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Abstract

Myelin is characterized by stacking of multiple layers of membrane com-
pacted by MBP. The breakdown of myelin is a pathological hallmark of
several autoimmune diseases of the nervous system. To assess the myelin
fragmentation patterns in early stages of demyelinating disease, I employed
antibody- and toxin-mediated animal models of Multiple Sclerosis and Neur-
omyelitis optica (NMO). Using electron microscopy of high pressure frozen
samples, I could show that the temporary sequence of myelin degeneration
in all the models employed starts with the vesiculation of the innermost my-
elin lamellae. The myelin fragmentation leads to progressive vesiculation of
previously compacted myelin until the whole myelin sheath is degenerated.
Furthermore, in outside-in models of demyelination, such as experimental
autoimmune encephalomyelitis (EAE) and anti-MOG antibody injections,
we found additional patterns of fragmentation to a lower percentage that
include splitt and vesiculated myelin, as well as bulb formation.

The ultrastructural findings on the myelin breakdown are supported by the
initial loss of the adaxonal protein myelin associated glycoprotein (MAG)
in immunohistochemistry from the demyelinating areas prior to a loss of
myelin basic protein (MBP).

To elucidate the underlying mechanism of myelin vesiculation, I focused
on MBP, a protein essential for myelin assembly. An increase in intracel-
lular calcium levels leads to the disassembly of the MBP network. The
pathological phase transition by MBP molecules from a cohesive network
to a soluble, non-adhesive state triggers the myelin breakdown. The QD9
antibody detects the pool of MBP molecules that are detached from the
membrane and is not able to self-interact any longer. I propose that the
aberrant phase transition of MBP leads to a destabilization of the myelin
membrane in NMO, and possibly other demyelinating diseases.

Therefore, our data sheds light on the mechanisms of myelin disassembly
and might prove useful in understanding how myelin is affected in several,
yet incurable diseases, like NMO and Multiple Sclerosis.
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Chapter 1

Introduction

”Science is an imaginative
adventure of the mind-seeking
truth in a world of mystery.”

Sir Cyril Herman Hinshelwood

The mammalian central nervous system (CNS) orchestrates vital biological
functions, such as processing stimuli from the out- and inside of the body,
coordinating motor function or regulating body functions, e.g. blood pres-
sure or release of hormones. This vital system is composed of the brain and
the spinal cord and is made up of different types of cells: the neurons and
glia cells.

Neurons generate and transmit informations in the form of changes of elec-
tric potential in order to carry out the various functions of the CNS. The
supportive glia cells can be further divided into microglia, astrocytes and
myelin-forming cells. Microglia are the resident inflammatory cells of the
brain in the defence against pathogens, as well as in the turnover of dying
cells and synapses [1]. Astrocytes encircle endothelial cells that make up the
blood brain barrier (BBB) and carry out a variety of tasks, such as providing
trophic support for other cells, being a recycling partner of synapses [1] and
maintaining ionic and water balance [2].

In vertebrates, the conduction of electrical impulses is accelerated through
the use of the myelin membrane. Myelin is a spezialized membrane with
a high content of lipids (70-80 %) produced by myelinating cells [3]. This
membrane confers insulating properties due to a decrease in transfiber capa-
citance and an increase in membrane resistance. Oligodendrocytes (ODC) in
the CNS and the Schwann cells in the peripheral nervous system (PNS) are
the cells in charge of producing and maintaining the myelin sheath [4]. By
wrapping the axon with this insulating myelin membrane, the propagation
of the action potential is increased 50 to 100-fold (saltatory nerve conduc-
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tion). Myelinated neurons consume about 1000-fold less energy and space
compared to unmyelinated axons conducting at the same speed [5] [6]. Fur-
thermore, it was shown in the recent years that ODC’s provide trophic
support for neurons [5].

1.1 Process of myelination

Oligodendrocytes (ODC’s) are terminally differentiated cells that derive
from migratory and mitotic precursors. The precursor cells (OPC’s) pro-
gress into oligodendrocyte progenitor cells that progressively mature into
postmitotic myelinating oligodendrocytes.

OPC’s originate from the subventricular zone in the brain and the ventral
region in the spinal cord during development [7]. They undergo differenti-
ation through several stages. Each stage is characterized by expression of
different developmental markers.

OPC’s display the gangliosides GD3 and A2B5 and express the intermediate
filament vimentin [7] [8], transmembrane proteoglycan nerve-glia antigen 2
(NG2) or the platelet-derived growth factor receptor-a. They proliferate
and migrate in the brain and upon contact with the axon, they turn into
a pre-myelinating state displaying the lipids galactosylceramide (Galc, also
O1) or sulfatide (O4) and expressing the proteolipid protein (PLP) and its
shorter isoform DM20 [9]. Upon ensheathment of the axon, the myelinat-
ing cells first form several layers of loosely wrapped membrane around the
axon and then compact the membranes upon the expression of myelin basic
protein (MBP) by extrusion of the cytoplasm [10]. These mature ODC’s
also express 2’,3’-cyclic nucleotide 3’-phosphodiesterase (CNP) and myelin-
associated glycoprotein (MAG) as markers [11].

It was shown recently that OPC’s can continue to divide till adulthood in
mice, but resulting adult-born ODC’s generate more and shorter myelinated
segments, so called internodes [12] [13].

In mice, myelination starts after birth and peaks at post-natal day 20 (p20)
and ends around p60. In humans, the first fibers are myelinated in the spinal
cord in the second half of the fetal life and the peak of myelination occurs
during the first postnatal year. Myelination is still ongoing till the second
decade of life [14] [15]. It was shown that in general first thicker caliber
axons become myelinated and later, also fibers with smaller diameter above
200 nm can acquire a myelin sheath [16] [17]. Between 200 to 800 nm of
axonal diameter both myelinated and unmyelinated axons can be observed

18] [19].
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1.2 Myelin structure

In electron microscopy (EM), the myelin sheath displays alternating electron
dense and electron light layers. The dense line is also called major dense
line and is formed by MBP that compacts the inner leaflets of myelin from
the cytoplasmic side. On the other hand, PLP adheres the outer membrane
surfaces together and these opposing membranes then form the electron light
or intraperiod line [20]. The periodicity of the lamellae was determined to
be 12 nm [14] and an optimal degree of myelination is marked by the g-ratio
of 0.6 to 0.7 determined by the inner axonal diameter divided by the outer
diameter of the myelinated axon [21] [22]. Changes in the g-ratio can result
in a decreased conduction velocity [23].

Axons in the PNS are myelinated by one Schwann cell, whereas in the CNS,
mutliple axons can be myelinated by a single ODC. In fact, an ODC can
form up to 80 internodes on small caliber axons. On thicker axons, fewer,
but longer internodes are formed with thicker myelin sheaths [16] [24] [25].
Hence, there is a correlation between the axonal diameter, the number of
lamellae and length of the internode and this vast amount of myelin pro-
duced by ODC’s renders them the most powerful membrane producer in the
body [26]. The myelin sheath is an extremely stable structure with a slow
turn-over rate of membrane as myelin proteins are among the longest-lived
proteins in mice as shown by an in vivo pulse chase labeling [27].

Myelin is polarized in two domains: compact and non-compact myelin. Non-
compact myelin contains the cytoplasm and the vesicular machinery of the
cell, as well as the proteins CNP and MAG among others. In contrast,
the compact myelin is devoid of cytoplasm due to the compaction of the
cytoplasmic leaflets by the peripheral MBP protein. The protein segregation
results at least in wvitro from the extrusion of proteins with big cytosolic
domains from the MBP-positive areas [28].

The internodes are separated from non-myelinated segments that constitute
the nodes of Ranvier (see Figure 1.1). At the node of Ranvier, the axonal
membrane is in direct contact with the extracellular space and contains a
high density of voltage-gated sodium channels and other channels, as well
as transmembrane and cytoskeletal proteins like Neurofascin-186, ankyrin
G and spectrin [29]. Here, the axon potential is propagated from one node
to the next sparing the internode (saltatory signal conduction).

At the edge of the internode is the paranode that contains adhesion proteins
to maintain the contact to the axons. The paranode is filled with cyto-
plasm and winds around the axon. By forming tight junctions of contactin-
associated protein (Caspr) and contactin on axonal side and Neurofascin-
155 on the glia membrane [30], the paranode maintains a strong axon-glia
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Figure 1.1: Myelin structure and protein distribution at the axon-glia junction in the CNS
The upper panel shows the ultrastructure of a cross-section of a myelinated axon, schem-
atically depicted in the middle with the internode and node of ranvier, and the paranode
on the right side. The lower panel depictes the distribution of proteins at the axon-glia in-
terface along the different myelin regions: compact myelin, periaxonal region, juxtaparan-
ode and paranode. Abbreviations: Caspr, contactin-associated protein; Cntn, contactin
(Cntn2 / Tagl); Cx29, connexin 29 kDa; KCh, fast potassium channels; MAG, myelin-
associated glycoprotein; MBP, myelin basic protein; MOBP, myelin oligodendrocyte ba-
sic protein; NaCh, voltage-gated sodium channels; NECL, nectin-like protein/synCAM,;
NF155/186, neurofascin 155 kDa/186 kDa; OSP, oligodendrocyte specic protein or Claudin
11; PLP, proteolipid protein. The figure is adapted from [5]. Reprint by permission from
Macmillan Publishers Ltd: Nature, copyright (2010).

adhesion. The importance of the adhesion molecules are highlighted by
disorganized paranodes and subsequent myelin degeneration upon loss of
neurofascin. This causes ataxia and pre-mature death in these knock-out
mice [31].

The juxtaparanode is adjacent to the innermost paranodal junction and
further maintains the axoglia adhesion by expression of immunoglobulin-
like family of adhesion molecules, such as Tag-1 [32]. Glial Tag-1 was shown
to interact homophilically with axonal Tag-1 that forms a complex with
Caspr2 on the axonal side [33]. Furthermore, this macromolecular complex
clusters potassium channels, which is crucial for repolarisation of the axonal
membrane.

Another domain in myelin is the periaxonal region: The non-compacted
innermost layer of myelin harbours most of the metabolic activity, as well
as the membrane growth [34]. The proteins MAG and Necl-4 reside in this
compartment [35]. The outermost layer, the abaxonal domain, contains
MOG [36].
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1.3 Myelin function

Myelin is crucial to ensure optimal signal propagation along myelinated ax-
ons by saltatory signal conduction, but it also provides trophic support to
axons. The metabolic support of axons by ODC’s was shown as pyruvate
or lactate can be transferred from ODC’s to neurons via monocarboxylate
transporters [37]. This important function of ODC’s is highlighted by the
axonal damage and neuronal loss upon inhibition of the glial lactate trans-
porter [5] [38].

These functions become evident as myelin loss causes reduced signal conduc-
tion velocity and eventually cause axonal degeneration and severe disabilities
[5]. Studies on the knock-out mice for MAG, PLP or CNP show that the
loss of these proteins first leads to a normal myelin ultrastructure, but my-
elin function seems to be impaired resulting in late-onset and progressive
neurodegeneration [39] [40] [41] [42]. Additionally, in demyelinating lesions
of Multiple Sclerosis (MS) patients, axonal swellings and impaired transport
was reported.

Despite that, upon complete absence of compacted myelin in the naturally
occuring MBP mutant shiverer, no axonal damage or degeneration could be
observed, which suggests that the unmyelinated axon can survive on its own,
although a myelinated axons needs an intact sheath for its maintenance.

1.4 Molecular composition of myelin

Myelin is highly enriched in lipids with 80 % lipids and only about 20 % of
proteins (of dry weight), when compared to a normal plasma membranes
with an equal ratio of proteins and lipids [26] [43]. This high lipid con-
tent of myelin is an essential feature for its insulating functions and due
to its low density, allows an biochemical purification via density gradient
centrifugation [44].

1.4.1 Lipid composition of myelin

Lipidomics of biochemically purified myelin showed that the most abund-
ant lipids are glycosphingolipids - especially galactosylcerebrosides (Galc),
sulfogalactosylceramides (sulfatides) and cholesterol (see Figure 1.2). My-
elin has a very specific lipid composition as it contains only low amounts
of polyunsaturated, but instead more very long fatty acids resulting in a
tighter packing of lipids and stronger hydrophobic interactions [45]. In the
following paragraphs, the different classes of lipids are presented with their
biological role.
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Figure 1.2: Overview of the most abundant proteins and lipids and their subcellular
localisation in myelin

On the left side, the most abundant lipids of myelin are depicted, whereas the right
side shows the most common proteins of the myelin sheath in the different subcellular
regions. Abbreviations: Galc, Galctosylceramide; sGalc, sulfogalactosylceramides; MOG,
myelin oligodendrocyte glycoprotein; CNP, 2’ 3’-cyclic nucleotide 3’-phosphodiesterase;
MBP, myelin basic protein; PLP, proteolipid protein; NECL, nectin-like protein/synCAM;
MAG, myelin-associated glycoprotein.
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1.4.1.1 Glycerolipids

Glycerolipids are the main constituents of membranes and derivates of phos-
pathic acid that are either linked to an aliphatic alcohol or an unsaturated
alcohol (plasmalogens). The fatty acid ester (at snl and sn2) forms diacyl-
glycerol that is the basic structure for phosphodiester linkage to other bases
for the generation of this diverse lipid class.

Phosphatidylcholine (PC) is a zwitterionic phospholipid with choline as head
group that is the main component of membranes and frequently found in
the outer leaflet. Phophatidylethanolamine (PE) is a zwitterionic lipid with
glycerol and two fatty acids linked to phosphoric acid [20]. Due to its con-
ical shape with the small head group, it can induce negative curvature [46].
Furthermore, PE is a marker for autophagy and the basis for the synthesis
of most other phospholipid classes.

Phosphatidylserine (PS) is a anionic phospholipid that can also act as a
second messenger. This lipid is exclusively located in the inner leaflet due to
aminophospholipid translocases. Upon apoptosis, PS is exposed towards the
extracellular matrix by calcium-sensitive scramblases and impaired activity
of aminophospholipid translocase. If PS is exposed on the outer leaflet, it
is acting as an "eat me”-signal for macrophages and phagocytes [47] [46].
Additionally, PS is an important interaction partner for cationic proteins,
such as MBP, GTPases and K-Ras [48] [49].

Plasmalogens are glycerophospholipids with an fatty acid moiety at snl,
which segregate lipids into lateral domains [50]. This lipid class exhibits an
increased synthesis upon development and myelination [51]. Mice lacking
dihydroxylacetone phosphate acyltransferase, a key enzyme in the plasma-
logen synthesis display a decreased myelin synthesis in the optic nerve and
cerebellum [52].

1.4.1.2 Phospatidylinositols

Phospatidylinositols are anionic lipids enriched in the inner leaflet that reg-
ulate a wide range of metabolic processes in cells and undergo reversible
and transient changes in their head group [46]. The two most important lip-
ids of this class, namely phosphatidylinositol-4,5-bisphosphate (PIP2) and
phosphatidylinositol- 3,4,5-trisphosphate (PIP3) are usually kept in a bal-
ance inside the ODC’s and can be interconverted via phosphorylation or
dephosphorylation.

PIP2 is produced by dephosphorylation of PIP3 by phosphatase and tensin
homologue (PTEN). This phospholipid has a negative charge of -4 at physiolo-
gical pH [53] and binds positively charged proteins, such as Myristoylated
alanine-rich C-kinase substrate (MARCKS) proteins like MBP and K-Ras.
Thus, PIP2 recruits proteins to the membrane and hence, regulate enzyme
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activity, ion channels [54] and binding of scaffolding proteins [53]. Moreover,
membrane trafficking [55] and cytoskeleton dynamics [56] [57] are controlled
by this lipid.

PIP3 is a major signaling molecule in the plasma membrane that can lead
to cell growth and survival by activation of the Akt pathway, as well as the
polymerization of actin. In ODC’s, activation of the Akt pathway results in
enhanced myelination [58]. It can be generated by the phosphorylation of
PIP2 via the PI3 kinase [46].

1.4.1.3 Sphingolipids

Sphingolipids are versatile lipids consisting of ceramide, sphingoid base and
an amide-linked fatty acid that reside in the outer leaflets. Their hydro-
phobic ceramide moiety is embedded in the membrane, whereas the sugar
heads face towards the extracellular matrix [59].

Glycosphingolipids have a sugar head group linked to ceramide (cerebros-
ides) and are precursors for globosides that are neutral lipids containing
more than two sugar residues; or precursors for gangliosides linked to sialic
acid (acylneuraminic acid). This lipids class -particularly galactosylceramide
(galactocerebroside) and its derivative sulfatide -are highly enriched in the
brain, especially in the outer myelin leaflets [60]. These lipids self-aggregate
to form an ordered phase. They are usually linked to very long chain fatty
acids (22 to 24 carbons) that are added by the ceramide synthase 2 to the
sphingosine. Ceramide synthase 2-deficient animals exhibit an progressive
loss of MBP and myelin [61]. It was further shown that the myelin formation
of these animals was not impaired, but the myelin maintenance severely af-
fected [62]. Transgenic mice lacking key enzymes in the metabolic pathway
for these lipids display abnormal myelin with disrupted paranodes [63] [64]
[65].

In humans, a disrupted degradation of Galc and/or sulfatides can cause
globoid leukodystrophy (Krabbe’s disease) or metachromatic leukodystrophy
[25]. The former is caused by a deficiency in the enzyme galactocerebroside-
[B-galactosidase that carries out the degradation of Galc and the toxic side
product galactosylsphingosine (psychosine). The resulting accumulation is
toxic for neurons, ODC’s and microglia. Together with the apoptosis of
ODC’s and disrupted myelination, this pathology can be held responsible
for the fatal disease in infants [66]. The fatal metachromatic leukodys-
trophy is caused by a accumulation of sulfatides due to the deficiency in
arylsulfatase A and subsequent progressive demyelination and neurological
symptoms [67].

Sphingomyelin contains a phosphocholine head group and is together with
cholesterol the main constituent in lipid rafts [68]. Hence, this lipids medi-
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ates a decreased fluidity and an increased membrane stability [69]. Among
the biological function shown to be mediated by this lipid are signal trans-
duction, lipid and protein trafficking [70].

1.4.1.4 Cholesterol

Cholesterol is an essential membrane component that is necessary for mem-
brane permeability, as well as fluidity [71] and regulates the activity of trans-
membrane proteins [72] and ion permeability [73]. This relatively small, am-
phiphilic lipid interacts with the polar heads of other lipids via its hydroxyl-
group, whereas the hydrophobic ring structure interacts with hydrophobic
lipid side chains and leads to increased rigidity of the membrane. The pres-
ence of cholesterol forces hydrocarbon chains in an extended conformation,
hence leads to a thickened membrane. Furthermore, this steroid lipid se-
gregates other lipids laterally through hydrophobic mismatch in a thicker
ordered and thinner disordered phase [74].

Cholesterol is produced in large amounts during myelination and the syn-
thesis is decreased after completion of myelination that possibly due to a
slow turnover and long half-life of 4 to 6 months [75]. As cholesterol cannot
be cross BBB, it needs to be synthesized locally [73] [75] or horizontally
transferred from surrounding cells [76]. ODC’s are capable of de novo syn-
thesis or uptake [76]. Disturbances in cholesterol levels are associated with
neurodegenerative diseases, such as familial Alzheimer’s disease [77], Smith-
Lemli-Optiz syndrome and desmosterolosis [78]. Neurological symptoms like
ataxia and tremor, as well as myelin deficiency were also observed for knock-
out animals of squalene synthase that catalyzes the first committed step to
the sterol biosynthesis [76]. This highlights the importance of cholesterol as
an essential component of healthy myelin.

Every single lipid class has a biological function in the healthy brain and
upon disruption of the homeostasis, frequently myelin pathology is acquired
highlighting the importance of maintaining a certain lipid composition in
myelin.

1.4.2 Protein composition of myelin

The myelin membrane consists of 20-30 % of proteins and the most abundant
proteins are proteolipid protein (PLP) and myelin basic protein (MBP) rep-
resenting 17 % and 8 % of total myelin proteins respectively. Other abundant
proteins in the CNS are MAG, MOG, CNP, MAL, claudin-11, neurofascin
155 and opalin/Tmem 10 [3] (see Figure 1.2). Many of proteins of the my-
elin sheath have four transmembrane domains and the alterations of these
tetraspanins themselves or their expression levels cause neurological diseases
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such as Charcot-Marie-Tooth disease, which is caused by changes in PLP.
This highlight once more that the correct myelin assembly and maintenance
is crucial for axonal function.

In the following paragraphs, I introduce the proteins studied in this thesis.

1.4.2.1 Proteolipid protein

Proteolipid protein (PLP) is the most abundant protein and the main func-
tion of this tetraspanin is the stabilization of the interperiodal line via its
extracellular domains [79]. The PLP gene is localized on the X chromosome
and is alternatively spliced to generate two isoforms. The shorter isoform
named DM20 lacks 35 amino acids on its intracellular domain [80]. This
30 kDa protein contains four a-helices, as well as a highly basic region and
interacts with various lipids [81], especially cholesterol and Galc [82].
Mutations causing misfolding of PLP lead to severe myelin deficiency in the
CNS of the ”Jimpy” mice [83]. Knock-out animals for PLP have a normally
compacted myelin sheath with condensed intraperiodal line and display ax-
onal swellings and degeneration [40] [84]. In humans, gene duplication or
deletion in PLP are associated with Pelizaeus-Merzbacher disease, Charcot-
Marie-Tooth disease and X-linked spastic paraplegia [85]. In vitro, the over-
expression of PLP results in an accumulation together with cholesterol in
the endosomes [86]. In wivo, feeding of cholesterol-rich chow to the PLP
transgenic mice reduces the intracellular accumulations of PLP and choles-
terol and thus, suggest that cholesterol is promoting the PLP incorporation
in the membrane [87].

1.4.2.2 Myelin basic protein

Myelin basic protein (MBP) is the second most abundant protein of my-
elin and necessary for the compaction of the inner leaflets of the myelin
membrane[88]. At physiological pH, MBP has a 419 charge and electro-
statically interacts with negatively charged lipids, mainly PS and PIP2 [89].
This interaction triggers the self-assembly of MBP and therefore, allows the
formation of an MBP network. This network allows MBP to extrude the
cytoplasm and act like a molecular sieve and hence, restricts the entry of
proteins with a spacious cytosolic domain in the compacted areas [28]. MBP
interacts with SH3-domain containing proteins (e.g. Fyn kinase), but also
with actin and tubulin [90] [91] [92]. MBP was also shown to be the major
calcium-dependent calmodulin binding protein [93] via its C-terminus [94]
[95].
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1.4.2.2.1 Transcriptional and translational regulation of MBP ex-
pression

The MBP gene complex called GOLLI (genes of the oligodendrocyte lin-
eage) encodes two families of proteins resulting from differential splicing of
a single mRNA with three different start sites, namely the classical MBP
and the golli proteins [96] [97] [98] [99].

The golli proteins consits of BG21, J37 and TP8 [100]. These proteins regu-
late the calcium influx in ODC’s [101]. They are expressed in myelin-forming
cells, neurons of CNS and PNS [102], macrophage cell line, B cells and in
tissues of the immune system like the thymus and spleen [103].

The classical MBP proteins in human CNS are the MBP isoforms of 21.5,
20.2, 18.5, 17.24, 17.22 kDa with 18 kDa being the most abundant one [99]
[98] [104]. In mice and rats, the following isoforms are expressed: 21.5, 20.2,
18.5, 17.24, 17.22, 14 kDa with the 14 kDa isoform as most abundantly ex-
pressed one [105]. The most common isoforms, 14 and 18 kDa containing
the exons 1, 3, 4, 6 and 7 are expressed later in myelination and associate
to the membrane [106]. The other exon 2-containing isoforms are expressed
early during development [97] and are located in the nucleus [106]. Their
function is not yet understood.

Due to the highly basic properties of MBP, the translated protein will im-
mediately bind to the membrane and start compacting the leaflets. Hence,
the transport and local translation of the mRNA in the myelin compart-
ment is crucial for an appropriate spatiotemporal pattern of compaction.
The MBP mRNA was shown to be transported in RNA granules and en-
riched in crude myelin fractions [107] and at the sites of myelin membranes
[108] allowing local translation [109] [110]. The 3’-untranslated region con-
tains a 21 nucleotides long domain that is sufficient for RNA trafficking to
the myelin compartment [111]. The translation of the mRNA is repressed
due to the interaction with hetereogeneous nuclear ribonucleoprotein A2.
The translational repression is released upon phosphorylation of the ribo-
nucleprotein by Fyn kinase [112]. Conclusively, signalling via Fyn kinase
regulates expression of the MBP protein.

1.4.2.2.2 Post-translational modifications of MBP

MBP exhibits a high degree of post-translational modifications, such as
phosphorylation, citrullination (deimination), deamidation, N-terminal acyl-
ation, oxidation of methionine and arginine methylation. These modifica-
tions decrease the charge of the protein and hence, have an impact on the
structure of MBP, but also its adhesive capacity. Moreover, acetylated [113]
and citrullinated MBP [114] was shown to elicit an immune-response (see
Figure 1.3).

Most studies focus on citrullination and phosphorylation of MBP. Phos-
phorylation of serine 7 by protein kinase C leads to an increase in secondary
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structure [115] resulting in an increased interaction with tubulin [116] and
decreased association with actin [116] [117]. Phosphorylation of serine and
threonine residues of MBP was shown to regulate the attachment to the
membrane and is implicated during development [118] [115], ageing and MS
[116] [119]. During demyelination in MS or in the spontaneously demyelin-
ating mouse mutant ND4, the phosphorylation of MBP is largely decreased.
The protein is then targeted to a different microdomain in the myelin mem-
brane suggesting that phosphorylation affects its adhesive properties [119]
[120] [121] [122]. Due to the decrease of phosphorylation, the three dimen-
sional structure of MBP becomes less compact due to the lack of S-sheet
stabilization and hence, more vulnerable for proteases [123]. Kim et al.
found that the lack of phosphorylation in MS samples and those of the ND4
mutant, can be correlated with an increase in mono-or dimethylation of
arginine 107 in these samples. This suggests that some post-translational
modifications confer resistance to degradation by proteases resulting in a
longer half-life [119].

Citrullination or deimination of arginine residues by peptidyl arginine deim-
inase (PAD) results in the irrevesible generation of citrulline and results in
the decrease of the overall change by 1 per citrulline residue. This was
shown to result in significant changes of the adhesive properties of MBP
and moreover, its ability to organize the myelin membrane [124] [125] [126].
The least modified version of MBP that contains the highest charge is termed
C1, whereas the C8 variant exhibits 6 to 8 deiminated residues. The latter
variant was shown to have a more open structure [127] with a shorter am-
phipathic helix (V83-T92) that was more exposed to the surface. Hence, it
is vulnerable to digestion with cathepsin D [128] that cleaves between the
two phenylalanines contained within the amphipathic helix. Cathepsin D is
localised in myelin around active plaques [129] and its activity is increased in
MS patients [130]. Citrunillation of MBP is increased during active disease
and correlates with MS severity [131] [132] and the increase in PAD 2 expres-
sion [133] [134]. Hence, citrullination of MBP by PAD 2 and the subsequent
degradation of MBP by cathepsin D seems to play a role in MS. In fact,
it was shown that 90 % of MBP is deiminated in the Marburg’s syndrome,
whereas 45 % of MBP are citrullinated in chronic MS compared to 20 % in
normal brain [135].

Electrostatic interaction of positively charged arginine and lysine residues
with negatively charged lipids, such as PS or PIP2 are crucial for the com-
paction of myelin. Post-translational modifications decrease the charge of
MBP and hence disrupt the adhesion to the membrane. For the charge
isomers of MBP, the electrostatic interactions with the membrane decrease,
while the hydrophobic interactions increase leading to a pertubation of the
membrane stacks. This results in a changed conformation of MBP allowing
proteolytic degradation and fragmentation of membrane stacks [125].



