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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 Plp1-/y, Cnp-/-, and Foxg1-Cre Mbpfl/fl 

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 (Aβ) 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 Aβ plaque removal, presumably due to the 

increasing engagement to myelin debris clearance. Conversely, in the absence of 

forebrain myelin, the deposition of Aβ 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 Papuć 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) (Klämbt 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
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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 (Olig1/2, 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
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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, Fünfschilling et al. demonstrated oligodendrocytes are a highly efficient 

glycolytic cell type that shuttles their glycolysis products along the white matter 

tracts (Fünfschilling 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 

https://paperpile.com/c/K8YzUy/L8Fe
https://paperpile.com/c/K8YzUy/amuz+auAI+drxe
https://paperpile.com/c/K8YzUy/amuz+auAI+drxe
https://paperpile.com/c/K8YzUy/amuz+auAI
https://paperpile.com/c/K8YzUy/0e2x
https://paperpile.com/c/K8YzUy/0e2x
https://paperpile.com/c/K8YzUy/SzUk
https://paperpile.com/c/K8YzUy/GLQq
https://paperpile.com/c/K8YzUy/u69n+vbps
https://paperpile.com/c/K8YzUy/u69n+vbps
https://paperpile.com/c/K8YzUy/6c9W+u69n
https://paperpile.com/c/K8YzUy/6c9W+u69n
https://paperpile.com/c/K8YzUy/01jb+DpuW
https://paperpile.com/c/K8YzUy/DzrZ
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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 (scRNA-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 MOL6 are more dominant in the adult 

https://paperpile.com/c/K8YzUy/ZQ2R
https://paperpile.com/c/K8YzUy/01jb
https://paperpile.com/c/K8YzUy/EkuB
https://paperpile.com/c/K8YzUy/EkuB
https://paperpile.com/c/K8YzUy/Uobx
https://paperpile.com/c/K8YzUy/6Sej+Uobx
https://paperpile.com/c/K8YzUy/0NON
https://paperpile.com/c/K8YzUy/KcvQ
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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) (Ståhl 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 

MOL5/6 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 II (MHC-I and -II) (Falcão 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 (Yalçın 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 CA1 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 et al. 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; Yalçın 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; Jäkel 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, 
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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 

et al. 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) (seqFISH), semipermeable membrane (Seq-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 Seq-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 (ChIP-

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; Jäkel 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 (Ståhl 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 (Ståhl 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 scRNA-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 (Lähnemann 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 et al. 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 scRNA-

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 (Lähnemann 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, 

https://paperpile.com/c/K8YzUy/7s70+pbkx+grir
https://paperpile.com/c/K8YzUy/7s70+pbkx+grir
https://paperpile.com/c/K8YzUy/grir
https://paperpile.com/c/K8YzUy/jP3X
https://paperpile.com/c/K8YzUy/keaU+jP3X
https://paperpile.com/c/K8YzUy/keaU
https://paperpile.com/c/K8YzUy/EXq2
https://paperpile.com/c/K8YzUy/u5pJ
https://paperpile.com/c/K8YzUy/KcvQ
https://paperpile.com/c/K8YzUy/1XyR
https://paperpile.com/c/K8YzUy/Lrpe+Ck9j
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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 (Falcão 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 (Falcão 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 

https://paperpile.com/c/K8YzUy/Lrpe
https://paperpile.com/c/K8YzUy/kmBD+gs3n
https://paperpile.com/c/K8YzUy/kmBD
https://paperpile.com/c/K8YzUy/kmBD
https://paperpile.com/c/K8YzUy/LFxn
https://paperpile.com/c/K8YzUy/iMUH+LFxn
https://paperpile.com/c/K8YzUy/rok4
https://paperpile.com/c/K8YzUy/QV7Z
https://paperpile.com/c/K8YzUy/O6GX
https://paperpile.com/c/K8YzUy/O6GX
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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; Lähnemann 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 

https://paperpile.com/c/K8YzUy/keaU
https://paperpile.com/c/K8YzUy/yo50
https://paperpile.com/c/K8YzUy/yo50
https://paperpile.com/c/K8YzUy/thUC
https://paperpile.com/c/K8YzUy/Ok4p+bOnz+1Lj3
https://paperpile.com/c/K8YzUy/Ok4p+bOnz+1Lj3
https://paperpile.com/c/K8YzUy/Ok4p+thUC+yo50
https://paperpile.com/c/K8YzUy/Ok4p+thUC+yo50
https://paperpile.com/c/K8YzUy/1ljs+bhJC+L0JT
https://paperpile.com/c/K8YzUy/1ljs+bhJC+L0JT
https://paperpile.com/c/K8YzUy/Ia4i+gdG3+1ljs
https://paperpile.com/c/K8YzUy/Ia4i+gdG3+1ljs
https://paperpile.com/c/K8YzUy/yo50
https://paperpile.com/c/K8YzUy/1XyR
https://paperpile.com/c/K8YzUy/vzr7
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development of biotechnology. In this thesis, I 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 I and II) 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 I 

