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1 Introduction

1.1 Multiple sclerosis

The first known clinical description of a patient suffering from multiple sclerosis (MS)
was published by CP d’Angieres Ollivier in 1824. In his diary, he reported neurological
symptoms, such as bilateral neuritis, weakness in the legs, perineal numbness, urinary
retentions, constipation and paralysis converting into a secondary progressive form of the
disease (Compston, 1988). In 1868, the French neurologist Jean-Martin Charcot identified
multiple sclerosis as a distinct disease in his work ‘Histologie de la sclérose en plaques’,
which is why it was called Charcot disease until 1921 (Compston and Coles, 2008), before
being named multiple sclerosis in 1955 (Compston and Coles, 2008). Today, MS is con-
sidered a chronic inflammatory disease of the CNS, in which focal lymphocytic infiltrates
lead to demyelination and neuronal as well as axonal degeneration, resulting in a myriad
of neurological symptoms and functional deficits (Compston and Coles, 2008). It is the
leading cause for non-traumatic neurological disability in young adults in North America
and Europe (Trapp and Stys, 2009) and affects around two and a half million individuals
worldwide (Kingwell et al., 2013). Albeit extensive research, there is currently no curative

treatment available.

1.1.1 Clinical presentation

In 80% of cases, multiple sclerosis first manifests itself as the so-called clinically isolated
syndrome. The patients present themselves with an isolated neurological deficit that can
affect motor, sensory, visual and autonomic systems (Compston and Coles, 2008). These
transient impairments usually reoccur episodically, thus defining the relapse-remitting
course of the disease (RRMS). The episodes emerge at random intervals, averaging at
around one per year. In between the attacks, the patients initially recover fully but
typically acquire persistent deficits over time, hence entering the secondary progressive MS
(SPMS) phase of the illness. This applies to about 65% of patients. 20% of patients present
a progressive disease character from onset (Primary progressive MS or PPMS) (Compston
and Coles, 2002). In both cases, the disease progression starts at around 40 years of
age (Lovas et al., 2000). Because the CNS lesions can occur in many different locations,
patients may suffer from a manifold of different symptoms. RRMS usually starts with
sensory disturbances, unilateral optic neuritis, diplopia (internuclear ophthalmoplegia),
Lhermitte’s sign (trunk and limb paresthesias evoked by neck flexion), limb weakness,

clumsiness, gait ataxia, and neurogenic bladder and bowel symptoms (Noseworthy et al.,
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2000). The progressive form is primarily a spinal disease but can also affect optic nerve,
cerebrum and brain stem. The lifetime frequency of depression is 50%, the median time
to death is 30 years from onset, while death is attributable to MS in 2/3 of cases, due to
increased risk of infection and complications (Compston and Coles, 2008). The diagnosis
of multiple sclerosis is made based on the modified McDonald criteria, which require
dissemination in time and location of lesions and the exclusion of alternative causes. It
considers clinical appearance, MRI scan results and the presence of oligoclonal bands in
the cerebrospinal fluid (Polman et al., 2011).

1.1.2 Etiology

Despite all efforts in the last decades, the cause of multiple sclerosis has not yet been
identified. Today, MS is considered a multifactorial disease, in which environmental factors

trigger the illness in predisposed individuals.

Genetics

Already in the 19th century, a genetic component was assumed in the development of
multiple sclerosis (Eichhorst, 1896). Epidemiological studies show that the prevalence of
MS is about three times as high in women (Haghikia et al., 2013) and there is a familial re-
currence rate of 20%, the relative risk being 9.2 for siblings and 3.4 for children of affected
parents (Compston and Coles, 2008; Sawcer et al., 2014). The percentage of concordance
for monozygotic twins is approximately 25 — 30%, whereas that for dizygotic twins is
3 — 5%, indicating a genetic influence (Sawcer et al., 2014). Genome-wide-association-
studies (GWAS) have revealed dozens of gene loci that are associated with an increased
risk of developing MS (IMSGC and WTCCC, 2011). Immunologically relevant genes are
significantly overrepresented (IMSGC and WTCCC, 2011), with genetic variation within
the major histocompatibility complex (MHC) exerting the greatest individual effect on
risk (IMSGC, 2005). Furthermore, genes involved in cytokine pathway, co-stimulatory
and signal transduction molecules of immunological relevance and genes linked to envi-
ronmental risk factors such as vitamin D where found to predispose for MS (IMSGC and
WTCCC, 2011). So far, few genes have been identified as predisposing to MS and being
involved in neurodegeneration independent of inflammation (GALC, KIF21B) (IMSGC
and WTCCC, 2011).