CHAPTER 1. INTRODUCTION 13

Oligodendrocyte membrane Lipid raft extraceliular
£

Compact myelin loss l
MBP surface exposure Myelinogenesis Myelin compaction Signalling events
Vesiculation
Proteolysis Cytoskeletal assembly and dynamics
Antigen release
Immune response s

equilibrium in healthy myelin

deleterious shift in MS myelin rd

lipid

e
——a,
-l
e ]

Figure 1.3: Simplified overview of the post-translational modifications and their implica-
tion on the localisation and function of MBP

In healthy myelin, there is a equilibrium of different post-translationally modified MBP
variants. Methylation, such as mono- or dimethylation on arginine (Arg) 104 (murine
sequence numbering of 18.5 kDa), as well as phosphorylation at various serine or threon-
ine residues by several kinases are relevant for myelinogenesis, myelin compaction and
resistance to proteolysis. Phosphorylated Thr95 by MAP-kinases leads to partitioning of
MBP in lipid rafts and is important for signaling. Deimination at specific Arg to citrulline
(cit) residues by peptidylarginine deiminase 2 (PAD2) is implicated in demyelination as
it renders MBP vulnerable to proteolysis. Upon demyelination, the equilibrium of the
different post-translationally modified versions of MBP is disrupted initiating a cascade
of events leading to demyelination. Figure taken from [131].
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1.4.2.2.3 Interaction of MBP with lipids

As already mentioned above, MBP binds negatively charged lipids via elec-
trostatic interactions with the membrane. If MBP is added to liposomes
with neutral and negatively charged lipids, it preferentially binds negatively
charged lipids [89] resulting in aggregation of the liposomes and multilayer
formation [136]. Furthermore, the N and C terminal part of the protein can
independently associate with lipids as positively charged residues are distrib-
uted over the whole sequence [137]. MBP adsorption to a lipid monolayer
leads to rearrangements and morphological changes [138], such as clustering
of PIP2 on large unilamellar vesicles [49].

Post-translational modifications of MBP, such as increased citrulline con-
tent as detected in MS patients can decrease the affinity towards the mem-
brane due to their decrease of the overall charge of the protein [124] [119].
Moreover, changes in the local pH or ionic strength can alter the adhesive
properties of MBP in vivo [139] and in vitro. Interestingly, increased ionic
strength causes MBP detachment from PC/PS containing vesicles, but not
from liposomes of inner leaflet composition [140] indicating that hydrophobic
interactions are also involved. This is further supported by the finding that
MBP affects the movement of fatty acids buried deep within the membrane
[141].

MBP was shown to increase the lipid order to a gel phase by clustering myelin
lipids and modulating their packing [142] [143] [144]. Lateral organization
of membrane domains was observed for PIP2, but shown to be due to non-
specific electrostatic interactions and partially dependent on cholesterol [49].
MBP is also a sensor for lipids present in the outer leaflet, such as Galc and
sulfatides. Clustering of Galc or sulfatides with antibodies against these
epitopes results in a redistribution of MBP and depolymerization of the
cytoskeleton in ODC’s [145] [146]. The bidirectional influence of MBP and
Galc was further proven as the inhibition of Galc leads to a redistribution
of MBP from rafts into non-raft fractions. Furthermore, if MBP levels are
decreased using an MBP siRNA, the formation of Galc clusters is inhibited
[147]. This provides strong prove that MBP and Galc localise to the same
membrane domains (although Galc resides in the outer leaflet) that are
CHAPS-insoluble microdomains.

1.4.2.2.4 Structure of MBP

MBP belongs to the family of intrinsically unstructured proteins (IUP) that
usually contain a high degree of random coils [148], as well as a low hydro-
phobicity and a high overall charge due to their high content in glutamic
acid, arginine, serine and lysine residues [148] [149]. Their high positive
charge and leads to the formation of basic amino acid-rich effector domains
that enable the binding of actin and calmodulin etc. These natively unfol-
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ded proteins are difficult to crystallize alone as their structure is stabilized
upon interaction with other proteins. IUP’s have an extended structure due
to the high intramolecular repulsion of the charged residues [150], hence a
large surface to interact with other proteins or lipids. Unlike other family
members of the IUP’s like myristoilated alanine-rich C kinase substrate and
K-Ras, MBP has its basic residues distributed evenly over the whole protein
[53] and its elongated structure allows it to interact with the charged lipids
of the membrane to compact the leaflets.

MBP has a disordered structure in solution and only upon binding to charged
lipids, it acquires a-helices and [-sheets [151] [152]. Computational three
dimensional modeling of EM observations of MBP in presence of lipids gener-
ated an extended C shape (see Figure 1.4) with antiparallel S-sheets forming
the central core and loop regions on either side [153] [127]. Adsorption ex-
periments of MBP to a silicium dioxide surface suggest that MBP adsorbs to
a lipid bilayer in a swollen state before slowly changing into a more compact
structure of 3 nm thickness. The formation of adhesive bridges with nearby
membranes seems to be the key for the strong adhesion of MBP [154]. Vas-
sall and colleagues propose a three state mode (disordered/intermediate/«
helical MBP) for the structure of MBP: The disordered state of MBP in solu-
tion has low compaction with little regular secondary structure, whereas the
intermediate state of MBP is still disordered, but contains a globally more
compact structure. The « helical state of MBP is less compact, but more ex-
tended than the intermediate form. This model suggests a reversible, global
change in conformation with energetically distinct conformations that have
an effect on the multifunctionality of MBP [155]. These results suggest that
the changes in structure of MBP have implications for its role in membrane
compaction n vivo.

In membrane environment, three domains in the murine 18.5kDa isoform
of MBP form an a-helix as determined by electron paramagnetic resonance
spectroscopy and site-directed spin labeling [94]: T33-D46; V83-T92 and
T142-1.154. The a-helix made by these domains is considered to be an am-
phipathic helix that has a hydrophobic face penetrating the membrane and
a hydrophilic face facing the cytoplasm. They can sense the physical proper-
ties of the membrane and can induce membrane curvature. Generally, these
helices have a weak and reversible binding to the membrane that is depend-
ent on hydrophobic interactions. Amphipathic helices require anionic lipids
to bind the membrane and subsequently, undergo a conformational change,
but hydrophobic interactions are important for the binding strength of the
helix [156].

Interestingly, one of the amphipathic helices (V83-T92, murine sequence
numbering) was shown to be an immunodominant epitope as it is the min-
imal epitope for T cell recognition of MBP with the highest affinity for the
MHC class II haplotype [157] [158]. Therefore, this domain is the most
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Figure 1.4: Electron microscopy-based reconstruction of 18.5kDa MBP from bovine brain
reconstituted with gangliosides

The protein is rotated in a 90° angle from left to right around the vertical axis. Figure
taken from [164].

investigated and was shown to be highly conserved. The immunodominant
domain only forms an amphipathic helix in the membrane-via its phosphoin-
ositide binding site [159] [160]. Hence, this domains is buried within the
membrane at a 9° tilt with lysine 88 penetrating the deepest. This places
the charged residues in the polar membrane region facing the cytosol. Fur-
thermore, lysine 88 positions the hydrophobic part of the helix deeper in the
membrane and leading to a stronger binding. The deep penetration thus
results in strong membrane binding without perturbating the stability of
the bilayer [161] [160]. The phenylalanines within the amphipathic helix
interact hydrophobically with the membrane as their mutation lead to an
increased mobility and an decreased membrane penetration [160] [162].
The amphiphatic helix also contains residues that can be modified post-
translationally, such as the phosphorylation of the threonine residue or the
citrullination of the arginine residues that results in destabilisation of the
helix and C-terminal displacement of the membrane [163]. Citrunillation of
the immunodominant epitope results in an more exposed helix of shorter
length and was shown to be more vulnerable to cleavage with cathepsin D
implicated in MS [49].

Additional domains exist in the C-terminal part of the protein as it harbours
a calmodulin binding site and a proline-rich region that is a classical Src
homolog 3 binding site for Fyn kinase [92].

1.4.2.2.5 Shiverer mice

The importance of MBP for myelin formation is highlighted by the naturally
occurring mouse mutant shiverer. These mice have an autosomal recessive
deletion in exon 2 to 7 leading to a loss of MBP expression. Two weeks after
birth at the peak of myelination, these mice start to shiver and later develop
tonic convulsion, tremor and seizures before dying prematurely between 8
to 11 weeks [165]. While the myelin in the PNS is normal, CNS myelin lacks
the major dense line [166] and shiverer mice have severe hypomyelination
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[167]. Fragmentation profiles of myelin can already be found at 2 to 3 weeks
of age [168] indicating that the initial wrapping of the membrane around
the axon is not affected in these mice, but the myelin cannot be maintained.
In wvitro, shiverer ODC’s show abnormal process formation and have a per-
turbed cytoskeleton [169].

The shiverer phenotype can be rescued upon re-expression of the full length
MBP gene encoding for all isoforms [170] or only the 14 kDa MBP isoform
[171]. In line with that, expression of an antisense cDNA induces a shivering
response [172]. Another naturally occurring mouse mutant named myelin
deficient that has an inversion of exon 2 in the duplicated MBP gene and
hence, forms an antisense RNA that leads to an decreased MBP expression
and hypomyelination [173] [174]. These findings highlight that MBP is not
required for the intial wrapping, but crucial for compaction and mainten-
ance.

1.4.2.3 Myelin oligodendrocyte glycoprotein

Myelin oligodendrocyte glycoprotein (MOG) is a transmembrane type I pro-
tein from the immunoglobulin superfamily [175] and highly conserved among
species. The single immunoglobulin domain is located at the N-terminal side
of the protein and exposed towards the extracellular surface, whereas the
hydrophobic part in the cytosolic domain is thought to bind to the mem-
brane [176] [175]. MOG contains a single glycosylation site that is linked to
oligosaccharides to a high extent. This minor constituent of myelin (28 kDa)
is located at the outer tongue of the myelin sheath [36] and on the surface
of mature ODC’s in culture [177]. Its easily accessibility from the extracel-
lular space renders MOG a highly susceptible target and given a possible
explanation for its implication as an autoantigen in MS or EAE [178] [175].
The biological function is still unknown, but MOG is thought to be an
adhesive molecule that interacts with the cytoskeleton [146] and regulates
microtubule stability [179]. In contrast to WT mice, Mice deficient in MOG
that are immunised with whole myelin, display only a mild phenotype. This
highlights the anti-MOG immune response contributes to the pathology of
EAE induced with myelin [180].

MOG is not expressed in the thymus and hence, MOG-reactive lympho-
cytes may exist in the periphery [175] [180] and these can evoke the CNS
inflammation. It is also the one of the few CNS autoantigen that was shown
to induce EAE and have a demyelinating antibody response. Additionally,
MOG antibodies are shown to augment the clinical symptoms and demyelin-
ation in EAE [181] and especially those recognizing conformation-dependent
epitopes have demyelinating potential in EAE [182]. In the serum of MS
patients, MOG antibodies are rarely detected, but were shown to be present
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in small subset of neuromyelitis optica (NMO) and acute demyelinating en-
cephalomyelitis patients [183] [178].

Intracerebral injection of anti-MOG IgG causes myelin changes and an altered
expression of MBP and axonal proteins (Caspr, Ankyrin G), albeit no im-
mune reaction was elicited and the neurons and astrocytes were preserved
[184].

1.4.2.4 Myelin-associated glycoprotein

Myelin-associated glycoprotein (MAG) is a minor component of myelin that
is found in the periaxonal space of the internode [185] [186]. This trans-
membrane protein type I (100 kDa) has five immunoglobulin-like domains
and two alternatively spliced C-termini [187]. The short MAG isoform (67
kDa) is broadly expressed later in development in all non-compact myelin
membranes, whereas the long MAG (71 kDa) is expressed earlier in devel-
opment and restricted to the periaxonal space [35].

MAG is negatively charged due to the sialic acid or sulphates residues at-
tached [35] and it can bind other sialic acid containing oligosaccharides on
glycoproteins or gangliosides [188]. Further interaction partners of MAG are
tubulin [189], protein kinase A and C [190], Fyn kinase, phospholipase C
[191], Src kinase [192]. MAG has been implicated in mediating the axon-glia
adhesion during myelinogenesis and signal transduction via Fyn kinase [193]
[194].

Transgenic mice deficient in MAG show a delay in myelination [195] with
normal myelin ultrastructure and an abnormal periaxonal region [196]. Upon
ageing, progressive axonal degeneration was also shown for these animals

[41].

1.4.2.5 2’,3’-cyclic nucleotide 3’-phosphodiesterase

2’ 3’-cyclic nucleotide 3’-phosphodiesterase (CNP) is a membrane interac-
tion protein that is present in the non-compact myelin at the inner and
outer tongue, as well as the lateral loops [197]. This protein has a 2H-
phosphodiesterase activity that allows the hydrolysis of 2’,3’-nucleotides to
2’-nucleotides. As these nucleotides are not present in the brain, the enzmy-
atic function is still not understood. Two isoforms (46 kDa and 48 kDa)
are generated from CNP transcripts by alternative splicing or translation
from two different start site [198]. The proteins display a wide range of
post-translational modifications including acylation, phosphorylation and
isoprenylation [199]. CNP is an ODC marker that is expressed early during
development and is shown to interact with the cytoskeleton. Furthermore,
CNP is involved in RNA binding and trafficking [42] and regulates process
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outgrowth by microtubule assembly [200]. CNP knock-out mice have nor-
mal myelin ultrastructure, but altered paranodes and display axonal swell-
ings and degeneration leading to a premature death [42]. Hence, CNP also
seems to be involved in the maintenance of the axon-glia interaction.

1.5 Demyelinating diseases

Demyelinating diseases can affect the CNS or the PNS. It can be further
distinguished between diseases, in which myelin in not properly produced
or maintained and diseases, where myelin is damaged by external means.
The former category consists of genetic disorders such as leukodystrophies
(e.g. Krabbe disease, Pelizaeus-Merzbacher disease), whereas leukoenceph-
alopathies are caused by viruses (e.g. John Cunnigham virus, papovavirus).
Furthermore, metabolic dysfunctions, such as central pontine myelinolysis
contribute to this category.

The demyelinating diseases due to myelin damage by external means are
often acquired idiopathic disorders marked by loss of myelin and inflamma-
tion. The most frequent autoimmune diseases targeting myelin are: Multiple
Sclerosis (MS) and its acute variant, the Marburg’s syndrome; neuromyel-
itis optica (NMO), Balo’s concentric sclerosis, acute disseminated enceph-
alomyelitis and its hyperacute variant hemorrhagic leukoencephalitis. The
diagnosis of these diseases is taken upon the clinical history, neurological
examination, cerebrospinal fluid (CSF), neuroimaging and neurophysiology
[201].

In this thesis, I focus on two autoimmune diseases of the CNS, namely MS
and NMO.

1.5.1 Multiple sclerosis

Multiple sclerosis (MS) is the most frequent autoimmune demyelinating dis-
ease of the CNS, which is characterized by myelin destruction and infiltration
of lymphocytes and monocytes across the BBB [202].

Transient neurological deficits and discrete inflammatory events (relapse)
occur in 80 to 90 % of patients in the early phase of the disease. The relapse
is usually followed by a period of resolution (remission). This relapsing-
remittent course of MS usually occurs in the second or third decade of life.
Relapses are usually associated with new focal and permanent lesions de-
tectable in magnetic resonance imaging (MRI) [202].

As the number of relapses decreases [203], many patients enter a phase with
more progressive neurological dysfunctions marking the secondary progress-
ive phase of MS [204]. Only 10 to 20 % of patients do not have any relapses
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Figure 1.5: History of MS

There are different types of MS, namely the relapsing-remittent MS (RR-MS) and the pro-
gressive MS. Most patients exhibit the RR-MS with acute neurological symptoms before
they convert to a secondary progressive MS (SP-MS) marked by gradual clinical worsen-
ing. The pathogenesis of MS is thought to be marked by strong initial inflammation and
axonal degeneration leading to the neurodegenerative symptoms. The neurodegeneration
seems to be progressive, whereas the inflammation decreases over time. Figure taken from
[202].

and display progressive neurological symptoms from the onset of the disease
(primary progressive MS) [205] (see Figure 1.5).

Interestingly, the relapsing-remittent phase is highly variable among pa-
tients, although the progressive MS seems to progress similarly in different
patients [206]. It was shown that the neurological dysfunction of the patients
does not correlate with the inflammation, but rather with the accumulation
of the axonal damage upon progression of the disease [207]. Axonal transsec-
tion was suggested to occur early in disease course [208] [209] [207] and seems
to be directly mediated by inflammatory cells and their toxic cytokines.

1.5.1.1 Pathology of Multiple sclerosis

MS is presenting frequently with multiple white matter lesions at different
locations - preferentially in the corpus callosum (CC) and the deep periv-
entricular regions in the brain, but also in the spinal cord [202]. The lesion
sites are marked by a disrupted BBB and perivenous inflammation with
lymphocytes, astrocytes, activated microglia [210]. The tissue scar around
the lesions was shown to be mainly composed of astrocytes, but also ac-
tivated microglia and ODC’s. Astrogliosis, axonal loss and global brain
atrophy are the hallmarks of MS and its disease models [211] [212].

Due to the diversity of lesion pathology, Lucchinetti and colleagues char-
acterized four lesion patterns based on complement activation, immuno-
globulin deposition and MAG staining. Demyelinating lesions type I are
marked by T cell- and macrophage-mediated demyelination without comple-
ment or immunoglobulin deposits, whereas the most common lesion pattern



CHAPTER 1. INTRODUCTION 21

IT shows antibody and complement deposition. Lesions of type III pattern
are characterized by apoptotic ODC’s, as well as signs of T cell, microglia
and macrophages infiltration [213]. The loss of MAG and CNP staining in
these lesions further indicates stressed ODC that are unable to support their
distal processes [201]. Pattern IV lesions are marked by primary ODC dam-
age and secondary demyelination that only occurs in a subset of patients
with primary progressive MS and virus-mediated animal models [213].
Lesion heterogeneity seems to result from different pathogenic mechanisms
and cannot be seen as a marker for different stages of the disease [214]. Until
today, the complex mechanism of lesion formation is not unraveled, but it
is known that T cells, myelin antibodies, complement and toxic macrophage
products play a role [212].

Cortical demyelination and diffuse white matter lesions are more prominent
in the progressive MS disease course; whereas for the relapsing-remittent
phase, lesions are spread throughout the brain with new, focal inflammatory
lesions [215]. The normal appearing white matter (NAWM) of the brain
was also found to be altered in MRI and seems to accumulate axonal injury
progressively [216]. Furthermore, cortical plaques were shown to contribute
to neurological symptoms involving motor and sensory dysfunction, but also
cognitive problems [217] [218].

In EM, MS lesions display complete demyelination with axonal preserva-
tion in the center of the lesions, whereas at the border of the lesions the
myelin sheaths were found intact. At the rim of the lesions, some myelin
sheaths were found to be split or contains vesicles at the inner tongue, but
degenerated myelin sheaths were not observed frequently [219] [220].

1.5.1.2 Immune cells in Muliple Sclerosis

Various immune cells infiltrate MS lesions, such as T cells, macrophages,
microglia and astrocytes and there is a complex interplay between these
cells. In the blood and the CSF of MS patients, myelin-reactive T cells are
present with an enhanced activation status [221] [222] [223] [224]. CD8"
T cells clonally expand in the CSF [225] [226], can invade the CNS and
encounter their antigen in an MHC class I context on glia [227] or neurons
[228] [229]. These CD8' T cells mediate lysis of these cell by release of
cytotoxic proteins, such as perforins, granzymes and the Fas ligand. In an-
imal models of MS, CD8' T cells mediated progressive disease courses with
demyelination and vast cell death around the blood vessels [230]. CD4* T
cells generate pro-inflammatory cyto- and chemokines that lead to the ac-
tivation of microglia and the recruitment of peripheral macrophages to the
site of inflammation [231] [232]. Inhibition the CD41 T cell response was
either inefficient or even worsened the course of the disease [233].
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Microglia and macrophages on the other hand release several factors con-
tributing to demyelination and further inflammation, such as the cytokines
tumor necrosis factor , Fas ligand and proteases, reactive oxygen species
and glutamate [202] [234] [235]. Astrocytes release a set of pro-inflammatory
cytokines (tumor necrosis factor & and interleukin 13) and prostaglandins
[236] [237] and synthesize glycosaminoglycan hyaluron accumulating in the
lesion that inhibits OPC proliferation [238]. Albeit their detrimental effect
in promoting inflammation, destruction of ODC’s and axons, astrocytes are
also important for generating a permissive environment by forming a glial
scar that allows repair, OPC differentiation and remyelination.

In order to develop strong autoimmune reactions, lymphocytes need to es-
cape the control of the immune system to eliminate self-reactive lympho-
cytes by clonal deletion or anergy. Furthermore, activation of auto-reactive
lymphocytes needs to occur and molecular mimicry or epitope spreading
are discussed as potential mechanisms for initiation of autoimmunity (re-
viewed in [239]): A misguided immune response by molecular mimicry can
be triggered by a pathogen infection with sufficient homology to autoanti-
gens [240] [241] [242]. Epitope spreading could be elicited by bystander ac-
tivation of auto-reactive T cells in the infected organ with pro-inflammatory
environment [243] [244].

Despite intensive research, the mechanism for the pathogenesis of the dif-
ferent types of MS is not elucidated until today. It was even proposed that
MS is a primary cytodegenerating disease that persists subclinically for pro-
longed time until the overt immune response of the patients is elicited as a
secondary effect [220].

1.5.1.3 Animal models of Multiple Sclerosis

In order to mimic the different aspects of MS, a variety of animal models
were developed. These can be categorized in virus-, toxin- or autoimmune-
mediated models for demyelination. Virus-mediated models are induced by
neurotropic viruses, such as Semliki Forest virus, Theiler’s murine enceph-
alomyelitis virus and the John Cunningham virus. These viruses induce
chronic demyelinating lesions either by oligodendropathy or by activation of
the humoral response consistent via molecular mimicry or epitope spreading
[245] [246]. The second group of demyelinating animal models are medi-
ated by toxins, like the bioactive lipid lysolecithin and the copper chelator
cuprizone (bis-(cyclo-hexanone)-oxaldihydrazone). The last group models
of animals models mimic the autoimmune aspects of the disease by immun-
ization of susceptible animals, such as mice, rats or non-human primates
with myelin antigens, e.g. myelin, spinal cord homogenate or MOG protein
or peptides together with complete Freund’s adjuvants [247]. In the next
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paragraphs, the different animal models are presented in more details.

1.5.1.3.1 Lysolecithin model

Focal injection of the detergent-like lipid lysophosphatidylcholine (lysol-
ecithin) in the spinal cord or cerebellar peduncle is part of the toxic, non-
immune mediated models resulting in focal demyelination with mild axonal
loss [248] [249]. The lesions are marked by astrogliosis, as well as infiltration
and activation of macrophages and microglia [250].

This demyelinating model is reversible, as remyelination starts within one
week after injection in mice and the lesion is capable of complete remy-
elination due to OPC proliferation and differentiation [251]. Lysolecithin
can also be used as an in vitro model by employing organotypic cerebellar
brain slices. In this model, the expression of myelin proteins decrease before
demyelination occurred after about 15 hours [252].

It is suggested that lysolecithin acts like a membrane-solubilizing agent by
first targeting the myelin sheath. The degradation of myelin eventually
leads to demise of ODC’s [249]. Furthermore, lysolecithin activates mitogen-
activated protein kinase (MAPK) pathway, as well as protein kinase C that
further contribute to the apoptosis of myelinating cells [253] [254].

1.5.1.3.2 Cuprizone model

The cuprizone model for demyelination involves the oral administration
of cuprizone that leads to highly reproducible demyelination in different
brain regions, such as CC and the superior cerebellar peduncle [255], but
also to lower extent in the cortex of mice [256]. The mechanism of ac-
tion has not been elucidated. However, cuprizone is copper chelator that
decreases mitochondrial respiration due to the inhibition of the copper-
dependent mitochondrial enzymes, cytochrome oxidase and monoaminase
oxidase [255] [257]. Interestingly, the effect of cuprizone is not prevented
upon co-administration of copper [258] and cuprizone has no direct effect
on ODC’s [259]. Nevertheless, it has a toxic effect on ODC’s in vivo and on
the liver of mice [259].

Acute demyelination is achieved by feeding susceptible mice with 0.2 %
(w/w) cuprizone in chow for at least 3 weeks [260]. After exchanging the
food for normal chow, remyelination was observed. Chronic demyelination
results from prolonged cuprizone treatment of up to 12 weeks. The suscept-
ibility of animals towards cuprizone depends on the strain [261], age [211]
and gender [262].

1.5.1.3.2.1 Histopathology of cuprizone-treated mice
The demyelinating areas are first observed in the caudal CC, before more
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frontal regions were affected. Before extensive demyelination and axonal
loss [263] are observed, pronounced ODC apoptosis is evident that leads to
severe astro- and microgliosis [264] (see Figure 1.6). The pathology presents
with a lack of T cell infiltration and inflammed blood vessels, whereas BBB
remained intact [255]. In line with that, immunodeficient RAG-deficient
mice lacking B and T cells were equally affected by cuprizone administration
as the wild type [255]. Albeit, inhibition of microglial activation (usually
starting at 2 weeks of cuprizone exposure) using minocycline suggests their
active involvement in ODC apoptosis and subsequent demyelination [259].

Oligodendropathology results in 80 % decrease of expression of the myelin
genes MBP, MAG and ceramide galactosyltransferase after three weeks of
cuprizone exposure [266]. The stress-related protein p8 that is specific to
ODC'’s is increased and its knock-out is less vulnerable to cuprizone treat-
ment [267]. The severe perturbation of ODC’s upon cuprizone treatment
leads to demyelination without further exposure to cuprizone three weeks
later [260]. Remyelination starts at peak of demyelination and removal of
the toxin exacerbates the remyelination within a few weeks [268] [255] with
an increased expression of myelin proteins, especially proteins related to
mitochondrial function [269].

Ludwin and colleagues [270] suggest that cuprizone induces a dying-back
pathology as degenerating ODC’s with enlarged mitochondria were detec-
ted in EM already after one week of cuprizone exposure [271] and sub-
sequently, two to three weeks later, demyelination was apparent [268]. Ob-
served changes in the ultrastructure of myelin included vesiculated tubular
material in the enlarged inner tongue and vacuolization of the myelin sheaths
[268] [272]. At later time points, microglia were engulfing the vacuolated
myelin [272].

The finding in EM can be correlated with MRI observations as the myelin-
ated fraction in EM correlates T1-weighted images obtained from cuprizone
treated mice. The magnetization transfer ratio correlates with MBP histo-
logy that is decreasing over cuprizone treatment in the CC. The bound pool
fraction and the axial diffusivity correlates with the myelin sheath and the
non-myelinated fraction respectively. Tissue structure changes are indicated
by longitudinal relaxation rates and diffusivity measurements [273]. These
findings make pharmaceutical treatment trails possible as the ultrastruc-
tural changes can be - at least in part - be deduced from MRI of treated
mice.

1.5.1.3.3 Experimental autoimmune encephalomyelitis
Experimental autoimmune encephalomyelitis (EAE) is a model for the auto-
immune aspects of MS due to inflammatory lesions with variable degree of
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Figure 1.6: Molecular and cellular changes upon cuprizone treatment
The glia cell distribution in a healthy brain is depicted in A. Upon short cuprizone treat-
ment (B), oligodendrocytes apoptosis is induced leading to an activation of microglia and
astrocytes. Their cytokines lead to migration and activation of microglia and oligodendro-
cyte precursor cells (OPC). C displays severe demyelination and activated microglia clear-
ing myelin debris and OPC proliferation upon astrocyte activation. In D, OPC migrated
and differentiated to initiate remyelination. Activated microglia are decreased, whereas
astrocytes stay activated despite changes in their morphology. Figure adapted from [265].
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demyelination. This model can be induced either actively via immunization
of rodents or primates with myelin antigens emulsified in Freund’s adjuvants
or passively due to transfer of isolated myelin-reactive T cells into naive an-
imals [274] [275]. The immunization leads to neurological symptoms that
can be used to track the disease course over time (see Figure 1.7). De-
pending on the induction protocol and animals employed, EAE can follow
different clinical courses. Some mouse strains are even resistant to certain
immunization protocols, whereas others exhibit a relapsing EAE.

EAE lesions are usually characterized by mononuclear infiltrates, demyelin-
ation and axonal loss, that is thought to be the underlying cause for the
neurological symptoms. Although the lesions are very heterogenous, pe-
rivascular inflammation due to BBB dysfunction and demyelination are a
prominent features. Furthermore, several microglia and macrophages clear
the debris caused by demyelination [276] [277]. Due to the infiltration of
these immune cells that seem to be mainly mediated by CD4" T cells and
macrophages, EAE lesion resemble type I or II lesion patterns in MS [213].

