitatory neurons and inhibitory neurons are recognized by marker gene
expressions shown in B as a violin plot. C Barplot shows relative proportions of neuron subtypes across
genotypes. D Network plot demonstrates GO (biological process) terms enriched by DGEs analysis in inhibitory
neurons. DGE analysis was performed by comparing myelin mutant to WT.

Supplementary Table legends

Supplementary Table 1. snRNA-seq individual sample filter parameters

Supplementary Table 2. Clusters marker genes for all samples

Supplementary Table 3. Downsampling statistics results between myelin mutant and WT MOLs
Supplementary Table 4. GSE130119 MOL subpopulation projection analysis by referring Marque et al. dataset
Supplementary Table 5. DGE analysis for inhibitory neurons between myelin mutants and WT
Supplementary Table 6. GO biological process enrichment analysis of inhibitory neuron DEGs
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Chapter 4: Project 11

Ageing-associated myelin dysfunction drives amyloid deposition in
mouse models of Alzheimer’s disease

4.1 Overview of Project Il

For a long time, AD research focused extensively on neuronal pathologies
(Schirmer et al. 2019; Ettle, Schlachetzki, and Winkler 2016; Onyango et al. 2021).
In recent years, the role of glial cells in AD, especially microglia, has gathered
increasing attention, which assisted the further understanding of disease
mechanism, as well as proposed new potentials for therapeutic approaches (Keren-
Shaul et al. 2017; Grubman et al. 2019; Zhou et al. 2020; Kleinberger et al. 2014,
Habib et al. 2020). However, as a long-aware disease feature, myelin breakdown
has always been considered a bystander in AD pathology (Bozzali et al. 2002; Jang
et al. 2017). The concept of oligodendrocyte and myelin being more upstream
drivers of AD pathology has only recently been more frequently discussed (George
Bartzokis 2011; Braak and Del Tredici 2004; Ettle, Schlachetzki, and Winkler 2016;
G. Bartzokis 2004; Nasrabady et al. 2018). Lately, Chen et al. verified that the
promotion of OPC differentiation and myelin renew was able to partially rescue the
cognitive decline in AD mouse models (J.-F. Chen et al. 2021). Therefore, after the
characterization of oligodendrocytes harboring myelin dysfunctions was
incorporated in project I, a more specific but versatile question has been asked in
project Il: How would such primarily induce oligodendrocytes and myelin
dysfunctions influence AD pathology?

To answer this question, mutant mouse models with chronically defective myelin
(Cnp”-and Plp1¥), acutely induced demyelination (EAE, cuprizone), or absence of
forebrain myelin (Emx-Cre Mbp™", Foxgl-Cre Mbpf), were crossbred to mouse
lines with AD backgrounds (5xFAD, APPNLGF), Different from previous studies that
focused on the promotion of myelin health, this project contributed more effort to
the discussion of myelin dysfunction as an upstream parameter of AD disease onset
and progression. As a result, Ap deposits were significantly enhanced under early
induced chronic or acute myelin deficiencies. Conversely, the absence of forebrain
myelin considerably delayed the aggregation of AP plaques. These together,
indicated primary dysfunctions of myelin can be a risk factor for AD. Considering
previously characterized main pathological features in the Cnp” and Plpl#
mutants, enhanced axonal swelling, and reactive microgliosis, we hypothesized two
underlying mechanisms of myelin dysfunctions promoting AD amyloidosis: Either
increased metabolism of AP production at the axon swelling sites whereby
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intracellular vesicles accumulate ,or by deriving malfunctioned microglia that can
not sufficiently phagocytize AP peptides and plaques.

The validation of metabolism shifts of AP production in the AD mouse model with
defective myelin was carried out by electronic microscopic (EM) imaging and
biochemistry measurements. From which, vesicular structures were verified to be
accumulated in Cnp”- axons by EM. More importantly, using antibodies that
specifically target APP processing enzymes, as well as various sites of APP and AP
peptides. We further revealed that the axonal swelling sites indeed hold an increased
amount of B- and y-secretase, cleaved APP fragments, and A peptides, suggesting
myelin dysfunction potentially promoted A production and aggregation.

Microglia were known to play a central role in A clearance (Ries and Sastre 2016).
Previously, both Cnp”-and Plp1 mutants were characterized with different levels
of reactive microgliosis (Griffiths et al. 1998; Lappe-Siefke et al. 2003). These
reactive microglia, however, are highly associated with myelin sheath and lose the
corralling phenotype towards AP plaques when exposed to AD background,
implying myelin deficiency possibly results in insufficient plaque detection and
phagocytosis. Subsequently, we investigated corresponding microglia profile
changes at the transcriptome level. Interestingly, instead of showing failure of cell
activation, the microglia in Cnp”- are equipped with successfully activated RNA
profiles that present upregulated DAM signature genes such as Trem2, Sppl,
Tyrobp (Keren-Shaul et al. 2017). At the single-cell level, activated microglia in
Cnp”- are identified in the same subpopulation cluster with AD-induced DAM
(Zhou et al. 2020). On the other hand, these microglia also slightly differ from DAM
by a comparably increased expression of lipid handling genes like Apoe, Lpl, and
Abcal, which correlate with a recently reported microglia subtype, the white matter
associated microglia (WAM), that is enriched in aged white matter (Safaiyan et al.
2021). According to previous studies, WAM and DAM are located at tightly
connected cell stages. Yet, both cell subpopulations do not fully represent the state
of myelin mutant microglia. In addition, it is also unclear whether the myelin
distracted microglia could react to amyloid depositions once the myelin dysfunction
IS repaired.

In a nutshell, through stringent control of onset orders of myelin deficiency and AD
pathology, project Il revealed myelin dysfunctions as a potential upstream risk
factor of AD. Mechanistically, abnormal myelin-induced axonal swellings
potentially contributed to the promotion of A production. At the same time, myelin
debris can successfully activate microglia, although the reactive cells would rather
engulf myelin and are distracted from A plaques. Further investigations are still
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required to understand the regulatory network that urged microglia to prioritize
myelin instead of AP.

4.2 Original publication

Depp, C.*, Sun, T.*, Sasmita, A. O., Spieth, L., Berghoff, S. A., Steixner-Kumar, A. A, ... & Nave,
K. (2021). Ageing-associated myelin dysfunction drives amyloid deposition in mouse models of
Alzheimer’s disease. bioRXxiv.

Personal contribution to Project Il

In this project, | contributed to the design and analysis of bulk and single-cell RNA
sequencing experiments. Subsequently, | interpreted the sequencing analysis
results, designed their visualizations, and summarized the corresponding parts in
the manuscript text. Together with my colleague and my supervisor, we generated
figures for the manuscript and edited the manuscript’s text.
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Ageing-associated myelin dysfunction drives amyloid deposition
in mouse models of Alzheimer’s disease

Constanze Depp" 8., Ting Sun®, Andrew Octavian Sasmita', Lena Spieth’, Stefan A. Berghoff', Agnes A. Steixner-Kumar?, Swati
Subramanian', Wiebke Mdbius'?, Sandra Gobbels', Gesine Saher’, Silvia Zampar®, Oliver Wirths*, Maik Thalmann®, Takashi Saito®’, Takaomi
Saido’, Dilja Krueger-Burg*®, Riki Kawaguchi®, Michael Willem'?, Christian Haass'?, Daniel Geschwind?,

Hannelore Ehrenreich?, Ruth Stassart'\', Klaus-Armin Nave®.!

The prevalence of Alzhelmer’s disease (AD), the leading cause of dementla, shows a strict age-dependency, but why ageing
constitutes the main risk factor for this disease Is still poorly understood. Brain agelng affects oligodendrocytes’ and the structural
Integrity of myelin sheaths?, the latter assoclated with secondary neuroinflammation?. Since oligodendrocytes support axonal and
neuronal health*’, we hypothesised that ageing-associated loss of myelin Integrity could be an upstream risk factor for neuronal
amyloid# (AB) deposition, the primary neuropathological hallmark of AD. Here, we show that in AD mouse models different
genetically induced defects of myelin integrity or demyelinating injuries are Indeed potent drivers of amyloid deposition in vivo,
quantified by whole brainlight sheet microscopy. Conversely, the lack of myelin In the forebrain provides protection against plaque
deposition. Mechanistically, we find that myelin dysfunction causes the accumulation of the A producing machinery within axonal
swellings and increases cortical amylold precursor protein (APP) cleavage. Surprisingly, AD mice with dysfunctional myelin lack
plaque-corralling microglia but show a disease-assoclated microglla (DAM)-kike signature as revealed by bulk and single cell
transcriptomics. These activated microglia, however, are primarily engaged with myelin, preventing the protective reactions of
microglia to Ap plaques. Our data suggest a working model, In which age-dependent structural defects of myelin promote plaque
formation, directly and indirectly, and are thus an upstream AD risk factor. Inproving oligodendrocyte health and myelin integrity

could be a promising target to delay AD.

Main text

The pathology of AD is characterised by the deposition of AR plaques
and neurofibrillary tangles primarily in cortex and hippocampus®.
According to the ‘amyloid hypothesis' of AD, the build-up of Af
initiates a cascade of harmful events that lead to neuronal
dysfunction’. More than lifestyle choices and genetic predisposition,
old age is the primary risk factor for AD development, but exactly
how brain ageing is linked to amyloid deposition is unclear'. Myelin,
a spirally wrapped and compacted glial membrane, enhances axonal
conduction speed" and its non-compacted regions allow
oligodendrocytes to provide metabolic support to the neuronal
compartment®82, The unique cellular architecture of myelin makes
protein and lipid turnover challenging and slow'", This, together
with the long lifetime of oligodendrocytes' and age-dependent loss
of epigenetic marks, might explain the structural deterioration of
myelin with age?. We speculated that the breakdown of myelin
integrity in the ageing brain acts as driving force for Ap deposition
and tested this hypothesis in mouse models of amyloidosis, in which
we introduced myelin dysfunction of various degrees by geneticand
pharmacological manipulations.

Intracortical myelindecline in AD patients and mouse models

Macroscopic brain imaging studies have suggested that cortical
myelin damage occurs in the preclinical phase of AD, i.e., prior to
extensive amyloid deposition'’?\, Microscopic evidence of this,
however, remains scarce. We therefore first studied intracortical
myelin integrity in a small cohort of AD patients, focussing on the
trans-entorhinal area by immunofiuorescence analysis of myelin
(Fig.1a). We observed a striking decline of intracortical myelindensity
in autopsies from AD patients which were not limited to the
immediate vicinity of plaques. Sites of myelin loss were also
associated with increased numbers of Ibal+ microglia. Since human
neuropathological correlations cannot distinguish between myelin
loss being the cause or consequence of neuronal AD pathology such
as axonal decay, we tumed to two different experimental animal
models of AD (SxFAD, APPMSF), Here, we are in a position to ask
whether loss of myelin can act as an upstream driver of amyloidosis

'Department of Neurogenetics, Max PLanck Institute of Experimental Mecicine, GOttingen, G

by combining AD mouse models with mice developing subtle
genetically-induced myelin disintegration (Fig.1b). Specifically, we
employed null mutants of the myelin architectural proteins CNP and
PLP1, that display rather minor structural myelin defects. Lack of CNP
causes a collapse of cytosolic channels within the myelin sheath®
associated with axonal swellings®. PLP1-deficient myelin lacks
physical stability™, reduces axonal energy metabolism® and causes
axonopathy at higher age*. We first compared normal brain ageing
of c57B16 wildtype mice with that of (np and P/p! null mutants on
the same background. By immunostaining, (np and Pjp7 mice
showed gliosis in grey and white matter at 6 months, qualitatively
similar to aged wildtype mice (24-month-old), but more profound
(Fig.1c). Similar to AD patients, aged wildtype mice and more
pronounced 6-month-old myelin mutants displayed significant
reductions of intracortical myelin content, especially in the upper
cortical layers (Fig.1c).

Myelin dysfunction drives amyloid deposition In AD mouse
models

To determine whether such ageing-associated myelin defects can
drive amyloid deposition, we crossbred (npg” and Pjpl*¥ mutants
with commonly used mouse models of AD and analysed plaque
burden in the resulting offspring (Fig.1b). For this, we optimised a
Congo Red /n toto plaque staining and clearing protocol based on
the iDISCO technique®?’ for light sheet microscopy (Fig.1b,
Extended data Fig.1) to determine the amyloid plaque load of the
entire brain in an unbiased fashion. Indeed, when compared to
SxFAD mice, both Cnp™ SxFAD and Plpl* 5xFAD double mutants
showed striking increases of amyloid plaque load, as quantified in
hippocampal white matter (alveus) and cortex at 6 months (Fig.2a,b).
In both models, the effects were expectedly strongest in the alveus,
where AR was deposited in very small aggregates, indicating an
increased formation of amyloid seeds. To exclude that these effects
are specific to the 5xFAD model and APP overexpression, we
validated our findings in crossbreedings of (np* and the APPSF
knock-in model, in which the humanised triple-mutant APP is
expressed under control of the endogenous App locus (Extended
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data Fig.2). In both AD models, the increase in plaque load was
observed at 6 months, but not yet at 3 months when myelin defects
and reactive gliosis are only subtle in Cnp”™ and Plpl¥ mice
(Extended data Fig.3ab). We also investigated whether myelin
dysfunction modifies 5xFAD behavioural deficits by performing
behavioural testing in the Y-maze (YM) and the elevated plus maze
(EPM) (Extended data Fig.4). In both paradigms, double mutant mice
presented with hyperactivity that was less pronounced in single
mutants. In the EPM, Cnp* 5xFAD mice preferred the open amms,
indicative of an abnormal lack of anxiety. Statistical analysis
confirmed supra-additive effects (interactions) of 5xFAD and myelin
mutant genotypes inmany instances, also detectable in the hindlimb
clasping test (Extended data Fig.4c,d). Myelin defects and amyloid
pathology appear to synergistically worsen behavioural deficits
indicative of disinhibition - a neuropsychiatric symptom also present
in AD patients?8®,

Acute demyelination drives amylokd deposition

To confirm that myelin dysfunction is an upstream driver of plaque
pathology, we tested the effect of acute demyelination. Young adult
5xFAD mice were fed a cuprizone containing diet for 4 weeks,
followed by a 4-week recovery period and the determination of
plaque load via light sheet microscopy (Fig.2c). Interpreting this
experiment is complicated, however, because the copperchelating
properties of cuprizone interfere with plaque core formation, which
is copper-dependent®. Indeed, in 7 totolight sheet microscopy
cuprizone treatment seemingly ameliorated hippocampal and
cortical AB pathology (Extended data Fig.3c). However, the
amyloidosis-driving effect of demyelination prevailed over the
inhibition by copper-chelation in most markedly demyelinated areas
such as the hippocampal alveus. Here, less-compacted AR plaques in
cuprizone treated 5xFAD could be well stained with anti-AR
antibodies revealing a strong increase in small amyloid aggregates
(Fig.2c).

Independent support of our working model was provided by AD
mice challenged with experimental autoimmune encephalomyelitis
(EAE). We immunised young 5xFAD animals with MOG peptide and
analysed their brains and spinal cord 4 weeks later (Fig.2d). Unlike an
earlier study with aged J20 and Tg2576 AD mice in which EAE
reportedly reduced plaque load™, we found no such difference in
amyloid deposition in younger 5xFAD-EAE mice (Extended data
Fig.2d,e). However, in the spinal cord, where demyelinating EAE
pathology massively unfolds, we identified small, atypical amyloid
aggregates in the peri-lesion environment, which were absent from
control 5xFAD mice (Fig.2d). We verified the presence of aggregated
amyloid by staining spinal cord sections with the B-sheet dye
Methoxy-04 (Me-04). Of note, in EAE spinal cord from wildtype
animals, no such Me-04* positive material was found, ruling out the
non-specific detection of lipid deposits in demyelinated lesions
(Fig.2d). Taken together, myelin defects - both chronic and acute -
drive amyloid deposition in AD mouse models, which identifies
dysfunctional myelin as an upstream risk factor for amyloid
deposition.

Lack of myelin ameliorates amyloldosis in AD mouse models

Primate brains have more CNS myelin than smaller mammals*? and,
compared to other apes, humans show a disproportional
enlargement of prefrontal white matter®. This raises the question
whether the extent of cortical myelination per secould play a causal
role in human AD. We, therefore, next asked the opposite question:
what impact does the near complete absence of cortical myelin have
on the course of amyloidosis in 5xFAD mice? To this end, we
generated a line of forebrain-specific shiverar mice (Emx-Cre
Mbp™*™)_in which cortical axons are largely unmyelinated, and
crossbred them to 5xFAD mice (Extended data Fig.5a). At 3 months
of age, forebrain shiverer 5xFAD mice were strongly protected
against amyloid deposition, both in hippocampus and cortex
(Fig.2e). However, at 6 months this effect was largely lost, revealing a
delay of plaque formation in the absence of myelin (Extended data
Fig.5b). We conclude that myelin ensheathment and even more so
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defective myelin is an upstream driving force of neuronal plaque
deposition.

Myelin dysfunction shifts neuronal APP metabolism

How do myelin defects mechanistically drive amyloidosis? In theory,
they could either promote APP processing and AP generation or
interfere with AP removal (or a combination of both). We first
investigated APP metabolism in Cnp”~ SxFADmice. Axonal swellings
that stain positive for APP are prominent features of ischemia, injury
and myelin disorders and we speculated that these swellings
contribute to the generation of AB in myelin mutant animals. Indeed,
stalling axonal transport was shown to enhance amyloid production
likely by increasing BACE1 and APP encounter in axonally
transported vesicles**” and axons seem to be important sites of
amyloid secretion®®, Moreover, axonal swellings surrounding
amyloid plaques (Fig.3a) are thought to be production sites of AB*'#2,
Plaque-independent axonal swellings in Cnp” mice are enriched in
vesicular structures likely of endosomal/lysosomal origin (Fig.3b).
Using antibodies against APP processing enzymes and multiple
APP/AB-specific antibodies (Fig.3a), we found that axonal swellings
in Cnp* 5xFAD brains accumulate B- and y-secretase and
consequently stain positive for B- and y-cleaved APP fragments and
AB (Fig.3c,d). We validated these findings by Western blot analysis of
white matter and cortex and found elevated levels of BACE]
(statistically significant in white matter) (Fig.3e) in 6-month-old Cnpr
#5xFAD. When we investigated APP processing by immunoblotting,
cortical APP metabolism was shifted towards an increased
abundance of CTF- B and CTF- a fragments, but without changes to
full length APP abundancy or the a/B CTF ratio (Fig.3f). Together,
these findings suggest that myelin defects enhance AB generation.