10
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Exogenic factors

MS has been associated with many extrinsic factors. The prevalence of MS is strongly
correlated with the distance to the equator (Simpson et al., 2011). Studies show that
infections with the Epstein Barr virus are associated with the development of MS (Sumaya
et al., 1980). Further environmental risk factors include month of birth (Willer et al., 2005)
and smoking (Hawkes, 2007).

1.1.3 Pathology

Characteristic for MS is the formation of sclerotic plaques in the CNS. They represent the
end stage of a process involving inflammation, demyelination and remyelination, oligoden-
drocyte depletion, gliosis and neuronal and axonal degeneration (Compston and Coles,
2008). These lesions have predilection for the optic nerves, periventricular white matter,
brain stem, cerebellum and spinal cord white matter. The usually round lesions often
have finger like extensions, called Dawson’s fingers (Noseworthy et al., 2000), MRI imag-
ing shows focal or confluent abnormalities in white matter in more than 95% of cases. T1
images show hypo-intense ‘black holes’; cortical lesions, atrophy of the brain and spinal
cord. The grey matter lesions represent demyelinated cortical plaque, transected axons,
apoptotic neurons and reduced neuronal density with atrophy. The CSF shows oligoclonal
bands in more than 95% of cases that represent the intrathecal immunoglobuline produc-
tion (MS et al., 2005). While akute white matter lesions are characteristic for the relapses
of MS, there are also changes in the normal appearing white matter (NAWM). A slowly
progressive axonal injury and cortical demyelination in the whole brain can be observed
(Kutzelnigg et al., 2005; Popescu and Lucchinetti, 2012), which are not directly associated

with the inflammatory lesions.

1.1.4 Pathophysiology

MS is traditionally considered an autoimmune disease that is triggered by autoreactive T-
lymphocytes that cross the blood-brain barrier and initiate a self-directed immune reaction
and inflammation in the CNS. This process it thought to lead to a continuous activation
of innate immune cells such as macrophages and microglial cells in the brain parenchyma
with ensuing demyelination and neurodegeneration (Compston and Coles, 2008). This is
regarded as the outside-in model, meaning that the autoimmune process precedes neu-
rodegeneration. Anti-inflammatory properties have therefore been in the focus of early

trials and all available treatment options target the immune system. Corticosteroids as

11
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well as plasmapheresis can be applied for the management of acute attacks (Compston
and Coles, 2008) and the so-called disease modifying drugs (DMDs) are used to reduce the
frequency of attacks. Disease modifying treatment of RRMS mainly aims at a reduction
of relapses. Yet, long-term clinical data, MRI data and neuropathological studies show
that neuronal and axonal damage occurs i) in absence of acute relapses, ii) outside MS
lesions on MRI and iii) in chronic progressive stages of the disease without relapse activ-
ity, hinting at independent neurodegenerative features of the disease (Salmen and Gold,
2014). Even though the circumscribed dysfunctions during the RRMS phase are closely
correlated to active white matter plaques, these lesions do not account for the diffuse brain
injury and spinal cord atrophy that accumulate over time (Lassmann, 1999). In the past
years, an alternative theory, the inside-out model, has therefore been proposed, in which
MS is regarded a primarily neurodegenerative disorder (Stys et al., 2012). Indeed, in addi-
tion to the sites of acute inflammation, there seems to be a latent, subliminal process that
drives neurodegeneration diffusely. It is characterised by microglial activation, astrocytic
gliosis, mild demyelination and axonal loss in normal appearing white matter (Kutzelnigg
et al., 2005). This latent neurodegenerative process might play an important role in the
disease progression, as the number of relapses does not have a significant influence on the
development of chronic disability (Confavreux et al., 2000). Further evidence for a dis-
tinct neurodegenerative process is drawn from the fact that current treatment options all
affect relapse frequency and severity but have little impact on the progression rate of the
disease (Haghikia et al., 2013). Even though some drugs are able to reduce neuro-axonal
degeneration, it is still unclear if any drug can delay the onset of the progressive phase of
the disease. In order to develop more efficacious therapies and bring the disease progres-
sion to a halt, it is thus crucial to improve the understanding of the processes underlying

neurodegeneration.