Irrespective of their antigen specificity, highly active lymphocytes can cross
the BBB and encounter their antigens in the CNS [278]. EAE is mainly
mediated by CD41 T cells that recognise their antigen on MHC class II-
presenting microglia, resulting in their reactivation and release of their pro-
inflammatory cytokines (Interferon -y, Interleukin 2, lymphotoxin and tumor
necrosis factora [279]). T cell-mediated activation of macrophages are
thought be the underlying cause for inflammatory demyelination in EAE
[280] as association of macrophages with the node of Ranvier were shown to
induced demyelination. Interestingly, microglia were not actively particip-
ating in the demyelination, but rather clearing the myelin debris. However,
Ransohoff and co-workers suggest that the role of CD4™ T cells in MS is
overestimated when EAE is applied as animal model, as B and CD8" T
cells show only minor involvement in EAE. Contrarily to what is observed
in MS [281].

in contrast to other mouse strains, Biozzi antibody high (ABH) mice ex-
hibit a chronic relapsing disease course and lesions that are comparable to
MS patients. EAE-inducing antigens are PLP, MOG, MBP, MAG and aB-
crystallin [283] [284] [285] [286], but the chronic relapsing disease is only
triggered upon induction with spinal cord homogenate, MOG peptide aa 8-
21 or PLP peptide aa56-70 [283].

The acute phase is marked by intensive mononuclear cell infiltration and
only a minor degree of demyelination, whereas in remission phases, the in-
flammatory load is reduced and white matter damage occurs [283]. The
lesions also contain immunoglobulin deposits and their infiltrates consist
of macrophages and to a lower degree of CD4" T cells. Upon chronic re-
lapsing EAE, lesions further acquire widespread demyelination, astrogliosis
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Figure 1.7: Induction and disease course of experimental autoimmune encephalomyelitis

Experimental autoimmune encephalomyelitis (EAE) can be induced by spinal cord homo-
genate emulsified in complete Freund’s adjuvants at dO and d7. This initiates a relapsing-
remittent disease course in Biozzi mice leading to a chronic phase in later disease stages.
Clinical scoring depicted on the right side is employed to evaluate the different phases of
the disease as shown in the graph. Figure taken from [282].

and fibrosis of the blood vessel [287]. Baker et al. showed demyelination
and reduced axonal transport that is thought to be a result of opsonisation
of myelin with antibodies and complement [288] [289] in addition to the the
receptor-mediated phagocytosis of macrophages [290]. The importance of
antibodies for the development of the disease is well characterized for Biozzi
mice as the same strain with low antibody titer is less susceptible to EAE
[283]. This assumption is further supported by the finding that antibodies,
especially against MOG, in the sera of Biozzi mice after the acute phase
are present in high titer. Additionally, the monoclonal MOG antibody was
found to augment EAE duration and severity resulting in large demyelinat-
ing areas in Biozzi [291] and rats [292].

1.5.2 Neuromyelitis optica

Neuromyelitis optica (NMO) or Devic’s disease is a chronic, mostly relapsing
demyelinating disease of the CNS that affect primarily the spinal cord and
the optic nerves [293]. In order to diagnose this inflammatory disease, Wing-
erchuk et al. defined two absolute criteria, namely severe optic neuritis and
extensive transverse myelitis. Furthermore, several supportive criteria were
suggested: First, a brain MRI that is not meeting the criteria for the disease
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onset of MS. Second, a spinal cord MRI showing signal abnormalities in the
T2-weighted images spanning over three vertebra. Finally, autoantibodies
against Aquaporin4 (AQP4) are detected in the blood [293].

The resemblance of lesions in terms of demyelination and infiltration of
immune cells led to the hypothesis that NMO was a variant of MS [294]
[295]. Similar to MS; complement and immunoglobulin deposits [296] [297]
can be detected, as well as leucocyte, granulocyte and macrophage infiltrates
due to enhanced permeability of the BBB [294] [295]. Recently, however, it
was discovered that NMO is a "separate” disease with distinct pathological
characteristics: NMO lesions are devoid of astrocytes and show features of
apoptotic ODC’s and axonal loss.

In comparison to MS, NMO patients do not display cortical demyelination,
but have a complete destruction of astrocytes (or they only present with
few, short processes) resulting in a reduced AQP4 staining in histology.
In addition, NMO patients show perivascular inflammation with eosinophils
and macrophage clusters around thickened blood vessels [201]. Although MS
and NMO have very similar pathological features, it is crucial to distinguish
them as their treatments are different and can even be detrimental in case of
misdiagnosis. For example, Interferon § that is beneficial in MS, was shown
to increase the relapse rate in NMO [298].

One specific and sensitive biomarker is the AQP4 antibody in the CSF and
the blood of the NMO patients [299] [300] [301]. AQP4 is a water channel
expressed in the end feet of astrocytic processes abutting capillaries of the
BBB [300] and the serum titer of the antibody was found to correlate with
the disease severity of NMO [302] [303]. Staining with an AQP4 antibody
in healthy CNS tissue shows rims or rosettes similar to immunoglobulin and
complement deposition in NMO lesions [304]. Hence, it was suggested that
NMO is a astrocytopathic disease caused by the pathogenic AQP4 antibody.
The lesion development depends on AQP4 as AQP4-deficient mice did not
show any lesions upon treatment of spinal cord slices with the pathogenic
AQP4 antibody. Furthermore, it was shown that macrophages, activated
microglia and their cytokines exacerbate the effect of the antibody when
applied on astrocytes in spinal cord slice culture at lower concentrations
[305].

In animal models of NMO, the AQP4 antibody exacerbates lesions of rats
induced with EAE [301] [306] [307] or rats treated with CFA alone [308].
Intracranial injection of the antibody in naive mice or rats resulted in NMO-
like lesions with demyelination, astrocytopathy, complement deposition and
infiltration of CD45% cells [309] [310] [307]. Depletion of astrocytes was
shown to be complement dependent and antibody mediated resulting in
secondary demyelination and inflammation upon apoptosis of ODC’s [307]
(see 1.8).
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The mechanisms leading to the observed demyelination is not yet under-
stood, but thought at least in part to be mediated by excitotoxicity of
glutamate [311] [312]. Astrocytes mediate not only the water homeostasis,
but are also responsible for removal of the neurotransmitter glutamate via
the excitatory amino acid transporter 2 (EAAT2) [312]. Hinson and col-
leagues could show the internalization of the glutamate transporter EAAT2
with AQP4 upon treatment of cells with the AQP4 antibody and com-
plement. Thus, they suggested that the EAAT2 known to be critical for
sodium-dependent glutamate clearance from excitatory synapses [313] might
lead to a disruption in glutamate levels and hence, to excitotoxicity of ODC’s
upon AQP4 antibody treatment of astrocytes [314] [312]. The pathological
mechanism induced by AQP4 antibodies proposed by Hinson et al. is criti-
cized as the internalization of the heterotetramer formed by AQP4 and the
decreased water permeability, as well as the independence on complement
could not be reproduced by other groups [315] [316] [317].

Despite the fact that the AQP4 antibody was shown to mediate NMO, there
is a subset of patients that do not have the AQP4 antibody, but are sero-
positive for a MOG antibody and they have a better prognosis. NMO lesions
of these patients display demyelination, but no astrocytic damage [318].
The molecular mechanism of the MOG antibody-mediated demyelination
remains to be elucidated.
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Figure 1.8: Suggested mechanism for NMO pathology

After the AQP4 antibody crosses the blood brain barrier, it can bind to AQP4 water
channels on the astrocyte feet mediating antibody and complement-dependent cytotox-
icity. The complement activation leads to recruitment of peripheral immune cells, oli-
godendrocyte injury, demyelination and neuronal loss. Abbreviations: ADCC, antibody-
dependent cellular cytotoxicity; AQP4, aquaporin4; CDC, complement-dependent cyto-
toxicity; CDCC, complement-dependent cellular cytotoxicity; MAC, membrane attack
complex; NMO, neuromyelitis optica. Figure taken from [319].
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1.6 Project aim

Myelin breakdown is a pathological hallmark of several autoimmune diseases
in the nervous system. MBP is so far the only known protein essential for
myelin assembly [88]. Hence, I aimed to elucidate whether MBP plays a
role in the underlying mechanism of myelin fragmentation in demyelinating
diseases.

In this thesis, I aim to investigate whether a loss of MBP function is the
key event initiating myelin fragmentation in vivo. As naturally unstructured
protein with a high positive charge at physiological pH and very little sec-
ondary structure, the binding of MBP to negatively charged lipids leads to
charge neutralization and allows it to self-interact. This leads to a transition
of a soluble phase of free MBP molecules to a condensed phase formed by
the cohesive network of MBP. The reversal of this transition of MBP from
the membrane-bound phase to a dispersed state might in turn have a big
impact on the ultrastructure of myelin leading to its collapse.

The detailed aims were:

1.) to perform an ultrastructural analysis of demyelinating models
In particular, toxin- and immune-mediated models of demyelination in mice
and rats were assessed. Time course studies of the demyelinating conditions
were prepared by state-of-the-art sample preparation techniques for EM to
ensure the best possible myelin preservation. Here, the myelin fragmenta-
tion profiles were assessed for the different demyelinating models.

2.) to identify tools to study reverse phase transition of MBP
MBP is responsible for the compaction of the membrane and according to
our hypothesis, MBP is rendered dysfunctional leading to the initiation of
myelin fragmentation. Hence, we needed to identify tools to study the re-
verse phase transition in vitro and in vivo.

3.) to characterize the tools detecting dysfunctional MBP using
ODC cultures

In order to confirm our hypothesis and to characterize the tool established
in 2., we needed to perform treatments of ODC that are known to cause
a disruption of the MBP network. With the help of these treatments, the
pool of MBP detected by these tools needed to be investigated in term of
membrane binding, self-interaction and extrusion function.

4.) to apply this tool to early time points of demyelinating animal
models

To assess whether the tools can also be used in immunohistochemistry and
to test our hypothesis of reverse phase transition as key event for myelin
disassembly, we stained early time points of demyelinating animal models
where myelin pathology was present as confirmed in 1.

5.) to elucidate the mechanism that triggers reverse phase trans-
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ition of MBP

In the end, we aimed to further investigate the mechanism that leads to
reverse phase transition of MBP and to determine, if this effect can be pre-
vented by blocking the trigger for dysfunctional MBP.

Hence, in this thesis I investigate on whether changes in MBP can affect
myelin stability and initiate myelin fragmentation in vivo.
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Material and Methods

”Theory guides.
Experiment decides.”

Izaak Kolthoff

2.1 Material

2.1.1 Chemicals and consumables

Chemicals used in this study were obtained from Sigma-Aldrich (Sigma-
Aldrich, Munich, Germany), Merck (Merck, Darmstadt, Germany) or App-
liChem (AppliChem, Darmstadt, Germany) unless stated otherwise. Lipids
used were obtained from Avanti Polar Lipids (Alabaster, USA) as chloroform
stocks. All basal media, supplements, antibiotics and sera for cell culture
were purchased from Gibco/Invitrogen (Invitrogen, Darmstadt, Germany)
unless specified. Dulbecco’s Modified Eagle Medium (DMEM) with 4,5g/L
glucose, horse serum (HS), fetal calf serum (FCS) and phosphate buffered
saline (PBS) were obtained from PAA (Colbe, Germany).

Consumables were purchased from Falcon (Becton Dickinson, Le Pont De
Claix, France) and Eppendorf (Eppendorf, Hamburg, Germany). Culture
vessels were obtained from Greiner Bio-One (Greiner Bio-One, Fricken-
hausen, Germany).

2.1.2 Antibodies used in this thesis

Primary antibodies used in this thesis are listed in Table 2.1. Secondary
antibodies were purchased from Dianova (Hamburg, Germany) and usually

33



CHAPTER 2. MATERIAL AND METHODS

34

used 1:500 for immunohistological studies, whereas the horse radish peroxi-
dase conjugates secondary antibodies used for Western Blotting were diluted

1:2000.
Table 2.1: Antibodies used in this thesis
Antigen Host species Application Manufacturer
Actin (AC-40) mouse IgG2a WB (1:500) Sigma-Aldrich, Mu-
nich, Germany
APP mouse IgG IHC (1:100) Chemicon, Billerica,
USA
Calnexin rabbit WB (1:1000) Stressgen Biore-
agent, Victoria,
Canada
CD3 rat THC (1:300) Serotec, Puchheim,
Germany
CNP mouse IF (1:300) Sigma-Aldrich, Mu-
nich, Germany
CNP rabbit IF (1:300) Sigma-Aldrich, Mu-
nich, Germany
GalC (clone | mouse IgG1 IF (1:200) Millipore, Billerica,
MAB342) USA
HA rabbit IF (1:500) Abcam, Cambridge,
UK
Ibal rabbit THC (1:200) Wako Chem., Neuss,
Germany
Mac3 rat THC (1:500) Pharmingen, San
Diego, USA
MBP rabbit IF/IHC (1:300), WB | Dako Cytomat.,
(1:5000) Carpinteria, USA
MBP mouse IgG1 IF (1:1000) Sternberger,
Lutherville, USA
MOG (clone 8-18- | mouse IgG1 IF  (1:100), WB | Millipore, Billerica,
C5) (1:1000) USA
Myc rabbit IgG IF (1:500) Upstate, Lake Pla-
cid, USA
01 mouse IgM IF (1:50) self-made from hy-
bridoma [320][321]
04 mouse IgM IF (1:50) self-made from
hybridoma[322](320]
PIP2 mouse IgG2b IF/THC (1:200) Echelon Biosciences,
Salt Lake City, USA
QD9 mouse IF  (1:1000), IHC | Abcam, Cambridge,
(1:2000) UK
Tubulin, a or 8 mouse IgG1 IF  (1:2000), WB | Sigma-Aldrich, Mu-
(1:5000) nich, Germany
Tubulin, B III mouse IgG1 IF (1:3000) Promega, Man-

2.1.3 Kits used

nheim, Germany

Kits used in this study are listed in Table 2.2 and were used according to
the manufacturer’s guidelines.
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Table 2.2: Commercial kits

Commercial kit Application Manufacturer

NucleoSpin Plasmid kit DNA isolation, small scale Macherey-Nagel, Diiren,
Germany

NucleoBond Xtra Midi kit DNA isolation, medium scale | Macherey-Nagel, Diiren,
Germany

NucleoSpin Gel and PCR | DNA extraction from agarose | Macherey-Nagel, Diiren,

Clean-up gels Germany

Lipofectamine 2000 transient transfection Invitrogen, Darmstadt, Ger-
many

Pierce BCA protein assay protein quantification Thermo Scientific, Waltham,
USA

Pierce Direct IP kit

SuperScript III  First-Str.

Synth.

Immunoprecipitation

cDNA synthesis

2.1.4 Enzymes used in this studies

Thermo Scientific, Waltham,
USA
Invitrogen, Darmstadt, Ger-
many

Table 2.3: Enzymes used in this study

Enzyme

Application

Manufacturer

Restriction enzymes
T4 DNA ligase
Taq DNA polymerase

Phusion DNA polymerase

Antartic phosphatase
T4 polynucleotide kinase

DNA digest
Ligation of DNA fragments
Genotyping

Polymerase chain reaction

5’-phosphate removal
5’-phosphorylation

2.1.5 General Buffers and Solutions

Phosphate Buffered Saline (PBS)
10X PBS was prepared as follows:

10X PBS (1L)
80.0g NaCl
2.0g KC1

14.4g NagHPOy4 (or 18.05g NagHPO, - 2H50)

2.4g KHQPO4

NEB or Fermentas
Fermentas, Waltham, USA
Promega, Mannheim, Ger-
many

Thermo Scientific, Waltham,
USA

NEB, Frankfurt, Germany
NEB, Frankfurt, Germany

To obtain 1X PBS, 10X PBS was diluted 10 times with ddH>O, pH value
was adjusted to 7.4 and stored at RT.

Krebs-Ringer solution
Krebs-Ringer solution (KR) was obtained by diluting the following chemicals
in ddH5O:
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Krebs-Ringer solution (50mL)

0.29g NaCl

17.39 mg KCl

90 mg glucose

238 mg HEPES

The volume was added to 40 mL, then the pH was adjusted to 7.4 and
subsequently, the following solutions were added:

120 uLL 0.5 M CaClLo
70 L 0.5 M MgSOy4 The volume was added up to 50 mL and the solution
was stored at 4°C for 2 weeks at most.

Paraformaldehyde (PFA) solution for fixation

Paraformaldehyde (PFA) 16% stock solution was prepared by dissolving
16 g PFA in 70 mL water, heating at 60°C and adding NaOH pellets until
the solution became clear. Then, 10 mL 10X PBS were added and pH was
adjusted to 7.4. After adjusting the volume with water to 100 mL, the
solution was aliquoted and stored at -20°C. Working solution of 4% PFA in
PBS was prepared freshly by diluting 50 mL of PFA stock solution in 150 mL
of 1X PBS and stored at 4°C for at most a week.

Blocking solution for immunocytochemistry
The stock blocking solution (100%) was obtained by diluting the following
reagents in 100 mL 1X PBS:

2mL FCS
2g BSA
2 g fish gelatin

Mowiol solution for immunocytochemistry

Mowiol was used as the mounting medium after immunocytochemistry and
immunohistochemistry. The solution was prepared by stirring 2.4 g mowiol,
6 g glycerol and 6 mL water for several hours at RT. After addition of 12 mL
0.2M Tris-HCI (pH 8.5), the solution was incubated at 60 °C for 10 min and
then, centrifuged at 4000 g for 15 min. The mowiol was aliquoted an kept at
-20°C until further use.

50X Protease Inhibitor solution (PI)

In order to inhibit a wide range of proteases, the protease inhibitors cocktail
Complete Mini (Roche Applied Science, Mannheim, Germany) was used for
biochemical studies. For that purpose, one tablet was dissolved in 1mL 1X
PBS and aliquots were stored at -20°C. A 1:50 dilution of this stock was
added to the lysis buffer directly before use.

Lysis buffer
2X lysis buffer was prepared as follows and stored at 4°C:
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2X Lysis buffer (50mL)

2mL NP-40

2mL 10 % SDS

10mL 10X PBS

19.01 mg EGTA

add to 50 mL with ddH2O To obtain 1X lysis buffer, with ddH2O with the
appropriate volume after addition of 1:50 dilution of PI.

Sample buffer
4X sample buffer was prepared as follows and stored at RT:

4X sample buffer (10mlL)
1.67mL 1.5M TRIS pH6.8
80 uL 0.5M EDTA pH8.0
0.8g SDS

2mL 0.2 % bromphenol blue
400 pL S-mercaptoethanol
4mL glycerol

add to 10 mL with ddH5O.

Tris Buffered Saline (TBS)
10X TBS was prepared as follows:

10X TBS (1L)

60.6 g Tris

87.6g NaCl

To obtain 1X TBS, 10X TBS was diluted 10 times with ddH>O, pH value
was adjusted to 7.4 and the solution was stored at RT.

Avertin
Avertin was prepared by mixing the following components at 40°C, while
stirring:

1g 2,2,2-Tribromoethanol (99 %)

0.81 mL tert-amylalcohol

71.49 mL H,O

The solution was filtered and stored at 4°C for at most one week.

Anesthetic

4mg Xylazine (2 % Rompun, Bayer Vita, Leverkusen, Germanyl)

60 mg Ketamine (10 % Ketamine, WDT, Garbsen, Germany)

In order to anaesthetize a mouse, the body weight was determined and
6 ug Ketamine and 900 pug Xylazine per 10 g body weight were injected
intraperitoneally (ip).

Artifical cerebrospinal fluid (aCSF)
Artifical cerebrospinal fluid (aCSF) was prepared as follows:
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Artifical cerebrospinal fluid (1L)

8.66 g NaCl

223.6 mg KC1

155.3 mg CaCls

76.1 mg MgCly

113.5mg Nao, HPO44

23.9mg NaHs PO44

The pH was adjusted to 7.4 before ddH,O was added to 1L. The solution
was stored at 4°C.

Phosphate Buffer (PB)
0.1 M Phosphate buffer (PB) was prepared as follows:

Phosphate buffer solution (200mL)

036g NaHg PO4 . HQO

3.1g Naz HPO4 . 2H20

The volume was added up to 200mL with ddHyO and the solution was
stored at RT. The working solution of PB was obtained by diluting the
stock solution 1:5 in ddH5O.

Epoxy resin (Epon)

21.4 g Glycid ether 100 (Serva, Heidelberg, Germany)

14.4 g 2-Dodecenylsuccinic acid anhydride (DDSA) (Serva, Heidelberg, Ger-
many)

11.3 g Methylnadic anhydride (MNA) (Serva, Heidelberg, Germany)
Solution was stirred for 10 mins and after addition of 0.84 mL 2,4,6-Tris(di-
methyl-aminomethyl-)-phenol (DMP-30) (Electron Microscopy Sciences, Mu-
nich, Germany), stirred for additional 20 mins before use.

Formvar solution

625 mg Formvar (Plano, Wetzlar, Germany)

50 mIL. Chloroform

Stir for at least 30 mins. Store at RT protected from light.

Richardson’s Methylene blue / Azure II blue

1% [w/v] Azure II (Merck, Darmstadt, Germany) in ddH2O (stock solu-
tionI)

1% [w/v] Methylene Blue (Merck, Darmstadt, Germany) in 1% sodium
borate (stock solution II)

The stock solutions were stored at RT. For staining of lipid-rich regions,
equal volumes of the stock solutions were mixed and filtered directly before
use.
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2.1.6 Primer

The primers used in this studies were synthesized in the DNA core facility,
the AGCT-laboratory of the Max-Planck Institute for Experimental Medi-
cine (Gottingen, Germany).

The primers shown in Table 2.4 were used to generate mutants of MBP by
site-directed mutagenesis.

Table 2.4: Primers

Construct / project 5’ to 3’ primer sequence
MBP F1 — S for.GAAAACCCAGTAGTCCATTAG
TTCAAGAACATTGTG

rev.:. CACAATGTTCTTGAACT
AATGGACTACTGGGTTTTC

MBP F2,3 — S for.:. CTTGACTCCATCGGGCGCTCATC-
GAGCGGTGACAGGGGTG
rev.: CACCCCTGTCACCGCT
CGATGAGCGCCCGATGGAGTCAAG

MBP F4,5 = S for.. GATGAAAACCCAGTAGTC

CATTCATCCAAGAACATTGTGACACC
rev.: GGTGTCACAATGTTCTT

GGATGAATGGACTACTGGGTTTTCATC

MBP F6 — S for.. GCCTGTCCCTCAGCAGATCTA-
GCTGGGGAGGAAGAGACAG
rev.: GCCTGTCCCTCAGCAGA
TCTAGCTGGGGAGGAAGAGACAG

Subcloning in pSF expression vector for.: TATTTTCAAGGATCCATGGCAT-
CACAGAAGAGACCC

rev.:. CAGCTAATTAAGCTTAACA

ACTAGTGCGTCTCGCCATGGGAG

2.1.7 Software

The software used in this thesis are listed together with their purpose of
usage in Table 2.5.
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Table 2.5: Software used in this study

Software

Application

Source/Manufacturer

Adobe Illustrator CS3
ApE
GraphPad Prism
ImagelJ
ImageSP

Leica Confocal Software

LaTeX and TeXworks

LSM software
Mendeley

Image processing

DNA analysis and editing

Statistical analysis and
graph production
Image processing and
analysis
electron micrograph
acquisition
Confocal images acquisition

Document writing and
editing

Confocal images acquisition

Bibliography manager

Adobe Systems, Inc.

Wayne Davis, University of
Utah

http://www.graphpad.com/
http://rsbweb.nih.gov/ij/
TRS, SysProg

Leica Microsystems,
Mannheim, Germany

http://www.latex-
project.org/

Zeiss, Inc.

http://www.mendeley.com/

2.2 Methods

2.2.1 Cell culture

2.2.1.1 Primary mouse oligodendrocytes

Primary cultures of mouse oligodendrocytes were prepared from postnatal
day zero (P0) mice in a modified protocol as described previously [323]. In
brief, the mice were decapitated, the meninges and the hindbrain were re-
moved, the brains were then trypsinized (0.25%) for 10 mins at 37°C. The
brains were washed with Hanks buffered saline solution (HBSS) and sub-
sequently, gently dissociated in Basal Medium Eagle (BME) supplemented
with 10% horse serum (HS) (PAA Laboratories GmbH, Pasching, Austria),
2 mM GlutaMAX and 50 U/mL each of penicillin and streptomycin (Gibco,
Invitrogen, Darmstadt, Germany). After passing the cell suspension through
a 0.2 um cell sieve, the cells were plated in 75 cm? flasks pre-coated with
100 mg/mL poly-L-Lysine (PLL; MW>300000) and then grown at 37°C
with 7.5% CO2 and 90% humidity for 7-10 days with intermittent medium
changes. The oligodendroglial progenitor cells growing on top of a monolayer
of astrocytes were obtained via differential shaking. After centrifugation of
the media at 900 g for 10 mins, the cells were resuspended in SuperSATO
media (for composition see Table 2.6). An appropriate number of cells (for
low density: 15.000 cells/cm?, for high density: 30.000 cells/cm?) was then
seeded onto PLL-coated dishes or coverslips (R.Langenbrinck, Labor- und
Medizintechnik, Emmendingen, Germany). After platting, the cells were
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maintained in culture for 2 - 6 days before using for experiments.

Table 2.6: Composition of SuperSATO medium

Component in final concentration vendor
DMEM with 4.5 g/ L glucose Gibco
1X B-27 supplement Gibco
2 mM GlutaMAX Gibco
50 U/mL penicillin/streptomycin Gibco
1mM sodium pyruvate Gibco
1% horse serum PAA Laboratories
50 U/mL each of penicillin and streptomycin Gibco
0.5 M triiodothyronine Calbiochem
0.52 M L-thyroxine Calbiochem

2.2.1.2 PtK2 cells

PtK2 cells were kindly provided by Dr. Christian Eggeling, Max Planck
Institute for Biophysical Chemistry, Gottingen, Germany. Cells were cul-
tured in DMEM with 4.5¢g/L glucose supplemented with 10% FCS, 2mM
GlutaMAX, 1mM pyruvate and 50 U/mL of penicillin and streptomycin.
The PtK2 cells were cultured in 75cm? flasks at 37°C with 5% COs and
90% humidity. When cells reached a confluency of 80-90%, they were de-
tached using 0.05% trypsin-EDTA and split 1:5 or 1:10. The detachment
from the surface was stopped by adding fresh media with serum. For trans-
fections, the cells were counted and an appropriate number was seeded onto
pre-sterilized coverslips.

2.2.1.3 Antibody Production with Hybridoma Cell Lines

To generate vast amounts of antibodies immunoreactive againt Galacto-
sylceramide (namely O1 epitope), sulfatides (subsequently O4 epitope) or
myelin oligodendrocyte glycoprotein (MOG), the antibody producing hy-
bridoma cell lines were obtained from Dr. Eva-Maria Kramer- Albers, In-
stitute of Cellular Neurosciences, University of Mainz, Germany. The cells
were grown in suspension and expanded in Roswell Park Memorial Institute
medium (RPMI) media supplemented with 10% FCS, 2mM GlutaMAX and
50 U/mL of penicillin / streptomycin. After obtaining a sufficient amount of
75 cm? flasks, the cells were further passaged by splitting them 1:1 diluting
the conditioned media with fresh media without serum. When the serum
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content of the media was 1.25%, the hybridoma cells started to produce
the antibody. Upon confluency of the cells, their media was harvested and
cleared by centrifugation. After aliquoting of the supernatant, the media was
snap-frozen and stored at -20°C. In order to purify the antibody, the immun-
oglobulins were precipitated over night with 35% of saturated ammonium
sulfate solution and then pelleted by centrifugation and dissolved in PBS
of 10% of the original volume [324]. This antibody containing solution was
further washed twice with PBS and then concentrated with Amicon Ultra-
15 Centrifugal Filter Units with 100 kDa membrane (Millipore, Darmstadt,
Germany). The purified and concentrated antibody solution was aliquoted
and stored at -20°C for long-term storage.

2.2.2 In vitro assays
2.2.2.1 Freezing and thawing of cell lines

In order to store cell lines long-term in liquid nitrogen, the cells were grown
until confluency in 75 cm? flasks as described above. Cell suspensions were
directly pelleted by centrifugation, whereas other cells lines were detached
from the vessel before. The pellet of one 75cm? flask was resuspended in
1 mL of the appropriate basal media containing 50% FCS and 10% DMSO.
The cells were then slowly frozen in Nalgene R Sterile Cryogenic Vials in
a Nalgene R Cryo Freezing Container (both by Thermo Fisher Scientific,
Roskilde, Denmark) over night at -80°C. Thereafter, the cells were stored
long-term in the liquid nitrogen tank.

To thaw frozen cells, the cryovials were removed from the liquid nitrogen
tank and transferred on dry ice. The vials were then thawed quickly in the
water bath at 37°C and the content transferred in 30 mL fresh media in a
75 cm? flasks. After attachment of the cells, the monolayer was washed with
PBS and fresh media was added. The cells were further grown and passaged
normally according to the cell type, as described in previous sections.