Myelin defects alter the microglial phenotype in AD mouse
models

Glial cells play important roles in the clearance of myelin debris and
amyloid peptides and microglia form barriers around amyloid
plaques®. Thus, we investigated how microglia react to amyloid
plaques when additionally challenged with defective myelin. Despite
pronounced gliosis throughout the brain in both Cnp~ 5xFAD and
Cnp’-APPSFmice, we noticed that cortical microglia failed to cluster
around amyloid plaques (Fig4a,b). Such a phenotype has been
previously described in 7ram2 loss of function scenarios®+. We
therefore asked if myelin dysfunction interferes with the
upregulation of 7rem2 and the induction of the disease-associated
microglia (DAM) signature, that is associated with a plaque corralling
phenotype*#, Using magnetic activated cell sorting (MACS)-
isolation of microglia and RNA sequencing (Fig.4c), principal
component analysis (PCA) revealed that the transcriptome of Cnp*
SxFAD microglia was dominated by the (np™” signature (Fig.4d).
Extraction of the top 100 genes contributing to PC1 revealed 4 major
gene clusters with different trajectories throughout the
experimental groups (Fig4e, Extended data Fig.6a). Homeostasis
markers (C3crl, P2ryl2 Tmeml19 that were downregulated in
5xFAD microglia were even further downregulated in Cnp*-and Cnpr
 5xFAD mice (Fig.4ef). Conversely, DAM signature genes (Clec7a,
Gpnmb, Apoe, Sppl, Axl and ftgax) were upregulated in SxFAD
microglia, and even further increased in Cnp* and Cnp” SxFAD
microglia (Fig.4e,f, Extended data Fig.6¢) likely increased fraction of
reactive microglia in the Cnp* brain. Importantly, Trem2and Tyrabp
showed an unaltered induction in Cnp”- SxFAD mice (Fig4e,f). We
noticed that Apoe a well-known factor in AB aggregation*, was
massively upregulated in Cnpg” and Cnp™ SxFAD which is likely to
lead to elevated APOE protein levels in the brain parenchyma of
these mice. Indeed, using immunostainings, we found elevated
levels of APOE in white matter and amyloid plaques in Cnp SxFAD
(Fig4q).

The interpretation of bulk RNA-seq data is limited. To better
understand the DAM-like microglial signature in Cng” mutants, we
performed single nuclei RNA-sequencing (snRNA-seq) on cortical
and callosal tissue from Cnp* and wildtype mice (Fig.5a, Extended
data Fig.7a,b). Cluster analysis identified 4 major microglia
subpopulations, including one with high expression of DAM marker
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genes (Trem2 Lpl and Sppl), which was only seen in (np™ mice
(Fig.5b,cd, Extended data Fig.7d). We next assessed similarities
between this Cnp“-associated DAM cluster and 5xFAD-associated
DAM by integrating our dataset with the microglial snRNA-seq
profile of Zhou et al* (Fig.5e). Indeed, Cnp” DAM clustered with
5xFAD DAM (Fig.5e). Average expression analysis at the single cell
level revealed that most DAM marker genes (including Apoe, Lyz?
and Ax) were expressed at a similar level (Fig.5f). However, some
genes (including Ms4a7 Gpnmb and Lp) were highly induced in
Cnp’- DAM, but only moderately so in 5xFAD DAM (Fig.5f).
Importantly, 7rem2 was robustly upregulated in 5xFAD and to a
lesser extent in Cnp”~ DAM, suggesting that AB pathology is a
stronger inducer of TREM2/TYROBP signalling (Fig.5f). We noted that
genes of the Ms4a family were highly induced in microglia of Cnp~*
5xFAD mice, which is also a feature of some microglia in early
development*. The same Ms4a genes regulate the level of soluble
TREM2 and maodify AD risk®®. However, immunoblot analysis ruled
out that myelin dysfunction affects TREM2 protein simply via
increased Ms4a expression (Extended data Fig.8).

In summary, our transcriptomic data suggest that microglia
challenged by myelin dysfunction are still genetically equipped to
react to amyloid plaques, but surprisingly fail to do so /n wvo. We
thus propose that microglia, once engaged in the clearance of
defective myelin, are distracted from amyloid plaques. Indeed, Cng*
microglia strongly express genes involved in phagocytosis (C7q, GG,
ltgax), lysosomal function (Spp1, Gpnmb, LyzZ, Pld3, Rab7b) and lipid
handling (Apok, Lip, Lpl, Msrl, Apocl, Apobecl, Abcal) (Fig.4e,5f,
Extended Data Fig.6c). Moreover, in Cnp mutants we validated by
immunolabelling and the colocalization of PLP and IBA1 that
microglia actively engulf myelin membranes (Fig.5q). Likewise, our
snRNA-seq analysis identified a subpopulation of microglia that
showed high level of “myelin RNA" (Mobp, Plpl, Mbp, Mog
transcripts), which was further increased in Cnp* microglia (Fig.5¢,d,
Extended data Fig 7c). This cell cluster likely represents microglia that
had phagocytosed myelin (including oligodendroglial mRNA), as
recently reported for snRNA-seq of multiple sclerosis autopsies®'. We
surmise that such microglial distraction not only leads to a faster
build-up of amyloid in the brain, but that factors secreted by
activated yet myelin-engaged microglia (such as APOE) may further
fuel plaque seeding.

Agelng myelin Is a risk factor for AD

Based on our findings, we propose a resulting working model for AD,
in which myelin of the ageing forebrain well known to lose structural
integrity? causes microglia to become engaged (as modelled in
myelin mutant mice). This microglial activity interferes with the
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Figure 1. Myelin mutant animals show premature myelin Integrity breakdown recapitulating myelin decline In ageing and AD

{a) Myelin damage in Alzheimer’s disease (AD) patients in the medial temporal lobe visualised by immunolabelling against CNP and PLP1 to stain
myelinated fibres, Iba1 to stain microglia and Methoxy-04 (Me-04) to stain amyloid- plaques. Annotated overview image of the medial temporal
lobe of one AD patient indicates the location of the closeups, which show upper cortical layers in the transentorhinal cortex in plaque+* individual AD
patients and non-AD controls (n=3 per group). DG: Dentate Gyrus, Fi: Fimbria, CA: Comu Ammonis, Sub: Subiculum, EC: Entorhinal cortex. PHg:
Parahippocampal gyrus. FusGy: Fusiform gyrus. Coll Sul: Collateral Sulcus. (b) Experimental setup to study the effect of myelin dysfunction on
amyloid plaque load in AD mouse models. Models of genetic myelin dysfunction, acute demyelination and genetic amyelination were combined
with the 5xFAD and APPNLSF model of AD and effects on amyloid deposition were investigated in toto by tissue clearing and light sheet microscopy
(LSM). (c) Myelin defects drive a premature ageing phenotype in mice. Panels show microscopic images of immunolabellings against MBP (Myelin),
GFAP (Astrogliosis), IBA1 (Microgliosis) in 6-month-old wildtype, 24-month-old wildtype, 6-month-old CNP~- and 6-month-old PLP-¥ mice. Regions of
interest (ROI) analysed are indicated on the left. Dashed lines in the upper panel marks pial surface. Dashed line in lower panels outline the corpus

callosum. CC: Corpus callosum. CTX: Cortex.



51|Page

Figure 2

a Genetic myelin dysfunction: Amyloid in CNP~ 5xFAD b
elin mutant (CNP" SxF

Genetic myelin dysfunction: Amyloid in PLP-¥ 5xFAD
elin mutant (PLP"¥ 5xFAD)

LSMsingle plane

§ £

b4 :

- o | @

g M ¥

¥ | - i

: o e 5

hlppoanpu'.phqm £ i Npgcurrﬁnplaqms

COen Pl ques Aol .La..u.‘ plgues

3D quantcations (normalsad to control AOH

30 quarkihcations (normalisad to comtrol ROO
plaqueccunt  total plaquavelume  plaquastz

AL plaquacount oGl plaque voime  plaquestze ]
‘u entation 25, OBt oamce (00BN 3 RO OMMT (OOEI 20 RWTOLN LOW o 3 noow woced wooect 4 GO OADG AN o‘on.oum conir
g i : a2 2 3 10§08 ¢
g' oooetey :: ’ﬁ - ' a o ig .§ ] & * % °s i .
§ os B 1 E os | £ *' ’ ' ;-’ -
& 00 T ap M E (T
€ ~ plaqua densky gamngn voume e pnquammny gm:mbgl valume
E 28 a3 ocmme wacon 081 $OILY SO ﬂ‘m pa E 2» .,x;' r"‘:‘w.
i s 2 p=h E o a promi
: T COR : Bant e %
os : 28 ot : ik
Congorodii o 0o M o NN
C Demyelination: Amyloid in Cuprizone/5xFAD e Amyelination: Amyloid in forebrain shiv 5xFAD
; 10weds Mwetls  1lwecte Control (8P SxFAD) Forebrain shiv (Emx-Cre MBP** SxFAD)
E‘q::?mennl . Light sheet microscopy
> S“D‘ T = * Immunoflucrescence slices
nge‘l'hmbn Perfusion

ione/!:fAD

fg &
-
‘E amloidload ¥
}"‘ p=hoon? -
£ 3
b= Bace
3 3 -
g goos
E forl B 2
£ —H =
=) EPNEY % <
H
£ 3
S ) §
~ , h
d Demyelination: Amyloid in EAE/5xFAD hippoGmpusplaguss .
Isccortaxplaquas 3D quantifcations (nermalisad to conkrol ROD
10 weeks Induction Perfusion 14weeks SyFAD phqmooult mlp:quﬂuum plqueste
MOG/CFA 25 o nmn
Experimental Light sheet miarosc e o
setup ~%“ \*FAD o 'Imunoﬂmm.smﬁku ol B bod
EAE/xd bain  sphnal cord bt g L T
Final cord EAE/SFAD o MBii JERE: ool

p:cmaumny pm:nmagavnnrm
13w oamm oxe oy -

i

Qi cko

2 2

B T

olHREZ

o BNTZ

20 Immun ostaining amyloid

Bsheet dye

%2
h 20
; {,, ,  Figure 2. Light sheet microscoplc (LSM) analysts of amyloid plaque load in geneti
g”’ } mouse models of dys-, de- and amyelination crossbred with 5xFAD mice
Upper panels In (a), (b), and (e) show LSM single planes of cleared brains stained for
. s amyloid plaques by Congo Red. Inlays show closeup Images of cortex and alveus. Arrows

Indicate small amylold deposits. Middle panel shows 3D representation of hippocampal,
Isocortical and alveus plaques represented as coloured centrolds. Left lower paneks show
3D cropped reglons of Interest In rendered In maxdmum Intensity modus. Right lower
panels show the 3D quantification of plaque load In the three regions of Interest
normalised to the respective region In control animals. For statistical analysis of LSM data,
two-sided unpaired Student's t-test was performed. P-values are Indkated above bar

graphs. Dots represent single animals and bars represent mean. (a) In toto plaque load In 6
month-old CNP* SxFAD. n=8 for control, n=7 for mutant. (b) In toto plaque lkad In &-month-old PLPY SXFAD mice. n=10 for control, n=6 for mutant. (c) Experimental setup to study effects
of cuprizone-mediated demyelination on plaque deposition In 5xFAD mice. Middle panel shows 20 Immunostaining against microglia (Iba1) and amyloid-p using the B-sheet dye Me-04
In the ahveus of cuprizone-treated SxFAD and control animals. Lower panel shows 2D Immunostainings against amylold and quantification of amyloid positive deposits In the alveus. Dots
represent single animals and bars represent mean. Statistical analysis was performed using unpaired, two-sided Student's t-test. n=4 for control, n=5 for cuprtzone treatment. (d)
Experimental setup to study the effect of EAE-mediated demyelination on amyloid plaque load In SxFAD animals. Lower panal shows 20 immunostainings agalinst amyloid. EAE lesions are
Indicated by nuclkel accumulations and marked by dashed lines. Lower panel shows B-sheet dye (Me-04) staining agalnst amylold plaques in EAE/SXFAD spinal cord. EAE control animals
are shown to ruke out unspecific staining of lesion sites in EAE. Quantification of amylold positive deposits In the lesion environment i shown on the left. Dots represent single animals and
bars represent mean. Statistical analysis was performed using unpaired, two-sided Student’s t-test. n=>5 for control, n=5 for EAE treatment. (e) In toto plaque load In 3-month-old forebrain
shiverer SXFAD (Emx-Cre MBPAR SxFAD). n=9 for control, n=9 for mutant.



Page |52

Figure 3

; HPF-EM axonal swellings
a Antibody binding sites and staining patterns Swellingsin CNF'-
bioRxiv
full length AP (which
2 »22c11
c:,ﬁ ~esEpBAE) ¥ o D3E
e PSENY
a8
Immunostainings APP processing enzymes
C White matter Grey matter SxFAD
e WB BACET1 levels f WB analysis APP processing
) lcl.mam-bomd RN -.\I“:mmrbomd (2] full length APP/
SEH0 BACEL/ < SEHD total protein
NPT NPT NPT Ot QNP anpt T Prtein QNP QNP ONP ONPT NPT ONPY =t
o5 pLWY a
W o i TR
S 2 _ Lk 7 §m : % 6E10 : J
BACE1 iu 2" ====_A8717 g,, 8 B%

V —
: !
. EAD
o= § " ‘-.' OB SEAD poles

proten CNP'S1EAD

B v Co9full length APP
membrne bound FPA) BACEY/ z # 52 p=aoas 36 monese
e total protein e o §, ]
Q8" NP’ 0¥ ONF' NPT OB g 3% oo === T .= ; i
§ E“. 6E10 " “ g
L L L Lt s=“--'_—§§m ol =
" ~ — T M
BACE1 i" o :S — . ABTIT gcazmwcrrsmw
" bl
=1 1T L L L.BN & v =g

.- -!“-‘“" NP SE1D
prolein - oP xRD

FTTIL LLEA 7 h )

Figure 3. Myelin dysfunction alters APP processing (a) Schematic representation of binding sites and spedficity of antibodies to APP and amyloid-p used in the following
panels and typical staining observed (plaque-associated axonal swellings vs A plaque staining). Plaque-associated axonal swellings typically form a corona consisting of
multiple swellings around amyloid plaques. (b) High pressure freezing EM of optic nerves from 6-month-old wildtype and CNP* optic nerves. Examples of (plaque-
independent) axonal swellings in CNP-deficient animak show abundant accumulation of endosomalflysosomal structures and multivesicular bodies. (¢} Fluorescent and
chromogen immunostainings against APP and APP deavage enzymes BACE1 (B-secretase) and Psen2 (as part of the y-secretase complex) showing accumulation of APP,
BACE1 and PSEN2 in plaque-independent axonal swellings in CNP+- 5xFAD. Contoured arrows mark plaque-associated axonal swellings typically forming a corona as
abundantly found in the cortex of 5xFAD mice. Non-contoured arrows indicate plaque-independent axonal swellings as observed in CNP-/~ mice. (d) Fluorescent and
chromogenic immunostainings against different species of AB-peptides in CNP-5xFAD vs 5xFAD in the white matter. As additional control, typical plaque staining in 5xFAD
cortex are shown. Contoured arrows indicate proper amyloid plaques, typically stained very intensely. Non-contoured arrows indicate swellings stained positive by the
respective f-amyloid antibody, typically less intensely stained and of round structure. D3E10, 80C2 and 6C3 do not show cross-reactivity to full length APP and typiclly do
not stain plaque-associated swellings, but stain swellings in CNP* 5xFAD mice. 029-2 and 6E10 antibody show certain cross-reactivity to full-length APP and also stain axonal
swellings. (e) Fluorescent immunoblot analysis of BACE levels in micro-dissected cortex and white matter of CNP* 5xFAD and 5xFAD mice. P-value of unpaired, two-sided
Student’s t-test is indicated in the respective quantification bar plots. Dots represent lanes/single animak. n=3 for each group. (f) Fluorescent immunoblot analysis of APP
fragmentation in the membrane-bound fraction of micro-dissected cortical tissue of CNP* 5xFAD and 5xFAD control mice. Quantification of band intensity is given on the
right. fAPP levels were normalised against total protein fastgreen staining. CTF levels were normalised to fAPP levek. fAPP: full length APP. CTFs: c-terminal fragments. P-
values of unpaired, two tailed Student’s t-test isindicated in the respective quantification bar plots. Dots represent lanes/single animals. n=3 for each group.
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Figure 4. Loss of microghial corralling around amyloid plaques In myelin mutant mice

{a) 2D Immunoflucrescence analysis of microglial reaction to amylod plaques In CNP-/-SxFAD and SxFAD mie by
Iba1 and amybid co-staining. Automated quantification of Iba1 plaque coverage In the cortex Each viohn plot
represents a single animal. 2017 Individual cortical plaques were analysad In SxFAD, 2190 In CNP* 5xFAD brain
slices. Bar plots represent the median of each Individual animal shown In the violin plots. Unpaired, two-talled
Student's t-test p-value s given In the bar plot n=5 per group. (b) 20 Immunofiuorescence Investigation of
mxroghal reaction to amylod plaques In CNP“NLGF and NLGF control mice by bal and amylold co-staining.
Histogram distribution of the number of mxrogha per amyloid plaque n 50 representative plaques In CNP™* NLGF
and NLGF mike. Dots represent single animals and bar represents mean values. Unpalred, two-talled Student’s t-test
p-value Is gven In the bar plot. n=3 per group. (c) Expenimental setup for microgha bulk RNA-seq. Microgha were
Isolated from hemispheres (without olfactory bulb and cerebellum) of 6-month-old wikdtype (WT), CNP*, 5xFAD and
CNP* SxFAD animals and subjected to RNA-seq (replicates n=4 for each genotype) (d) Principal component analysts
(PCA) was used for evaluating relative distances between normahsed RNA TPM profiles. Dots represent replicates.
PC1 explained 80.1% of data varfability, and strongly reflected CNPY* dominated microgha transcriptome changes.
{€) Heatmap of top genes contributing to PC1 varability. (f) Bar plots of selected genes (homeostatkc marker P2ry12,
disease-assoclated microglia signature Tremz, Tyrobp, Axl, Clec7a and differential regulated genes In CNP+- SxFAD
(Apoc, ApoE, Ms4a7, Mmp12). Bar show normalised expression level. (g) Microscopic analysis of APOE levels In CNP-+
SxFAD and SxFAD by immunoflucrescence staining against ApoE. Upper panel shows strong APOE staining In
amyloid plaques on both SxFAD and CNPY 5xFAD brains and speckled staining throughout the white mattes in
CNP-/- mice Indxative of elevated ApoE levels. Lower panel shows representative images of APOE plaque content In
cortkal plagques In SXFAD and CNP'SxFAD mice, pseudo-coloured according to rainbow lookup table
Quantification shows violin plots of mean ApoE plaque content per plaque. Each violin plots represents a single
animal (n=3 per genotype, 702 plaques for SXFAD, 846 plaques for CNP+- SxFAD). For statistical analysls, unpaired,
two-talled Student'st-test was perforned.
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Figure 5. Myelin dysfunction Induces DAM-llke state as dnmndbymﬂamim;nm s
(a) Experimental setup for studying myelin-dysfunction Induced microglia ;mﬂles at the sg;ﬁle cell level Cortex and adjacent callosal white matter were micro-
dissected from 3-month-old w and Cn“p;‘tmlce and subjected to snRNA-seq (10X tyres were dentified based on marker genes and microglia were
subset for further analysk. (b) UMAP visualtzation of annctated microglia subtypes. (c) Violin plots showing marker gene expressions In each microglia
sub lation. (d) Bar plot shows distribution of mlcngglla subpopulations In wildtype and CNP. {e) Integrative analysls of this stt:y and 7-month-old 5xFAD
a e microglia snRNA-seq profiles from Zhou et al.3# Feature plots showing normalised expression levels ofAfoE. Mbp,Trem2 and Lpl for Kentification
of microglia subclusters. g?ht panel showing genotype distribution among mikroglia subpopulations visualised In the UMAP space. (f) Bar plots representing
avenage regulation levels slnﬁle genes In CNPY-DAM and SxFAD DAM. f&?xbtbn values are calculated by comparing gene average expression of DAM to the
respective homeostatkc microglia population. (g) Immunofiuorescence analysk of myelin geh?ocywsls(PLN) by microglia (Iba1+) In the cortex of CNP™ mice.
(h) Scheme lllustrating a el of AD In which myelin dysfunction (1) Induces axonal r:(f rolds (2) where endo mes accumulate and AP production Is
enhanced (3). Simultanecusly, microglia become Increasingly engaged with myelin and are distracted from amyloid plaques (4). All processes contibute to
enhanced formation of amylok plaques (5).
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Material and Methods

Human tissue analysis

Case selection was performed from a pool of approximately 400
individuals, in which an autopsy with neuropathological evaluation
was performed between 2018 and 2019 as a matter of routine
procedure following death at the Leipzig University Hospital. In the
individual contracts that govern medical treatment, all patients
provided upon admission written consent to the scientific use of
tissue removed and stored after any biopsy or during autopsy.
Selection of patients was performed according to
exclusion/inclusion criteria. Samples were anonymized and
processed in a blinded manner. Selected patients were of mixed age
and gender, between >60 years and <90 years of age, had a clinical
history of dementia, and a NIA-AA score in neuropathological
assessment between A2B3C2 and A3B2C2 (inclusion criteria) and did
not suffer from another severe neurological disorder (exclusion
criteria). In addition, control patients of the same age range without
any clinical or neuropathological record of neurological disease were
selected. No other criteria besides the described characteristics were
applied. In total paraffin-embedded CNS tissue of 3 patients with
moderate to pronounced AD neuropathological changes according
to the NIA-AA (see above) and 3 control patients was histologically
evaluated. In our analysis we used biopsies from the medial temporal
lobe containing the hippocampal formation. We performed
histological assessment for intracortical myelin content on the
human tissue provided. For this, we sectioned paraffin blocks (Sum)
and stained paraffin-sections for CNP, PLP, Ibal and amyloid plaques
simuitaneously (see Histology for details).

