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“Unfortunately, nature seems unaware of our intellectual need for convenience and 
unity, and very often takes delight in complication and diversity.” 

 
— Ramón y Cajal (1906). 
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Abstract 

Alzheimer’s disease (AD) is the most common neurodegenerative disease with increasing prevalence due to 
longer lifespans in the human population. AD manifests as various age-associated cognitive impairments 
summarised under the syndrome of dementia. Why ageing constitutes the greatest risk factor for the 
development of AD, however, remains poorly understood. Ageing markedly affects the integrity of myelin at 
the ultrastructural level, with myelin splitting, outfoldings and secondary low-grade inflammation. In 
addition to the well-established role of oligodendroglia in producing insulating myelin, these glia cells also 
provide throphic support to ensheathed axons. Structural breakdown of myelin during ageing likely effects 
both insulation and metabolic support function of oligodendrocytes. This puts ensheathed axons and their 
neurons at risk for starvation and malfunction which could contribute to the development of 
neurodegenerative diseases upon ageing. Intriguingly, age-related myelin breakdown coincides with the 
beginning of amyloid build-up in the brain, the primary neuropathological hallmark of AD. I propose a 
mechanistic link between ageing-associated myelin dysfunction and the deposition of amyloid-β (Aβ) and 
hypothesised that breakdown of myelin - especially in cortical regions – is an upstream driver of amyloid 
deposition in AD.  In my doctorate, I examined this possible link in proof of principle experiments in vivo by 
combining mouse models of myelin dysfunction with AD mouse models. I here show that in mouse models 
of AD (5xFAD, APPNLGF) genetically induced myelin defects (knockout of CNP or PLP1) as well as direct 
demyelinating injuries (experimental autoimmune encephalomyelitis, Cuprizone feeding) are potent drivers 
of amyloid deposition as shown by quantitative 3D light sheet microscopy. Conversely, lack of compact 
myelin in forebrain specific MBP knockout animals (“shiverer”) ameliorates plaque deposition. Behavioural 
analysis revealed synergistic effects of myelin defects and amyloid pathology on the manifestation of 
impairments. Mechanistically, I show that myelin dysfunction leads to the accumulation of the Aβ producing 
machinery (APP, β- and ɣ-secretase) in axonal spheroids and enhanced cortical APP cleavage. Additionally, 
I observed a profound loss of plaque-corralling microglia in AD mice with defective myelin. Transcriptomic 
analysis of isolated microglia revealed, however, that the disease-associated microglia (DAM) signature found 
in plaque-corralling microglia in 5xFADs is preserved in microglia additionally challenged with myelin. 
Indeed, myelin dysfunction alone is sufficient to induce a DAM-like state as shown by single nuclei RNA 
sequencing. I conclude that upon myelin damage in the brain microglia become primarily engaged in myelin 
clearance which renders them unresponsive to amyloid and prevents the protective reactions of microglia to 
Aβ plaques. The work presented in this thesis identifies myelin ageing as a previously overlooked risk factor 
for AD and makes the case for myelin health-directed therapies to combat AD.      
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1 Introduction 

More than glue: glia cells in the nervous system 

Neurons are the primary excitable cells in the nervous system which are highly specialised in conveying 
electrochemical impulses. They connect to one another by building physical connections in the form of 
synapses at the end and alongside long and thin cellular processes. Axons are the primary output elements 
that transmit action potentials by regulating ion movement across the axolemma. The seminal work of 
Hodgkin and Huxley on the squid giant axon revealed the nature of the action potential (Hodgkin and Huxley 
1952): with the arrival of a depolarising signal voltage-gated sodium channels open and sodium ions enter 
the axon along an electrochemical gradient changing the resting membrane potential of neurons at around -
70mV to about +30mV. With depolarisation, voltage-gated potassium channels open allowing for potassium 
ions to leave the axon eventually repolarising it to its resting potential after a short period of 
hyperpolarisation.  The exact shape, pattern and duration of the action potential (in the order of a couple of 
milliseconds) depends on the neuronal subtype (Bean 2007). “Information” seems to be encoded both in the 
spike frequency of action potentials, in the spike time arrival, and on a populational level, in the joint 
activation profiles of single neurons (Averbeck, Latham, and Pouget 2006; Kumar, Rotter, and Aertsen 2010). 
While the mechanistic underpinnings remain enigmatic, this electrical activity of neurons is the basis for 
brain function and higher mental experiences.   

Neurons, however, do not work in isolation and they certainly gained their specialisation at the expense of 
high energetic demands and an almost unbearable cytoarchitecture.  In fact, for mouse cortical pyramidal 
neurons brain-wide morphological construction showed that axonal trees on average reach a total length of 
about 6 cm, several times the length of the typical mouse brain. In the case of the longest nerve of the human 
body, the sciatic nerve, axons can exceed lengths of 1m. To support neurons and axons, evolution has 
equipped the centralised nervous system of Bilateria with supporting cells.  Rudolf Virchow dismissed these 
cells as rather meaningless connective tissue of  the nervous system, hence their name glia (Greek glia for 
“glue”). Nowadays, it is well established that glia cells fulfil a multitude of vital functions from metabolic 
support, and structural guidance, to modulation of neurotransmission, synapse formation and waste removal 
– to name a few (Barres 2008). While glia cells in invertebrates such as C.elegans remained rather primitive, 
mammalian central nervous system (CNS) glia, themselves, developed into highly specialised subtypes. 
Astrocytes - most alike to the primordial glia found in invertebrates (Freeman and Rowitch 2013) - are star 
shaped cells that metabolically support neurons, help in the clearance of neurotransmitters from the synaptic 
cleft, contribute to forming the blood-brain-barrier (BBB) and react to injury (Haim and Rowitch 2017). 
Microglia are the brain resident innate immune cells and actively shape neuronal circuitry during 
development and homeostasis (Butovsky and Weiner 2018). In disease, microglia acquire an activated 
phenotype and phagocytose cellular debris and waste products. Finally, as a third major class of glia cells, 
Schwann cells in the periphery and oligodendrocytes in the CNS produce myelin, an insulating sheath around 
axons that consists of wrappings of a flattened membrane protrusion. Oligodendrocytes and myelin evolved 
in gnathostomes (jawed vertebrates) approximately 420 million years ago from ensheathing glia cells as they 
are found in invertebrates and agnathostoma such as lampreys (Zalc, Goujet, and Colman 2008; Weil et al. 
2018). In this chapter, I will in more detail describe the development, architecture and functions of this 
fascinating cellular specialisation that is myelin.
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1.1 Oligodendrocytes and myelin 
The discovery of myelin and oligodendrocytes 

Myelin is the reason the CNS can be macroscopically divided in areas that appear grey and white. Renaissance 
anatomist Vesalius was the first to describe and illustrate this division in detail in his famous work “De 
humani corporis fabrica libri septem”(Catani and Sandrone 2015). Grey and white matter represent distinct 
organisational domains in the CNS and more specifically of neurons: while grey matter contains both 
neuronal somata, neurites and glia cells, white matter is devoid of neuronal cell bodies and exclusively 
contains axonal fibres that are heavily myelinated and glial cells. White matter derives its colour from the 
high fat content and the accompanying strong reflective properties of myelin as a layered mixture of lipids 
and proteins. Of note, though grey matter appears grey, there is still considerable amount of myelin in grey 
matter areas such as the cortex.  

Von Leeuwenhoek with the power of his newly designed lenses was arguably the first one to observe myelin 
microscopically (reviewed in (Boullerne 2016)). Later, Ehrenberg and Remak in more detail examined nerve 
fibres and described the presence of cylindric, primitive tubes (axons) covered by a peculiar opaque substance 
(Rosenbluth 1999). Under the impression that this substance is within the nerve fibre, Virchow coined the 
term “myelin” (Greek for “marrow”) in analogy to the marrow of bones. Though early on Ranvier 
hypothesised that myelin is an intracellular secretion product of an adipocyte, for a long time it was advocated 
that myelin is of axonal origin (Boullerne 2016). Pio Del Rio-Hortega, using novel metal impregnation 
techniques, discovered a type of glia he termed oligodendrocytes referring to the couple of cellular processes 
these cells extended (Del Rio-Hortega 1921).  It was also noticed that these cells were particularly abundant 
in myelin-rich regions in the brain and that their cellular processes associated with myelin similar to Schwann 
cells in the periphery (Wilder Penfield and Oxon 1924). However, it took until the 1950s and the advent of 
electron microscopy (EM) to overhaul the opinion that myelin is axonally generated. In the classic work 
of Betty Ben Geren on peripheral nerves in the developing chick embryo, she came to the conclusion that 
myelin is a spiralling membrane extension of Schwann cells (Geren 1954). 

The primary function of myelin: insulation 

It is textbook knowledge that myelination speeds up propagation of the action potential along axons by the 
mechanism of saltatory conduction (Fig1.1a). But how does myelin achieve this exactly? Myelin decreases 
axonal membrane capacitance by increasing the distance between the electrostatic forces of axonal ions and 
extracellular ions. At the same time, myelin as a lipid/protein mixture shows much lower permittivity than 
the extracellular fluid. As a result, transverse electrostatic forces and leak currents through the axolemma are 
weakened and longitudinal forces can act further distal in the axon. With this, the depolarisation is strong 
enough to activate voltage gated sodium channels (NaV) that are positioned further away from the site of 
primary ion influx. In myelinated axons, no NaV channels are found underneath the myelin sheath, but they 
are clustered inbetween myelin sheaths at nodes of Ranvier. As shown in Tasaki’s seminal work (Tasaki 1939) 
action potentials, therefore, appear to saltate from one node to the next. In myelin-covered internodal areas, 
action potentials are conveyed by fast electrostatic forces rather than slow ion movement (Fig1.1a). 
Myelination and ion channel clustering synergistically speed up conduction velocity from 0.5-2m/s in 
unmyelinated up to 120m/s in myelinated nerves. Intriguingly, irrespective of the insulating properties of 
myelin, clustering of NaV channels in pre-nodes is sufficient to significantly enhance conduction velocity 
(Freeman et al. 2015). Only very recently, the Kole Lab has revealed a submyelin electrical nanocircuit refining 
the double cable model for saltatory conduction (Cohen et al. 2020). Myelin is, without exception, present 
wherever axons become tightly bundled such as in peripheral nerves or “central nerves” like the optic nerve 
or the corpus callosum. Just like the insulation around electrical wires which protects the surroundings from 
conducting electricity or which separates different wire entities, myelin also insulates axons against one 
another preventing ephaptic coupling and the lateral spread of activation to other axons (Reutskiy, Rossoni, 
and Tirozzi 2003).  
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Without myelin, increases in conduction velocity can be achieved by increasing axonal diameter as this lowers 
axonal axial resistance to current flow (Xu and Terakawa 2013). This has led to the formation of abnormally 
huge axons – a phenomenon known as axonal gigantism- in time-sensitive circuitry e.g. the innervation of 
the squid contractile mantle (Hartline and Colman 2007). Axonal gigantism, however, is not only space 
consuming but also energy demanding due to the maintenance of increased amounts of axonal cytoplasm 
and membrane. Myelin, hence, is an evolutionary achievement that enables fast signal conduction in confined 
spaces (like the skull) at an economical energy expense.  

1.1.1 Molecular anatomy and cellular architecture of myelin 
General features of myelin 

Myelin is a flat cellular protrusion, consisting of plasma membrane, that is spirally wrapped around the axon. 
Oligodendrocytes can generate 20 - 60 internodes of variable thickness (6-160 wraps (Hildebrand et al. 1993)) 
and length (20-200µm). Intriguingly, the amount of total myelin membrane that can by generated by an 
oligodendrocyte as measured by the surface of the “unrolled” sheath (Fig1.1a) appears constant estimated at 
20 × 105 µm2. To better illustrate this: with the assumption of a squared sheet this number for example equals 
30 sheaths with 50µm in length and width (unrolled). Myelination follows strict rules: Axonal size-cut off for 
myelination by oligodendrocytes is 0.2µm in the mouse CNS (Goebbels et al. 2017) and myelin thickness 
scales almost linearly with the axon diameter as expressed in the g-ratio value (diameter axon/diameter 
complete myelinated fibre). In the PNS the typically observed g-ratio is 0.6, while in the CNS greater g-ratio 
values are observed indicative of thinner myelin (mouse optic nerve, 0.75; mouse corpus callosum 0.8).  

As every biological membrane, myelin is composed of proteins and lipids. Myelin, however, is special in 
regards to its unique lipid and protein composition profile that enables tight membrane wrapping. Myelin 
shows an unusual high 70-85% lipid content and a correspondingly low protein fraction (15-30%). 
Cholesterol is particularly abundant representing 40% of myelin lipids, while phospholipids represent 
another 40% and glycolipids constitute 20% in comparison to 25%:65%:10% for classical cell 
membranes (Poitelon, Kopec, and Belin 2020). Likewise, myelin is unique in its protein composition: myelin-
specific proteins such as myelin basic protein (MBP), 2’,3’-cyclic nucleotide phosphodiesterase (CNP) and 
proteolipid protein (PLP) (in more detail reviewed later in this chapter) dominate the proteome profile 
together constituting over 70% of all proteins (Jahn et al. 2020) (Fig1.1a).  

Molecular make-up of myelin 

From its early beginnings, electron microscopy has been instrumental in elucidating the detailed 
architecture of myelin. In EM cross sections of internodes, concentric staggered layers of membranes around 
axons are visible (Fig1.1a,b). The outer leaflets of the two adjacent wraps are tightly joint to the exclusion of 
extracellular space. Likewise, the cytoplasmic leaflets of the opposing plasma membranes are tightly zipped 
together to the exclusion of cellular cytoplasm. With this, using electron microscopy, a 3nm electron-dense 
amorphous protein phase between the two cytoplasmic lipid layers can be visualised that is known as the 
myelin major dense line (MDL) (Fig1.1a,b). The intraperiod line (IPL) represents the zipped two outer 
membranes leaflet. Membrane zipping of myelin is, however, not complete and cytoplasm filled canals remain 
at the rim of the myelin sheet. The structure and location of this canal system (also referred to as myelinic 
channels, cytoplasmic channels, non-compact myelin areas (Stassart et al. 2018)) can be best viewed in a 
hypothetically unrolled myelin sheath (Fig1.1a,b):  the designated outer tongue presents the rim of the myelin 
sheath proximal to the oligodendrocyte cell body which is connected to the soma via a cellular process. The 
cytoplasm at both lateral rims of the sheet in its wrapped state will form the paranodal loops. The distal 
rim of the myelin sheet also called the inner tongue spans alongside the axon in the innermost wrap of myelin. 
From this architecture, it becomes clear that both paranodal loops and inner tongue are in very close physical 
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proximity to the axon.  The paranodal loops are tethered to the axon by the trans interaction of the adhesion 
molecule Neurofascin in its oligodendrocyte-specific 155kDa isoform with Contactin and Contacting 
associated protein (CASPR) in the axonal membrane (Charles et al. 2002). These protein complexes form 
septate-like junctions that restrict lateral diffusion of membrane proteins e.g. Nav1.6 sodium channels that 
are tightly clustered at nodes of Ranvier (Rasband and Peles 2016). To a certain degree, these septal junctions 
also electrically seal the nodal areas due to hindrance of ion fluxes between the periaxonal space and the 
extracellular space (Cohen et al. 2020).  

Figure 1.1 From structure to function: oligodendrocytes and myelin. (a) Scheme illustrating a stretch of white 
matter in which multiple oligodendrocyte myelinate axonal segments. Lower part shows schemes of cross and 
longitudinal sections of a myelinated axon and a hypothetically “unrolled” myelin sheath. Note the continuity of the 
myelinic channel system composed of inner and outer tongue and paranodal loops with the oligodendrocyte 
cytoplasm. The two main functions of myelin that are linked to the two different myelin domains (compact and 
non-compact) are illustrated: (1) Compact myelin enables saltatory impulse propagation. (2) Non-compact myelin 
(inner tongue, outer tongue, paranodal loops (PNL)) enables trophic support of axons that become largely isolated 
from the extracellular environment. (b) High pressure freezing electron microscopy superbly preserves myelin 
ultrastructure (mouse optic nerve; image by Wiebke Möbius). In the blow-up in the middle ultrastructural 
details of the myelin structure become visible. (c) Schematic representation of the myelin sheath as seen in the 
blow-up. The major dense line (MDL) represents the cytoplasmic leaflets of two opposing myelin membranes 
tightly zipped by the myelin basic protein (MBP). The intraperiod line (IPL) represents the two opposing 
extracellular leaflets of two neighbouring myelin membranes joint by the myelin proteolipid protein 1 (PLP1). 2’-3’ 
Cyclic nucleotide phosphodiesterase (CNP) interacts with the membrane (via isoprenylation) and the cytoskeleton 
to maintain non-compacted myelin regions such as the inner tongue. Schematic representations of MBP, PLP1 and 
CNP are inspired/based on structural studies.  
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Myelin membrane zipping is mediated by the functions of the most abundant CNS myelin proteins, myelin 
basic protein (MBP) and proteolipid protein 1 (PLP1) – reviewed in more detail in the next paragraphs 
(Fig1.1b). In the PNS, the P0 protein additionally joins this group. Based on their large abundancy in white 
matter areas, molecular biologists were able to clone the cDNA for the structural myelin proteins relatively 
early on (Lemke 1988). Likewise, spontaneously occurring mouse mutants with neurological diseases that 
could be traced back to defects in white matter were instrumental in the identification and functional studies 
of myelin proteins. The most studied of these are shiverer and jimpy mice that were shown to harbour 
mutations in the two most abundant structural proteins of CNS myelin, MBP (shiv) (March, Biddle, and 
Miller 1973) and PLP (jp) (Sidman, Dickie, and Appel 1964). 

1.1.2 Functions of the major myelin proteins MBP, PLP and CNP 
Myelin basic protein (MBP) 

MBP was first isolated, and its amino acid (AA) sequence determined from extracts of bovine spinal cord 
(Eylar et al. 1971). According to latest proteomic approaches, MBP constitutes 30% of the total CNS protein 
in the c57Bl/6N mouse (Jahn et al. 2020). MBP exists in several isoforms (14 – 21.5kDa) as a result of multiple 
splicing and the major isoform of MBP is of 18.5kDa in humans. MBP is of exceptional positive charge with 
a high - name-giving - basic isoelectric point at pH10 (Boggs 2006). MBP belongs to the class of intrinsically 
disordered proteins, but upon membrane interaction and charge neutralisation experiences a great 
conformational shift and forms c-like structures (Han et al. 2013) (Fig1.1b).  In myelin, MBP interacts with 
negatively charged head groups of phospholipids in the cytoplasmic leaflet and forms a tight protein 
meshwork where single MBP molecules likely interact with both opposing leaflets. A detailed molecular 
mechanism of membrane zipping has been recently proposed by the Kursula Lab (Raasakka et al. 2017). 

As shown by the analysis of the recessive, spontaneously occurring shiverer  mutant that lacks MBP 
expression (March, Biddle, and Miller 1973), MBP is essential for the formation of compacted myelin 
membranes in the CNS, but surprisingly not in the PNS (Kirschner and Ganser 1980). If myelin 
membranes are present in shiverer mice, these are not appropriately compacted forming so-called myelin 
whorls. Shiverers were found to completely lack MBP expression due to a large deletion in the mbp locus on 
chromosome 18 (Roach et al. 1983). Shiverer mice present with the name-giving generalised action tremors 
and seizures starting at 2 weeks of age that eventually lead to premature death at around 3 months.  

Proteolipid protein 1 (PLP1) 

PLP is a 30kDa, very hydrophobic protein that belongs to the class of tetraspan membrane proteins with both 
N and C-termini located in the cytoplasm. With 38% of total protein, PLP presents the most abundant myelin 
protein (Jahn et al. 2020) while it is only present in trace amounts in the PNS (0.2% of total protein) (Siems 
et al. 2020). PLP was shown to be the affected gene product in jimpy (Nave et al. 1986; Willard 1985; 
Milner et al. 1985) and rumpshaker (rsh) mice (Griffiths et al. 1990; Schneider et al. 1992) as well as the in the 
rat mutant myelin-deficient (md) (Duncan, Hammang, and Trapp 1987).  For all mutants, it became clear 
relatively early on that the disease-causing mutation is X-chromosome linked and indeed the PLP sequence 
was mapped to the long arm of the X-chromosome (Milner and Sutcliffe 1983).  The corresponding AA 
sequence was determined shortly thereafter (Jollès, Nussbaum, and Jollès 1983; Stoffel et al. 1983). By 
alternative splicing, the PLP gene also gives rise to a shorter protein variant that lacks an intracellular loop, 
designated DM-20 (Nave et al. 1987a). Similar to shiverer mice, jp mice and md rats exhibit severe 
hypomyelination, resulting in tremors, seizures and eventually premature death at 4 weeks of age. Rsh mice 
generally exhibit a less severe phenotype of hypomyelination and show a normal life span. However, in 
contrast to shiverer mice, jp/md/rsh myelin (if formed) shows correct zipping of the cytoplasmic leaflets, but 
abnormalities in the IPL (Griffiths et al. 1990). This is in accordance with a role of PLP in mediating 
compaction of the extracellular leaflets. In jimpy mice, a point mutation leads to inactivation of a splice site 
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that alters the reading frame to encounter a premature stop codon (Nave et al. 1987b). In md rats, a 
point mutation in PLP (T75P) hinders PLP integration into the plasma membrane (Boison and Stoffel 1989). 

Interestingly, the severe hypomyelination phenotype in PLP mutant animals is not a result from loss of 
normal protein function but stems from toxic gain of function effects: PLP mutations are linked to excessive 
ER stress due to misfolding and accumulation of PLP in the ER that is cytotoxic to oligodendrocytes and leads 
to apoptosis (Dhaunchak and Nave 2007). In fact, targeted null mutations of PLP do not induce 
oligodendrocyte cell death and myelin appears grossly normal and appropriately compacted (Griffiths et al. 
1998; Klugmann et al. 1997). The IPL, however, is also here less distinct and of reduced physical stability 
(Klugmann et al. 1997). Additionally, both jp/md and rsh associated PLP forms are impaired in cholesterol-
binding and show reduced association with lipid rafts leading to enhanced PLP turnover (Krämer-Albers et 
al. 2006). Along this line, cholesterol-PLP interactions seem to regulate cholesterol levels in myelin (Werner 
et al. 2013).  

Intriguingly, though myelin can be assembled properly, axonal swellings accumulating multivesicular bodies 
and mitochondria are frequently observed in PLP null mice (Griffiths et al. 1998; Trevisiol et al. 2020). These 
accumulations are particularly abundant in the distal paranodal/juxtaparanodal axonal stretches and are 
associated with decreased axonal transport rates as revealed by FITC-conjugated cholera toxin tracing of 
retinal ganglion axons (Edgar, McLaughlin, Barrie, et al. 2004). Elegant experiments using PLP heterozygote 
females in which PLP deficient and PLP wildtype myelin co-exist due to random X-chromosome inactivation 
as well as transplantation approaches of PLP null oligodendrocytes into shiverer mice demonstrated that PLP 
related axonal pathology is confined to overlaying PLP deficient myelin (Edgar, McLaughlin, Yool, et al. 2004; 
Griffiths et al. 1998).  

Jimpy , myelin deficient and PLP overexpressors (Karim et al. 2007) are commonly used as animal models for 
Pelizaeus-Merzbacher-Disease (PMD), a rare and very severe genetic leukodystrophy with hypomyelination 
(Inoue 2017). Typically, PMD manifests in early infancy with nystagmus, developmental delay, severe motor 
disabilities and affected children usually do not survive until adolescence. Akin to jp/rsh , affected children 
suffer from either duplication (Ellis and Malcolm 1994) or point mutations in the PLP gene. PMD phenotypes 
in mice are ameliorated by feeding a cholesterol-enriched diet which partly restores PLP trafficking to the 
myelin membrane (Saher et al. 2012). Reflecting the milder phenotype of PLP null mice, PLP pure loss of 
function mutations typically give rise to a milder form of the disease also referred to as spastic paraplegia type 
2.  

2’,3’-Cyclic nucleotide phosphodiesterase (CNP) 

After MBP and PLP, CNP is the most abundant myelin protein making up 5% of total myelin protein (Jahn 
et al. 2020). CNP, however, is a cytoplasmic protein, that is, in contrast to MBP and PLP, not located to 
compacted myelin membranes but confined to non-compacted myelin areas (oligodendroglial cytoplasm and 
the myelinic cannels as its extensions). CNP cDNA clones were isolated and sequenced in 1992 (Douglas et 
al. 1992; Monoh et al. 1993). Two isoforms of CNP exist, termed CNP1 (46kDa) and CNP2 (48kDa) as a 
result of alternative translation start sites (O'Neill et al. 1997). The longer isoform CNP2 harbours additional 
20 AA at the N-terminus with a mitochondrial targeting motif. As the name suggests, CNP’s C-terminal half 
displays 3’-phosphoesterase activity against cyclic 2’-3’ nucleotide monophosphate (2’-3’-cNMPs) i.e. it can 
hydrolyse cyclic nucleotides in which phosphate is covalently bound to both the 2’ and 3’ ribose site in 
nucleotides (Drummond, Iyer, and Keith 1962). Potential substrates for this rather peculiar enzyme activity 
include certain intermediates in tRNA splicing as well as 2’-3’-cAMP molecules that have been recently 
identified in the brain. 2’-3’-cAMP are positional isomers of 5’-3’-cAMP that likely originate from mRNA 
degradation upon injury and exhibit mitochondrial toxicity (Jackson 2011; Verrier et al. 2012). 
Oligodendrocyte derived CNP helps detoxifying this waste product into neuroprotective adenosine (Verrier 
et al. 2013).  CNPs N-terminal domain though structurally less well described appears to function as RNA 
binding moiety and is also capable of mediating self-dimerisation of CNP as well as binding to calmodulin 
(Myllykoski et al. 2012; Raasakka and Kursula 2014). CNP’s N-terminus also exhibits microtubule-associated 
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protein (MAP) like activity and associates both with tubulin and the actin cytoskeleton (De Angelis and Braun 
1996). Since CNP is additionally tethered to the intracellular leaflet of the plasma membrane via 
isoprenylation/palmitoylation of its C-terminus (Braun et al. 1991; De Angelis and Braun 1996), CNP acts as 
a membrane anchor for the cytoskeleton. Actin binding activity was recently shown for the C-terminus of 
CNP as well (Snaidero et al. 2017). Based on its cytoskeletal association, RNA binding capability and 
potential RNA metabolism enzymatic activity, it is hypothesised that CNP is involved in trafficking RNAs in 
the myelin sheath. Such a role seems plausible as RNA transport and local translation of myelin genes such as 
MBP in the myelin sheath has been observed (Ainger et al. 1993; Li, Zhang, et al. 2000; Yergert et al. 
2021; Torvund-Jensen et al. 2014).   

While the role of CNP in RNA trafficking and metabolism as well as its enzymatic activity is severely 
understudied, the structural role of CNP is better understood. Using high-pressure freezing (HPF)-EM of 
mouse spinal cord, it was shown that CNP works to maintain the cytoplasmic nanochannel system in an 
“open” configuration counteracting the membrane zipping functions of MBP (Snaidero et al. 2017). The 
generation of CNP deficient animals by insertion of a Cre-cassette into the endogenous cnp locus has been 
instrumental in elucidating this described in vivo function of CNP (Lappe-Siefke et al. 2003). Accordingly, 
CNP deficient animals showed reduced amounts of cytoplasmic channels in myelin which could be alleviated 
by reducing MBP amounts in MBP heterozygote/CNP null crossbreedings. Interestingly, this also reduced 
pathology associated with the CNP null phenotype such as severe gliosis and formation of axonal swellings. 
Only very recently, a human leukodystrophy has been identified that is also caused by CNP loss of function 
in a consanguineous family from Oman (Al-Abdi et al. 2020). 

1.1.3 Beyond insulation: novel functions of oligodendrocytes 

Axonal pathology is a well-known accompanying phenomenon of myelin injury e.g. in Multiple Sclerosis 
(MS). But why exactly myelin defects entail axonal distress remains incompletely understood. Besides harmful 
exposure to immune cell mediators secreted by activated macrophages/microglia (Nikić et al. 2011; Sorbara 
et al. 2014), another plausible mechanism for this is a direct disturbance of axon-supportive functions of 
oligodendrocytes - independent of breakdown of myelin as insulator. The analysis of PLP and CNP null mice 
which assemble normal appearing myelin but show progressive axonal pathology provided first evidence for 
an uncoupling of myelin-forming function and axonal support functions of oligodendroglia (Lappe-Siefke et 
al. 2003; Griffiths et al. 1998). Likewise, in experimental autoimmune encephalomyelitis (EAE), axonal 
distress arises independent of full demyelination of the overlaying internode (Nikić et al. 2011) and the full 
loss of compact myelin does not necessitate axonal pathology as shiverer mice remain shielded from axonal 
pathology. These complementary observations, early on, illustrated that oligodendrocytes are likely to fulfil 
functions that are important for axonal health (disturbed in CNP and PLP deficient myelin) (Fig1.1a), but are 
independent of enabling saltatory conduction by insulating properties of compact myelin (disturbed in 
shiverer mice). 

Transfer of metabolites from oligodendrocytes to axons 

Axonal spheroids/swellings, the primary phenotype assessed to study axonal pathology, are commonly 
viewed as being the result of axonal transport deficits. In addition to direct disturbance of axonal transport 
tracks i.e., microtubules, energy shortage can slow down axonal transport rates (Sorbara et al. 2014). A 
prerequisite for an energetic support function of oligodendrocytes to ensheated axons are direct contact sites 
of oligodendrocytes to axons beyond inert myelin. Indeed, as outlined above, the cytoplasm-filled myelinic 
channel system with direct contact to the axon represents a direct communication pathway between axons 
and oligodendrocytes, in which a plethora of metabolites, proteins or ions could be transferred (Fig1.1). The 
existence of direct metabolic support mechanisms to myelinated axons seems plausible considering that in 
well myelinated axons large amounts of the axon become physically separated from the extracellular milieu 
and with that lose rapid access to metabolites (Nave 2010).  Likewise, energetic demands of axons likely 
cannot be met by diffusion of metabolites from the distant neuronal somata. In seminal work by the Rothstein 



16 

and Nave lab, it was shown that akin to the astrocyte-neuron-lactate-shuttle glycolytic oligodendrocytes 
metabolically support axons by providing glycolysis endproducts such as pyruvate/lactate to axons (Lee et al. 
2012). More specifically, Fünfschilling et al. showed that oligodendrocytes survive in vivo  in the absence of 
functional mitochondrial respiration in conditional COX10 mutant mice (Fünfschilling et al. 2012) 
suggesting that post-myelination oligodendrocytes do not rely very much on respiration but are rather 
intrinsically glycolytic cells. They proposed a model in which glycolytic oligodendrocytes secrete 
lactate/pyruvate through monocarboxylate transporters (MCTs) to the axonal compartment where it is 
rapidly metabolised by active neurons. Befittingly, Lee et al. studied MCT1 localisation in oligodendrocytes 
and could show that indeed MCT1 is majorly expressed in oligodendrocytes and that its downregulation by 
Mct1  +/- genotype causes axonopathy. Importantly, they verified their results by reducing MCT1 expression 
specifically in oligodendrocytes using a lentivirus-mediated mbp  ::shRNA against MCT1 that was able to 
replicate the axonal phenotypes (Lee et al. 2012). Later, it was shown that the rate of oligodendroglial support 
is adjusted to meet the metabolic needs of axons dependent on their electrical activity (Saab et al. 2016). Here, 
adaxonally located NMDA receptors in the inner tongue of oligodendrocytes respond to trace amounts of 
glutamate released from the axon upon neuronal activity. In a calcium dependent fashion, this regulates the 
surface levels of the glucose transporter 1 (Glut1) in oligodendrocytes eventually controlling lactate/pyruvate 
production that can be shuttled to axons (Saab et al. 2016). The preferred metabolite that is transferred to the 
axonal compartment seems to vary in different white matter tracts. Using direct filling of oligodendrocytes 
via patch-pipettes, it was shown that in the corpus callosum - different to previous optic nerve bath application 
setups - compound action potentials (CAPs) during glucose deprivation were rescued more efficiently by 
filling the oligodendrocyte glial networks with glucose rather than lactate or pyruvate (Meyer et al. 2018). 
Paradoxically, MCTs were however still required for the prevention of CAP decline (Meyer et al. 2018).  

Direct evidence for a role of oligodendrocytes in axonal ATP metabolism - beyond measuring CAPs as 
surrogate marker for sufficient energetic status - was made possible by genetically introducing a FRET-based 
ATP sensor into neurons/axons (Trevisiol et al. 2017). Indeed, ATP metabolic imaging in the optic nerve 
proved more sensitive than CAP measurements in reporting axonal energy shortage in response to inhibited 
lactate metabolism (Trevisiol et al. 2017). Using this technique to study axonal ATP metabolism in PLP-/y 
mice, it was found that baseline ATP levels are reduced and vary greatly along axons in PLP-deficient animals 
(Trevisiol et al. 2020). This study very clearly showed that compromising oligodendrocyte functions other 
than forming compact myelin (which is present in PLP deficient mice) directly impacts axonal energetic status. 
Independent support of a role of PLP in axonal energy support is derived from studies in which PLP is 
replaced by the PNS myelin protein P0. These mice designated P0-CNS show similar, but more progressive 
phenotypes compared to PLP null mice and P0 apparently cannot substitute for PLP function in the CNS 
(Yin et al. 2006). Also here, ATP levels in optic nerve lysates were reduced (though a cell type specificity is 
lacking using this method) (Yin et al. 2016).  

Exosomes as a route for trophic support 

Another route by which oligodendrocyte-to-neuron transfer can occur is likely the release of exosomes, 
50-100nm vesicular particles derived from fusion of multivesicular bodies with the plasmamembrane 
(Krämer-Albers et al. 2007). Oligodendroglial exosomes are frequently found in the inner tongue and 
are thereby ideally localised to be transferred to ensheathed axons (Frühbeis et al. 2013). Intriguingly, 
exosome release is akin to lactate/pyruvate transport via MCT1, regulated in an activity-dependent manner 
via calcium entry through ionotropic glutamate receptors (Frühbeis et al. 2013). Oligodendroglial exosomes 
seem to carry both proteins and mRNA that are still functional after uptake by neurons as revealed by 
elegant use of the Cre-recombinase reporter system (Fröhlich et al. 2014; Frühbeis et al. 2013). Among these 
are classical myelin proteins such as PLP, CNP, MBP and Sirtuin-2 (SIRT-2) but also chaperons (HSP70, 
HSP90) and interestingly oxidative stress related proteins such as Glutathione S-transferase P 
(GSTP1), Peroxiredoxin1/2, catalase and superoxide dismutase. In fact, it was shown that 
oligodendrocytes boost axonal antioxidant defence by secreting ferritin heavy chain in exosomes 
(Mukherjee et al. 2020). In myelin-dysfunction models that manifest with axonal degeneration such 
as CNP and PLP null mice, exosome release is significantly 
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hampered, and vesicle content is qualitatively and quantitatively reduced. Accordingly, axonal transport 
deficits evoked by energy deprivation of neuronal cultures are less efficiently rescued by CNP and PLP 
deficient oligodendrocyte derived exosomes as compared to wildtype exosomes (Frühbeis et al. 2020). 