2.2.2.2 Lipofection-based transient transfection

Transient transfection of primary mouse oligodendrocytes with lipid ves-
icles containing DNA was carried out using Lipofectamine 2000 (Invitrogen,
Carlsbad, CA, USA). Therefore, a high density of cells (120 000 cells) were
used per well of a 12 well plates. In brief, 1.6 ug plasmid DNA was diluted in
100 L. Opti-MEM media and 3 L. Lipofectamine 2000 reagent in another
100 pL Opti-MEM media. The solutions were incubated for 5 mins at RT
and then the Lipofectamine and DNA solutions were mixed. After another
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incubation at RT for 20 mins, the Lipofectamine DNA mix was added drop-
wise to the cells. After 16 h of transfection, the cells were fixed using 4%
PFA with 0.25% glutaraldehyde.

2.2.2.3 Treatment of primary mouse oligodendrocytes

Primary mouse oligodendrocytes were treated with one of the following
agents outlined in Table 2.7 at the indicated concentrations and times pre-
viously determined not to affect oligodendroglia viability as determined by
MTT assay. After the treatment, the cells were usually fixed with 4% PFA
with 0.25% glutaraldehyde or lysed for Western blot analysis.
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2.2.2.4 Immunocytochemistry

After fixation of cells with 4%PFA and 0.25% glutaraldehyde, the monolayer
was washed thrice with PBS and the cells were permeabilzed with 0.1% Tri-
ton X-100 for 2 mins. Thereafter, the cells were washed thrice with PBS and
subsequently, blocked with 100% blocking solution for 1h at RT. The cells
were incubated with the desired primary antibodies in appropriate dilution
in 10% blocking solution for 1h at RT, washed three times for 5 mins with
PBS, incubated with the secondary antibodies in required dilution in 10%
blocking solution. After washing the monolayer extensively, the cells were
mounted in Mowiol mounting medium. The list of antibodies used can be
found in Table 2.1.

2.2.2.5 Fluorescence resonance energy transfer

To determine the self-interaction abilities of MBP after treatment with
different chemicals or substances, fluorescence resonance energy transfer
(FRET) was employed. Therefore, an antibody-mediated FRET approach
was performed by coupling different fluorophores to the mouse monoclonal
a-MBP antibody (Covance, Lutherville, USA). Two set of antibody solu-
tion were prepared in 500 uL. 10% blocking solution and incubated on the
roller for 1h at RT: 1 uL. mouse a-MBP antibody were incubated with 1:250
dilution of a-mouse (Fab)s - Cyanine 3 (Cy3) or either with 1:250 dilution
of a-mouse (Fab)y - Cyanine 5 (Cy5). After the pre-incubation with the
Fab-fragments, the mouse monoclonal antibody was fluorescently labeled.
Hundred pLi of the Cy3-MBP antibody solution was mixed with 300 uL. of
Cy5-MBP antibody solution. This solution could be used for staining for
1h at RT after permeabilization and blocking of the fixed cells as described
previously.

The FRET measurements were carried out on the Leica sp2 using the FRET
acceptor bleach wizard and the settings displayed in Table 2.8. The acceptor
(Cyb) was bleached about 70% using 20 frames and regions of interest of
different sizes were drawn in the MBP positive areas of the cells (avoiding
processes devoid of MBP). After bleaching, the fluorescent intensity of the
donor was measured and the FRET efficiency was calculated according to
the following formula:

FRETeff = DPODSIID"7;£PRE , for all DposT > DpRE

The FRET efficiencies were measured for control cells, as well as for treated
cells and compared using one-way ANOVA (see sect. Statistics for details)
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Table 2.8: Settings on confocal microscope to measure FRET efficiency

Fluorophore laser wavelenght in laser power in % photomultiplier tube
nm settings in nm
Donor (Cy3) 561 25 571-625
Acceptor (Cyb5) 633 30 645-700

2.2.3 Perfusion and Immunohistochemistry

2.2.3.1 Perfusion and Preparation of tissues for immunohisto-
chemistry

After the mouse was anaesthetized with an appropriate dose of avertin injec-
tion ip, the reflexes of the mouse was tested on the feet and eyes. Intracardiac
perfusion was carried out by inserting a needle into the left ventricle and
immediately cutting the right atrium after starting the perfusion with ice-
cold filtered PBS with a Heraeus SR70 peristaltic pump (0.2-0.5 mL/sec).
After the blood was washed out as indicated by the yellow colour of the
liver, the perfusion with freshly prepared filtered 4% PFA was carried out
till animal stiffened (about 10mins). The brain was removed immediately
from the skull, whereas the whole spine was removed and immersion-fixed
over night in 4% PFA. After another overnight fixation in 1% PFA, the
spinal cord was carefully removed from the spine and all tissues were in-
cubated in 30% sucrose till they sunk. Thereafter, the tissues were frozen
in Tissue-Tek Cryo-OCT (Thermo Scientific, Epsom, United Kingdom) and
stored at -80°C. The tissues were cut using the Leica cryostat CM1850 and
stored in cryoprotective solution (25% glycerol, 25% ethylene glycol in PBS)
at -20°C.

2.2.3.2 Immunohistochemistry of cryosections

In order to stain cryosections, the appropriate sections were washed in PBS
thrice for at least 15 mins and then mounted on slides before drying over
night at RT or processed free-floating. The sections were then rehydrated
in PBS followed by three washes with PBS for 15mins and if necessary,
antigen retrieval was carried out by boiling the sections thrice for 3 mins
in 10mM citrate buffer (pH6.0). After allowing the sections to cool down,
blocking was carried out in 5% HS, 5% GS and 5% FCS in 0.5% Triton-X
100 (blocking solution) for 1h at RT. In case of using an mouse antibody
on mouse tissue, an additional blocking step was performed using a 1:100
dilution of unlabeled goat anti-mouse IgG and IgM (Dianova, Hamburg,
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Germany) in blocking solution for 1h at RT . The sections were incubated
with the desired primary antibodies in appropriate dilution in 3% HS in
0.5% Triton X-100 over night. The next day, the sections were washed three
times extensively in PBS before incubated with the secondary antibodies in
required dilution and the nuclear counterstain DAPT in 0.1 ug/mL in 3% HS
in 0.5% Triton X-100 for 1h at RT. After washing the sections thrice with
PBS, they were mounted using mowiol and dried over night before imaging.

2.2.3.3 Luxol fast blue-cresyl violet staining

For chemical staining of myelin, in particular glycolipids and glycoproteins
for light microscopy, the Kliiver-Barrera protocol for Luxol fast blue stain-
ing (LFB) was performed [325]. In brief, cryosection mounted on slides were
dehydrated by subsequent 5 min incubation in the following solutions: H»O,
70% ethanol, 90% ethanol, 100% ethanol. After dehydration, the sections
were incubated over night in 0.1% luxol fast blue (Chroma, Miinster, Ger-
many) in 96% ethanol supplemented with 8.7 mM acetic acid. The next day,
the sections were washed in 96% ethanol and ddH5O, followed by differen-
tiation in 0.1% lithium carbonate (in HoO) and subsequently, 70% ethanol
till the background appeared clear. The cytoplasm of neurons was stained
with 0.2% cresylviolet (pH4.5) in 20 mM acetate buffer for 20 mins. After
extensive washing of the sections in water, the tissue was dehydrated again
and mounted with Eukitt (Kindler, Freiburg, Germany).

2.2.4 Molecular Biology
2.2.4.1 Site-directed mutagenesis

In order to exchange only a few amino acids of a protein, site-directed muta-
genesis was employed by amplifying the whole plasmid using one set of
primers containing the mutation and annealing to opposite strands. The
newly synthesized DNA is not methylated, whereas the parental DNA is
and can be digested with Dpnl. The plasmid DNA containing the mutation
can then be transformed.

For the primer design, it is important that the primer is between 25-45 base
pairs (bp) and the mutation should be in the middle of the primer. The
primers should anneal to the same sequence on opposite strands and have a
GC content of > 40%. Ideally, the primers terminate with a C or G and the
melting temperature (Ty,) should be above 78°C according to the following
formula:
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Ty = 81.5 + 0.41(%GC) - 675/N - %mismatch

with

n= primer length in bp

GC= GC content of the primer
mismatch = mismatch of bp

For the polymerase chain reaction (PCR), 125ng of each primer, 30-50 ng
plasmid DNA, 0.5 mM deoxynucleotide triphosphates (ANTPs) and 10% di-
methyl sulfoxide (DMSO) are diluted in 1X reaction buffer and 2.5 PfU DNA
polymerase (Thermo Scientific, Waltham, USA) were added in a total re-
action volume of 50 uL. The cycling conditions for the PCR for SDM are
outlined in Table 2.9.

After the PCR reaction, the parental (methylated) DNA was digested with
10U Dpnl (New England Biolabs, Frankfurt, Germany) for 2h at 37°C and
subsequently, 10 pLb were transformed via heat-shock in chemically compet-
ent E.coli Dhba cells (Invitrogen, Darmstadt, Germany) according to the
manufacturer’s protocol.

Table 2.9: Cycling conditions for site-directed mutagenesis

Segment Cycles Temperature in °C Time
1 1 95 30 secs

95 30 secs

2 18 55 60 secs

68 6 mins

3 1 72 5 mins

2.2.4.2 Molecular Cloning

For molecular cloning, the fragment of interest was first amplified by PCR,
digested with restriction enzymes, ligated with T4 DNA ligase (Thermo Sci-
entific, Waltham, USA) and transformed into chemically competent E.coli
Dhba cells (Invitrogen, Darmstadt, Germany). For the PCR reaction, 100 ng
plasmid DNA, 0.25 1 M of each primer were added to 1X Phusion master mix
(Thermo Scientific, Waltham, USA) and cycled according to the conditions
outlined in Table 2.10.

After the PCR reaction, the DNA fragment and the destination vector were
digested with 10U of restriction enzymes in the appropriate buffer at the
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Table 2.10: Cycling conditions for molecular cloning

Segment Cycles Temperature in °C Time
1 1 98 3 mins
2 35 98 30 secs
Tm+3°C 60 secs

72 30 secs per kb
3 1 72 5 mins

optimal working temperature of the enzymes. The digest was then subjected
to gel electrophoresis and the bands of interest were cut and cleaned up from
the gel using NucleoSpin Gel and PCR Clean-up (Macherey-Nagel, Diiren,
Germany) according to the manufacturer’s protocol. Subsequently, the lig-
ation reaction using 1 ul of vector and 3 L of insert in a 1X T4 reaction
buffer with 400 U T4 DNA ligase (Thermo Scientific, Waltham, USA) over
night at 24°C. The next day, 3 uL of the ligation reaction was transformed
into chemically competent E.coli Dhda cells according to the manufacturer’s
protocol and plated on LB plates with the resistance of the destination vec-
tor. To screen for positive clones, DNA was prepared from an over night
small scale culture and digested with the appropriate restriction enzymes.
After obtaining positive sequencing results, larger scale preparations of DNA
were obtained and stored at -20°C.

2.2.4.3 DNA sequencing

DNA sequencing was carried out by the AGCT laboratory of the Max Planck
Institute for Experimental Medicine, Gottingen, Germany according to the
Sanger method using the Big Dye Terminator Kit and analyzed on the
3730XL DNA-Analyzer (both Applied Biosystems, Foster City, USA).

2.2.5 Biochemistry
2.2.5.1 Expression and Purification of recombinant MBP

To obtain recombinant MBP, the desired construct containing wild type or
mutated MBP 14 kD DNA was cloned into pSF1625 with an N-terminal
His-tag and C-terminal Cysteine for purification. The construct was then
expressed in E. coli strain BLR harboring plasmid pRil and grown in Ter-
rific broth (TB) media supplemented 50 mg/mL kanamycin and 37 mg/mL
chloramphenicol at 37°C. When the OD600 reached 0.6, the expression
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was induced with 1 mM Isopropyl -D-1-thiogalactopyranoside (IPTG) and
further shaken for 6h. The protein was purified essentially as described pre-
viously for the Nspl FG/FxFG repeat domain [326]. In brief, before cell
harvest, 1 mM PMSF and 5mM EDTA were added directly to the culture.
The cells were resuspended in 8.3 M guanidinium-hydrochloride (Gua-HCI)
containing 2mM EDTA and 20 mM DTT and lysed by freezing and thawing
once. After pelleting, the lysates was supplemented with 100 mM Tris-HC1
pH8.5 and 1 mM imidazole and applied to a nickel-column. After wash-
ing with 7.5 mM Gua- HC1, 100 mM Tris/HCI1 (pH&.5), 1 mM EDTA, 1 mM
imidazole, the beads were washed with 8 M urea, 20 mM Tris-HCI pH 8.0,
1mM EDTA, 1mM imidazole. The protein was eluted in the same buffer
supplemented with 500 mM imidazole. The eluate was then diluted 1:3 in
water and applied to a thiopyridine-activated, SH-reactive matrix. These
beads were washed with 6 M Gua-HCl, 20mM Tris/HCl (pH8.0), 1 mM
EDTA, 1mM imidazole and the bound protein was then eluted with 6 M
Gua-HCI, 20mM Tris-HCI pH 7.5, 10mM DTT. The eluate was applied to
a C18 reverse phase HPLC column, eluted with increasing concentrations of
acetonitrile in 0.15% trifluoroacetic acid. After lyophilization, the protein
was stored at -80°C. For further biochemical assays, 1 mM and 50 uM stock
solutions of each protein were obtained by dissolving the proteins in ddH2O
and stored at -80°C.

2.2.5.2 Preparation of myelin fractions

Myelin in a pure preparation was obtained by sequential ultracentrifugation
using a sucrose gradient. Brains used for obtaining myelin fractions were
sonicated in 1 M HEPES, 500mM EDTA, 0.32 M sucrose and 1:50 dilution
of protease inhibitor for 5 mins at 40% power in a tip sonicator till homo-
genized completely. The lysates were then subjected to ultracentrifugation
using 0.32M and 0.85M sucrose (in 1M HEPES and 500mM EDTA) as
discontinous gradient at 73.000g for 30 mins. The interphase between the
0.32 and 0.85 M sucrose phase was removed and washed thrice with water,
first once at 73.000g for 15 mins and then, at 13.000rpm. The pellet was
then dissolved in water and subjected to another ultracentrifugation using
0.32 and 0.85 M sucrose as gradient. After washing the pellet in the same
way as after the first gradient centrifugation, the pellet was resuspended in
1M HEPES and 500 mM EDTA, aliquoted and stored at -80°C.

2.2.5.3 Preparation of Cells or Tissues for Biochemical Analysis

In order to lyse cells for biochemical analysis, the cells were scrapped in an
approriate volume of 1X lysis buffer supplemented with 1:50 dilution of the
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protease inhibitor stock solution on ice and incubated for 15mins on ice.
Then, the lysate was cleared by centrifugation at 27.000 rcf for 10 mins at
4°C. The supernatant was collected and the protein content was determined
using the Pierce BCA protein assay kit according to the manufacturer’s
protocol. For gel electrophoresis, the samples were boiled after addition of
an approriate volume of 4X sample buffer at 60°C for 10 mins.

For lysis of tissues, the tissue was immersed in 1X lysis buffer supplemented
with 1:50 dilution of the protease inhibitor stock solution and homogenised
using an IKA UltraTurrax. After centrifugation at 10.000 rpm for 10 mins
at 4°C, the protein content of the supernatant was determined by using the
Pierce BCA protein assay kit according to the manufacturer’s protocol. The
appropriate amount of protein was diluted with sample buffer and boiled
before biochemical analysis.

2.2.5.4 Detergent solubility assay

To determine the detergent solubility of MBP after treatment with different
compounds, the cells were scrapped and lysed for 30 mins on ice in 50 mM
Tris-HCL (pH7.4), 5mM EDTA, 20mM 3-[(3-Cholamidopropyl)dimethyl-
ammonio]-1-propanesulfonate (CHAPS), 1:50 dilution of the protease inhib-
itor stock solution. After centrifugation at 17.000 rcf for 30 mins at 4°C, the
supernatant was taken off and the pellet was solubilized in an equal volume
of the supernatant. After adding of the sample buffer, the lysates was boiled
at 70°C for 10 mins and subsequently, western blotting was performed to as-
sess a potential change in CHAPS solubility after treatment.

2.2.5.5 Sodium Dodecyl Sulfate Polyacrylamide Gel
Electrophoresis (SDS-PAGE)

For separation of proteins according to their electrophoretic mobility, So-
dium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) was
performed. The PAGE gels comprised of a 12.5% stacking and a resolving gel
were self-casted with the composition outlined in Table 2.11. The samples
with equal protein amount were loaded on the gel after boiling in sample
buffer. On each gel, one lane was loaded with 5 uli of the PageRuler Plus
pre-stained protein ladder from Fermentas (St. Leon-Roth, Germany) to
determine the size of the band of interest. Electrophoresis was performed at
100V in the running buffer (190 mM glycine, 25 mM Tris and 0.1% SDS) till
the dye front ran out of the gel. Subsequently, the PAGE gels were either
coomassie stained to assess all protein bands or the gels were prepared for
Western blotting to detect a specific protein using antibodies.
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2.2.5.6 Western blot

After the SDS-PAGE, the transfer of the proteins was carried out in a semi-
dry approach to a Protran nitrocellulose membrane (GE Healthcare, Mu-
nich, Germany) for 1h at 100V in the transfer buffer (20 mM Tris, 153 mM
glycine, 20% methanol). The membrane was blocked in 5% non-fat milk in
1X TBS with 0.1% Tween 20 (TBST) for 1h at RT and subsequently, incub-
ated with the appropriate primary antibody over night in TBST. The next
day, the membrane was washed thrice for at least 15 mins with TBST before
the incubation with the appropriate horseradish peroxidase-conjugated sec-
ondary antibody diluted (usually in a 1:2000 dilution) in TBST for 1h at RT.
After washing the membrane three times for 15 mins with TBST, the mem-
brane was developed by incubation with equal parts of peroxide solution and
luminol enhancer solution detection reagents (Thermo Scientific, Schwerte,
Germany) and subsequent, light sensitive CL-XPosure films (Thermo Sci-
entific, Schwerte, Germany) were exposed to the membranes and developed
in a Kodak X-OMAT 1000 image processor. The blots were scanned and
analyzed using the ImageJ software by quantifying the intensity of the bands.

Table 2.11: Composition of Tris-PAGE gels

12.5% resolving gel volume stacking gel volume

ddH20 3.0 mL ddH20 2.0 mL
Tris-HCI (1.5 M, pH 8.8) | 3.0 mL || Tris-HCI (0.5 M, pH 6.8) | 0.8 mL
30% Acrylamide solution | 5.0 mL 30% Acrylamide solution | 0.5 mL

10% APS 60 uL 10% APS 30 uL

TEMED 30 uL TEMED 15 uL

2.2.6 Biomimetic assays

2.2.6.1 Liquid droplet assay

Recombinant MBP was dissolved in deionized water at a concentration of
10 mg/mL and an equal volume of 2mM NaOH was added. After thorough

mixing, the opaque solution could be observed at 63X magnification and the
about 10 pm sized droplets were imaged in phase contrast microscopy.

2.2.6.2 Preparation of lipid mixtures

For all lipid vesicles, the desired lipid mixture and the appropriated volume
to yield the desired mole percentage (composition and final concentration as
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indicated in Table 2.12) were added to chloroform in a pre-cleaned glass vial
(Sigma-Aldrich, Munich, Germany). The lipid mixtures were dried at RT in
the Vaccum Concentrator Speed Vac SC110 by Savant and then rehydrated
and dissolved in the appropriated solvent (PBS or HBSS) by vortexing.
In order to generate multilamellar vesicles, the opaque lipid solution was
sonicated in a bath sonicator at 70°C until it became clear again.

Table 2.12: Lipids used for biomimetic studies

lipid vendor | Catalog number | molecular weight
Cholesterol (Chol) Sigma C3045 386
L-a-lysophosphatidyl- Avanti 840032C 812
serine (PS) (brain)
L-a-phosphatidyl- Avanti 840022C 746
ethanolamine (PE) (brain)
L-a-phosphatidyl- Avanti 840053C 771
choline (PC) (brain)
L-a-phosphatidylinositol Avanti 840046X 1098
4,5-bisphosphate (PIP2) (brain)
Sphingomyelin (SM) (brain) Avanti 860062X 731

Table 2.13: Liposome compositions used in this thesis

liposome lipid | molecular part
composition in %
inner leaflet composition Chol 43,75
PE 27
PIP2 2
PC 11.46
PS 12.5
SM 3.13
inner leaflet composition without Cholesterol PE 27
PIP2 2
PC 55.37
PS 12.5
SM 3.13
inner leaflet composition without PS and PIP2 | Chol 43,75
PE 27
PC 26.12
SM 3.13
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Table 2.14: GUV compositions used in this thesis

GUV composition | lipid | molecular part in %
PC/PS PC 66.6
PS 33.3
PC/PS/SM PC 50
PS 12.5
SM 37.5
PC/PS/SM/Chol PC 25.1
PS 18.75
SM 18.75
Chol 37.5

2.2.6.3 Preparation of small unilamellar vesicles and supported
lipid bilayer

To generate small unilamellar vesicles (SUV’s), the sonicated lipid mixture
from 2.2.6.2 was tip sonicated at 4°C for 10 mins at 40% power. For spread-
ing of the SUV’s into supported lipid bilayers (SLB’s), 250 uL of the lipid
mixtures was spread on pre-cleaned coverslips (see 2.2.6.4) for 1h at RT and
15 mins at 37°C.

2.2.6.4 Preparation of glass slides for spreading of SUV’s

In order to obtain a uniform lipid monolayer, 18 mm glass coverslips were
pre-cleaned with 2% of the detergent Hellmanex (Hellma Analytic, Miill-
heim, Germany) in bath sonicator at 70°C (100% power) for 30 mins. After
extensive washing in ddH»O, the cleaned coverslips were stored immersed
in water at 4°C.

2.2.6.5 Generation of Giant Unilamellar Vesicles (GUV’s)

In order to generate giant unilamellar vesicles (GUV’s) by electroformation
[327], the appropriate volume of the lipid stock solutions intended to be
used were added to chloroform and dried at RT in an Eppendorf Vacuum
Concentrator. Afterwards, the lipids were dissolved in chloroform and if
intended, DPPE-Rhodamine (Invitrogen, Munich, Germany) was added for
visualization at the microscope. Twenty five uL of lipid solution were spread
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on the conducting sides of indium-tin oxide (ITO)-coated glass slides (pre-
cleaned with a Hamilton syringe) (PGO, Iserlohn, Germany). The slides
were dried at medium heat in an Eppendorf Vacuum Concentrator over
night. The next day, the glass slides were assembled into chambers in such a
way that the conducting sides of the ITO-coated glass sides were facing each
other. The chamber containing 100 mM sucrose was sealed with Hematokrit
sealing paste (Brand, Wertheim, Germany) and on either side a copper tape
was attached to connect to the electrodes. At 12hertz in sinus wave, the
voltage was increased stepwise to 1.6V and then, the GUV’s were grown
in the chamber at 60°C over a time course of 3h. The GUV solution was
removed from the chamber after budding the GUV’s by switching to square
wave at 5hertz and then stored at 4°C for max. 2-3 days.

2.2.6.6 SLB-MBP GUYV assay

With the help of this assay, the self-association of MBP is assessed. There-
fore, SUVs are spread on pre-cleaned coverslips as explained above see
2.2.6.3. After extensively washing the coverslips to remove unbound lip-
ids, recombinant MBP at 7 uM concentration was incubated to attach to
the SLB for 1h at RT. The unbound protein was washed off and then,
GUV’s composed of PC:PS in 2:1 molar ratio were added directly under the
microscope to enable fast imaging (for their preparation see 2.2.6.5). After
the GUV’s sank to the SLB, the rate of bursted GUV’s was calculated in
% by considering 15 non-overlapping frames and representative images were
taken.

2.2.6.7 Liposome binding assay

Liposomes were prepared by extrusion with the help of the mini-extruder
by Avanti Polar Lipids (Alabaster, USA). As previously described, the lipid
mixture (1 mg/mL) was dried and sonicated to generated multilamellar ves-
icles. By performing five freeze-thaw cycles (liquid nitrogen/60°C), these
were broken in order to be able to generate unilamellar vesicles with the
extrusion apparatus. This solution was passed through a polycarbonate
membrane of appropriate size (1 pum, 400 nm, 200 nm, 100nm) 20 times to
obtain a homogenous size distribution. 95 uLL of this solution was incubated
with 2.5 uM MBP recombinant protein (wild type or mutant) at RT and
250 rpm for 1 h. The binding of MBP was assessed by performing ultracent-
rifugation at 100.000 g on a Beckman TL-100 with a TLA 120.1 rotor. The
pellet was resuspended in the same volume as the supernatant and fractions
were subjected to Western blotting.
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2.2.7 Spectroscopy

2.2.7.1 Circular dichroism (CD) spectroscopy in the presence of
lipid vesicles

The circular dichroism (CD) spectroscopy was carried out in collaboration
with Arne Raasakka and Prof. Petri Kursula at the department of Bio-
medicine at the University of Bergen (for detailed information of method
see [328] [329] [330]).

Peptides of the amphipathic helices of 14 kDa MBP with double phenylalan-
ine residues (MBPpl; sequence: QDENPVVHFFKNIV; MBPp2, sequence:
GILDSIGRFFSGDRGAPKR), as well as peptides with F — S substitutions
at these motifs (MBPplm, sequence: QDENPVVHSSKNIV; MBPp2m, se-
quence: GILDSIGRSSSGDRGAPKR), were obtained from JPT Peptide
technologies (Berlin, Germany) and dissolved in water. CD spectra of the
different peptides both in water and with 0.1% dodecyl phosphatidyl choline
(DPC) micelles were measured on a Chirascan Plus instrument using a path
length of 0.5 mm at +20°C at a concentration of 0.2mg/ml. Synchrotron
radiation (SRCD) and oriented CD (OCD) spectroscopy were carried out
on the SRCD beamlines UV-CD12 at ANKA (Karlsruhe, Germany) and
DISCO at Soleil (France). In brief, for SRCD, the peptides were mixed with
1:1 DMPC/DMPG vesicles at a peptide/lipid molar ratio of 1:20. Three
SRCD spectra were recorded in a quartz cell with a path length of 100 pm
and then averaged before normalising to the corresponding buffer. For OCD
in lipid bilayers, 200 ul of peptide/lipid mixtures (molar ratio 1:50) were
spotted and dried on a UV-transparent quartz plate (Suprasil QS, Hellma
Optik GmbH, Jena, Germany). The sample was then rehydrated to 97% rel-
ative humidity via the gas phase in the OCD chamber containing a saturated
K9S0y solution for 15h at 30°C. OCD spectra were recorded in 45° angles
of the sample cell rotating around the beam axis. The rotational spectra
were subsequently averaged and normalised to the background spectra of
lipid bilayers. In addition to PC/phosphoglycerol (PG), SRCD and OCD
experiments were carried out with different lipid compositions (PC/PS, dif-
ferent ratios of PC/PG) and additives (sphingomyelin, cholesterol) and at
different peptide/lipid ratios.

2.2.8 Animal studies
2.2.8.1 Animal handling
All experiments were performed in accordance with the german animal wel-

fare law and the regulations of the State of Lower Saxony for animal ex-
periments. The animals were kept in 12 h light dark-cycles and bred in the
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animal facility of the Max Planck Institute for Experimental Medicine.

2.2.8.2 Cuprizone treatment

For cuprizone time course studies, eight week old, male wild type (WT)
C57B6 mice were fed with 0.2% cuprizone (Sigma-Aldrich, Munich, Ger-
many) in powered chow [268] [272]. The animals were weighted once per
week and if the body weight dropped below 20% of the starting weight, the
animal was euthanized. The animals were treated for maximum 6 weeks and
every week, one set of animals was perfused for histological studies, whereas
the other set was used for electron microscopy.

2.2.8.3 Experimental autoimmune encephalomyelitis (EAE)

For induction of experimental autoimmune encephalomyelitis (EAE), Biozzi
ABH mice were obtained from Harlan UK Ltd. (Biceister, UK). After two
weeks of acclimatization to the animal unit, the mice were used for the
experiments with 8 weeks of age. In order induce a relapsing EAE, per
immunised animal, 50 ug purified recombinant MOG protein dissolved in
300 uL of 1 mg/mL complete Freund’s adjuvants was used (incomplete Fre-
und’s adjuvant supplemented with 60 ug Mycobacteria tuberculosis H37RA
(both by Difco, Detroit, USA)). The solution was mixed using bridging syr-
ingues till a homogenous emulsion was obtained. After incubation of the
emulsion at 4°C, the animals were anaesthetized using ketamine/xylazine
and 150 uL. were injected in either flank side subcutaneously. Furthermore,
the animals received an ip injection of 50ng pertussis toxin (PTX) (List
Biological Laboratories, Campbell, USA) on the day of the immunization
and the day after. The procedure of immunization was repeated a week later
(day 7, (d7)) and in addition, the animals again received 200 ng PTX on d7
and d8. The animals were scored daily from d11 onwards for the develop-
ment of the paralytic clinical disease. Animals were scored 0=normal, 1 for
a fully flaccid tail, 2 for a impaired rigthing reflex, 3 for a hindlimb paresis,
4 for a complete hindlimb paralysis and 5, if moribund or death. The mice
were perfused in the peak of the acute (d17 to 18), in the first relapse (d25
to 30) and chronic phase (d98) of EAE.