1.1.5 Evidence for neurodegeneration in MS

The notion that inflammation and neurodegeneration may be two partly independent pro-
cesses is supported by genome-wide association studies (GWAS), in which no correlation
between genes associated with disease severity and any of the genes known to predispose
to MS onset could be found (Baranzini et al., 2009; IMSGC, 2011). The mechanisms that
lead to axonal and neuronal injury are not fully understood. The following section will

briefly review the current state of research regarding neurodegeneration in MS.

12
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lon channels dysfunction

Glutamate, the main excitatory neurotransmitter in the CNS, has been described to be
involved in Ca?*-mediated excitotoxicity, formation of NO, mitochondrial dysfunction but
also cellular survival pathways (Hardingham and Bading, 2010). Glutamate seems to be
secreted by dying neurons and activated immune cells (Stranahan and Mattson, 2012),
leading to elevated levels in the CSF (Sarchielli et al., 2003; Stover et al., 1997) and brains
(Baranzini et al., 2010) of MS patients. In MS lesions, an up-regulation of NMDAR,
AMPA and kainate receptors can be observed (Newcombe et al., 2008). During CNS in-
flammation a redistribution of sodium channels along demyelinated axons can be observed,
probably in order to compensate for the loss of saltatory conduction. Co-localization of
voltage-gated Na*t channel Na(v)1.6 and Nat/Ca?* exchanger (NCX) subunits along de-
myelinated axons can be seen in MS plaques (Craner et al., 2004). Na(v)1.2 (SCN2A) is
redistributed as a result of axonal injury (Craner et al., 2004) and its up-regulation during
experimental autoimmune encephalomyelitis (EAE, a mouse model of MS) is associated
with axonal loss (O’Malley et al., 2009). The NCX operates in reverse when Na™ levels rise
in axons, further increasing intracellular Ca?* and Ca?*-dependent neurotoxicity (Craner
et al., 2004). The loss of saltatory conduction may result in a lesser energy efficiency of
action potential, leading to a neuronal energy deficit. Deficiency of Na(v) channels and
Nav/NCX blockers have been proven to reduce axonal degeneration and disability in mice
(O’Malley et al., 2009; Morsali et al., 2013; Black et al., 2007). Furthermore, the pharma-
cological blocking of the ion channels Asicl and Trpm4 had no impact on inflammatory
infiltrates but decreased EAE severity (Friese et al., 2007; Schattling et al., 2012). The
Trpm4-mediated ion-influx may lead to cell death mediated by oncotic swelling of the cells
(Schattling et al., 2012).

Radical oxidation species

Immunohistochemical studies show that signs of oxidative damage are present in MS le-
sions. Neurons that stain positive for oxidised phospholipids reveal signs of degeneration
and disturbed fast axonal transport (Haider et al., 2011). Reactive oxygen (ROS) and
nitric oxide species (RNS) are produced by activated macrophages and microglial cells in
an inflammatory environment, the producing enzymes are also found to be up-regulated
in MS lesions (Fischer et al., 2012). Additionally, the neutralisation of ROS and RNS has
been shown to rescue degenerating axons and neurodegeneration can be triggered with-

out axonal damage by the application of NO donors (Nikic et al., 2011). Anti-oxidant
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enzymes are increased in MS lesions (van Horssen et al., 2008) and in the CSF (Pennisi
et al., 2011) of MS patients and the MS drug dimethylfumarate seems to work through
antioxidant effects (Linker et al., 2011).

Trophic factors

Several neurotrophic factors that are released during CNS inflammation have been shown
to influence the survival and death of neurons. The brain-derived neurotrophic factor
(BDNF) is released by resident and infiltrating immune cells, a polymorphism in this gene
has been shown to be associated with lower brain damage in MS patients (Zivadinov et al.,
2007). Furthermore, endogenous cannabinoids might be involved in neuroprotection. In
Cb1-deficient mice, EAE course is more severe and cannabinoid receptor agonist treatment
is able to ameliorate EAE course and axonal loss. Interestingly, this neuroprotective effect

has been shown to be moderated through neurons, not immune cells (Croxford et al., 2008).