1.1.4 The developing myelin sheath 
Myelination is a relatively late event in neurodevelopment that follows a precise spatiotemporal pattern. In 
rodents, myelination starts very shortly before birth and commences in the following early postnatal days in 
the spinal cord and nearly completes at 2 months of age with the myelination of neocortical regions. This 
follows an overall peripheral-central, inferior-superior and posterior-anterior gradient. Myelination rate 
peaks at three weeks of age with a preceding cell state change to oligodendrocytes (Semple et al. 2013). In 
humans, these processes are extended, and myelination continues well into adolescence and adult stages. 
Likewise, myelination in human development starts already in utero at around gestation week 30 reaching its 
peak at 2-3 years of age (Semple et al. 2013).   

Oligodendrocyte progenitor cells 

Oligodendrocytes are derived from a glial progenitor cell termed oligodendrocyte precursor cells (OPCs) or 
NG2 glia due to the abundant expression of NG2/CSPG4 proteoglycan on their surface. OPCs first start to 
appear in the ventral ventricular zone at embryonic day 12.5 (E12.5) in mice after which they migrate into 
their destined regions all over the neural parenchyma. The “first wave” of differentiated OPCs is then partly 
replaced by a “second wave” of dorsally-derived, newly differentiated OPCs that will displace ventral OPCs 
primarily in dorsal areas (Bergles and Richardson 2016).  While these processes proceed in an analogous 
fashion in the telencephalon and the developing spinal cord, in the forebrain a “third” wave of OPCs is 
generated postnatally in the dorsal cortical ventricular zone that will eventually eliminate the second wave 
OPCs in the pallium i.e., cortex, hippocampus and subcortical white matter (Kessaris et al. 2006). This 
population of OPCs (as well as other cells in the dorsal telencephalon) is characterised by expression of the 
homeobox protein EMX1 and constitutes around 80% of all cortical OPCs as revealed by a dual Cre-reporter-
system fate mapping (Tripathi et al. 2011).  

In contrast to other progenitor cells, OPCs remain as an abundant cell population in the adult brain and 
represent around 5% of cells (Fernandez-Castaneda and Gaultier 2016). They rapidly respond to injuries by 
proliferation and differentiation into oligodendrocytes for example in demyelinating scenarios such as EAE 
or Cuprizone treatment.  However, their large abundancy in adulthood that by far exceeds the necessity of 
oligodendrocyte replenishment points towards OPC functions beyond oligodendrocyte/myelin generation. 
These functions are only about to be unravelled and OPCs by now have been shown to fulfil functions such 
as antigen representation, modulation of neuroinflammation (Kirby et al. 2019), OPC-neuron crosstalk at 
synapses (Bergles et al. 2000) and the regulation of the BBB (Akay, Effenberger, and Tsai 2021). 
Differentiation of OPCs into oligodendrocytes is regulated by extrinsic factors (such as LINGO-1, GPR17 
signalling, neuronal activity) and intrinsic factors such as epigenetic regulation (Emery 2010). OPCs are early 
on identifiable by the expression of the transcription factor OLIG2, OLIG1 and SOX10 that also remain 
expressed in mature oligodendrocytes (Lu et al. 2002). Induction of terminal differentiation to 
oligodendrocyte requires exit from the cell cycle and derepression/induction of oligodendrocyte gene 
products (Emery and Lu 2015). First, OPCs differentiate into pre-myelinating oligodendrocyte that start to 
generate numerous cell processes which is accompanied by downregulation of repressive transcription factors 
ID2/3, SOX5/6 and HES5, the upregulation of CNP and the transcription factor myelin regulatory factor 
(MYRF). MYRF controls the transcription of a variety of structural myelin proteins such as MBP and PLP as 
well as lipid metabolism genes and it is critical for normal myelin development (Emery et al. 2009).  
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How to wrap a sheath 

For the process of myelin wrapping itself several models have been proposed: the “carpet crawler” model 
proposed that the myelinating process contacts the soon-to-be ensteathed axon, extends to the full size of the 
future internode and then the tip process crawls underneath the membranes which creates the wraps (Bunge, 
Bunge, and Ris 1961). Conversely, the “liquid croissant” model based on live-cell imaging in myelinating 
cerebellar slices proposed that a smaller tip of the inner tongue wraps around the axons with subsequent 
lateral growth giving rise to a croissant-like appearance of the developing sheath (Sobottka et al. 2011). 
Snaidero and colleagues confirmed and refined this model by performing focused ion beam- serial electron 
microscopy (FIB-SEM) on high pressure frozen samples that allows for superior ultrastructural preservation 
(Snaidero et al. 2014). They showed that membrane growth occurs at the inner tongue in a PIP3-dependent 
manner and highlighted the importance of cytoplasmic channels as means for cargo delivery to the sheath 
growth zone (Snaidero et al. 2014). These cytoplasmic channels are abundantly found in the developmental 
myelin sheath where multiple cytoplasmic cannels cross the prospective internode. Gradually, these channels 
close until the paranodal loops and inner and outer tongue remain as uncompacted regions at the rim of the 
myelin sheath. Overall, compaction of the myelin layers here follows an outward to inward gradient with 
“older” membrane being compacted first (Snaidero et al. 2014). 

1.1.5 The degenerating myelin sheath 
The long lifetime of myelin and oligodendrocytes 

Once fully developed and compacted, myelin seems to be a rather inert cellular specialisation. Indeed, 
metabolic pulse-chase experiments using 15N isotope labelling in the rat brain revealed that the myelin 
structural proteins MBP, PLP, MOG, CNP, ENPP6 (Xiao et al. 2016) and SIRT2 together with nuclear 
proteins such as histones belong to a class of very long-lived proteins (Toyama et al. 2013). For example, 6 
months after chase around 20% of MBP and PLP peptides are still 15N labelled indicative of slow turnover of 
compact myelin.  While this finding is comprehensible for MBP and PLP due to difficult turnover logistics of 
compacted membrane stacks, it was at least surprising for CNP, SIRT2 and ENPP6 which are not part of 
compact myelin, but cytosolic proteins that reside in the cytoplasmic channels. Despite long lifetimes, myelin 
proteins are, however, continuously transcribed, and synthesised. The generation of conditional shiverer 
mice, in which the MBP locus is floxed, and MBP expression can be silenced upon tamoxifen-inducible Cre-
recombination using the oligodendrocyte specific PLP-CreERT2 driver line, revealed that continuous 
expression of MBP and its incorporation into myelin is required for myelin maintenance (Meschkat et al. 
2020).  In this model, MBP protein levels drop to around 25% 6 months after tamoxifen induction and 
internodes shortened to 50% 5 months after induction (Meschkat et al. 2020). In a very similar experimental 
setup using mice with a floxed PLP allele, Lüders et al. showed that PLP protein levels dropped to 50% 6 
months after tamoxifen-mediated recombination (Lüders et al. 2019). These findings confirm the longevity 
of myelin proteins, yet highlight that myelin is still continuously turned over.  

Similar to myelin proteins, myelin lipids exhibit an exceptional long lifetime: using isotope labelling of water 
(deuterium) and mass-spectrometry, the half-life of myelin cholesterol in adult mice was reported to be 
almost a year (Ando et al. 2003). Phosphatidylcholine/ethanolamine showed higher turnover rates of 
approximately 3 weeks and cerebrosides of 3 months (Ando et al. 2003). A long lifetime makes both proteins 
and lipids vulnerable to oxidative damage that alters them structurally and potentially interferes with proper 
functioning (Hamilton et al. 2016). In the case of proteins, age-related posttranslational modifications can lead 
to structural changes and misfolding (Truscott and Friedrich 2018). Indeed, lipid peroxidation products are 
found in striking higher amount in the aged brain and myelin is rendered more instable (Chia, Thompson, 
and Moscarello 1983). Likewise, there are degradative changes to myelin protein such as CNP and MBP as 
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evidenced by the accumulation of degradation products (Hinman et al. 2008). The measurement of protein 
amounts of classic myelin proteins with age has yielded conflicting results and does not allow for a conclusive 
statement at this point (Hinman and Abraham 2007). For example, downregulation of CNP with age has been 
reported in mouse (Hagemeyer et al. 2012), while in rhesus monkey an upregulation occurred (Hinman et al. 
2008). However, considering the long lifetime of proteins changes in myelin composition are highly likely.  

Not only the myelin components but also oligodendrocytes are astonishingly long-lived (Fig1.2a): elegant 
experiments using carbon-dating of 14C content in nuclei and myelin derived from nuclear bomb testing in 
the 1960s revealed that only 0.3% of all oligodendrocytes in the corpus callosum are annually turned over at 
adult ages (after 5 years of age) (Yeung et al. 2014). This means that at age 90, still approximately 75% of the 
corpus callosum oligodendrocyte population is as old as their human carrier. In regards to their lifetime, the 
majority of oligodendrocytes are, therefore, very similar to postmitotic neurons.  In the pertaining study, 
biochemical myelin isolation revealed that myelin membranes do not contain significant amounts of 14C  
indicating that myelin is completely turned over in a lifetime (Toyama et al. 2013) – paralleling the findings 
of continuous myelin synthesis by Meschkat and colleagues.  

Figure 1.2 The wear and tear of time on myelin and oligodendrocytes (a) Scheme illustrating a stretch of ageing 
white matter with multiple age-related structural alterations. The long lifetime of oligodendrocytes and slow 
biochemical turnover of myelin (time icons) make myelin vulnerable to deterioration during ageing. Structural defects 
include loss of myelin, shorter internodes, myelin outfoldings and accumulation of dense cytoplasm. (b) Electron 
micrographs of myelinated fibres in the visual cortex of aged rhesus monkey. Multiple pathological features of aged 
myelin are visible: Swellings of the inner tongue, myelin splits with the following accumulation of dense cytoplasm 
and the formation of redundant myelin (outfoldings). Left: Adapted from (Peters 2002). Right: Adapted from (Peters  
2009). Scalebar corresponds to 1µm.  
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Old oligodendroglial cell bodies are likely to experience age-related changes to their genome and 
transcriptome. Single-cell transcriptomic analysis of aged mice revealed that similar to other cell types aged 
oligodendrocytes upregulate ribosomal transcripts during ageing hinting towards heightened protein 
biosynthesis in aged oligodendrocytes presumably as a stress response (Ximerakis et al. 2019). An interesting 
study reported, furthermore, the loss of epigenetic marks (decline in histone methylation and increases in 
acetylation) in aged oligodendrocytes leading to the re-expression of OPC markers (Shen et al. 2008). 
However, this study worked with 8-month-old mice for the aged timepoint which is at most mature/middle-
aged. If this applies to appropriately aged mice (> 2 years) remains to be investigated. Ageing is also well 
known to reduce remyelination efficiency hinting towards age-dependent changes to oligodendrocytes and 
OPCs (Doucette, Jiao, and Nazarali 2010).  

Decline in brain myelin content with age 

Not surprisingly, pathological phenotypes of myelin are accumulating in the aged brain (Fig.1.2). In fact, 
white matter seems to be primarily affected by ageing – much more so than grey matter. Accordingly, 
magnetic resonance imaging (MRI) studies have shown that there is a starker reduction in white matter 
volume than grey matter volume in both humans and monkeys (Guttmann et al. 1998; Wisco et al. 2008; 
Salat, Kaye, and Janowsky 1999; Gunning‐Dixon et al. 2009). Over the lifetime, myelination/myelin content 
follows an inverted U-shape trajectory starting to decline approximately in the 5th decade of life assessed by 
MRI (Bartzokis et al. 2004; Yeatman, Wandell, and Mezer 2014; Westlye et al. 2010). Diffusion tensor imaging 
(DTI) is superior to T1-weighted MRI to detect early changes in white matter (Giorgio et al. 2010). DTI is 
based on the phenomenon that water molecules in axonal and myelinated tracts experience anisotropic 
diffusion i.e. water molecules diffuse faster along the axis with low lateral diffusion (O’Donnell and Westin 
2011). Though formally myelin changes cannot be distinguished from axonal changes in this imaging 
modality, reduced fractional anisotropy is a hallmark of demyelinating diseases, is severely reduced in shiverer 
mice (Tyszka et al. 2006) and is in general considered a “biomarker” of white matter dysfunction. DTI studies 
very consistently report reduced fractional anisotropy and concurrent increases in radial diffusivity indicative 
of myelin damage that are even earlier detectable than volume changes in white matter (Sullivan and 
Pfefferbaum 2011; Cox et al. 2016; Xie et al. 2016; Westlye et al. 2010). White matter hyperintensities are also 
regularly seen in the aged human brain which are considered consequences of cerebral small vessel disease 
and white matter hypoperfusion (Prins and Scheltens 2015).  

There certainly is regional variability when it comes to age-related effects on myelin given the high 
organisational degree and regional specialisation of the brain. Anterior fibre tracts in the subcortical white 
matter seem to be especially vulnerable to age-related changes as revealed by DTI (Engelhardt, Moreira, and 
Laks 2009; Xie et al. 2016; Bartzokis et al. 2004; O’Sullivan et al. 2001). These include subcortical association, 
projection and commissural fibres (forceps minor, genu corpus callosum) of the frontal and parietal lobe. 
Especially association fibres connecting brain regions intrahemispherically seem to be highly vulnerable to 
ageing (Cox et al. 2016). These fibres belong to a class of fibres that are myelinated relatively late in 
development while less affected fibre tracts have become myelinated earlier and more robustly. These findings 
gave rise to the idea that the retrogenesis/last-in-first-out model, which postulates that age-related decline 
mirrors developmental processes, also applies to brain ageing (Reisberg et al. 1999; Brickman et al. 2012). The 
decline in association fibres would then lead to cortical disconnection explaining overall cognitive decline in 
ageing (Bartzokis et al. 2004; O’Sullivan et al. 2001). 

Volumetric shrinkage in white matter volume is likely to originate from loss of myelin or loss of myelinated 
axons. Indeed, using stereology on ultra-thin sections of human brain white matter Marner et al. estimated a 
striking 45% decrease in myelinated fibres total length between 80- and 20-year-olds (Marner et al. 2003). 
Again, thinly myelinated fibres seem to be most vulnerable here. Of note, macroscopic brain imaging studies 
such as DTI/MRI classically segment larger myelinated tracts such as different subcortical white matter tracts 
but fail to include intracortical myelin changes in the classical grey matter. Most of these studies are, therefore, 
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inherently limited to describing “proper” white matter.  However, recent refinements in analysis allows for 
mapping of intracortical myelin content (Glasser and Van Essen 2011). Using this technique, it could be 
shown that also intracortical myelin content shows an inverted U-shape aged-dependent trajectory with 
association areas being the most affected by structural deterioration (Grydeland et al. 2013). Unfortunately, 
convincing microscopic studies that are able to validate these findings do not exist to my knowledge (despite 
(Lintl and Braak 1983)).  

Ultrastructural alterations of myelin with ageing 

Loss of myelin is likely to be preceded by structural deterioration of myelin. Seminal work by Allen Peters 
and his team described pronounced changes to myelin ultrastructure in the aged rhesus monkey brain as 
assessed by electron microscopy (Peters 2009, 2002) (Fig.1.2b): these include splits along the major dense line 
filled with accumulation of dark cytoplasm/vesicles and splits of the intraperiod line into so-called myelin 
ballons (that can reach >10µm in size!). Redundant myelin or myelin outfoldings are likewise frequently 
observed. Since these structures are also partially detectable in development, at a time when myelin is heavily 
generated, this could possibly hint towards ongoing remyelination attempts in the ageing brain. Similarly, 
paranodal profiles are increased in the aged brain, yet another hallmark of remyelination (Peters and Sethares 
2002, 2003). Oligodendrocytes themselves also experience age-related accumulation of dense cytoplasmic 
inclusions (Peters 2009). More than rodents, rhesus monkeys are expected to reflect human brain ageing 
much more accurately, yet in comparison to humans offer the possibility for perfusion fixation and with that 
preferable ultrastructural preservation.  

There is conflicted data on changes to the number of oligodendrocytes in the aged brain: while it was reported 
for humans that oligodendrocyte numbers decrease in the cortex (Soreq et al. 2017), there seems to be an 
increase in aged rhesus monkeys (Peters and Sethares 2004). In mice, the number of oligodendrocytes was 
reported to be unaltered (whole brain, RNA-seq, cell count, 20-month-old mice (Ximerakis et al. 2019)). 
Elegant in vivo imaging experiments by Jaime Grutzendler’s group have shown that even in mice intracortical 
myelination in upper cortical layers also follows a U-shape trajectory with increases in myelin density until 
20 month and striking decline afterwards. This was also paralleled by a decline in oligodendrocyte numbers 
in the analysed regions (Hill, Li, and Grutzendler 2018). These experiments also revealed the increased 
formation of myelin spheroids, focal enlargement of the myelin sheath as well the accumulation of myelin 
debris in the aged brain.   

Consequences of myelin decay: neuroinflammation 

These abundant age-related deteriorations to myelin are not going “unnoticed” in the brain. Age-dependent 
myelin damage has been convincingly shown to elicit astroglial and microglial responses with age. Electron 
microscopy as well as fluorescence microscopy analysis show the phagocytosis of myelin with age by both 
microglia (Hill, Li, and Grutzendler 2018; Safaiyan et al. 2016) and maybe surprisingly astrocytes (Nag and 
Wadhwa 2012; Peters and Sethares 2003). Microglial responses are indeed much more pronounced in the 
aged white matter than in grey matter in both mice and humans (Raj et al. 2017; Gefen et al. 2019; Safaiyan et 
al. 2021; Safaiyan et al. 2016). Complete phagocytosis of myelin membranes is comprehensibly challenging 
due to the high lipid amount and tight membrane stacking of myelin. In fact, myelin does not seem to be 
completely dismantled or broken down by microglia but elicits the accumulation of lipofuscin – 
intralysosomal, autofluorescent non-degradable lipid-protein-metal particles (Safaiyan et al. 2016). The 
authors hypothesised that this burdens the clearance function of microglia with age. This seems highly likely 
considering their unusual longevity and slow turnover for myeloid cells: carbon-dating experiments in 
humans have shown that microglia are on average 4 years old (in comparison to days - few weeks of other 
immune cells) with single cells being able to live decades (Réu et al. 2017). Likewise, genetic labelling 
approaches and longitudinal in vivo imaging experiments in aged mice demonstrated that in mice microglia 
frequently become 15 months and older and half of the microglia pool survives the entire lifespan of the 
mouse (Füger et al. 2017).  Recently, Safaiyan and colleagues have expanded their findings on myelin-loaded 



22 

aged microglia using single cell transcriptomics by which they characterised the generation of aged white 
matter associated microglia (WAM). This microglia pool is highly activated and expresses genes involved in 
phagocytosis and lipid handling and arises - in concordance with an earlier study ((Poliani et al. 2015) in a 
Triggering Receptor Expressed On Myeloid Cells 2 (Trem2)-dependent manner (Safaiyan et al. 2021).  

1.2 Alzheimer’s disease 

1.2.1.  Overview and epidemiology 
Alzheimer’s disease (AD) is the most common neurodegenerative disease affecting around 50 million people 
worldwide at present (Prince et al. 2015). Its greatest risk factor is age and disease incidence increases sharply 
after the age of 65 with an exponential kinetic (doubling time ca. 5 years after age of 65) (Qiu, Kivipelto, and 
von Strauss 2009). Clinically, AD manifests as dementia (derived from latin de = “without” and mens = 
“mind”) which describes a complex symptomatology characterised by the decline in overall cognitive abilities, 
memory retrieval/formation and language skills. Accompaniments of the neuropsychiatric spectrum include 
mood and sleep disturbances, depression, agitation, disinhibition and psychotic syndromes (Lanctôt et al. 
2017). The impairments gradually worsen during the disease course, eventually leading to problems in 
everyday life and the sacrifice of independence.   

AD patients typically require intense caregiving by family members and/or health care professionals in the 
form of permanent assistance or the move into a care institution. Family members experience, therefore, not 
only the psychological distress of witnessing a close relative fade away but must potentially put up with the 
high financial burden associated with intense care needs. The World Alzheimer Report 2015 calculated the 
global financial burden of dementia to 818 billion US$ and estimated its rise to 2 trillion US$ by 2030 (Prince 
et al. 2015). In the United Kingdom, societal dementia costs exceed the costs associated with cancer or heart 
disease which is unfortunately not reflected in the amount of research funding dementia research receives 
(Luengo-Fernandez, Leal, and Gray). Disease cases and associated costs are expected to rise in the future due 
to demographic changes in the world’s population. With an ever-increasing number of older people 
throughout high- and low-income countries, estimated case numbers are projected to increase to 
approximately 75 million by 2030 and 130 million by 2050 (Prince et al. 2015). Interestingly, disease incidence 
appears to have fallen in high income countries in the past decades presumably due to higher educational 
training which conveys some sort of cognitive resilience towards the disease (Satizabal et al. 2016).  

Medical diagnosis of AD is made by combined assessment of the patient’s medical history, neurological 
evaluation, cognitive testing (e.g. mini mental state examination (MMSE) (Tombaugh and McIntyre 1992)), 
Mini-Cog) and possibly brain imaging. Computer tomography (CT) or magnetic resonance imaging (MRI) 
are specifically used to rule out other possible reasons for dementia such as cerebrovascular disease, tumours, 
or head traumas. Occasionally, positron emission tomography (PET) with tracer compounds is performed to 
specifically look at the protein aggregates accumulating in the AD brain. Likewise, cerebrospinal fluid (CSF) 
biomarkers can be assessed for signs of protein build-up in the brain. Bona fide diagnosis of AD, however, 
can only be achieved by post-mortem analysis of the patient’s brain. Here, neuropathologists assess the 
presence of the two histopathological hallmarks of the disease: the overt accumulation of two proteins, 
amyloid beta (Aβ) and the microtubule associated protein tau. While amyloid-β aggregates are found in large 
parenchymal deposits known as amyloid plaques, tau protein piles up mainly intracellularly and primarily in 
neurons in so-called neurofibrillary tangles. Seminal work by Heiko and Eva Braak characterised the 
spatiotemporal pattern of amyloid and tau deposition during the disease course (Braak and Braak 1991) 
defining the Braak stages still used to assess neurofibrillary tangle pathology in the Amyloid-Braak-CERAD 
(ABC) scoring system today (Hyman et al. 2012). Tau tangles start to build up in in the transentorhinal and 
entorhinal cortex (stage I-II). Previous to this, pre-tangle stages are visible throughout the neocortex and 
tangles are formed in the locus coereleus (a-c, 1a-b pre-tangle stages). Tau tangles spread from there to the 
entire hippocampal formation/limbic system (Braak stage III-IV) and entire neocortex (Braak stage V-VI) 
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while they become more frequent in already affected regions. Dietmar Thal in more detail described the 
evolution of amyloid deposition (Thal et al. 2002). Amyloid deposition starts in the basal areas of the frontal 
and temporal lobe (phase 1) followed by expansion throughout the entire neocortex (phase 2), involvement 
of the striatum (phase 3) and finally all midbrain structures (phase 4), the brainstem and cerebellum (phase 
5).  

AD is no exception in the series of classical neurodegenerative diseases that are all characterised by abnormal 
protein aggregates that spread throughout the brain: Huntingtin aggregates in Huntington’s, Lewy bodies 
composed of α-synuclein in Parkinson’s, super-oxide dismutase aggregates in amyotrophic lateral sclerosis 
and prion proteins in Creutzfeldt-Jakob disease. Although there is still considerable debate on how exactly 
Aβ and tau cause the AD (specific) symptomatology and how these two pathological hallmarks are 
interrelated, massive protein aggregates will inevitably interfere with proper neuronal functioning and 
synaptic signalling and, in the late disease stage, lead to axonal and neuronal decay.  

1.2.2 A short history of Alzheimer’s disease 
German physician Alois Alzheimer first described a case of a “peculiar disease of the cerebral cortex”/“Über 
eine eigenartige Erkrankung der Hirnrinde” in a short, not particularly well received lecture at a psychiatrist 
meeting in Germany in 1906 (Maurer, Volk, and Gerbaldo 1997).  Later, he published his findings as a 
case report that should become the first description of a patient suffering from a particular form of 
presenile dementia (Alzheimer 1907). Later, Alzheimer’s mentor Emil Kraepelin would name the 
disease after his mentee coining the eponym Alzheimer’s disease (AD). In his report from 1907, he 
presented the case of Auguste Deter, an only 50-year-old woman presenting with gradually 
worsening signs of paranoia, forgetfulness, disorientation, and overall cognitive decline (Fig1.3a,b). After 
her death Alois Alzheimer was able to examine her brain and described brain atrophy, neuronal 
degeneration, and strange changes to the neurofibrils as investigated by silverstaining (“sehr merkwürdige 
Veränderungen der Neurofibrillen”). He also described the deposition of a peculiar substance forming 
miliary (“in the size of a millet grain”) foci throughout the upper cortical layers (Fig1.3c,d).   

Such aggregates had been previously reported in a study of aged epileptic patients by Blocq and Marinescu 
(Blocq and Marinescu 1892) and in reports of senile dementia by Emil Redlich in 1898 (Redlich 1898) and 
Oscar Fischer in 1907 (Fischer 1907) who already referred to them as “sclerotic miliar foci” and “plaques”. 
Alzheimer’s disciple Perusini described more cases of presenile dementia cases in the following years 
complementing Alzheimer’s original description of Auguste Deter. Due to the young age of the patients, 
Alzheimer was originally convinced that the underlying disease etiology is different from that of senile 
dementia which seems to present with the same histopathological and clinical features (Alzheimer 1907). 
However, he acknowledged that earlier work from Redlich and Fischer described the same histopathological 
hallmarks (changes to neurofibrils and plaques) in senile dementia cases and discussed the implication of this 
(Alzheimer 1911). Already at the beginning of the 20th century these scientists revealed two different 
manifestations of the disease - a classification that outlasts until today: the first known as familial, early onset 
manifestation of AD and the other much more common sporadic type with senile onset. The 
neuropathological drawings and description of what will be later known as amyloid plaques and tau tangles 
are of mesmerising detail revealing important microscopic disease characteristics. Exemplarily, this early 
work documented a profound reaction of glia cells to plaques – so much so that Redlich hypothesised that the 
plaque is of glial origin (Redlich 1898). It describes the net-like nature of plaque reminiscent of bacterial films 
and the variety of plaque morphologies found in the brain. Using Bielschowsky’s silverstaining technique 
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club-like neuronal processes were revealed to extend towards or surround the plaque. Astonishingly, based 
on these early microscopic observations, Alzheimer, Fischer, and others developed ideas and raised questions 
many of which would become central to the AD research field today: Where are plaques derived from and 
how do they form? Are plaques detrimental to the surrounding tissue or are they protective agents? What is 
the involvement of glia cells in the formation plaques? With their work these pioneers laid the foundations 
for the ensuing era of molecular research on AD that would unravel the molecular identity of the plaque-
forming agent, decipher the genetics behind the familial form of the disease and eventually identify potential 
drug targets for the prevention or treatment of AD.  

Figure 1.3 Original work by Alois Alzheimer (a) The rediscovered case file of Auguste Deter, Alzheimer’s first 
patient. Taken from Maurer et al. 1997. (b) Handwritten report on an examination of patient Auguste Deter. The 
beginning reads: ”What’s your name? – Auguste. Family name – Auguste. What’s your husband’s name – I think, 
Auguste.” Image is courtesy of Eli Lilly and Company. (c,d) Drawings of histopathological observations in different 
staining techniques of brain tissue of Alzheimer’s patients. gaz: Ganglienzelle, glz: Gliazelle, P1: plaque core, P2: plaque 
rim. Association of glia cells (presumably astrocytes) with the amyloid plaque can be seen. Herxheimer’s lipid staining 
reveals lipid accumulation in the plaque as well as in the surrounding glia presumably corresponding to lipofuscin 
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1.2.3 Amyloid beta and its precursor protein 
Amyloid beta (Aβ) protein and its precursor protein amyloid precursor protein (APP) have been identified 
based on biochemical analysis of plaque content in the early 1980s. First, Glenner and Wong purified the 
content of cerebrovascular amyloid deposits from human autopsies and sequenced the first 24 amino acids 
of a highly enriched 4 kDa (A4) protein that they called amyloid beta protein (Glenner and Wong 1984). Later 
on, the same protein could be isolated from AD amyloid plaque cores (Masters et al. 1985). The identified 
protein sequence was subsequently used to construct cDNAs and identify a mRNA coding for a larger 
polypeptide - termed amyloid precursor protein - spanning the amyloid beta peptide sequence (Tanzi et al. 
1987; Goldgaber et al. 1987; Kang et al. 1987). In addition to the originally described 695 AA long protein, two 
other APP isoforms were identified in the following years: a 751 AA (Ponte et al. 1988) and a 770 AA long 
protein isoform resulting from alternative splicing of Exon 7 and 8. In the nervous system, the 695 AA long 
protein is the predominant isoform.  

Relatively early it became clear that AD-related neuropathology can be found in patients with trisomy 21 
(Down Syndrome) at relatively early ages hinting towards a critical role of a faulty gene product from 
chromosome 21 in AD. Indeed, the amyloid beta protein gene was mapped to chromosome 21 (Tanzi et al. 
1987; Goldgaber et al. 1987; Kang et al. 1987) pointing towards increased gene dosage as a potential 
mechanism driving amyloid accumulation in the Down Syndrome brain. Likewise, an autosomal dominant 
mutation linked to familial AD (FAD) was mapped to chromosome 21 (St George-Hyslop et al. 1987). Finally, 
a mutation in A4 could be identified in Dutch patients with an autosomal dominant form of cerebral amyloid 
angiopathy with cerebral haemorrhage (Levy et al. 1990; Van Broeckhoven et al. 1990) and a number of 
studies detected mutations in the APP gene  in families affected by FAD (Murrell et al. 1991; Goate et al. 1991; 
Chartier-Harlin et al. 1991; Mullan et al. 1992; Hendriks et al. 1992). These studies affirmed a causal link 
between pathological amyloid deposition and changes to the A4 protein. Over the years many more of such 
mutations have been identified (for an overview see https://www.alzforum.org/mutations/app)  and a few 
became known under eponyms derived from the origin of the families studied: London mutation V717I 
(Goate et al. 1991), Dutch mutation E693Q (Levy et al. 1990),  Arctic mutation E693G (Nilsberth et al. 2001), 
Iberian mutation I716F (Guerreiro et al. 2010), Florida mutation I716V (Eckman et al. 1997) and most 
famously the Swedish double mutation KM670/671NL (Mullan et al. 1992) (Fig1.4a,b). 

1.2.4 Amyloid precursor protein cleavage 
The identification of the mRNA coding for a larger polypeptide from which the Aβ peptide originated from 
suggested that Aβ represents a cleavage product of a larger protein. Based on its protein sequence, APP was 
hypothesised to be a glycosylated integral membrane protein (Kang et al. 1987) with a single transmembrane 
domain and a short C-terminal tail. Indeed, it was shown that membrane-bound APP undergoes proteolytic 
cleavage resulting in the release of a large N-terminal fragment into the environment (medium or CSF) and 
the stable accumulation of a membrane bound C-terminal fragment (Weidemann et al. 1989; Oltersdorf et al. 
1990) (Fig1.4). Surprisingly, further studies showed that an abundantly detected N-terminal APP fragment is 
the result of cleavage inside the Aβ sequence and with that precludes generation of Aβ (Sisodia 1992; Sisodia 
et al. 1990; Esch et al. 1990). Due to the fact that the observed APP fragment was secreted into the extracellular 
environment, the processing enzymes were designated “secretases” (Esch et al. 1990; Maruyama et al. 1991). 
Using human cell culture and CSF, Seubert et al. showed that there is an additional APP processing site at the 
exact N-terminus of Aβ and proposed the distinction between the first described “α-secretase” site and the 
newly identified “β-secretase” cleavage site (Seubert et al. 1993) (Fig1.4a,b). The third secretase site that 
generates the C-terminus of Aβ or after prior α-cleavage the C-terminus of a small peptide fragment of 3kDa 
(p3) was dubbed γ-secretase. 

In the following years, the characteristics of activities of the three secretases (then of yet unknown molecular 
identity) have been elucidated. It became clear that α-secretory cleavage, the non-amyloidogenic pathway, 
represents the major shunt during normal metabolism. This occurs on the cell surface or intracellularly in the 
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trans-golgi-network (TGN) or post-Golgi compartment (Haass and Selkoe 1993) (Fig4c). However, amyloid-
beta is generated during normal cell metabolism in vitro and in vivo in nanomolar quantities as quantified by 
immunoprecipitation and enzyme linked immunosorbent assay (ELISA) (Haass et al. 1992; Seubert et al. 
1992). The amyloidogenic pathway involving β-site cleavage was shown to be sensitive to pH-shifts and with 
that occurs in an acidic compartment such as late Golgi secretory vesicles, endosomes, or lysosomes (Haass 
and Selkoe 1993). APP could reach these destinations after potential reinternalisation from the cell surface or 
by direct targeting from the TGN to this compartment (Haass and Selkoe 1993). The cellular location of γ-
secretase activity was less well defined, but studies showed that γ-cleavage can occur at multiple sites in the 
transmembrane domain of APP resulting in short (40AA) or longer (42AA) peptides the latter of which 
harbour greater aggregation potential (Suzuki et al. 1994). In processing of wildtype APP, Aβ40 is the major 
form representing 90% of total Aβ, but Aβ42 is the major constituent of amyloid plaques. The next years have 
seen the hunt for the molecular identification of the APP processing enzymes with α-, β, γ-secretase activity 
that I will review in more detail below.  

α-secretase 

As discussed above, α-secretase activity cleaves most of APP inside the Aβ region (AA 687/688 of APP, AA 
16/17 of Aβ) (Fig1.4) resulting in the shedding of sAPPα and the accumulation of the C-terminal fragment of 
83 AA (CTF83). α-secretase activity falls into two categories: the first one is referred to by a constitutive 
activity, the second one by “regulated” activity. α -cleavage was shown to be rather insensitive to sequence 
alterations of APP. Early studies revealed that tumour necrosis factor α (TNFα) undergoes ectodomain 
shedding similar to APP and that this was mediated by a disintegrin and metalloproteases (ADAM), namely 
ADAM-17, originally named TACE for TNF-α converting enzyme. In the following, it was demonstrated that 
ADAM-17 shows properties of the regulated α– secretase activity but not the constitutive one (Buxbaum et 
al. 1998). Lammich et al. investigated if in an analogous manner another member of the ADAM family, 
ADAM10, could represent α-secretase (Lammich et al. 1999). They showed that ADAM10 levels dictate 
sAPPα in cell culture and that the properties of ADAM10 matched those described for both the constitutive 
and regulated α-secretase activity (plasma membrane/Golgi location, inhibitor profile). Also, yet another 
protein of the ADAM10 family, ADAM9, was shown to harbour α–secretase activity (Koike et al. 1999). 
Indeed, overexpression of any of these ADAM family members increases α-shedding. ADAM family 
members are zinc-dependent proteases with a single transmembrane domain that resemble a snake venom 
metalloprotease. Definitive proof for the identity of ADAM10 as the primary α-secretase under physiological 
conditions (i.e., no overexpression) came from studies involving knockdown approaches in multiple cell lines 
and importantly primary neurons (Kuhn et al. 2010; Jorissen et al. 2010). ADAM9 and ADAM17, however, 
could still play a role in stimulated α-secretase activity. Stimulation of α-secretase activity has been discussed 
as therapeutic intervention in AD as this would lower the amount of full-length APP presented to β-secretase 
activity and with that amyloid generation (Endres and Deller 2017).  