Mouse stralns and husbandry

Animal experiments were conducted in compliance with german
animal welfare practices and approved by the local authorities
(Landesamt far Verbraucherschutz und Lebensmittelsicherheit,
Niedersachsen). Mice were group-housed in the local animal facility
of the Max Planck Institute for Experimental Medicine under a 12-h
dark/12-h light cycle and fed ad-#bitum. Both sexes were used
throughout the study. Original mouse strains used to generate
crossbreeedings were: SxFADS2, APPNLGF 6 CNP+-23 PPy MBPIed
Emx-Cre®, For analysis, either littermate controls were used or a
comesponding control line from the initial F1 generation was
generated. Age of animals is given in the respective figure legend. All
animals were maintained onaC57BL/6 background. Genotyping was
performed on clips derived from earmarking according to standard
protocols (see references for original mouse strains). Genotype was
confirmed by regenotyping on a tail biopsy upon sacrifice of the
animal at the end of the respective experiment.

Demyelination models

As demyelination models, we employed cuprizone-intoxication and
experimental autoimmune encephalomyelitis  (EAE) and
experiments were conducted as described previously®. For
cuprizone-mediated demyelination, male 14 weeks old 5xFAD mice
were fed a powder diet containing 0.296 (w/w) cuprizone (Sigma-
Aldrich) for 4 weeks followed by a 4-weeks recovery period on a
normal pelleted food without cuprizone supplementation. Control
S5xFAD received a standard diet without cuprizone. Animals were
perfused at 18 weeks of age and brain tissue was analysed via light
sheet microscopy and epifluorescence microscopy. For EAE
experiments, 10-week-old 5xFAD mice were immunised against
myelin oligodendrocyte glycoprotein (MOG) by subcutaneous
injection of 200mg MOG peptide 35-55 in complete Freund's
adjuvant (Mycobacterium tuberculosis at 3.75 mg/ml; BD) followed
by injection of 500ng of pertussis toxin (Sigma) at day 1 and 3 post
EAE induction (dpi 1 and 3). Animals were checked on a daily basis
and a neurological disease score was determined according to the
following parameters: : 0 - normal; 0.5 - loss of tail tip tone; 1 - loss of
tail tone; 1.5 - ataxia and mild walking deficits (slip off the grid); 2 -
mild hind limb weakness, severe gait ataxia and twist of the tail
causing rotation of the whole body; 2.5 - moderate hind limb
weakness and inability to grip the grid with the hind paw but ability

10.1101/2021.07.31.454562; this version posted August 2, 2021. The copyright holder for this preprint
peerreview)istheadeﬁnder.NlrightsresewedNoreusealowedmr?hmﬂ §SSi

permission.

to stay on an upright tilted grid; 3 - mild paraparesis and falls from an
upright tilted grid; 3.5 - paraparesis of the hind limbs (legs strongly
affected but move clearly); 4 - paralysis of the hind limbs and
weakness in the forelimbs; 4.5 - forelimbs paralyzed; 5- moribund or
dead. Animals were perfused at 28 dpi at 14 weeks of age. All
immunised 5xFAD animals developed EAE (Extended data Fig.3d).
Brain and spinal cords were analysed by light sheet microscopy and
epifluorescence microscopy.

Mouse behavioural testing

Hindlimb clasping was assessed by suspending the mouse on its tail
for 5sec, carefully observing movement of the hindlimbs and scoring
movement impairments according to a score from 04: 0 - no
impairments, hindlimbs normally spread and moved; 1 - one
hindlimb shows slightly less mobility; 2 - both hindlimb show less
mobility, 3- both hindlimbs show reduced mobility and reduced
spread; 4- both hindlimbs show severely reduced movement and
saverely reduced spread. Videos were recorded. Animals were tested
in the elevated plus (EPM) and Y-maze (YM) on consecutive days. In
the EPM paradigm, animals were allowed to freely explore an
elevated cross-shaped platform with two opposing enclosed arms
and two opposing open arms for Smin without the experimentator
present. In the YM paradigm, animals were allowed to explore a Y-
shaped maze with enclosed arms for 8min without human
interference. Videos were recorded and analysed using the
Bioobserve Viewer behavioural analysis setup with automated
tracking. Zones (Open arms, closed arms, centre) and object
detection settings were optimised according to the maze type used.
Afterthe run, positional data, track length and full track images were
exported. For the EPM, the time spent in both open arms was
summed and plotted. For the YM, the order of arm entries was
recorded, and the number of correct triads (consecutive visit of the
three different arms) determined. The altemnation index was
calculated according to the formular altemation index = number
triads/number of arm entries-2. For a successful arm visit, animals
had to enter an arm with their full body (excluding tail).

For statistical analysis of the behavioural data, we report the results
of several different type lll ANOVAs that probed the main effects for
the 5xFAD and myelin mutants as well as their interaction. All
analyses were conducted in R (version 4.04, R Core Team 2021). The
analyses of variance were computed with the afex package as
reported in &,

Tissue preparation

For microscopic analysis, animals were deeply anesthetised or
euthanised via CO2 asphyxiation and subsequently transcardially
perfused with ice-cold Hank's buffered salt solution (HBSS) and 4%
paraformaldehyde (PFA)in 0.1M phosphate buffer, pH 7.4. Brains and
spinal cord were removed and postfixated overnight in 4%
PFA/phosphate buffer. Brains were washed once in PBS pH7.4 and
stored in PBS at 4°C until further use. For biochemical analysis of full
brains, animals were killed by cervical dislocation, brain and spinal
cord were extracted and fresh-frozen on dry-ice. Tissue was stored at
-80°C until further use. For microdissection of subcortical white
matter and cortical tissue, animals were sacrifised by cervical
dislocation and the brain was quickly removed and submerged in
ice<cold HBSS. The brain was inserted into a custom-made brain
matrix and the brain was sliced coronally in ~Tmm thick slices. Brain
slices were spread onto an ice-cold glass plate and cortex and
subcortical white matter were separated and excised from each
individual brain slices. Tissue was immediately frozen on dry-ice and
stored at -80°C until further use.

Whole tissue stalning and clearing for light sheet microscopy

Fixed hemibrains and spinal cords were pretreated and
permeabilised following a modified iDisco protocol®™?, Briefly,
tissues were dehydrated with an ascending concentration of
methanol in PBS (50% 1x, 80% 1x, 100% 2x, 1 h each). Tissues were
then bleached with a 1:1:4 ratio of H;0;:DMSO:methanol overnight
at 4°C. Further dehydration followed with 100% methanol
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incubation in 4°C (30 min), -20°C (3 h), and overnight storage at 4°C.
Samples were incubated the following day in methanol with 20%
DMSO before subjecting them to gradual rehydration in a
descending methanol in PBS series (8096 1x, 50% 1x, 096 1x, 1 h each).
We then washed the tissues with a detergent mixture of 0.2% Triton
X-100 in PBS (2x, 1 h) and permeabilised them ovemight at 37°C in
PBS with 0.2% Triton X-100, 20% DMSO, and 0.3 M glycine. After
permeabilization, tissues were either stained with the Congo Red dye
(Sigma Aldrich) for beta sheet structures within amyloid plaques or
immunolabelled with antibodies of interest. For Congo Red staining,
tissues were washed with PBS/0.2% Tween-20/10 mg/ml
heparin/5mM sodium azide (PTwH) (2x, 1 h) before immersing them
for 3d at 37°C in 0.005% w/v Congo Red (100x stock solution in 50%
ethanol). For immunolabelling, following tissue permeabilization
and glycine treatment, samples were blocked in PBS with 0.2% Triton
X-100, 10% DMSO and 6% goat serum (GS) for 3 d followed by
washing in PTwH (2x, 1 h) and incubation in primary antibodies with
the appropriate dilution factors (1:500, rabbit, anti-lba, Wako) in
PTwH with 0.2% Triton X-100, 5% DMSO and 3% GS for 14 d at 37°C.
Upon completion of primary antibody labelling, tissues were washed
in PTwH (6x, 10 min) and stored overnight at 37°C. For secondary
antibody labelling, tissues were again incubated in secondary
antibodies with the appropriate dilution factors (anti-rabbit Dylight
633, 1:500, Thermo-Fisher) in PTwH with 3% GS for 7 d at 37°C. Prior
to clearing, spinal cords were fixed in 1.5% w/v Phytagel in water.
Dyed or immunolabelled tissues were washed in PTwH (3x, 10 min
each) before rehydration through an ascending concentration of
methanol in PBS (209 1x,40% 1x,60% 1x, 80% 1x, 10096 1x, 1 h each)
and delipidation in a 1:2 mixture of methanol:dichloromethane (1x,
1 h 40 min). Lastly, samples were cleared by immersing them in ethyl
cinnamate (Eci, Sigma-Aldrich) until transparent. All incubation steps
were carried out at constant medium-speed rotation at the indicated
temperatures. Samples were stored at room temperature in Eci until
imaging.

In toto imaging of whole tissues and analysis/visual lzation

Cleared hemibrains and spinal cords were imaged in totowith a light
sheet microscope setup (UltraMicroscope H, LaVision Biotec)
equipped with a 2x objective lens, zoom body, and a corrected
dipping cap. Samples were imaged being submerged in a sample
chamber containing Eci. For all hemibrain imaging, hemibrains were
mounted medial side-down on the sample holder to acquire sagittal
images. Images were acquired in the mosaic acquisition mode with
the following settings: 5 um light sheet thickness, 20% sheet width,
0.154 sheet numerical aperture, 4 pm z-step size, 1000x1600 px field
of view, 4x4 tiling, dual light sheet illumination, and 100 ms camera
exposure time. Red fluorescence was recorded with 561 nm laser
excitation at 80% laser power and a 585/40 emission filter. Far-red
fluorescence was recorded with 640 nm laser excitation at 30% laser
power and a 680/30 emission filter. Autofluorescence was recorded
with 488nm laser excitation at 509 and 525/20nm emission filter.
Images were imported into VisiondD v3.2 (Arivis) and stitched using
the tile sorter setup. Partly, images were imported and stitched using
the Imaris Importer and Stitcher v9.1 (Bitplane). Rendered whole
hemibrains were then processed and three main regions of interest
(ROIs) were manually annotated based on the sagittal Allen mouse
brain atlas, namely isocortex, hippocampus, and alveus. All ROIs were
first traced manually in 2D planes to automatically extrapolate the
3D ROIs. Cortical and hippocampal annotations were cropped with a
medial cut-off of approximately ~0.4 mm and a lateral cut-off of ~4.4
mm which would span the dorsal isocortex and the entire
hippocampal formation of one hemibrain. The lateral cut-off for the
alveus ROI is the plane where the hippocampal formation appears in
2D. Next, we segmented amyloid plaques within the ROIs. For 3-
month-old 5xFAD brain data, we typically used automated intensity
thresholding. For 6-month-old 5xFAD data, plaques were segmented
using the blob finder algorithm in VisiondD with the following
parameters: 20 um object size, 10-15% probability threshold, and 0%
split sensitivity. Once segmentation has been performed, a stringent
noise removal was performed by deleting objects with voxel sizes
<10 from the object table. Objects were then critically reviewed and
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any additional noise, which might include but are not restricted to
blood vessels and nuclei, were manually removed from the dataset.
For quantification of amyloid plaques in the APPMSF brains that
typically stained much weaker for Congo Red, plaque segmentation
was performed using the machine leaming segmenter in Vision4D.
Object parameters, namely volume, ROl volumes, were extracted for
further quantification. For plaque visualization in the different ROIs,
objects are represented in centroids and color-coded according to
location.

Paraffin slices and histological stainings

Fixated hemibrains and spinal cords were subjected to dehydration
steps (50% EtOH, 80% EtOH, 100% EtOH, 100% Isopropanol, 50%
Isopropanol/50% Xylol, 2x 1009 Xylol) followed by paraffinization on
the STP 120 tissue processing machine (Leica microsystems).
Samples were retrieved and embedded in paraffin blocks on the
HistoStar embedding workstation (Epredia). Paraffin-embedded
blocks were sectioned coronally while spinal cords were sectioned
longitudinally at 5 pum slice thickness, slices were mounted onto
slides and dried overnight. Slides were deparaffinised at 60°C
followed by incubation in xylol (100% 2x) and a 1:1 mixture of xylol
and isopropanol (1x) for 10 min each. The slides were rehydrated in
a descending ethanol series. This was followed by incubation in
either acidic antigen retrieval solution (pH 6.0) or basic antigen
retrieval solution (10mM Tris/1mM EDTA pH10) (for 5 min and boiling
for 10 min. The samples were cooled for 20 min and washed in
distilled water for 1 min before a subsequent permeabilisation in
0.1% Triton X-100 in PBS. For A antibody staining, samples were
subjected to an extra antigen retrieval in 88% formic acid to loosen
up the B-sheet structure for optimal antibody binding for 3min. For
plaque ApoE staining, formic acid treatment was even prolonged
(10min, fresh formic acid). This was followed by washes in PBS (2x, 5
min) and blocking with 10% GS in PBS for 1 h at RT. For chromogenic
labelling, an additional step of inactivation of endogenous
peroxidases was implemented prior to blocking by incubation in 3%
H202. After blocking, slices were incubated in primary antibody
solution (PBS/10%GS or PBS/5%BSA) overnight at 4°C in coverplates
(Epredia). Antibodies used in this study were: anti-Iba1 (rabbit, Wako;
1:1000); anti-AB-6E10 (mouse, Biolegend; 1:1000), anti-CNP (mouse,
AMADO1072, Atlas; 1:1000), anti-PLPclone aa3 (rat, culture
supematant; 1:200), anti-BACE1 (rabbit, ab183612, Abcam; 1:100),
anti-MBP (rabbit, serum, custom Nave Lab; 1:1000), anti-GFAP
(mouse, GAS, Leica, 1:200), anti-n-terminal APP (22c11, Merck;
1:1000), anti-c-terminal APP (rabbit, 127-003, Synaptic Systems;
1:1000), anti-ABxaxD3E10 (rabbit, Cell Signalling Technology;
1:1000), anti-Psen2 (rabbit, Abcam, 1:100), anti-ApoE D7I9N (rabbit,
Cell Signalling Technology; 1:500), anti-AB1« (mouse, 80C2, Synaptic
Signalling, 1:200), anti-AB.« (mouse, Moab2-6C3%, Abcam, 1:200),
anti-AByx (guinea pig, 029-2% Oliver Wirths, custom, 1:200). For
immunofluorescence staining, samples were washed in PBS or
Tris/2% Milk and incubated with the corresponding fluorescent
secondary antibody diluted in PBS containing 10% goat serum for 2
h at RT in the dark Fluorescently conjugated secondary antibodies
used were: anti-mouse Alexa555 (donkey/goat, Thermo-Fisher;
1:1000), anti-mouse Dylight633 (donkey/goat, Thermo-Fisher;
1:1000), anti-rabbit Alexa555 (donkey/goat, Thermo-Fisher; 1:1000),
anti-rabbit Dylight633 (donkey/goat, Thermo-Fisher; 1:1000).
Amyloid plaques were stained by the B-sheet dye Methoxy-X04 (4
Hg/mlin 509 ethanol, Tocris) for 30 min at RT and contrasting in 50%
ethanol. Nuclei were either stained with DAPI (300nM, Thermo-
Fisher) or ToPro3 (1:1000, Thermo-Fisher) in PBS for 5Smin at RT. Slides
were again washed in PBS and mounted with Aqua PolyMount
mounting medium (PolySciences). For chromogenic labelling, the
LSAB2 Kit (Dako) for rabbit/mouse and the DAB-Kit from Zytomed
was used according to the manufacturers’ protocols. Slides were
then rinsed in water, dehydrated and mounted using Eukitt (Sigma-
Aldrich).