Cell death

During MS, apoptotic pathways are activated and might contribute to neurodegeneration
in NAWM (Fischer et al., 2013). Oxidative stress-induced necrosis is mediated by P53
and Cypd and through changes in mitochondrial permeability (Vaseva et al., 2012). P53
dysfunction may result in mitochondria-associated cellular dysfunction in Huntington’s
disease (Bae et al., 2005). Mice neuronally overexpressing the anti-apoptotic Bcl2 are
resistant to MOG-induced EAE (Offen et al., 2000). Neurons are able to influence and
modulate immune cell responses during CNS inflammatory processes, for example by sup-

pressing monocytes (Chitnis et al., 2007).

Mitochondrial dysfunction and energy deficit

The physiological cellular respiration yields radical oxygen species (ROS) as by-products.
These are involved in multiple cellular responses, such as proliferation, metabolism, differ-
entiation, apoptosis, antioxidant and anti-inflammatory response, iron homeostasis, and
DNA damage response as well as mitochondrial stress (Ray et al., 2012). The mitochon-
drial DNA lacks protective histones and is thus vulnerable to oxidative stress that can
cause mutations and DNA damage. Mitochondrial damage and dysfunction have been

shown to be involved in neurodegenerative processes (Trapp and Stys, 2009; Quintanilla
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and Johnson, 2009). Mitochondrial pathology might in fact precede changes in axon mor-
phology in MS and EAE (Nikic et al., 2011). The phenol resveratrol activates sirtuinl (a
NAD™ dependent deacetylase that promotes mitochondrial function) and has been shown
to reduce neuronal loss during EAE without affecting inflammatory infiltrates (Fonseca-
Kelly et al., 2012), although some studies show an exacerbation of disease course under
resveratrol medication (Sato et al., 2013). CyPD is a protein involved the mitochondria
permeability transition (mPT), a process considered crucial in necrotic and apoptotic cell
death. Cypd-deficient mice are resistant towards Ca?*-overload and ROS (Nakagawa et al.,
2005) and show a milder EAE course (Forte et al., 2007). PGCla is the master regulator
of mitochondrial biogenesis and has been linked to neuroprotection (Farshbaf et al., 2016;
Witte et al., 2013) by regulation of FNDC5. FNDC5 stimulates the expression of BDNF in
the hippocampus, which in turn leads to an up-regulation of PGCla in neurons (Farshbaf
et al., 2016). AMPK, which is an activator of PGCla (Cant6 and Auwerx, 2009), has been
shown to be neuroprotective (Kamoshita et al., 2016) and its loss exacerbates EAE disease
severity (Nath et al., 2009). AMPK is activated by falling energy levels by detection of
decreasing AMP/ATP and ADP/ATP ratios as well as dropping glucose levels (Lin and
Hardie, 2018).

Protein misfolding and accumulation

Proteins possess a tertiary structure that is established by protein folding. Eukaryote
cells are under constant protein quality control, ensured by proteins such as chaperones.
When cells are under stress, certain proteins can change their configuration and thereby
transform into toxic agents (Ciechanover and Kwon, 2017). To prevent an accumula-
tion of these toxic substrates, misfolded proteins are either refolded or degraded via the
ubiquitin-proteasome system or the autophagy-lysosome system (Ciechanover and Kwon,
2017). If these systems fail, the misfolded proteins may aggregate and lead to a number
of neurodegenerative disorders, such as Alzheimer’s disease, Parkinson’s disease, Hunting-
ton’s disease and amyotrophic lateral sclerosis (Chiti and Dobson, 2017). For example,
hyperphosphorylation and accumulation of tau protein are hallmarks of neurodegenera-
tive diseases like fronto-temporal dementia and Parkinson’s, as well as Alzheimer’s disease
(Spillantini and Goedert, 2013). Abnormally phosphorylated protein tau has also been
associated with axonal and neuronal loss in MS and EAE (Anderson et al., 2008). Proteins
with a high percentage of disordered residues, such as tau or alpha-synuclein, are particu-
larly prone to malformation and pathological aggregation, thus leading to cellular toxicity.