β-secretase 

In 1999, multiple labs reported the molecular identification of the protein with β-secretase activity termed β-
site APP cleavage enzyme 1 (BACE1) (Vassar et al. 1999; Sinha et al. 1999; Yan et al. 1999; Hussain et al. 
1999). BACE1 is a transmembrane aspartic protease with one transmembrane domain near its C-terminus 
and its active site on the luminal surface. BACE1/ β – secretase was shown to have an acidic pH optimum at 
around pH4.5 and to cleave membrane-bound substrates in a sequence specific manner (Cole and Vassar 
2008).  BACE1 is abundantly expressed in the brain but is also found in other tissues (Esler and Wolfe 2001). 
BACE1 was shown to harbour all characteristics described for β-secretase among them cleavage of APP at AA 
671/672 resulting in the release of soluble APP β (sAPPβ) and the accumulation of a 99 AA C-terminal 
fragment C99 (Fig1.4a,b). Unequivocally, BACE1 was shown to be the primary β-secretase in vivo by the 
creation of BACE1 knockout animals which silenced Aβ production in vivo (Luo et al. 2001; Cai et al. 2001). 
Surprisingly, constitutive BACE1 KOs were healthy and long-lived with no obvious neurological phenotype  
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Figure 1.4 The generation of amyloid-β (a) Schematic overview of cellular APP processing pathways. Full-length 
APP (yellow) can undergo α-secretase/γ-secretase mediated non-amyloidogenic cleavage that releases the p3 
fragment and prevents production of Aβ (blue). In the amyloidogenic pathway, APP is cleaved by β-secretase and 
subsequently γ-secretase producing the Aβ peptide. Both pathways release the APP intracellular domain.  (b) 
Graphical representation of the human APP sequence (yellow) giving rise to Aβ peptides (blue) in the one letter 
amino acid code. α/β/γ secretase cleavage sites are indicated. Familial AD linked mutations (used for the 
generation of 5xFAD and APPNLGF mice) are indicated in red: KM670/671NL (Swedish), E693G (Arctic), I716F 
(Iberian), I716V (Florida), V717I (London). The protective Icelandic mutation A673T is depicted in green. Amino acid 
differences to the mouse sequence are indicated in grey. (c) Subcellular locations of amyloid generation. α-
cleavage is thought to occur mainly at the plasma membrane and the trans-Golgi network (1). β-cleavage occurs in 
an acidic environment such as the trans-Golgi network and along the endocytic pathway (endosomes/lysosomes) 
(2).  



28 

though later studies showed that BACE1 cleaves Neuregulin-1 type III as an additional substrate and controls 
peripheral nerve myelination (Willem et al. 2006). This is, however, not the case in the CNS where normal 
myelination is observed (Treiber et al. 2012). While no mutations in BACE1 directly have been shown to 
cause familial AD, the Swedish double mutation sits at the β-cleavage site and increases BACE1-dependent 
cleavage massively (10 to 50-fold). Conversely, the Icelandic mutation (A673T) confers protection against 
AD by decreasing β-cleavage (Jonsson et al. 2012). BACE1 can cleave APP at yet another site between AA 
681/682 termed β'-site giving rise to CTF89 and the Aβ11-x fragment preventing generation full-length Aβ1-x 

(Kimura, Hata, and Suzuki 2016; Zhang et al. 2017). β-secretase cleavage is considered the rate-limiting step 
in Aβ production and BACE1 levels are regulated on multiple levels including transcriptional, translational 
and posttranslational mechanisms (Vassar and Cole 2007). Particularly interesting studies have shown 
BACE1 levels are heightened under conditions of energy deprivation (O'Connor et al. 2008). Further, BACE1 
protein levels and activity are increased in AD patients (Fukumoto et al. 2002; Li et al. 2004; O'Connor et al. 
2008). 

γ-secretase 

Molecular identity of the γ-secretase was the most difficult one to determine – in hindsight, this was likely 
linked to the fact that γ-secretase activity is carried out by a multiprotein complex that harbours an unusual 
transmembrane activity. This multiprotein complex is composed of one presenilin, APH1, PEN2 and 
Nicastrin (De Strooper 2003). Studies on loci on chromosome 1 and 14 linked to the majority of familial AD 
cases let to the identification of the gene family of “presenilins” (Rogaev et al. 1995):  presenilin-1 (PSEN1) 
(Sherrington et al. 1995) and presenilin-2 (PSEN2) (Levy et al. 1990; Rogaev et al. 1995). Dominant gain-of-
function mutations in presenilins detected in multiple kindreds of familial AD increase the production of 
Aβ42 over Aβ40 (Citron et al. 1997). While PSEN1 deficiency was early on shown to inhibit γ-secretase cleavage 
(to roughly 20%), PSEN1/2 double knockout completely abolishes γ-secretase activity. Due to their structure, 
presenilins were first not considered the putative secretase themselves but rather regulatory proteins (De 
Strooper et al. 1998). However, it was recognised that two aligning transmembrane aspartate residues in the 
presenilin transmembrane domains could possibly render it an unusual intramembrane aspartyl protease 
(Wolfe, Xia, Moore, et al. 1999; Wolfe, Xia, Ostaszewski, et al. 1999). An elegant photoaffinity labelling 
approach by γ-secretase inhibitors revealed selective binding to PSEN1 suggesting that it harbours the active 
protease activity (Li, Xu, et al. 2000).  

However, PSENs do not work in isolation: it was shown that PSEN1 co-immunoprecipates with a large 
macromolecular complex (Li, Lai, et al. 2000). The identities of the co-assembling proteins were revealed in 
the following years, mainly by work on C. elegans Notch signalling (another substrate to γ-secretase activity): 
Nicastrin (Yu et al. 2000), APH1 (Goutte et al. 2002; Francis et al. 2002) and PEN2 (Francis et al. 2002). These 
four proteins mutually regulate their stability and intracellular trafficking (De Strooper 2003) and constitute 
γ-secretase activity in a hetero-tetrameric complex of likely 1:1:1:1 stoichiometry. Due to the fact of two 
presenilin genes and different spliced isoforms of human APH1, there is heterogeneity in terms of γ-secretase 
composition whose functional consequences are still incompletely understood. Presenilins, especially PSEN1, 
show abundant localisation to the ER but γ-secretase activity/Aβ generation takes place in endosomal/
lysosomal structures or the plasma membrane and not in the ER – this apparent discrepancy became known 
as the “spatial paradox” in presenilin biology (Annaert and De Strooper 1999). It was, however, partially 
resolved by studies showing minute amount of Psen1 at the plasma membrane and in lysosomes (Dries and 
Yu 2008). An intriguing study showed, further, that PSEN2-containing γ-secretase preferentially localises to 
late endosomes/lysosomes and generates an intracellular/luminal pool of Aβ, especially of aggregation prone 
Aβ42 (Sannerud et al. 2016).  This study shed light on γ-secretase activity regulation by subunit heterogeneity 
as well as spatial location.  

To date, in addition to APP and Notch, 149 potential γ-secretase substrates have been identified that all 
possess a single transmembrane domain (Güner and Lichtenthaler 2020). γ-secretase activity in many cases 
requires ectodomain shedding before efficient cleavage (in the case of APP by α- or β secretase). Nicastrin is 
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involved in sterically hindering the cleavage of proteins with unshed or larger ectodomains (Bolduc et al. 
2016). During their maturation, presenilins additionally undergo endoproteolytic cleavage resulting in a 20 
and 30kDa fragment which seems to be important for their activation (Thinakaran et al. 1996; Lessard, 
Wagner, and Koo 2010). Mutations that lead to the exclusion of the endoproteolytic site harbouring exon 9 
(commonly referred to as ∆E9) are found in familial AD and the mechanism - though not fully understood -
apparently involves overall reduced γ-secretase activity that shifts the Aβ40/42 ratio towards more Aβ42

(Woodruff et al. 2013). With the identification of the γ-secretase complex components, γ-cleavage become 
an interesting drug target that proved problematic due to other physiologically important γ-secretase 
substrates such as Notch (De Strooper, Iwatsubo, and Wolfe 2012). Rather than fully abolishing all γ-secretase 
activity, work is now focussing on “Notch-sparing” inhibitors or inhibitors that specifically abolish Aβ42 
generation.  

1.2.5 Mouse models of Alzheimer’s disease 
The identification of the underlying genetic mutations of familial forms paved the way for the creation of 
animal models of AD. In 1995, Games et al. created the first mouse model overexpressing a mutated APP 
version (V717F, Indiana mutation) known as the PD-APP mouse using a PDGFβ-promotor driven human 
APP minigene. These mice exhibited AD-related neuropathology such as deposition of Aβ in amyloid 
plaques, reactive gliosis and localised synaptic defects (Games et al. 1995). In a similar approach, Hsiao and 
colleagues created mice overexpressing the human APP695 isoform with the Swedish double mutation 
(KM670/671NL) under the hamster prion protein promoter, now known under the synonym Tg2576 (Hsiao 
et al. 1996). These mice also exhibit parenchymal plaque deposition at around 1 year of each. In order to 
further accelerate amyloid deposition (for the convenience of researchers), transgenic mice were created that 
harboured both mutations in APP and PSEN1 such as APP/PS1 (APPswe/PS1∆E9) that express Swedish 
mutated APP under the prion protein promotor and a human PSEN1 variant lacking exon 9 (that mimic 
splice deficit mutations in FAD leading to exclusion of Exon9) (Jankowsky et al. 2004). Other mouse 
models like this include the widely used APP/PS1-21 generated in the Jucker Lab (Radde et al. 2006) 
harbouring the Swedish mutated APP and PSEN1 L166P under the control of the Thy1 promoter. This 
approach of accelerating amyloid deposition perhaps culminated in the creation of the 5xFAD mouse that 
expresses two transgenes under the Thy1 promoter with a total of 5 FAD linked mutations: in APP, the  
KM670/671NL (Swedish), I716V (Florida) and V717I (London) mutation and in PSEN1 the M146L (A>C) 
and L286V mutation (Oakley et al. 2006) (Fig1.4b). This mouse model is yet the earliest and most aggressive 
in terms of plaque deposition (starting at around 6 weeks of age in the hippocampal formation).  

Better mouse models? 

AD mouse models - as every mouse model of a human disease - must be considered incomplete models for 
the human condition. The most obvious limitations of AD mouse models include: mimicry of familial AD 
and not sporadic AD, the lack of induction of tau-tangle pathology, limited cognitive deficits (depending on 
mouse model and specific behavioural paradigm used) and an artificial temporospatial induction of plaque 
deposition due to the use of transgenes with onset of plaque deposition in a young brain environment. 
Attempts were made to partially correct these imperfections. To additionally induce the formation of tau 
tangles as the other prominent feature of AD pathology, tau mutations that are linked to Frontotemporal 
Dementia have been introduced on top of a APP/PSEN1 transgenic background (3xTg Thy1.2::APP 
KM670/671NL; Thy1.2:: MAPT P301L; PSEN1 M146V Knock-in (Oddo et al. 2003)). To overcome the 
artificial spatial pattern of transgene expression as well as artefacts from overexpression and faulty cell type 
specificity, Saito and colleagues created a “second generation” AD mouse model that is based on a knock-in 
approach of FAD-linked APP variants into the endogenous mouse locus (Saito et al. 2014). The triple mutated 
APPNLGF model harbouring the APP mutations KM670/671NL (Swedish), APP E693G (Arctic) and APP 
I716F (Iberian) (Fig1.4b) develops plaque deposition as early as 2 month in homozygous animals.  
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1.2.6 Amyloid-β generation: where and how? 
The question where amyloid is generated can be addressed on multiple hierarchical levels: first, would be the 
question in which cell type in the brain amyloid beta is generated (neurons or glial cells?). Second, in which 
cellular domain within these cells this is happening (cell processes like the axon versus the cell body?) and 
finally which organelle is involved in this (plasma membrane, Golgi, endosomes, lysosomes?). Though these 
questions are still escaping a definite answer, I will try to shortly summarise current beliefs in the following 
paragraphs (Fig1.4c).  

The cell type 

Amyloid plaques are found in the extracellular space of the brain parenchyma and with that the source of 
amyloid is not obvious. The prevailing view is that the majority of Aβ is produced in neurons, especially 
excitatory neurons. In vitro  , these cells were shown to produce ample amounts of Aβ. This is and was the 
basis for the generation of a multitude of AD mouse models with restricted transgene expression to neuronal 
populations such as the 5xFAD model under the Thy1 promotor (Oakley et al. 2006). However, APP, BACE1 
and γ-secretase are widely expressed in all neuronal subtypes as well as glia cells as shown in cell-type specific 
bulk sequencing (Zhang et al. 2014) as well as in virtually all recent single cell transcriptomics studies e.g. 
(Zeisel et al. 2018). An intriguing study investigated the effects of conditional inactivation of an ubiquitously 
expressed mutant PSEN1 construct in excitatory neurons (CaMKIICre PrP:: deltaE9-Psen1fl/fl) in the presence 
of an ubiquitously expressed mutant APP (PrP::APPswe) (Veeraraghavalu et al. 2014). It was shown that later 
in the disease plaque load is indifferent between animals with silenced overexpression of Psen1 in excitatory 
neurons and control mice highlighting potential other sources of Aβ (inhibitory neurons, glia cells). Indeed, 
in vitro  glia cells are capable of producing Aβ which is exacerbated by neuroinflammatory responses (Blasko 
et al. 2000; Zhao, O'Connor, and Vassar 2011; Skaper et al. 2009). Interpretation of studies aimed at 
elucidating contributions of different cell types to amyloid load by using transgenic overexpressors of APP 
and/or PSEN1 is difficult because the use of transgenes intrinsically manipulates expression patterns. In a 
major step forward, the Bart de Strooper lab recently used an elegant approach of silencing endogenous 
BACE1 in the APPNLGF knock-in model of AD (Rice et al. 2020). Silencing amyloid production in inhibitory 
neurons reduced amyloid burden identifying inhibitory neurons as site of Aβ generation – however only the 
hippocampus was analysed in this study (Rice et al. 2020). 

The subcellular location 

In principle, APP could meet its secretases in the biosynthetic pathway in the ER, Golgi, trans-Golgi network 
and secretory vesicles as well as in the endosomal/lysosomal pathway upon reinternalisation of the proteins. 
Indeed, APP as well as all secretases have been mapped to virtually all of these compartments - though in 
different abundancies (Sun and Roy 2018). While it is generally believed that APP encounters proteins with 
α-secretase activity such as ADAM10 mainly at the cell surface, the extracellular environment shows an 
unfavourable pH for β-secretase activity.  β-secretase and γ-secretase activity are presumably restricted to 
endosomal/lysosomal compartments due to the low pH optimum of BACE1 (pH4.5). Indeed, BACE1 shows 
a punctate staining pattern and colocalises with endosomal and lysosomal markers (Huse et al. 2000). More 
specifically, early endosomes are likely to be the primary compartment for β-cleavage (Rajendran et al. 2006; 
Udayar et al. 2013). This postulates that APP needs to undergo at least one round of endocytosis to become 
targeted to the same intracellular location as BACE1 and the γ-secretase complex (Koo and Squazzo 1994). 
Alternatively, APP sorted in secretory vesicles from the TGN could meet BACE1 in the endocytic 
compartment after fusion without previous recycling (Toh et al. 2017). In accordance with the first scenario, 
it has been shown that APP traffics through the Golgi network to the plasma membrane where it is indeed 
rapidly internalised into recycling endosomes and partially lysosomes for degradation. Supporting the latter 
scenario, a study showed that APP can traffic directly from the TGN to early endosomes without recycling 
through the plasma membrane (Toh et al. 2017). No matter the exact scenario, membrane trafficking, 
undoubtedly, controls APP cleavage and amyloid production by regulating the encounter time of full-length 
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APP with the site-specific secretases. For example, reductions in RAB11 levels as a component of a slow 
recycling pathway in recycling endosome decreased β-site cleavage of APP and Aβ production (Udayar et al. 
2013). Lipid rafts, cholesterol rich membrane microdomains found on the plasma membrane and the 
endolysosomal system (Lingwood and Simons 2010), have been suggested as the membrane microregions 
APP encounters BACE1 and Aβ is generated in (Cordy et al. 2003). Accordingly, cholesterol depletion 
reduces amyloidogenic processing of Aβ (Simons et al. 1998).  

APP trafficking in neurons 

The subcellular trafficking was initially described in cultures of non-neuronal cells with no or slight 
polarization.  Here, APP shows abundant Golgi and TGN localisation. Trafficking of APP, however, might 
markedly differ in nerve cells as highly polarised cells with distinct subcellular domains such as dendrites, the 
neuronal soma and axon. APP definitely shows dendritic and axonal targeting and undergoes fast axonal 
transport mediated by kinesins (Koo et al. 1990). Fluorescent tracking of tagged-APP in primary neurons 
together with cycloheximide blocking of translation, suggested that APP undergoes axon-to-dendrite 
transcytosis in cultured neurons (Simons et al. 1995). The identity and characteristics of the APP transport 
vesicle in axons has been debated: APP is generally transported in vesicular structures with a tubular 
appearance (Haass et al. 2012; Goldsbury et al. 2006). First, it was shown that APP, BACE1 and PSEN1 are 
co-transported (Kamal et al. 2001), which could not be replicated in subsequent studies (Goldsbury et al. 
2006; Szodorai et al. 2009; Lazarov et al. 2005). Later studies showed that under physiological conditions, the 
majority of BACE1 and APP appear to be sorted into distinct vesicles limiting their convergence and the 
production of Aβ (Das et al. 2013). However, a small fraction of presynaptic APP was identified in synaptic 
vesicles (10%) where it also colocalises with presenilin and BACE1 which helps explain how synaptic activity 
increases Aβ secretion (Groemer et al. 2011; Kamenetz et al. 2003; Cirrito et al. 2005). Supporting this view, 
another study identified APP in RAB3-positive transport vesicles – a small GTPase implicated in synaptic 
vesicle exocytosis (Szodorai et al. 2009). In contrast to these studies, bifluorescent complementation assays 
and dual-colour live imaging of fluorescently tagged BACE1 and APP in primary neuronal cell culture, 
revealed that while in dendrites most BACE1 and APP interacted in acidic recycling endosomes (Rab11, 
Transferrin Receptor positive organelles), in axons they are surprisingly co-transported in Golgi-derived 
vesicles and to a lesser extent in endosomal structures (Das et al. 2016).  

A general note: extrapolation of the findings from in vitro  experiments investigating APP/BACE1 
intracellular trafficking to the in vivo  situation is difficult. Neuronal cells in vitro  represent an early state of 
neuronal differentiation (axonal outgrowth, presence of growth cones) and of course show markedly reduced 
complexity when compared to the in vivo  situation (number of synapses, reduced axonal length, lack of 
myelination). Nevertheless, BACE1 and APP in vivo  are axonally enriched proteins and encounter of BACE1 
and APP in axonally transported vesicles is therefore likely. There is a need for more studies investigating 
APP and BACE1 trafficking and its implications for Aβ generation in the adult brain in vivo  .  

Axonally generated Aß 

How important is axonal transport for the generation of Aβ? BACE1 and APP in vitro  and in vivo  are 
axonally enriched proteins. Using microfluidic devices which allow for soma/axon separation of cultured 
neurons, it was estimated that about 40% of cellular Aβ is derived from axons (Niederst, Reyna, and 
Goldstein 2015). In this system, axonal Aβ production was dependent on somatic endocytosis (Niederst, 
Reyna, and Goldstein 2015). Intriguingly, induction of axonal transport deficits that lead to axonal swellings 
consistently elevate Aβ levels: slowdown of general axonal transport rates by genetic disruption of kinesin 
(kinesin light chain, KLC1) (Stokin et al. 2005) or the kinesin-1 adaptor Calsyntenin-1 (Vagnoni et al. 2012) 
leads to axonal swellings and enhanced Aβ generation. Similarly, impairments of organelle specific transport 
e.g. JIP3-dependent axonal lysosome transport (Gowrishankar, Wu, and Ferguson 2017) or snapin-
dependent retrograde transport of late endosomes (Ye and Cai 2014) elevate Aβ levels. Importantly, JIP3 and 
KLC1 heterozygosity exacerbates amyloid plaques load in vivo in AD mouse models (Gowrishankar, Wu, and 
Ferguson 2017; Stokin et al. 2005).  
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Intriguingly, impairments in membrane trafficking impact amyloid production, also via altering axonal 
targeting of BACE1. Loss of BACE1 s-palmitoylation (important for its lipid raft targeting) for example 
(Andrew et al. 2017) or its interaction with endocytic recycling proteins of the EHD family (EHD1, EHD3) 
(Buggia-Prévot et al. 2013) reduce its axonal targeting and subsequently reduce Aβ levels. AP2 likewise 
controls lysosomal targeting of BACE1 and knockout of AP2 results in increased axonal Aβ levels due to 
insufficient BAC1 degradation (Bera et al. 2020). BIN1 and CD2AP also regulate endosomal convergence of 
APP and BACE where BIN1 specifically regulates BACE1 recycling in axons (Ubelmann et al. 2017). 
Dysfunction of retromer, an essential protein complex for endosome-to-TGN retrieval, results in enhanced 
β-cleavage of APP by trapping APP in an endosomal compartment in neurites (Bhalla et al. 2012). 
Unexpectedly, massive BACE1 elevation by transgenic overexpression actually decreases amyloid deposition 
in vivo (Lee et al. 2005). This seems to be a consequence of shifting the subcellular site of β-cleavage from the 
axonal compartment to neuronal somata highlighting the importance of the axonal origin of Aβ peptides for 
plaque formation (Lee et al. 2005).  

Dystrophic neurites: sites of Aβ production? 

The corona of dystrophic neurites found around amyloid plaques as observed in both AD patients and mouse 
models has also been hypothesised to be a local site of Aβ production. Ultrastructurally, these are filled with 
autophagic vesicles, multivesicular bodies and vesicle structures reminiscent of endosomes/lysosomes 
(Sanchez-Varo et al. 2012). They enrich autophagic markers such as LC3 (Sanchez-Varo et al. 2012) and 
lysosomal markers LAMP1/2 and endosomal markers RAB5/7.  These swellings stain overwhelmingly 
positive for axonally transported pre-synaptic vesicle proteins such as VGLUT1 (vesicular glutamate 
transporter 1; glutamatergic presynapse marker) and VGAT (vesicular GABA transporter; gabaergic 
presynapse marker) (Sanchez-Varo et al. 2012) and negative for dendritic markers such as MAP2 
(Microtubule-associated Protein 2) and are, therefore, of axonal origin. Furthermore, some axonal swellings 
appear to be still myelinated (Sanchez-Varo et al. 2012). Axonal dystrophies around amyloid plaques have 
been shown to accumulate the Aβ producing machinery (APP, BACE1, γ-secretase complex) (Sadleir et al. 
2016; Gowrishankar et al. 2015) and subsequently enrich Aβ. It was speculated that axonal dystrophies serve 
as the primary production sites of Aβ which precipitates plaque formation. However, longitudinal in vivo 2-
photon imaging revealed that at least in AD mouse models axonal swellings in a corona-like structures occur 
secondary to plaque formation (Meyer-Luehmann et al. 2008). Nevertheless, these structures could still 
exacerbate amyloid production in a vicious cycle scenario.  

1.2.7 Amyloid-β aggregation 
A fibril in the making 

What is the fate of the Aβ peptide chain after its release from APP? First it is noteworthy, that Aβ peptides 
can vary in length with both shorter or longer versions at the N- or C-terminus: in addition to so-called full-
length Aβ starting with an aspartate at Aβ1-x (see Fig1.4c) N-terminally truncated Aβ peptides exist with starts 
at every AA from Aβ2  to Aβ11. Pyroglutamylated Aβ3 (AβpE3-x) and Aβ4-x are particularly abundant (Wirths et 
al. 2017; Portelius et al. 2010). Importantly, N-terminally truncated peptides can be detected in similar 
abundancy to full length peptides in human AD plaques (Portelius et al. 2010). Aβ peptides can also end at 
various AA at the C-terminus (AA37- AA49). While referred to as “amyloid β” in their entirety, Aβ peptides 
are, therefore, actually a heterogenous array of differently-sized peptides – with direct consequences for their 
biophysical properties.  

Aβ monomer peptide structural studies have reported various degrees of secondary structures in the 
monomer dependent on solution and exact peptide examined (Chen et al. 2017).  In general, full-length Aβ 
monomers are rather believed to be intrinsically unstructured. During fibrillogenesis, a conversion from  this 
unstructured protein as a random coil formation to a β-sheet structure with potential α-helical intermediates 
occurs (Klimov and Thirumalai 2003). The structure Aβ adopts in fibrils is better understood: here the peptide 
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folds into two name-giving β-sheets and a disordered N-terminal tail. In a model reported by Petkova and 
colleagues for Aβ40, residues 1-8 are disordered and AA 12-24 constitute the first β-sheet (β1) and residues 
30-40 the second β-sheet (β2) (Petkova et al. 2002).  In a model reported by Lührs et al. (Lührs et al. 2005) for 
Aβ42, residues 1-17 remain disorders, but residues 18-42 (in the case of Aβ 42) form a U-shaped β-strand-turn-
β-strand (also called β-arch motif) with residues 18–26 forming β1 and 31–42 forming β2. In a protofibril, β1 
forms intermolecular interactions with β2 of the next Aβ peptide which gives rise to “staggering” – a shift of 
the two intramolecular β-strands against each other. This staggering creates different ends of the stack and 
explains unidirectional growth of amyloid fibres. Despite shown to be disordered in structural studies, the N-
terminal residues play important roles in the aggregation behaviour of Aβ (Söldner, Sticht, and Horn 2017). 
The β-sheets usually run in-parallel and in-register to one another (though other conformations have also 
been observed (Qiang et al. 2012; Gao et al. 2020)) and perpendicular to the fibril axis (“cross-β”). In the 
supramolecular architecture of a fibril, multiple protofibrils i.e. staggered β-sheet are associated with another 
along their longitudinal axis. Typically, three stacks are associated with threefold symmetry and a periodically 
twisted morphology (Paravastu et al. 2008; Petkova, Yau, and Tycko 2006). The so-called striated ribbon 
morphology of two-fold symmetry consisting of two protofibrils is also observed. A more recent study has, in 
principle, validated this structure in in vivo derived Aβ40 fibrils (as opposed to in vitro derived fibrils) (Lu et al. 
2013).

Fibril growth follows a sigmoidal kinetic of a slower nucleation phase followed by a steady growth phase and 
plateaus in a maturation phase where mature fibres are present as revealed by classical ThioflavinT assays. 
Folding of Aβ42 into fibrils involves a stable pentameric, disc-shaped assembly of monomers that do not yet 
show a β-sheet structure (Ahmed et al. 2010) but in which the hydrophobic stretches fold into a strand-turn-
strand formation. Of note, the two hydrophobic extra residues in Aβ42 seem to stabilise this toxic and 
pentameric oligomer which could explain the heightened aggregation behaviour of Aβ42. In vivo , Aβ42 is the 
form predominantly found in amyloid plaques and only overexpression of Aβ42 but not Aβ40 leads to the 
accumulation of amyloid plaques (McGowan et al. 2005). Another explanation for Aβ42 specific properties 
was recently given by Xiao et al. and Wälti et al. that showed that Aβ42 can fold in more than two β sheets in 
a double horseshoe like fashion that Aβ 40 cannot adopt (Xiao et al. 2015; Wälti et al. 2016). 

Amyloid plaques 

The conversion from fibrils to amyloid plaques as observed in vivo is not well understood. However, plaque 
formation does typically not occur in a cell-free environment (in vitro incubation of amyloid in buffers). A 
few (but not well recognised) studies have shown that in primary cell culture repetitive incubation with 
synthetic Aβ leads to the formation of plaque-like structures (Friedrich et al. 2010; Gellermann et al. 2006). 
This very likely has to do with the fact that amyloid plaques are not exclusively made up of Aβ but various 
proteins and lipids are co-accumulating in plaques. Recent proteomic approaches using laser capturing of 
amyloid plaques revealed over 40 proteins that were significantly enriched in amyloid plaques (Xiong, Ge, 
and Ma 2019; Drummond et al. 2017). Among them is APOE which can be readily found in amyloid plaques 
using conventional immunostaining approaches. Other proteins found in plaques are members of the 
complement family (C4), APOJ (clusterin), ubiquitin and multiple heatshock proteins. Under the top50 
enriched proteins, multiple myelin proteins (MBP, CNP, TUBB4A) are also found.  

AD plaques are categorised based on their different morphological characteristics and they show tremendous 
heterogeneity. The most common types include diffuse plaques, fibrillar, dense-cored and burned-out plaques 
- though many more types have been described with partly confusing nomenclature (Dickson and Vickers 
2001). Diffuse plaques are typically very well stained with anti-amyloid-β antibodies and to a weaker extent 
with β-sheet interacting dyes such as Thioflavin, Congo red, Methoxy-04 (Wu, Scott, and Shea 2012) and they 
do not show distinct boarders. Fibrillar plaques are much better stained with dyes and show a fibrous 
morphology. Dense-cored plaques show a core that is intensely stained with dyes with a void around it and a 
“second layer” of fibrillar amyloid deposit. Burned-out plaques typically only present with a dense core 
without an additional layer of any fibrillar Aβ around them. Condensed plaques that present with dystrophic
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neurites around them have been termed neuritic plaques. Patients typically present with a multitude of these 
morphologies. Elegant in vivo imaging of amyloid plaques in AD mouse models have revealed a gradual, 
sigmoidal growth curve of plaques where small plaques grow fastest (Burgold et al. 2014; Burgold et al. 2011). 

Oligomers versus plaques: what is toxic (the most)? 

It is a long-standing debate which amyloid entity represents the neurotoxic species in AD: monomers, 
oligomers or mature fibrils in plaques? Closely related to this, is the idea that the build-up of amyloid plaques 
in the brain is a protective reaction to sequester toxic Aβ oligomers. However, everyone who 
histopathologically examined amyloid plaques in the brain of mouse models and patients must agree that 
amyloid plaques cause local tissue damage with the surrounding parenchyma disintegrating and the 
formation of neuritic beads. In theory, such changes alone could well explain AD related functional declines. 
However, the fact that the severity of AD cognitive symptoms and the number of amyloid plaques is not well 
correlated with AD progression (indeed cognitively healthy elderlies can show abundant amyloid deposition) 
and that amyloid plaque targeting therapeutic interventions did not significantly better clinical outcome 
(yet), has fuelled the idea that an amyloid species other than plaques is to blame for neurotoxicity. The 
mature fibrils and oligomeric species are likely to be present in an equilibrium state in the brain. Indeed, it is 
thought that amyloid plaques form a halo of oligomeric Aβ around them. Various types, but not well-defined 
amyloid oligomers that form during the nucleation process cause cell death in vitro and can disturb 
synaptic transmission (Benilova, Karran, and De Strooper 2012). In a broader description, these oligomeric 
species are termed Aβ derived diffusible ligands (ADDLs) (Lambert et al. 1998). Importantly, these 
oligomeric species also show in vivo neurotoxicity and inhibit hippocampal long-term potentiation (Walsh 
et al. 2002). In general, it is thought that the oligomers elicit toxicity by interacting either directly with 
biological membranes or proteins such as glutamate receptors or the cellular prion protein (Laurén et al. 
2009).   

1.2.8 Microglial  responses in Alzheimer’s Disease 
As outlined above, glial responses to amyloid deposition have been one of the first features of AD observed 
by Alois Alzheimer. Inflammatory reaction in the brain (neuroinflammation) is, indeed, a prominent feature 
in AD. In the last decade, the AD field has shifted its attention from neurons to additionally studying glial 
cells, especially microglia cells. This has been certainly fuelled by a number of genome wide association studies 
(GWAS) and other genetic studies that showed correlations of genetic variants in/near genes mainly 
expressed in glia cells (see continuously updated database alzgene.org (Bertram et al. 2007)). Among these 
genetic risk factors, is the long-known risk allele ApoE4 that is majorly expressed in astrocytes and microglia, 
another Apolipoprotein Clusterin (APOJ) expressed in astrocytes and OPCs and many genes that seem 
involved in microglial biology such as CR1, SPI1, the MS4A family, TREM2, ABCA7 and CD33 and many 
more (Efthymiou and Goate 2017).  

Microglia reaction to amyloid plaques 

Microglia cells clearly react to amyloid plaques by clustering or “corralling” around them as revealed by 
microscopy – a phenomenon of human AD well replicated in mouse models (Fig1.5). This is associated with 
the typical morphological changes seen in microglia or macrophages that react to tissue damage from highly 
branched to an amoeboid shape. Microglia sense amyloid via a couple of receptors that are classically 
involved in the detection of danger associated molecular patterns (DAMP) such as toll like receptors and 
scavenger receptors (Heneka et al. 2015). For example, CD36 was shown to mediate inflammatory cytokine 
release (TNFα, Interleukin-1, Interleukin-6) upon fibrillar amyloid exposure and have been long known to 
be upregulated in AD patients (El Khoury et al. 2003; Koenigsknecht and Landreth 2004). Importantly, the 
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inflammatory reactions seem highly localised to the vicinity of amyloid plaques. Elegant in vivo co-imaging 
studies of fluorescently labelled microglia and plaques probed the reaction of microglia to plaques in AD 
mouse models (Meyer-Luehmann et al. 2008; Bolmont et al. 2008). These studies revealed that microglial 
activation is secondary to plaque formation and that microglia associate stably with plaques. In certain cases, 
microglia show internalised amyloid indicative of phagocytosis attempts. Earlier in vitro studies, indeed, 
showed that microglia cells are able to internalise amyloid (Paresce, Ghosh, and Maxfield 1996) but this 
phagocytosis occurs by a non-classical phagocytotic mechanism (Koenigsknecht and Landreth 2004) and 
amyloid fibrils are only inefficiently degraded (Paresce, Chung, and Maxfield 1997; Stalder et al. 2001). In 
fact, microglia seem much more effective in degradation of oligomeric/protofibrillary amyloid than fibrillar 
amyloid (Liu et al. 2010). Microglia become increasingly dysfunctional with the time they are exposed to 
amyloid in aged AD mouse models which reduces their phagocytic activity and ramps up inflammatory 
cytokine production (Hickman, Allison, and El Khoury 2008; Krabbe et al. 2013). Accordingly, it is still a 
matter of intense debate to what extent microglia actually remove Aβ from plaques and if they restrict plaque 
growth. However, Aβ immunotherapy studies have shown that plaque-association of microglia and 
phagocytosis can be boosted by administration of anti-amyloid antibodies which subsequently reduces plaque 
load (Koenigsknecht-Talboo et al. 2008; Krabbe et al. 2013).  

Plaque-associated microglia: Safe-guards for neurites and plaque machines? 