Epifluorescence and brightfield microscopy
Epifluorescence microscopy was performed on a Zeiss Observer Z1
microscope equipped with Plan-Apochromat 20x/08 and Fluar
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2.5%/0.12 objectives, a Colibri 5 LED light source (630nm, 555nm,
475nm 385nm excitation), 96 HE BFP, 90 HE DAPI/GFP/Cy3/Cy5, 38
GFP, 43 DsRed, 50 Cy5 Zeiss filter sets, a Axiocam MrM and a SMC900
motorized stage. For whole brain slice microscopy, a preview scan at
2.5x magnification was taken and focus support points were
distributed and manually set forimaging at 20x magnification in the
ZEN imaging software (Zeiss). Tiled images were stitched in ZEN. For
visualisation, pseudocolours (cyan, magenta, yellow) were assigned
to different channels, intensity was adjusted and images were
exported in ZEN. Brightfield microscopy of DAB-stained slices was
performed on a Zeiss Axiophot ImagerZl equipped with a
Achroplan 4x/0.1, PlanFluar 20x/0.75 and Plan Neofluar 40x/0.75
objects and a AxioCamMrc camera. For whole brain slice microscopy,
a preview scan at 4x magnification was taken and focus support
points were distributed and manually set for imaging at 40x
magnification in the ZEN imaging software (Zeiss). Tiled images were
stitched in ZEN. Brightness and contrast of RGB images were
adjusted and images exported in ZEN.

2D mkroscopy quantification

2D image analysis was performed in FIJI (v1.53¢). For quantification
of amyloid load, thresholding was performed to segment amyloid-
deposits (either stained by Methoxy-04 or amyloid-B plaques) and
area positive was calculated in the respective region of interest. For
analysis of the plaque corralling phenotype, in Ibal+/AB co-stainings
individual plaques were segmented using thresholding and the
Ibal+ area in each individual plaque was calculated using a FUI
macro-script. 1bal coverage was expressed as percentage. For
quantification of ApoE levels in plaques, ApoE positive plaques were
segmented and the raw mean fluorescence per plaque was
calculated.

High-pressure freezing electron microscopy

Sample preparation by high pressurefreezing and freeze
substitution was performed as described ™', In brief, optic nerves of
6-months-old CNP* and control wildtype mice were freshly
dissected, immersed in 20% PVP in PBS and placed into HPF sample
carriers (Wohlwend, Sennwald, Switzerland). After freezing using a
HPM100 high pressure freezer (Leica Microsystems, Vienna, Austria),
samples were embedded in EPON after freeze substitution using 0.1
% tannic acid in acetone followed by 2% OsO4 and 0.1 % uranyl
acetate in acetone. After polymerization, samples were sectioned
with a UC7 ultramicrotome (Leica Microsystems, Vienna, Austria) and
imaged with a LEO912 transmission electron microscope (Carl Zeiss
Microscopy GmbH, Oberkochen, Germany) using an on-axis 2k CCD
camera (TRS, Moorenweis, Germany).

Cell fractioning

For analysis of APP and Trem2 fragmentation, cell fractioning was
performed prior to western blot analysis according to published
protocols*. In brief, tissue was homogenised in DEA-buffer (0.25%
Diethylamine 50mM NaCl pH10) using the Precellys bead-milling
method (Precellys soft tissue homogenising lysis kit, Bertin
Instruments) and the soluble protein fraction was extracted via
centrifugation (10min, 500g, 4°C) followed by ultracentrifugation
(Th, 130 000g, 4°C). The membrane-bound fraction was solubilised in
RIPA buffer (20mM Tris-HCI pH7.5, 150mM NaCl, 19%NP-40, 19%6SDS,
2.5mM sodium pyrophosphate, TmM Na;EDTA) and cleaned via
centrifugation (10min, 500g, 4°C) and ultra-centrifugation (1h, 130
000g, 4°C). RIPA insoluble material (containing plaque AB) was
resuspended in ice<cold 70% formic acid in water, sonicated and
ultracentrifuged (1h, 130 000g, 4°C). Supematant was collected as
formic acid fraction and neutralised with 1M Tris pH9.5. All buffers
and solutions were supplemented with protease inhibitor cocktail
(P8340, Merck). Fractions were stored at -80°C until further use.

SDS PAGE and Western blotting

To determine sample protein concentration, detergent compatible
protein assays (Biorad) were carried out in duplicates. Sample was
mixed with Laemmli sample buffer (2965DS, 10% glycerol, 0.0025%
bromphenol blue, 0.125M Tris-Cl, pH 6.8, 0.05M DTT) and equal
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amount of protein (typically 20-30ug) were loaded per lane. For
BACE1 western blotting, standard Tris-Glycine SDS-PAGE gels (8%)
were used. For western blot analysis of APP and TREM2
fragmentation, Tris-Tricine SDS PAGE gels (10-20%, Novex, Thermo
Fisher) were used. Gels were run at 100-120V for approximately 1h.
For Tris-Glycine SDS-PAGE gels, proteins were transferred onto low
fluorescent Immobilon-FL membrane (0.4 5um por size, Merck) using
the Biorad wet-blot system (1.15h, 500mA ) and blot transfer buffer
(25mM Tris, 190mM glycine) containing 20% MeOH. For Tris-Tricine
SDS PAGE gels, proteins were transferred onto a low fluorescent
PVDF membrane of lower pore size (0.2um). Blots were washed in
water and transferred protein was stained with Fastgreen for transfer
quality-check and for normalisation purposes. For this, membranes
were transferred to Fastgreen working solution (0.0005% Fastgreen
FCF (Serva) in de-staining solution (30% Methanol, 7% mL glacial
acetic acid, 63% H20) for 5Smin and briefly washed two times in de-
staining solution. Membranes were imaged at a ChemoStar
fluorescent imager (Intas) equipped with a 670 nm/20 nm excitation
filter and near infrared emission collection. Membranes were rinsed
in TBS with Tween (0.05%) until pH was neutral and blocked in 5%
BSA in TBS-T for 1h at room temperature. Membranes were then
incubated in primary antibodies in 5% BSA over night at 4°C on a
rotating shaker. The following primary antibodies were used: anti-
BACE1(1:1000, rabbit, D10ES, Cell Signalling Technologies), anti-n-
terminal APP (1:1000, mouse, 22c11, Merck), anti-c-terminal APP
(1:1000, rabbit, A8717, Merck), anti-APP/AB (1:1000, mouse, 6E10,
Biolegend), anti-c-terminal TREM2 (1:1000, rabbit, E7P8J, Cell
Signalling Technologies). Membranes were washed several times
and membranes were incubated in secondary antibody solution (5%
BSA in TBS-T). The following secondary antibodies were used: anti-
rabbit IgG (H+L) DyLight 800 (1:1000, Thermo Fisher), anti-mouse IgG
(H+L) Dylight 680 (1:1000, Thermo Fisher). For visualisation,
membranes were scanned at an Odyssey platform (Licor). For
quantification, background was subtracted from raw images and
bands were analysed using FlJI (integrated density). Protein levels
were normalised to fastgreen whole protein or in the case of APP and
Trem2 cleavage to full length protein.

Magnetic activated cell sorting of microglla sorting and bulk
RNA-sequencing

Microglia were isolated from mouse hemibrains (excluding
cerebellum and olfactory bulb) via magnetic-activated cell sorting.
Dissected tissues were enzymatically and mechanically dissociated
using the Miltenyi Biotec adult brain dissociation kit according to
manufacturer’s protocol. Prior to microglial isolation via CD11b
microglia microbeads and LS columns (Miltenyi Biotec), astrocytes
(ACSA-2 microbeads) and oligodendrocytes (O4 microbeads) were
removed to enhance purity of the microglial population. Isolated
microglia were directly eluted in RLT lysis buffer and RNA was
isolated using the RNeasy Micro Kit (Qiagen). In total, n = 4 replicates
were used for each genotype (WT, Cnp™*, 5xFAD, Cnp™-5xFAD. RNA
extracted from sorted mouse brain hemisphere microglia was eluted
in 30 pl nuclease-free water and subjected to 50 bp single-end mRNA
sequencing using HiSeq 4000 (IHumina). Raw sequencing data were
first evaluated by FASTQC v0.72 for quality, then aligned against the
reference mouse genome GRCm38 using STAR v2.5.2b-27 with
default parameters. Gene raw counts of each sample were extracted
using featureCounts v1.6.37* from aligned profiles for differential
gene expression (DGE) analysis using DESeq2 v.1.26.0™* and
converted to TPM value for sample distance calculation and
visualization, as well as for gene expression pattem analysis. For DGE
analysis, each pair of genotypes were calculated separately, and
statistics results were summarised (SuppTable2). Gene targets with
adjusted P-value < 0.05 were considered as significantly regulated.
Using normalised TPM profiles, samples were embedded by principal
component analysis (PCA) to assess distances.

Nucleus Isolation and single-nuclef transcriptome sequencing

Cortex and corpus callosum from 3-month-old Cnp--and WT controls
were micro-dissected and subjected to single-nuclei transcriptome
sequencing. For each genotype and replicate, the tissue of two
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animals were pooled. Two replicates per genotype were sequenced.
Nuclei were isolated according to previously published methods™.
Briefly, frozen tissue was transferred into 2ml of pre-chilled
homogenization buffer (320mM sucrose, 0.19% NP40, 0.1mM EDTA,
5mM CaClz, 3mM Mg(Ac)2, 10mM pH 7.8 Tris, 167uM B-
mercaptoethanol and 1x protease inhibitor (Roche)). Tissue was
carefully homogenised and filtered through a 80um strainer, and
further centrifuged for Tmin under 100 rcf. For each sample, 400 ul
supematant was collected into a pre<chilled 2ml low-binding
Eppendorf tube, followed by adding 400ul 50% iodixanol solution (in
1x homogenization buffer containing 480mM sucrose) to reach a
25% iodixanol concentration. By layering 600ul of 29% iodixanol
underneath the 25% iodixanol mixture, then 600ul of 35% iodixanol
underneath the 29% iodixanol, two clear interfaces between
different concentrations of buffers were created, and the tube was
centrifuged for 20 min under 3000 rcf. After centrifugation, nuclei
were collected from the band between the 29% and the 35%
iodixanol layers and transferred to a fresh pre-chilled tube. Isolated
nuclei were washed and resuspended in cold resuspension buffer
(1xPBA, 1% BSA, 0.1U/ul RNase inhibitor) and further subjected to
single-nuclei transcriptome libraries using the chromium single cell
3’ reagent kit according to the manufacturer's instruction (10x
Genomics). The constructed libraries were sequenced using Novaseq
6000 (lllumina). Raw snRNA-seq data were collected in Fastq format
and first aligned to the reference profile pre-mRNA (ENSEMBL
GRCh38) using CellRanger toolkit v3.0.2 (10x Genomics).

Matrices containing UMI count of each gene in each nuclei were
extracted for all samples, by filtering out nuclei with <200 detected
genes and <500 total transcripts, as well as nuclei with outlier level
transcripts quantity or gene detection rate identified according to
individual sample sequencing depth (SuppTable3). Genes expressed
in less than 3 cells were excluded for further analysis. Filtered
expression matrices were combined, and UMI of each nucleus were
normalised towards its total UMI counts with a scale factor of 10,000
and then log transformed.

Dimensionality reduction, clustering analysis and cell type
annotation

The normalised UMI matrix of all samples was mainly analysed using
the R package Seurat v3.2.3%, High variable genes were calculated
and scaled to support linear dimensionality reduction using PCA. For
all cells, the first 50 PCs were used for further neighbouring
embedding using uniform manifold approximation and projection
(UMAP)”, as well as for performing the clustering analysis
(resolution=0.5) using K nearest neighbour (KNN) algorithm. Cluster
marker genes were calculated using the MAST algorithm™ to
determine cluster cell type annotations. Clusters with undefined cell
identities were removed from further analysis. To perform cell type
specific analysis for microglia the corresponding cell population was
firstly subset and reduced for its dimensionality using PCA. Similarly,
selected top PCs were used for UMAP embedding and clustering
analysis, with cluster marker genes calculated by MAST. Specific
parameters used for analysing microglia can be found in
(SuppTable3).

External data integrative analysis

Integrative analysis was carried out between CNP*-and GSE140511%4,
More specifically, microglia from Cnp* and corresponding controls
were integrated with microglia profiles from 7-month-old WT, 5xFAD
from GSE140511, to unravel the disease associated microglia (DAM)
subpopulation. Integrative analysis was conducted using the
SCTransform pipeline implemented in the Seurat toolkit. The batch
effect comected data underwent PCA dimensionality reduction,
neighbouring embedding and unbiased clustering. Corresponding
parameters for different datasets integration are listed in
(SuppTable3).

Data visualisation
Images were exported from the respective imaging or bioinformatic
software (ZEN 2011 blue edition, Zeiss; Vision4D Arivis; FLJI; R) and

final figures were assembled in Inkscape (v1.1, www.inkscape.org).
Graphs were created in Prism 8.0 (Graphpad).

Data avallability

All raw sequencing data, as well as raw and processed counts
matrices have been uploaded to the Gene expression Omnibus
(GEO)™® under the SuperSeries accession number GSE178304.
External datasets recruited for analysis were accessed through
accession numbers listed in material and method.

Code availabllity

Packages involved in data analysis pipelines are listed in material and
method. The code used for bulk and single-nuclei transcriptome
sequencing is available on GitHub https://github.com/TSun-
tach/AD_MyelinMutant.git. More detailed information is available
upon contacting the comesponding authors. Custom-made FUI
scripts for analysis of plaque-corralling are available on request.
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Extended Data Figure 1. Assessment of In toto amylold burden by light sheet microscopy

(a) Brains were subjected to in toto staining with the g-sheet dye Congo Red according to a modified iDisco protocol (see Material and Methods) followed by
clearing in Ethylcinnamate (Eci). (b) Cleared brains were imaged on an Ultramicroscope Il (LaVision-Biotech) light sheet setup to obtain sagittal optical slices.
(c) Raw data were visualised and analysed in Arivis Vision 4D using manual region of interest annotation for hippocampus and cortex and automated plaque
segmentation (intensity-thresholding: 3-month-old 5xFAD, blobfinder algorithm: 6-month-old 5xFAD, machine leaming: 6-month-old APPNLGF),
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Extended Data Figure 2
Light sheet amyloid load
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Extended Data Figure 2. Light sheet microscoplc analysis of amylold plaque load In CNP--APPN.SF

CNP-APP"¥ brains show enhanced plaque deposition at 6-month of age when compared to CNP+"APPN'SF controls. Upper panel
shows LSM single plane and a closeup of a cortical region. Middle panel shows 3D maximum intensity projection of the cropped
isocortical region of interest. Plaque burden was quantified using machine-leaming based segmentation of amyloid plaques.
Lower panel shows the closeup indicated in the middle panel. Dots represent single animals and bars depict mean. Unpaired, two-

tailed Student’s t-test was performed for statistical analysis.
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Extended Data Figure 3

a Genetic myelin dysfunction: Amyloid in CNP”* 5xFAD 3m b Genetic mydlin dysfunction: Amyloid in PLP"Y 5xFAD 3m
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Extended Data Figure 3. Microscopic analysis of plaque changes Induced by dys- or acute demyelination (Main Figure 2 extended)

(a) Quantifications of light sheet microscopic analysis of 3-months-old CNP+- SXFAD mice. n=5 for control, n=5 for KO. (b) Quantifications of light sheet miroscopk
analysis of 3-months-old PLP-¥ 5xFAD mice. n=4 for control, n=3 for KO. () Light sheet microscopic analysis of amylold plaque load In cuprizone-fed SxFAD mice.
Upper panel shows LSM single plane of Congo Red stained brains and closeups of the subkculum and a cortical region. Middle panel shows 20 distrbution of
Isocortical and hippocampal plaques represented as centrolds. Lower panel shows 20 maximum Intensity projection of cropped reglons of Interested. Lower right
shows 3D quantifications of plaque burden parameters In hippocampus and Isocortex. n=6 for control, n=5 for Cup. (d) Neurological scoring shows successful EAE-
Induction In 5xFAD animals with typical disease onset at around day 10 post Induction. Lines represent single animals. n=5. (€) 3D quantifications of plaque burden in
the brain of EAE/SxFAD animals. n=4 for control, n=5 for EAE. () Light sheet microscopic analysts of plaque burden in the lumbar spinal cord of EAE/SXFAD mice. No
typkal grey matter plaques could be detected In elther 14 weeks old SxFAD controls or EAE/SxFAD mice. The lumbar spinal cord was heavily affected by EAE lesions
as visualised by Ibal staining. (g) As positive control for successful detection of spinal cord plaques, a cervical spinal cord of a 6-month-old SxFAD animal Is shown.
Throughout the panels, dots represent single animals and bars depict mean. Unpaired, two-talled Student's t-test was performed for statistical analysis.
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Extended Data Figure 4. Myelin-dysfunction exacerbates behavioural deficits in 5xFAD mice

Behavioural analysis of mice in the elevated plus maze (EPM), Y maze (YM) and the clasping test. Middle panels show representative tracks in the respective
maze and representative image of the dasping test. Right panel shows quantifications of behavioural p ters. Dots rep single animals, bars depict
mean. (a) Behavioural analysis of CNP-- 5xFAD female mice. n=9 for CNP**, n=8 CNP** 5xFAD, n=9 for CNP+, n=9 CNP+-5xFAD (b) Behavioural analysis of PLP*¥
SxFAD male mice. n=10 for PLP*, n=8 PLP*** 5xFAD, n=8 for PLP*¥, n=10 PLP*Y 5xFAD (c,d) For statistical analysis, several different type Il ANOVAs were
performed for each behavioural test that probed the main effects for the SxFAD genotype and the myelin-mutant genotype as well as their interaction.
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Extended Data Figure 5
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Extended Data Figure 5. Recombination territorles and plaque load In 6-month-old forebrain shiverer/5xFAD mice

(a) Basic characterisation of myelination patterns in Emx-Cre MBP™! 5xFAD mice. Autofluorescence shows clear lack of myelinated profiles in corpus callosum (arrows)
while thalamus and striatum show normal myelin profiles. Lower panel show closeup images of anti-CNP and MBP co-immunolabelling in Emx-Cre MBPM 5xFAD. Lack of
myelin compaction (MBP-CNP+) throughout cortex, hippocampus and subcortical white matter. Compaction of myelin is unaffected in other brain regions such as thalamus
and striatum (MBP*CNP*). (b) Quantification of light sheet microscopic analysis of plaque load in 6-month-old Emx-Cre MBP® 5xFAD mice. Dots represent single animals,
bar depicts mean. Umpaired, two-sided Student’s t-test was performed for statistical analysis for each ROL n=4 for WT and cKO.
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Extended Data Figure 6. Transcriptomic signature of CNP-/- 5xFAD microglia (Figure 4 extended) e

(a) Heatmap of the top100 genes contributing to PC1 (Heatmap in Figure 4 extended). Four major dusters
with different regulation trajectories were detected. (b) Volcano plot visualization of differentially expressed
genes between CNP¥- and CNP-- 5xFAD microglia (significant cutoff adjP < 0.01, log2FC > 1.0). (c) Heatmap
represents normalised expression levels of top 100 significantly regulated genes between Cnp 5xFAD vs
SxFAD microglia profiles as analysed by RNA-seq of isolated microglia.
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Extended Data Figure 7. Single nucleus transcriptomic signature of CNP-/-
brain (Figure 5 extended)