2.2.8.4 Stereotactic injection of Lewis rats with antibodies

Stereotactic injection of anti-MOG or anti-AQP4 antibody was carried out in
adult Lewis rats obtained from Harlan (Horst, Netherlands). The injections
were carried out by Anne Winkler at the Department for Neuropathology
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of the University of Gottingen in the group of Prof. Christine Stadelmann-
Nessler. The rats were anaesthetized by isoflurane inhalation anaesthesia
and mounted in a stereotactic device. Access to the brain was obtained by
drilling a fine hole through the skull 1 mm caudal to the bregma and 2 mm
lateral to the sagittal suture. By inserting a glass capillary 3 mm deep, the
corpus callosum (CC) was targeted and the rats were then injected with
1 puL of MOG or AQP4 antibody solution with human complement over a
5min period. As control, 1 L. PBS and complement was injected in the
contralateral site of the brain. Monastral blue (Sigma-Aldrich, Munich,
Germany) was added to the solution injected as a marker dye for better
visibility. After injection, the glass capillary was left in place for 5 mins
before it was carefully withdrawn and the injection site was sealed by suture.
Post-surgical recovery was uneventful in all cases, with no overt clinical signs.

2.2.8.5 Acute brain slices of lesion site of AQP4 antibody injected
Lewis rats

After injection of Lewis rats with AQP4 antibody and complement, rats
were decapitated at indicated times. Coronal slices were cut using a Leica
VT1200S Microtome (Leica) at 200 um thickness in ice-cold artificial CSF
(aCSF, pH 7.4). Afterwards, the acute slices were allowed to recover in aCSF
at 35°C for 1h. The slices were then treated ex vivo with 25 mM EGTA
in aCSF or aCSF alone for 2h at RT. ACSF was continuously bubbled
with carbogen (95% Oz and 5% CO2) gas. The acute slices were then fixed
with 4% PFA and subsequently stained with guinea pig GFAP (Synaptic
systems), mouse QD9 (abcam) and rabbit MBP (Dako) as described above.

2.2.9 Electron microscopy
2.2.9.1 Negative staining of liposomes for EM

For negative staining of liposomes, a drop of the solution was placed on para-
film and fixed with the same volume of 0.2% glutaraldehyde. The Formwar-
coated 100 hexagonal mesh copper EM grids (Plano, Wetzlar, Germany)
were incubated on top of the drop for 5mins. After washing, the samples
were contrasted with 2% uranylacetate (SPI-Chem, Trezzo Sull Adda, Italy)
for 15secs and dried before imaging. Another method to achieve negative
staining was to contrast with 2% neutral uranyl acetate (containing 0.7 M
oxalate titrated to pH7 with ammonium hydroxide) for 5mins and then
embed the samples in 1.8% methylcellulose and 0.4% uranyl acetate [331].
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2.2.9.2 Electron microscopy of high pressure frozen samples

Animals used for electron microscopy (EM) studies were terminated by cer-
vical dislocation and the brain was removed quickly. The brain was then
cut in an appropriate orientation (sagital or coronal) with the help of the
Leica vibratome VT1200S in 200 pum sections. From these sections, the
region of interest was punched and high pressure frozen in 20% Poly-(vinyl-
pyrrolidinone) (Sigma-Aldrich, Munich, Germany) using the Leica HPM100
(Leica, Wetzlar, Germany). The tissue was then freeze substituted accord-
ing to the protocol in Table 2.15 using 0.1% tannic acid (Sigma Aldrich,
Munich, Germany) and 2% osmium tetraoxide (Sciences Services, Munich,
Germany) using the Leica AFS II in a semi-automated fashion according
to [332]. The Epon embedded tissue was cut with the Leica Ultracut S
ultramicrotome (Leica, Wetzlar, Germany) and a Diatome diamond knife
(Diatome, Biel, Switzerland) first in 0.5 ym semithin sections that were sub-
sequently stained with methylene blue / Azure II blue for 1 min to visualize
myelin (lipid-rich) area in the tissue. Ultrathin section of 50 nm thick-
ness of the region of interest were cut thereafter and contrasted with 4%
uranylacetate (SPI-Chem, West Chester, USA) for 15 mins. Electron mi-
crographs were obtained at the electron microscopes Zeiss EM900 or Zeiss
EM912AB (Zeiss, Jena, Germany) equipped with a wide-angle dual speed
2K-CCD-camera (TRS, Moorenweis, Germany) using the ImageSP software.

For the preparation of the spinal cord, it was dissected freshly followed by
embedding in 10% gelantine and cutting with the vibratome. The sec-
tions obtained were assessed with a light microscope to detect lesions within
the white matter macroscopically and those displaying signs of lesions were
high-pressure frozen (>3 sections per animal, 5 animals). After freeze sub-
stitution and embedding, the samples were cut in semithin section (0.5 pm)
and stained with toluidine blue to detect lesions due to the lack of staining
within the white matter. The samples containing lesions were further cut in
ultrathin sections and processed for imaging. The staining of the semithin
sections was used to detect the lesion site under the electron microscope.
The contralateral site was used a control for the preservation of the tissue
and normal myelination. Once the lesion site was localized, electron micro-
graphs of the myelin pathology at the borders of the lesions were taken.

Three to five animals were used for each analysis. On cross-sections, ran-
domly selected areas within the lesions were imaged per animal (>25 im-
ages per condition). For the image analysis, the pictures were opened with
the ImageJ software and the axons / myelin sheaths counted using the cell
counter plug-in. Thereby, the myelin sheath was scored in one of the fol-
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lowing categories: intact, splitt (more than half of the axon diameter), vesi-
culated or degenerated. It should be noted that only those myelin sheaths
were counted that could be categorized without doubts, hence only those
that were clearly in focus were considered. Furthermore, the degenerated
axons were counted by considering only those containing microtubules and
neurofilaments. In the end, the percentage of the fragmentation profile was
calculated for each time point.

Table 2.15: Automated freeze substitution protocol

Solution Duration Temperature
0.1 % tannic acid in acetone 24h -90°C
ice-cold acetone 4x 30 mins -90°C
2% osmium tetroxide, 7h -90°C
0.1 % uranylacetate in acetone
? 14h warm up to -20°C
in 5°C/h
7 16h -20°C
? 2.4h warm up to 4°C
in 10°C/h
? 1h 4°C
cold acetone 4x30 mins 4°C
cold acetone 1h RT
acetone: epon mix (2:1) 2h RT
acetone: epon mix (1:1) 2h RT
acetone: epon mix (1:2) 2h RT
90 % epon in acetone over night RT
fresh pure epon over night RT

The tissue was removed from the samples carrier and placed in a gelatine
capsules for embedding that were filled with pure epon. The blocks were
polymerized for 24 h at 60°C.

2.2.9.3 Cryo-Immuno Electron microscopy

For immunolabeling of cryosection, the brain sections were immersion-fixed
in 4% PFA, 0.25% glutaraldehyde (EM grade, Science Services, Munich,
Germany) in PB (pH7.3) as described in Mdbius et al. (2010) [332] [333].
After 2days of fixation, the brain sections were infiltrated in 2.3 M sucrose
over night. Thereafter, the tissue was mounted on aluminium pins and snap-
frozen in liquid nitrogen. The ultrathin Tokuyashu sections were cut on a
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Table 2.16: Antibodies for Cryo-immunoelectron microscopy

Antigen ‘ Host species ‘ Dilution ‘ Manufacturer

Dako Cytomat., Carpinteria, USA

rabbit

MBP rabbit 1:300
1:250

PLP (A431)

self-made from hybridoma [335]

Leica UC6 cryo-ultramicrotome using a cryoimmuno diamond knife (Diat-
ome, Biel, Switzerland). The immunolabeling was performed as described in
Peters and Pierson (2008) using one of the antibodies from 2.16 [334]. The
rabbit antibody was detected using protein A gold (10nm, CMC, Utrecht,
Netherlands) at a dilution of 1:20 for 20 mins. The sections were imaged
with a Leo 912 AB electron microscope equipped with a 2k-CCD camera
(Proscan, Scheuring, Germany).

2.2.10 Image Processing and Statistical Analysis

For all immunohistological studies, the settings for the exposure time and the
gain were maintained for the different fluorophores within one experiment
in order to determine the increase in signal intensity. All images obtained
at the epifluorescence microscope Leica DMI6000 or Leica confocal sp2 /
spb (Leica, Wetzlar, Germany) were analysed in the ImageJ software by
determining the integrated density (area multiplied by the signal intensity).
For each time point or treatment, the mean, the standard deviation and the
standard error of the mean was calculated. Statistical analysis was carried
out using the GraphPad Prism software: for the comparison of two groups
with normal distribution, unpaired student’s t-test was carried out, whereas
for the analysis of multiple groups one-way ANOVA was used. P-values
above 0.05 (P>0.05) were considered non-significant (n.s.), hence P-values
below 0.05 were considered significant and marked with * (P<0.05=*). P-
values smaller than 0.01 were displayed with ** and P-values below 0.001
with **%*,






Chapter 3

Results

”The great tragedy of science -
the slaying of a beautiful
hypothesis by an ugly fact.”

Thomas Henry Hexley

3.1 Myelin pathology in demyelinating diseases

3.1.1 Ultrastructural characterization of myelin pathology in
early NMO lesions

Myelin fragmentation is a common feature in MS and other demyelinat-
ing diseases. In order to understand the molecular events leading to my-
elin pathology and subsequent demyelination, we employed different animal
models known to lead to demyelination in vivo. As outlined in 1.5.2, NMO
patients have autoantibodies against AQP4 in their serum and these initiate
an humoral response to astrocytic endfeet leading to their apoptosis, as well
as secondary demyelination. In our experiments, we employed an human re-
combinant antibody against AQP4 that was derived from the CSF of NMO
patient (rAB53, subsequently termed AQP4-antibody)[301] and injected this
antibody stereotactically in the corpus callosum of Lewis rats. This focal
NMO model is known to lead to ODC apoptosis and a robust demyelination
after 7 days as determined by anti-MBP immunostaining [307] [309] [301]. In
order to detect myelin fragmentation profiles, the AQP4 antibody (or PBS
or complement as a negative control) was injected and we processed the
lesions for EM to determine the myelin ultrastructure after different time
points.

In order to visualize myelin in a state that is close to native, we processed

62



CHAPTER 3. RESULTS 63

the samples using high pressure freezing. This sample preparation avoids
chemically fixation and dehydration [336] resulting in a better myelin preser-
vation than conventional fixation for EM [332]. Therefore, the samples were
obtained from unfixed tissue and then frozen under high pressure in liquid
nitrogen atmosphere. This and subsequent freeze substitution prevents ice
crystal formation, as well as dehydration of the tissue resulting in a better
preservation of myelin.

To determine a time course of myelin degeneration, we prepared tissue
samples from lesion sites after 1h, 18h, 5days and 7days post injection
(p.i.) of the antibody. Semithin sections stained with toluidine blue, as well
as the needle track and for later time points immune cells infiltration were
used to localize the lesion site in the samples. Careful examination of the
lesion sites generated by PBS injection was employed to establish a measure
for the needle damage induced by injection. For assessing the pathology by
the AQP4 antibody, this zone around the lesion site was omitted and images
were acquired further away from this region. The acquired electron micro-
graphs were quantified by counting the fragmentation profiles and the total
number of myelin sheaths on the images and then assessing the percentage
of different fragmentation pattern that could be identified unequivocally (see
Figure 3.1 C).

At one hour p.i., myelin was still intact and indistinguishable from the lesions
obtained for PBS injections.Previous experiments could show that there is ot
difference between PBS or complement injection (see Figure 5.2). After 18 h
p.i., a large degree of the myelin sheaths around the lesion with the AQP4
antibody were showing myelin pathology and 70% of the myelin sheaths
were vesiculated at the innermost layers (see Figure 3.1 B with mild vacuol-
ization). At this time point, the astrocyte pathology was already apparent
and microglia/macrophage infiltration was observed (data not shown). Five
days p.i., the lesion size was increased (macroscopic oberservation) and my-
elin sheaths showed a more severe degree of vesiculation as less compacted
layers were remaining around the large vacuoles of myelin membrane (see
Figure 3.1 B with severe vesiculation). The percentage of myelin sheath
with a milder vesiculation decreased, whereas a large proportion of sheaths
were severely vesiculated or completely degenerated at this time point. Fre-
quently, the degenerated myelin sheaths were not seen in association with
the axons they previously ensheathed (see Figure 3.1 B with degenerated
myelin sheath). After 7 days p.i., the lesion size further increased and at the
border of the lesions, the degree of myelin pathology decreased as an higher
percentage of normally myelinated sheaths were detected. The myelin frag-
mentation patterns detected at this time point were very heterogenous with
variable degree of vesiculations, as well as degenerated myelin sheaths were
observed. Furthermore, this time point displayed a high degree of axons
ensheathed with two myelin sheaths suggesting that the inner myelin stack
lacks the signalling molecules repulsive for further myelination.
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Assessing the electron micrographs of the time course of the focal NMO le-
sions also reveal that the acute axonal damage was apparent mostly at the
stage of severe or degenerated myelin. Here, the axons lost their round/oval
shape, presented with an usually dark contrast and were devoid of cyto-
skeletal proteins. The acute axonal damage also presented with swellings of
the axon and interestingly, occured at a rather late stage of the time course
(see Figure 5.3). Hence, mild vesiculation of the inner myelin sheath does
not seem to affect the axonal integrity at this stage.

Taken together, these data suggest that the first signs of myelin pathology
are vesiculation of the innermost layer of myelin and over time, the vesi-
culation seems to involve more layers of the previously compacted sheath.
At late stages, the myelin stack is then completely degenerated before it is
phagocyted by microglia or other immune cells.
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Figure 3.1: Myelin pathology in early NMO lesions

Lewis rats were injected with AQP4 antibody and tissues were processed after the indic-
ated times for EM. The myelin fragmentation profiles observed after AQP4 injection are
shown with representative images in B (scale bar 500 nm), whereas C shows their quan-
tification at different time p.i. (1h, 18h, 5d and 7d p.i.). Bars shown mean with SEM
(n=3 animals, >300 axons per animal,**=P<0.01, ***=P<0.001, one-way ANOVA).

3.1.2 Loss of MAG staining in focal NMO lesions

Previous studies of early NMO lesions or a subset of MS patients could
show a loss of MAG staining before other myelin proteins, such as MBP and
PLP, were decreased [213] [294] [201] [295] [337]. As vesicular degeneration
of innermost myelin sheaths in EM was the first sign of myelin pathology
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after injection of the AQP4 antibody and MAG is localised to the adaxonal
space of myelin, we hypothesized that a decrease in MAG staining could
also be identified in our focal NMO model. Therefore, we stained lesion
sites of AQP4 antibody or PBS with complement after 1h p.i., 18 h and
24h p.i. with MBP and MAG (see Figure 3.2). The former time point did
not display an altered MBP to MAG ratio, whereas after 18 h p.i. of the
AQP4 antibody injection, the lesions displayed a significant reduction in
MAG and p25 staining for mature oligodendrocytes (see Figure 3.2 C). At
these time points, the MBP intensity was similar suggesting that the MBP
to MAG ratio can be used as a histological marker for the fragmentation
of the inner myelin layers in early NMO lesions. Despite that at 3d p.i.
also the MBP signal intensity was decreased suggesting a increased degree
of myelin pathology.

Similar results were acquired in collaboration with Dr. Anne Winkler, Dr.
Claudia Wrzos and Prof. Stadelmann-Nessler, University Medical Center
Gottingen for human biopsies of NMO patients as the lesions could be staged
depending on their immunohistochemical signal for MAG and MBP (see
Figure 3.3). In early stage lesions, the selective MAG loss is associated with
an active inflammation as indicated by MRP14 positive inflammatory cells.
For late stage lesions, where MAG and MBP was lost from the lesion area the
inflammatory cell number was decreased. These results suggested that MAG
loss in early stage lesions can be correlated to an ongoing inflammation.

3.1.3 Myelin pathology in Lewis rats injected with MOG
antibody

Apart from AQP4, antibodies against MOG are also implicated in a subset
of NMO patients and infantile acute disseminated encephalomyelitis that
are sero-negative for AQP4 antibodies [338] [339] [318]. AQP4 antibodies
lead to the death of astrocytes and cause subsequent demyelination [307].
In contrast to that, MOG antibodies lead to a direct attack of the ODC by
binding to MOG localized to the abaxonal space. We determined the myelin
fragmentation patterns caused by the stereotactic injection of an humanised
anti-MOG antibody [292] [340] or PBS with complement into the corpus
callosum of Lewis rats and then carried out high pressure freezing. Due to
the direct binding of the MOG antibody on myelin, shorter time points p.i.
were chosen as compared to the AQP4 antibody injection. Furthermore,
initial experiments detected nearly complete demyelination at 15h p.i. of
the antibody and therefore, even earlier time points were assessed.

As a control, 1h p.i. of PBS or MOG antibody lesions were examined to
establish the area of the needle damage. The lesion detection and the quanti-
fication of the myelin fragmentation pattern observed was essentially carried
out as described above for the focal NMO model (see 3.1.1). The two condi-
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Figure 3.2: Early NMO lesions are devoid of MAG staining

Representative images of coronal sections of adult Lewis rat brains injected with human
AQP4 antibody for 1h (A) or 18h p.i. (B) stained with MBP in green and MAG in
red (scale bar 1mm for A and B; dotted line indicates lesion border as identified by
astrocyte loss). The quantification of the ratio of signal intensity of MBP and MAG
is shown in C. Bars show mean with SEM (n=3 animals, 3-5regions of same size per
animal, ***=P<0.001, Student’s t-test). (D) Time course of focal NMO lesions stained
with MAG (in green), MBP (in purple) and p25 for mature oligodendrocytes (in red)
(scale bar 200 um, PL for perilesion, dotted line indicates lesion border as identified by
astrocyte loss). The quantification of the area of the protein loss relative to the area of the
p25 loss is displayed in percent. Bars show mean with SEM (n=3, *=P<0.05,**=P<0.01,
***=P<0.001, one way-ANOVA). (D,E) Data acquired in collaboration with Dr. Anne
Winkler and Prof. Stadelmann-Nessler at the University Medical Center Gottingen.
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Figure 3.3: Early loss of MAG staining prior to MBP loss in human NMO lesions

(A) Representative images of immunohistochemistry of MBP, MAG, MRP14 and KiM1P
of biopsies from NMO patients of the CNS (n=4) (scale bar 200 um, PL for perilesion, L
for lesion, dotted line indicates lesion border as identified by astrocyte loss). (B) The lesion
area was identified based on GFAP and AQP4 loss and KiM1P positive macrophages. The
quantification shows the lesion area covered by the MBP and MAG immunohistochemical
signal and MRP14 positive early invading monocyted. Bars show mean with SEM (n=3
for early and late stage). Data acquired in collaboration with Dr. Claudia Wrzos and
Prof. Stadelmann-Nessler at the University Medical Center Géttingen.
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tions did not display any differences at that time point suggesting that there
is no myelin pathology after 1h p.i.. After 8h p.i. of the MOG antibody,
first signs of myelin pathology (see Figure 3.4) could be detected in about
50 % of the sheaths examined: in about 20 % of myelin sheaths, splittings in
the compact myelin were detected, whereas an increased proportion of 12 %
of ODC’s had an enlarged inner tongue. Furthermore, vesiculation of the
inner myelin sheaths could be detected in about 17 % of myelin sheaths. At
12h p.i., 18 % of total myelin sheaths had an enlarged inner adaxonal space,
whereas vesiculated inner myelin layers were increased to 25 % of all myelin
layers assessed. Hence, these fragmentation patterns increase in percentage
compared to the earlier time point. Additionally, severely vacuolized myelin
could be detected in about 12 % of sheaths.

Hence, we concluded that stereotactic injection of the MOG antibody leads
to split myelin sheaths and a swollen inner tongue, as well as vesiculated
inner myelin layers. Over time, the myelin vesiculation seemed to increase
in percentage and severity. At the early time points investigated, no signi-
ficant axonal damage was apparent (see Figure 5.4). As the MOG antibody
injection had a rather localized effect, no MAG immunohistochemistry was
carried out.
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Figure 3.4: Early lesions of MOG antibody injection display enlarged inner tongue and
vesiculation of inner myelin layers

In A, representative images of cross-sections of MOG antibody or PBS injection in corpus
callosum of adult Lewis rats are shown at 12h pi (scale bar 500 nm). The upper panel
in B depicts different myelin fragmentation profiles observed and the graph in C displays
their quantification as percentage of total myelin sheath at 1h, 8h or 12h pi of MOG
antibody or PBS. Bars display mean with SEM (n=3 animals, >300axons per animal,
*P<0.05, **=P<0.01, ***=P<0.001, one-way ANOVA).
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3.1.4 Myelin degradation in Biozzi experimental autoimmune
encephalomyelitis

To investigate whether myelin fragmentation also starts at the inner tongue
in other immune-mediated animals models, we employed the frequently
used experimental autoimmune encephalomyelitis (EAE) model. Therefore,
Biozzi mice were used as these mice have a high general antibody titer and
EAE seems to be exacerbated by MOG antibodies [283] [341]. Furthermore,
EAE in these mice follows a relapsing-remittent form followed by a second-
ary progressive disease course [342] (see 1.5.1.3.3).

For our studies, the Biozzi mice were immunized with MOG protein emul-
sified in complete Freund’s adjuvants (at d0 and d7) and the spinal cord
of the immunized animals was processed for high pressure freezing during
their first relapse (d 25 to 30) (for details on preparation see 2.2.9.2). Rep-
resentative electron micrographs of the myelin pathology at the borders of
the lesions are shown in Figure 3.5 A and B. In contrast to the control sites
that displayed normally myelin sheaths, myelin at the border of the lesion
frequently exhibits an enlarged adaxonal space, as well as vesiculation of
the innermost myelin layer to about 30 % for both fragmentation patterns
(see Figure 3.5 C). These fragmentation profiles were also detected in the
other demyelinating animal models. Despite that, we could detect myelin
sheath that were split and contained vesicules within compact myelin. Fur-
thermore, signs of focal bulging were and minor axonal damage (see Figure
5.5) observed.

Taken together, all investigated autoimmune-mediated animals models dis-
played common myelin breakdown patterns. These include an enlarged inner
tongue and vesiculation of inner myelin sheath prior to demyelination. Over
time, the percentage of vesiculation increased and the degree of myelin layers
involved progressed. Therefore, we hypothesize that myelin fragmentation
results in the vesiculation of the whole compact myelin stack before the
degenerated myelin becomes degraded by microglia or macrophages.



CHAPTER 3. RESULTS 72

A

Control area ) Border of I_EAE lesion

B Intact Enlarged inner Vesiculated Splitand
tongue sheath vesiculated sheath

C 100 - el 1 Lesion

pi
o 757 D Control area
8
2 50 1
[
= —
= 40
E. *kk *kk
s 30+
L
k3
g 20 7 *%
©
c *
§ 10 -
& - ™~
— L
0 T T T
X NN &>
O > & > A\
& > & o @ &
\‘\ @0 é{\ O‘Q\O(\ b@ &
& 06 N & <2 ee»q’
R ¢ <& X 5
R & O Q;"
O &
& 3

Figure 3.5: Biozzi EAE lesions during first relapse show signs of myelin pathology with
enlarged inner tongue and vesiculation of the innermost layers of myelin

Representative images of cross-sections of Biozzi spinal cord in first relapse phase of EAE
are shown in A. Left panel displays control area with normal myelin ultrastructure, whereas
right panel displays myelin fragmentation at the border of demyelinated EAE lesion (scale
bar 500nm). Myelin fragmentation profiles quantified are depicted in B, whereas the
percentage of all different fragmentations is shown in C for the border of EAE lesion
and control area. Bars display mean with SEM (n=5 animals, >300 axons per animal,
*=P<0.05, *=P<0.01, ***=P<0.001, one-way ANOVA).
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3.1.5 Loss of MBP from vesiculated myelin in early NMO
lesions

So far MBP is the only protein known to be necessary for compaction and
hence, we aimed to assess whether this protein is displaced from the mem-
brane before the lamellae become vesiculated. As the focal NMO models in-
duced the most uniform, synchronized and widespread pattern of myelin de-
generation, we processed the lesions after 18 h p.i. for cryo-immunoelectron
microscopy. The cryosections were labeled with a polyclonal MBP antibody
and the labeling was quantified by calculating a ratio of gold particles detec-
ted in the compact myelin to the ones found in the inner tongue including the
vesicles obtained upon AQP4 antibody injection. Hardly any MBP labeling
was obtained in the inner tongue and the vesiculated myelin, whereas robust
labeling was found in the compact membrane stacks for both conditions (see
Figure 3.6 A upper panel). This results in a ratio that did not display any
differences between the PBS injected control and the NMO lesion (see Fig-
ure 3.6 B). Hence, the distribution of MBP upon AQP4 antibody injection
does not seem to change as it can be only detected in the compact myelin
and not in the vesiculated membrane. This suggests that the vesicules of
myelin are devoid of MBP.

In order to assure that the vesicules detected at the inner tongue are de-
rived from the membrane of the compact myelin, we also labeled the control
and AQP4 lesions with PLP. The most abundant myelin protein is a trans-
membrane protein that should be contained within the vesicles, if they are
derived from compact myelin. By using PLP as a second marker, we aimed
to rule out that a poor antibody penetration was the cause of the lack of
labeling for MBP.

Our results indicate that the ratio of labeling in the compact myelin to the
staining in the inner tongue was dramatically changed in NMO lesions (see
Figure 3.6 C). The vesiculated membrane at the inner tongue was heavily
labeled with PLP, whereas hardly any labeling was detected in the adax-
onal space of PBS injected animals (see Figure 3.6 A lower panel). Thus,
PLP, which is normally not detected in the inner tongue is contained in the
vesicules found in the inner tongue upon AQP4 antibody injection. These
results lead to the conclusion that the vesiculated membrane is derived from
compact myelin and contains PLP, one of the most abundant myelin pro-
teins.

In conclusion, these results suggest that the vesicules obtained upon AQP4
antibody injection contain PLP, but are devoid of the abundant compact
myelin protein MBP. Hence, the peripheral MBP seemed to have lost its
ability to adhere to the myelin membrane and this might results in myelin
vesiculation and subsequent, degradation of the myelin layers.

Supportive for this hypothesis is also that the myelin membranes detected in
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shiverer mice (MBP deficient mutant) form only a few uncompacted wraps
and extend several microprocesses around the axon prior to vesiculation and
loss of myelin (see Figure 5.8). Hence, the myelin membrane seems to be
unstable without the compaction by MBP highlighting its crucial role in
myelin maintenance.
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Figure 3.6: Vesicules of inner myelin layers in early NMO lesions consist of myelin mem-
brane, but lack MBP

A. Human AQP4 antibody or PBS and complement was injected in the corpus callosum
of adult Lewis rats. With immunoelectron microscopy, we determined the subcellular
localization of MBP (upper panel) and PLP (lower panel) at 18 h p.i. (scale bar 500 nm,
gold size 15 nm for MBP, 10nm for PLP). The vesicles at the inner tongue are enlarged
in the white boxes. Quantification of MBP (B) and PLP (C) labeling distribution within
the inner tongue (in PBS injection) or inner tongue with vesicles (for AQP4 ab injec-
tion). Bars shown mean with SEM (n=3animals, >70 axons per animal, ***=P<0.001,
Student’s t-test).

3.2 Reverse phase transition of MBP

MBP is a naturally unstructured protein, which acquires an extended C-
shape with a high degree of secondary structure only upon binding to the
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Figure 3.7: Reverse phase transition of MBP

The schematic drawing depicts MBP in its cohesive state after binding to negatively
charged lipids in the membrane (on the left), where it carrys out its extrusion function
of proteins with a spacious cytosolic domain (represented by blue hexagon). On the right
hand side, MBP is shown in a dispersed state after detaching from the membrane and
losing its self-interacting ability. Hence, MBP is not able to extrude proteins any longer.

negatively charged lipids in the myelin membrane. This conformational
change allows MBP to self-interact and carry out its compaction function.
Such phase transition of macromolecules generate liquid-liquid separation
leading to distinct compartments with slowed diffusion and non-linear sig-
naling pathways [343]. For example, nuclear pore complexes proteins that
are intrinsically unfolded and contain phenylalanine-glycine (FG)-rich re-
peats were shown to form a sieve-like hydrogel that restricts the entry of
molecules of a certain size into the nucleus. Mutations of phenylalanine —
serine (F — S) in the repeats blocked the hydrogel formation. The generated
selective phase is important for restricting inert molecules from entering the
nucleus, whereas these hydrophobic interactions were shown to break the
mesh-like network [344] [345].