Given the apparently limited phagocytosis of amyloid by microglia, what might be other potential roles of 
microglia around amyloid plaques? Using exogenously injection of fluorescently labelled Aβ peptides and in 
vivo imaging, Condello et al. showed that microglia constitute a barrier that prevents further Aβ binding/ 
plaque expansion which protects the surrounding tissue from developing neuritic dystrophies (Condello et 
al. 2015). Accordingly, microglia decorated amyloid plaques are more compact and show less abundant 
dystrophic neurites. Genetic and pharmacological microglia depletion experiments have shown no or limited 
effects on plaque burden in terms of plaque number in AD mouse models (Grathwohl et al. 2009; 
Spangenberg et al. 2016) but revealed morphological remodelling of plaques (Zhao et al. 2017; Casali et al. 
2020). The exception to this are two interesting studies employing colony stimulate factor 1 receptor (CSF1R) 
antagonists to deplete microglia (Elmore et al. 2014). These studies reported early long-term 
administration (as early as 1.5 months for up to 6 month) to massively diminish, almost prevent, plaque 

Figure 1.5 Reaction of microglial cells to amyloid plaques.  (a) Fluorescence microscopy of microglial reactions to 
plaques in a paraffin-brain section of a 6-month-old 5xFAD mouse. Microglia (stained by Iba1 in yellow) are found in 
close physical association with amyloid plaques. Partially, amyloid material (stained with Methoxy-04) can be seen in 
the microglial cell body indicative of phagocytosis. (b) Schematic representation of the reaction of microglial to 
plaques. Microglia around plaques show a disease-associated microglia (DAM) signature characterized by high levels 
of ApoE and Trem2. Homeostatic microglia further away from plaques exert a highly branched morphology and 
express the microglial homeostasis markers Cx3cr1 and P2ry12.  
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burden in 5xFAD mice (Spangenberg et al. 2019; Sosna et al. 2018). In these mice, however, cerebral amyloid 
angiopathy emerged and behavioural symptoms worsened after microglia depletion (Spangenberg et al. 
2019). The authors speculated that very early in disease progression, microglia actually help seed amyloid 
plaques by different mechanisms. This could involve secretion of factors facilitating amyloid formation in the 
extracellular environment or the uptake of Aβ into acidic organelles and its subsequent release to the 
extracellular environment. Indeed, it was shown that ASC specks following inflammasome activation cross-
seed amyloid (Venegas et al. 2017). Likewise, deletion of TAM-receptors reduces plaque seeding by inhibiting 
microglial amyloid uptake (Huang et al. 2021). 

Trem2 and ApoE: Partners in crime 

Genetic analyses in AD have particularly sparked interest in TREM2, a lipid receptor that is primarily 
expressed in microglia. These studies showed that heterozygous TREM2 variants such as the R47H mutation 
are associated with increased AD risk (Guerreiro et al. 2013; Jonsson et al. 2013). Early work in Christian 
Haass’ group showed that TREM2 deficiency impairs chemotaxis and migration and microglia are apparently 
transcriptionally locked in a homeostatic state (Kleinberger et al. 2014). Further they showed that TREM2 
undergoes ADAM10 mediated shedding which is reduced together with maturation and phagocytosis in 
TREM2 variants implicated in AD and frontotemporal dementia (Kleinberger et al. 2014). The microglial 
barrier function is also critically dependent on the expression of Trem2. Work by Marco Colonna’s lab 
established that in Trem2 heterozygous or homozygous knockout mice microglia fail to cluster around 
amyloid plaques and plaques are subsequently more diffuse and neuritic damage increased (Wang et al. 2016; 
Wang et al. 2015; Ulrich et al. 2014). While different studies reported variable effects of TREM2 loss of 
function on plaque load (from diminished plaque load to increase plaque burden - dependent on mouse 
model and time points analysed (Jay et al. 2015; Wang et al. 2016; Wang et al. 2015; Yuan et al. 2016; Jay et al. 
2017; Krasemann et al. 2017)), the loss of the microglial plaque-corralling phenotype is consistently reported 
in mice and human Trem2 mutation carriers (Yuan et al. 2016; Parhizkar et al. 2019). An elegant study 
involving amyloid seeding experiments and longitudinal in vivo amyloid PET imaging showed that especially 
early plaque formation is markedly affected by Trem2 loss of function: plaque seeding is enhanced, and 
amyloid accumulation rate is very high early in disease progression in APP/PS1 mice, but rapidly declines 
afterwards partly reconciling contradicting reports on plaque burden changes in Trem2 knockout animals 
(Parhizkar et al. 2019).  

Surprisingly, plaques in Trem2 knockout/AD mice contained significantly less APOE (Parhizkar et al. 2019). 
APOE plaque content is also diminished by microglia depletion highlighting microglia as the source of APOE 
that is found in amyloid plaques (Parhizkar et al. 2019). APOE is usually found in tight association with Aβ 
in amyloid plaques. What is the role of APOE in plaques and AD? ApoE is the most well studied genetic risk 
factor for late onset AD, especially in regards to its roles in glia cells. Approximately, 15% of the world’s 
population carry the APOE4 allele which increases the likelihood of developing AD in comparison to the 
more frequent APOE3 isoform [odds ratio (E3/E4 to E3/E3)= 3.2; odds ratio (E4/E4 to E3/E3=14.93) in a 
Caucasian population (Farrer et al. 1997)]. The three human APOE isoforms differ in the AA positions 112 
and 158 which change receptor, lipid and amyloid binding (Kanekiyo, Xu, and Bu 2014).  APOE is involved 
in the transport of lipids, especially cholesterol, between cell types in the brain and is majorily expressed by 
astrocytes under homeostatic conditions (Liu et al. 2013). However, APOE becomes elevated in activated 
microglia.  In vitro experiments have shown that APOE and especially the APOE4 isoforms massively 
enhanced amyloid fibrillisation (Ma et al. 1994). In the meanwhile, these findings have been replicated in vivo 
in AD mouse models using different (over)expression approaches of human APOE isoforms (Liu et al. 2017; 
Castellano et al. 2011; Bales et al. 2009). These studies consistently show that amyloid load is enhanced in 
APOE4 expressing mouse models. Conversely, decreasing APOE levels ameliorates fibrillar plaque deposition 
(DeMattos et al. 2004; Bales et al. 1997) – independent of the specific APOE isoform (Kim et al. 2011). The 
APOE4 allele seems to exert its negative effect on plaque burden by a dual mechanism involving both 
enhanced plaque seeding and reduced drainage (Castellano et al. 2011; LaDu et al. 1994; Deane et al. 2008). 
Lipidated APOE in lipoprotein particles can bind soluble Aβ which can be taken up by cells via lipoprotein 



37 

receptors such as LRP1 and LDLR (Kanekiyo et al. 2011) and then degraded or drained via the blood brain 
barrier. Indeed, LDLR overexpression massively decreases amyloid burden by stimulated cellular 
amyloid drainage (Kim et al. 2009). The APOE4 isoform seems to be both less efficient in binding soluble 
amyloid and is more poorly lipidated both of which reduces drainage (Fernandez et al. 2019). Intriguingly, 
immunotherapy directed against APOE reduces plaque burden and CAA pathology in mice (Xiong et al. 
2021). 

Plaques damn microglia 

The microglial response in AD has been recently characterised in unprecedented detail in a number of 
transcriptomic studies that have further underscored the importance of both APOE and TREM2 function in 
guiding microglial reaction in AD (Krasemann et al. 2017; Keren-Shaul et al. 2017). Using scRNA-seq, Keren-
Shaul et al. identified a small population of microglial cells that was overrepresented in 5xFAD mice and 
showed reduced expression of homeostatic microglia (such as P2ry12, CxCr1 or Tmem119 ) and increased 
expression of ApoE, Trem2, Tyrobp, Lpl, Spp1, Clec7a and Itgax . This signature was baptised “disease-
associated microglia” (DAM) signature and was shown to be restricted to microglia that were in contact with 
amyloid plaques and of a phagocytic phenotype (Fig1.5). This study further showed that Trem2 loss of 
function blocks full conversion to a DAM phenotype and microglial became arrested in a precursor DAM 
state. At the same time, Krasemann and colleagues described the same signature in AD mice using bulk 
sequencing and nanostring analysis of sorted microglia (microglial neurodegeneration phenotype, MGnD) 
(Krasemann et al. 2017). In concordance with the Keren-Shaul findings, the proper induction of this MGnD 
pool was dependent on Trem2 as well as additionally ApoE expression. Intriguingly, however, despite 
describing the same pool of microglia the two studies differ in the interpretation of the function of this 
microglia subset: While Keren-Shaul et al. attribute protective functions, Krasemann and colleagues assign a 
detrimental role to DAM. This well reflects the two current schools of thoughts and the conflict in the field. 
It might, however, be resolved by acknowledging a dichotomous role of microglia in AD with a temporal 
trajectory from early-protective to late-dysfunctional and harmful – which awaits further experimental proof. 

1.2.9 The amyloid cascade hypothesis and beyond 
The early and undeniable observation of Aβ as the main constituent of plaques as the unique 
neuropathological feature of AD, together with the genetic support from familial Alzheimer’s disease and 
Down Syndrome patients has led to the formulation of the amyloid-cascade hypothesis by Hardy and Higgins 
in 1992 (Hardy and Higgins 1992). The amyloid hypothesis states, that it is the build-up of Aβ in the brain 
that starts a cascade of events that ultimately leads to neuronal dysfunction and neuronal cell death. In this 
cascade, the second neuropathological hallmark of AD, namely tau-tangles, as well as the overt 
neuroinflammation is placed downstream of Aβ. Given the limited evidence of direct toxicity of Aβ (in 
plaques), tau-tangles are likely to lead to the overt cell death present in the very late pathological stages of AD. 
Multiple other theories trying to explain AD pathology exists, but the amyloid-cascade is the prevailing 
hypothesis in the field.  

However, it faced substantial criticism mainly based on the failure of amyloid-lowering therapeutics in clinical 
trials (Karran, Mercken, and De Strooper 2011; Makin 2018). These included both β- and γ-secretase 
inhibitors and Aβ immunotherapy (both passive and active). A number of clinical trials were discontinued 
due to side-effects (e.g., encephalomyelitis in the case of active Aβ immunotherapy), others did not proof 
effective in changing clinical outcome (though this could be likely explained by the treatment paradigm in 
late disease phases). Very recently, in June 2021, the US Food and Drug administration has granted 
accelerated approval to Aducanumab (Aduhelm, Biogen) as the first approved anti-amyloid antibody for the 
therapeutic treatment of AD. The approval, however, was met with substantial criticism from the AD research 
field (Karlawish and Grill 2021) as the clinical trials showed lowering of Aβ burden in Aβ-PET scans but failed 
to provide evidence for ameliorating cognitive decline. Given apparent shortcomings of the amyloid cascade 
hypothesis, it has been refined (or replaced) to accommodate other features of the disease progression. This 
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includes theories focussing on regulating the neuroinflammatory response in AD, targeting primarily tau, 
oxidative stress, and the role of microbe/viral infections in AD pathogenesis (present theories are reviewed in 
(Liu et al. 2019)). No matter the underlying theoretical construct, it is clear that therapeutic interventions 
aimed at prevention rather than treatment of AD are more desirable. In this regard, understanding the initial 
steps of the disease at or even prior to the first signs of amyloid deposition is crucial. Inherently linked to this 
is the question what exactly causes the accumulation of amyloid in the aged brain in sporadic AD. It is 
interesting that for the majority of the adult life span no plaque accumulation is observed despite abundant 
expression of APP and the secretases. Hypotheses trying to explain emergence of amyloid plaques upon 
ageing include - among others - a loss of overall proteostasis and the fatigue of other cellular 
recycling/degradation mechanism which would ramp up amyloid production or reduce amyloid degradation 
(Hipp, Kasturi, and Hartl 2019; Hou et al. 2019). This makes clear that in order to understand the age-
dependency of amyloid build-up it is crucial to understand the effects “normal” ageing has on the brain and 
its different cell types.  

1.3 Aims of this study 
Is myelin ageing a risk factor for amyloid deposition in Alzheimer’s disease? 

As reviewed above, brain ageing fundamentally affects the integrity of myelin, especially intracortical myelin 
in the frontal lobe. The late George Bartzokis was the first one to hypothesise that this age-related myelin 
breakdown could be a risk factor for the development of AD (Bartzokis et al. 2004). Neuropathological studies 
by the Braaks revealed an inverse relationship of AD pathology and myelination (Braak and Braak 1991): 
thinly and in development lately myelinated areas that are affected most by age-dependent myelin decline are 
also the most susceptible to AD pathology. Conversely, heavily and in development early myelinated tracts 
remain unaffected until the very late disease stages. Indeed, white matter damage was shown to occur in the 
preclinical phases of AD in a number of macroscopic brain imaging studies (Dean et al. 2017; Bendlin et al. 
2012; Bendlin et al. 2010). Intriguingly, the decline in myelin integrity starting already in the 5th decade of life 
coincides with the first signs of amyloid build-up in the brain as seen by amyloid PET imaging or changes in 
amyloid biomarkers (Fig1.6) (Jansen et al. 2015; Bartzokis et al. 2010). While Bartzokis put together a well 
thought hypothetical model of AD aetiology, it awaits experimental proof. Importantly, while he meticulously 

Figure 1.6 Schematic illustration of the relationship of myelin integrity break-down and AD-related 
neuropathologies across the human lifespan.  X-axis represents age in years (y). Y-axis depicts relative increases. Y-
values are not represented in scale. Age-trajectory of these parameters is schematically depicted based on Bartzokis 
et al. 2010 and Jansen et al. 2015.  
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collected evidence linking myelin degeneration to AD the metabolic support function of oligodendrocytes 
was not unravelled yet. I interpret Bartzokis’ hypothesis of ‘myelin damage drives brain Alzheimerisation’ 
mainly in the light of the lately described metabolic support function of oligodendroglia and hypothesised 
that in humans age-dependent structural changes in oligodendrocytes compromise the trophic support rather 
than insulating function of myelin. I envision a mechanism in which axonal starvation downstream of myelin 
defects, leads to reduced axonal transport and lysosomal degradation promoting the accumulation of APP, β 
and γ-secretase in axonal swellings which would propel amyloid accumulation. In my doctoral thesis, I set 
out to provide a proof of principle for the link of myelin dysfunction and AD pathology in vivo (Fig1.7). For 
this, I performed an in-depth analysis of mouse models of myelin dysfunction combined with AD mouse 
models and investigated effects on amyloid plaque burden using 3D light sheet microscopy (Fig1.7). Using 
immunohistochemistry as well as biochemical and transcriptional analysis of double mutant mice, I aimed at 
elucidating the underlying mechanism of action.  

Figure 1.7 Experimental setup to study the impact of myelin dysfunction on amyloid deposition in vivo.  Upper 
panel: Genetic models of chronic myelin dysfunction (CNP-/-, PLP-/-), acute demyelination (Experimental autoimmune 
encephalomyelitis (EAE) and Cuprizone-mediated demyelination) and amyelination (lack of compact myelin in Emx-
Cre MBPfl/fl) were combined with AD mouse models (5xFAD, APPNLGF). Lower panel: The impact of defective myelin on 
plaque burden was assessed by tissue clearing and light sheet microscopy (LSM) of amyloid plaques stained by Congo 
red. Figure adapted from Depp et al. 2021. 
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2 Material and Methods 
2.1 Materials 

2.1.1 Chemicals  

All chemicals described in the methods section of this thesis were purchased from Merck/Sigma Aldrich albeit 
stated otherwise. 

2.1.2 Solution and buffers 

Solutions and buffers were prepared at room temperature by weighing required amounts of chemicals using 
a (precision) laboratory balance and solving them in the respective solvent. Unless stated otherwise, deionised 
water was used as the default solvent.  The solution’s pH was adjusted using a pH-meter when required. 
Application is given in the last column (WB= Western Blot; IHC=Immunohistochemistry; LSM= Light sheet 
microscopy).  

Table 2.1 List of solutions and buffers 
Name Composition Application 
Citrate buffer 1.8 mM Citric acid  

8.2 mM Sodium citrate 
pH 6 

IHC 

Diethylamine-buffer (DEA) 0.25% Diethylamine 
50mM NaCl  
pH 10 

WB 

FastGreen-Wash (FG-W) 30% MeOH 
7% Acetic acid 
63% H2O 

WB 

Laemmli sample buffer 2%SDS, 10% glycerol 
0.0025% bromophenol blue 
0.125M Tris-HCl pH 6.8 
0.05M DTT 

WB 

PBS-T with Heparin (PTwH) PBS/0.2% Tween-20 
10 mg/ml heparin 
5mM sodium azide 

LSM 

PFA/PB 4% PFA 
0.04M NaH2PO4 
0.16M Na2HPO4 
pH 7.4 

IHC 

Phosphate buffer 0.04M NaH2PO4 
0.16M Na2HPO4 
pH 7.4 

IHC 
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Phosphate-buffered saline (PBS) 137mM NaCl 
2.7mM KCl 
10mM Na2HPO4

1.8mM KH2PO4;  
pH 7.2 

LSM, IHC, WB 

Radioimmunoprecipitation assay 
buffer (RIPA) 

20mM Tris-HCl pH7.5 
150mM NaCl 
1%NP-40, 1%SDS 
2.5mM sodium pyrophosphate 
1mM Na2EDTA 

WB 

SDS running buffer 25 mM Tris base 
190 mM Glycine 
0.1% SDS 
pH 8.3 

WB 

Separating gel 8-10% Acrylamid/Bisacrylamid 29:1
0.4 M Tris/HCl pH 8.8
0.1% SDS
0.03% APS
0.08% TEMED

WB 

Stacking gel 4% Acrylamid/Bisacrylamid 29:1 
125 mM Tris/HCl pH 6.8 
0.1% SDS 
0.05% APS 
0.1% TEMED 

WB 

Tris-Tricine-running buffer 100 mM Tris 
100 mM Tricine 
0.1% SDS 
 pH 8.3 

WB 

Transfer buffer 25 mM Tris base 
190 mM Glycine 
20% Methanol 
pH 8.3 

WB 

Basic antigen retrieval buffer 10mM Tris 
1mM EDTA 
pH 10 

IHC 

Tris-buffered saline with Tween 
(TBS-T) 

20mM Tris-base, pH7.5 
150mM NaCl 
0.1% Tween-20 

WB 
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2.1.3 Antibodies and staining reagents 

Primary and secondary antibody solutions were prepared in PBS/10%GS or PBS/5%BSA for 
immunohistochemistry (IHC), in PTwH with 0.2% Triton X-100, 5% DMSO and 3% GS for light sheet 
microscopy (LSM) and in TBS-T with 5% BSA for western blotting (WB). 

Table 2.2 List of primary antibodies 
Target Species Company Dilution Application 
ApoE(D719N) rabbit Abcam 1:200 IHC 
APP rabbit Thermo Fisher 1:1000 WB 
APP rabbit SySy 1:1000 IHC, WB 
APP(22c11) mouse Merck 1:1000 IHC, WB 
Aβ (6E10) mouse Biolegend 1:1000 IHC 
Aβ1-x (6C3) mouse Abcam 1:200 IHC 
Aβ4-x Guinea pig Custom (Wirths) 1:200 IHC 
Aβx-42 (D3E10) rabbit CST 1:1000 IHC 
BACE1 rabbit Abcam 1:100 IHC 
BACE1 rabbit CST 1:1000 WB 
CNP mouse Atlas 1:1000 IHC 
GFAP mouse Leica 1:200 IHC 
Iba1 rabbit Wako 1:500 IHC, LSM 
MBP rabbit Custom (Nave) 1:1000 IHC 
PLP(aa3) rat Custom (Nave) 1:200 IHC 

Table 2.3 List of secondary antibodies 
Target Fluorophor Species Company Dilution Application 
Mouse IgG Alexa 555 Donkey or goat Thermo 1:1000 IHC 
Rabbit IgG Alexa 555 Donkey or goat Thermo 1:1000 IHC 
Mouse IgG Dylight 633 Donkey or goat Thermo 1:1000 IHC 
Rabbit IgG Dylight 633 Donkey or goat Thermo 1:1000 IHC, LSM 
Rat IgG Dylight 633 Donkey  Thermo 1:1000 IHC, LSM 
Rabbit IgG IRDye 800CW Goat Licor 1:5000 WB 
Mouse IgG IRDye 680CW Goat Licor 1:5000 WB 
LSAB2 Kit 
(mouse, 
rabbit) 

Chromogenetic 
labelling 

- Dako IHC IHC 

Table. 2.4 Other staining reagents 
Target Name Company Dilution Application 
DNA DAPI Thermo Fisher Scientific 300nM PBS IHC 
DNA ToPro3 Thermo Fisher Scientific 1:1000 in PBS IHC 
DNA GelRed BioTrend 1:2500 Genotyping 
β-sheets Congo red  Tocris 0.01% in PTwH IHC, LSM 
β-sheets Methoxy-X04 Tocris 4µg/mL in 50% EtOH IHC 
Protein Fastgreen (FG) Serva 0.0005% in FG-Wash WB 
HRP-activity DAB Zytomed According to manual IHC 
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2.1.4 Mouse strains 

2.1.5 Genotyping 

Table 2.5 Mouse lines 
Name Genetic modifications Original reference 
5xFAD APP KM670/671NL; I716V; V717I, PSEN1 M146L; L286V Oakley et al. 2006 
CNP null Cre-cassette insertion into CNP locus; gene deletion Lappe-Siefke et al. 

2004 
PLP null Neomycin-cassette insertion PLP1 locus; gene deletion Klugmann et al. 1997 
Emx-Cre Emx1::IRES-cre; cre-insertion downstream of Emx-Cre coding 

sequence 
Gorski et al. 2002 

MBPfl/fl Floxed Exon1 of the MBP gene Meschkat et al. 2020 

Table 2.6 Genotyping primer sequences 
Name Genotyping 
5xFAD Protocol 31769; JAX 

36758: 5’- CAT GTC CTA CAG CCC CTC TC -3’ 
36759: 5’- ACC ATT TGC AAG GAA AGC AC -3’ 
oIMR2093: 5’- AAG CTA GCT GCA GTA ACG CCA TTT -3’ 

CNP null Internal protocol;  
2016: 5’- GCCTTCAAACTGTCCATCTC -3’ 
7315: 5’- CCCAGCCCTTTTATTACCAC -3’ 
4193: 5’- CCTGGAAAATGCTTCTGTCCG -3’ 
4192: 5’- CAGGGTGTTATAAGCAATCCC -3’ 

PLP null Internal protocol; 
1864: 5’- TTGGCGGCGAATGGGCTGAC -3’ 
2729: 5’- GGAGAGGAGGAGGGAAACGAG -3’ 
2731: 5’- TCTGTTTTGCGGCTGACTTTG -3’ 

Emx-Cre Internal protocol;  
26532: 5'-CATCGCCACGAAGCAGGCCAACGG -3' 
26533: 5'-AGCCAGCCCATTCTCTTGTCCCTC -3' 
25250: 5'-ATTTTCCACCATATTGCCGTCT -3' 
 25251 5'-AGCCATTTGACTCTTTCCACAAC -3' 

MBPfl/fl Internal protocol;  
23500: 5'-GGGTGATAGACTGGAAGGGTTG -3' 
23501: 5'-GCTAACCTGGATTGAGCTTGC -3' 
15048: 5'-CAACGGGTTCTTCTGTTAGTCC -3' 

Table 2.7 Genotyping master mix per reaction 
Reagent Amount Company 
Go-Taq 5x buffer 4µL Promega 
dNTP (2mM) 2µL Promega 
Primermix Typically 0.5µL per primer Custom; AGCT Lab MPI-EM 
GoTaq 0.1µL Promega 
DNA 1µL - 
dH2O To 19µL -
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2.1.6 Software 

2.1.7 Devices  

2.1.8 Other materials  

Table 2.11 Miscellaneous materials 
Name Company Application 
Aqua-Polymount Polysciences IHC, fluorescence 
DC protein assay BioRad WB 
GeneRuler 100bp DNA ladder Thermo Genotyping 
Low fluorescence Immobilon PVDF 0.45µm Merck WB 
Mounting medium Eukitt Kindler IHC, chromogenetic 

Table 2.8 Standard PCR programme 
Step Time, Temperature 
Initial denaturation 95°C, 3min 
Denaturation 95°C, 30sec 
Annealing 55-60°C (depending on primer), 30sec 35 cycles 
Elongation 72°C, 30sec
Final extension 72°C, 5min

Table 2.9 Software 
Name Company Version 

FIJI Schindelin et al. 2012 v1.53c 
Inkscape Inkscape.org 1.1 
Prism Graphpad 8.0 
Vision4D Arivis v3.2 
ZEN Zeiss 3.2 Lite, 2012 

Table 2.10 Devices 
Name Company Application 
AxioImager Z1 Zeiss IHC, Brightfield 
AxioObserverZ1 Zeiss IHC, Fluorescence 
Eon High Performance Microplate 
Spectrophotometer 

BioTek WB 

Microm HMP110 tissue processor Microm IHC 
Odyssey infrared imager Licor WB 
T3/Gradient Thermocycler Biometra Genotyping 
UltramicroscopeII LaVision Biotech LSM 
STP 120  Leica 

Microsystems 
Paraffin embedding 

HistoStar Epredia Paraffin embedding 
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PageRuler (10-250kDa) Fermentas WB 
Paraffin (Paraplast) Leica IHC 
Precellys soft tissue lysis kit Bertin Instruments WB 
Protease Inhibitor Mix (500x) Sigma WB 
RNeasy Miniprep Kit Qiagen Bulk sequencing 
Tris-Tricine Novex 10-20% Gel Thermo Fischer WB 

2.2 Methods 

2.2.1 Human tissue analysis 

Human tissue was kindly provided by Dr. Ruth Stassart (Leipzig University Hospital). Material was selected 
from a pool of patients that underwent routine autopsy and neuropathological assessment in the years 2018-
2019 at the Leipzig University Hospital. The very small patient cohort was not stratified regarding specific 
age, gender or genotype. The only inclusion criteria were a medical history of dementia and a NIA-AA score 
of A2B3C2 or A3B2C2 (for AD patients) without presence of any other severe neurological disease. 
Accordingly, control patients did not fulfil the aforementioned criteria despite also not suffering from other 
severe neurological diseases. Selected patients were of mixed age (60-90 years) and gender. Upon admission, 
patients provided written consent for the scientific use of autopsy tissue. Biopsies from the medial temporal 
lobe containing the hippocampal formation from 3 AD patients and 3 control patients were analysed by 
immunohistochemistry for amyloid plaques, microglia and intracortical myelin content. See section on 
Immunohistochemistry (IHC) for details regarding the IHC protocol.  

2.2.2 Mouse strains,  husbandry and genotyping 

Animal experiments were performed according to German animal welfare practices and approved by the local 
authorities. Mice were housed at the animal facility of the Max Planck Institute for Experimental Medicine 
under the care of qualified animal caregivers, veterinarians and scientists. Housing was typically performed 
in groups with a 12-h dark/12-h light cycle, with ad-libitum access to food and water and regular cage changes. 
The original mouse strains used to perform crossbreeding to generate experimental double mutant animals 
are given in Table 2.5. All strains used were maintained on C57BL/6 background prior to the start of this 
project. For most of the analysis presented here littermate controls of the same sex were used. Partially, a 
corresponding control line was established from the initial F1 generation of crossbreedings. Various ages were 
analysed throughout this study (3-6 months) and the exact age of the experimental cohort is given in the 
experimental setup or in the respective figure legend. Initial genotyping was performed on ear punches 
generated during earmarking for identification of the animals. DNA was isolated from frozen biopsies by 
alkaline lysis by incubation in 300µL of 50mM NaOH for >1h at 95°C and subsequent neutralisation by adding 
30µL 1M Tris/HCl pH8.0 and centrifugation at 13,000rpm. Genotyping was then performed using 
polymerase chain reaction (PCR) and gel electrophoresis with GelRed (BioTrend) of amplified DNA 
fragments on 1.5% Ultra-pure agarose (Thermo Fischer) gel. Mastermix composition for the respective 
genotyping PCR is given in Table 2.7 and the standard PCR programme used is given in Table 2.8. Primers 
for the respective mouse lines are given in Table 2.6 and were synthesised in the local AGCT lab facility. For 
the genotyping of 5xFAD mice, the publicly available JAX protocol 31769 was followed which could 
differentiate between heterozygous and homozygous mice. Typically, 1µL of crudely isolated DNA was 
used as PCR input. Genotypes of animals were reconfirmed on tail tips taken at the end of the respective 
experiment. Genotyping was performed with the help of Katharina Overhoff (student assistant) and Carolin 
Böhler (technician).  
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2.2.3 Demyelination models 

Cuprizone-intoxication was conducted as described previously (Berghoff et al. 2021). In brief, 14 weeks old 
5xFAD mice were put on a powder diet containing 0.2% (w/w) Cuprizone (Sigma-Aldrich) for 28 days. This 
was followed by a 28-days recovery period on normal pelleted food. Animals were monitored carefully for 
weight changes and other signs of sickness. At the end of the experiment, brain tissue was harvested following 
perfusions. Experimental autoimmune encephalomyelitis (EAE) was performed as described in (Berghoff et 
al. 2021). In brief, 2.5 months old 5xFAD mice were immunised against myelin oligodendrocyte glycoprotein 
(MOG) by subcutaneous injection of 200mg MOG35–55 peptide in complete Freund’s adjuvant 
(Mycobacterium tuberculosis at 3.75 mg/ml; BD). Animals were additionally injected with 500ng of pertussis 
toxin at day 1 and 3 post EAE induction (dpi 1 and 3). Neurological scoring was performed daily according 
to the following parameters as listed in (Berghoff et al. 2021): “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 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”. At day 28 dpi animals were perfused and brain and spinal 
cord tissue harvested. Experiments were performed together with Lena Spieth and Dr. Stefan Berghoff. 

2.2.4 Mouse behavioural testing 

Clasping motoric deficits were assessed by evaluating the position of limbs during a very short suspension 
during cage changes. Clasping was scored according to : “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 severely reduced spread” as described in (Depp et al. 2021). For unbiased analysis and representation, 
short videos were recorded. Animals were tested in two different maze-types: the elevated plus (EPM) for 
assessment of anxiety-related behaviours and Y-maze (YM) for assessment of working memory. Mazes were 
crafted from grey plastic in standardised sizes by the local workshop at the Max Planck Institute for 
Experimental Medicine (Y-maze: 40cm per arm; EPM: 50cm per arm). Mazes were thoroughly cleaned with 
ethanol and water inbetween assessment of different mice. In the EPM, mice freely explore a plus-shaped 
platform that is 60cm elevated from the ground for 5 minutes. Two opposing arms (closed arms) are covered 
by 30cm plastic shields and two opposing arms remain uncovered. Mice prefer the closed arms over open 
arms which is seen as expression of intact natural anxiety towards open, unprotected spaces. In the YM, 
animals explore a Y-shaped maze with fully enclosed arms for 8min. Out of natural curiosity, mice tend to 
visit arms in a sequential manner, preferring a new arm over a recently visited arm. Alternating visits are 
interpreted as a sign of intact working memory as this indicated that the animal remembers which arm was 
recently visit. Animals were tested in a closed room without experimenter interference. A camera was 
mounted above the respective experimental setup to record videos. Videos were analysed in a Bio-Observe 
Viewer computer setup. Animals were automatically detected and tracked in the software by virtue of contrast 
from their black fur. Analysis zones were defined in the software (arms and centre) to track the time and track 
length in each zone. Images of tracks and time-resolved positional data and were exported as spreadsheet and 
further analysed. As parameters for EPM performance, I analysed the time spent in both open arms and total 
track length. For evaluation, arms were assigned to letters (ABC) and the number and sequence of arm entries 
was manually recorded. A correct triad is defined as the sequential visit of the three arms (e.g. ABC and its 
permutations). An arm visit was counted when mice entered the arm with their full body (excluding tail). The 
alternation index was calculated by the number of observed divided arm entries by the total number of arm 
entries minus 2 which is the maximal amount of triads. For statistical analysis, several different type III 
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analyses of variance tests (ANOVAs) that probed the main effects for the 5xFAD and myelin mutant genotype 
as well as their interaction.  

2.2.5 Tissue preparat ions for microscopy 

For microscopic analyses, animals were transcardially perfused following deep anaesthesia or euthanisation 
via CO asphyxiation. Animals were first flushed with ice-cold Hank’s buffered salt solution (HBSS) until full 
decolourisation of the liver was observed.  This was followed by flushing with ice-cold 4% paraformaldehyde 
(PFA) in 0.1M phosphate buffer. Desired tissue (brain, spinal cords, optic nerves) were extracted and further 
postfixated. Tissue was then thoroughly washed in PBS and stored at 4°C sitting in PBS.  

2.2.6 Tissue preparat ions for biochemical analysis  

For western blot analysis of brain tissue, animals were sacrifised, and brain and spinal cord quickly extracted. 
Tissue was immediately fresh-frozen on dry-ice and stored at -80°C until further processing. Partially, the 
brain was further microdissected upon extraction. First, the brain was washed in ice-cold HBSS and meninges 
removed. Then the brain was transferred into a custom-made coronal brain matrix (workshop, Max Planck 
Institute for Experimental Medicine) with approximately 1mm spacing. Brain slices were carefully transferred 
to a pre-chilled glass plate sitting on an ice bucket. Cortex, white matter and hippocampus were excised out 
from brain slices. White matter primarily contained corpus callosum and parts of the fornix system as these 
white matter tracts are easily dissectible. Harvested tissue was then frozen on dry-ice and stored at -80°C until 
further use.  

2.2.7 Whole tissue staining and clearing for LSM 

In toto staining was performed on PFA fixed tissue according to a modified iDisco protocol given in Table 
2.12 (Liebmann et al. 2016; Renier et al. 2014).  All steps were carried out under gentle agitation in 2mL 
Eppendorf tubes. 

Table 2.12 LSM staining 
Step Solution time temperature 
Dehydration 50% MeOH/ 50% PBS 1h RT 

80% MeOH/20% PBS 1h RT 
100% MeOH 1h RT 
100% MeOH 1h RT 

Bleaching 1:1:4 H2O2:DMSO:MeOH O/N 4°C 
Delipidation 100% MeOH 0.5h 4°C 

100% MeOH 3h -20°C
100% MeOH O/N 4°C 
80% MeOH/20% MeOH 2h RT 

Rehydration 80% MeOH/20% PBS 2h RT 
50% MeOH/ 50% PBS 1h RT 
100% PBS 1h RT 
0.2% Triton X-100/PBS 1h RT 
0.2% Triton X-100/PBS 1h RT 

Permeabilisation PBS/0.2% Triton X-100/ 20% DMSO/0.3 M glycine O/N 37oC 
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PBS/0.2% Tween-20/10 mg/ml heparin/5mM sodium azide 
(PTwH) 

1h RT 

PTwH 1h RT 
Labelling PTwH 0.01% Congo red 3d 37oC 
Or blocking 0.2% Triton X-100, 10% DMSO and 6% goat serum 3d 37oC 
Antibody 
labelling 

PTwH/0.2% Triton X-100, 5% DMSO and 3% GS + 1st antibody 14d 37oC 

6x PTwH 1d RT 
PTwH O/N 37oC 
PTwH/3% GS + 2nd antibody 7d 37oC 

Washing 6x PTwH  1d RT 
Embedding Phytagel 1.5% w/v in PBS for spinal cords - - 
Dehydration 20% MeOH/ 80% PBS 1h RT 

40% MeOH/ 60% PBS 1h RT 
60% MeOH/ 40% PBS 1h RT 
100% 1h RT 

Delipidation 1:2 MeOH:dichloromethane O/N RT 
DCM 40min RT 

Clearing Ethylcinnamate (Eci) 1h RT 
Storage Ethylcinnamate (Eci) - - 

2.2.8 In toto light sheet microscopy 

Light sheet microscopy of cleared samples was performed at an commercial light sheet setup 
(UltraMicroscope II, LaVision Biotec) equipped with a 2x objective lens, zoom body, and a corrected dipping 
cap. Samples were imaged being submerged in a sample cuvette containing Eci. Cleared hemispheres were 
mounted into the sample holder to acquire sagittal images (medial surface down). Images were acquired in 
the mosaic acquisition mode using the following settings: 5 µm light sheet thickness, 20% sheet width, 0.154 
sheet numerical aperture, 4 µm z-step size, 1000x1600 pixel field of view, 4x4 tiling, dual light sheet 
illumination, and 100 ms camera exposure time. Laser settings were as followed: 80% power 561 nm and 
585/40 emission filter (Congo red);  30% power 640 nm excitation at 30% and a 680/30 emission filter 
(antibody labelling); 50% power 488nm laser and 525/20nm emission filter (autofluorescence). Raw data were 
imported into Vision4D v3.2/v3.1 (Arivis) and stitched using the tile sorter setup. Partly, images were 
imported and stitched using the Imaris Importer and Stitcher v9.1 (Bitplane). Regions of interest (ROI) were 
manually annotated according to the sagittal Allen mouse brain atlas with automated interpolation between 
planes. ROIs were cropped in a similar manner between brains with a medial cut-off of approximately ~0.4 
mm and a lateral cut-off of ~4.4 mm. Plaques were detected automatically with different algorithms 
dependent on the sample: For 3-month-old 5xFAD brain data, a simple intensity thresholding was sufficient. 
6-month-old 5xFAD data were segmented using the blob finder algorithm in Vision4D. For quantification of
amyloid plaques in the APPNLGF brains, segmentation was performed using the machine learning segmenter
in Vision4D. Subsequently, datasets were inspected and noise was removed by deleting objects with voxel
sizes <10. Objects were then critically reviewed and any additional noise (especially blood vessels) were
removed. For quantification, the object number, object total volume and mean volume were
extracted.Visualisation was performed in Vision4D. Maximal intensity projections of cropped ROIs were
created. Additionally, hippocampal, isocortical and alveus plaques are represented as centroids and colour-
coded according to location.