(a) Celltype annotation in the UMAP space. (b) Microglial cells highlighted in
the UMAP space (yellow). (c) Expression of marker genes for each microglial
subduster in CNP+ and WT mice. (d) Graph shows expression levels of
oligodendroglial lineage cells and microglia marker genes throughout cell
identities. Myelin processing microglia show robust presence of
oligodendrocyte marker genes as well as microglial markers. (e) Scatter plot
shows correlations of gene regulation levels between Cnp+- and 5xFAD DAM.
Regulation levels were calculated by comparing gene average expression of
DAM to homeostatic microglia in each genotype.
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Extended Data Figure 8
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Extended Data Figure 8. Trem2 cleavage Is not altered In CNP--5xFAD mice

{a) Western blot analysis of Trem2 levels in WT vs 5xFAD mice shows clear induction of full length Trem2 (30-60kDa, glycosylated forms) and enhanced Trem2
cleavage (~12kDa) in 5xFAD mice. n=3 per group. Lanes present single animals. (b) Western blot analysis of Trem2 levels in CNP-“ 5xFAD and 5xFAD mice shows no
differences in Trem2 cleavage. Total protein fastgreen staining is shown as loading control. n=3 per group. Lanes present single animals.
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Chapter 5: Discussion and conclusion

5.1 Study the upstream role of oligodendrocyte and myelin dysfunctions

The core question of this thesis: if and how oligodendrocyte and myelin dysfunction
can be an upstream risk factor for CNS pathologies, was raised based on decades
of extensive studies on aging and neurological diseases. In many pathological
characterizations, across brain aging, AD, PD, MS, TBI, ALS, myelin macro and
micro structural health were reported to be challenged (Hill, Li, and Grutzendler
2018; Nasrabady et al. 2018; Jang et al. 2017; Ettle, Schlachetzki, and Winkler
2016; Sams 2021; Dean et al. 2016; Alizadeh, Dyck, and Karimi-Abdolrezaee 2015;
Berginstrom et al. 2020). Naturally, myelin damage was concluded as a hallmark in
aging and many CNS diseases (Figure 1). Yet, if we consider the dynamics of
myelination in humans, where the decline starts at an age of around 50 years, it is
generally before the typical onset of neurodegenerative (George Bartzokis 2011).
Hypothetically, relatively early myelin breakdown could gradually vulnerate the
CNS environment to eventually succumb to the provocations of genetic or
environmental disease risk factors (Braak and Del Tredici 2004; G. Bartzokis 2004;
Ettle, Schlachetzki, and Winkler 2016).
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Figure 1. Schematic figure of physiopathological features in homeostatic, aging, AD,
cuprizone treated, or neuroinflammation disease brain. In all pathological states,
myelin health is influenced. In the cuprizone model, oligodendrocytes also undergo
apoptosis. Created with BioRender.com.
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To verify an upstream role of oligodendrocyte and myelin dysfunctions in the
context of disease is a challenging task. Numerous animal models have been
established to mimic neurological disease or primary oligodendropathy. Although
disease models normally lack control of the pathology onset orders. Whereas in
primary oligodendropathy models such as EAE or cuprizone, demyelination is
acutely induced and would trigger intense neuroinflammation, which is not suitable
for studying the effect of chronic myelin damage (Torkildsen et al. 2008;
Constantinescu et al. 2011). Luckily, in order to study myelin-associated protein
functions, mutant mouse lines with varying degrees of myelin dysfunction were
generated. Among the myelin mutant models, some show chronic myelin
instabilities without severely influencing the overall myelin sheath morphology.
These models provide a viable environment to study myelin dysfunction-derived
CNS changes (K-A Nave 1994; Klaus-Armin Nave and Werner 2014; Stassart et al.
2018).

Thus, in this thesis, mouse models with chronic defective myelination were widely
applied for the investigation of oligodendrocyte and myelin intrinsic pathological
signals. Different from previous studies that focused on phenotypic changes,
projects in this thesis first concentrated on deciphering the gene regulatory networks
in the mutants in a celltype-specific and high-resolution manner, and second
exposed the mutant environments to the most well researched neurodegenerative
disease, Alzheimer’s Disease (AD). From this, molecular footprints underlying
myelin dysfunction-associated phenotypes were unfolded, which shed light on
further mechanistically untangling the vicious cycles observed in aging and brain
diseases.

5.2 The butterfly effect: split differences in MOL subpopulation profiles

One of the key discoveries from project | is the unusually shifted MOL
subpopulations among different myelin mutants. As the project already discussed,
ever since data integrative analysis was effectively used for high-resolution data
batch effects correction, such enlargement of one specific subpopulation was not
reported from various CNS cell types, including oligodendrocyte under spinal cord
injury condition (Keren-Shaul et al. 2017; Schirmer et al. 2019; Hammond et al.
2019; Grubman et al. 2019; Zhou et al. 2020; Habib et al. 2020; Floriddia et al.
2020). Even more interestingly, the expanded MOL subpopulation is different in
each recruited myelin mutant. It was absolutely puzzling how this could have
happened, and what it meant as a reflection of oligodendrocyte cell properties.

An important inspiration to interpret this result came from the analysis work of
microglia RNA profiles for project Il. There, an activated microglia subtype, DAM,
was discovered in the Cnp”- mutant model. Verification of the DAM population was
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conducted by integrative analysis with publicly available snRNA-seq datasets of
5xFAD mouse brains (Zhou et al. 2020). However, when comparing specific gene
expressions to the 5XFAD DAM, the Cnp”- DAM showed a slight upregulation of
genes related to lipid handling and lowered expression of Trem2 and Tyrobp which
are important for DAM differentiation. The upregulation of Abcal and Lpl in the
Cnp”’- DAM partially overlaps with white matter-associated microglia (WAM) that
has been described by Safaiyan and colleagues (Safaiyan et al. 2021). WAM was
initially identified to have a very similar RNA profile to DAM and may represent a
precursor stage of microglia prior to their conversion to DAM. Taken together, this
suggests that myelin mutant DAM is situated at an even more intermediate stage
between WAM and DAM.

To a certain extent, concentrated shifts of MOL subpopulations in myelin mutants
presented a similar situation with the fine-tuned microglia gene signatures and cell
states in aging, AD, and Cnp” DAMs. Indeed, using state-of-the-art analysis
approaches, all identified MOL subpopulations were positioned on a tightly
connected manifold, indicating these subpopulations are well related and connected.
What shall be kept in mind is that the recruited myelin mutants might exhibit
chronic pathological phenotypes. But, at the molecular level, oligodendrocytes in
these mutants actually get non-trivial challenges. The null expression of CNP,
PLP1, or MBP means a loss of one of the top three myelin-essential proteins. Yet,
mutant MOLs would mediate transcriptome profiles within a close range of cell
homeostasis. Even under more severe system hits, such as EAE and spinal cord
injury, MOLs still adapt subpopulation proportions within the physiological
existent subtypes (Floriddia et al. 2020; Wheeler et al. 2020).

Nevertheless, amazingly, the split differences of MOL subpopulations potentially
prompted way more obvious functional diversities like triggering a butterfly effect,
that might be involved in the construction or contribution to traceable features
including myelin spatial and temporal heterogeneities, local de- and re-myelination,
and diverse ensheathment of axons (Marques et al. 2016; Micheva et al. 2016;
Tomassy, Dershowitz, and Arlotta 2016; Call and Bergles 2021; Floriddia et al.
2020; Li et al. 2020). How MOLSs can be so closely regulated at the transcriptome
level and whether there are master regulators that control/restrict the cell profiles
are still open questions that require further investigation. Moreover, certain shifts,
such as to the subcluster MOL4 which was enriched in the Cnp’- mutant, showed
enhanced interactions with activated microglia subpopulations. Along with the
imaging analysis of Cnp”-5xFAD mouse brains, it is also unclear whether direct
MOL and microglia cell crosstalks contributed to the distraction of microglia to
myelin engulfment rather than plaque corralling.
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5.3 A Hamlet question: no myelin or bad myelin?

From an evolutionary point of view, myelin was a novel invention in higher
vertebrates concomitant with the acquisition of hinged jaw, i.e. the gnathostoma,
for the purpose of increasing the propagation of nerve action potentials (Zalc 2006).
In the big picture, myelin is definitely a successful development for vertebrates
(Zalc 2006; Klaus-Armin Nave and Werner 2021). Besides its major function of
ensheathing axons and enabling saltatory signal propagation, myelination by
oligodendrocytes also provides critical structural and trophic support to the axons
and actively participates in cellular communications (Klaus-Armin Nave and
Werner 2014; Klaus-Armin Nave 2010b, [a] 2010; Stassart et al. 2018; Safaiyan et
al. 2016; Domingues et al. 2016). Although inevitably, the myelination process and
the maintenance of compact myelin require a whole new set of energy supply and
regulatory controls (Macklin and Rasband 2012). Disturbance of myelin generation
and maintenance could therefore result in a cascade of pathological changes (Braak
and Del Tredici 2004; Stassart et al. 2018).

Interestingly, in cases where oligodendrocyte and myelin are malfunctioning, many
signs suggested that it probably would have been easier if the system can
temporarily remove the burden of handling disturbed myelin, or myelin-associated
molecules. Typically in Pelizaeus-Merzbacher disease (PMD), an X-linked
hypomyelination disease caused by mutations in the Plp1 gene, missense mutations
generating misfolded proteins would lead to more severe phenotypes compared to
nonsense mutation or deletion of the Plpl (YYamamoto and Shimojima 2013). In the
corresponding animal models, suppression of Plpl expression in Plpl/, a severe
point-mutation PMD mouse model, showed amelioration of the disease phenotypes
(Elitt et al. 2020).

Obviously, complete loss of compact myelin does not benefit the system. Such as
in the shiverer mouse model, where the absence of MBP leads to amyelinated axons
and shows severe pathology with a short lifespan (Readhead and Hood 1990;
Readhead et al. 1987). However, when only forebrain myelin is missing such as in
the Emx-Cre Mbp and Foxg1-Cre Mbp™" mutants, animals do not exhibit strong
phenotypes. In addition, the absence of compact myelin in the forebrain
significantly delayed AP plaque depositions in the cortical region. At the
transcriptome level, the dysmyelination did not trigger aggressive gliosis. Instead,
microglia in Foxg1-Cre Mbp/f mutant cortex and corpus callosum showed elevated
uptake of myelin transcripts which was potentially caused by the constant attempt
of oligodendrocytes producing new but non-compacted myelin. Conversely, plaque
load in the Cnp”-5xFAD and Plp¥ 5xFAD mutant brains was significantly increased
compared to normal 5XxFAD. Considering that defect myelin influences axonal
vesicle transport leading to axonal swellings (Stassart et al. 2018; Bartzokis 2011),
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it is attractive to assume and verify that increases in plaque load are in part caused
by alteration in local APP metabolism at the myelin dysfunction induced-swelling
site. In parallel, in the more severe Cnp”- 5XxFAD mutant, activated microglia are
distracted by myelin perturbations and can not handle A plaques efficiently. Under
acute demyelination like MS, not only myelin is actively attacked by microglia and
peripheral immune cells, OPCs and MOLs were also shown to express genes related
to the immune receptors MHC-1 and MHC-I1 which could further worsen the
inflammatory environment (Falcéo et al. 2018; Jékel et al. 2019; Meijer et al., n.d.).

Taken together, the presence of myelin is of course essential for the overall normal
function of the brain. Although, one could argue that the temporary removal of
problematic myelin or myelin-associated molecules might help/ be sufficient to put
a brake on the vicious cycle of pathologies. A similar concept was proposed for
microglia, where depletion and repopulation of microglia at correct time points
showed beneficial effects in the context of diseases, as well as in myelin mutants
(Coleman, Zou, and Crews 2020; Elmore et al. 2018; Spangenberg et al. 2019;
Garcia-Agudo et al. 2019). However, a controversial result of microglia depletion
in a spinal cord injury model suggested that the role of the cell and its products
should be carefully evaluated before applying removal therapy (Fu et al. 2020).
Furthermore, treatment for oligodendrocyte and myelin is apparently a more
difficult task compared to microglia depletion due to the unique compacted
structure of myelin. For this, precise recognition of pathological responsible cell
subpopulation, gene regulation, and even spatial location would be required in
future investigations.

5.4 Balance between cell subpopulation discovery and interpretation

High-resolution, especially single-cell level transcriptome sequencing brought
evolutionary development in neuroscience research (Mayer et al. 2019). Whilst at
the same time, it dramatically increased the amount of collected data and until now
still challenges the canonical way of bioinformatic analysis (Ld&hnemann et al.
2020). From several samples to hundreds of thousands of cells, SCRNA-seq data
reached ultra dimensionality and complicated the analysis pipeline in a way that can
not only rely on linear approaches (Oskolkov 2021). Non-linear dimensionality
reduction was widely applied for the purpose of revealing novel or disease-
responsive cell subpopulations. In the beginning, this workflow helped the
discovery of several important cell subpopulations, including DAM, immunological
oligodendrocyte, MS vulnerable astrocytes and neurons (Keren-Shaul et al. 2017;
Jakel et al. 2019; Wheeler et al. 2020; Schirmer et al. 2019). However, it soon
became clear that neighboring embedding and clustering work with relative profile
distances, can segregate as many clusters as the analysis resolution requires.


https://paperpile.com/c/K8YzUy/O6GX+e8xG+qs9B
https://paperpile.com/c/K8YzUy/f5KS+7lzH+tPam+PeI9
https://paperpile.com/c/K8YzUy/f5KS+7lzH+tPam+PeI9
https://paperpile.com/c/K8YzUy/ATbT
https://paperpile.com/c/K8YzUy/TXGi
https://paperpile.com/c/K8YzUy/1XyR
https://paperpile.com/c/K8YzUy/1XyR
https://paperpile.com/c/K8YzUy/KBkc
https://paperpile.com/c/K8YzUy/EXq2+e8xG+u5pJ+atFe
https://paperpile.com/c/K8YzUy/EXq2+e8xG+u5pJ+atFe

73|Page

Determination of optimal cluster numbers is one of the solutions to control the
analysis process (Patil and Baidari 2019; Alade 2018). On the other hand,
integrative analysis using previous studies could offer more anchor points between
the in silico calculations and biologically relevant information (Stuart et al. 2019;
Butler et al. 2018). Indeed in this thesis, in addition to close evaluation of dataset-
specific embedding parameters, multiple high-quality external datasets were
recruited for interpreting the potential shifts of biological relevant cell
subpopulations. It also became clear that to correlate cell subpopulations across
single-cell resolution datasets that used different platforms and sequencing setups,
simply matching the subpopulation marker genes is a suboptimal approach
compared to integrating datasets in a common low-dimensional space based on the
unbiased calculation of their shared features (Stuart et al. 2019; Butler et al. 2018).

More interestingly, several recent research, including projects of this thesis, showed
subpopulations with split different profiles from previously reported cell subsets
(Safaiyan et al. 2021; Schirmer et al. 2019; Zhou et al. 2020; Habib et al. 2020).
From a biological standpoint, such inch-perfect connections of cellular profiles are
actually more realistic. However, even with the advent of SCRNA-seq, each cell is
only able to be sequenced for a limited amount of transcripts which is far from the
real ‘whole transcriptome’. Therefore, it is imaginable that the footprint of
transcriptome regulations was lost or disconnected at the parts which are dependent
on low-expressed genes. To tackle this problem, new models, represented by
pseudotime analysis and RNA velocity, which aim at recovering the cell
connectivities, were developed (Amezquita et al. 2020; La Manno et al. 2018;
Bergen et al. 2020; Lange et al. 2020). Especially using the RNA velocity model,
the connections between each single-cell data point can be evaluated. But as a
downside, the projection of cell velocity is still borrowing one of the embedded cell
maps (PCA, t-SNE, UMAP), and disconnections on such maps will also be adapted
to the velocity calculation. Recently, Atta et al. proposed RNA-velocity informed
embedding of cell profiles, which improved the accuracy of cell manifold recoveries
(Atta, Sahoo, and Fan, n.d.).

5.5 Conclusion and open questions

In conclusion, this thesis systematically investigated and characterized the tightly
connected transcriptomic footprints of oligodendrocytes under healthy and mutant
conditions. Moreover, in this study, downstream effects caused by abnormalities in
oligodendrocyte and myelin on other cell types in the brain were analyzed. Overall,
the projects provided base models to study the primary role of oligodendrocyte and
myelin dysfunctions in the context of aging and neurological diseases.
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Additionally, apart from the open questions that have been addressed in the thesis,
there are some more interesting points that are worth investigating in the future. Of
which, one of the major concerns is the translation of research results from mouse
models to real human aging or disease conditions. As a future direction,
comprehensive analyses would be applied to human and mouse single-cell
resolution data with the focus on cross-comparing the heterogeneous responses of
oligodendrocytes across different CNS pathologies. Last but not least, changes in
the aging brain and under pathological conditions are highly complicated and
involve cooperative responses from different cell types. Therefore, using the
advantage of already detected cell heterogeneities, it is crucial to revisit the
explorations of inter-and intra-cellular interaction networks to solve the enigmas of
brain disorders.
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Neuronal cholesterol synthesis is essential for repair of chronically demyelinated
lesions in mice

Stefan A. Berghoff'*", Lena Spieth'®, Ting Sun'**, Leon Hosang*, Constanze Depp', Andrew O. Sasmita’, Martina H.
Vasileva', Patricia Scholz®, Yu Zhao?, Dilja Krueger-Burgs, Sven Wicherté, Euan R Brown?, Kyriakos Michael”, Klaus-Armin
Nave', Stefan Bonn?, Francesca Odoardi®, Moritz Rossner®, Till Ischebeck*#, Julia M. Edgar'-®, and Gesine Saher'*

Astrocyte-derived cholesterol supports brain cells under physiological conditions. However, in
demyelinating lesions, astrocytes downregulate cholesterol synthesis and the cholesterol that is essential
for remyelination has to originate from other cellular sources. Here, we show that repair following acute
versus chronic demyelination involves distinct processes. In particular, we found that in chronic myelin
disease, when recycling of lipids is often defective, de novo neuronal cholesterol synthesis is critical for
regeneration. By gene expression profiling, genetic loss of function experiments and comprehensive
phenotyping, we provide evidence that neurons increase cholesterol synthesis in chronic myelin disease
models and MS patients. In mouse models, neuronal cholesterol facilitated remyelination specifically by
triggering OPC proliferation. Our data contribute to the understanding of disease progression and have
implications for therapeutic strategies in MS patients.

considered crucial for limiting axon damage and
slowing progressive clinical disability. Statin-mediated
inhibition of the cholesterol synthesis pathway impairs

Introduction
During normmal brain development, cholesterol is

produced locally by de novo synthesis involving
neurons, oligodendrocytes, microglia, and astrocytes
(Berghoff et al., 2021; Camargo et al, 2012;
Funfschilling et al., 2012; Saher et al., 2005). Neuronal
cholesterol is essential for neurite outgrowth and
synapse formation during neurogenesis (Funfschilling
et al., 2012; Mauch et al., 2001) but the highest rates
of cholesterol synthesis in the brain are achieved by
oligodendrocytes during postnatal myelination
(Dietschy, 2009). The resulting cholesterol-rich myelin
enwraps, shields, and insulates axons to enable rapid
conduction of neuronal impulses. Myelin also provides
support to axons, potentially by mobilizing
oligodendroglial lipids (Kassmann et al.,, 2007; Saab
and Nave, 2017). In the adult brain, cholesterol
synthesis is attenuated to low steady-state levels
(Dietschy and Turley, 2004).