In Project I, three myelin mutant mouse models, Plp1-/y, Cnp-/-, and Foxg1-Cre 

Mbpfl/fl were used to investigate upstream effects derived from oligodendrocyte and 

myelin dysfunctions. The Plp1-/y and Cnp-/- lines presented different degrees of 

myelin instability, and Foxg1-Cre Mbpfl/fl 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 II 

Project II 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 I  

Characterization of dysfunctional oligodendrocytes at single-cell 

resolution 

3.1 Overview of Project I 

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 I, 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 Mbpfl/fl 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 (MOLs). In particular, Foxg1-Cre 

Mbpfl/fl presented a novel juvenile MOL subpopulation MOL0, Cnp-/- mainly 

expanded intermediate stage MOL4, and the Plp1-/y 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 

https://paperpile.com/c/K8YzUy/Lgd6+VXRn
https://paperpile.com/c/K8YzUy/vbps
https://paperpile.com/c/K8YzUy/u69n
https://paperpile.com/c/K8YzUy/KcvQ
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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 MOL5/6. 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 

et al. 2017; Hammond et al. 2019), the Cnp-/- and Foxg1-Cre Mbpfl/fl 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 Foxg1-Cre Mbpfl/fl 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 I 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.  

https://paperpile.com/c/K8YzUy/EXq2+b7SX
https://paperpile.com/c/K8YzUy/u5pJ
https://paperpile.com/c/K8YzUy/EXq2+5y3G
https://paperpile.com/c/K8YzUy/EXq2+5y3G
https://paperpile.com/c/K8YzUy/atFe
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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 I 

I 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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Chapter 4: Project II 

Ageing-associated myelin dysfunction drives amyloid deposition in 

mouse models of Alzheimer’s disease 

4.1 Overview of Project II 

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 II: 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-/y), acutely induced demyelination (EAE, cuprizone), or absence of 

forebrain myelin (Emx-Cre Mbpfl/fl, Foxg1-Cre Mbpfl/fl), 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, Aβ deposits were significantly enhanced under early 

induced chronic or acute myelin deficiencies. Conversely, the absence of forebrain 

myelin considerably delayed the aggregation of Aβ 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 Plp1-/y 

mutants, enhanced axonal swelling, and reactive microgliosis, we hypothesized two 

underlying mechanisms of myelin dysfunctions promoting AD amyloidosis: Either 

increased metabolism of Aβ production at the axon swelling sites whereby 

https://paperpile.com/c/K8YzUy/atFe+0PPt+INav
https://paperpile.com/c/K8YzUy/EXq2+QV7Z+PMWH+6pcJ+PybL
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https://paperpile.com/c/K8YzUy/hTtd+faHc
https://paperpile.com/c/K8YzUy/hTtd+faHc
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intracellular vesicles accumulate ,or by deriving malfunctioned microglia that can 

not sufficiently phagocytize Aβ peptides and plaques.    

The validation of metabolism shifts of Aβ 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 Aβ 

peptides. We further revealed that the axonal swelling sites indeed hold an increased 

amount of β- and γ-secretase, cleaved APP fragments, and Aβ peptides, suggesting 

myelin dysfunction potentially promoted Aβ production and aggregation. 

Microglia were known to play a central role in Aβ clearance (Ries and Sastre 2016). 

Previously, both Cnp-/- and Plp1-/y 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 Aβ 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, Spp1, 

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 

Abca1, 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 II revealed myelin dysfunctions as a potential upstream risk 

factor of AD. Mechanistically, abnormal myelin-induced axonal swellings 

potentially contributed to the promotion of Aβ production. At the same time, myelin 

debris can successfully activate microglia, although the reactive cells would rather 

engulf myelin and are distracted from Aβ plaques. Further investigations are still 

https://paperpile.com/c/K8YzUy/TPTw
https://paperpile.com/c/K8YzUy/u69n+vbps
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required to understand the regulatory network that urged microglia to prioritize 

myelin instead of Aβ. 

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. bioRxiv. 

 

Personal contribution to Project II 

In this project, I contributed to the design and analysis of bulk and single-cell RNA 

sequencing experiments. Subsequently, I 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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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; 

Berginström 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).  

 

 

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 I 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 II. 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 Abca1 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 MOLs 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 Plp1 (Yamamoto and Shimojima 2013). In the 

corresponding animal models, suppression of Plp1 expression in Plp1jp, 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 Mbpfl/fl and Foxg1-Cre Mbpfl/fl mutants, animals do not exhibit strong 

phenotypes. In addition, the absence of compact myelin in the forebrain 

significantly delayed Aβ plaque depositions in the cortical region. At the 

transcriptome level, the dysmyelination did not trigger aggressive gliosis. Instead, 

microglia in Foxg1-Cre Mbpfl/fl 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-/y 5xFAD mutant brains was significantly increased 

compared to normal 5xFAD. 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-/- 5xFAD mutant, activated microglia are 

distracted by myelin perturbations and can not handle Aβ 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-I and MHC-II which could further worsen the 

inflammatory environment (Falcão et al. 2018; Jäkel 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 (Lähnemann 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; 

Jäkel 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. 
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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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