49 

2.2.9 Paraffin sections and immunohistological stainings 

Fixed tissues were embedded in paraffin following the protocol given in Table 2.13. using the STP 120 tissue 
processing machine (Leica microsystems) and the HistoStar embedding workstation (Epredia). Paraffin-
embedded blocks were sectioned coronally in 5 µm thick slices and mounted onto glass slides and dried 
overnight. Paraffin sections were stored at RT until further use. Staining of paraffin slices was carried out 
according to the protocol given in Table 2.14 for fluorescent stainings using coverplates. Asteriks mark steps 
specific for labelling of amyloid beta by different means. For chromogenetic labelling, a few changes were 
implemented. All incubation and washing steps were carried out in Tris/2% Milk. An additional step of 
inactivation of endogenous peroxidases was implemented prior to blocking by incubation in 3% H2O2. The 
LSAB2 Kit (Dako) for rabbit/mouse and the DAB-Kit from Zytomed was used according to the 
manufacturers’ protocols and slides were dehydrated and mounted using Eukitt. Stainings were partially 
performed by Annette Fahrenholz (technician) and Andrew Sasmita (Master’s thesis student). Antibodies 
used are given in Table2.2. 

Table 2.14 Immunofluorescence stainings 

Table 2.13 Paraffin embedding 
Step Solution time 
Dehydration 50% EtOH  2h 

80% EtOH  2h 
100% EtOH 2h 
100% Isoproponal 2h 
50%Isoproponal/50% 
Xylol 

2h 

100% Xylol 2h 
100% Xylol 2h 

Embedding Melted paraffin >2h
Cool down + storage RT 

Step Solution Time/temp 
Deparaffinisation 60°C oven 5min 

100% Xylol 10min 
100% Xylol 10min 
50% Xylol/50%Isopropanol 10min 

Rehydration 100% EtOH 5min 
90% EtOH 5min 
70% EtOH 5min 
50% EtOH 5min 
H2O 5min 

Antigen retrieval Citrate buffer pH6 or Tris/EDTA buffer pH10 5min 
boiling 10min 
Cool-down 20min 

*Amyloid retrieval 88% formic acid 3min 
Permeabilisation 0.1% Triton X-100/PBS 5min 
Washing PBS 2x5min 
Blocking 10% Goat serum/PBS 1h 
1st antibody(AB) 10% Goat serum/PBS or 5%BSA/PBS + 1st AB O/N 4°C 
Wash PBS or Tris/2% milk 3x5min 
2nd antibody 10% goat serum/PBS + 2nd AB 2h at RT 
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Dye labelling DAPI or ToPro in PBS 5min 
*Amyloid dye labelling Methoxy-X04 in 50% EtOH 30min 
*Contrasting 50% EtOH 5min 
Washing PBS 3x5min 
Mounting Aqua Polymount - 
Storage covered 4°C 

2.2.10 Epifluorescence and brightfield microscopy 

Epifluorescence microscopy was performed on a Zeiss Observer Z1 microscope with the following 
specifications. Objectives: Plan-Apochromat 20x/08 and Fluar 2.5x/0.12 objectives. Excitation: Colibri 5 LED 
light source (630nm, 555nm, 475nm 385nm excitation). Zeiss Filter sets: 96 HE BFP, 90 HE 
DAPI/GFP/Cy3/Cy5, 38 GFP, 43 DsRed, 50 Cy5. Camera: Axiocam MrM. Stage: SMC900 motorised stage. 
To acquire images of the entire brain slice, a preview scan at 2.5x magnification was carried out in the 
ZEN2012 imaging software. Support points for focus adjustment were distributed and each support point was 
manually adjusted for imaging at 20x magnification. The focus surface was automatically extrapolated for the 
entire slice surface in ZEN. Stitching was performed post acquisition in ZEN. For display of images, different 
channels were assigned pseudocolours. I chose a colour-blind friendly colour scheme with good contrast: 
cyan, magenta and yellow. Intensity display was adjusted for optimised display in the same manner 
throughout a specific staining cohort and images were exported from ZEN. Alternatively, images were 
directly opened in FIJI (Schindelin et al. 2012). Brightfield microscopy was performed on a Zeiss Axiophot 
Imager.Z1 with the following specifications. Objectives: Achroplan 4x/0.1, PlanFluar 20x/0.75 and Plan 
Neofluar 40x/0.75. Camera: AxioCamMrc. Whole brain slice microscopy was performed in an 
analogous manner to epifluorescence microscopy using preview scan mode and focus support points. 
RGB images were adjusted in terms of brightness and contrast in the same fashion throughout a respective 
staining cohort and images exported from ZEN. 

2.2.11 2D microscopy quantification 

Quantification of 2D immunofluorescence stainings was performed in FIJI (v1.53c) (Schindelin et al. 2012). 
For determining a positive area, the ROI was first traced manually using the polygon tool and its area 
calculated. Then automated thresholding was performed (using different presets in FIJI) to segment bright 
pixels. Thresholding converted the images into binary images in which white pixels were segmented using 
the “create selection” tool and the area covered by white pixels was measured. Plaque corralling in 5xFAD 
mice was assessed in an automated fashion in hundreds of plaques using a FIJI macro-script. This macro in 
Iba1/plaque-co-stainings detects individual plaques using thresholding and creates masks from them. Masks 
are applied to the Iba1 channel and the percentage of plaque covered by Iba1 is determined after thresholding 
and segmentation of the Iba1 channel. Plaque-microglia coverage can then be expressed as percentage. APOE 
levels in plaques were quantified by segmenting APOE positive plaques and determine mean fluorescence per 
plaque. 

2.2.12 High pressure freezing electron microscopy 

HPF-EM was performed by Dr. Wiebke Möbius and is in detail described in the primary manuscript 
originating from this thesis (Depp et al. 2021). Methods are copied here for the sake of completeness. “Sample 
preparation by high pressure-freezing (HPF) and freeze substitution was performed as described (Weil et al. 
2019; Steyer et al. 2020). 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% 
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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).” (Depp et al. 2021) 

2.2.14 SDS PAGE and western blotting 

Protein concentrations in DEA and RIPA-fractions were determined by running detergent compatible protein 
assays (Biorad). Samples were run in duplicates and plotted against a BSA standard. Concentrations in SDS-
PAGE samples were adjusted to contain 1µg/µL in order to load 20µg-30µg per lane onto the gel and mixed 
with Laemmli loading buffer. For BACE1 western blotting, standard self-casted Tris-Glycine SDS-PAGE gels 
(8%) were used using the standard separating and collecting gel compositions (Biorad systems). For better 
resolution in the lower molecular weight spectrum (APP and Trem2 fragments), Tris-Tricine SDS PAGE gels 
(10-20%, Novex, Thermo Fisher) were used.  

2.2.13 Cell  fractioning 

Prior to western blot analysis of 5xFAD tissue, cell fractioning was performed to separate soluble from 
membrane-bound proteins and solubilise fibrillar amyloid in formic acid. Protocols were kindly provided by 
Dr. Michael Willem/Prof. Christian Haass and was performed as described in (Parhizkar et al. 2019). Steps 
are given in Table 2.15. All buffers and solutions were supplemented with protease inhibitor cocktail (P8340, 
Merck). For tissue homogenisation, the Precellys lysing Kit “soft tissue homogenising, 1mL REF P000933-
LYSKO-4” was used. For ultracentrifugation a TLA-100.3 rotor with conical tube adaptors was used at an 
Optima-Max Beckmann Coulter tabletop ultracentrifuge. For fractioning of corpus callosum and cortex 
200µL per homogenisation step was used. For fractioning of entire brains 1mL of homogenisation buffer was 
used. 

Table 2.15 Cell fractioning 
Fraction-step Solution Specifications 

Soluble Homogenisation in DEA-buffer Precellys; 6500rpm, 30sec, 4°C 
Centrifugation  5000g, 10min, 4°C 
→ Soluble: Ultracentrifugation 
    → Soluble: DEA-fraction 

130 000g, 1h, 4°C 
pH adjustment 10% 0.5M Tris 
pH6.8 
Store -80°C 

Membrane-bound → Pellet: RIPA 
Homogenisation in RIPA-buffer Precellys: 5000rpm, 12sec, 4°C 
Centrifugation 5000g, 10min, 4°C 
→ Soluble: Ultracentrifugation 
   → Soluble: RIPA-fraction 

130 000g, 1h, 4°C 
Store -80°C 

Amyloid/formic acid → Pellet: Formic acid (70%) 
Homogenisation in Formic acid Sonication, 7min 
Ultracentrifugation 130 000g, 1h, 4°C 
→ Soluble: Formic acid fraction Store -80°C 
Neutralisation 1M Tris pH9.5 (1:20) 
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Both gel types were run at 100-120V for approximately 1h in the respective tanks in SDS-PAGE running 
buffer or Tris-Tricine running buffer. Run was stopped dependent on the range of proteins of interest 
(typically after 1h). Proteins were transferred onto low fluorescent Immobilon-FL membrane (0.45µm por 
size, Merck) using the Biorad wet-blot system (1.15h, 500mA) and blot transfer buffer. Blots were 
subsequently washed in water and transferred into Fastgreen-staining solution for 5min. Fastgreen is a 
fluorescent protein stain that can be used for quality check of the transfer as well as for normalisation to total 
protein load which was conducted in this thesis. Blots were washed 5min in Fastgreen washing and imaged at 
a ChemoStar fluorescent imager (Intas) equipped with a 670 nm/20 nm excitation filter and near 
infrared emission collection. After this, membranes were thoroughly rinsed in water until no acidic smell 
could be detected. Membranes were then further washed in TBS-T. Blocking was conducted in 5% BSA in 
TBS-T for 1h at room temperature at constant rolling with the membrane sitting in a falcon tube with 
5mL blocking solution. Primary antibodies were also applied in 5%BSA TBS-T overnight at 4°C in a 
rolling falcon tube. Primary antibodies used are given in Table 2.2. The next day, membranes were 
thoroughly rinsed in PBS-T and fluorescent secondary antibodies (see Table 2.2) were applied for 2h at 
room temperature in falcons protected from light. After additional washing in TBS-T, TBS and finally water 
the membranes were imaged at an Odyssey scanner platform (Licor). Quantification of western blots 
was performed using FIJI. Background was subtracted form raw images (rolling ball radius 50), an 
equally sized ROI was placed over individual bands and the integrated density was measured. Band densities 
were normalised either against the full length version of the protein of interest or against the lane intensity of 
the fastgreen whole protein staining.  

2.2.15 Magnetic activated cell sorting of microglia and bulk RNA-
sequencing 

Magnetic activated cell sorting (MACS) of microglial cells was performed together with Lena Spieth. Animals 
of the following genotypes (WT, Cnp-/-, 5xFAD, Cnp-/- 5xFAD) at 6-month of age were sacrificed via cervical 
dislocation and brains were extracted. Four replicates were used for each genotype. Hemibrains were further 
dissected, and forebrain cleaned from cerebellum and olfactory bulb. Brain tissue was then cut in small pieces 
and further mechanically and enzymatically dissociated using the Miltenyi Biotec adult brain dissociation kit. 
Steps were carried out according to manufacturer’s protocol. For superior purity of the microglial fraction, 
the cell suspension was first cleaned from myelin using ultracentrifugation, and additionally from 
oligodendrocytes and astrocytes via MACS. For oligodendrocyte and astrocyte removal, the respective beads 
recommended from Miltenyi Biotec were used: O4 beads for positive-selection of oligodendrocytes and 
ACSA-2 microbeads for astrocytes. Sorting was performed according to the manufacturer’s protocols. 
Finally, positive selection of microglia was performed using CD11b microbeads. For all isolation steps, LS 
columns were used (Miltenyi Biotec). Cell fractions were directly eluted in RLT buffer (RNeasy Micro 
Kit, Qiagen) and frozen at -20°C. RNA was extracted using the RNeasy Micro Kit (Qiagen) according to the 
manufacturer’s protocol. RNA was eluted in 30 µl nuclease-free water and subjected to 50 bp single-end 
mRNA sequencing using HiSeq 4000 (Illumina). Sequencing was performed by the NGS Integrative 
Genomics Core Unit, University Hospital Göttingen. Raw data analysis was performed by Ting Sun. Raw 
sequencing data were quality-checked using FASTQC v0.72, and subsequently aligned to the reference mouse 
genome GRCm38 using STAR v2.5.2b-2 (Dobin et al. 2013) with default parameters. Gene raw counts were 
extracted using featureCounts v1.6.3 (Liao, Smyth, and Shi 2014) for differential gene expression (DGE) 
analysis using DESeq2 v.1.26.0 (Love, Huber, and Anders 2014). Gene raw counts were converted to TPM 
value. For DGE analysis, each genotype was compared with all other genotypes separately. Gene targets with 
adjusted P-value < 0.05 were considered as significantly regulated between genotypes. Normalised TPM 
profiles were embedded using principal component analysis (PCA) to assess overall similarity between 
samples. 
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2.2.16 Single-nuclei transcriptome sequencing 

Single-nuclei transcriptome sequencing is in detail described in the primary manuscript originating from this 
thesis (Depp et al. 2021). Methods are copied here for the sake of completeness. Analysis was performed 
together with Ting Sun. Raw data analysis was performed by Ting Sun. Sequencing was performed in 
collaboration with Daniel Geschwind and Riki Kawaguchi (Department of Neurology, David Geffen School 
of Medicine, University of California Los Angeles, Los Angeles, USA). 

“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 animals were 
pooled. Two replicates per genotype were sequenced. Nuclei were isolated according to previously published 
methods(Corces et al. 2017). Briefly, frozen tissue was transferred into 2ml of pre-chilled homogenisation 
buffer (320mM sucrose, 0.1% NP40, 0.1mM EDTA, 5mM CaCl2, 3mM Mg(Ac)2, 10mM pH 7.8 Tris, 167uM 
β-mercaptoethanol and 1x protease inhibitor (Roche)). Tissue was carefully homogenised and filtered 
through a 80µm strainer, and further centrifuged for 1min under 100 rcf. For each sample, 400 ul supernatant 
was collected into a pre-chilled 2ml low-binding Eppendorf tube, followed by adding 400ul 50% iodixanol 
solution (in 1x homogenisation 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 (Illumina). 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. 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(Stuart et 
al. 2019). 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) (McInnes, Healy, and Melville 2018), 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 (Finak et al. 2015) 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.  

External data integrative analysis 
Integrative analysis was carried out between CNP-/- and GSE140511(Zhou et al. 2020). 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 
corrected data underwent PCA dimensionality reduction, neighbouring embedding and unbiased clustering.” 
(Depp et al. 2021) 
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2.2.17 Data visualisation 

Graphs were created in Prism 8.0 (Graphpad) and final figure composites were assembled in Inkscape (v1.1, 
www.inkscape.org). Schemes shown in this thesis were also created in Inkscape.  
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3 Results 

3.1 Identification of mouse models to study the impact of ageing myelin 
defects on amyloid pathology 

Analysis of human subjects/material (brain imaging, CSF biomarkers, neuropathological assessments of 
autopsy samples) is limited to describing putative correlations of myelin abnormalities and amyloid 
deposition. Often these methods are not sensitive enough to temporally resolve which pathology precedes the 
other. Mouse models offer the possibility for experimental intervention and specifically study the outcome of 
experimentally disrupting myelin on amyloid pathology.  

I first identified suitable mouse models that would offer the possibility to study the effect of premature myelin 
ageing on AD. Previous work in our lab has established that the non-compact myelin protein CNP declines 
in abundancy in myelin preparation of the aged mouse brain (2 years) (Hagemeyer et al. 2012). CNP 
heterozygote mice show a premature ageing phenotype that manifests approximately 7 months earlier than 
in wildtype controls (Hagemeyer et al. 2012). This “premature” ageing phenotype is characterised by more 
pronounced gliosis as identified by GFAP, IBA1 and MAC3 labelling as well as axonal pathology (Hagemeyer 
et al. 2012). Full deficiency of CNP can - to a certain extent - be interpreted as a hyper-ageing phenotype: 
early work by Lappe-Siefke et al. showed that CNP null mice exhibit strong micro- and astrogliosis at younger 
age (here analysed at 14 months of age). Later studies showed that significant gliosis occurs much earlier (3 
months) (Snaidero et al. 2017) and axonal pathology is virtually present with onset of myelination (Edgar et 
al. 2009). With outfoldings and cytoplasmic accumulations, myelin structural changes in CNP null mice also 
well mimic age-associated deterioration of myelin (Snaidero et al. 2017). Similarly, PLP deficient mice present 
with gliosis, myelin lamella splits and other structural defects that resemble ageing-associated changes 
(Rosenbluth et al. 2006; Gould et al. 2018; Lüders et al. 2017). To further establish CNP and PLP null mice as 
models of advanced brain/myelin ageing, I first examined histopathological similarities between myelin 
mutant brains at 6 months of age and wildtype (C57BL/6) aged brains at 24 months. As ageing was specifically 
shown to impact intracortical myelin, I first investigated changes to myelinated fibres in the cortex using MBP 
immunolabelling. Changes to myelinated fibres were visible in the upper cortical layers where myelination 
becomes sparser and individual fibres can be distinguished (Fig3.1a). Young wildtype animals showed long 
internodes with myelinated fibre bundles running perpendicular to the brain surface mapping to cortical layer 
2/3. Additionally, multiple myelinated profiles could be identified in layer 1 just under the pial surface that 
run horizontally to the brain surface. Both myelin profiles showed age related deterioration noticeable as an 
overall decline and apparent shorting. This phenotype was mimicked with further exacerbation in CNP-/- and 
PLP-/y mice that virtually lost subpial myelin profiles. Further, CNP-/- and PLP-/y myelin profiles were less 
bundled and organised.  

Myelin structure in white matter tracts can be easily inspected using autofluorescence. Healthy myelin shows 
a smooth appearance in which the fibre direction can be determined.  In aged and more pronounced in CNP-

/- and PLP-/y myelin, I recognised multiple speckles in the white matter together with a seemingly disorganised 
overall structure (Fig3.1b). Similar but much larger myelin bodies have been previously characterised in aged 
myelin (Hill, Li, and Grutzendler 2018). I further performed immunolabeling and microscopic analysis of 
astrogliosis (GFAP) and microgliosis (IBA1) (Fig3.1c,d). As previously reported, age-induced gliosis was 
more prominent in white matter than grey matter. This was again well replicated in myelin mutants that 
showed enhanced gliosis in both white and grey matter albeit stronger than in aged wildtype brains. This 
histological analysis reveals profound similarities between natural brain ageing and phenotypes driven by 
CNP and PLPL null myelin. It identifies CNP and PLP null mice as adequate models to study the effects of 
premature myelin ageing on amyloidosis.  
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3.2 Establishment of in toto plaque quantification in AD mouse models 

Central to my PhD project was the assessment of differences in the distribution and amount of plaque 
pathology in AD mouse models. 5xFAD mice show considerable interindividual variability in plaque burden 
and a specific spatiotemporal pattern of amyloid pathology mainly determined by the Thy1-transgene 
promotor. Plaques start to appear in the subiculum of the hippocampus at around 8 weeks of age and further 
spread through the hippocampal formation. In the cortex, plaques appear at around 12 weeks with a strong 
medial-lateral and frontal-occipital gradient. Classical histological analysis of single brain slices introduces 
yet another level of variability as this reflects only a (not necessarily representative) sample of the total plaque 
burden. Likewise, in comparative studies, it is difficult to process and analyse the exact same plane/position 
in the brain which biases quantifications of plaque burden.  

Figure 3.1 CNP and PLP deficiency induce a premature ageing phenotype in the mouse brain.  (a) Fluorescence 
microscopy of myelinated fibres in the cortex stained against (MBP) in 6-month-old wildtype, CNP-/-, PLP-/y and 24-
months-old wildtype mouse brain. Lower panel shows blow-up of upper cortical layers and cortical surface. (b) 
Analysis of autofluorescent profiles of myelin in the corpus callosum in the respective genotype. (c,d) Analysis of 
gliosis in 6-month-old wildtype, CNP-/-, PLP-/y and 24-months-old wildtype mouse brain. GFAP immunostaining 
indicates astrogliosis and IBA1 immunostaining indicates microgliosis. Figure adapted from Depp et al. 2021. 
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With the advent of light sheet microscopy (LSM) and clearing techniques, it became possible to perform 3D 
histological assessment of samples (Dodt et al. 2015; Ertürk and Bradke 2013). Here, a laser light sheet 
optically “slices” through the intact sample making physical slicing obsolete. A prerequisite for optimal light 
sheet penetration is clarity of the sample which allows the light sheet to pass through it unobstructedly. 
Tissue shows high variability in its chemical composition consisting of a mixture of lipids, water and 
proteins and these compounds deflect light to different degrees.  Tissue, therefore, profoundly scatters light 
causing it to appear opaque. Clearing methods are aimed at matching these refractive indices inside tissues 
typically by harsh delipidation and dehydration. The submerging of the eroded tissue in a solution 
with the same refractive renders it transparent and easily penetrable for the light sheet. The brain 
turned out to be notoriously difficult to clear due to its high lipid content and numerous clearing protocols 
have been established (for an overview see (Ueda et al. 2020; Molbay et al. 2021)). In a major step forward, 
antibody and dye labelling approaches were established that were compatible with clearing (immunolabeling-
enabled 3-dimensional imaging of solvent-cleared organs, iDisco) (Renier et al. 2014).

Figure 3.2 Establishment of in toto analysis of amyloid burden by light sheet microscopy. (a) Brains were 
subjected to in toto staining with the β-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 
II (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. Figure adapted from Depp et al. 2021.  
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In a proof of principle study, Liebmann and colleagues showed that the β-sheet dye Congo red as well as a few 
anti-amyloid antibodies can be used to stain amyloid plaques in AD mouse models and patients (Liebmann et 
al. 2016). Despite obvious advantages of using this technique to quantify amyloid burden, this technique has 
rarely been used in the field to interrogate differences in plaque burden between experimental cohorts.  

I aimed at establishing an iDisco-based Congo red staining protocol and analysis pipeline for whole brain 
quantification of amyloid plaques (Fig3.2). Here, it was crucial to diverge from the published protocol that 
reported usage of 2µM Congo red to 0.01% (corresponding to 140µM) to achieve sufficient staining of 
amyloid plaques. Though brains incubated in 0.01% Congo red solution acquired a deep red colour (Fig3.2a), 
washes in an ascending methanol series removed unspecific binding. Further, delipidation steps in methanol 
were extended for superior clearness of the sample and the toxic clearing agent was replaced by the non-toxic 
and less erosive ethylcinnamate (Eci) (Klingberg et al. 2017). Microscopy was performed at a commercial light 
sheet microscopy setup (Ultramicroscope II, LaVision Biotech) to acquire sagittal optical slices in tiling 
mode (Fig3.2b). Raw data were imported, stitched and analysed using Vision4D (Arivis). Different algorithms 
were employed to segment Congo red labelled amyloid plaques in the 5xFAD model. In younger animals, 
simple intensity thresholding ways performed that reliably segmented single plaques (Fig3.2c) without 
including considerable amount of noise. For animals >6 months the blob finder algorithm detection 
(implemented in Arivis) was used to exclude bright lipofuscin accumulation observable with age. 
Created objects were manually curated and a size exclusion was implemented to exclude large objects 
such as blood vessels. For quantification of objects in different brain regions, isocortex and hippocampus – 
as the most affected regions in the 5xFAD model - were manually traced on a few slices according to the 
Allen mouse brain atlas with anatomically defined medial and lateral cut-offs and the 3D object were 
automatically extrapolated (Fig1c left). Later, I established a pipeline to automatically annotate cleared 
brains to the new 3D Allen brain atlas (Wang, Ding, et al. 2020) using Elastix for non-rigid image 
registration (not shown in this thesis) (Klein et al. 2009). I validated the quality and sensitivity of this in 
toto plaque burden approach by analysis of known parameters influencing plaque burden such as sex 
and age. Typical parameters assessed were: The raw number of plaques as the plaque count per region, 
the total plaque volume as total sum of single plaque volumes, the average plaque size as the average 
plaque volume through all single plaques, the plaque density as the number of plaques per mm3 in a region 
of interest (ROI) and the percentage volume as the plaque positive volume per ROI volume. For better 
clarity, values are expressed as normalised values to the respective control. 

3.3 Premature myelin ageing drives amyloid plaque deposition in the 
5xFAD model 

Next, I used this technique to study the effect of dysfunctional myelin on plaque burden in 5xFAD mice.  To 
induce myelin dysfunction in the 5xFAD model, I crossbred CNP-/- and PLP-/y mice to 5xFADs and analysed 
plaque burden in CNP-/- 5xFAD and PLP-/y 5xFAD double mutants in comparison to their respective 5xFAD 
controls (CNP+/+ 5xFAD; PLP+/y 5xFAD). As sex-and age-matched controls either littermates or controls from 
a control line derived from the same original crossbreeding were used. Using LSM to study 6 months old 
animals, plaque load differences became apparent in CNP-/-5xFAD mice (Fig3.3): In both cortex and 
hippocampus, I detected increased plaque burden in double mutant mice. A striking difference was observed 
in the alveus, the white matter tract that collects efferent and afferent axons in the hippocampus as it 
progresses posteriomedial and then anterior to bundle into the fimbria. Together with the body and the 
anterior columns they build the fornix system as the major output pathway of the hippocampus. Intriguingly, 
reductions in fornix functions have been correlated with memory loss, also in AD (Senova et al. 2020). In the 
alveus, I observed the very striking presence of numerous, very small amyloid aggregates in CNP-/- 5xFAD 
mice. Effects were also readily visible in 3D representations (Fig3.3b,c). Normalised 3D quantification 
revealed a region-dependent increase in plaque load with the alveus as a classical white matter tract being 
affected the most showing an approximately 2-fold increase, the cortex showing a 50% increase and the 
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hippocampal formation showing an ~25% in all parameters (despite no changes in average plaque size). 
Expectedly, effect sizes were positively correlated with the myelination status (alveus > cortex > 
hippocampus). These findings were replicated in PLP-/y 5xFAD mice at 6 months of age (Fig3.4). Here, the 
presence of PLP deficient myelin increased plaque burden in a remarkably similar fashion to CNP deficiency 
in terms of effect size and region dependency. Various small deposits were very prominently present in the 
alveus. Verification of the findings of enhanced plaque load in PLP deficient animals gives confidence that 
the plaque promoting effect in CNP knockout animals does not stem from other direct consequences of CNP 
deficiency (e.g. effects of hypothetically secreted CNP on plaque load or CNP deficiency in neurons) but is 

Figure 3.3 Light sheet microscopic analysis of plaque load in 6-month-old CNP-/- 5xFAD brains. (a) 2D light 
sheet single planes of controls (CNP+/+ 5xFAD) and CNP deficient myelin mutant (CNP-/- 5xFAD) brains stained in toto 
with Congo red shown in grey scale. Close-ups show higher magnification image of the alveus (Alv) and the frontal 
cortex (Ctx). Note the small deposits of fibrillar amyloid along the alveus (indicated by white arrows). (b) 3D 
visualisation of plaque load in different brain regions of two representative brains. Plaques are visualised as 
spheroids coloured according to their location. (c) Left panel shows 3D representation of plaque load in different 
virtually cut out regions of interest as maximum intensity projections. Right panel shows normalised 3D 
quantifications of plaque load. Left bar graphs represent control values, right bars show knockout. Dots represent 
single animals. For statistical analysis of LSM data, two-sided unpaired Student’s t-test was performed. P-values are 
indicated above bar graphs. Dots represent single animals and bars represent mean. n=8 for control, n=7 for mutant. 
Females were analysed. Figure adapted from Depp et al. 2021.  
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derived from an underlying phenomenon shared in CNP and PLP deficient mice i.e. myelin defects. These 
effects were observed at 6 months of age in the two models of myelin dysfunction. I next analysed if plaque 
load is enhanced to an extent that it shifts onset of amyloid deposition/amount of amyloid at earlier time 
points. For this, 3-months-old CNP-/-5xFAD and PLP-/-5xFAD crossbreedings were analysed. The 3 months 
timepoint represents a timepoint when animals are adult, but plaque load in the isocortex is at its initial stage 
and subiculum plaque load is far from satisfied. The alveus is not yet affected by plaque load which is why it 

Figure 3.4 Light sheet microscopic analysis of plaque load in 6-month-old PLP-/y 5xFAD brains. (a) 2D light 
sheet single planes of controls (PLP+/y 5xFAD) and PLP deficient myelin mutant (PLP-/y 5xFAD) brains stained in toto 
with Congo red shown in grey scale. Close-ups show higher magnification image of the alveus (Alv) and the frontal 
cortex (Ctx). Note the small deposits of fibrillar amyloid along the alveus (indicated by white arrows). (b) 3D 
visualisation of plaque load in different brain regions of two representative brains. Plaques are visualised as 
spheroids coloured according to their location. (c) Left panel shows 3D representation of plaque load in different 
virtually cut out regions of interest as maximum intensity projections. Right panel shows normalised 3D 
quantifications of plaque load. Left bar graphs represent control values, right bars show knock out. Dots represent 
single animals. For statistical analysis of LSM data, two-sided unpaired Student’s t-test was performed. P-values are 
indicated above bar graphs. Dots represent single animals and bars represent mean. n=10 for control, n=6 for 
mutant. Males were analysed. Figure adapted from Depp et al. 2021. 
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is not quantified. There was no significant difference in all analysed parameters of plaque load between 
controls and respective myelin mutant 5xFAD crossbreedings. Intriguingly, variability seemed to be much 
higher at the 3-month timepoint as compared to 6-month-old 5xFADs (in both control and mutants) 
indicating a larger variability at the beginning of amyloidosis than at progressive stages. 3 months of age also 
represents an early time point in regard to myelin pathology and secondary gliosis in the brains of CNP and 
PLP null mice. Therefore, it is perfectly reasonable to not observe differences in plaque load at this age. 
Collectively, this data hint towards myelin defects as being the primary cause of increased plaque load in these 
myelin mutants.  

3.4 Myelin defects drive amyloid deposition in the APPN L G F  knock-in model 

The 5xFAD model, though a widely used model to study amyloidosis in AD, suffers from artefacts such as 
overexpression of APP and non-native expression pattern in Thy1-positive neurons. APPNLGF mice were 
developed to overcome such limitations offering a new model system for plaque deposition with the 
endogenous expression pattern and level (Saito et al. 2014). Replication of findings in other AD models is 
important to rule out that effects are only inherent to a specific model potentially resulting from direct 
regulation of transgene expression. I, therefore, crossed CNP knockout mice with APPNLGF mice to obtain 
double mutant mice and compared plaque load in CNP-/-APPNLGF to CNP+/-APPNLGF littermate controls at 6 
month of age. Of note, CNP heterozygosity at the young timepoints analysed has no effect on myelin structure 
or secondary gliosis and heterozygotes are comparable to wildtype animals (data not shown). Since amyloid 
plaques in the APPNLGF model are less compact when compared to the 5xFAD mouse and typically do not 
show a dense-core morphology, the LSM protocol was adapted to further increase Congo red concentration 
(0.02%). At age 6-month 0.02% Congo red led to sufficient labelling of fibrous plaques throughout the cortex 
in APPNLGF mice. While readily visible by eye, segmentation of plaques with the established pipeline was 
challenging due to a different intensity distribution and in general less intense staining. A machine learning 
based segmentation pipeline was successfully implemented in Arivis Vision4D (fast fluorescence modus) that 
was trained with manually segmented plaques from all datasets to analyse. This pipeline reliably detected 
APPNLGF plaques. Analysis of a small cohort revealed a stark increase in amyloid deposition in the cortex of 
CNP-/-APPNLGF when compared to CNP+/-APPNLGF reproducing findings in the 5xFAD model (Fig3.6). 

Figure 3.5 Light sheet microscopic analysis of plaque load in young 3-month-old PLP-/y 5xFAD and CNP-/- 

5xFAD brains. (a) Normalised 3D quantifications of plaque load in 3-months-old CNP-/-5xFAD mice as quantified by 
Congo Red LSM. Left bar graphs represent control values, right bars show knock out. Dots represent single animals. 
For statistical analysis of LSM data, two-sided unpaired Student’s t-test was performed. P-values are indicated above 
bar graphs. Dots represent single animals and bars represent mean. n=5 for control, n=5 for KO. (b) Normalised 3D 
quantifications of plaque load in 3-month-old PLP-/y 5xFAD mice as quantified by Congo red LSM. n=4 for control, 
n=3 for KO. Figure adapted from Depp et al. 2021.  
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Importantly, this result established that myelin dysfunction drives amyloid deposition irrespective of the 
specific mouse model used and independent of APP overexpression. 

3.5 Myelin defects and amyloid pathology synergistical ly lead to profound 
behavioural deficits in mice 

AD patients show abundant cognitive deficits not limited to memory problems but including an array of 
psychological symptoms including anxiety, depression, and agitation. To a variable degree, these behavioural 
deficits are present in AD mice (Kosel, Pelley, and Franklin 2020). Given the exacerbation of plaque load by 
myelin defects in 6-month-old CNP-/- and PLP-/y 5xFAD mice, I tested if myelin defects impact 5xFAD 
behavioural phenotypes. Reports on behavioural deficits in the 5xFAD model, however, are not fully 
consistent between laboratories and studies, and seem to depend on the specific behavioural paradigm, 
timepoints, sex and genetic background used. I chose to perform elevated plus maze (EPM) to test anxiety 
related phenotypes and Y-maze (YM) to probe working memory as these tests present very established 

Figure 3.6 Light sheet microscopic analysis of plaque load CNP-/- APPNLGF mice. (a) Upper panel shows LSM 
single plane and a closeup of a cortical region. (b) 3D maximum intensity projection of the cropped isocortical 
region of interest. Plaque burden was quantified using machine-learning based segmentation of amyloid plaques. 
(c) Closeup of region indicated in (b). Dots represent single animals and bars depict mean. Unpaired, two-tailed 
Student’s t-test was performed for statistical analysis. n=3 for control; n=3 for CNP-/-. Figure adapted from Depp et
al. 2021.
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behavioural paradigms and have been previously reported to expose deficits in 5xFAD mice (Jawhar et al. 
2012; Oakley et al. 2006). In the EPM, animals explore a cross-formed platform that is elevated from the floor 
with two arms closed and two open arms. Mice naturally prefer the closed arms as safe spots and avoid the 
open arms. In the YM, animals explore a Y-shape maze with three closed arms and show a curiosity-driven 
preference of alternating visits between the arms. Additionally, motor deficits were probed by scoring 
clasping behaviour. 