Destruction of lipid-rich myelin in demyelinating
diseases such as multiple sclerosis (MS) likely impairs
neuronal function by disrupting the fine-tuned axon-
myelin unit (Stassart et al.,, 2018). Remyelination is

remyelination (Miron et al., 2009). Previously, we
showed that following an acute demyelinating episode,
oligodendrocytes import cholesterol for new myelin
membrane synthesis from damaged myelin that has
been recycled by phagocytic microglia (Berghoff et al.,
2021). In contrast, de novo oligodendroglial cholesterol
synthesis contributes to remyelination only following
chronic demyelination (Berghoff ef al., 2021; Voskuhl
et al, 2019). Notably, we and others showed that
astrocytes reduce expression of cholesterol synthesis
genes following demyelination (Berghoff et al., 2021;
ltoh et al.,, 2018). As asfrocytes are considered to
support neurons by providing cholesterol in ApoE-
containing lipoproteins in the healthy brain (Dietschy,
2009), the lack of this support in the diseased brain
contributes to the disruption of CNS cholesterol
homeostasis. Neuronal activity leads to OPC
proliferation during development and likely also after
demyelination (Bacmeister et al., 2020; Gibson et al.,
2014; Marisca et al., 2020). However, neuronal
responses to myelin degeneration with regard to
cholesterol metabolism, and the contribution of

1 Depariment of Neurogenetics, Max Planck Institute of Experimental Medicine, Gottingen, Germany; 2 Institute for Medical Systems Blology, Center for Molecutar
Neuroblology Hamburg, Hamburg, Germany; 3 institute for Neuroimmunology and Multiple Sclerosis Research, University Medical Center Gottingen, Gastingen,
Germany; 4 Depariment of Piant Blochemistry, Albrecht-von-Haller-Institute for Plant Sciences and Gostingen Center for Molecular Biosciences (GZMS), University
of Gotlingen, Gattingen, Germany; S Department of Molecular Neuroblology, Max Planck institute of Experimental Medicine, Gottingen, Germany; 6 Department of
Psychiatry and Psychotherapy, Unlversity Hospital, LMU Munich, Munich, Germany; 7 School of Engineering and Physical Sclences, Institute of Blological Chemistry,
Blophysics and Bloengineering, James Naysmith Bullding, Heriot Watt University, E@inburgh, UK: & Service Unit for Metabolomics and Lipldomics, Gottingen Center
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neuronal cholesterol to remains

unknown.

remyelination,

Here, using mice with cell type-specific inactivation of
cholesterol synthesis and models of myelin disease, we
assess neuronal versus glial cholesterol metabolism.
We compare white and grey matter CNS regions and
isolated brain cells in the healthy adult brain and during
remyelination. We show that active myelin disease is
associated with downregulated expression of
cholesterol metabolism in neurons. Surprisingly, during
chronic myelin disease, neurons increase cholesterol
synthesis. Similarly, neurons in MS brain upregulate a
gene profile related to cholesterol synthesis and
metabolism in non-lesion areas. Finally, neuronal
cholesterol synthesis contributes to remyelination
following experimental demyelination. Our data support
the essential role of cholesterol synthesis in neurons
for remyelination, a role that is likely relevant for MS
disease progression.

Results

Loss of Fdft1 in neurons alters white matter
cholesterol metabolism

In the adult brain, neuronal synthesis as well as
horizontal cholesterol transfer from glial cells meets
neuronal cholesterol demands. To evaluate neuronal
versus glial cholesterol metabolism, we acutely isolated
neurons, astrocytes and oligodendrocytes from brain
tissue that contained cortex or subcortical white matter
of adult mice (Figure1A). The abundance of neuronal
mRNA transcripts related to cholesterol metabolism
was compared with oligodendrocyte and astrocyte
profiles obtained previously (Berghoff ef al., 2021). As
expected, neurons showed Ilow steady-state
expression levels of cholesterol synthesis genes
(Hmgcr, Fdft1, CypS51. Dhcr24) compared to
oligodendrocytes and astrocytes (Figure 1B, Table S1).
In contrast, several gene transcripts related to
cholesterol import (Apobr, Scarb1, Lrp1), storage
(Soat1) and brain export (Cyp46af) were higher in
relative abundance. To assess the relevance of cell
type-specific cholesterol synthesis, we genetically
inactivated squalene synthase (SQS, Fdft1 gene), an
essential enzyme of the sterol biosynthesis pathway, in
adult oligodendrocytes (OLcKO, Pip1-CreERT2),
OPCs (OPCcKO, CSPG4:CreERT2), astrocytes
(AcKO, GLAST::CreERT2), or neurons (NcKO,
CaMKII-Cre) (Figure 1C, S1A-B) (Berghoff et al., 2021;
Funfschilling et al, 2012, Saher et al, 2005).
Comparable to oligodendroglial and astrocyte
conditional mutants (Berghoff ef al., 2021), loss of
cholesterol synthesis in neurons did not affect
peripheral serum cholesterol level or body weight
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(Figure S1C). In an open field test, neuronal, asirocyte
or OPC mutants appeared similar to controls (Figure
1D, S1D-E), whereas OLcKO animals showed signs of
anxiety, which were enhanced in OPC/OL double
mutants (Figure S1F). Notably, these behavioral
changes occurred in the absence of overt myelin /
oligodendrocyte deficits (Figure S1G), which were also
not observed in the other conditional mutants (Berghoff
et al., 2021; Funfschilling et al., 2012).

Next, we evaluated the impact of conditional loss of
squalene synthase / cholesterol synthesis for
cholesterol homeostasis by gene transcription profiling
of cortex or subcortical white matter (corpus callosum)
from the conditional cholesterol synthesis mutants and
respective controls. In the cortex, conditional
inactivation of cholesterol synthesis in neurons or
oligodendrocytes resulted in moderate upregulation of
cholesterol synthesis genes, possibly to compensate
for the loss of cholesterol synthesis in the affected cell
type (Figure 1E, Table S2, S3). In contrast, in all
conditional mutants we observed a moderate but
consistent downregulation of expression related to
cholesterol metabolism in white matter (Figure 1E-F,
S1H). Here, reduced expression of genes associated
with horizontal cholesterol transfer such as Abcaf,
Apoe and Lcat was noted in all conditional mutants,
particularly in AcKO animals (Figure 1F). In agreement,
sterol profiling revealed only moderate alteration in
conditional mutants (Figure S2A).

Surprisingly, comparison of significant transcript
changes in conditional mutants revealed a marked
downregulation of genes related to the blood-brain
barrier (BBB) in corpus callosum samples of OLcKO
and NcKO mice. This was accompanied by
upregulation of few inflammatory mediators with
profiles being unique to each mutant (Figure 1E-F).
Interestingly, biochemical quantification of BBB
permeability revealed that reduced tight junction gene
expression was paralleled by increased CNS influx of
the small molecular weight BBB tracer NaFl (376 Da)
in OLcKO and NcKO brains. Perhaps surprisingly,
given the role of astrocytes in BBB formation, this was
not the case in AcKO animals (Figure 1F, S1D, SB-C).

In summary, genetic elimination of cholesterol
synthesis in oligodendrocytes, neurons and astrocytes
leads to altered transcriptional expression of genes
related to cholesterol metabolism in grey and white
matter. These data confirm that all cell types contribute
to cholesterol homeostasis in the adult brain by cell
autonomous cholesterol synthesis. Of note, in cortex
but also corpus callosum of neuronal Fdft1 mutants,
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Fdft1 expression was significantly reduced and the
abundance of cholesterol synthesis intermediates was
attenuated (Figure 1E, S2A). This suggests axonal
localization of cholesterol synthesis transcripts in vivo,
contrary to neurons in compartmentalized culture
(Vance et al., 2000).

Myelin disease leads to increased cholesterol
synthesis in neurons

Experimental demyelination is associated with axonal
pathology (Berghoff et al., 2017b; Nikic et al., 2011),
and chronic loss of myelin in multiple sclerosis patients
leads to persistent disabilities. Even subtle myelin
defects can lead to axonal damage, myelin instability
and glial activation, as observed in null mutants of the
myelin-specific genes Pip{ (proteolipid protein 1) and
Cnp1 (2',3-cyclic-nucleotide 3'-phosphodiesterase)
(Edagar et al., 2009; Edgar et al., 2004; Lappe-Siefke et
al., 2003; Trevisiol et al., 2020). To assess neuronal
responses to mild alterations in myelin integrity, we
combined the well-characterized Plp1 and Cnp1
knockout mice with Thy1-EYFPnuc transgenes to label
neuronal nuclei, predominantly of callosal projection
neurons (CPN) (Wehr et al_, 2006). Despite the axonal
pathology, CPN loss was not a feature of Plp1 and
Cnp1 mutants up to 12 months of age as quantified by
EYFPnuc+ cell counting (Figure S2D). We then
isolated CPN from cortical layer five by fluorescence-
directed laser microdissection at various ages (1, 3, 6
and 12 month) for transcriptional profiling (Figure 2A).
Neuronal identity of Thy1-EYFPnuc+ cells isolated
from cortical layer five was verified by cell type-specific
marker gene expression (Figure S2E). Transcriptional
profiling revealed 412 differentially expressed genes in
neurons from Cnp1 knockout mice and 104 genes from
Pip1 knockout mice compared to Thy1-EYFPnuc
controls (adj. p-val<0.001, Benjamin-Hochberg
correction, at least 1.8-fold changed expression)
(Figure S2F). Surprisingly, by gene set enrichment
analysis (GSEA) the gene set “cholesterol metaholism”
was upregulated in CPNs of both mutants (Figure 2B).
This included genes involved in cholesterol synthesis
(Hmgcr, Fdft1, Cyp51, Dhcr24) and transport (Ldlr,
Apoe) (Figure 2C).

Considering the possibility that neuronal upregulation
of genes related to cholesterol metabolism is a general
response to chronic myelin alterations, we analyzed
transcriptional profiles of isolated cortical neurons
following acute experimental autoimmune
encephalomyelitis (EAE) induction and following acute-
phase (6 weeks cuprizone) and chronic-phase
remyelination (chronic demyelination for 12 weeks
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followed by two weeks of cuprizone withdrawal, 12+2
weeks) (Figure 2D). During acute disease (EAE or 6
weeks cuprizone), neurons consistently downregulated
gene expression related to cholesterol metabolism
(Figure 2E). In contrast, during remyelination following
chronic demyelination in the cuprizone model,
expression of genes involved in cholesterol synthesis
(Hmgcr, Fdft1, Dhcr24) and transport (Vidir, Apoe)
were increased (Figure 2E). To test whether the
upregulation of cholesterol synthesis genes was
functionally relevant, we determined the abundance of
cholesterols by GC/MS in the chronic
demyelination/remyelination paradigm. Cholesterol as
well as several precursors of the cholesterol synthesis
pathway were increased 4-5 fold in isolated neurons
(Figure 2F), suggesting enhanced cholesterol
synthesis in neurons during remyelination in this
paradigm.

Increased cholesterol synthesis gene expression
in neurons from MS patients

We next determined whether increased neuronal
expression of cholesterol synthesis genes is relevant in
human MS and used single-nuclei gene expression
profiles from MS patients and heaithy control tissue
from two recent studies (GSE118257 and
GSE124335). We separately merged expression
profiles of neurons, oligodendrocytes and astrocytes as
annotated in each study (Figure 3A-B, S3A-C).
Although the disease history of the MS tissue samples
is unknown, we categorized MS samples in two
subsets. One comprises the different stages of active
MS lesions (termed “lesion”). The other subset (termed
“non-lesion”) contains normal-appearing MS tissue that
was derived from areas adjacent to active lesions.
Neuronal nuclei contributed considerably to each of the
MS subsets (3122 lesion, 3547 non-lesion). Next, we
performed pairwise comparisons of expression profiles
separately, in neurons, oligodendrocytes or astrocytes,
focusing on cholesterol metabolism.

As expected, lesion-derived astrocytes showed
significantly reduced transcript levels of several genes
related to cholesterol synthesis (HMGCR, FDFT1,
DHCR7, DHCRZ24), while this gene set was not
differentially regulated in non-lesion-derived astrocytes
(Figure 3C). In contrast to astrocytes, both
oligodendrocytes and neurons in MS lesions,
increased expression of apolipoproteins including
APOE, indicating active participation in local lipid
transport in areas of active disease. Moreover, MS
oligodendrocytes upregulated genes associated with
cholesterol synthesis and metabolism, most markedly
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in lesions. This confirms the relevance of cholesterol
availability for oligodendrocytes in myelin disease
(Berghoff et al., 2017b; Berghoff ef al., 2021; Voskuhl
et al, 2019) and potentially reflects ongoing
remyelination or attempts to remyelinate. Notably,
neurons in MS lesions showed reduced transcript
levels of genes associated with cholesterol synthesis
including the rate-limiting enzyme of this process,
HMGCR (Figure 3C). In contrast, in non-lesion MS
tissue, neurons upregulated this gene set, suggesting
increased neuronal cholesterol synthesis in normal-
appearing MS tissue areas.

Neuronal Fdft1 ablation impairs remyelination
following chronic cuprizone

The contrasting expression of neuronal cholesterol
synthesis genes in lesion versus non-lesion areas of
MS brain and in acute versus chronic-phase
remyelination in mouse models prompted us to test the
importance of this finding for lesion repair. To explore
whether loss of neuronal cholesterol synthesis affects
remyelination efficiency, NcKO animals were
challenged with acute and chronic demyelination
paradigms using EAE and cuprizone. We evaluated
disease  expression, remyelination (Gallyas),
oligodendrocyte differentiation (CAll), number of
oligodendrocyte linage cells (Olig2) and gliosis (GFAP,
Iba1, MAC3).

As anticipated, loss of neuronal cholesterol synthesis
did not affect acute-phase remyelination in cuprizone
treated mice (Figure 4A-B, S4A-C, Video1) or
pathology following immune mediated myelin
degeneration (Figure 4C-E). However, after cuprizone-
induced chronic demyelination, we observed reduced
oligodendrocyte density and impaired remyelination in
both the corpus callosum and cortex of NcKO animals
compared to controls (Figure 4F-H, S4A-C). Defective
repair of chronically demyelinated lesions in NcKO
animals occurred without affecting gliosis, neuronal
degeneration (NeuN+ cell number, Fluorojade,
TUNEL) or axonal stress (APP+ spheroids) (Figure
S4D-F). The degree of sustained hypomyelination in
NcKO animals was comparable to mutants with
inactivated cholesterol synthesis in OPCs (NcKO
53+5% of confrols, OPCcKO 55%3%; Figure 4l).
Further, both conditional mutants displayed
comparable defects in motor performance after chronic
cuprizone administration (Figure S4G). However, in
contrast to oligodendroglial mutants that showed
normal OPC densities, the loss of neuronal cholesterol
synthesis caused a reduction of Olig2/PCNA+
proliferating OPCs in the corpus callosum (Figure 4G,
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1, J). Interestingly, cholesterol administration enhanced
OPC proliferation and differentiation in myelinating co-
cultures, but only OPC proliferation was impaired by
abolishing neuronal activity (Figure 4K, S4H).
Together, these findings raise the possibility that
elevating neuronal cholesterol synthesis is essential for
OPC proliferation and differentiation to facilitate
remyelination.

Discussion

Complete functional recovery from demyelinating
episodes and prevention of persistent disabilities is the
ultimate goal of multiple sclerosis (MS) therapies. In
addition to decreasing the rate of demyelinating events
and dampening pathological inflammation, the support
of remyelination has come into focus in MS drug
development (Plemel et al.,, 2017). Repair following
immune-mediated degeneration of oligodendrocytes
and destruction of myelin involves the resolution of
inflammation, OPC migration, proliferation and
differentiation (Reich et al_, 2018). Tissue regeneration
is achieved by synthesis of lipid- and cholesterolrich
myelin membranes by newly differentiated
oligodendrocytes and oligodendrocytes that survived
the immune attack (Franklin et al, 2020).
Remyelination contributes to neuroprotection, the
restoration of impulse conduction and may facilitate
(re)establishing neural circuits (Bacmeister et al,
2020).

Disparate repair processes during acute and
chronic myelin disease

With respect to lipid metabolism, repair after an acute
demyelinating episode differs markedly from repair in
chronic myelin disease or after repeated demyelinating
events. Tissue remodeling and repair after an acute
demyelinating attack is coordinated by
microglial/macrophage activation and lipid recycling
(Berghoff ef al., 2021; Cunha et al., 2020; Miron et al.,
2013). Correspondingly, acute-phase remyelination is
independent of squalene synthase / Fdft1 inactivation
in oligodendrocytes, OPCs, astrocytes, or neurons (this
study and Berghoff et al., 2021).

In chronic myelin disease, myelin debris is largely
cleared from demyelinated lesions. Correspondingly, in
chronically demyelinated lesions in cuprizone-treated
mice (Berghoff ef al., 2017b) and in chronically inactive
lesions in MS patients (Hess et al, 2020)
predominantly lipid-laden foamy
microglia/macrophages remain. This suggests that lipid
recycling by microglia could be inefficient in chronically
demyelinated lesions. These lipid trafficking defects in
microglia could not only impede remyelination but also
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aggravate axonal damage, as observed in TREM2
mutants (Cantoni et al., 2015).

As cholesterol is essential for myelin formation (Saher
et al., 2005), these findings underscore the necessity
of local de novo synthesis. This is supported by the
observation that statin-mediated inhibition of
cholesterol synthesis blocks remyelination (Miron et al.,
2009). However, astrocytes, which provide cholesterol
in the healthy brain, fail as a local cholesterol source in
myelin disease as they strongly downregulate its
synthesis both in mouse models (Berghoff et al., 2021;
Borggrewe et al.,, 2021; ltoh et al, 2018) and MS
lesions (this study). We hypothesize that chronic myelin
disease depletes neuronal and oligodendroglial
cholesterol levels, which triggers cell-autonomous
cholesterol synthesis by feedback regulation. In
agreement, the cholesterol for remyelination originates
at least partially from de novo oligodendroglial
synthesis (Berghoff ef al., 2021; Jurevics et al., 2002;
Voskuhl et al, 2019). The finding that dietary
cholesterol supplementation also supports myelin
repair (Berghoff et al., 2017b; Saher et al., 2012)
suggests that endogenous cholesterol synthesis is
insufficient for complete remyelination. In the current
study, we provide evidence that neuronal cholesterol
synthesis is essential for repair of chronically
demyelinated lesions.