Disordered regions or residues are parts of proteins that lack a fixed tertiary structure
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(Chiti and Dobson, 2017). These protein regions can be predicted using prediction models
such as the VSL algorithm (Peng et al., 2006).
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Figure 1.1: Model of neurodegerative processes during MS. The image was inspired by
Friese et al. (2014). OXPOS = oxidative phosphorylation; mut mtDNA =
mutated mitochondrial DNA; CyPD = Cyclophilin D; mPTP = mitochon-
drial permeability transition pore.

1.2 Animal models

While human studies, such as post-mortem brain sections and imaging techniques, can pro-
vide some insight into disease mechanisms, the study of molecular mechanisms underlying
neurodegeneration requires in vivo studies of nervous tissue. To this end, animals mod-
els are frequently used. Experimental autoimmune encephalomyelitis (EAE) is a widely
utilised animal model for human demyelinating diseases, such as MS. Its development can
be traced back to Louis Pasteur who first accidentally induced an ascending paralysis in

humans when immunising his patients against Rabies by the injection of spinal cord ma-
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terial of infected rabbits (Baxter, 2007). Post-mortem histology showed encephalomyelitis
characterised by lymphoid infiltrates and demyelination in the CNS of those patients (Pe-
ter Bassoe, 1929). In rodents, EAE can be induced by immunisation with a component
of the myelin sheath, such as myelin basic protein (MBP), myelin oligodendrocyte gly-
coprotein (MOG) or proteolipid protein (PLP) in an emulsion with complete Freund’s
adjuvant. In SJL mice, the disease is characterised by a relapsing-remitting course of
paralysis, which allows assessment of the efficacy of various immuno-regulatory strate-
gies. In C57BL/6 mice, the disease displays a mono-phasic clinical course. The illness is a
CD4™ T cell-mediated autoimmune disease characterised by perivascular CD4™ T cell and
mononuclear cell inflammation and subsequent primary demyelination of axonal tracks in
the central nervous system (CNS), leading to progressive hind-limb paralysis (Robinson
et al., 2014). The degree of disease affection is evaluated on a scale of 0 to 5. This animal
model has been criticised, as the pathophysiology differs significantly from MS (Sriram and
Steiner, 2005). On the other hand, all FDA-approved MS-therapies are effective to some
extend in EAE and some disease-modifying drugs have been identified in EAE (Robinson
et al., 2014).

1.3 Translatome versus transcriptome

Proteins are macromolecules which perform a myriad of functions in living organisms,
like enzymatic reactions, transport, receptors, ion channels and many more. The protein-
encoding DNA-sequence is first transcribed into messenger-RNA (mRNA) and then - if
required - translated into a protein via protein complexes called ribosomes. This process
of protein biosynthesis is strongly regulated at many different stages, starting from DNA-
methylation down to post-translation modification and folding of proteins. The profile of
all proteins in a cell (the proteome of a cell) determines its phenotype, it adapts according
to the cells requirements driven by intra- and extracellular stimuli. One widely-used ap-
proach in predicting the proteome of a cell or tissue, is to analyse its transcriptome (profile
or sum of all mRNA) via microarray or sequencing analysis but it has been shown that
there is no direct link between the two profiles (Dhingra et al., 2005). A more accurate
way of predicting the proteome of a cell is to study its translatome, which represents the
entirety of all mRNA, which are actually (in the process of being) translated into proteins.
A study conducted in a cancer cell line (HeLa cells) showed a high degree of uncoupling
between the transcriptome and the translatome (ribosome-bound mRNA transcripts), up
to anti-directional changes (Conceptualised in fig. 1.2). The degree of homo-directional

changes was as low as 5% in EGF (epidermal growth factor)-treated HeLa-cells (Tebaldi
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et al., 2012). Intriguingly, 85% of the changes were seen in the translatome only, which
suggests a higher sensitivity of translatome-analysis in predicting changes in protein pro-
files.

Transcriptome
vs.
Translatome

Differentially expressed genes'
(DEGs)

-

Coupling

Transcriptome only changes

Uncoupling

Figure 1.2: Illustration was inspired by Tebaldi et al. (2012), depicting the coupling and
uncoupling of changes in the translatome and transcriptome.