Intriguingly, in both maze types, 5xFAD, CNP-/- and CNP-/- 5xFAD double mutants presented with 
hyperactivity indicated by increased track length in the EPM and increased number of arm entries in the YM 
(Fig3.7a,b). Hyperactivity was more pronounced in CNP-/- and especially in CNP-/- 5xFAD mice. Statistical 
analysis using a two-way-ANOVA to probe for interaction between genotypes revealed a supra-additive effect 
of CNP-/- and 5xFAD in mediating hyperactivity. Such a supra-additive effect was also observed in the open 
arm time parameter in the EPM. Both 5xFAD and CNP-/- mice expressed reduced level of anxiety spending 
more time in the open arms when compared to wildtype CNP+/+ animals. This finding is in good agreement 
with other published studies reporting reduced anxiety in 5xFAD mice (Jawhar et al. 2012). CNP-/- 5xFAD 
double mutants, however, presented with tremendously reduced anxiety, preferring open arms over closed 
arms in the 300sec trial. Indeed, in a few instances mice had apparently lost their natural fear of height and 
voluntarily jumped off the maze (not shown). Though the number of arm entries was massively increased in 

Figure 3.7 Behavioural analysis of CNP-/- 5xFAD mice. (a,b) Behavioural analysis of mice in the elevated plus maze 
(EPM) and Y-maze (YM). Middle panels show representative tracks for each genotype analysed. Right panels show 
quantification. (c) Clasping test. Middle panel shows representative images of mice during clasping test. Right panel 
shows quantification according to scoring system. (d) For statistical analysis, several different type III ANOVAs were 
performed for each behavioural test that probed the main effects for the 5xFAD genotype and the myelin-mutant 
genotype as well as their interaction. Dots represent single animals, bars depict mean. Females were analysed. n=9 
for CNP+/+, n=8 CNP+/+ 5xFAD, n=9 for CNP-/-, n=9 CNP-/- . Figure adapted from Depp et al. 2021.  
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CNP-/- 5xFAD mice, there was no significant change to the alternation index as measure of working memory 
throughout the groups as assessed in a two-way ANOVA. However, a trend towards decreased alternation 
percentage was visible when comparing CNP-/- 5xFAD to wildtype control mice. Motor deficits as assessed in 
the clasping test were exclusively present in myelin mutant animals (both CNP-/- and CNP-/- 5xFAD) and the 
5xFAD genotype, again, exacerbated deficits when present together with the CNP-/- genotype. 

Similar, but less pronounced effects were obtained by behavioural analysis of PLP-/y 5xFAD and respective 
controls (Fig3.8). Hyperactivity was present in animals with PLP null background (with and without 5xFAD 
transgene) in both maze types but no supra-additive effects were observed for the interaction between 5xFAD 
and PLP-/y. 5xFAD, PLP-/y and PLP-/y 5xFAD had reduced anxiety levels and spend significantly more time on 
open arms to a very similar extent. Similar to the YM results in CNP-/- 5xFAD, no significant changes in 
working memory performance were observed albeit a trend towards reduced alternation index was again 
observed in double mutant mice. The clasping test showed significant impairments in PLP deficient animals 
and indicated significant interactions between the PLP and 5xFAD genotype. Differences in behavioural 
analysis results between PLP-/y and CNP-/- 5xFAD are likely a result from the different sexes analysed with 
female 5xFAD being more effected by plaque load. Likewise, CNP deficiency linked phenotypes such as 

Figure 3.8 Behavioural analysis of PLP-/y 5xFAD mice. (a,b) Behavioural analysis of mice in the elevated plus maze 
(EPM) and Y-maze (YM). Middle panels show representative tracks for each genotype analysed. Right panels show 
quantification. (c) Clasping test. Middle panel shows representative images of mice during clasping test. Right panel 
shows quantification according to scoring system. (d) For statistical analysis, several different type III ANOVAs were 
performed for each behavioural test that probed the main effects for the 5xFAD genotype and the myelin-mutant 
genotype as well as their interaction. Dots represent single animals, bars depict mean. Males were analysed. n=10 
for PLP+/y, n=8 PLP+/+ 5xFAD, n=8 for PLP-y-, n=10 PLP-/y.  Figure adapted from Depp et al. 2021. 
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secondary gliosis or reduced lifespan are more pronounced than PLP deficiency linked phenotypes. Though 
working memory assessed in the YM remained intact, it cannot me excluded that more sensitive and 
sophisticated tests (such as Barnes maze, Plus maze, Morris water maze) would have revealed differences. 
Intriguingly, phenotypes that were induced or exacerbated in myelin mutant/5xFAD mice fall into the 
category of disinhibition (reduced anxiety, hyperactivity) that is a neuropsychiatric symptom also present in 
AD patients (Keszycki, Fisher, and Dong 2019; Chung and Cummings 2000). Taken together, this behavioural 
analysis revealed that myelin defects and amyloid pathology appear to synergistically worsen behavioural 
deficits.  

Images show LSM single planes and closeups of the indicated regions (Sub: Subiculum; Ctx: Cortex). (c) 3D 
distribution of isocortical and hippocampal plaques represented as centroids. (d) Left panel shows 2D maximum 
intensity projection of cropped regions of interested. Right panel shows 3D quantifications of plaque burden 
parameters. n=6 for control, n=5 for Cup. Males were analysed. Student’s t-test was performed. 

Figure 3.9 Effect of Cuprizone-induced 
demyelination on plaque burden in 5xFAD mice. (a) 
Experimental setup to study the effect of Cuprizone-
induced demyelination on plaque burden in young 
5xFAD mice. (b) Light sheet microscopic analysis of 
amyloid plaque load in cuprizone-fed 5xFAD mice. 
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3.6 Acute demyelination injuries drive local deposition of amyloid 

Both CNP and PLP deficiency lead to a chronic state of subtle myelin dysfunction throughout the CNS. While 
this reflects certain aspects of myelin brain ageing very well, it is difficult to distinguish chronic effects that 
potentially involve other mechanism than only myelin dysfunction from direct consequences of dys- or 
demyelination. I, therefore, became interested in studying the effect of an acute demyelinating hit on plaque 
deposition asking the question if shorter (but more severe) defects in myelination status would also drive 
amyloidosis. I chose two different models classically used as mouse models in Multiple Sclerosis research: 
Cuprizone-intoxication and EAE. 

In the Cuprizone model, animals are fed a powder diet supplemented with 0.2% Cuprizone. The copper-
chelator Cuprizone leads to acute and specific cell death of oligodendrocytes with subsequent demyelination 
due to a not fully understood mechanism (Zhan et al. 2020; Gudi et al. 2014). There is regional variability in 
regard to Cuprizone-mediated demyelination with cortical areas, the medial corpus callosum and 
hippocampal white matter being classically affected by demyelination. Robust remyelination occurs in this 
model upon Cuprizone withdrawal (Berghoff et al. 2017). For Cuprizone-induced demyelination, I opted for 
a paradigm in which 2.5-month-old 5xFAD animals at the very beginning of amyloid pathology were put on 
a Cuprizone-containing diet for 4 weeks (Fig3.9a) in which consistent demyelination occurs in our hands 
(Berghoff et al. 2017). This was followed by a recovery period of 4 weeks in which remyelination had occurred 
as verified by Gallyas-staining (data not shown). Using light sheet microscopy, I observed obvious differences 
in the appearance of the splenium and body of the corpus callosum in Cuprizone treated animals where white 
matter was less well recognisable. Surprisingly and against my initial hypothesis, Cuprizone demyelination 

Figure 3.10 Immunostaining against amyloid in the alveus of Cuprizone/5xFAD brains. (a) Iba1 and 
Methoxy-X04 co-staining in the alveus of Cuprizone/5xFAD and 5xFAD controls. Note the presence of 
amoeboid microglia in Cuprizone-fed animals. (b) Anti-amyloid immunostaining reveals abundant small 
amyloid deposits in the alveus of Cuprizone/5xFAD mice. (c) Quantification of images shown in (b). n=4 for 
control, n=5 for Cuprizone treatment. Student’s t-test was performed for statistical analysis. Figure adapted 
from Depp et al. 2021. 
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proved to seemingly alleviate plaque deposition in both cortex and hippocampus and present plaques were 
smaller in size (Fig3.9c). This effect is, however, rather attributable to the direct copper chelating properties 
of Cuprizone than to a protective action of demyelination. Copper chelation has been previously shown to 
solubilize fibrillar amyloid in vitro and inhibit plaque deposition in amyloidosis models (Cherny et al. 2001). 
Indeed, the plaque reducing effect was also visible in brain regions that are typically not affected by 
demyelination (e.g. thalamus). In retrospect, the interpretation of this experiment is, therefore, complicated.  

Closely examining the LSM raw data, I, however, noticed very small Congo red positive aggregates in the 
ventral corpus callosum and the alveus that escaped automatic detection in the LSM pipeline because they fell 
under the size exclusion threshold. These smaller aggregates were seemingly confined to regions heavily 
affected by demyelination. To rule-out non-specific staining of myelin debris by the Congo red dye, I 
performed 2D immunostainings on paraffin slices using both anti-amyloid antibodies and an additional β-
sheet dye that shows better signal-to-noise ratio (Methoxy-X04). For analysis, I focused on the alveus as a 
region that is both heavily affected by demyelination in the Cuprizone model and capable of generating 
plaques in the 5xFAD model. The presence of numerous, amoeboid microglia revealed that the repair 
processes in the dorsal corpus callosum were not fully completed 4 weeks after cuprizone withdrawal 
(Fig3.10a). Intriguingly, both Methoxy-X04 and anti-amyloid staining revealed a severe increase in amyloid 
plaque deposition in the alveus (Fig3.11a,b). These plaques were “atypical” in terms of their very small size 
and lesser compaction as revealed by superior staining by antibodies than by Methoxy-X04. Lack of 
compaction is probably a consequence of copper chelation occurring upon Cuprizone treatment. The 
measured effect of the acute demyelinating injury on amyloid deposition is, hence, likely to be 
underestimated. Indeed, it seems remarkable that in the alveus the plaque-promoting effect of demyelination 
can override the copper chelation driven inhibition of plaque formation. These findings confirm the previous 
findings using chronic dysmyelination models and clearly indicate that myelin dysfunction can drive amyloid 
deposition.  

To support the results obtained in the Cuprizone model, I next studied 5xFAD mice challenged with EAE. 
Young 10-weeks-old 5xFAD mice were immunised using MOG peptide fragment and complete Freund’s 
adjuvant (CFA) to elicit an immune attack against myelin (Fig3.11a). Neurological scoring confirmed 
successful induction of EAE with typical disease course in 5xFADs (Fig3.11b). MOG-induced EAE in 
C57BL/6 mice affects the spinal cord that shows large, demyelinated lesions at its surface whereas such lesions 
are typically not found in the brain (Merkler et al. 2006). However, the brain in EAE is still affected by immune 
cell infiltration and exposed to neuroinflammatory modulators (Kuerten et al. 2007). I detected no differences 
in amyloid load in both hippocampus and cortex in EAE/5xFAD mice using light sheet microscopy 
(Fig3.12a). This is contrast to an earlier study with aged (14-16 months) J20 and Tg2576 AD mice in which 

Figure 3.11 Experimental Autoimmune Encephalomyelitis (EAE) 
induction in 5xFAD mice. (a) Experimental setup to study the effect of 
demyelinating injury elicited by EAE in 5xFAD mice. (b) Neurological storing 
revealed successful induction of EAE in 5xFAD mice with typical onset of 
disease symptoms like tail weakness at day 10 post induction, peak at around 
day 15 and subsequent slight amelioration of symptoms. n=5 for EAE/5xFAD. 
For clarity, 5xFAD controls that did not develop any neurological symptoms 
are not shown. Figure adapted from Depp et al. 2021.  
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EAE reportedly reduced brain plaque load extensively (Frenkel et al. 2005). The authors claimed that the 
plaque-clearing effect in EAE stems from massive activation of microglia cells in the brain parenchyma that 
would subsequently target amyloid plaques. In our hands, no such massive microglial activation could be 
observed (data not shown). The contradictory findings could also be linked to different mouse models used 
(5xFAD versus J20/Tg2576) or different disease stage analysed (initial stage in this study versus very late stage 
in Frenkel et al. 2005). 

I, next, focused on assessing amyloid pathology in a large segment of the lumbar spinal cord as the primary 
region affected by demyelination in EAE.  Of note, although the spinal cord is only a late affected region in 
AD patients, the 5xFAD model shows abundant amyloid plaques in the spinal cord grey matter and to a lesser 
extent in the white matter due to the activity of the Thy1 promotor. I verified the successful detection of spinal 
cord amyloid plaques using Congo red labelling and LSM in 26-week-old 5xFADs and observed a strong 
cervical-lumbar gradient with the cervical regions being affected most severely (Fig3.12b). Examining 
EAE/5xFAD mice, IBA1 labelling revealed large lesions in the spinal cord, however, this was not accompanied 
by classical amyloid plaque deposition in EAE/5xFAD mice in grey or white matter. Control mice also did 
not develop amyloid plaques in the lumbar spinal cord at 14-weeks. However, similarly to observations in 
Cuprizone/5xFAD mice, I observed small Congo red deposits in the lesion environment in the EAE/5xFAD 
spinal cord that were not detected in the quantification pipeline. Using classical immunofluorescence staining 
on paraffin slices, I in more detail evaluated if these deposits present proper amyloid aggregates. The 
aggregates were found to be particularly abundant in the perilesion environment and not inside lesions 
(Fig3.13a,b). Intriguingly, this is the location where also abundant APP swellings are found in EAE. The 
deposits stained positive with both anti-amyloid antibodies as well as Methoxy-X04. Importantly, I ruled-out 

Figure 3.12 Brain and spinal cord in toto plaque load in 
EAE/5xFAD mice. (a) 3D quantification of plaque load in the brain 
parameters in 14 weeks old EAE/5xFAD sacrificed 4 weeks after 
EAE induction. n=4 for 5xFAD and n=5 for EAE/5xFAD. Student’s 
t-test was performed for statistical analysis. (b) LSM analysis of
spinal cord plaque load in a 26-weeks-old 5xFAD as positive
control for successful detection of spinal amyloid plaques. (c) 
Congo red LSM of amyloid plaque load in a lumbar spinal cord
segment of EAE/5xFAD mice (right) and 5xFAD controls (left). Iba1 
labelling revealed abundant lesions in the EAE/5xFAD spinal cord. 
But no amyloid plaques were detected. Figure adapted from
Depp et al. 2021.
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non-specific binding of the anti-amyloid antibody and the dye to lipid/myelin accumulation in lesions by 
staining EAE/wildtype animals where no significant staining was observed (Fig3.13b). Taken together with 
the findings in Cuprizone/5xFAD mice, these observations indicate that acute myelin injuries give rise to 
small amyloid deposits in and around affected areas.   

3.7 Lack of compact myelin ameliorates amyloid deposition 

The results obtained make the strong suggestion that myelin defects - both chronic and acute – drive amyloid 
deposition in AD mouse models and that the presence of dysfunctional myelin is a risk factor for amyloid 
deposition. From an evolutionary point of view, with brain expansion primates have acquired a large amount 
of subcortical (and intracortical) myelin in comparison to mammals with smaller brains (Herculano‐Houzel 
et al., 2014). In humans especially, prefrontal white matter is disproportionally enlarged even when compared 
to other apes (Schoenemann, Sheehan, and Glotzer 2005). Cell type specific transcriptomic studies of human, 
chimpanzee and macaque oligodendrocytes also hint towards an accelerated evolution of oligodendrocyte 
gene expression as compared to neurons in the human lineage (Berto et al. 2019; Khrameeva et al. 2020). This 
raises the question if the extent of cortical myelination per se is a risk for amyloid deposition and the 
development of AD in humans.   

Figure 3.13 Immunostaining against amyloid in EAE/5xFAD spinal cord sections. (a) Anti-amyloid beta 
antibody staining in EAE/5xFAD spinal cord and 5xFAD and EAE controls. Lesions are identified by nuclei (DAPI) 
accumulation and indicated by dashed lines in the upper panel. Lower panel show close-ups of the regions indicated 
in the upper panel. Multiple small amyloid deposits are visible exclusively in EAE/5xFAD mice. Quantification of 
images of 5xFAD (Ctrl, grey) and EAE/5xFAD (EAE, purple) is shown on the right. n=5 for control, n=5 for EAE/FAD. 
Student’s t-test was performed for statistical analysis. (b) Staining of EAE-induced amyloid deposits by Methoxy-X04 
(Me-04). Lesions are identified by nuclei accumulation (ToPro3) and are indicated by dashed lines. Lower panels 
show closeups of the region indicated in the upper panel. No staining was observed in EAE or 5xFAD controls. Figure 
adapted from Depp et al. 2021.  
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To probe this and as an orthogonal approach to induction of myelin dysfunction, I aimed at investigating the 
effect of absence of compact myelin on amyloidosis. Classically, shiverer mice have been used to study 
downstream effects of absence of myelin. These mice lack MBP expression, fail to assemble compact myelin 
sheaths in the CNS and represent with general tremor (see Introduction). However, recurrent seizures as well 
as premature death occurring at 2-3 month of age preclude analysis of shiverers and respective crossbreedings 
at later time points. Our lab therefore generated MBPfl/fl mice that allow for conditional recombination 
(Meschkat et al. 2020). By using telencephalic driver lines such as the Emx-Cre line (Gorski et al. 2002), 
recombination and subsequent absence of compacted myelin can be restricted to the forebrain which leaves 
mid- and hindbrain structures intact. Consequently, Emx-Cre MBPfl/fl lack the typical shiverer-associated 
phenotypes and are long-lived (Subramanian, Möbius, Nave, unpublished). As such, these forebrain shiverer 
mice are an ideal and novel model to probe the role of cortical myelination in amyloid deposition.  

Figure 3.14 Recombination 
territories in forebrain-
specific shiverer mice 
(a) Basic characterisation of
myelination patterns in Emx-
Cre MBPfl/fl mice. 
Autofluorescence shows clear
lack of myelinated profiles in
corpus callosum and alveus 
(arrows). Thalamus and striatum 
are normally myelinated. (b) 
CNP/MBP-co-immunolabelling 
in Emx-Cre MBPfl/fl and control
mice. (c) Close-up of the
indicated regions in (b). Note
the presence of abundant
cortical myelin in control
animals. In forebrain shiverer 
brains, CNP positive profiles are
still visible, but most myelin is
non-compacted as indicated by
lack MBP staining. According to
these findings recombined 
areas comprise the cortex,
subcortical white matter 
(corpus callosum) and 
hippocampal white matter. 
Adapted from Depp et al. 2021. 
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I first verified the intended forebrain-specific recombination patterns by gross assessment of brain 
morphology in paraffin sections and myelin immunostaining (Fig3.14a). Typical autofluorescent myelin 
profiles were absent throughout the corpus callosum and hippocampal white matter in forebrain shiverer 
mice while midbrain structures such as the thalamus and the striatum as cerebral nucleus remained unaffected 
by recombination. Anti-MBP/CNP immunolabelling confirmed these observations and demonstrated the 
absence of compact myelin from cortical and hippocampal regions (Fig3.14b). Recombined regions included 
the grey matter regions cortex and hippocampus including the white matter tracts corpus callosum, cingulum, 

Figure 3.15 Plaque load in 3-month old forebrain shiverer 5xFAD mice (a) LSM single planes of Congo red 
labelling in Emx-Cre MBPfl/fl 5xFAD mice and MBPfl/fl 5xFAD control mice. Note the obvious lack of the corpus 
callosum and the alveus in forebrain shiverer mice. The anterior part of the corpus callosum becomes partially 
myelinated by oligodendrocytes from the underlying non-recombined striatum. Lower panels show closeups 
of the subiculum (Sub) and Cortex (Ctx). Forebrain shiverer/5xFADs lacked cortical plaques. (b) 3D visualisation 
of plaques as spheroids colour-coded by region in two representative examples. (c) Left panels show maximum 
intensity projection of cropped regions of interest. Right panel shows 3D quantification of plaque parameters. 
n=9 for control (MBPfl/fl 5xFAD), n=9 for conditional KO (cKO, Emx-Cre MBPfl/fl 5xFAD). Student’s t-test was 
performed to statistical analysis. Adapted from Depp et al. 2021. 
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alveus and fimbria. Importantly, as in full shiverer mice, oligodendrocytes and association of oligodendrocyte 
processes with axons as revealed by CNP staining remained intact. Occasionally, a few MBP positive myelin 
sheaths were observed indicative of incomplete genetic recombination or migration of 
OPCs/oligodendrocytes from not genetically targeted areas. I next generated forebrain shiverer 5xFAD mice 
by crossbreeding Emx-Cre MBPfl/fl to 5xFADs and analysed plaque burden via LSM in the resulting offspring 
at 3 and 6 months of age. Littermate Cre-driver negative MBPfl/fl 5xFAD mice were used as controls. Early in 
amyloidosis at 3-months, forebrain shiverer mice were massively protected against cortical amyloid load 
(Fig3.15). Hippocampal plaque load was only minorly reduced (only in the parameter of plaque count). At 6 
months of age, this effect was largely gone revealing an interesting temporal delay in amyloid deposition by 
the lack of compact myelin (Fig3.16). Intriguingly, lack of compact myelin in the corpus callosum and alveus 
at 6-month of age appeared to increase white matter plaque formation (Fig3.16).  

These results reveal an ambiguous role of healthy myelin in plaque formation in 5xFAD mice: on the one 
hand side, compact myelin in the cortex is a prerequisite for rapid amyloid deposition even in a genetic 
amyloidosis model. On the other hand, healthy myelin in white matter tracts inhibits plaque formation. It 
seems feasible that white matter composed of tightly bundled axons and associated myelin is a difficult space 
to seed and expand plaques due to physical constraints. Removing compact myelin might act to loosen up 
white matter facilitating plaque formation. The results in young MBPfl/fl mice, are in agreement with an earlier 
study that attempted to analyse amyloid deposition in shiverer /5xFAD mice and also showed a reduction in 
insoluble Aβ levels (Ou-Yang and Van Nostrand 2013). This study, however, was limited to analyse 2-month-
old mice due to the early premature death of shiverer mice. At this young age 5xFAD mice are barely affected 
by plaque load which precluded a quantitative analysis of plaque burden in these animals.  Likewise, this study 
suffers from potential artefacts from the severe phenotype of shiverer mice (e.g. effects of recurrent seizures 
on amyloid levels).  

3.8 Effects of dysfunctional myelin on APP metabolism 

LSM analysis of plaque burden in multiple in vivo models of myelin dysfunction, acute myelin injury and 
finally amyelination identified myelin per se and more so compromised function of myelin as an upstream 
risk factor for amyloid deposition. How could myelin defects mechanistically drive Aβ deposition? In theory, 
defects could drive amyloid deposition by either altering Aβ processing from its precursor APP or inhibiting 
Aβ degradation. I first investigated if dysmyelination impacted APP metabolism and Aβ production from 
APP. These experiments were carried out in CNP-/- 5xFAD mice as the model that showed robust effects in 
terms of plaque load as well as behavioural changes.  

Figure 3.16 Plaque load in 6 
month old forebrain shiverer 
5xFAD mice. 3D quantification of 
plaque parameters in the 
hippocampus, isocortex and 
alveus. n=4 for control (MBPfl/fl 
5xFAD), n=4 for conditional KO 
(cKO, Emx-Cre MBPfl/fl 5xFAD). 
Student’s t-test was performed for 
statistical analysis comparing cKO 
and Ctrl in different brain regions. 
Adapted from Depp et al. 2021. 
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Axonal swellings are prominent features of myelin diseases and are potentially derived from breakdown of 
trophic support functions from distressed oligodendrocytes. They are also well-known to stain for APP, and 
I speculated that these swellings might be novel production sites of Aβ under defective myelin sheaths. Such 
swellings have been described to occur in mouse models of MS as well as in CNP and PLP null mice (Snaidero 
et al. 2017; Steyer et al. 2020). I queried previously acquired HPF-EM images (performed by Wiebke Möbius) 
of optic nerves of 6-month-old CNP null mice to closely examine the content of axonal swellings. Most of the 
organelles accumulating in axonal swellings were of lamellar, multivesicular morphology. These structures 
likely arise through fusions of late endosomes and autophagosomes in axons (Ferguson 2018).  Some vesicles 
had only a single membrane and accumulated electron dense material indicative of lysosomes. According to 
these morphological characteristics, these organelles can be, thus, identified as belonging to the degradative 
pathway consisting of a mixture of lysosomes/endosomes/autophagosomes and numerous fusion products 
thereof. As discussed in the introductory part of this thesis in detail, these vesicular organelles are considered 
primary production sites of Aβ which in theory could render axonal swellings a source of Aβ. Intriguingly, 
their vesicular content is similar to the content of axonal swellings associated with amyloid plaques that also 
have been suggested to be sites of Aβ production (Sadleir et al. 2016).  

Figure 3.17 High pressure freezing electron microscopy (HPF-EM) analysis of axonal swellings in the optic 
nerve of CNP-/- mice.  Images show representative images of axons without swellings (normal axon in a wildtype 
control mouse) and multiple examples of axonal swellings found in CNP null mice. HPF-EM performed by Wiebke 
Möbius. Adapted from Depp et al. 2021. 

Figure 3.18 Schematic representation of epitopes and staining patterns of the antibodies used.  On the left 
a schematic representation of full length APP with the Aβ domain in blue is shown and the different secretase 
cleavage sites are marked. Antibody binding sites to Aβ and APP are shown (indicated by Y). On the right side, a 
typical amyloid plaque (blue) is depicted with multiple axonal swellings in its vicinity (yellow). Typically, plaque 
cores are stained with multiple Aβ antibodies and axonal swellings are stained with antibodies directed against 
APP, Presenilins and BACE1. Figure adapted from Depp et al. 2021. 
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Next, I aimed at showing that these axonal swellings indeed accumulate the Aβ producing machinery (APP 
as substrate and β- and γ-secretase) and subsequently Aβ peptides using immunostainings. Interpretation of 
these results critically depends on the specificity of the antibodies used as well as exact knowledge of their 
recognised epitope. Fig3.18 gives an overview of the antibodies used in this study and their typical staining 
patterns. I first examined distribution of APP, BACE1 and PSEN2 as part of the γ-secretase complex. As 
expected, and previously shown for CNP-/-, CNP-/- 5xFAD mice developed numerous APP positive swellings 
throughout grey and white matter. Swellings are more abundantly found in the white matter due to the 
concentration of myelinated axons there. Morphologically, the swellings are singular round structures that 
reach up to several micrometre in diameter. In contrast, axonal swellings associated with amyloid plaques 
(here called plaque-swellings) are found in groups in a corona-like structure with an unstained core that 
corresponds to the core of the plaque (Fig3.19). Plaque-associated swellings are typically bigger in size and 
can balloon out to the size of a nucleus. Plaque-associated swellings and “myelin-dysfunction”-associated 
swellings (here called myelin-swellings) can, therefore, be morphologically well distinguished. While in 
CNP+/+ 5xFAD control mice, only occasionally plaque-swellings were observed in the white matter that 
stained positive for APP using both a C-terminal and N-terminal targeted antibodies, abundant single myelin 

Figure 3.19 Analysis of Aβ-producing machinery in myelin dysfunction associated axonal swelling.  
Representative images of fluorescent and chromogen immunostaining against the N- and C-terminus of APP, 
BACE1 and PSEN2 in paraffin slices of 5xFAD controls and CNP-/- 5xFAD mice at 6 months of age. On the right, as 
additional control to illustrate plaque-associated swellings a snapshot of the cortex is shown where amyloid 
plaques are abundant. Contoured arrows mark plaque-associated axonal swellings typically forming a corona as  
found in the cortex of 5xFAD mice. Non-contoured arrows indicate plaque-independent axonal swellings as 
observed exclusively in CNP-/- 5xFAD mice. n indicates neurons. As white matter tract corpus callosum or fimbria 
are shown. Figure adapted from Depp et al. 2021. 
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dysfunction associated swellings were found in in CNP-/- 5xFAD mice. Plaque-swellings in 5xFAD mice were 
morphologically very similar to plaque-associated swellings found in the cortex. Note that also neuronal cell 
bodies stain positive for APP. In principle soluble, N-terminal APP fragments as well as C-terminal fragments 
and not only full length APP can be detected by the antibodies used. Nevertheless, these findings indicate an 
enrichment of APP and/or its fragments in myelin-associated myelin-swellings. Likewise, the numerous 
swellings in CNP-/- 5xFAD mice accumulated BACE1 and PSEN2 that otherwise could only be detected in 
plaque-associated swelling in 5xFAD controls. Intriguingly, BACE1 also became elevated in thickened axon 
that not yet developed mature swellings. Unfortunately, no double immune-staining could be performed on 
the tissue because the antibodies were largely derived from the same species. However, it is highly likely that 

Figure 3.20 Analysis of Aβ accumulation in myelin dysfunction associated axonal swelling.  Representative 
images of fluorescent and chromogen immunostainings against different Aβ peptides. Specificity of the antibody 
is indicated on the left. Different Aβ antibodies recognising N-terminal (Aβ1-x /Aβ4-x) and C-terminal (Aβx-42) 
neoepitopes after APP cleavage. 6E10 recognising an epitope contained in both APP and Aβ is shown as an 
additional control. Antibody name is indicated in the lower left. Contoured arrows mark Aβ deposits. Non-
contoured arrows indicate plaque-independent axonal swellings as observed exclusively in CNP-/- 5xFAD mice. n 
indicates neurons. As white matter tract corpus callosum or fimbria are shown. Figure adapted from Depp et al. 
2021. 
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APP, BACE1 and PSEN2 become elevated in the same compartment as it occurs in plaque-associated axonal 
swellings. Of note, I validated the specificity of the antibodies used by comparing the resulting staining 
patterns in brain slices to published studies (e.g. mossy fibre staining by anti-BACE1 antibodies, plaque-
associated swelling staining).  

I next studied if the myelin dysfunction associated swellings stain positive for Aβ which - together with 
findings of APP and secretase accumulation - would implicate that Aβ is locally produced in axonal swellings. 
Specifically staining Aβ peptides is challenging as antibodies targeting the Aβ sequence also recognise the 
sequence still contained in full length APP. For example, the widely used 6E10 antibody recognises an epitope 
between Aβ3-8 and shows full cross-reactivity with full length, uncleaved APP in both histology and western 
blot analysis. It abundantly stains neurons, plaque-associated axonal swellings as well as Aβ plaques. I opted 
for a strategy mainly employing Aβ antibodies that recognise neoepitopes generated after cleavage and as 
such do not show cross-reactivity with full length APP (Fig3.20). These antibodies very intensely stain 
amyloid plaques after formic acid treatment to loosen up the β-sheet structure but do usually not stain 
neurons and plaque-associated swellings (that stain for APP) (Fig3.20). However, the N-terminal (Aβ1-x) and 
C-terminal (Aβx-42) specific antibodies were able to stain swellings in the white matter of CNP-/- 5xFAD mice
(Fig3.20). This hints towards an intriguing qualitative difference between plaque-associated swellings and
swellings elicited by myelin dysfunction with the latter harbouring greater potential for amyloid generation.

Figure 3.21 Western blot analysis of APP levels and 
APP fragmentation in CNP-/- 5xFAD cortex.  (a) Full 
length APP levels were assessed by two different 
antibodies (6E10, A8717) and normalised to total protein 

        fastgreen staining. All three images shown represent the same blot sequentially probed with fastgreen and antibodies 
(different secondary antibodies). Quantification of blots is shown on the right. (b) Immunoblot analysis of α- and β-
cleaved APP c-terminal fragments (CTFs). Images show the same blot as in (a) with the corresponding loading scheme. 
(c) Western blot analysi of BACE1 levels in the cortex. (d) Quantification of band intensity normalised to full-length APP 
or total protein (fastgreen blot staining) in the same lane. Lanes/dots present different animals.  n=3 for CNP+/+5xFAD, 
n=3 for CNP-/-5xFAD. Student’s t-test was performed for statistical analysis. Figure adapted from Depp et al. 2021.
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CNP-/- 5xFAD swellings could further be stained with an antibody specifically recognising an N-terminally 
truncated Aβ variant (Aβ4-x) that is majorly found in plaque cores (Wirths et al. 2017). These histological 
results indicate that axonal swellings elicited by myelin dysfunction are accumulating the Aβ producing 
machinery and a variety of Aβ peptides revealing a direct link between myelin dysfunction and Aβ 
metabolism.  

I further validated these findings on changes in APP metabolism using immunoblot analysis of brain tissue 
lysates. For this, I micro-dissected subcortical white matter (mainly composed of corpus callosum/alveus) and 
cortex from CNP-/- 5xFAD mice and CNP+/+ 5xFAD controls and fractioned tissue lysates into soluble and 
membrane-bound fraction. In the membrane bound fraction, I assessed full length APP, APP fragments (α/β 
cleavage) and BACE1 levels. Overall cortical full length APP levels remained unchanged in CNP-/- 5xFAD 
mice when normalised to whole protein levels (Fig3.21a). However, fragmentation of APP was enhanced by 
myelin dysfunction and an approximately 50% increase in C-terminal fragments (CTFs) was observed. This 
was the case for both CTFs generated by β-secretase (C99, phospho (p)-C99, C89) and α-secretase generated α -
CTF (C83) (Fig3.21b). Increases in both CTFs do not necessarily indicate an increase in α-secretase cleavage 
of full length APP as β-cleavage generated C99 and C89 are also substrates of ADAM10 generating C83 from 
C89/99 (Kuhn et al. 2010). Therefore, it is likely that in the presence of enhanced BACE activity, C83 levels are 
raised alongside β-CTFs. Indeed, BACE1 levels were seemingly increased in the cortex as revealed by 
immunoblot analysis (Fig3.21c) though not reaching statistical significance in the testing performed.  

Counterintuitively, in samples of white matter, more specifically the corpus callosum with adjacent fornix 
system white matter (alveus, fimbria), no obvious increase in full length APP or APP fragmentation was 
observed in CNP-/- 5xFAD (Fig3.22a). BACE1 levels, however, were increased by 75% in white matter samples 
uncoupling BACE1 levels from local CTF fragmentation. Together with the histological analysis showing 
enrichment of BACE1 in axonal swellings this indicates that while BACE1 steady-state levels are definitely 
increased in CNP-/- 5xFAD axonal tracts this apparently does not correlate with increased CTF levels to an 
extent visible by western blot analysis. Indeed, it is likely that enhanced amyloid production in white matter 
is very localised to axonal swellings as investigated by immunohistochemistry. On the other hand, I 
surprisingly found enhanced fragmentation of amyloid in the cortex where APP positive swellings are much 
more rarely detected than in white matter. Please note that increased plaque deposition was not only observed 
in the white matter alveus, but also in the grey matter e.g. the cortex. The bulk of detected APP and APP CTFs 
in the cortex is likely derived from neuronal cell bodies that produce ample amounts of APP in the 5xFAD 
model (especially layer V neurons). This points towards an additional mechanism driving enhanced amyloid 
production other than locally enhanced amyloid production in axonal swellings. It is tempting to speculate 
that the “peripheral” axonal distress neurons experience due to faulty myelin increases APP fragmentation in 

Western blot analysis of BACE1 levels in the white matter and corresponding quantification. Lanes/dots present 
different animals.  n=3 for CNP+/+5xFAD, n=3 for CNP-/-5xFAD. Student’s t-test was performed for statistical analysis. 
Figure adapted from Depp et al. 2021 

Figure 3.22 Western blot analysis of APP fragmentation 
and BACE levels in white matter in CNP-/- 5xFAD. (a) 
Immunoblot analysis of APP cleavage analysis in white 
matter. All three images shown represent the same blot 
sequentially probed with fastgreen and antibodies. (b) 
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the neuronal cell body by a mechanism involving decreased axonal transport rates and trapping APP in the 
somatic compartment.  