Neuronal cholesterol
remyelination

Following chronic demyelination, we found impaired
remyelination in both white and grey matter of animals
lacking neuronal cholesterol synthesis. This is in
agreement with the increased neuronal expression of
cholesterol synthesis genes in human non-lesion MS
tissue and following chronic  experimental
demyelination. In neuronal mutants of cholesterol
synthesis, but not in corresponding oligodendroglial
mutants, we showed a marked reduction in the density
of oligodendrocyte lineage cells. This finding points to
an inference with repair that precedes myelin
membrane synthesis, likely in OPC proliferation and
oligodendrocyte differentiation.

synthesis during

What is the mechanism by which regeneration of
chronically demyelinated white matter tracts such as
the corpus callosum benefits from neuronal cholesterol
synthesis? Neuronal electrical activity triggers OPC
proliferation and oligodendrocyte differentiation during
development and after demyelination through unknown
signals (Demerens et al., 1996; Marisca ef al., 2020;
Mitew et al., 2018; Ortiz et al., 2019). The hyperactivity
of cortical neurons ohserved after acute demyelination
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(Bacmeister ef al, 2020) could offset conduction
deficits of demyelinated white matter fracts (Crawford
et al., 2009). This could lead to synaptic vesicle release
from callosal axons (Almeida et al., 2020; Pfeiffer et al.,
2019) and provide the endogenous signal to white
matter OPCs to proliferate and initiate repair. We
observed that neuronal cholesterol plays a role in this
process. In cultured OPCs, short term pharmacological
inhibition of cholesterol synthesis induces OPC
differentiation (Miron et al., 2007). It is possible that
reducing cellular cholesterol levels in OPCs decreases
the probability of receiving neuronal input via
neurotransmitter channels (Korinek et al.,, 2020). In
agreement, we showed that administration of
cholesterol facilitates OPC proliferation (this study).
However, OPC proliferation was amplified only, when
cholesterol was supplied in the context of neuronal
activity. It is possible that neurotransmitter release
occurs concomitant with release of neuronal
cholesterol. This could be a means to prevent
(premature) OPC differentiation and to generate
sufficient numbers of oligodendrocyte lineage cells to
accomplish repair.

In addition, cholesterol-depleted denuded axons as in
chronic lesions of NcKO mice are likely more fragile as
suggested from increased plasma membrane tether
forces of cholesterol synthesis mutant neurons
(Funfschilling ef al., 2012). Especially when electrically
hyperactive, impaired stability of axonal membranes
could increase axon damage and the probability of
conduction blocks. Moreover, cholesterol is essential
for the biogenesis and exocytosis of synaptic vesicles
(Linetti et al., 2010; Thiele et al., 2000). This is
compatible with the observation that cholesterol
synthesis  deficient neurons show reduced
spontaneous activity in culture (Flnfschilling et al.,
2012).

Several studies have highlighted the importance of
cholesterol availability for developmental OPC
proliferation, oligodendrocyte differentiation and myelin
membrane synthesis (Mathews and Appel, 2016;
Saher et al., 2012; Zhao et al, 2016). The finding that
administration of dietary cholesterol during chronic-
phase remyelination increases the density of
proliferating OPCs (Berghoff et al., 2017b) suggests
that the entire oligodendrocyte lineage can benefit from
externally administered cholesterol. It is possible that
neurons increase cholesterol production not only to
fulfill their own cholesterol demands but also to support
oligodendrocytes to synthesize myelin. Indeed,
cholesterol synthesis in callosal axons would position
the lipid optimally to supply proliferating OPCs and
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newly differentiating oligodendrocytes for
remyelination. This suggestion is reinforced by the
observation that electrically hyperactive neurons in
demyelinated lesions release lipids as ApoE-containing
lipoproteins (loannou et al., 2019; Xu et al., 2006). Our
data show that increased expression of neuronal
cholesterol synthesis genes is paralieled by strongly
elevated expression of ApoE. Thus, following chronic
demyelination, neurons could export cholesterol via
ApoE to support myelination by oligodendrocytes in a
lipid-poor environment. Although we have not
measured neuronal activity in demyelinated conditional
mutants, we speculate that Fdfff mutant neurons
produce less activity-dependent pro-repair signals to
local OPCs than controls.

peer review) is the author/funder. All rights reserved. No reuse allowed

Taken together, our data show that loss of neuronal
cholesterol synthesis strongly impairs remyelination
with relevance for human MS disease. Our study
confirms distinct cell type-specific roles in brain
cholesterol biogenesis and import during remyelination
and provides an additional explanation for disease
progression related to age-associated decline of
cholesterol synthesis (Berghoff ef al., 2021; Scalfari,
2019; Thelen et al., 2006). Further studies are needed
to design therapeutic strategies that stimulate
cholesterol synthesis in affected neuronal populations.
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Figure 1. Loss of cholesterol synthesis in oligodendrocytes, astrocytes and neurons

(A) Scheme depicting MACS isolation of neurons, astrocytes and oligodendrocytes from the indicated brain region.

(B) Gene expression profile of isolated neurons (N), oligodendrocytes (OL) and astrocytes (A) from aduit wild type animals (* Berghoff et al.,
2021). (C) Scheme depicting isolation of tissue samples from oligodendrocyte (Pip1-CreERT2), astrocyte (GLAST::CreERT2) and neuronal
(CaMKII-Cre) cholesterol synthesis deficient (Fdft1®) animals (left) from boxed brain regions for expression analysis. (D) Open field test of
OLcKO (n=14), AcKO (n=8) and NcKO (n=8-11) animals compared to corresponding controls (n=10-15) in the center (two-sided Student's t-
test). (E) Expression profile of genes related fo cholesterol metabolism, inflammation, blood-brain barmier and celiular identity in indicated CNS
tissues of cell type-specific cholesterol synthesis deficient animals. Heat maps show mean fold expression of biological replicates (n=4-7)
normalized to controls (two-sided Student’s t-test). (F) Venn diagram of downregulated genes in corpus callosum of animals in (E). (G)
Extravasated Evans Blue (EB) and sodium fluorescein (NaFl) in conditional Fdftf mutants in oligodendrocytes (OLcKO, n=5), astrocytes (AcKO,
n=5) and neurons (NcKO, n=4) compared to corresponding controls (n=4; two-sided Student’s t-test). ***p<0.001, **p<0.01, *p<0.05
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Figure 2. Expression of genes related to cholesterol metabolism in neurons of genetic and experimental myelin disease models

(A) Representative fluorescent micrographs depicting the isolation of EYFPnuc+ callosal projection neurons (CPN) from the primary motor and
somatosensory cortex (yellow line) of PLP-KO and CNP-KO mutants (scale 200 pm). Insets show the tissue section before and after laser
microdissection, and isolated neurons (scale 20 ym). (B) Selected gene sefs in microdissected neurons from PLP-KO and CNP-KO mutants
compared to controls (1, 3, 6. 12 months of age). Significantly up-regulated and down-regulated gene sets (P-val<0.05) are indicated in red and
blue, respectively. (C) Gene expression profile of genes related to cholesterol metabalism in callosal projection neurons from PLP-KO and CNP-
KO mutants at 8 month of age. Heat maps show fold expression of biclogical replicates (n=3) normalized to controls (Table S5). (D) Time points
of analysis related to the course of demyelination/remyelination in the cuprizone model and the clinical score of EAE-induced animals analyzed
in (E). (E) Gene expression profile of genes related to cholesterol metabolism in isolated neurons following acute (8 weeks) and chronic (12w+2w)
cuprizone challenge (left) and following EAE (right). Heat maps show fold expression normalized to controls (Table S6-57). Each square
represents an individual animal (n=3-4). (F) Cholesterol synthesis pathway with major enzymes and sterol intermediates. Mean relative
abundance of sterol intermediates in isolated neurons from chronic cuprizone-treated mice (n=4) compared to untreated controls (n=3),
measured by GC-MS (two-sided Student's t-test).
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Figure 3. Gene expression related to cholesterol metabolism in neurons, oligodendrocytes and astrocytes from patients with MS

(A) UMAP (Uniform Manifold Approximation and Projection) of neurons, oligodendrocytes and astrocytes from human MS snRNAseq datasets
according to dataset (GSE 118257, GSE124335). (B) UMAP projection of neurons, oligodendrocytes and astrocytes from human MS snRNAseq
datasets according to patient samples identity (GSE118257, GSE124335). (C) Heat map of mean gene expression related to cholesterol
metabolism in cellular subsets comparing control and MS (lesion and non-lesion) samples. Data represent logafold changes (logFC) and p-value

(Wilcoxon Rank Sum test, two sided).



Page |98

bgure 4

A i L g S TRl ot I d H O ofun oo
Mgk ALt prars
X6 ) X Wonks hL ) e
- o °d (= L 4 "
=3 4 1% % 120 fe2 32
< ' | 2 - -
Y % & L0 @ r- Agsy 3w G} 3 " v,,.éq
< 2 - W ‘ 0 J =l 7 =
() S A f—— " ' z
1% o e xe R R i = e A ) S 0 150 X 0 oo Xe
TANAL A CHVALEN ARATY S s s ora ™ s s ®
( L |k cpmenetny Sanad ooerd I e (hae
La sk "
LAL Sk wtd g <t 349 a ! bl T
A ° " R 2 a0 N
1y »
o & = anle
3 e 24l o & A
I A o ® > 8 “1yle
o [ » s £l < 10.e = N .
- ° . - - .
(1P | 0 nil. LA
[ ki K ul s =%
‘ E
4 {
e 7
& NSl
3 Gk i T
: ‘
| -
{ ' i
s
O H
, oy Conp v Topes 0Ty 0 .
nyey - i\ (LY
3% s 0 B N0 P xe Wi
X 1 2 = 2 1m s AR % = x vel Ohcer
s 2 < 5 2 <
= * w0 S1m - 1004 — =~ T8 .1‘.
3 * 3 { o E.?" 3 “ 3 <
- & - - o ' w4 - i N
y [y \ : NG
oL N | y 420 ©Q a4 £ ) Del. - 3 x
I L R 0 & 2w X 0 910 %X 0 & 180 w0 Xe E T
Cindyws ema N Cort s smen ™ AN e %, Cabotr. orod & sl s %
Hipaer afvency Coepros el
wra e plosan »
S v \ drcasn ard Ao o
xe X0 Wi i -- ol 2T ‘ S A T 1 Pt
= ~ [ (8 R S ’ °
s T = : =1 el
[ 1 P 2 et owte r b
NE | oy + 1) 4o 3 “ -
— (" ; 9 €
< R 2 g
O 2N _‘ 2
) 0 10 :.( -
e e -
J s
> &
5 ¢
: 3
*
4
3
-
c o
B
& <
- =
= =
~ ’

Figure 4. Neuronal Fdft1 ablation impairs remyelination following chronic cuprizone

(A-B) Repair efficiency and ghosis in the corpus callosum (A) and cortex (B) during acute cuprizone (6 weeks) in NcKO (n=4 animals) compared
to controls (n=4, set to 100%) based on histochemical stainings for myelin (Gallyas). oligodendrocytes (CAll), oligodendrocyte lineage celis
(Olig2), microgliosis (MAC2) and astrogliosis (GFAP), shown as 85% confidence ellipses with individual data points. (C) Mean clinical EAE score
+ SEM of control and NcKO mice (n=11). (D) Flow cytometric quantification of inflammatory cells of EAE animals in (C, n=5). (E) Representative
light sheet microcopy with quantification of lumbar spinal cord from NcKO and controls 35d after EAE induction, stained for Iba1+ phagocytes
(n=3). (F) Representative micrographs of the corpus callosum of control and NcKO animals following chronic cuprizone challenge (12w+2w)
illustrating myelination (Gallyas), oligodendrocytes (CAll), and oligedendrocyte lineage cells (Olig2). (G-H) Repair efficiency and gliosis in the
corpus callosum (G) and cortex (H) during chronic cuprizone (12w+2w) in NcKO mice comparaed to controls (n=4, set to 100%). (I) Repair
efficiency in the corpus callosum during chronic cuprizone (12w+2w) in OPC cholesterol mutanis (OPCcKO, n=7) compared to controls (n=4,
set to 100%). (J) Representative micrographs of Olig2/PCNA double labeling in the corpus callosum with quantification of NcKO (n=3) and
OPCcKO (n=7) mutants compared to controls (n=4) following chronic remyelination (12w+2w; two-sided Student's t-test). **p<0.01, *p<0.05,
scales 50 ym, 1 mm (E). (K) Mean OPC proliferation (NG2+, BrdU+) and oligodendrocyte differentiation (MBP+) in spinal cord cultures at 17
days in vitre (n=16-31 images from 2-3 cultures) in the presence of cholesterol (10 pg/ml) with or without inhibition of neuronal activity by TTX
(1uM). Data show the mean number of NG2+/BrdU+ positive cells nomalized to DAPI+ cell density and the mean MBP-positive area with
individual values (one-way ANOVA with Sidak's post-test; Scale 50 ym).
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Materials and Methods

Animals

All animal studies were performed in compliance with
the animal policies of the Max Planck Institute of
Experimental Medicine, and were approved by the
German Federal State of Lower Saxony. Animals were
group-housed (3-5 mice) with 12 hour dark/light cycle
and had access to food and water ad libitum. Adult
male and female C57BL/6N mice (8-10 weeks of age)
or cholesterol synthesis mutants (8—-10 weeks of age)
were taken for all experiments. Male mice were
subjected to cuprizone experiments. Female mice were
used for non-induced pathology experiments. Animals
of same gender were randomly assigned to
experimental groups (3-12 mice). Cholesterol
synthesis mutants in this study were generated by
crossbreeding cell type-specific Cre-driver lines (see
Key Resources table) with mice harboring squalene
synthase floxed mice (Fdft1™*™x) Conditional mutants
were compared with the respective Cre or homozygous
floxed controls, i.e. CaMKII-Cre::Fdft{fiox®ox mutants
and Fdftf1fexmox  controls, Plp1-CreERT2::Fdff{fioxmox

mutants and Fdit {foxmox controls,
Cspg4/NG2CreERT2i - Ejft {foxtiox and
Cspg4/NG2CreeRT2+ controls,

GLASTCRERT2H- £fft {8oxmox mutants and GLASTCeERT2+
controls, Cspg4/NG2CeERT24+:-pIpq -
CreERT2::Fdift 1foxmox mutants and Plp1-
CreERT2::Fdft1™x™x and Fdft1™™x controls. Cnp null
and Pip1 null mice were crossbreed to Thy1-EYFPnuc
mice to generate CNP mutants (TYNC +/-, Cnp-/-, Pip1
+/y) and PLP mutants (TYNC +/-, Cnp +/+, Pip1-/y) that
were compared with TYNC +/- mice.

Tamoxifen induced recombination

Transgenic mice received tamoxifen either by oral
administration, three times every second day at a
concentration of 0.4 mg/g body weight dissolved in corn
oil:ethanol (1:9) or by intraperitoneal injections on 5
consecutive days at a concentration of 75 pg/g body
weight.
Experimental autoimmune
(EAE)

MOG-EAE was induced by immunizing
subcutaneously with 200 mg myelin oligodendrocyte
glycoprotein peptide 35-55 (MOG35-55) in complete
Freund’s adjuvant (M. tuberculosis at 3.75 mg mi-1)
and i.p. injection twice with 500 ng pertussis toxin as
described (Berghoff et al., 2017b; Berghoff et al.,
2021). Animals were examined daily and scored for
clinical signs of the disease. If disease did not start
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within 15 days after induction or the clinical score rose
above 4, animals were excluded from the analysis. The
clinical score was: 0 normal; 0.5 loss of tail tip tone; 1
loss of tail tone; 1.5 ataxia, mild walking deficits (slip off
the grid); 2 mild hind limb weakness, severe gait ataxia,
twist of the tail causes rotation of the whole body; 2.5
moderate hind limb weakness, cannot grip the grid with
hind paw, but able to stay on a upright tilted grid; 3 mild
paraparesis, falls down from a upright tiled grid; 3.5
paraparesis of hind limbs (legs strongly affected, but
move clearly); 4 paralysis of hind limbs, weakness in
forelimbs; 4.5 forelimbs paralyzed; 5 moribund/dead.

Cuprizone

Cuprizone pathology was induced by feeding mice with
0.2% w/w cuprizone (Sigma-Aldrich) in powder chow.
Mice received cuprizone for ‘acute remyelination’ (6
weeks) and ‘chronic remyelination’ (12 weeks followed
by 2 weeks normal chow) paradigms. Chow was
replaced three times a week. Age-matched untreated
controls were fed powder chow without cuprizone.

Serum Analysis

Blood was collected by cardiac puncture, and serum
was prepared after 4h clotting by centrifugation.
Cholesterol measurements were done with the
Architect Il system (Abbott Diagnostics).

Open field

Exploratory activity in a novel environment was tested
in an open field chamber (50x50x50 cm) at 20 lux light
intensity. Individual female mice at the age of 22 weeks
were placed into left bottom corner of the open field
chamber. The exploratory behavior of the mouse was
recorded for 10 min using an overhead camera system
and scored automatically using the Viewer software
(Biobserve, St. Augustin, Germany). The overall
traveled distance was analyzed as a parameter of
general activity. Time, distance and visits in the center
area (25x25 cm) was analyzed to measure behavior
related to anxiety. Results were normalized to the
mean of corresponding control animals and statistically
analyzed using one-way ANOVA with Sidak's post-test.

Blood-brain barrier permeability

Measurements of BBB permeability were done as
described (Berghoff et al., 2017a). Tracers were i.v.
injected (Evans Blue 50 mg/g body weight, sodium
fluorescein 200 mg/g body weight). Animals were
flushed with PBS. Brain samples were isolated,
weighed, lyophilized at a shelf temperature of -56 °C
for 24h under vacuum of 0.2 mBar (Christ LMC-1 BETA
1-16), and extracted with formamide at 57°C for 24h on
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a shaker at 300 rpm. Integrated density of tracer
fluorescence was determined in friplicates after 1:3
ethanol dilutions to increase sensitivity. Tracer
concentration was calculated using a standard curve
prepared from tracer spiked brain samples.

Flow cytometry

Single-cell suspensions from spinal cord were obtained
via mechanical dissociation on a cell strainer. Immune
cells were separated over a two-phase Percoll-density
gradient by centrifugation. Staining of CD4+ T cells,
CD8+ T cells and CD45/CD11b+ cells
(macrophages/microglia) was performed using the
following antibodies in a 1:200 dilution: anti-CD3e
(clone 145-2C11, BioLegend), anti-CD4 (clone GK 1.5,
BD), anti-CD8 (clone 53-6.7, BD), anti-CD11b (clone
M1/70, BiolLegend), anti-CD452 (clone 104,
BioLegend). The addition of CaliBRITE APC beads
(BD) allowed for cell quantification. Flow cytometry was
performed using a CytoFLEX S (Beckman Coulter)
operated by CytExpert software (Beckman Coulter,
v2.4).

Magnetic cell isolation (MACS).