1.4 Analysis of neuronal gene expression profiles

The above mentioned mechanisms do not fully explain the inflammatory neurodegenera-
tive processes in MS and EAE. In order to illuminate the molecular processes contributing
to neurodegeneration, it is necessary to study the changes in neuronal gene expression
profiles. This goal poses methodological problems, as it requires the isolation of neuronal
material from a mixed CNS tissue. Conventional research methods like PCR, microarray
or RNA /cDNA sequencing of whole tissue homogenates will detect transcripts from all
cell types and cannot distinguish between their origin. During EAE, many of the de-
tected changes in the mRNA profile are likely to be due to the altered cell composition,
as infiltrating immune cells and activated resident immune competent cells import high
amounts of immunological genes into the inflamed tissue (Raddatz et al., 2014). Differ-
ent methods have been applied in order to analyse neuronal expression profiles in vivo,

each having limitations. Single-cell in vitro analysis of neurons (Tietjen et al., 2003) can’t
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imitate the complex environment of a CNS. Other methods for in vivo analysis involve
laser-capture microdissection (LCM) (Rossner et al., 2006) and fluorescence activated cell
sorting (FACS) (Lobo et al., 2006). These methods are limited by prolonged tissue process-
ing ex vivo, which may lead to changes in gene expression and mRNA levels. Moreover,
tissue fixation for LCM poses problems on high-quality RNA isolation (Rossner et al.,
2006) .

1.4.1 BacTRAP

Because of the limitations of conventional isolation techniques, a novel approach called bac-
TRAP was applied in this study to extract neuronal mRNA from a mixed CNS tissue. The
transgenic Chat bacTRAP mouse line uses a bacterial artificial chromosome (BAC) to ex-
press a fusion protein of an enhanced green fluorescent protein (EGFP) and the ribosomal
protein L10a under the motor neuron-specific choline acetyltransferase (Chat) promotor.
This allows to harvest ribosome-bound, i.e. translating, mRNA specifically from neuronal
cells via anti-eGFP antibodies coupled to magnetic beads, a method termed translating
ribosome affinity purification or TRAP (Heiman et al., 2008). This denotes a major ad-
vantage of bacTRAP over conventional gene expression analysis techniques, as the mRNA
yielded by the precipitation of translating ribosomes incorporates the translatome rather

than the transcriptome of a cell line.

1.5 Aims

Multiple sclerosis is a chronic neurological disease which poses a major burden for many
individuals and the public healthy system. Neurodegenerative processes substantially con-
tribute to disease severity and long-term disability. In order to abate disease progression,
a more thorough understanding of the processes preceding and contributing to neurode-
generation is needed. To this end, it is necessary to identify protective and maladap-
tive molecular pathways in neurons during CNS inflammation. The required extraction
of neuron-specific mRNA ez vivo poses methodological issues, which have thus far been
solved only unsatisfactorily. The so-called Chat bacTRAP methodology holds the promise
of achieving this aim with unparalleled accuracy.

The goal of this thesis was to establish the Chat bacTRAP method and validate its cell-

specificity using immunohistochemistry and qPCR analyses. After successful implemen-
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tation of the method, the objective was to identify changes in the neuronal translatome in
response to neuroinflammation by comparing gene expression profiles of motor neurons of
healthy and EAE mice via PCR and whole translatome analysis. The aim was to uncover

protective and maladaptive neuronal responses in order to identify potential therapeutical

MOG/CFA s.c.+ pertussis toxin i.v. ‘

targets for MS patients.

) G

@ @ ) gy

C MN iSC iMN

j

Healthy Inflamed

Figure 1.3: Graphical abstract of experimental approach. Chat L10a-eGFP transgenic
mice are either healthy (tick) or immunised in order to induce EAE (cross).
The cervical spinal cords are dissected, RNA extraction is conducted on
whole tissue before (blue drop for healthy spinal cord (SC) and red drop for
inflamed spinal cord (iSC)) and after (green drop for healthy motor neurons
(MN) and orange drop for inflamed motor neurons (iMN)) immunoprecipi-
tation via TRAP (symbolised by magnet collecting mRNA from L10a-eGFP
expressing motor neurons). The four retrieved samples are then used for
further analysis via qPCR and RNA-seq.
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2 Materials and Methods

2.1 Materials

2.1.1 Reagents

Table 2.1: Reagents for animal experiments
Reagent Company
Freund’s adjuvant, complete Difco laboratories
Mouse/rat MOGss_55 peptide
MEVGWYRSPFSRVVHLYRNGK-NH2  Schafer-N
Mycobacterium tuberculosis H37 Difco laboratories
Pertussis toxin, from Bordetella pertussis Calbiochem