We hypothesize MBP also undergoes a phase transition upon binding to the
membrane as it also restricts the entry of proteins with a bulky cytosolic
domain to the compacted areas. Moreover, we suggest that upon changes
in the lipid environment or in the ion homeostasis, MBP can revert from its
cohesive membrane-bound network into a dispersed state of single soluble
molecules (see Figure 3.7).

In order to prove this reverse phase transition, we need to design a tool that
can detect these different MBP states.

To be able to develop these tools, we investigated the molecular interactions
of MBP at the protein-protein and protein-lipid level. These molecular
interactions might be mediated by specific domains that become unmasked
upon disintegration of the MBP network.
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In order to assess which features of MBP are relevant for the molecular in-
teraction of MBP with the membrane and/or with itself, we investigated the
role of the amphipathic helices that were previously shown to play a role in
the assembly of the MBP network. The amphipathic helices have two faces:
one necessary for the binding to the membrane and one facing towards the
cytoplasm. Aggarwal et al. (2013) showed that the phenylalanines within
the amphipathic helices are not necessary for the binding to the lipids, but
for the self-interaction of MBP [28] [10].

Therefore, we generated single mutants of the phenylalanines in the two
amphipathic helices of the 14 kD isoform (for localization of phenylalanines,
see 3.15), the most prevalent isoform in the mouse brain, to further determ-
ine which of these amino acids are essential to the function of MBP. Using
site-directed mutagenesis, we obtained the following mutants:

-F1,6 — S

-F23 — S

-F45 — S
-F2345 — S

We then expressed these plasmids in bacteria to obtain the recombinant
proteins in order to investigate the function of these mutants in a range of
biochemical and biomimetic assay explained in detail in the next paragraphs.

3.2.1 Liposomes binding assay with MBP F — S mutants

To determine whether the mutants are still capable of binding their normal
membrane environment, we employed liposomes of inner leaflet composition
of myelin membranes (ILC) to resemble their in vivo binding conditions and
carried out a in vitro binding assay.

Therefore, liposomes of ILC were incubated with the recombinant MBP pro-
teins leading to crosslinking of liposomes via MBP. Fractions of the cross-
linked liposomes were visualized in EM by negative staining. We could show
that all MBP mutants were able to crosslink the membrane and form clusters
with liposomes (for representative images for WT MBP and MBP F — S
see Figure 3.8 B).

After allowing the protein to crosslink the liposomes, the aggregates were
pelleted using ultracentrifugation. Fractions of the pellet and the super-
natant were employed to perform Western Blotting for MBP protein. This
revealed that the WT MBP, as well as the mutants were found in the pellet
(for representative blots of the WT and the F — S mutant see Figure 3.8
A). Hence, we could conclude that even the mutants retain their membrane
binding ability in case of liposomes with ILC. For liposomes with ILC lack-
ing cholesterol, all proteins were still retained in the pellet fraction. In case
of liposomes of ILC without PS and PIP2, we found all proteins in the su-
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pernatant; hence, they could not bind the membrane anymore. Thus, this
is clear evidence that the electrostatic interactions with the membrane are
necessary - at least - for initial binding. In conclusion, all F — S mutants
generated are still capable of binding the membrane in presence of negatively
charged lipids.

A
MBP MBP F->S
IlCwo ILCwo ILCwo ILCwo
ILC  Chol PS/PIP2 ILC Chol PS/PIP2
S P S P S P S P S P S P
B

Liposomes only MBP with Liposomes MBP F->S with Liposomes

500 nm

Figure 3.8: All F — S mutants are capable of binding the membrane and crosslinking
liposomes

When liposomes are incubated with recombinant 14 kD MBP proteins, these crosslinked
liposomes can be pelleted via ultracentrifugation. Fractions of the pellet and supernatant
can then indicate the binding of the proteins to the liposomes. MBP and F — S mutants
crosslink liposomes of inner leaflet composition (ILC) with or without cholesterol, but not
devoid of the negatively charged lipids, PS and PIP2 (A). These results were confirmed
using negative EM (B), where the crosslinked liposomes of inner leaflet composition with
or without cholesterol were detected for the WT MBP, as well as for the F — S mutant
(scale bar 500 nm).
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3.2.2 Spectroscopy of WT peptides of amphipathic helices

MBP is a naturally unstructured protein that acquires its three dimensional
structure only upon interaction with the membrane. A high resolution struc-
ture cannot be determined as MBP cannot be crystallized. Therefore, we
carried out various techniques of circular dichroism (CD) spectroscopy in
collaboration with Prof. Petri Kursula (at the University of Bergen, Nor-
way) to determine, if the phenylalanine residues within the amphipathic
helices are required for the conformational change and the function of the
helix.

CD spectra of WT peptides of the amphipathic helices (MBPp1 (sequence:
QDENPVVHFFKNIV); MBPp2 (sequence: GILDSIGRFFSGDRGAPKR))
in membrane mimicking conditions using the detergent dodecyl phosphatidyl
choline (DPC) revealed that these peptides acquire a helical conforma-
tion. In contrast to that, the F — S mutant peptides (MBPplm (sequence:
QDENPVVHSSKNIV); MBPp2m (sequence: GILDSIGRSSSGDRGAPKR))
remained unfolded (see Figure 3.9A). Similar results were obtained when
peptides were mixed with lipid vesicles of PC/PG in 1:1 ratio and SRCD
spectra were recorded (see Figure 3.9B). Hence, the interaction of phenyl-
alanines with the membrane seem to induce a structural change of the am-
phipathic helix.

To further define the orientation of the helical peptides within the mem-
brane, OCD spectra in oriented multilayers of PC/PG were acquired. The
results indicated that MBP peptide 1 (MBPpl) obtains a tilted conform-
ation within the membrane as suggested by a loss of the peak at 208 nm
(see Figure 3.9B). In contrast to that, MBP peptide 2 (MBPp2) seems to
remain parallel to the membrane as indicated by the strong band at 208 nm.
Further experiments, in which the head group charge or the hydrophobic
tail length was varied did not yield any effect.

Taken together, these results indicate that the specific interactions of the
phenylalanine residues with the membrane are required for the structural
change of the amphipathic helix.
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Figure 3.9: Phenylalanines mediate structural change of MBP peptides

CD spectroscopic analysis of peptides mimicking the 14 kDa MBP amphipathic helices.
A.) Conventional CS spectra of peptides in absence (solid lines) or presence (dashed lines)
of 0.1 % DPC. MBPpl in red (sequence: QDENPVVHFFKNIV); MBPp2 in black (se-
quence: GILDSIGRFFSGDRGAPKR), as well as peptides with F — S substitutions at
these motifs: MBPplm in green (sequence: QDENPVVHSSKNIV); MBPp2m in magenta
(sequence: GILDSIGRSSSGDRGAPKR) B.) SRCD spectra of peptides mixed with lipid
vesicles composed of PC/PG in 1:1 ratio. Same colours as above. C.) OCD spectra of
oriented multilayers of PC/PG with peptides MBPpl (red) and MBPp2 (black). MBPpl
acquires a tilted conformation as indicated by the loss of the peak at 208 nm (see ar-
row). Data acquired in collaboration with Arne Raasakka and Prof. Petri Kursula at the
University of Bergen, Norway.

3.2.3 Lipid droplet assay using MBP F — S mutants

After ensuring that the F to S mutants are still capable of binding the
membrane, we aimed to investigate the functional consequences of these
mutations. The first assay to assess the self-interaction of the MBP pro-
teins is the liquid droplet assay. This assay is solely based on the charge
neutralization of the highly basic MBP protein. Thus, we dissolved the pro-
tein at a high concentration of 10 mg/mL in water and then, neutralized
the charge using NaOH. In case of WT protein, um-sized droplets were ob-
served in phase contrast microscopy (see Figure 3.10 upper panel). For the
MBP mutants, where only two phenylalanines were exchanged (F2,3—S
and F4,5—S) droplets were also obtained (see Figure 3.10 middle panel).
When four or all phenylalanines were exchanged (F2,3,4,5—S; F —S), we
were unable to observe any droplets (see Figure 3.10 lower panel). Hence,
four phenylalanines seem to be necessary to mediate self-interaction of MBP.
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Figure 3.10: Mutations of four phenylalanines abolishes MBP droplet formation
Recombinant WT MBP protein (5 mg/mL) forms pm sized droplets only in basic solution
in phase contrast (upper panel). F2,3—S and F4,5—S also form droplets (middle),
whereas for F2,3,4,5 — S and F — S no droplet formation was observed (lower panel) (scale
bar 10 ym).

3.2.4 SLB-MBP GUYV assay with MBP F — S mutants

In order to further assess the self-interaction of MBP in its natural lipid
environment, a biomimetic assay employing a single supported lipid bilayer
(SSLB) of inner leaflet composition (ILC) and giant unilamellar vesicles
(GUV’s) was used.

In brief, small unilamellar vesicles (SUV’s) of ILC were spread to form the
SSLB. Afterwards, the MBP protein or its mutants were allowed to adhere
and thereafter, GUV’s composed of phosphatidylcholine/phosphatidylserine
(PC/PS) were added (see Figure 3.11 A). In case of the WT protein, the
self-interaction of MBP induces a friction in the GUV’s that causes their
bursting and spreading on the coverslip (for representative images see Fig-
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ure 3.11 B). If no protein was employed in this assay, the GUV stayed intact
(for representative images, see Figure 3.11 B). For the MBP WT protein, the
GUV’s bursted almost to 100 %, whereas the mutants that have an exchange
of two phenylalanines (F2,3 — S and F4,5 — S) had a slightly decreased rate
of bursted GUV’s (see Figure 3.11 C). For the mutants that had four or
more phenylalanines were exchanged, we could observe a significant reduc-
tion of GUV bursting. This result further supports our hypothesis that four
phenylalanines are necessary for the self-interaction of MBP in the presence
of lipids.
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Figure 3.11: Four phenylalanines in MBP are necessary to mediate GUV spreading

The left panel shows a scheme of the biomimetic SLB-MBP-GUYV spreading assay: Cov-
erslips are coated with single supported lipid bilayers (SSLB) of inner leaflet composition
(44 % cholesterol, 27 % PE, 2% PIP2, 11.5% PC, 12.5% PS, 3% SM) followed by incub-
ation with 7 uM recombinant MBP protein. Subsequently, GUV composed of PS and PC
(1:2 ratio) are added. The WT protein induces spreading of the GUVs (see bursted GUV
in B), whereas the F2,3,4,5 — S or F — S mutants do not have this effect (see intact GUV
in B) (scale bar 10 um). For every mutant employed, the percentage of GUVs bursted
over time was quantified and is depicted in C.

3.2.5 Transfection of PtK2 cells with MBP F — S mutants

To further assess the self-interaction in vitro, we transfected the MBP F — S
mutants linked to a transmembrane domain and labeled with GFP in the
epithelial cell line PtK2. Upon transfection, the transmembrane domain 4 of
PLP is retained in the cortical endoplasmatic reticulum (ER) with GFP in
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the lumen of the ER and MBP compacting the plasma and the ER membrane
(see schematic drawing in Figure 3.12). Therefore, MBP polymerized and
forms sheet-like domains as depicted in Figure 3.12 B on the left hand side.
The domains were observed also for the F2,3—S and F4,5— S mutants,
whereas upon expression of the F2,3,4,5— S mutant or F — S mutant this
domain formation was abolished (see Figure 3.12 B on the right hand side).
In conclusion, the phenyalanines in the amphipathic helices (F2,3 and F4,5)
seem to be critical for the self-interaction of MBP into a polymer.

A B

!
¢

eGFP-PLP TM-MBP

EZ@??W}@}WWNHH am
il

MBP
it

i

WT MBP PLPTM GFP MBP F2,3,4,5->S PLPTM GFP

em
Jun

Cytosol

a3

MBP

!

eGFP

Figure 3.12: Four phenylalanines in MBP mediate domain formation in PtK2 cells

PtK2 cells were transfected with plamids containing an MBP attached to a transmembrane
domain of PLP (TM) and eGFP that leads to an apposition of the plasma membrane (PM)
and the membrane of the endoplasmatic reticulum (ER) as depicted schemetically in A.
For WT MBP, as well as F2,3 — S and F4,5 — S sheet-like domains were observed as shown
in a representative image on the left side in B. For F2,3,4,5— S and F — S, no domain
formation was observed as shown in the right panel in B (scale bar 25 um).

3.2.6 Transfection of primary mouse oligodendrocytes with
MBP F — S mutants

Finally, we aimed to test the integration of the F — S mutants in sheaths
of primary WT mouse ODC’s. Primary mouse ODC’s were used as a well-
established 2D model of the myelin sheath that is easy to manipulate and
nevertheless displays the essential features of myelin. The branches protrud-
ing from the cell body can be stained for CNP and these so-called processes
resemble feature of the non-compact myelin in vivo. The MBP positive areas
in between the processes that are devoid of cytoplasm and protein with a
bulky cytosolic domain [28] display similar characteristics as compact myelin
in vivo with proper protein/lipid separation [346] and are termed sheets. In
this study, we only used mature ODC’s (days in vitro (DIV) 4 to 5) that
can be stained with MBP in the sheets and CNP in the processes and thus,
display features of compaction and extrusion.
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Figure 3.13: Primary mouse oligodendrocytes as in vitro model system

The compartmentalization of myelin in vivo is schematically depicted in A with the com-
pact myelin in green and the non-compacted areas in red. B shows a primary mouse
oligodendrocyte stained with MBP in green and CNP in red. The MBP-positive areas,
the so called sheets, ressemble compact myelin in vivo due to their close apposition of the
plasma membrane in vitro as indicated in C. This results also in the extrusion of proteins
with a spacious cytosolic domain to the non-compacted area of the cells named processes.
These processes resemble non-compact myelin in vivo. Figure modified from [10].

To test the localization of the F — S mutants in these primary cells, the plas-
mids encoding for the MBP WT proteins or its mutants were transfected
into ODC’s on DIV 3. Sixteen hours after transfection, the cells were stained
for total MBP and the modified MBP via the myc-tag of the transfected con-
struct (see Figure 3.14 A). Results of this targeting assay revealed that the
WT MBP and the mutants containing only two mutated phenylalanines
were still incorporated into the sheets suggesting that they are still cap-
able of self-interaction. Strikingly, the mutants with four or more mutated
phenylalanines were retained in the processes and failed to be incorporated
into the sheets of the ODC’s.

Taken together all data from the biochemical, biomimetic and in vitro stud-
ies suggest that the MBP F — S mutants with at least 4 amino acids changes
exhibit a normal membrane binding, but display an impaired self-interaction
and therefore, a loss of function-variant of the MBP protein. Hence, the hy-
drophobic interaction of the amphipathic helices of MBP with the lipids in
the bilayer are crucial for the proper function of the protein.
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Figure 3.14: Four phenylalanines are necessary for the integration of MBP in sheets of
oligodendrocytes

Primary mouse oligodendrocytes were transfected with WT MBP or the different F — S
mutants at DIV 4 and subsequently stained for total MBP (in red) and the transfected
plasmid linked to a myc tag (in green). For WT MBP, F2,3 — S and F4,5 — S, the trans-
fected constructs were targeted to the sheets, whereas the other mutants were retained in
the processes (A) (scale bar 25 um). The area occupied by MBP and myc staining was
quantified in B. Bars show mean with SEM (n=3, >20 cells per condition, ***=P<0.001,
one-way ANOVA).

3.2.7 Tools to detect reverse phase transition

We could show that the phenylalanine residues within the amphipathic
helices of MBP are necessary for self-interaction of MBP and its function for
compaction. In order to test whether MBP undergoes reverse phase trans-
ition, we had to develop tools to detect the different states of MBP. Due to
the finding that the amphipathic helices play a role in the network formation
of MBP, these helices that are normally buried within the membrane might
get exposed upon disassembly of the MBP network.
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Hence, we screened several antibodies raised against epitopes within the am-
phipathic helices: We found an antibody named QD9 commercially available
from abcam (Cambridge, UK) is raised against the human MBP residues
82-88 (marked in Figure 3.15 A in the black box). This epitope is adjacent to
one of the amphipathic helices that we found to be relevant to self-association
of MBP. Therefore, it might recognize the dispersed and dysfunctional state
of MBP. Interestingly, Matsuo et al. (1998) showed that it specifically stains
areas of degenerated myelin in Multiple Sclerosis and Multiple System At-
rophy [347].

As this antibody is a potential tool to detect reverse phase transition of
MBP from a cohesive state to a dispersed state, we tested the QD9 anti-
body in Western blots of myelin fractions of adult brains (see Figure 3.15
B). The QD9 antibody detected only full length monomeric MBP and no
fragments of smaller molecular weight. The most prominent isoform of the
14kD MBP was the band with the highest intensity, whereas also bands
at 17 and 18kD were stained with this antibody. Despite long exposures,
employing higher amount of samples or ECL solution with high sensitivity,
no band of higher molecular weight were obtained at any time. In contrast
to that, a polyclonal MBP antibody (Dako Cytomat., Carpinteria, USA)
detected oligomeric bands of higher molecular weight.
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Figure 3.15: QD9 recognizes full length monomeric MBP

The QD9 antibody epitope of human MBP residues amino acid 82 to 88 is marked in the
black box of the 14kD MBP amino acid sequence in A, whereas the amphipathic helices
of MBP are marked in green underneath the sequence. B. Myelin fractions were employed
for Western blotting and stained with an anti-MBP or QD9 antibody. The MBP antibody
recognizes several MBP bands also of higher molecular weight, whereas QD9 only detects
the monomeric MBP isoforms. In C, MBP eGFP transfected PtK2 cells were stained with
the QD9 antibody (scale bar 25 ym).

Furthermore, the QD9 antibody stains MBP under non-physiological con-
ditions, such as in soluble MBP-eGFP tagged transfected PtK2 cells (see
Figure 3.15 C). As the amphipathic helix epitope of QD9 is normally bur-
ied within the membrane, the fixation of the cells or tissue is crucial for
a good staining as these regions are easily exposed upon permeabilisation.
Therefore, we fixed the cells used for this study with 4% PFA and 0.25% glut-
araldeyhde. Hardly any QD9 staining was obtained in the sheets of mature
primary ODC’s that are positive for MBP when staining with a polyclonal
MBP antibody (see control cells in Figure 3.17 C). Moreover, when we ex-
pressed myc-tagged MBP F2,3,4,5 — S previously shown to be retained in
the processes of primary ODC’s (see Figure 3.14) and stained these cells
with QD9, we obtained a much more intense staining in the processes of
these cells than in the sheets of ODC’s that incorporated transfected WT
MBP.

Taken together these results suggest that the QD9 antibody detects full
length MBP under non-physiological conditions when it is not correctly as-
sembled and seems to be able to discriminate different MBP states. Hence,
we suggest that this antibody can be used as a tool to test our hypothesis
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of reverse phase transition.

anti-Myc anti-QD9

MBP F2,3,4,5->S

Figure 3.16: QD9 recognizes structurally aberrant MBP like F — S MBP mutant
Primary mouse oligodendrocytes were transfected with WT MBP or the different F — S
mutants at DIV 4 and subsequently stained for QD9 (in red) and the transfected plasmid
linked to a myc tag (in green). For WT MBP, the transfected constructed was targeted
to the sheets, but hardly stained with QD9. In contrast to that, the F2,3,4,5 — S mutant
was retained in the processes and heavily stained there with QD9 (scale bar 25 pum).

3.3 In wvitro reverse phase transition model

3.3.1 Disruption of electrostatic interaction between MBP
and the membrane

In order to further test whether MBP undergoes reverse phase transition in
vitro, we employed conditions previously known to affect the MBP network.
MBP is known to interact with PIP2 and this interaction can be abolished
by increasing intracellular calcium levels [348]. Upon treatment with the
calcium ionophore Ionomycin (10 xM, 2 mins), MBP detaches from PIP2 in
the membrane. Hence, the PIP2 epitope is unmasked and can be stained,
despite being masked by strong binding of MBP under normal conditions
(see Figure 3.17 C). Upon antagonizing of the electrostatic interactions of
MBP with the membrane by treatment of ODC’s with Ionomycin, MBP
looses its function. This can be shown as CNP, a protein normally found
in the processes of ODC’s, is then found in MBP positive areas (see Figure
3.17 E). Previous studies from our laboratory have shown that MBP com-
pacts the membranes and extrudes proteins with a big cytosolic domain,



CHAPTER 3. RESULTS 88

like CNP from these areas. Hence, a co-localization of MBP and CNP upon
Tonomycin treatment indicates that MBP lost its extrusion function.

Thus, Ionomycin leads to detachment and the loss of function of MBP
and hence, we stained Ionomycin treated cells with QD9 and MBP to test
whether the antibody can discriminate the different MBP states. Upon in-
crease of intracellular calcium by Ionomycin, the QD9 epitope was rapidly
unmasked in the MBP positive areas. By calculating a ratio of the MBP
to QD9 staining using the integrated density, we could show a significant
decrease in this ratio upon Ionomycin treatment of primary ODC’s. Similar
results were obtained upon antagonizing of the electrostatic interactions us-
ing 100 uM sphingosine for 5 mins in our ODC model as also MBP to QD9
ratio was vastly decreased (see Figure 3.18).

Collectively, these data suggest that the electrostatic interactions of MBP
with the membrane are not only important for its binding, but also for ex-
ecuting its extrusion function. Moreover, the QD9 antibody can be used to
define a non-physiological dysfunctional state of MBP in vitro upon disrup-
tion of the electrostatic interactions with the membrane.
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Figure 3.17: Tonomycin detaches MBP from the membrane and leads to decompaction
Primary mouse oligodendrocytes at DIV 5 were treated with 10 uM Ionomycin in Krebs-
Ringer solution for 2 mins and subsequently, stained for MBP (in green) and QD9 (in
red, A), or PIP2 (in red, B) or CNP (in red, C) (scale bar 25pum). Quantification of
the staining are depicted in B, D and F respectively. Bars show mean with SEM (n=3,
>20 cells per condition, **=P<0.01, ***=P<0.001, Student’s t-test).
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Figure 3.18: Sphingosine treatment of oligodendrocytes lead to QD9 unmasking
Primary mouse oligodendrocytes at DIV 5 treated with 100 uM Sphingosine for 5 mins
were stained for MBP (in green) and QD9 (in red, A) (scale bar 25 pm). Quantification of
the ratio of the integrated density of the MBP to QD9 is depicted in B. Bars show mean
with SEM (n=3, >20cells per condition, ¥**=P<0.01, Student’s t-test).

3.3.2 Disruption of hydrophobic interaction between MBP
and the membrane

Not only electrostatic interactions, but also hydrophobic interactions with
the membrane are important for the binding and function of MBP. There-
fore, we employed several treatments to decrease hydrophobic lipids, such
as cholesterol and ceramides within the membrane to study the effect on the
adhesion and extrusion abilities of MBP in primary mouse ODC’s.
Glycosphingolipids and cholesterol are an important component of the mem-
brane microdomains, so called lipid rafts. The de novo biosynthesis of
sphingolipids can be blocked by inhibition of ceramide synthase using the
mycotoxin Fumonisin B1 (FB1). Spingolipids are an integral component of
the myelin membrane and important for the binding of MBP. Hence, we
depleted these lipids by treating primary ODC’s with 50 uM FB1 from d1.
This lead to an unmasking of the QD9 epitope in mature ODC’s and a sig-
nificant decrease in the total MBP to QD9 ratio suggesting an increase in
dysfunctional MBP (see Figure 3.19 A and B).

To determine the loss of compaction in FB1 treated ODC’s, we stained these
cells with MBP and CNP. We found focal regions where MBP and CNP co-
localized in the sheets of FB1 treated cells that do not occur in control
cells (see arrow in Figure 3.19 C). Hence, a decrease in MBP to CNP ratio
could be detected in FB1 treated cells. Hence, depletion of sphingolipids
leads to a loss of compaction and extrusion function of MBP and the pool
of dysfunctional MBP can stained with the QD9 antibody.
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Figure 3.19: Fumonisin B1 induces QD9 unmasking and decompaction in primary mouse
oligodendrocytes

Fumonisin B1 (50 uM for 96 h) treated primary mouse oligodendrocytes were stained with
MBP (in green) and QD9 (in red, A) or CNP (in red, B) (scale bar 25 um). The quan-
tification of the integrated density of the MBP to QD9 (in B) or CNP (in D) ratio is
shown in B or D respectively. Bars show mean with SEM (n=3, >20 cells per condition,
**=P<0.01, ***=P<0.001, Student’s t-test).
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Another integral membrane lipid is cholesterol that is contained in the lipid
rafts and detergent-resistant membrane fractions that MBP associates with.
Cholesterol can be removed from cultured cells by treatment with cyclodex-
trins. These cyclic oligosaccharides are capable of forming soluble complexes
with cholesterol that they extract from the membrane, thereby disrupting
lipid rafts [349]. As cholesterol is the most abundant lipid in myelin and
cultured ODC’s, the sheets are retracting upon treatment. The fraction of
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MBP protein that is still contained with in the remaining sheets is highly
stained with QD9 antibody. Hardly any staining of QD9 could detected in
control cells (see Figure 3.20). Thus, extraction of cholesterol with Methyl-
B-cyclodextrin (MCD) leads to a significant decrease in MBP to QD9 ratio
compared to the control indicating an increased pool of dysfunctional MBP
upon treatment.

A

control 10 mM Methylcyclodextrin

QD9

MBP to QD9 ratio
of integrated density

MBP

Figure 3.20: Methyl-S-cyclodextrin increases QD9 staining in the sheets of mouse oligo-
dendrocytes

Primary mouse oligodendrocytes at DIV5 were treated with Methyl-S-cyclodextrin
(10mM for 5mins) and then stained with MBP (in green) and QD9 (in red) (scale bar
25 um). The quantification of the integrated density of the MBP to QD9 (in B) ratio
is shown in B. Bars show mean with SEM (n=3, >20 cells per condition, ***=P<0.001,
Student’s t-test).

3.4 Characterization of reverse phase transition in
vitro

As preliminary results of various treatments of cultured ODC’s showed that
QD9 recognized a dysfunctional state of MBP that cannot compact the
membrane any longer, we studied the effect of the detachment of MBP from
the membrane in more detail. Therefore, we employed antibodies detecting
myelin surface epitopes, such as MOG, O1 (Galc epitope) or O4 (sulfatide
epitope). Treatments of ODC’s with high concentration of O1 antibodies
led to contracted membrane sheets and redistribution of the cytoskeleton
[350].

Therefore, we used these antibodies in a low concentration (200 uM for 8h)
for treatment of mature ODC’s. Treated cells were stained with a polyclonal
MBP and the QD9 antibody that indicated an unmasking of the QD9 epi-
tope in antibody treated cells. The significant decrease in MBP to QD9
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ratio was apparent for all antibodies conditions employed despite the iso-
type control.

In vivo the demyelinating effect of antibody treatments is often mediated via
complement or serum, but our experiments in vitro showed that no serum
was required to lead to a decreased MBP to QD9 ratio. This effect was
already detectable after 30 mins for O4 and after 60 mins for O1, whereas
for MOG, the effect became apparent only after 4 h of treatment (see Figure
3.21).
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Figure 3.21: Clustering of myelin surface epitopes lead to rapid QD9 unmasking in the
absence of complement

Primary mouse oligodendrocytes at DIV5 were treated with myelin surface antibodies,
such as anti- MOG, O1 or O4 antibodies (200 uM for 8h) and then stained with MBP (in
green) and QD9 (in red) (scale bar 25 um). The quantification of the integrated density
of the MBP to QD9 (in B) ratio is shown in B, whereas C shows the quantification
for treatment in presence or absence of serum for 8h treatment. D and E depict the
quantification for short term and long term treatment with the antibodies respectively.
Bars show mean with SEM (n=3, >20cells per condition, **=P<0.01, ***=P<0.001,
Student’s t-test).
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3.4.1 Detachment of MBP from the membrane upon treat-
ment with antibodies against O1 and O4

In order to further assure that QD9 stains a pool of MBP that lost its mem-
brane binding, we stained for PIP2. As explained above, this epitope can
only be stained in the sheets upon detachment of MBP from the membrane
due its strong binding to MBP. Upon treatment of ODC’s with myelin sur-
face epitope antibodies against O1, O4 and MOG (200 uM for 8h), PIP2
staining in the sheets increased significantly indicating the detachment of
MBP from the membrane (see magnification in the white box in Figure
3.22).