3.9 Dysfunctional myelin changes glial responses to amyloid plaques 

Next to enhanced amyloid production, decreased amyloid removal, especially removal of seeded amyloid 
plaques, could potentially drive an overall increase in plaque deposition in brains with myelin defects. As glia 
cells play an important role in amyloid elimination (see Introduction), I next investigated the responses of 
glial cells being confronted with both myelin defects and amyloid plaque deposition in CNP-/- 5xFAD mice.  I 
first examined the distribution of microglial cells in CNP-/- 5xFAD and CNP+/+ 5xFAD brains. Very similar to 
CNP-/- single mutants, profound proliferation and morphological changes of microglia indicative of gliosis 
were observed (Fig3.23). This was most striking in brain regions rich in myelin such as the corpus callosum 

animal. 3271 individual cortical plaques were analysed in 5xFAD, 1941 in CNP-/- 5xFAD brain slices. For both (b) and 
(c) bar plots represent the median of each individual animal shown in the violin plots. Unpaired, two-tailed 
Student’s t-test p-value is given in the bar plot. n=5 per group. (d) 3D light sheet microscopic analysis of plaque-
corralling in CNP-/- 5xFAD and 5xFAD mice. Brain region shown in blow up is indicated on the left. CC: Corpus
callosum. CTX: Cortex. Figure adapted from Depp et al. 2021. 

Figure 3.23 Analysis of microglia 
reactions in brains with 
simultaneous amyloid and myelin 
pathology in 5xFAD mice. (a) 
Immunolabelling of microglia (Iba1) 
and amyloid plaques (Methoxy-X04) in 
CNP-/- 5xFAD and respective controls. 
Upper panel shows distribution of 
microglia in an entire brain slice, lower 
panel shows closeup of the indicated 
regions. (b) Automated quantification 
of Iba1 plaque coverage in the cortex. 
Each violin plot represents a single 
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or thalamus. In 5xFAD control mice, only localised microglia proliferation was seen that corresponded to 
amyloid deposition in plaques. This obvious clustering phenotype of microglia which has been previously 
described as “corralling” and is associated with the disease-associated microglia signature (Keren-Shaul et al. 
2017; Krasemann et al. 2017) was largely lost in CNP-/- 5xFAD mice. Here, microglia seemed more evenly 
dispersed and microglia lost their intimate contact with amyloid plaques when additionally confronted with 
dysfunctional myelin by the CNP-/- genotype. Remaining microglia were, however, still of an amoeboid 
morphology indicating activation. To exclude a bias in visual inspection of microglia/plaque association due 
to overall increased number of microglia in CNP-/- 5xFAD mice, I developed an ImageJ macro script to 
automatically quantify microglia coverage of amyloid plaques. In plaque/microglia co-stainings, this script 
automatically detects amyloid plaques, generates masked of single plaques as objects, and calculates the 
percentage of the plaque mask covered by Iba1 segmentation. Using this script, I found that typically 30-50% 
of the plaque is covered by microglia at its periphery with the central plaque core being uncovered 
(Fig3.23b,c). Importantly, plaque coverage was significantly reduced in CNP-/- 5xFAD mice to ca. 10% in both 
cortex and thalamus. Visualisation in violin plots revealed interesting distribution changes in plaque coverage 
with great reductions in plaques that were normally extensively covered. The loss of the corralling phenotype 
was also observable by light sheet microscopy of Congo red and Iba1 labelled brains (Fig3.23d). Intense 
microgliosis was seen in the corpus callosum in CNP-/- 5xFAD, but numerous plaques remained uncovered 
by microglia.  

Importantly, the same phenotype of diminished plaque-corralling was reproduced in APPNLGF with myelin 
damage induced by CNP-/- knockout. Here, the phenotype was even clearer: In APPNLGF control mice multiple 
microglia clustered around amyloid plaques giving rise to numerous microglia nodules throughout the brain 
(Fig3.24a). As plaques in APPNLGF are less compact microglia can infiltrate amyloid plaques with their 

Figure 3.24 Analysis of microglia reactions in brains with simultaneous amyloid and myelin pathology in 
APPNLGF mice. (a) Immunolabelling of microglia (Iba1) and amyloid plaques (6E10) in CNP-/- APPNLGF and respective 
controls. Upper panel shows distribution of microglia in an entire brain slice, lower panel shows closeup of the 
indicated regions of co-stainings. (b) Histogram distribution of the number of microglia per amyloid plaque in 50 
representative plaques in CNP-/-APPNLGF and APPNLGF control mice. Dots represent single animals and bar represents 
mean values. Unpaired, two-tailed Student’s t-test p-value is given in the bar plot. n=3 per group. Figure adapted 
from Depp et al. 2021. 
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processes often covering them to a full extent. Conversely, in CNP-/-APPNLGF many plaques remained 
uncovered and microglia associated only loosely with plaques. Automated quantification of the microglia 
plaque association employing the established script was challenging as APPNLGF plaques do not show a clear 
border and are frequently of a fissured morphology. Therefore, 50 representative plaques per animal in the 
cortical region were quantified regarding the number of microglia in their immediate vicinity. Very similar 
to findings obtained in 5xFAD mice, the number of microglia per plaque was reduced from 4 on average in 
controls to only about 2 in CNP-/- APPNLGF mice. Accordingly, histogram analysis revealed that larger clusters 
of microglial cells (>6 microglia per plaque) were almost never observed in CNP-/- APPNLGF mice, however 
frequency of small clusters increased tremendously. 

3.10 Transcriptomic analysis of amyloid and myelin challenged microglia 

The described imaging data suggest that in CNP-/- 5xFAD plaque corralling microglia are lost/massively 
diminished. As this microglial population has been described as disease-associated microglia (DAM) with a 
unique transcriptional profile, I became interested in studying if microglia in CNP-/- 5xFAD transcriptionally 
loose the core DAM signature. A diminished corralling phenotype has been best described in scenarios of 
TREM2 loss – a core DAM signature gene (Yuan et al. 2016; Parhizkar et al. 2019; Wang et al. 2016). Recently 
a similar phenotype was observed in double knockouts of the TAM-receptors MER and AXL (Huang et al. 
2021). I hypothesised that CNP-/- 5xFAD microglia could likewise fail to upregulate TREM2 hampering their 
responses to amyloid plaques.  To acquire a full picture of the transcriptional response in dysmyelinated 
5xFAD, microglia from hemispheres (excluding olfactory bulb and cerebellum) of wildtype (CNP+/+), CNP-/-

, 5xFAD and CNP-/- 5xFAD double mutants were magnetically sorted using anti-CD11b beads (Fig3.25a). 
RNA was isolated and subjected to bulk RNA sequencing (performed together with Ting Sun).  Differential 
expression analysis using the DESeq2 analysis pipeline revealed largely overlapping sets of regulated genes 
between the 5xFAD, CNP-/- and CNP-/- 5xFAD when compared to wildtype animals (Fig3.26b). Intriguingly, 
the CNP-/- 5xFAD microglia showed the largest number of regulated genes in total. Principal component 
analysis (PCA) revealed that the transcriptional signature in CNP-/- 5xFAD mice was dominated by the CNP-

/- response as these samples clustered tightly together in the PCA plot. The 5xFAD signature in its principal 
components was more similar to wildtype cells. The CNP-/- associated signature especially contributed to the 
formation of PC1 (here displayed on the y-axis) which explained 80.1% of data variability.  

For investigating differentially regulated genes between the four genotypes, we opted to extract the top100 
genes contributing to PC1 (Fig3.25d). The extracted genes clearly fell in 4 major clusters with different 
trajectories throughout the experimental groups: To my surprise, a prominent cluster (cluster 4) mainly 
comprised of myelin/oligodendrocyte-enriched gene products such as Plp1, Mag, Car2 that were detected in 
the microglial fraction and showed a striking downregulation in all mutant animal with the double mutant 
CNP-/- 5xFAD being most affected. Cnp was also included in this group which was virtually absent in CNP 
null single mutants and crossbreedings validating successful knockout out of Cnp. As microglial cells typically 
express only very low amounts of these genes (see brain sequencing database (Zhang et al. 2014)), it is likely 
that these transcripts that were picked-up in the RNA-seq analysis are a contamination from myelin. 
Expression of classical myelin genes, however, is not massively altered in Cnp-/- or 5xFAD when 
oligodendrocytes or myelin are assessed directly (Sun, Depp, Nave, unpublished). Though a dedicated myelin 
removal step is implemented in the isolation protocol, myelin is of a very sticky nature and cannot be 
completely removed. Why would myelin contamination amounts change in response to injury (5xFAD, CNP-

/-)? During inflammation, tissue to a certain degree swells up and disintegrates as a result of secreted immune 
factors (such as proteases etc.). This would potentially lead to a more efficient separation of myelin from 
microglia as the targeted cell type. Likewise, during inflammation the amount of microglia is increased raising 
chances of microglia/capture-antibody interaction during cell isolation eventually leading to a purer 
microglia fraction. Therefore, changes in cluster 4 genes should be interpreted with caution.  
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Figure 3.25 RNA-seq analysis of microglia in CNP-/- 5xFAD.  (a) Experimental setup for microglia bulk RNA-seq. 
Microglia were isolated from hemispheres (without olfactory bulb and cerebellum) of 6-month-old wildtype (WT), 
CNP-/-, 5xFAD and CNP-/- 5xFAD animals and subjected to RNA-seq (replicates n=4 for each genotype). (b) Venn-
diagram showing the number of differentially regulated genes throughout the experimental group according to 
DESeq2 analysis pipeline (adj. p-value=0.05) (c) Principal component analysis (PCA) of normalised RNA TPM 
profiles. Dots represent replicates. Numbers mark four major clusters detected. (d) Heatmap of top100 genes 
contributing to PC1 variability. (e) Bar plots of selected from the different clusters. Analysis performed together 
with Ting Sun. Figure adapted from Depp et al. 2021.  
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Cluster 1 consisted of genes associated with homeostatic microglia function such as P2ry12 , Tmem119 and 
Cx3cr1 . These gene were downregulated in all three mutants with CNP-/- and CNP-/- 5xFAD microglia 
showing the strongest and similar degree of downregulation (Fig3.25d,e). This presumably reflects the 
amount of inflammatory microglia present in the sample.  It is interesting that the amount of homeostatic 
microglia apparently did not further decrease in CNP-/- 5xFAD mice when compared to CNP-/- mice. This 
indeed might be an indication that there is no additive effect of the two genotypes. Cluster 2 was enriched in 
genes implicated previously in the DAM signature (Itgax, Axl, Clec7a, Lgals3, Spp1, Apoe ). Intriguingly, this 
gene cluster showed induction in 5xFAD microglia validating previous findings but showed even higher 
induction in CNP-/- and CNP-/- 5xFAD microglia. Contrary to the imaging data that demonstrated that 
plaque-corralling DAM were lost in CNP-/- 5xFAD mice, on a transcriptional level the DAM signature 
induction was maintained or even hyper-induced in these animals. Cluster 3 that showed a more pronounced 
induction in both 5xFAD containing genotypes and modest induction in CNP-/- single mutants also contained 
DAM genes such as Tyrobp and Trem2 . Importantly, Trem2 and Tyrobp showed equal induction in 5xFAD 
and CNP-/- 5xFAD ruling out a Trem2 loss of function as possible mechanism for diminished plaque-coralling 
in CNP-/- 5xFAD mice. Direct comparison of the signature of CNP-/- 5xFAD to 5xFAD mice (Fig3.26a,b) 
completed this picture: most DAM signature genes were not differentially regulated. The exception to this 
was Apoe and multiple other apolipoprotein such as Apoc1 and Apoc4 and other genes involved in lipid 
metabolism (Msr1, Pla2g7 ). Multiple genes upregulated in CNP-/- 5xFAD were proteins with functions related 
to the extracellular matrix such as Spp1, Postn, Fam20c, Ecm1 and several matrix metalloproteases (Mmp12, 
Mmp14 ). Likewise, multiple family members of the Ms4a cluster were induced in CNP-/- 5xFAD microglia 
(Ms4a7, Ms4a6c, Ms4a14 ). Intriguingly, with Apoe, Apoc1 and genes of the Ms4a cluster previously identified 
as AD risk loci were among the top differentially regulated genes between CNP-/- 5xFAD microglia and 5xFAD 
microglia.  

Figure 3.26 Direct comparison of the transcriptome signature of CNP-/- 5xFAD and 5xFAD microglia.  
(a) Volcano plot visualisation of differentially expressed genes between CNP-/- and CNP-/- 5xFAD microglia
(significant cutoff adjP < 0.01, log2FC > 1.0) (b) Heatmap represents normalised expression levels of top 100
significantly regulated genes between Cnp-/- 5xFAD vs 5xFAD microglia profiles as analysed by RNA-seq of isolated 
microglia. Figure adapted from Depp et al. 2021. 
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3.11 APOE content in amyloid plaques is increased by myelin injury 

Upregulation of lipoproteins, especially Apoe is of particular interest due to its strong allele specific effect on 
AD risk and due to its tight association with amyloid plaques. APOE enhances fibrillisation of amyloid (Ma et 
al. 1994) and APOE levels dictate the amount of fibrillar plaques with reductions in APOE levels exerting a 
protective effect against amyloid deposition (DeMattos et al. 2004; Bales et al. 1997; Kim et al. 2011). 
Likewise, interfering with amyloid/APOE interaction by immunotherapy or administration of blocking 
peptides, ameliorates Aβ deposition (Sadowski et al. 2006; Kim et al. 2012). Therefore, it is likely that the 
massive amount of secreted lipoproteins such as APOE in CNP-/- 5xFAD drives accumulation of Aβ in the 
brain. I tested this by directly assessing APOE accumulation in plaques of CNP-/- 5xFAD mice by 
immunohistochemistry. APOE immunostaining revealed abundant APOE accumulation in amyloid plaques 
in both 5xFAD and CNP-/- 5xFAD mice. In brains with myelin dysfunction, however, additional speckled, 
cellular staining throughout the white matter could be observed indicative of elevated APOE levels (Fig3.27a). 
It is likely that these cells represent microglia or astrocytes although double immunostainings have to be 
conducted to confirm this. Analysis of cortical plaque content revealed heightened APOE content in plaques 
in CNP-/- 5xFAD brain (Fig3.27b).  

Figure 3.27 APOE levels in CNP-/- 5xFAD and 5xFAD 
plaques. (a) APOE immunofluorescence staining of 
amyloid plaques in 5xFAD and CNP-/- 5xFAD brains 
(contoured arrows). In CNP-/- 5xFAD additional cellular, 
speckled staining throughout the white matter is 
observed (white arrow). Lower panel shows closeup 
region indicated in upper panel. (b) APOE levels in 
cortical amyloid plaques. Upper panel shows distribution 
of amyloid plaques. Lower panel shows APOE content in 
cortical plaques in 5xFAD and CNP-/- 5xFAD mice, pseudo-
coloured according to rainbow lookup table. (c) 
Quantification of APOE plaque content. Violin plots of 
mean APOE plaque content per plaque. Each violin plots 
represents a single animal (n=3 per genotype, 703 
plaques for 5xFAD, 846 plaques for CNP-/-5xFAD). For 
statistical analysis, unpaired, two-tailed Student’s t-test 
was performed. Figure adapted from Depp et al. 2021. 
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3.12 Trem2 cleavage is  not altered in CNP -/- 5xFAD microglia 

Ms4a cluster genes were similar to ApoE upregulated in CNP-/- 5xFAD mice. Polymorphisms in the Ms4a 
cluster have been previously linked to AD risk (Ma, Yu, and Tan 2015) though the exact function of MS4A 
proteins is still poorly understood. A very interesting study reported that the Ms4a cluster regulated levels of 
soluble TREM2: MS4A4A and TREM2 are colocalised in lipid rafts and overexpression of MS4A4A increases 
TREM2 cleavage (Deming et al. 2019). Increases in the Ms4a cluster in CNP-/- 5xFAD microglia, could 
therefore increase TREM2 shedding removing ample amounts of functional, signalling competent full length 
Trem2 form. In the end, this could potentially phenocopy a transcriptional loss of function of Trem2. 
Likewise, lipids contained in myelin (phosphatidylserine, sulfatides, sphingomyelin) and myelin itself activate 
TREM2 signalling in a dose-dependent manner (Nugent et al. 2020; Poliani et al. 2015; Cignarella et al. 
2020). Because TREM2 signalling seems to be terminated by shedding, overt myelin-dependent TREM2 
activation could also lead to increases in the CTF leaving less full length TREM2 at the cell surface to interact 
with Aβ. I therefore investigated TREM2 protein levels and shedding of TREM2 using immunoblot analysis. I 
first validated this technique in regard to successful detection of TREM2 and the C-terminal fragment 
generated after shedding by comparing whole brain 5xFAD membrane-bound tissue lysates to wildtype 
brains. Expectedly, full length TREM2 gave a broad range of bands on the blot due to glycosylation and its C-
terminal fragment was clearly upregulated in 5xFAD mice (Fig3.28a). In CNP-/- 5xFAD cortical lysates, 
however, no obvious differences in full length TREM2 or C-terminal fragments were observed (Fig3.28). 
These findings validate the RNA-seq findings regarding proper induction of Trem2 in CNP-/- 5xFAD mice and 
rule-out the possibility of posttranslational mechanism altering TREM2 protein levels or MS4A-dependent 
increases in TREM2 cleavage.  

Figure 3.28 TREM2 levels and cleavage in CNP-/- 5xFAD and 5xFAD brains. (a) Validation of technique by 
comparison of wildtype and 5xFAD brain lysates in which TREM2 is upregulated. High molecular weight bands at 
70kDa represent unspecific bands. (b) Levels of full length TREM2 and C-terminal fragment (CTF) generated after 
cleavage in CNP-/-5xFAD and 5xFAD control mice. Lanes represent single animals. n=3 per group. Figure adapted from 
Depp et al. 2021. 
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3.13 Analysis of microglia response to myelin dysfunction at the single cel l 
level  

The transcriptional analysis of the CNP-/- single mutant alongside CNP-/- 5xFAD makes clear that myelin 
dysfunction per se is sufficient to incite a response that is very similar to the DAM response observed in AD. 
This is in agreement with the study by Krasemann and colleagues that detected the DAM signature in EAE 
as a model of demyelination (Krasemann et al. 2017). Together with the study by Keren-Shaul et al. that 
described the emergence of the DAM signature in an ALS model and ageing, this illustrates that the DAM 
signature is not confined to AD. The interpretation of the bulk-sequencing dataset is limited by the fact that 
the number of activated microglia is increased in CNP-/- mice so that a higher percentage of activated 
microglia will contribute to the bulk signature. 

Figure 3.29 Myelin dysfunction induces DAM-like state as determined by snRNA-seq (a) Experimental setup for 
studying myelin-dysfunction induced microglia profiles at the single cell level. Cortex and adjacent callosal white 
matter were micro-dissected from 3-month-old wildtype and Cnp-/- mice and subjected to snRNA-seq (10x). (b) 
Identified cell types in the UMAP space (c) Microglia subset visualised in the UMAP space. (d) UMAP visualisation of 
annotated microglia subtypes.  (e) Violin plots showing marker gene expressions in each microglia subpopulation. 
(f) Violin plots showing marker gene expressions in each microglia subpopulation separated by genotype.  (g) Bar 
plot shows distribution of microglia subpopulations in wildtype and CNP-/-. Right panel showing genotype
distribution among microglia subpopulations visualised in the UMAP space. Analysis performed together with Ting 
Sun. Figure adapted from Depp et al. 2021.
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In an attempt to fully understand the apparent DAM-like microglial signature in CNP-/- microglia, we 
performed snRNA-seq on cortical and callosal tissue prepared from younger (3-month-old) CNP deficient 
animals and annotated microglia population to perform subclustering and differential gene expression 
analysis (analysis was performed together with Ting Sun) (Fig3.29a,b,c). We identified 4 major clusters 
(Fig3.29d): A large homeostatic cluster and smaller clusters consisting of brain border macrophages, 
microglia with ample amounts of myelin transcript and a cluster with high expression of classical DAM genes 
such as Trem2, Lpl and Spp1 which was therefore identified as DAM. Virtually all DAM-like microglia were 
derived from CNP deficient brain tissue and this pool of microglia expanded greatly in CNP-/- mice from 
0.51% to 13.21% (Fig3.29g). We next assessed the similarities between DAM induced by myelin defects and 
DAMs induced by the presence of amyloid plaques. For this, integration was performed between our dataset 
and the study by Zhou and colleagues (Zhou et al. 2020) that performed snRNA-seq of cortical tissue of 7-
month-old 5xFAD mice. DAMs were readily identified in the merged object by unbiased clustering (Fig3.30a) 
that showed high expression of ApoE and Trem2 . This cluster was mainly occupied by 5xFAD microglia but 
also contained CNP-/- derived DAM (Fig3.30d) confirming their identity as bona fide DAM. Around 40% of 
5xFAD microglia converted to DAM and around 20% of CNP-/- microglia (as identified in the merged object) 
(Fig3.30d). Expression analysis showed that on a single cell level a group of classical DAM marker genes 
including Apoe, Lyz2 and Axl were expressed at a similar level in both CNP-/- DAM and 5xFAD DAM 
(Fig3.30e). This finding also helps further interpreting the bulk sequencing dataset (with the caveat that 
different ages were analysed): increased bulk levels of Apoe rather originate from increased proportion of 
inflammatory microglia than upregulation of Apoe on a single cell level.  Intriguingly, Ms4a7 , Gpnmb and 
Lpl were highly induced in myelin-dysfunction induced DAM but only moderately in 5xFAD DAM. 

Figure 3.30 Comparison of microglia states induced by amyloidosis and myelin dysfunction. (a) Integrative 
analysis of this study and 7-month-old 5xFAD and wildtype microglia snRNA-seq profiles from Zhou et al. 2020. 
Visualisation of microglia in the UMAP space. Different microglia populations are colour-coded. (b) Feature plot 
showing normalised expression levels of ApoE, Mbp,Trem2 and Lpl for identification of microglia subclusters. (c) 
Genotype distribution among microglia subpopulations visualised in the UMAP space.  (d) Proportion of DAMs on 
microglial cells in different genotypes in the merged objects. (e) Bar plots representing average regulation levels of 
single genes in CNP-/- DAM and 5xFAD DAM. Regulation values are calculated by comparing gene average expression 
of DAM to the respective homeostatic microglia population. Analysis performed together with Ting Sun. 
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Elevation of Ms4a7 , Gpnmb and Lpl in the bulk sequencing dataset are, therefore, also partially derived from 
increased induction on the single cell level. Trem2 and especially Tyrobp were robustly upregulated in 5xFAD 
DAM but only to a lesser extent in CNP-/-DAM suggesting that Aβ pathology is a stronger inducer of 
Trem2/Tyrobp than myelin dysfunction.  

Our transcriptomic data in summary suggest that the DAM signature is adequately induced in microglia of 
CNP-/- mice and that these microglia in theory are adequately equipped to react to amyloid plaques. Why do 
these microglia fail to do so in vivo then?  I propose a simple and comprehensible reason for this: the 
distraction and primary engagement of microglia with myelin. Indeed, in the snRNA-seq dataset of CNP-/- a 
subset of microglia was identified that surprisingly contained ample amounts of oligodendrocyte transcripts 
such as Mbp, Mog, Plp1 and Mag (Fig3.29b). It was excluded that these cells were doublets (ergo sequencing 
reads derived from two cells being captured in the same droplet during sequencing). Due to the very similar 
transcriptional profile to oligodendrocytes in the presence of expression of microglial markers it is likely that 
these cells represent microglia that have recently phagocytosed large amounts of myelin. Indeed, such a 
population of microglia has been recently described in a snRNA-seq study of MS tissue (Schirmer et al. 2019) 
– though the exact mechanism of how phagocytosed mRNA ends up in the nucleus remains elusive.  These 
cells entered a slightly activated state as suggested by downregulation of homeostatic markers Tmem119 , 
P2ry12 and Cx3cr1 and increased expression of apolipoproteins and the fatty-acid breakdown enzyme Acsl1 
(Fig.2.31). This cluster of myelin processing microglia was increased in CNP-/- from 10% to around 15%
indicative of enhanced myelin phagocytosis. Interestingly, CNP-/- DAM still displayed slightly elevated levels 
of Mbp mRNA while other myelin mRNAs were not present. Long-term survival of phagocytosed Mbp 
mRNA seems reasonable as one of the most abundant mRNAs in myelin sheets. It is tempting to speculate 
that those cells convert to DAM that phagocytose large amount myelin debris and might not efficiently 
degrade it.

Though profound microglia activation has been identified early in CNP-/- mice (Lappe-Siefke et al. 2003) the 
exact reason for this has remained elusive given no “acute demyelination” and the original description of 
“normal myelin”. With my work showing structural alterations of myelin in CNP-/- mice that were even 
recognisable by immune fluorescence together with the transcriptomic analysis of microglia that show a lipid 

Figure 3.31 Myelin phagocytosis/engulfment in CNP-/- mice. (a) Violin plots shows expression levels of indicated 
genes in the 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. (b) 
Immunofluorescence analysis of myelin engulfment (PLP+) by microglia (Iba1+) in the cortex microglia of CNP-/- mice.  
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digesting profile (upregulation of lipid handling genes ApoE, Lpl, Abca1 and phagocytosis-related genes), it 
seems comprehensible that microglia actively phagocytose dysfunctional myelin.  I validated this by 
immunofluorescence analysis of myelin engulfment in CNP-/- mice. Since specific association of microglia 
and myelin in the white matter is difficult to study due to full overlap of microglia with myelin, I focused on 
the cortex where myelination is sparser. In wildtype animals, thin and elongated microglia processes were 
seen throughout the cortex that occasionally contacted myelin sheaths (Fig3.31b). In CNP-/-, I identified 
multiple scenarios in which myelin processes became thickened and seemingly engulfed entire myelin sheaths 
(arrows, Fig3.31b). Myelin, thus, clearly attracts microglia in CNP-/- mice. I envision the following: in the 
CNP-/- brain environment microglia become increasingly engaged with dysfunctional myelin which they 
attempt to phagocytose inducing activation and a DAM signature profile. When plaques are deposited by the 
additional 5xFAD genotype later in life, a large number of microglia is pre-occupied with the clearance of 
myelin throughout grey and white matter. As the attraction of microglia to plaques essentially uses the same 
signalling cascades (upregulated in the DAM signature) as recognition of myelin damage, microglia become 
unresponsive to amyloid. 

3.14 Myelin damage in Alzheimer’s disease patients 

I finally assessed if my findings in myelin dysfunction and AD mouse models have clinical relevance to human 
AD. Supporting our findings, accelerated white matter decline has been demonstrated in neuroimaging 
studies in a more global manner in AD patients (Dean et al. 2017; Ringman et al. 2007; Stricker et al. 2009; 
Wang et al. 2019; Araque Caballero et al. 2018). Microscopic evidence of myelin alterations in AD, however, 
is scarce. I therefore studied intracortical myelin integrity in a small cohort of AD patients. Since myelination 
status varies significantly between gyri and cortical areas, I performed overview imaging of the entire medial 
temporal lobe biopsy material (paraffin-sections) stained for myelin, microglia and amyloid plaques. This 
gave me a good impression of local differences in amyloid pathology and allowed me to confidently identify 
the transentorhinal area for analysis (Fig3.32a). The transentorhinal area represents an area of high pathologic 
burden in AD in regards to both amyloid deposition and neurofibrillary tangle formation (Braak and Braak 
1991). I observed a striking difference in the appearance of myelinated fibres as well as an overall decline in 
myelin density. This was not limited to the immediate vicinity of plaques in the sense of a focal demyelination 
but was observable in a general fashion in the upper cortical layers. Moreover, myelin sheaths were seemingly 
more “disrupted”. Intracortical myelin loss, therefore, represents another cellular pathology associated with 
AD. Sites of myelin loss were also associated with increased microglia numbers as identified by Iba1 staining 
and coverage of amyloid plaques by microglia was not extensive. Intriguingly, both of these phenotypes are 
reminiscent of the phenotypes observed in CNP-/- 5xFAD mice. Of course, analysis of human autopsy material 
offers only a snapshot of rather late pathological stage (prior to death) and as such the question remains if 
myelin decline is secondary to AD pathology or could represent a primary driver of the disease (in more detail 
discussed later). The preliminary observation of myelin decline in human AD patients, however, is 
encouraging regarding the translation of our findings in mouse models and points towards clinical relevance 
of our findings (discussed later).  
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Figure 3.32 Intracortical myelin damage AD patients. (a) Autopsy samples from the medial temporal lobe of AD 
affected individuals and non-AD patients. Immunostaining against CNP and PLP1 to visualize myelinated fibres, Iba1 
to stain microglia and Methoxy-X04 (Me-04) to stain amyloid-ß 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-demented controls. DG: Dentate Gyrus, Fi:Fimbria, 
CA: Cornu Ammonis, Sub:subiculum, EC: Entorhinal cortex. PHg: Parahippocampal gyrus. FusGy: Fusiform gyrus. Coll 
Sul: Collateral Sulcus. (b) Closeup images of the indicated region in the transentorhinal cortex in three individuals 
with ample amounts of amyloid plaques (Me-04 positive). Note the instances of cerebral amyloid angiopathy in AD3. 
(c) Closeup images of indicated region in plaque-negative non-demented controls.
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4 Discussion and Conclusion 

4.1 A refined model of Alzheimer’s disease 

Combining quantitative light sheet microscopy, behavioural testing, biochemical analyses and both bulk and 
single-cell resolution RNA sequencing, the work presented in this thesis identifies myelin perturbations 
(genetic, inflammatory or toxin-induced) as an upstream driver of amyloid deposition in AD mouse models. 
In contrast, the absence of cortical myelin in a novel forebrain-specific shiverer mouse delayed Aβ deposition, 
demonstrating that myelin itself can act as a risk factor for AD pathology. Downstream of myelin 
dysfunction, axonal distress that is linked to enhance amyloid production and altered microglia responses to 
amyloid plaques are likely mediating the advancement in plaque pathology.  

Based on these findings, I propose a new or refined model of AD development that puts oligodendrocytes 
centre-stage (Fig4.1): in the ageing brain, microglia become increasingly engaged with deteriorating myelin 
which exhausts their phagocytic activity and renders them unresponsive to amyloid plaques. Simultaneously, 
axonal problems arise due to lack of supportive functions from stressed oligodendrocytes that alter APP 
metabolism towards enhanced Aβ production. Importantly, such a model does not contradict the prevailing 
amyloid hypothesis of AD, but rather modifies it to include the role of oligodendrocytes in disease 
progression. A similar adaptation of the amyloid hypothesis has taken place to pay tribute to the large body 
of studies demonstrating the important role of microglia responses. Such a myelin-centred model of AD has 
been previously envisioned by the late Georg Bartzokis who was the first to carefully put together evidence 
linking myelin and more so myelin repair processes to ageing and AD (Bartzokis 2004). He attributed a 
unique vulnerability to oligodendrocytes and myelin due to slow biochemical turnover rates, high cholesterol 
and iron levels and the continuous burden of myelin maintenance (Bartzokis 2011). At the time Bartzokis 
formulated his hypothesis the role of oligodendrocyte metabolic support functions had not been unravelled 
yet. It offers a novel spin to his myelin hypothesis linking axonal/neuronal bioenergetics to oligodendroglial 
dysfunction. Future work should specifically address the question to what extent ageing effects metabolic 
support functions over structural myelin defects. It seems likely that decline in metabolic support function 

Figure 4.1 Model: Myelin 
defects as  driver and risk factor 
for AD. Scheme illustrating a 
model of AD in which myelin 
dysfunction (1) induces axonal 
spheroids (2) in which 
endosomes/lysosomes 
accumulate and Aβ production is 
enhanced (3). Simultaneously, 
microglia become increasingly 
engaged with defective myelin 
and are distracted from amyloid 
plaques (4). Both contribute to 
enhanced formation of amyloid 
plaques (5).  
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precede the vanishing of myelin internodes, especially as non-compacted myelin regions appear to 
accumulate dense cytoplasm upon ageing (Peters 2009). 

Bartzokis’ hypothesis was based on the crucial, but not widely known observations by Heiko and Eva 
Braak that myelination and AD pathology show an inverse relationship: sparsely and in development 
lately myelinating tracts such as the frontal cortex are susceptible to AD neuropathology while heavily and 
early myelinating tracts such as the spinal cord remain unaffected until the late stages of the disease (Braak 
and Braak 1996). While it might seem counterintuitive to attribute a role to myelin in AD considering 
this description at first, it is important to understand that the late myelinating tracts are the ones that also 
show the most myelin degeneration upon ageing. Intracortical myelin in the frontal association areas is 
especially affected. A reason why Bartzokis’ hypothesis and Braaks’ observation has not become 
particularly popular among AD researchers, is the apparent spatial paradox of myelin in the white matter and 
amyloid deposition in cortex/hippocampus i.e. grey matter. In my judgement, this is to trace back to a 
general misconception about the extent of intracortical myelination and myelin being considered limited 
to white matter. In this regard, the work presented in this thesis helps reconcile this alleged spatial 
paradox clearly showing that myelin defects can drive amyloid deposition in the cortex.  

4.2 Vulnerability of cortical oligodendrocytes 

Why exactly heterogeneity exists in regards to vulnerability of myelin during ageing remains incompletely 
understood. A conceivable reason for this may lie directly in the heterogeneity of oligodendrocytes 
themselves. Recent single cell sequencing studies have shed light on the heterogeneity of oligodendrocytes 
(Marques et al. 2016) identifying 6 different mature oligodendrocyte clusters. Intriguingly, different 
oligodendrocyte subpopulation become enriched in different brain regions equipping them with a unique 
composition of myelinating oligodendrocytes (Marques et al. 2016). Of note, even inside the cortex there 
seems to be regional heterogeneity in terms of age-related myelin decline as motor and sensor areas are more 
resistant to myelin decline than frontal association areas. This indicates the existence of intracortical 
variability in oligodendrocyte that is yet to be determined. In humans, this heterogeneity in cortical 
oligodendrocytes is likely to be further increased due to cortical expansion. Transcriptional heterogeneity is 
possibly linked to a different molecular makeup of myelin structure or differences in other functions of 
oligodendrocytes such as trophic support. A well-known difference in CNS-region specific oligodendrocyte 
population is the length of myelin internodes. An elegant study using in vitro microfibres demonstrated that 
myelin sheet length is an intrinsic region-dependent property of oligodendrocytes with cortical 
oligodendrocytes producing smaller, but more sheaths than spinal oligodendrocytes (Bechler and Byrne 
2015). With this cytoarchitecture, even when producing the same amount of total myelin, cortical 
oligodendrocytes display a larger fraction of non-compacted myelin areas (especially paranodal loops) than 
their spinal cord counterparts. It is tempting to speculate that the increased amount of myelinic channels and 
paranodal structures to maintain would put cortical oligodendrocytes at risk during ageing.  