Glial cells and neurons were isolated according to the
adult brain dissociation protocol (Miltenyi biotec) form
corpus callosum and/or cortex. Antibody labeling was
done according to the Microbead kit protocols (Miltenyi
biotec) for oligodendrocytes (O4) or astrocytes (ACSA-
2). Neurons were isolated by negative selection. Purity
of cell populations was routinely determined by RT-
gPCR on extracted and reverse transcribed RNA.

Expression analyses

For expression analyses of tissue samples, mice were
killed by cervical dislocation. Samples were quickly
cooled and region of interest prepared. RNA was
extracted using RNeasy Mini kit (Qiagen). cDNA was
synthesized with Superscript Il (Invitrogen).
Concentration and quality of RNA was evaluated using
a NanoDrop spectrophotometer and RNA Nano
(Agilent). RNA from MACS-purified cells was extracted
using QlAshredder and RNeasy protocols (Qiagen).
cDNA was amplified by Single Primer Isothermal
Amplification (Ribo-SPIA® technology) using Ovation
PicoSL WTA System V2 (NuGEN) following the
manufactures protocol. Quantitative PCRs were done
in triplicates using the GoTag gPCR Master Mix
(Promega, A6002) and the LightCycler 480 Instrument
(Roche Diagnostics). Expression values were
normalized to the mean of housekeeping genes.
Quantification was done by applying the AACt method,
normalized to experimental controls (set to 1). All
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primers (Table S1) were designed to fulfill optimal
criteria e.g. length (18-22 bp), melting temperature (52-
58°C), GC content (40-60%), low number of repeats,
and amplicon length (<220 bp). All primers were intron-
spanning.

Histochemistry

Mice were perfused with 4% formaldehyde (PFA). In
case of cuprizone treated animals, brain samples were
cut at Bregma 1.58 to account for regional specificity of
cuprizone pathology. Tissue was postfixed ovemnight,
embedded in paraffin and cut into 5 pym sections (HMP
110, MICROM). For Gallyas silver impregnation,
deparaffinized sections were incubated with a 2:1
mixture of pyridine and acetic anhydride for 30 min at
room temperature (RT) to minimize background and
increase myelin. Tissue was washed with ddH20,
following heating in incubation solution (0.1% [w/v]
ammonium nitrate, 0.1% [w/v] silver nitrate, 12%. [w/v]
sodium hydroxide pH 7.5) for 1 min (100 W) and further
incubation for 10 min at RT. After washing with 0.5%
[v/v] acetic acid three times for 5 min, sections were
incubated in developer solution for 3-10 min. For
reconstitution of the developer, 70 ml of solution B
(0.2% [w/v] ammonium nitrate, 0.2% [w/v] silver nitrate,
1% [w/v] wolframosilicic acid) was added to 100 ml of
solution A (5% [w/v] sodium carbonate) with constant
and gentle shaking and then slowly added to 30ml
solution C (0.2% [w/v] ammonium nitrate, 0.2% [w/V]
silver nitrate, 1% [w/v] wolframosilicic acid, 0.26% [w/v]
PFA). The reaction was stopped and fixed by washing
in 1.0% [v/iv] acetic acid and 2% [v/v] sodium
thiosulfate. Tissue was dehydrated and mounted using
Eukitt. For detection of apoptotic cells, a TUNEL assay
was done according to the manufacturer (Promega
G7130). Fluoro-Jade C staining (Sigma, AG 325) was
done according to the manufacturers’ instructions.
Immunohistological stainings were done on
deparaffinized sections followed by antigen-retrieval in
sodium citrate buffer (0.01 M, pH 6.0). For chromogenic
stainings, blocking of endogenous peroxidase activity
with 3% hydrogen peroxide was performed followed by
20% goat serum block and incubation with primary
antibodies. Detection was carried out with the LSAB2
System-HRP (anti-rabbitmouse LSAB2 Kit Dako
Cat#K0679, dilution 1:100) or the VECTASTAIN Elite
ABC HRP Kit (Vector Labs, Anti-Rat IgG Vector
Cat#BA-9400, dilution 1:100). HRP substrate 3,30-
diaminobenzidine (DAB) was applied by using the DAB
Zytomed Kit (Zytomed Systems GmbH). Nuclear
labeling was done by hematoxylin stain. For
immunofluorescence  detection, blocking was
performed with serum-free protein block (Dako).
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Primary antibodies were diluted in 2% bovine serum
albumin (BSAYPBS and incubated for 48 h followed by
incubation with fluorophore-coupled secondary
antibodies (Alexad488 donkey anti-mouse Invitrogen
Cat #A-21202, dilution 1:1000; Alexa488 donkey anti-
rabbit Invitrogen Cat #A-21206 dilution 1:1000;
Alexa555 donkey anti-rabbit Invitrogen Cat #A-31572,
dilution 1:1000). Stained sections were analyzed on an
Axio Imager.Z1 (Zeiss) equipped with an AxioCam
MRc3, x0.63 Camera Adaptor and the ZEN 2012 blue
edition software using 10x objective (Plan Apochromat
x10/0.45 M27) or 20x objective (Plan-Apochromat
x20/0.8) and evaluated with Image J software.
Quantification of areas (Gallyas, GFAP, MAC3) were
done by applying semi-automated ImageJ software
macro including thresholding and color deconvolution.
Two to four sections per animal were analyzed.

Quantification of sterols

Sterol abundance was quantified by lipid gas
chromatography coupled to mass spectrometry (GC-
MS) in acutely isolated neurons and tissue samples (4-
5 animals grouped for each replicate). Samples were
Iyophilized at a shelf temperature of 56 °C for 24 h
under vacuum of 0.2 millibars (Christ LMC-1 BETA 1-
16) and weighed for the calculation of water content
and normalization. Metabolites were exiracted in a two-
phase system of 3:1 methyl-teri-butyl ether-methanol
(vol/vol) and water, and pentadecanoic acid was added
as an internal standard. The organic phase (10-200 pl)
was dried under a stream of nitrogen, dissolved in 10—
15 pl pyridine and derivatized with twice the volume of
N-methyl-N-(trimethyisilyl) trifluoroacetamide (MSTFA)
to transform the sterols and the standard to their
trimethylisilyl (TMS) derivatives. Each sample was
analyzed twice, with a higher split to quantify
cholesterol and with a lower split to measure all other
sterols. The samples were analyzed on an Agilent
5977N mass-selective detector connected to an Agilent
7890B gas chromatograph equipped with a capillary
HP5-MS column (30 m x 0.25 mm; 0.25-uym coating
thickness; J&W Scientific, Agilent). Helium was used as
a carrier gas (1 ml/min). The inlet temperature was set
to 280 °C, and the temperature gradient applied was
180°C for 1 min, 180-320°C at 5 K min—1 and 320°C
for 5 min. Electron energy of 70 eV, an ion source
temperature of 230 °C and a transfer line temperature
of 280°C were used. Specira were recorded in the
range of 70-600 Dale (ChemStation Software
D.01.02.16). Sterols were identified by the use of
external standards.
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Light sheet microscopy

PFA immersion fixed spinal cord segments were
processed for whole mount immune-labelling and
tissue clearing following a modified iDISCO protocol
(Berghoff et al., 2021). Briefly, samples were
dehydrated in ascending methanol (MeOH)/PBS series
followed by overnight bleaching /permeabilization in a
mix of 5% H202/20% DMSO/MeOH at 4°C. Samples
were further washed in MeOH and incubated in 20%
DMSO/MeOH at RT for 2h. Then, samples were
rehydrated using a descending methanol/PBS series
and further washed with in PBS/0.2% TritonX-100 for
2h. The samples were then incubated overnight in
0.2% TritonX-100, 20% DMSO, and 0.3 M glycine in
PBS at 37°C and blocked using PBS containing 6%
goat serum, 10% DMSO and 0.2% Triton-X100 for 2
days at 37°C. Samples were retrieved, washed twice in
PBS containing 0.2% Tween20 and 10ug/ml heparin
(PTwH) and incubated with primary antibody solution
(Iba1 1:500; PTwH/5%DMSO0/3% goat serum) for 7
days at 37°C. After several washes, samples were
incubated with secondary antibody solution (1:500 in
PTwH/3% goat serum) for 4 days at 37°C. Prior to
clearing, the samples were washed in PTwH and
embedded in 2% Phytagel (Sigma Aldrich #P8169) in
water. The embedded tissue was then dehydrated
using an ascending series of Methanol/PBS and
incubated overnight incubation in a mixture of 33%
dichloromethan (DCM) and 66% MeOH at RT.
Samples were further delipidated by incubation in
100% DCM for 40min and transferred to pure ethyl
cinnamate (Eci; Sigma Aldrich #112372) as clearing
reagent. Tissues became transparent after 15min in Eci
and were stored at RT until imaging. Light sheet
microscopy was performed wusing a LaVision
Ultramicroscope Il equipped with 2x objective,
corrected dipping cap and zoom body. Spinal cords
were mounted onto the sample holder with the
dorsal/ventral axis facing down (z imaging axis =
dorsoventral axis spinal cord). The holder was placed
into the imaging chamber filled with Eci. Images were
acquired in 3D multicolour mode with the following
specifications: 5pm sheet thickness; 40% sheet width;
2x zoom; 4um z-step size; one site sheet illumination;
100ms camera exposure time; full field of view.
Autofluorescence was recorded using 488nm laser
excitation (80% laser power) and a 525/40 emmision
filter and red fluorescence was recorded using 561nm
laser excitation (30% laser power) and 585/40 emission
filters. Images were loaded into VisiondD 3.0 (Arivis)
and the image set was cropped to 500 - 2000 pixels
corresponding to 2.2 mm of spinal cord length. The
volume of the spinal cord was determined by
performing an automatic intensity thresholding on the
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autofluorescence channel. Phagocytes were detected
by running a manual intensity thresholding on the
561nm channel and Iba1 cell accumulation with a
volume of <1000pm3 was considered lesion positive.
Then total lesion volume as well as the lesion volume
fraction in respect to the total spinal cord volume were
calculated. For 3D rendering, the autofluorescence and
Iba1 channel were depicted in green and red
pseudocolor, respectively. High-resolution images as
well as videos were created using the Arivis 4D viewer.

Laser capture microdissection

Serial cryostat coronal brain sections at the level of
Bregma 1 mm to 0.5 mm were prepared (Leica) for
single cell isolation). 700 and 800 EYFP+ neurons for
each individual sample were microdissected (Arcturus
Veritas microdissection system with fluorescence
package) from the motor and somatosensory cortex
and captured in HS Transfer Cap (Molecular Devices).
Cells were only collected if no adjacent nuclei were
detected in close proximity. Successful cutting and
collection steps were subsequently validated in bright-
field and fluorescent mode on the quality control slot of
the device. Microdissected cells were lysed in 100 pl of
RNA lysis buffer (Qiagen, Hilden, Germany) and stored
at -80°C until further use. All procedures were done
under RNase-free conditions.

Microarray expression analysis

Total RNA of pooled single cells was resuspended with
pretested T7-tagged dT21V oligonucleotides. Two-
round T7-RNA polymerase-mediated linear
amplification was performed according to optimized
protocols for low-input RNA amounts (Small Sample
Target Labeling Assay Version Il, Affymetrix). Biotin-
labeled second-round aRNA was generated with an
NTP-mix containing Biotin-11-CTP and Biotin-16-UTP
(PerkinElmer, Boston, MA) at 2 mM. Biotin-labeled
amplified RNA (aRNA) size distribution and quantity
was analyzed with the Agilent 2100 Bioanalyser using
the RNA 6000 Nano LabChip kit (Agilent Technologies,
Boeblingen, Germany). Samples with lower size
compressed RNA products were discarded. At least 5
ug of labeled cRNA was fragmented by heating the
sample to 95°C for 35 min in a volume of 20 pl
containing 40 mM Tris acetate pH 8.1, 100 mM KOAc,
and 30 mM MgOAc. Fragmentation was checked by
alkaline agarose electrophoresis. Hybridization,
washing, staining, and scanning were performed under
standard conditions as described by the manufacturer.
Mouse430A 2.0 genechips were used that contain over
22,600 probe sets representing transcripts and variants
from over 14,000 mouse genes. Microarray raw data
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were exported using Gene chip operating software
(Affymetrix). Normalization and higher-level analysis
were done in R (for packages see Key Resources
table). Normalization was carried out using the Robust
Multichip Average (RMA) model implemented in the R
package Affy at default settings. The nommalized
microarray data was quality confrolled (box-plot
analysis, principal component analysis, and Spearman
correlation tree) which led to the exclusion of two
microarrays. The remaining data were re-normalized,
log transformed and filtered based on absolute
expression values (100 fold changed signal intensity
cutoff). Probe sets with a fold change higher than 1.5
were included in further analysis for single gene
analysis. A fold change threshold of 1.3 was applied for
further pathway level analysis using gene set
enrichment analysis (GSEA;
www_broadinstitute org/gsea/). GSEA was performed
with 5214 different gene sets obtained from Molecular
Signature Database (MSigDB) at the Broad Institute
(MIT).

Human single-nuclei transcriptome sequencing
datasets

Human single-nuclei RNA sequencing profiles were
obtained from two available datasets, GSE118257
(Jakel et al. 2019) and GSE124335 (Schirmer et al.
2019), and re-analyzed by R package Seurat v3.2.3.
Both datasets were filtered and embedded according
to parameters of original publications. Annotations of
neurons, oligodendrocytes, and astrocytes were
confiimed using marker gene expression of the
different cell types (Figure S3). Subsequently, gene
counts from neuron, oligodendrocyte and astrocyte
subsets from both datasets were merged by applying
Canonical Correlation Analysis (CCA) integration
method. Uniform Manifold Approximation and
Projection (UMAP) was used to visualize cell merging
results. For each cell type, pairwise comparisons (MS
lesion versus control and MS non-lesion versus control)
of expression of genes related to cholesterol synthesis
and metabolism were computed using normalized
gene counts by Model-based Analysis of Single-cell
Transcriptomics (MAST) R package v.1.12.0. Heatmap
visualization was computed using R package
pheatmap v.1.0.12 (Pretty Heatmaps).

Spinal cord co-cultures

Spinal cord co-cultures were established as described
(Bijland et al., 2019) from embryonic day 13 mouse
embryos. Cells were plated initially in 12.5 % horse
serum and fed the following day and every second or
third day thereafter with serum-free differentiation



103|Page

bioRxiv preprint doi: https://doi.org/10.1101/2021.08.13.456070; this version
(which certifie peer review) is the author/funder. All ights reserved. No reuse allowed without permission.

was not

medium. On day in vitro (DIV) 14 (before myelination
commences around DIV 17), cultures were treated with
cholesterol (10 pag/mil), cholesterol and tetrodotoxin
(TTX) (1uM, Tocris), or 0.1% ethanol (vehicle control)
for 3 days. On DIV 17, bromodeoxyuridine (BrdU; 10
uM) was added to the cultures for 2 hours. Cultures
were fixed with PFA and washed in PBS. Cells were
permeabilized for 10 minutes in 0.5% Triton X in PBS
and incubated for 48 hours at 4°C in rabbit anti-NG2
(AB5320, Merck Millipore; 1:500) and rat anti-MBP
(MCA409, Biorad, 1:500) in 10 % goat serum, 1 %
bovine serum albumin in PBS. Following application of
Alexa 596 anti-rabbit IgG and Alexa 488 anti-rat 1gG
(Invitrogen, 1:1000 for 1 hour), cells were fixed in 50:50
acetic acid and ethanol for 10 minutes and DNA was
denatured in 2M HCI for 30 minutes. Then anti-BrdU
(MCA2483T, Biorad; 1:500) was added in blocking
huffer and incubated overnight. Alexa 647 anti-mouse
IgG1 (Invitrogen, 1:1000) was added for ~1 hour at
room temperature and coverslips were mounted in
Mowiol with DAPI (2.5 pg/ml). 10 predefined locations
were selected in the DAPI channel, and images were
captured at 10x magnification using a Zeiss Axio
Imager M.2 with an AxioCam MRm. Analysis of MBP
positive area was performed by automated
thresholding (Triangle, Image J). Quantification of the
number of NG2 and BrdU double positive cells was
done on binarized images and normalized to the DAPI-
positive cell density with the particle analyzer plugin
(Image J).

Whole cell current clamp and microelectrode
arrays

Whole cell patch clamp recording was performed on
DIV 21 cultures using an Axopatch 200B amplifier with
a Digidata 1440A digital acquisition system and
pClamp 10 software (Molecular Devices). Experiments
were performed at 37°C in atmospheric air using an
extracellular solution containing (in mM): 144 NaCl, 5.3
KCl, 2.5 CaClz, 1 MgClz, 10 HEPES, 10 mM glucose,
pH 7.4. The pipette solution contained (in mM): 130
mM K+ gluconate, 4 mM NaCl, 0.5 mM CaClz, 10 mM
HEPES, 0.5 EGTA pH 7.2. Borosilicate glass pipettes
were pulled to a resistance of 3-8 MQ. Liquid junction
potentials were measured as 20 mV and traces were
offset by this value. For microelectrode arrays, cultures
were plated and maintained on commercial MEAs
(60MEA200/30iR-Ti-gr; Multi Channel Systems,
Reutlingen, Germany) as described previously (Bijland
et al, 2019). A fluorinated ethylene-propylene
membrane (ALA MEA-MEM-SHEET) sealed the MEA
culture dishes. The recordings were done in
differentiation medium. Signals were digitally filtered at
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3 Hz high pass filter, 1 kHz low pass filter and amplified
up to x20,000. A digital notch filter was used to remove
60 Hz noise during recording. For data acquisition and
analysis, spikes and potentials were sorted and
counted from 3-minute gap-free recordings using the
pCLAMP10 software (Molecular Devices Corporation,
California, USA).

QUANTIFICATION AND STATISTICAL ANALYSIS
Number of animals for each experiment is provided in
the figure legends. No statistical methods were used to
pre-determine sample sizes but our sample sizes are
similar to those reported in previous publications
(Berghoff et al., 2021). No inclusion or exclusion criteria
were used if not otherwise stated. Studies were
conducted blinded to investigators and/or formally
randomized. Data are expressed as mean + SEM
unless otherwise indicated. For statistical analysis,
unpaired two-sided Student’s t-test, one-way ANOVA
or two-way ANOVA with Sidak’'s or Tukey’s post tests
were applied. Normality was tested by using the
Kolmogorov-Smimov test. If the n was below 5, we
assumed normal distribution. "Signal-to-Noise ratio”
(SNR) statistics were used to rank genes for GSEA of
microarray data. Linear model fitting and subsequent
testing for differential expression by empirical Bayes
variance moderation method implemented in R
packaged limma v3.42.2 was applied to the 6-month
neuron microarray data. Wilcoxon Rans Sum test was
used for analysis of snRNAseq data material. Data
analysis was performed using GraphPad Prism
Software Version 6 (GraphPad) and the R software. A
value of p<0.05 was considered statistically significant.
Asterisks depict statistically significant differences (*
p<0.05, ** p<0.01, *** p<0.001).
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