As staining for PIP2 is an indirect method of assessing the membrane bind-
ing of MBP, we wanted to support this finding using a detergent solubility
assay. As MBP bind to lipid rafts under normal conditions, a high fraction
of the protein is detergent insoluble. Upon detachment of MBP from the
membrane, the protein becomes more detergent soluble.

For the detergent solubility assays, we treated the cells in culture as ex-
plained above and subsequently lysed them in lysis buffer containing 20 mM
CHAPS. After centrifugation of the samples, equal fractions of the pellet and
the supernatant were subjected to Western blotting with an MBP antibody
to assess the content of MBP in the fraction in control and treated cells.
Upon treatment of ODC’s with anti-O1 or O4 antibodies, the MBP signal
in the pellet decreases and the supernatant increases (see Figure 3.23). It is
known that MBP can be found mainly in the pellet fraction, if it is bound to
lipid rafts and hence, we concluded that MBP detaches from the membrane
upon clustering of lipids via anti-Galc or sulfatides antibodies.
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Figure 3.22: Treatment with myelin surface antibodies leads to MBP detachment from
membrane

Treatment of primary mouse oligodendrocytes at DIV5 with myelin surface antibodies (O1,
04, MOG) for 8h at 200 M and subsequent staining of MBP (in green) and PIP2 (in red)
leads to PIP2 staining in the sheets as shown in A (scale bar 25 pm). The quantification
of the integrated density of the MBP to PIP2 (in B) ratio is shown in B. Bars show mean
with SEM (n=3, >20cells per condition, ***=P<0.001, Student’s t-test).
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Figure 3.23: O1 and O4 treatment of cells increases the CHAPS-solubility of MBP

After treatment of primary mouse oligodendrocytes at DIV5 with myelin surface antibod-
ies (O1, O4, MOG) for 8h at 200 uM, the cells were solubilised and the detergent-soluble
fraction of the membrane with its associated proteins was extracted with CHAPS. The
cell lysate was subjected to ultracentrifugation and fractions of the pellet (P) and the
supernatant (S) were employed for Western blot analysis. A shows the result of a rep-
resentative Western blot with an anti-MBP antibody, whereas B shows the quantification
of the band intensities as percentage of the total MBP signal in supernatant and pellet.
Bars show mean with SEM (n=3, ***=P<0.001, one-way ANOVA).

3.4.2 Self-interaction of MBP upon O1 and O4 treatment

So far, we could show that MBP detaches from the membrane upon treat-
ment with Ol or O4 antibodies. As membrane binding is a prerequisite
for the self-interaction of MBP, we investigated the integrity of the MBP
network upon treatment with these lipid antibodies.

To determine whether MBP is self-interacting, we chose an antibody-mediated
FRET assay. Therefore, we treated our ODC’s with various treatments (see
2.2.2.3 for details) and afterwards fixed the cells. MBP antibodies were in-
cubated with fluorescently labeled Fab-fragments (Cy3 or Cy5) and then
used to stain the treated cells. Thereafter, the acceptor bleaching method
was employed to study the proximity of the MBP molecules. This method
relies on bleaching the acceptor leading to an increase in emission of the
donor, if the molecules are within close proximity. From the fluorescence in-
tensities before and after the bleaching of the acceptor, the FRET efficiency
can be calculated and serves as a measure for the proximity of molecules.
In control cells, where the MBP network is intact and the MBP molecules are
in close interaction leading to a FRET efficiency of about 20 %. Treatment
affecting the membrane binding of MBP, e.g anti-O1 and O4 antibodies, as
well as Ionomycin and MCD, the FRET efficiency decreased significantly to
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around 5 % (see Figure 3.24). As the FRET efficiency is a measure for prox-
imity, this dramatic reduction suggests the loss of self-interaction between
the MBP molecules. The self-interaction of MBP is crucial for the network
formation and its extrusion function and therefore, we next investigated
the functional consequences of the loss of self-assembly upon O1 and O4
treatment.
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Figure 3.24: Antibody-mediated FRET assay indicates loss of self-interaction upon de-
tachment of MBP from the membrane

Primary mouse oligodendrocytes were treated with O1 or O4 antibody (200 uM for 8h),
10 mM B-methylcyclodextrin (MCD) (for 15mins) or 10 uM Ionomycin (for 2 mins) be-
fore fixation. Afterwards, the cells were stained with antibodies against MBP pre-labeled
with Fab-Cy3 or Fab-Cy5. Using the acceptor bleaching FRET assay, we determined the
increase in donor fluorescence after acceptor bleaching (see A) (scale bar 25 um). From
that the FRET efficiency can be calculated and that is a measure for the interaction of
MBP molecules. As shown in B, the FRET efficiency decreased upon treatment with the
antibodies, MCD or Ionomycin. Bars show mean with SEM (n=3, ***=P<0.001, one-way
ANOVA).
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3.4.3 Compaction and extrusion of MBP upon O1 and O4
treatment or primary oligodendrocytes

We could show that treatment of primary mouse ODC’s with O1 and O4
antibodies leads to the detachment of MBP from the membrane and a loss
of self-assembly. As the self-interaction of MBP is crucial for the func-
tion of the protein, we assessed its ability to extrude proteins with spacious
cytosolic domains, such as CNP from compacted areas. Hence, we treated
the cells with the surface lipid antibodies (200 uM of O1 and O4 for 8h)
and afterwards stained for MBP and CNP. In untreated or isotype con-
trol treated cells, there is a separation between CNP-positive processes and
MBP-positive sheets. Only upon treatment with Galc and sulfatide anti-
bodies, CNP can be detected in the MBP positive sheets (see Figure 3.25).
This results supports our hypothesis that surface lipid antibody exposure
leads not only to loss of membrane binding and self-interaction, but also to
a loss of function of the MBP protein. This dysfunctional state of MBP
can be selectively stained with the QD9 antibody and is a proof of principle
for our hypothesis that MBP can undergo reverse phase transition. To as-
sess, if the QD9 antibody can also be used in vivo to discriminate a pool of
dysfunctional MBP, we performed immunohistochemistry on demyelinating
animals models.
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Figure 3.25: Decompaction of primary mouse oligodendrocytes upon myelin surface anti-
body treatment

Primary mouse oligodendrocytes treated with MOG, O1 or O4 antibody (200 M for 8h)
were stained for MBP (in green) and CNP (in red). The boxes display the usually com-
pacted area of the cells that is devoid of CNP in control cells, but contains CNP in treated
cells (A) (scale bar 25 um). Quantification of the integrated density ratio of MBP to CNP
are displayed in B. Bars show mean with SEM (n=3, ***=P<0.001, one-way ANOVA).

3.5 Characterization of reverse phase transition of
MBP in the cuprizone model in vivo

3.5.1 QD9 immunohistochemistry of cuprizone time course

In culture, we could show MBP undergoes reverse phase transition into a dis-
persed, dysfunctional state that displays the QD9 epitope. Next, we aimed
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to assess whether this dysfunctional MBP state also occurs in vivo in early
stages of demyelinating disease. Hence, we employed the widely used cup-
rizone model: C57B6 mice are fed with 0.2 % cuprizone that induces highly
reproducible demyelination after 4 weeks of treatment. To understand, if
the MBP structure was altered, we performed QD9 staining on sections from
mice after 1, 2, 3, 4 and 5 weeks of cuprizone exposure. Initial testing of the
antibody revealed that it only works in cryo- and not in paraffin sections,
if the antigen retrieval is omitted (see Method section for more details).
Immunohistochemistry using the QD9 and the MBP antibody (see Figure
3.26) showed that the MBP absolute staining intensity is comparable during
the whole time course apart from the 5 weeks cuprizone exposure. Using the
standard monochromatic myelin stain Luxol Fast Blue, this time point dis-
played complete demyelination (see Figure 5.6 in Appendix). In contrast to
that, the QD9 absolute staining intensity increased after already two weeks
of cuprizone treatment in focal areas of the corpus callosum and peaked at
4 weeks of exposure. The QD9 intensity also declined at the 5 weeks cupri-
zone time point. As reported previously, there are regional differences upon
cuprizone exposure as the caudal corpus callosum was shown to demyelin-
ate before the rostral part [264]. This finding could be reproduced by our
results as the QD9 intensity increased in the caudal part before the rostral
corpus callosum (see Figure 3.26). Furthermore, demyelination as indicated
by Luxol Fast Blue started also in the caudal corpus callosum before pro-
gression to the more frontal regions (see Figure 5.6 in Appendix). By calcu-
lating the ratio between the MBP and QD9 staining intensities, we obtained
a robust measure of the dysfunctional MBP normalized to the total MBP.
This ratio further indicated that dysfunctional MBP appeared already after
2 weeks of cuprizone treatment. Hence, dysfunctional MBP appears before
demyelination can be detected with standard staining techniques, such as
Luxol Fast Blue.
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Figure 3.26: QD9 unmasking in early stages of cuprizone time course

C57B6 mice were treated with 0.2 % of cuprizone and each week, one set of mice was pro-
cessed for immunohistochemistry with QD9 (in red) and MBP (in green) (A, magnification
of caudal corpus callosum in B) (scale bar 1mm in A and 200 um in B). C and D show
the absolute staining intensity of MBP and QD9 (normalized to WT) in corpus callosum
respectively, whereas E shows their ratio over the cuprizone treatment time course. Bars
show mean with SEM (n=3, *=P<0.05, **=P<0.01, ***=P<0.001, one-way ANOVA).
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3.5.2 Early loss of MAG staining in cuprizone treated mice

Next we assessed the staining of MAG, a protein of the adaxonal space that
is frequently absent in lesions of patients with demyelinating diseases and
as we showed also disappears from the early lesions of NMO injections. Im-
munohistochemistry using MAG and MBP (see Figure 3.27) revealed that
MAG was lost in caudal regions of the corpus callosum after 3 weeks cupri-
zone treatment. The MAG staining intensity further declined after 4 weeks
of cuprizone exposure.
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Figure 3.27: Loss of MAG staining upon short cuprizone exposure

Tissue sections of cuprizone treated mice at the indicated times were stained with MBP
(in green) and MAG (in red) (A). Quantification of the signal intensities show MAG
loss already three weeks after cuprizone treatment. Bars show mean with SEM (n=3,
**=P<0.01, **=P<0.001, one-way ANOVA).

3.5.3 Myelin pathology in cuprizone time course

The loss of MAG staining in the focal NMO model was manifested on an
ultrastructural level by vesiculation of the innermost myelin lamellae. In
order to establish whether this vesiculation also occurs in the cuprizone
model and which myelin fragmentation patterns are stained with the QD9
antibody, we processed animals of the whole cuprizone time course (1 to 5
weeks) by high-pressure freezing for EM.

The first detectable changes were observed after 2 weeks of cuprizone ex-
posure, where about 30 % of split myelin lamellae were detected (see Figure
3.28). As shown in the white box in Figure 3.28 A, the splitting occured
not only at the intraperiodal line as published previously [268] [272], but
also in the major dense line formed by MBP. After 3 weeks of cuprizone
treatment, myelin pathology included split myelin sheath to about 25 % of
total myelin sheath, vesiculation of myelin with about 30 % and degenerated
myelin stacks of about 30 %. Further exposure to cuprizone up to 4 weeks
led to an vastly increased proportion of degenerated myelin sheath up to
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60 % of all myelin sheaths assessed. Usually, the degenerated myelin dis-
played dramatically reduced contrast in EM and was not in association with
axons any longer. Strikingly, at 5 weeks of cuprizone treatment, almost
all axons were demyelinated and hardly any signs of myelin pathology was
detected. Hence, the microglia and macrophages cleared the myelin debris
efficiently until this then. Moreover, signs of early remyelination could be
detected (data not shown). Having these ultrastructural changes upon cup-
rizone exposure in hand, we could correlate the QD9 staining with the myelin
pathology detected. Of note, we assessed the QD9 antibody also in cryo-
immunoelectron microscopy. Due to the processing of the samples and the
subsequent handling, an high immunoreactivity of QD9 to MBP in control
sections was detected, but was not specific to dysfunctional MBP states.
Due to this finding, we can only correlate the EM data with the histo-
logy of QD9: Conclusively, we can assume that QD9 antibody detects split
compact myelin, as well as areas where vesiculated myelin is present. As
cryo-immunoelectron microscopy detected that the vesicules of myelin are
devoid of MBP, the QD9 antibody possibly detects the pool of MBP that
is currently undergoing a structural change and is not yet degraded. Hence,
the cuprizone model seems to be a proof of principle for MBP undergoing
reverse phase transition in vivo.
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Figure 3.28: Ultrastructural changes in myelin upon cuprizone treatment

Corpus callosum of C57B6N mice trated with 0.2% of cuprizone for one to five weeks were
high pressure frozen for electron microscopy. A depicts representative images obtained
at the different cuprizone treatment times (scale bar 500 nm). The quantification of
the different myelin fragmentation profiles found over time as percentage of the total
myelin sheath is shown in B: split myelin sheath, vesiculated and degenerated myelin (for
representative images see 2, 3 and 4 weeks cuprizone exposure in A). Bars show mean
with SEM (n=3, 3 animals per time point, ***=P<0.001, one-way ANOVA).

3.5.4 QD9 histology in early NMO lesions

So far, we could establish a correlation between myelin pathology and QD9
staining in the cuprizone time course. To assure this correlation with another
demyelinating model, we re-assessed the focal NMO model. As decribed
earlier, we could show earlier that a large fraction of myelin sheaths were
vesiculated at the innermost layers at 18 h p.i.. We employed this time point
together with 1h p.i. of the AQP4 antibody and the PBS injection on the
contralateral site for immunohistochemistry of QD9 and MBP (see Figure
3.29). QD9 staining of the earlier time point only showed staining at the rim
of the injection site that is thought to be due to tissue damage. Upon 18 h
p.i. PBS injection, a slight increase in QD9 staining can be detected around
the lesion. For 18h p.i. of AQP4 antibody, a significant increase in QD9
staining efficiency, as well as area can be detected. The MBP staining did not
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display significant variations in staining intensity. The MBP to QD9 ratio
was calculated and due to the different background in the various animals
assessed, we normalized the ratio at the focal NMO lesion site to the one
generated with PBS. The resulting normalized MBP to QD9 ratio displayed
an increase of about to twofold of the 18 h p.i. AQP4 lesion compared to
the 1h p.i. NMO lesion (see Figure 3.29 C).

With this focal NMO model, we could also establish a correlation between
vesiculation of myelin as a result of the AQP4 antibody injection and an
increase in the QD9 immunohistochemistry.
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Figure 3.29: Early NMO lesions in Lewis rats display QD9 unmasking

Lewis rats were injected with human AQP4 antibody and complement and processed for
immunohistochemistry after 1 and 18 h p.i. . The tissue sections were stained with MBP
(in green) and QD9 (in red) as shown in A and a magnified version of the red box for
B (scale bar 1 mm). The quantification of the MBP to QD9 ratio is depicted in C. Bars
show mean with SEM (n=3, 3 animals per time point, ***=P<0.001, Student’s t-test).
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3.6 QD9 staining in lesions of Multiple sclerosis
patients

Finally, we investigated the QD9 and MBP staining in human brain tissue of
four MS patients, as well as two control tissues in collaboration with Lukas
Enz and Prof. Nicole Schaeren-Wiemers at the University Hospital Basel.
Histology of healthy human control tissue did not display any staining with
QD9 or only very weak staining with no clear myelin sheath morphology. In
contrast to that, staining with the QD9 antibody could be detected around
chronic white matter lesions of MS patients, albeit there is no or hardly any
staining in the grey matter and the chronic lesion itself (see Figure 3.30).
The QD9 staining can be detected in the border zone of the lesion in the
cytoplasm of ODC’s (see Figure 3.30) adjacent to CD68-positive cells indic-
ative of ongoing inflammation. Hence, these findings support our hypothesis
of QDY labeling dysfunctional state of MBP that can be assumed to reside
in these areas around demyelinating lesions.
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Figure 3.30: QD9 stains border zone around chronic white matter lesions of Multiple
Sclerosis patients

Representative image of myelin stains at the interface from subcortical white to cortical
grey matter in Multiple Sclerosis patients stained with MBP, QD9 and Luxol Fast Blue
(FLB) in A and and CD68 counterstained with hemalaun (H) in B (left to right panel).
(A) QD9 antibody does not stain MBP-positive fibers in normal apearing white matter
(NAWM). (B) Magnification of the lesion border of the chronic active white matter lesion
of the same MS case in an adjacent gyrus. QD9-positive fibers can be found in the
vicinity of active ongoing inflammation as indicated by CD68-positive cells. Blood vessels
are indicated by asterisks. Scale bar 500 um in A, 100 um in B. Abbreviations: FLB,
fast luxol blue; NAWM, normal appearing white matter; NAGM, normal appearing grey
matter. Staining of human samples was carried out in collaboration with Lukas Enz and
Prof. Nicole Schaeren-Wiemers at the University Hospital Basel.
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3.7 Calcium as underlying cause for reverse phase
transition of MBP

So far, we could show that MBP undergoes reverse phase transition to a
dysfunctional state in early stages of demyelinating conditions in vivo. The
dysfunctional MBP is associated with the loss of compaction in vivo as
indicated by the vesiculation detected in the various animal models. Having
established the tools to detect different pools of MBP molecules in wvivo,
we assessed whether we could induce reverse phase transition of MBP and
hence, trigger myelin fragmentation.

3.7.1 Treatment of acute brain slices with Ionomycin

I have shown that increased intracellular calcium leads to MBP detachment
from the membrane and our laboratory has further shown that treatment of
brain slices with Ionomycin leads to vesiculation of myelin stacks [348].
Therefore, we treated acute brain slices with 50 uM Ionomycin and per-
formed immunohistochemistry with QD9 and MBP, but also EM on high-
pressure frozen samples after different treatment times from 5 to 30 mins.
Histology of the Ionomycin treated brain slices revealed an unmasking of
QD9 in early time points and a significant decrease in MBP to QD9 ratio
was detected upon 15 and 30 mins of Ionomycin exposure (see Figure 3.31 A
and B). At the same time, the EM of high-pressure frozen samples indicates
a vesicular disruption after 15 mins in about 40 % of myelin sheaths assessed.
Prolonged treatment with Ionomycin up to 30 mins, further increased the
vesiculation of the inner myelin layers to about 60 %. This vesiculation of
myelin was indistinguishable from myelin fragmentation observed in focal
NMO lesions.
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Figure 3.31: Vesiculation of the innermost myelin sheath upon Ionomycin treatment of
acute brain slices

Acute brain slices were obtained from adult mice and treated with 50 uM Ionomycin in
aCSF and subsequently processed for immunohistochemistry or high-pressure frozen for
electron microscopy analysis. The tissue was stained with MBP (in green) and QD9 (in
red) (A) (scale bar 200 um) and the signal was quantified in B over a short treatment time
course. The representative images of electron micrographs are depicted in C (scale bar
500nm) and the percentage of vesiculated myelin sheath over the Ionomycin treatment
time course was quantified in D. Bars show mean with SEM (n=3, 4 section of different
animals per time point, *=P<0.05, **=P<0.01, ***=P<0.001, one-way ANOVA).
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3.7.2 Treatment of ex vivo brain slices with EGTA after
AQP4 antibody injection in Lewis rats

My studies could show that AQP4 antibody injection in Lewis rats causes
myelin vesiculation and QD9 unmasking at early time points. In order to
shown that this process is mediated by calcium influx, acute brain slices of
early NMO lesions (12h p.i.) were prepared. Subsequently, ex vivo treat-
ment of the lesions with 25 mM EGTA or only artificial cerebrospinal fluid
(aCSF) was carried out for 2h at RT. Afterwards, the staining of the acute
slices with GFAP revealed the GFAP loss of 30 % in the NMO lesions after
12h p.i. despite of the subsequent ex vivo treatment. Furthermore, the
lesion area was determined by loss and fragmented astrocytes as displayed
in Figure 3.32 and was increased significantly in all conditions compared to
the complement only injection. Moreover, I carried out staining of the acute
brain section of the NMO lesions treated with EGTA ex vivo with MBP and
QD9. The increase in QD9 staining was abolished by treatment with EGTA
of early NMO lesions (see Figure 3.32). Hence, calcium influx seems to be
mediating the QD9 unmasking in vivo.

In conclusion, by disruption of the membrane binding of MBP via increased
intracellular calcium, reverse phase transition can be induced ez wvivo by
e.g. Ionomycin treatment. This leads to an increase in dysfunctional MBP
molecules detected by QD9 histology. Hence, the QD9 staining can be serve
as a histological marker to assess myelin pathology in vivo due to a strong
correlation of QD9 staining and myelin fragmentation detected in EM.
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Figure 3.32: EGTA treatment of acute brain slices after AQP4 antibody injection prevents
QD9 unmasking

Lewis rats were injected with AQP4 antibody PBS or PBS and human complement. After
12h pi., acute brain slices were prepared and treated ex vivo with 25 mM EGTA in aCSF
or aCSF alone for 2h. The acute brain slices were then stained for DAPI (in blue), MBP
(in grey) and QD9 (in red) (scale bar 500 um). The lesion area marked by the red line
was determined by the GFAP staining depicted with representative images in B (scale bar
75 um). The GFAP signal in the lesion area was quantified in C, whereas D displays the
size of the lesion as determined by lost and/or fragmented astrocytes. The MBP to QD9
intensity ratio that was normalized to the 12h pi AQP4 antibody is displayed in E. Bars
show mean with SEM (n=4, *=P<0.05, **=P<0.01, ***=P<0.001, one-way ANOVA).






Chapter 4

Discussion

"By three methods, we may
learn wisdom:

First, by reflection,

which is the noblest;
second, by imitation,

which is the easiest;

and third, by experience,
which is the bitterest.”
-Confucius

Myelin is a specialized membrane that spirally wraps around axons to enable
saltatory nerve conduction and trophic support of axons. This multilamellar
structure is extremely stable as the proteins localized to the compact myelin
are among the most long-lived proteins in the body [27]. However, myelin is
also the target of many autoimmune diseases of nervous system. The scope
of the thesis was to shed light on the molecular mechanisms leading to the
destabilization and disassembly of myelin in diseases. I aimed to investigate
the myelin fragmentation at early stages of demyelinating pathologies.

The study of myelin structure in different rat and mouse models of demy-
elination showed that the earliest signs of myelin pathology could be mainly
detected at the innermost layers of myelin. Over time, the vesiculation of the
innermost lamellae progressed and involved an increasing number of previ-
ously compacted myelin lamellae. The completely fragmented myelin sheath
was never found in association with axons and the demyelinated axons were
found adjacent to the remaining lipid membranes.

So far, MBP is the only known protein necessary for the compaction of the
cytoplasmic leaflets. We could show that upon changes to the membrane
environment leading to calcium influx, MBP detaches from the membrane
and undergoes a conformational change. Hence, the protein is not able to
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self-interact and compact the membrane any longer. Moreover, this dys-
functional MBP seems to allow membrane vesiculation. We propose the
QD9 antibody as a tool that allows the discrimination between the non-
membrane bound, dispersed state and the membrane-bound cohesive net-
work of MBP. With the help of the QD9 antibody, a correlation between
the dysfunctional, dispersed MBP and the vesiculated state of myelin could
be established. Taken together, our data suggests that the generation of
dysfunctional MBP in early stages of myelin disassembly and that this is
the key event for subsequent myelin fragmentation.

4.1 Myelin pathology in demyelinating diseases

Within the framework of these studies, I investigated several different demy-
elinating models. I not only studied demyelinating models in mice, but also
rats: The toxin mediated models based on injection of lysolecithine or cup-
rizone treatment and the immune-mediated models based on the injections
of the antibodies anti-AQP4 and anti-MOG.

4.1.1 Myelin pathology in oligodendropathies

Cuprizone is a copper chelating agents that disrupts the mitochondrial res-
piration leading to ODC apoptosis. Apoptotic ODC’s with enlarged mito-
chondria were observed to appear within the first week of cuprizone exposure
[271], which is in line with our results. Interestingly, the earliest signs of oli-
godendroglial degeneration were reported only upon two to three weeks of
cuprizone treatment. The observations by Blackmore [272] [351] included
splitting of the intraperiodal line, as well as the expansion of the inner tongue
that was filled with fibers and vesiculated tubular material. They also re-
ported demyelination at 5 weeks upon phagocytosis of vacuolized myelin by
microglia.

We obtained similar results, despite that the splitting of the myelin sheath
detected as early as 2 weeks of cuprizone exposure, did not only occur at the
intraperiodal line, but also involved the major dense line. This new obser-
vation was achieved by state-of-the-art sample preparation for EM, the high
pressure freezing. With the help of this technique, chemical fixation and de-
hydration of the sample can be avoided leading to samples that are fixed in
a close to native state. This approach enabled me to detect subtle changes
in myelin compaction by avoiding artefacts introduced by chemical fixation.
Hence, the earliest sign of myelin pathology upon the cuprizone treatment of
mice was splitting of the intraperiodal and major dense line. Three weeks of
cuprizone exposure resulted in a vesiculation of the innermost myelin lamel-
lae that was not only increasing in the extent of vesiculation (less compact
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myelin layer detected), but also affected a higher percentage of sheaths upon
further exposure. Surprisingly, only one week later all fragmented sheaths
were removed, to only leave the naked axons behind.

Interestingly, a comparable time course was found in an alternative model,
where ODC expressing the diphtheria toxin receptor were ablated with diph-
theria toxin leading to the death of these cells within one week [352]. The
myelin pathology started only 3 weeks later and complete demyelination
was detected after 5 weeks. In contrast to that, the demyelination was not
widespread and induced only moderate microglial activation.

In the cuprizone and the diphtheria toxin model, acute axonal injury was ob-
served prior to demyelination supporting the hypothesis that myelin provides
trophic support to axons [352]. In this context, it would be crucial to un-
derstand when and how the axon senses the missing trophic support of the
degenerating ODC’s. So far, this question still remains to be elucidated. It
can be hypothesized that the vesiculation of the inner tongue that interferes
with the adhesion to the axon is one signal. Aged transgenic animals defi-
cient of MAG exhibit signs of axonal damage [41] [196]. As this is a rather
late phenotype, it is unlikely to be the only signal to the axon. Transporters
and enzymes that ensure the neuronal high energy demand (such as mono-
carboxylate transporter 1) [353] and gap junctions that remove the excess
potassium produced during axonal firing (Connexin 32 and 47; and their
astrocytic outerpart Connexin 30 and 43) might also take part in mediating
axonal injury [354]. More research in this area is necessary to understand
the complex interplay between myelin and axons and to understand the det-
rimental effect of myelin loss on axons.

The toxin mediated model investigated was the stereotactic injection of lyso-
lecithin in the corpus callosum of mice. This membrane solubilizing agent
directly acts on the myelin sheath, but also leads to toxicity of myelinating
cells. Upon focal injection in the brain, I could detect that 6d p.i. the my-
elin sheatsh in the vicinity of the injection site were also split and severely
vesiculated. Similar myelin pathology was detected by Fu et al. [355] after
already 90 mins with 10 mg/mL lysolecithine injection. Their group could
establish a clear correlation between the degradation of myelin at ultrastruc-
tural level and a decrease in coherent anti-Stokes Raman Scattering ex vivo
and n vivo after lysolecithin injection. A similar correlation was established
between the myelin pathology in EM and MRI with the help of the cupri-
zone model. These findings allow the use of these methods for in vivo time
course studies of animal models of demyelinating diseases and might facilit-
ate pharmaceutical trials.

In order to investigate, if there is a putative common mechanism between the
different demyelinating models, immune-mediated models of oligodendro-
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pathy were also assessed in term of the myelin fragmentation profiles. First,
I assessed the stereotactic injections of an AQP4 antibody that was derived
from an NMO patient. This focal NMO model leads to apoptosis of astro-
cytes within a few hours p.i. due to the binding of the AQP4 antibody to
the astrocytic endfeet. While the mechanism of toxicity of the AQP4 anti-
body is not clear, it is generally agreed that AQP4 is necessary to mediate
the astrocytopathy of the AQP4 autoantibodies. Furthermore, the loss of
astrocytes was found to be mediated by complement and an involvement of
microglia and macrophages was shown to play a role [307]. It was suggested
that astrocytes release a so far unknown soluble factor that renders ODC’s
vulnerable and leads to secondary demyelination. Several groups suggested
a metabolic coupling of ODC and astrocytes as connexin 32 and 47 deficient
mice cause ODC death. To this end, more research is necessary to investig-
ate the cause of apoptosis of ODC after loss of astrocytes.