Another unique feature of cortical oligodendrocytes might be their dynamic nature. In the white matter 
myelination might be considered nearly “saturated” with axons receiving complete myelination. In the cortex, 
however, only stretches of axons become myelinated (Tomassy et al. 2014; Micheva et al. 2016) leaving room 
for adaptive myelination (Xin and Chan 2020). Experiences and learning have been shown to drive adaptive 
myelination on several levels including new differentiation of oligodendrocytes, the generation of new sheets 
from pre-existing oligodendrocytes and the remodelling of the sheet structure (Bacmeister et al. 2020). Axonal 
targets of myelination also differ: In the cortex a surprisingly large fraction of myelin sheets is found around 
local inhibitory axons (half of myelin sheets in layer2/3) (Micheva et al. 2016; Stedehouder et al. 2017). Local 
ensheathment of inhibitory axons presents an economical way to fine-tune the output of an entire local 
network. Moreover, energy demands of inhibitory neurons are exceptionally high due to their fast-spiking 
rate and rather than enabling faster conduction, oligodendrocytes could assist in energy supply. Inhibitory 
neuron myelin also shows structural specialisation such as larger amount of MBP and CNP (Micheva et al. 
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2018). While incompletely understood, all of these specialisations could render intracortical myelin especially 
vulnerable to ageing.  

4.3 Oligodendrocyte dysfunction: upstream or downstream of amyloid? 

The findings presented here position oligodendrocyte dysfunction upstream of amyloid deposition in AD. In 
principle, novel aspects can be integrated into the amyloid hypothesis upstream and downstream of amyloid 
pathology. I would argue, however, that such a linear cascade model is an oversimplification and 
underestimates the complex cellular interplay in the AD brain. For example, microglia responses have been 
shown to be regulated by amyloid deposition (e.g., induction of DAM response) and modulate amyloid plaque 
deposition. Originally studied from a neurocentric perspective, these glial responses are now well recognised 
players in AD etiology. It is interesting to note that in comparison to microglia and astrocytes 
oligodendrocytes have received considerably less attention in the AD research field. The role of 
oligodendrocytes in AD, however, might be just as multi-facetted - with upstream and downstream elements 
that in the end drive a vicious cycle of AD pathology.  

While the study presented in this thesis is the first to show the effects of dysfunctional oligodendrocytes on 
amyloid deposition, a few studies have investigated oligodendrocyte responses downstream of amyloid 
deposition in both human AD and amyloid. The most obvious myelin phenotype around amyloid plaques is 
a focal demyelination that is well described in AD mouse models using myelin immunostaining and 
microscopy (C Schmued et al. 2013; Behrendt et al. 2013; Mitew et al. 2010). In myelin stainings, amyloid 
plaques are recognizable as apparent holes and myelin fibres usually do not pass through compacted plaques. 
In human AD, this phenotype is less well described. In my opinion, however, it remains to be determined if 
this is the consequence of real demyelination or if it is rather a consequence of myelin fibres being pushed 
aside by growing plaques. The very steep gradient in the density of myelin fibres from almost zero in the 
plaque core to normal density in the plaque periphery argues for the latter. In vivo live imaging tracing that 
could distinguish acute demyelination from displacement are unfortunately lacking to the best of my 
knowledge. However, there seems to be a proliferation of OPC throughout the cortex and white matter of AD 
mice indicative of remyelination (Schmued et al. 2013; Behrendt et al. 2013). Intriguingly, this does not occur 
in human AD patients (Behrendt et al. 2013). Using spatial transcriptomics, the DeStrooper lab recently 
identified the downregulation of an oligodendrocyte cluster in the vicinity of plaques which likely reflects the 
overall loss of oligodendrocyte lineage cells/myelin in the very late-stages of the APPNLGF mouse model and 
human AD (Chen, Lu, et al. 2020). Another line of research suggests that OPCs become senescent around 
amyloid plaques in AD patients and mouse models which contributes to neuroinflammation (Zhang et al. 
2019).  

Importantly, myelin abnormalities in AD mouse models seem to be not restricted to amyloid plaques. 
Multiple labs using electron microscopy reported pathological alterations of myelin sheets in a more global 
manner and not limited to plaque proximity (Chen et al. 2021; Zhang et al. 2020; Desai et al. 2009; Behrendt 
et al. 2013). This was recently confirmed by usage of an elegant reporter line for newly generated myelin 
sheaths (NG2-CreERT2;stop-flox mtau-GFP) which showed induction of newly formed myelin sheath in 
APP/PS1 mice (Chen et al. 2021). This was insufficient, however, to rescue ongoing overall demyelination as 
evidenced by the decline in total myelinated profiles in the cortex (Chen et al. 2021). I would like to raise an 
important caveat regarding the reports of de/remyelination in AD mouse models: These effects were reported 
in mouse models overexpressing APP and PSEN1 (5xFAD, 3xTg, APP/PS1). It is important to exclude that 
demyelination is a consequence of massive overexpression of these genes and associated pathology. The lab 
of Peter Stys has recently reported the massive deposition of amyloid into threads underneath the myelin 
sheath, presumably in the periaxonal space, in 5xFAD mice (Chu et al. 2017). This kind of amyloid deposition 
even precedes deposition into plaques. Such myelinic amyloid aggregates are not found in APPNLGF mice or 
AD patients (Depp, Sasmita and Nave, unpublished). It is likely that such amyloid aggregates disrupt myelin-
axon-signalling and contribute to myelin degeneration in AD mouse. It is, thus, crucial in my opinion to 
investigate APPNLGF in regards to myelin pathology to rule-out that myelin defects are only due to 
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overexpression artefacts.  This is all the more important considering that three studies report that behavioural 
deficits in 5xFAD and APP/PS1 mice are fully abolished upon rescue of myelin pathology. In 5xFAD this was 
accomplished by reducing mitochondrial fission in oligodendrocytes by Drp1 heterozygosity (Zhang et al. 
2020) or an anti-Lingo1 immunotherapy (Wu et al. 2018) and in APP/PS1 mice by targeting muscarinic 
receptors (Chen et al. 2021). This is very surprising considering that these studies do not report an effect on 
plaque deposition which indicates that myelin defects alone drive all the behavioural deficits in AD mouse 
models. This would have far-reaching consequences for the interpretation of the role of amyloid pathology 
in cognitive dysfunction in AD mouse models. Directly related to this, is the question what direct effect 
amyloid has on the oligodendrocyte lineage cells (independent of amyloid plaques). Consistent with 
demyelination around plaques, Aβ oligomers have been shown to inhibit myelin sheet formation in vitro 
(Horiuchi et al. 2012) and Aβ was cytotoxic to oligodendrocytes (Xu et al. 2001; Roth et al. 2005; Lee et al. 
2004). In a later study, however, Aβ oligomers reportedly promoted oligodendrocyte differentiation and 
enhanced remyelination in ex vivo slice cultures (Quintela-López et al. 2019). Clearly, more careful work has 
to be carried out to determine the direct effect of amyloid on oligodendrocytes (controlling both for specific 
peptide forms and oligomerisation stages). 

Recently, several single cell RNA-sequencing studies of the AD brain have sparked interest in the role of 
oligodendrocytes with myelination related genes being among the top altered clusters in AD patients (Mathys 
et al. 2019; Grubman et al. 2019; Lau et al. 2020; Zhou et al. 2020). Mathys et al. described upregulation of 
Lingo-1 in both neurons and oligodendrocytes which was consistently replicated in subsequent studies 
(Grubman et al. 2019; Lau et al. 2020). As Lingo-1 exerts a negative effect on myelination through homophilic 
trans interactions (Mi et al. 2005; Jepson et al. 2012) this would implicate blockage of myelination in AD 
patients.  The study by Zhou et al. identified a mouse-specific disease-enriched oligodendrocyte cluster high 
in Serpina3n and C4b – a cluster that was also identified in snRNA-seq studies of EAE (Falcão et al. 2018). As 
they employ tissue of pronounced and definite AD pathology these studies are likely to report downstream 
effects of Aβ and tau pathology on oligodendrocytes at late disease stages. While they consistently describe 
marked changes to the oligodendrocytes signature, they so far offer very little mechanistic insight and 
reported gene expression changes have to be further corroborated in regards to their biological meaning in 
the upcoming years. 

These microscopic and transcriptional evidences of myelin alterations in AD are supported by an ever-
growing number of macroscopic imaging studies that report myelin dysfunction in AD patients. Most of these 
brain imaging studies investigated myelin structures by DTI and other MRI modi in cohorts of AD patients 
and therefore studied rather late disease stages (Bergamino, Walsh, and Stokes 2021; Palesi et al. 2018; Mayo 
et al. 2017; Benitez et al. 2014; Gao et al. 2011; Stricker et al. 2009a). These studies consistently show that the 
ageing-associated myelin deterioration is further exacerbated during AD. In mild cognitive impairment 
considered the prodromal phase of AD a multitude of studies describe deteriorated white matter as assessed 
by MRI (Wen et al. 2019; Cho et al. 2008; Fellgiebel et al. 2004; Kantarci et al. 2001; Maier-Hein et al. 2015; 
Benitez et al. 2014; Fischer et al. 2015). While considered an early stage in AD development, amyloid 
pathology is already found in a large fraction of cases of MCI as detected by biomarker changes or amyloid 
PET imaging (Fleisher et al. 2011; Hansson et al. 2007). A few very interesting studies focused on the analysis 
of white matter alterations in the definite preclinical phase in cohorts at risk for sporadic AD (Dean et al. 
2017; Bendlin et al. 2012; Bendlin et al. 2010). In middle-aged, healthy individuals with an AD family history 
and/or ApoE4 genotype fractional anisotropy was decreased when compared to controls without increased 
risk for AD (Bendlin et al. 2010; Gold et al. 2010).  Likewise, in such individuals AD-related changes in CSF 
biomarkers (Aβ42, phospho-Tau/Aβ42) were correlated with altered diffusion behaviour in predominantly 
late-myelinating tracts (Bendlin et al. 2012; Hoy et al. 2017; Gold et al. 2014; Dean et al. 2017). Such a 
correlation was also found in the fornix system in a cohort of cognitive healthy middle-agers without 
increased AD risk (Gold et al. 2014). Intriguingly, even in familial AD mutation carriers in which disease 
onset can be confidently predicted and with this the preclinical phase defined, myelin deterioration is detected 
prior to disease (Ringman et al. 2007). A later study confirmed this observation mapping white matter 
alteration to occur up to a decade before symptoms onset which was again correlated with changes in CSF 
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AD biomarkers (including sTrem2 for microglial activation) (Araque Caballero et al. 2018). While it is 
extremely challenging to (temporally) dissect cause and consequence of amyloid accumulation and myelin 
alterations in humans, the cited studies definitely argue that myelin damage does not only occur in advanced 
AD but that it is an early feature in disease progression.  

To summarise, our study reporting that myelin defects can be a direct driver of amyloid pathology together 
with the multitude of evidences showing pathological alterations of myelin by amyloid establishes a vicious 
cycle in which the two pathologies would further enhance each other. Taken together, this makes the strong 
point of myelin dysfunction being an overall risk factor for amyloid deposition and a risk-altering 
comorbidity with both upstream (this study) and downstream elements (cited studies). 

4.4 Mechanism: microglia distraction or APP metabolism changes? 

In this study, I identified two possible mechanisms by which myelin dysfunction could drive enhanced 
amyloid deposition: First, changes in APP metabolism were observed that are consistent with elevated 
amyloid production and likely related to axonal swellings. Second, microglia became distracted by 
engagement with myelin and with this unresponsive to amyloid plaques. The work presented in this thesis 
does not allow to untie these mechanisms and determine to which extent they contribute to the observed 
effects on plaque load. In theory, this would require mouse mutants in which myelin dysfunction is fully 
uncoupled from microgliosis. In practice, such mouse models are hard to come by and myelin dysfunction is 
almost inevitably linked with gliotic reactions. Indeed, gliosis is present throughout the severity spectrum of 
myelin defects from fulminant demyelinating models to milder genetic myelin dysfunction models such as 
the PLP null mouse. This view is also supported by a previous collaborative study from the Ehrenreich and 
Nave labs demonstrating that microglia depletion by a CSF1 receptor antagonist alleviates CNP null 
associated catatonic signs as well as T-cell infiltration and most prominently APP spheroids (Janova et al. 
2018). A 2-month period of microglia depletion at 6-month of age in CNP deficient animals reduced APP 
spheroids in the white matter by a striking 75%. This is remarkable as this indicates that APP swellings are 
not a direct consequence of deficits in trophic support function (which would remain untouched by microglia 
depletion) but involves a microglial element. This microglial element could be oxidative damage to 
oligodendrocytes from activated microglia. Indeed, it was shown that axonal swellings can be induced by 
hydrogen peroxide treatment and EAE-associated axonal swellings are resolved by antioxidant therapy (Nikić 
et al. 2011). This highlights that microglia could be also causally involved in APP metabolism changes 
observed in CNP-/- 5xFAD mice. It further complicates dissociation of microglia mediated effects from APP 
metabolism effects and potentially speaks for a prevailing role of microglia responses in mediated effects on 
plaque load.   

To understand the downstream effects of microglia activation, it would be informative to perform anti-
inflammatory treatment (e.g. minocycline (Kobayashi et al. 2013)) in CNP-/- 5xFAD to convert activated 
microglia back to a non-activated state and probe the effect on amyloid deposition. In a similar manner, 
microglia depletion experiments could be performed. Both of these experiments would probe if a plaque-
promoting effect is independent of a microglial response. A caveat is that modification of the microglial 
behaviour in 5xFAD control mice could alter plaque deposition per se making interpretation of the 
experimental outcome difficult. For example, microglia depletion by PLX5622 in young pre-plaque 6-week-
old - but not older - 5xFAD mice was shown to fully prevent plaque formation (Spangenberg et al. 2019). 
Therefore, such experiments have to be carefully designed in regards to the timing and duration of microglia 
depletion to not massively impair plaque seeding in control animals. Considering the development of the 
plaque-promoting phenotype between 3 and 6-months in CNP-/- 5xFAD mice, starting PLX5622 or 
minocycline treatment at 4-months for 2-months could represent an adequate paradigm without full 
inhibition of plaque formation in control animals. To specifically probe if the microglia distraction phenotype 
is the prevailing mechanism in CNP-/- 5xFAD, Aβ immunotherapy which increases microglia plaque 
engagement could be performed. This would represent a way to re-entice myelin-preoccupied microglia to 
interacts with amyloid plaques. 
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At this point I would like to revisit the initial hypothesis that it is rather the breakdown of trophic support 
than of compact myelin that drives enhanced amyloid processing. The test of this hypothesis requires analysis 
of mouse mutants that solely show decreased metabolic support functions. The oligodendroglial specific 
NMDA receptor knockout mouse was shown to present with deficits in adaptation of support functions (Saab 
et al. 2016). These animals, however, do not show signs of elevated gliosis or APP swellings until late age (18 
months) (Saab et al. 2016). Crossbreedings of this mutant with 5xFAD mice did not lead to elevated amyloid 
plaque deposition (Depp, Sasmita, Nave; unpublished). This illustrates that milder forms of metabolic support 
defects (i.e. adaptation) are not sufficient to trigger changes in plaque load and hints at microglial reactions 
and/or APP swellings being crucially involved in exacerbation of plaque load. It remains to be determined if 
harsher metabolic support disruptions in the absence of microgliosis could trigger differences in amyloid 
load. Examining the effect of genetic inactivation of transporters directly shuttling metabolites from 
oligodendrocytes to axons could be a promising strategy. Recently, the Rothstein lab studied the effects of 
oligodendroglial specific MCT1 deletion in MCT1fl/fl mice (Philips et al. 2021). Surprisingly, optic nerves 
showed no deficits during high frequency stimulation and - very similar to NR1 mutant animals - only ageing-
associated myelin alterations and axonal phenotypes that were again linked to gliosis (Philips et al. 2021). It 
would be interesting to compare the effects of this genetic modification with the negative findings in cNR1-
KO/5xFAD mutant animals. Alternatively, interference with oligodendroglial lactate metabolism, exosome 
secretion or antioxidants defense (given such mutants do not display gross gliosis) could shed light on the 
specific role of metabolic support decline in governing promotion of amyloidosis during myelin dysfunction. 

4.5 Does extensive myelination render humans vulnerable to AD? 

It is not well understood why humans become vulnerable to developing AD upon ageing. Unique structural 
features of the human (or mammal) brain could be crucially involved here. In mammal evolution, the cerebral 
cortex has expanded massively over other brain areas. To accommodate an even larger number and volume 
of layered neurons in a confined space like the skull, cortical folding occurs in gyrencephalic species. Degree 
of folding is especially high for larger animals such as whales and elephants (Mota and Herculano-Houzel 
2015) and white matter volume expands to a greater extent than grey matter volume with brain size (Zhang 
and Sejnowski 2000). As mentioned earlier, humans have acquired a large amount of subcortical white matter 
(and with that myelin) even when compared to other primates. This might be true for intracortical myelin as 
well though quantitative primary data on this controlling for axonal density is lacking – to the best of my 
knowledge.  Might these features render the brains of certain mammalian species and especially us humans 
vulnerable to AD? 

Such questions are inherently difficult to study. In a proof of principle experiment, I asked if the amount of 
intra- and subcortical myelin would modify amyloid deposition in mice. The results using forebrain-specific 
shiverer crossed to 5xFAD mice showed a promising initial amelioration of plaque deposition. This is 
intriguing given that the 5xFAD model is a very aggressive model of plaque deposition. However, further 
work is needed for fully understanding this phenomenon, especially in regards to oligodendroglial metabolic 
support, APP metabolism and glial responses to plaques. As oligodendrocytes still associate with axons in 
forebrain shiverer mice, metabolic support processes are generally believed to remain intact and no axonal 
degeneration can be observed. To a certain extent, access of axons to metabolites could be enhanced in 
shiverer since large proportions of the axon remain unmyelinated. Likewise, flow of metabolites from 
oligodendrocyte to axons could be improved as virtually all myelin that is formed is non-compacted. On the 
other side, metabolic needs of axons are likely heightened due to the lack of saltatory conduction. It remains 
to be determined which effect prevails in shiverer axons. In this context, it would be interesting to evaluate if 
enhanced metabolic support from oligodendrocytes to axons renders them more resistant to amyloid 
production (for example by faster axonal transport and efficient lysosomal degradation). To distinguish the 
role of better access to extracellular metabolites from the role of direct support by oligodendrocytes in 
reducing amyloid deposition, evaluation of amyloid pathology in a mouse model that fully lacks 
oligodendrocytes would be beneficial. Such an animal model that is long-lived due to restriction of 
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oligodendrocyte absence to certain brain regions has become recently available in our lab (Subramanian, 
Nave, unpublished). In an orthogonal approach, one could study the effect of heightened amount of healthy 
myelin in mouse models of hypermyelination in which the number of myelinated axons is increased.  

An alternative explanation of decreased amyloid deposition in forebrain shiverer AD mice concerns effects 
on microglial cells. I have shown here that myelin dysfunction distracts microglia from engaging with amyloid 
plaques. In a shiverer scenario, though myelin does not assemble and only non-compacted shiverer 
membranes are found, microglia do not become activated. We recently confirmed this using snRNA-seq of  
forebrain shiverer mice (Sun, Depp, Nave, unpublished): Here we saw that although microglia were actively 
engulfing more myelin (as reported by heightened amount of myelin processing microglia) these microglia 
never converted to DAM. Indeed, even the small proportion of DAM occasionally found in wildtype animals, 
was lost. Of note, the myelin-associated microglia fraction makes up a significant amount of microglia (10% 
in normal wildtype animals) illustrating that indeed a larger pool of microglia is constantly surveilling myelin. 
These observations give rise to an interesting possible mechanism of action for decreased plaque deposition 
in myelin-deficient 5xFAD: With the loss of myelin the burden of clearance of “hard-to-digest” compact 
myelin is alleviated from microglia rendering them more capable of associating with plaques and 
phagocytosing amyloid. This hypothesis can be tested by investigating microglia/plaque corralling 
phenotypes in shiverer/5xFAD mice.   

4.6 AD: a human-specific disease? 

Clearly, young adults (<40 years old) with the most amount of myelin throughout the age-trajectory in 
humans, are not susceptible to AD - which is even true for the most aggressive familial forms. This illustrates 
that myelin per se is not a risk factor for AD. Rather the age-associated perturbations would render myelin a 
risk factor. In this scenario, two circumstances would predispose humans to AD: Having large amounts of 
myelin/white matter in conjunction with the unusual long lifespan of humans in which myelin massively 
deteriorates. If this holds true, AD should actually not be confined to humans but could be present in every 
species that is equipped with myelin and over-ages. In nature, animals rarely reach their organismal 
maximum lifespan and the “natural” akin observed lifespan in the wild is largely dependent on external factors 
(resources, hunting success, fighting, predation). We humans, however, live more than twice as long as our 
estimated “natural” lifespan (at around 40 years) in large part due to massive lifestyle changes during human 
history and development of current medical practices. To a certain degree, this is also true for our pets and 
other animals held in captivity that receive sufficient veterinarian care and feeding.  Especially, dogs and cats 
as our closest companion animals exceed their natural lifespans to a similar extent to humans (6-8 average 
years for a wolfs versus 12-13 years for an average-sized dog; 10-12 years for wild forest cats versus up to 20+ 
years in domestic cats). Indeed, age-dependent amyloid deposition frequently occurs in the brains of dogs 
and cats where they elicit behavioural deficits very similar to AD symptomatology (canine/feline cognitive 
dysfunction syndrome) (Prpar Mihevc and Majdič 2019; Sordo and Gunn‐Moore 2021). Though tau tangles 
are missing in dogs but have been reported in cats, this disease could be considered the pet equivalent to AD. 
It is interesting that in dogs where apparently no neurofibrillary tangles are found behavioural deficits akin 
to AD are described which hints towards amyloid pathology being sufficient to elicit AD-like symptoms.  

Amyloid pathology has not only been described in cats and dogs, but in an astonishingly large number of old 
captive mammals including apes, monkeys, bears and see lions (Youssef et al. 2016; Gołaszewska et al. 2019; 
Takaichi et al. 2021). An intriguing study reported amyloid deposition in Gorillas even in the wild (Perez et 
al. 2016) and amyloid deposition in stranded dolphins (Davis et al. 2019). Less convincing - in my opinion - 
are reports on amyloid plaques in horses and cows as the reported amyloid to not resemble classical amyloid 
plaques (Vallino Costassa et al. 2016; Capucchio et al. 2010). A species’ likelihood of developing amyloid 
plaques upon ageing is also likely related to the primary sequence of APP and amyloid. While rodents like 
mice and rats have not been found to develop amyloid plaques, they have been identified in the degu, a long-
lived rodent species from Chile whose Aβ sequence is more similar to humans (Cisternas et al. 2018) though 
another study could not replicate these findings (Steffen et al. 2016). To what extent, the three amino acids 
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substitutions in mouse/rat Aβ renders rodents more resistant to age dependent brain amyloidosis is still a 
matter of debate: Overexpression of the wildtype mouse form (Jankowsky et al. 2007) as well as 
overexpression of the human form (Simón et al. 2009; Kreis et al. 2021; Mucke et al. 2000) or endogenous 
expression of the human form (Baglietto-Vargas et al. 2021) does not lead to amyloid plaque formation in 2-
year-old mice. In vitro mouse Aβ aggregates into fibrils to a similar extent as human Aβ but shows resistance 
to zinc mediated aggregation (Bush et al. 1994; Fung et al. 2004).  

This body of literature makes clear that the species vulnerability to amyloid deposition is dependent on several 
factors: It may include differences in the primary sequence, but the most important factor is lifespan. More 
specifically it is the exceeding of the natural occurring lifespan rather than absolute age that predisposes to 
AD as illustrated by the presence of amyloid plaques in dogs at only 10 years of age. Brain amyloidosis is, 
therefore, tightly linked to the species-specific aging-rate – and its molecular underpinnings from different 
metabolism rates to cellular clocks and DNA repair. Studying these ageing mechanisms and how different 
species evolved to escape them (like the bowhead whale (Keane et al. 2015)), could be crucial in also 
understanding how ageing renders the brain susceptible to amyloid deposition. As the extension of lifespan 
in late life is, however, largely an extension of post-reproductive periods, in general evolutionary pressure on 
“healthy ageing” and AD prevention might be low. This might only be different in animal societal structures 
that are highly matriarchal with the lead animal typically being a (great) grandmother. In such society 
structures, survival of the entire herd is critically dependent on intact memory in the lead animal that directs 
the herd to important food/water sources. Elephant herds and killer whale pods are examples for such 
societies, and it would be interesting to study these species in regards to amyloid deposition.  

To summarise, considering the well described AD-like syndrome of dogs and cats manifesting with amyloid 
plaques and even tangles, AD in my eyes can hardly be considered a human-specific disease. I would argue 
that AD to a large extent is a natural bystander of ageing: in humans we see the full-blown/burned-out late 
stage of this to a quality and quantity not observed in other species due to our extremely pushed lifespan and 
its consequences on brain physiology – and maybe myelin. Nevertheless, comparative analyses of brain 
amyloid deposition in aged animals throughout the vertebrate kingdom could shed light on further 
mechanisms governing amyloid deposition. 

4.7 Translational relevance and therapeutic implications 

The findings and conclusions presented in this thesis are mainly based on work with mouse models of AD 
and myelin dysfunction. Though the finding of advanced myelin deterioration in a small cohort of AD 
patients is encouraging, translational relevance has to be further corroborated. First, it would be beneficial to 
replicate this finding in a much larger and more stratified cohort of AD patients (sex, age, ApoE genotype, 
educational level). It is also important to rule out that demyelination occurs as a consequence of axonal decay 
observed in AD by simultaneous assessment of axonal and myelin integrity. Here, it would be additionally 
beneficial to investigate early disease timepoints (amyloid Thal staging 1) in which only marginal amyloid 
plaque deposition is seen in the neocortex. In such a patient cohort, it would be interesting to determine if 
local hotspots of intracortical myelin degeneration correlate with the amount of deposited amyloid. To 
strengthen the role of myelin deterioration as an initiating factor, it could represent a superior approach to 
not limit analysis to diagnosed AD patients but to assess a larger cohort of elderly without AD or even MCI 
diagnosis and screen for the presence of amyloid plaques. With this approach, it would be possible to catch 
earlier timepoints of age-related amyloid deposition. While this requires without doubt enormous efforts in 
the recruitment of criteria-matching donors and in the tissue evaluation post-mortem, feasibility of this is 
demonstrated by studies showing that in a larger proportion of cognitively normal ageing cohorts amyloid 
plaques can be found (Davis et al. 1999; Bennett et al. 2006).  

Microscopic post-mortem analysis is the most sensitive way to probe for the presence of amyloid plaques and 
its relation to myelin status. It, however, lacks longitudinal information regarding disease progression and is 
usually confined to smaller sampling areas. Additionally, availability of tissue samples of “completely healthy” 
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middle-aged donors is limited given their early death and hospitalisation. The simultaneous use of DTI 
measurements to assess myelin structure and amyloid PET tracing to probe amyloid/myelin correlations as 
performed for example by Racine and colleagues (Racine et al. 2014) offers a longitudinal momentum and 
the possibility of brain-wide analysis. In my opinion such analyses, however, come with the following caveats: 
first, the nature of DTI changes is not fully understood and not exclusively driven by deterioration of myelin. 
Second, amyloid PET tracers though solid predictors of post-mortem amyloid load for moderate and severe 
pathology do not have the same predictive power at initial stages of amyloidosis (Ikonomovic et al. 2016). 
This is tightly linked to the limited resolution of PET imaging. Third, usually analysis is restricted to proper 
white matter and does not assess intracortical myelin health. Reliable mapping of intracortical 
myeloarchitecture has been, however, recently demonstrated by application of magnetisation transfer as MRI 
imaging contrast (Paquola et al. 2019; Munsch et al. 2021). In combination with amyloid PET, this modality 
would offer the opportunity to assess correlations between intra- rather than subcortical myelin integrity and 
amyloid deposition.  

In this work microglia distraction was identified as a possible mechanism of action enhancing plaque 
deposition in AD mouse models. While not specifically investigated in the human AD cohort, intracortical 
myelin decline in AD patients seemed to be linked to enhanced microglia coverage. It would be interesting to 
determine if similar to the mouse data microglia recruitment to degenerating myelin removes microglia from 
amyloid plaques. Here, local analysis of microglia/myelin interaction and microglia plaque coverage in its 
proximity could be conducted. Hinting towards a possible role of microglia distraction in human AD, human 
microglia corral to a far lesser extent around amyloid plaques than mouse microglia (own observation). While 
this is certainly partially governed by species differences (Hasselmann et al. 2019), this could also stem from 
the fact that in mouse models of AD relatively young and “unburdened” microglia are confronted with 
plaques while in humans old microglia react to amyloid plaques. Indeed, cell-type specific sequencing of 
microglia in human AD has revealed fundamental difference between the DAM response characterised in AD 
mice and the response of human Alzheimer microglia (HAM) (Srinivasan et al. 2020). In this regard, amyloid 
models on a myelin-dysfunction background could represent a mouse model that is more closely mimicking 
the human condition. Along this line, work in the Simons lab has shown that even in the relatively short 
lifespan of the mouse (when compared to humans) microglia are significantly burdened by the clearance of 
microglia which leads to microglial lipofuscin accumulations (Safaiyan et al. 2016). Very recently, it was 
shown – reproducing the findings obtained in CNP-/- mice - that microglia specifically in the ageing white 
matter acquire an activated status very similar to DAM (Safaiyan et al. 2021).  Despite a large overlap in the 
transcriptional profiles, this study was able to differentiate this myelin-driven phenotype named white 
matter-associated microglia (WAM) from the microglial response elicited by amyloid (DAM). Since 
determination of subclusters of cell population is variable, this certainly has to be validated by other labs. A 
potential transcriptionally detectable difference between WAM and DAM could be used to determine if there 
is an enrichment of myelin-overloaded microglia in human AD. We aimed at determining if heightened 
myelin-phagocytosis occurs in human AD by analysis of the amount of myelin-processing microglia in 
human AD snRNA-seq datasets (Mathys et al. 2019; Zhou et al. 2020) but failed to detect differences between 
AD patients and controls (Depp, Sun, Nave unpublished). However, the relatively small number of microglia 
recovered from each patient was a potential confounder in the analysis.  

A possible translational implication of our findings concerns the correlation/co-existence of Multiple 
Sclerosis as primary demyelinating disease and Alzheimer’s Disease: do our findings implicate that MS 
patients would inevitably progress into AD and that amyloid pathology should be present in MS patients? 
The experiments showing enhanced plaque deposition in the perilesion environment in EAE could hint 
towards this. An excellent review by Luczynski and colleagues highlights the need for an epidemiological 
study concerning comorbidity of MS and AD given the increased lifespan of MS patients today (Luczynski et 
al. 2019). The authors identified a couple of case reports describing the co-existence of AD in MS but plaque 
deposition seemed not to be increased in the lesion environment.  Further studies are needed to shed light on 
the relationship between MS and AD pathology. Of note, MS related myelin breakdown is much more 
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fulminant in nature than age-related “chronic” myelin breakdown with a much greater involvement of the 
immune system which could explain differences in the amyloid-promoting effect.  

It is tempting to speculate that other comorbidities or other identified risk factors for AD exert their effect via 
damaging myelin or at least by the same underlying mechanism i.e. microglia distraction. Risk factors for AD 
include genetic variants such as the ApoE4 allele or the presence of other diseases/medical conditions such as 
diabetes, heart problems, traumatic brain injury, stroke, infection, high blood pressure, high cholesterol levels 
and psychologic illnesses. Additionally, “life-style factors” such as dietary choices, exercise, smoking, 
excessive alcohol consumption and educational level alter AD risk and what can be intuitively categorised as 
healthy life-style choices, not surprisingly, lowers AD risk collectively by up to 60% (Dhana et al. 2020). Many 
of these risk factors have also been shown to negatively influence white matter integrity and oligodendrocyte 
health. High fat diet was shown to detrimentally effect myelin health (Huang et al. 2019) and obesity is linked 
to decreased fractional anisotropy in DTI (Kullmann et al. 2015). Stroke/ischemia is well known to affect the 
white matter and oligodendrocytes are specifically vulnerable to ischemic insult (Dewar, Underhill, and 
Goldberg 2003; McIver et al. 2010). Schizophrenia is associated with altered white matter and myelin gene 
expression (Hagemeyer et al. 2012; Gouvêa-Junqueira et al. 2020) and a recent study reported an enormous 
increase in the rate of receiving a dementia diagnosis in old patients with schizophrenia (Stroup et al. 2021). 
Infection has likewise been linked to AD with herpes simplex virus infected patients displaying a hazard ratio 
of around 2.5 of developing AD (Tzeng et al. 2018) and herpes viruses being detected more frequently in the 
brains of AD patients (Readhead et al. 2018). Intriguingly, oligodendrocyte transcripts were also found to be 
downregulated during influenza-virus infection (Louie et al. 2021). Finally, the ApoE4 allele also significantly 
impacts white matter health (Heise et al. 2011) with ApoE4 carriers showing a greater rate of myelin decline 
upon ageing (Bartzokis et al. 2006). Intriguingly, this is even the case for ApoE4 carrying infants that show 
delayed myelin acquisition (Dean et al. 2014).  

Conversely, risk lowering factors such as a healthy diet and sufficient exercise are linked to better white matter 
health. For example, high adherence to a Mediterranean diet rich in olive oil, legumes, fruits and vegetables 
and low in animal products and meat is associated with higher white matter integrity during ageing 
(Rodrigues et al. 2020). Likewise, omega-3 intake is associated with better normal appearing white matter 
integrity in early MS (Sand et al. 2021). While this has to be further investigated, there might be a positive 
effect of Mediterranean diet in MS (Langley, Triplet, and Scarisbrick 2020). Running exercise on the other 
side was shown to prevent white matter decline in aged rats (Chen, Chao, et al. 2020). These observations hint 
towards preventive measures to slow down myelin ageing and maintenance of myelin health during ageing 
could be boosted pharmacologically. Work in Jonah Chans lab has identified a class of muscarinic receptor 
inhibitors that promoted myelin differentiation in different settings with Clemastine being the most effective 
and biosafe (Mei et al. 2014; Mei et al. 2016; Cree et al. 2018). Recently, it was shown that Clemastine treatment 
boosted myelin renewal in aged mice and alleviated age-related behavioural deficits in the Morris water maze 
(Wang, Ren, et al. 2020). In a similar manner, other remyelinating drugs in clinical use or trials for the 
treatment of MS could be evaluated for their efficiency in reducing age-related myelin decline. Safety profile 
and efficiency of lower dosing would need to be evaluated here since such a drug would potentially be taken 
throughout long periods in late life.  Recently, it was shown that food supplementation with squalene – an 
abundant compound in olive oil - was effective in the treatment of demyelination in mice by a mechanism 
involving both altered microglia reactions and direct promotion of remyelination (Berghoff et al. 2021).  

In brain diseases in particular occurred damage cannot be reverted due to the limited regenerative capacities 
of neurons. It highlights the need for preventive measures over reactionary treatment of a fully developed 
disease according to the “prevention is better than a cure” principle. Though AD might be the inevitable 
disease of the hyper-aged human brain, cognitively healthy centenarians make the case for the existence of 
healthy brain ageing. I envision that a combination of protective life-style adaptations and early drug 
interventions will pave the way for healthier brain ageing – with a prospective focus on healthier myelin – 
and with that the prevention of AD.   
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