In line with previous reports, in our focal NMO model, a loss of astrocytes
was apparent already after 12 h p.i. as identified by the significantly reduced
GFAP and AQP4 antibody staining around the lesion site. Electron micro-
scopy observations after 18 h p.i. detected about 70 % of myelin sheaths with
vesiculation at the inner tongue. A later time point (5d p.i.) displayed a
high degree of severe vesiculation and myelin sheath degeneration, whereas
after 1 week p.i. a very heterogenous pattern of these fragmentation profiles
was observed. To my knowledge, this is so far the first electron microscopic
study of a demyelinating animal model for NMO. Importantly, similar frag-
mentation profiles as for the cuprizone time course were detected in the focal
NMO. This leads to the assumption that demyelinating diseases potentially
undergo myelin fragmentation in a similar way prior to demyelination.

4.1.2 Immune-mediated myelin pathology

In order to prove whether the sequence of myelin pathology was a common
feature in many demyelinating animal models, we also assessed focal injec-
tion of MOG antibody and complement in the corpus callosum of Lewis
rats. This immune-mediated model is assumed to bind to the myelin sheath
directly and exert its demyelinating effect. In our electron microscopic stud-
ies, we detected split myelin sheath, an enlarged inner tongue, as well as
vesiculated myelin. To my knowledge, no studies on focal MOG antibody
injection alone were carried out on the ultrastructural level.

The immune-mediated EAE model in Biozzi mice we applied showed sim-
ilar myelin pathology as determined for the other models by displaying an
enlarged inner tongue and vesiculated myelin sheath in the adaxonal space.
Moreover, we also detected vesicules within the compacted myelin layer that
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were associated with focal bulging of the whole sheath. This finding might
be due to the pulling of microglia on the surface of the sheath. Despite that,
the myelin fragmentation pattern in EAE were more heterogenous that in
the focal NMO model as we determined other myelin pathology at a low
percentage, such as myelin bulbs and microglia that seems to be attached
to the myelin sheath. One possible explanation for the formation of these
myelin bulbs is the pulling of microglia on the sheaths. Further research in
the generation of these myelin bulbs will be necessary.

4.1.3 Mechanism of myelin fragmentation

Taken together, we could show that all demyelinating diseases follow a sim-
ilar myelin fragmentation pattern (see Figure 4.1): Initially, the adaxonal
space of the myelin sheath becomes enlarged. This is followed by vesicu-
lation at the innermost myelin layers, which progresses until all previously
compacted myelin layers are affected. This leaves behind the nude axon
and the fragmented myelin sheath. In immune mediated models that tar-
get the sheath directly, the compact myelin - in addition to the fragments
described- was split and contained vesicules that formed focal bulging of the
sheath prior to demyelination.

These findings of a common mechanism for the early events of myelin frag-
mentation suggest a retrogradual spread of myelin pathology. Here, the
distal processes of the ODC’s are affected at the metabolically active site and
progress further till the whole compact myelin is vesiculated. Subsequently,
the cell body degenerates, which suggests a ”dying back oligodendropathy”.
A similar observation was made by Ludwin and Johnson [270] when examin-
ing the cuprizone model and the ”dying back” pathology of ODC’s was also
suggested to be involved in the formation of MS lesions [356]. The inabil-
ity of the metabolically stressed ODC to support its distal processes is also
revealed by the preferential loss of MAG in early stages of virus mediated
models of demyelination and is also evident in MS and NMO lesions [213]
[201] [294].

Overall, there seems to be a common sequence of myelin fragmentation re-
gardless whether the insult is due to direct attack of the myelin sheath or
secondary due to a toxic insult. This hypothesis is supported by the ob-
servation of vesiculated myelin sheath in various demyelinating models in
the CNS and PNS: in animal models of leukodystrophies, e.g. the twitcher
mouse [357]; and of the extrapontine myelinolysis of the osmotic demyelinat-
ing syndrome, further in injection of phospholipidase A2 (the enzyme that
hydrolyzes PC to lysolecithin, [358]), upon treatment with calcium iono-
phores [359] [360], in intraneural injection of anti-Galc [361] or anti-myelin
serum [362], in Theiler’s virus infection [363], upon spinal cord injury [364]
etc.
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These fragmentation profiles were also observed in Guillan Barre-syndrome
and MS [219] [356] [365] [366] [220]. Within the lesion center, usually com-
plete demyelination was observed, whereas at the rim of the lesions swollen
and vesiculated adaxonal compartments were detected with normal appear-
ing axons. The detection of similar myelin fragmentation profiles highlights
the relevance of this study and the necessity to find agents that block myelin
pathology from progressing or that quickly restore normal myelination by
promoting remyelination.

A B C D E

Outer tongue Enlarged

inner tongue

Inner tongue

Axon  Microtubules  Myelin sheath
Mild vesiculation Severely vesiculated Degenerated

Normal myelin sheath at inner tongue myelin sheath myelin sheath

splitting Focal bulging
and vesiculation

Figure 4.1: Myelin fragmentation in demyelination

Schematic drawing of myelin breakdown in early stages of demyelination. A.) cross-section
of a myelinated axon (with microtubules in blue and neurofilaments in pink). Myelin
membrane is highly compacted with its tight stacks of membrane (in green), but contains
cytoplasm-rich domains at the outer and inner tongue (depicted in orange). Initially, the
inner tongue becomes enlarged (B) before it collapses into small vesicles in the adaxonal
space (C). The vesiculation progresses outwards over time (E) before the whole myelin
stack is degenerated (F). In immune-mediated model, splittings a with the membrane
stacks can also contain vesiculated myelin. Focal bulging of the membrane seems to occur
before myelin is removed from the axon.

The involvement of immune cells during demyelination is tremendous as
it was shown that the myelin sheath can be stripped by invading macro-
phages [219] [220]. Similar results were detected in the EAE models, where
the microglia were found in association with the paranodes, but infiltrating
macrophages were physically stripping the sheaths from the axons. Hence,
monocyte-derived macrophages seem to initiate the demyelination, whereas
microglia clear the resulting debris [367]. During my studies, I could detect
microglia or macrophages in close association to vesiculated myelin at the
ultrastructural level, but also in histology. There, the microglia processes
were in close contact with QD9 positive fibers and even engulfed QD9 pos-
itive myelin debris (see Figure 4.2). Hence, they seem to clear degenerating
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myelin, but an active role of these cells in demyelination would need to be
further assessed. Moreover, it is an ongoing debate in the field, whether
the demyelination is caused by the immune system or whether the immune
response is caused by the myelin pathology. Therefore, it is of interest to in-
vestigate further when the different immune cells get involved and to assess
the underlying cause to shed light on this fundamental question.

A B

Figure 4.2: Microglia engulf QD9 positive material and are in association with QD9
positive fibers in the corpus callosum of cuprizone treated mice

Brain sections of cuprizone treated mice were stained for Ibal (in green) and QD9 (in red).
At 3 weeks of 0.2% cuprizone treatment, a high number of microglia was detected in the
caudal corpus callosum (see A and C for over view). Magnification and 3D reconstruction
revealed that the microglia engulf QD9 positive material (in B, same cell rotated in a 90°
angle around the vertical axis) and can be found in association with QD9 positive fibers
(in D) (scale bar 25 pm).
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4.1.4 Inner tongue as initiation site for myelin pathology

In all demyelinating animal models assessed, the initial myelin pathology
was detected in the adaxonal space with an enlarged inner tongue and its
vesiculation. The adaxonal space is a relative cytoplasmic-rich compart-
ment that is connected with the cell body via cytoplasmic channels and the
paranodes (see Figure 4.3) [34] [368]. Metabolic disturbances caused by the
long distance from the cell body and the high energy demand might render
the inner tongue vulnerable [369].

As changes in the ion homeostasis leads to a decrease in the binding of
MBP to the membrane, this cytoplasm-rich compartment is affected first.
The decreased adhesion of the leaflets induces the vesiculation of the leaflets
that is energetically more favorable. Once, the MBP network was assaulted,
it seems to unzip the major dense line progressively. It was shown for the
cuprizone model that even if the toxic diet was terminated after the first
week the axons still demyelinated [260]. This finding suggests that once the
myelin pathology is induced, it cannot be reverted. As cuprizone induces
apoptosis of ODC, the myelin sheath can survive long before fragmentation,
but it will eventually be degraded. In order to assess whether the myelin
pathology is reversible, one would have to chose a treatment that does not
kill the ODC. This question is of vital importance and should be assessed
also in the context whether the restoration of the myelin sheath can be
induced.
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Figure 4.3: Cytoplasmic domains of mature oligodendrocytes

Oligodendrocytes extend multiple processes that enwrap different axons and form a ma-
ture internode. The mature myelin sheath is depicted in its unwrapped state with the
compact myelin areas marked in green. At the borders of the compact myelin, continu-
ous cytoplasmic channels form the paranodal loops, the ad- and abaxonal space. Figure
modified from [28].

4.2 Causes of Myelin Degradation

Many of the demyelinating animal models either cause the death of the
ODC (e.g. cuprizone or virus infection) or directly attack the sheath as for
anti-MOG or anti-Galc antibodies. One common mechanism in the early
stages of the molecular disassembly of myelin seems to be an increase in
intracellular calcium. Albeit, calcium is a very general second messenger
that ODC’s maintain at a low concentration [370]. Increases in calcium ions
can be caused also by the binding of anti-myelin antibodies (such as anti-
Galc and anti-sulfatide [371] [146]) that leads to a sustained calcium influx
and disruption of the MBP network in vitro. Furthermore, it is known that
increased intracellular calcium leads to activation of calcium-dependent pro-
teases, such as caspases and eventually, apoptosis.

Additionally, other stimuli such as ischemia cause an initial axonal injury
and ultimately results in a non-synaptic release of glutamate in the ex-
tracellular space, where glutamate can activate AMPA /kainate receptors
on ODC’s. The activation of these non-NMDA ionotrophic receptors can
directly damage the myelin sheath and injure the ODC. The calcium in-
crease in the compact myelin in ischemia models can be blocked by AMPA
receptor antagonist GYKI52466 and NBQX [372]. Furthermore, several
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groups showed that the systematic administration of NBQX during EAE has
a beneficial effect on the clinical outcome. Antagonizing the AMPA /kainate
receptor signaling resulted in an reduced myelin pathology and was further
suggested to have a secondary protective effect on axons during ischemia
[373].

Supportive data for the relevance of calcium in myelin pathology also comes
from studies on the peripheral nerve and our own studies on acute brain
slices, where the vesiculation of the myelin membrane was induced by cal-
cium ionophore Ionomycin [360]. In both studies, the calcium chelator
EGTA was shown to abolish myelin fragmentation ex vivo. Hence, cal-
cium seems to play a key role in the initiation of the molecular disassembly
of myelin. Conclusively, my data and the data from the literature highlight
the detrimental effect of increased calcium influx in the ODC. Moreover,
these results shed light on the need for pharmaceutical agents that block
calcium influx specifically in ODC prior to demyelination.

4.3 Downstream effects of calcium infl ux

The increase of the intracellular calcium concentration in ODC’s has vari-
ous effects that promote the disassembly of proteins and lipids and finally,
the fragmentation of compact myelin. Within this thesis, I aim to briefly
highlight some of the many possible influences calcium influx can have on
myelin disassembly.

Calcium influx can lead to activation of phospholipase C that mediates the
hydrolysis of PIP2. This negatively charged lipid is an important bind-
ing partner of MBP and its degradation causes MBP to detach from the
membrane [348]. This dissociation of MBP from the membrane renders the
protein accessible to post-translation modifications and proteolytic degrad-
ation [131].

Post-translational modifications of MBP implicated in demyelinating dis-
eases are mainly phosphorylation and citrullination. In MS, MBP exhibits
a decreased phosphorylation that was associated with a loss of S-sheets and
hence, a change in secondary structure [123] [119]. The detected increased
citrullination of MBP in MS by calcium-sensitive peptidylarginine deiminase
(PAD) [124] is thought to exhibit a decreased membrane binding and cause
vesiculation of multilamellar vesicles as shown in vitro [374]. Furthermore,
the decrease in positive charge of citrunillated MBP could be correlated with
the presence of less compact myelin [375] and even with the severity of MS
[131]. Citrunillated MBP was shown to form a shorter and more surface-
exposed amphipathic helix that leads to a faster digestion by proteases.
Calcium-dependent activation of neutral proteinases degrades preferentially
MBP (as compared to PLP) [376]. Specifically, calpain was shown to medi-
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ate the proteolysis of MBP in a calcium dependent manner and was found to
be increased in lesions of MS patients [377]. Additionally, acid proteinases
such as cathepsin D were detected in MS tissue with increased activity [130]
[376] and cleave especially citrullinated MBP within the amphipathic helices
(reviewed in [131]). The proteolytic cleavage then exposes the immunodom-
inant epitope that allows T cell recognition in the MHC class II context.
Taken together, the calcium influx enables post-translational modifications
of MBP that enhance its proteolytic digest and initiate the immune re-
sponse.

The adhesion of proteins to the membrane is always determined by hy-
drophobic and electrostatic interactions that mainly depend on the lipid
composition and its properties in terms of charge and fluidity. Changes of
the lipid composition were reported for the EAE model and unraveled an
increased lipid polyunsaturation, as well as an increased content of negat-
ively charged PS, while SM, PC and sulfatide decrease. The EAE lipid
composition allows an increased lipid phase fluidity and curvature favouring
a decreased adhesion of the myelin leaflets and inducing vesiculation [378].
The lipid composition does not only affect the membrane itself, but also the
binding of peripheral proteins. In myelin, proteins and lipids exert a mutual
regulation in a cooperative way that perturbation of one affects the other
[83], e.g. the adhesion of MBP is dependent on the surface charges of the
lipid bilayer. Thus, the altered lipid composition in EAE initiates changes
in biophysical properties and the myelin pathology. So far, it could not be
elucidated, when the changes in lipid composition occur.

Calcium influx can also be caused by other cell types through detrimental
soluble factors: Infiltrating macrophages were also shown to produce com-
plement components and the membrane attack complex that can lead to
the influx of various proteases and calcium. Neutral proteases and phoshol-
ipases released by the macrophages and potentiate myelin destruction [379].
Furthermore, the C9 component of the complement cascade was detected
in EAE and MS tissue [380]. More surprisingly, terminal complement com-
plexes were detected on the myelin sheath and ODC’s prior to the onset of
demyelination [381]. Thus, it would certainly be interesting to investigate
what and when the formation of this membrane attack complex is triggered
that has a detrimental effect on the myelin sheath.
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Figure 4.4: Molecular disassembly of myelin

Different possible causes of myelin degeneration are indicated with their target structure
in the lipid bilayer (black arrow), in the outer membrane (red arrow) and in the inner
membrane (blue arrow). One potential mechanism for the effect on MBP and on the
whole myelin sheath is depicted below. Figure modified from [28].

4.4 Reverse phase transition of MBP

MBP is so far the only known protein necessary for compaction of the cyto-
plasmic leaflets in compact myelin [88]. Due to its basic charges, this nat-
urally unstructured protein requires negatively charged lipids to bind the
membrane. The interaction with the membrane allows MBP to acquire a
secondary structure that enables it to self-interact and form a sieve-like net-
work. Hence, it creates a network that restricts the entry for proteins with
a big cytosolic domain [10]. This process was found to be mediated by
hydrophobic interactions of phenylalanines within the amphipathic helices
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with the membrane. As a result, MBP is considered to undergo a phase
transition from a dispersed state of single molecules to a cohesive network.
Hence, MBP creates a liquid-liquid phase separation to a domain with dis-
tinct protein and lipid composition.

Phase transitions are frequently described for intrinsically unstructured pro-
teins (IUP) with long, flexible connections between the binding motifs [343].
The modest affinity between low complexity sequences of these proteins of-
ten allow dynamic, reversible interactions [344] [345] [382]. The switch-like
formation of these liquid compartments results in domains with a slowed dif-
fusion rate and non-linear signaling pathways [343] [382] [383] [383]such as
proteins of the nuclear pore complex[344] [345]. Strikingly, many IUP’s were
implicated in different neurodegenerative diseases, e.g. accumulation of tau
leads to frontotemporal dementia and synuclein aggregates cause multiple
system atrophy [384] [385] [386]. For some IUP’s, such as RNA granule-like
proteins, a reversible transformation from the soluble to a polymeric state
was observed [382]. For other IUP’s, mutations in proteins leads to the accel-
eration of the phenotype due to an irreversible transformation. For example,
the mutation of the amyotrophic lateral sclerosis protein FUS leads to the
formation of a irreversible hydrogel with impaired RNP granule function

I could show that MBP exists in two states, namely the membrane-bound
state of MBP and the dysfunctional single MBP molecules. In vitro studies
inducing dysfunctional MBP in primary ODC’s could show that changes
in the membrane environment (e.g. depletion of specific type of lipids) can
cause the detachment of MBP from the membrane. The disruption of the in-
teraction with the membrane seems to also abolish the self-interaction of the
MBP molecules. Furthermore, the dissociation from the membrane renders
MBP dysfunctional as it cannot compact the membrane anymore allowing
proteins with a bulky cytosol like CNP to enter the MBP positive areas.
In order to carry out its compaction function, MBP need to bind the mem-
brane to be able to self-interact. I could show that the amphipathic helices
in MBP are crucial for the molecular interactions with the membrane and
formation of the MBP network. Interestingly, the QD9 antibody can de-
tect dysfunctional MBP specifically binds an epitope adjacent to one of the
amphipathic helices of MBP. This antibody was shown to specifically detect
degenerated myelin in MS and Multiple System Atrophy patients [387] [347].
I could show with in vitro studies that treatments abolishing the membrane
binding or function of MBP unmasked the QD9 epitope. Thus, the QD9
antibody can be used as a marker to distinguish the different MBP states
depending on their membrane binding. Histological analysis of our cupri-
zone and focal NMO model revealed that this antibody epitope is unmasked
already at very early time points prior to demyelination. Correlative stud-
ies could be applied that suggest a correlation of the QD9 staining with
myelin pathology in EM. Taken together, the QD9 antibody can be used
as a marker for dysfunctional MBP that lost its membrane binding and is
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implicated in early stages of myelin pathology.

Conditions that cause MBP to dissociate from the membrane (see above in
section 3.4) seem to lead to a disassembly of the MBP network. The disrup-
tion of the major dense line seems to be the reason for the vesiculation of the
myelin leaflets in early stages of myelin pathology. This finding is supported
by the fact that these vesicles are devoid of MBP. Hence, the gradual loss of
adhesion of MBP to the membrane leads to a destabilization of the myelin
stacks and thus, initiates myelin vesiculation. Strikingly, the vesiculation of
the innermost myelin lamellae manifest at the histological level in a loss of
MAG staining in our studies, but also in lesions of NMO patients [294].
The trigger that causes MBP to lose its membrane adhesion seems to be me-
diated by calcium [348]. This second messenger signal triggers a whole range
of effects that abolish the binding of MBP to the membrane and renders it
dysfunctional before it is degraded. The disintegration of the MBP net-
work into single molecules renders the myelin membrane stacks instable and
hence, the lipid membranes are degraded.

In conclusion, the reverse phase transition of MBP from a cohesive network
into single soluble protein molecules initiates the disassembly of myelin.
Dysfunctional MBP molecules and the early pathological states of myelin
can be marked with the QD9 antibody.

Taken together, this thesis sheds light on the molecular mechanisms of my-
elin disassembly and showed that the loss of function of MBP is the key
event for initiation of myelin pathology.



Chapter 5

Summary

”The beginning of knowledge is
the discovery of something we
do not understand.”

- Frank Herbert

Myelin is the most frequent target of autoimmune diseases of the central
nervous system. The scope of this thesis was to investigate the breakdown
of myelin in demyelinating diseases and elucidate the underlying mechanism
of myelin pathology (see Figure 5.1).

With the help of several models of demyelination, such as the toxin-mediated
cuprizone and lysolecithin models, as well as antibody-mediated models em-
ploying EAFE or focal lesions with anti-AQP4 or anti-MOG antibodies, I
could identify a common sequence of myelin fragmentation: Initially, the in-
nermost myelin lamellae become vesiculated before the pathology progress-
ively encompasses the entire myelin sheath. The vesicules were detected
preferentially in the adaxonal space and are derived from compact myelin
as they contain PLP, but are devoid of MBP. The axonal damage became
evident at the ultrastructural level only after severe vesiculation of myelin.
Additionally to the common patterns of myelin breakdown, I could also de-
tect myelin bulb formation, as well as split and vesiculated myelin formation
in direct immune-mediated myelin damage. In conclusion, the vesiculation
of the inner myelin layers seems to be a common mechanism for myelin
breakdown in demyelinating diseases.

On an immunohistochemical level, the vesiculation of the inner myelin lay-
ers leads to a loss of the adaxonal protein MAG and only upon progressive
myelin fragmentation, a loss of MBP could be detected. Furthermore, the
loss of MAG in human NMO lesions was associated with a high number of
infiltrating inflammatory cells. In contrast to that, when MBP was devoid
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from late stage lesions, a decreased number of immune cells could be detec-
ted. Hence, staining for MBP, MAG and inflammatory cells allows for the
staging of the demyelinating lesions also in human samples.

In order to elucidate the underlying mechanism of the myelin breakdown,
I focused on MBP as the essential protein for myelin compaction. MBP
molecules can undergo a phase transition from a single, soluble state to a
cohesive network that is able to compact the lipid membranes. This phase
transition can be reverted to yield dysfunctional MBP molecules in vitro by
changes in the lipid composition (mediated by Fumonisine B1 or methyl-
B-cyclodextrin), as well as clustering of lipids via anti-lipid antibodies. I
could show that these treatments lead to the loss of the membrane binding
of MBP as indicative by the unmasking of PIP2 that is strongly associated
with MBP in normal conditions. Furthermore, the resulting dysfunctional
MBP is not able to compact the lipid membranes any longer as shown by
the intermixing of MBP and CNP that are normally clearly separated. Ad-
ditionally, this result was supported by a FRET assay indicating the loss of
self-interactions between MBP molecules. Hence, changes in the lipid com-
position induce the reverse phase transition and thus, a loss of function of
MBP.

To assess if MBP loses its adhesive and self-interacting function in early
stages of demyelinating animal models, I employed the QD9 antibody that
specifically detects the pool of dysfunctional MBP molecules. Myelin frag-
mentation in different antibody- or toxin-mediated models could be cor-
related with an increase in QD9 staining. Hence, suggesting that a phase
transition of MBP from a cohesive network to a non-adhesive, dispersed
state is the key event to initiate myelin fragmentation. Additionally, the
QD9 antibody could be shown to stain border zones of chronic white mat-
ter lesions with ongoing inflammation as indicated by CD68-positive cells in
Multiple Sclerosis patients.

Moreover, I could show that this reverse phase transition and the resulting
myelin vesiculation can be triggered by calcium influx. When the increase
of intracellular calcium is abolished, the induction of dysfunction MBP mo-
lecules is prevented. So far, our studies suggest calcium as a trigger for
demyelination, but further studies might discover new molecules involved
in the mechanism, which, if inhibited, will slow down or block the loss of
myelin.

This thesis sheds light on the underlying mechanism involving the aberrant
phase transition of MBP that triggers myelin fragmentation in early stages
of demyelinating diseases.
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Figure 5.1: Correlation of myelin ultrastructure with QD9 staining revealing different
structural states of MBP under normal and pathological conditions

In the left panel, the myelin ultrastructure with its alternating electron dense and light
lines is depicted as it occurs under normal conditions, where MBP molecules assemble into
a cohesive network. Due to masking of the QD9 epitope in this membrane bound state
of MBP, hardly any QD9 staining is obtained. Under pathological conditions as depicted
in the right panel, the inner tongue becomes vesiculated progressively (see pictures from
left to right) before the membrane stacks degenerated and the axons becomes demyelin-
ated. During this time course, MBP detaches from the membrane and is rendered soluble.
Therefore, the QD9 epitope becomes unmasked and its staining efficiency increases in-
tensively.
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Figure 5.2: Acute axonal damage in focal NMO

Lewis rats were injected in the corpus callosum with complement alone or PBS. Myelin
fragmentation was quantified and did not significantly differ between the two groups. Bars
show mean with SEM (n=3, **=P<0.01, two-tailed t-test).
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Figure 5.3: Acute axonal damage in focal NMO

Lewis rats were injected in the corpus callosum with AQP4 antibody and complement or
complement alone (scale bar 500 nm). Representative electron micrographs of focal NMO
lesions at 18 h and 5d p.i. are shown in A. The axonal damage was quantified based on
the dark contrast and the loss of cytoskeletal proteins, as well as axonal swellings. This
quantification is depicted in B for the whole time course investigated. Bars show mean
with SEM (n=3, **=P<0.01, two-tailed t-test).
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Figure 5.4: Acute axonal damage in MOG-antibody induced lesions

Lewis rats were injected in the corpus callosum with MOG antibody and complement or
PBS (scale bar 500nm). The axonal damage was quantified based on the dark contrast
and the loss of cytoskeletal proteins, as well as axonal swellings. Bars show mean with
SEM (n=3, n.s.= not significant, two-tailed t-test).

15+ .
-
£
2 10-
[v]
E
]
T
T 5
c
o
=
<L

u-

2 2
& &
4:‘\‘& 5
4 @

Figure 5.5: Acute axonal damage in EAE lesions

Axonal damage at the borders of demyelinating EAE lesions was quantified. Bars show
mean with SEM (n=3, *=P<0.1, two-tailed t-test).
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Plasmid name

Table 5.1: Generated plasmids

Insert details

Size

Resistance

Sequencing primers

133

Backbone

MBP 14 kD

MBP 14 kD F
— S

MBP 14 kD F
1,6 - S

MBP 14 kD F
2,3 — S

MBP 14 kD F
45— S

MBP 14 kD F
2,345 — S

MBP 14 kD
F 23 — S
(pSF2279)

MBP 14 kD
F 45 — S
(pSF2284)

MBP 14 kD
F 2,345 — S
(pSF2300)

MOG  Signal
peptide, myc
tag, MBP 14
kDa WT

MOG  Signal
peptide, myc
tag, MBP 14
kDa F — S
MOG  Signal
peptide, myc
tag, MBP 14
kDaF 1,6 — S
MOG  Signal
peptide, myc
tag, MBP 14
kDa F 23 — S
MOG  Signal
peptide, myc
tag, MBP 14
kDa F 4,5 — S
MOG  Signal
peptide, myc
tag, MBP 14
kDa F 2,345
— S

MBP 14 kDa F
2,3 — S with
N-terminal
His-tag
C-terminal
Cysteine for
protein purific-
ation

MBP 14 kDa F
4,5 — S with
N-terminal
His-tag
C-terminal
Cysteine for
protein purific-
ation

MBP 14 kDa
F 2,3,4,5
— S with
N-terminal
His-tag
C-terminal
Cysteine for
protein purific-
ation

and

and

and

550 bp

550 bp

550 bp

550 bp

550 bp

550 bp

500 bp

500 bp

500 bp

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

ampicillin

kanamycin

kanamycin

kanamycin

620/621

620/621

620/621

620/621

620/621

620/621

492

492

492

pcDNA

pcDNA

pcDNA

pcDNA

pcDNA

pcDNA

pPQE

pQE
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Figure 5.6: Luxol Fast blue staining of cuprizone time course

C57B6 mice were treated with 0.2% of cuprizone and each week for 6 weeks, one set of
mice was processed for immunohistochemistry and subsequently stained with Luxol Fast
blue (LFB) and cresyl violet. Loss of LFB stain can already be detected after 3 weeks of
cuprizone in the caudal corpus callosum. After further exposure (4 to 6 weeks cuprizone),
the whole corpus callosum lost the LFB stain that is indicative for demyelination in these
areas (scale bar 1 mm).
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Figure 5.7: Myelin pathology in Lysolecithin injections

C57B6 mice were stereotactically injected in the CC with 0.1 % of lysolecithin and the
lesion site was assessed after 7dpi. The brain lesions were stained with MBP (in green)
and QD9 (in red) as shown in A (scale bar 1 mm). The MBP to QD9 ratio was quantified
in B. Bars show mean with SEM (n=3, **=P<0.01, two-tailed t-test). Representative
images of electron micrographs of the control and lysolecithin lesions are depicted in C
(scale bar 500 nm).
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Figure 5.8: Fragmentation of myelin in shiverer mice

Representative electron micrographs of shiverer mice and age-matched wild-type mice are
depicted in A and B respectively with a magnification of the myelin pathology detected
in the panel below (scale bar 500 nm). The split or vesiculated myelin sheaths (including
microprocesses) were quantified as percentage of total myelin sheaths in B. Bars show
mean with SEM (n=3, ***=P<0.001, two-way ANOVA).
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