Table 2.2: Reagents for RNA extraction, cDNA synthesis and real-time PCR

Reagent Company
2-Mercaptoethanol Gibco
Ethanol, absolute Th. Geyer

RevertAid H Minus first Strand Synthesis Kit Thermo Scientific
RNA isolation columns, RNeasy Micro Kit Quiagen
TagMan Gene Expression Master Mix Life Technologies

Table 2.3: Reagents for anaesthesia and tissue preparation

Reagent Company
Esketamin Hydrochlorid (Ketanest) — Pfizer
Isopentan Roth
PFA AppliChem
Saccharose Roth
Tissue Freezing Medium Jung

Xylazin Hydrochlorid (Rompun 2%) Bayer

Table 2.4: Reagents for immunhistochemistry

Reagent Company
Triton X-100 Roth
Normal donkey serum Chemikon
PBS Gibco
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Table 2.5: Chemicals

Product Manufacturer
0,9% NaCl solution Braun

1M MgCly Ambion
2M KCl1 Ambion
Biotinylated Protein L Pierce
Cycloheximide Sigma
DEPC-treated water Ambion
DHPC Avanti
Dithiothreitol Sigma
Fluoromount-G Southern Biotech
Glucose Roth
Glycoblue Ambion
Hank’s Balanced Salt Solution (10x) Invitrogen
HEPES Roth
IgG-free BSA Jackson
Potassium hydroxide Roth
NaHCOg3 Roth
Paraformaldehyd (PFA) AppliChem
PBS Ambion
Protein Solubilizer 40, Sterile 10% of NP-40 AG Scientific
Recombinant Rnasin Fisher
Research plus pipette Eppendorf
RNA Pico Chip Agilent
RNase Zap Ambion
RNeasy mini kit Qiagen
S-ketamine hydrochloride Pfizer
SafeSeal RNase-free 1,5 ml tube Sarstedt
Streptavidin MyOne T1 Dynabeads Invitrogen
Superasin Promega
TriZol-LS reagent Invitrogen
Xylazine hydrochloride Bayer
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2.1.2 Antibodies

Table 2.6: Antibodies (Ab) for immunohistochemistry

Product clone dilution Manufacturer
Anti-Bsn, mouse IgG SAP7TF407  1:400 Enzo Life Sciences
Anti-Cd31, rat IgG 550274 1:50 BD Pharmingen
Anti-Cnpase, mouse IgG C5922 1:500 Sigma-Aldrich
Anti-Egfp, chicken polyclonal ab13970 1:1000 Abcam
Anti-Gfap, chicken polyclonal ab4674 1:1000 Abcam
Anti-Ibal, goat IgG ab107159 1:500 Abcam
Anti-Neun, mouse IgG MAB377 1:200 Millipore
Cy2-coupled donkey anti-chicken IgG 715-166-150  1:300 Jackson
Cy3-coupled donkey anti-mouse whole IgG  703-225-155 1:300 Jackson
Dyeb49-coupled donkey anti-rat F(ab) 712-506-150  1:300 Jackson

Table 2.7: Antibodies for immunoprecipitation

Product

Manufacturer

HtZ-GFP 19C8 Memorial
HtZ-GFP 19F7 Memorial

2.1.3 Primers

Table 2.8: Primers for PCR

Gene name

Primer

Manufacturer

Ampk
Arc
Chat
Clenb
Cnp
Fndch
Gapdh
Gfap
Hifl
Hvenl
Ncam
P53
Pgcla
Scn2al
Sesn2
Trpm4
Ucp?2

Mm01264789_m1
Mm00479619 g1

Mm01221882_ml
Mm00443851_m1
Mm01306640__m1
Mm01181543_ml
Mm99999915 gl

Mm01253033_m1
Mm00468869_m1
Mm01199507_m1
Mm00456815_m1
Mm01731287_ml
Mm01208835_m1
Mm01270359_m1
Mm00460679_m1
Mm00613159_m1l
Mm00627599_m1

Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems
Applied Biosystems

Sloan-Kettering Monoclonal Ab Facility
Sloan-Kettering Monoclonal Ab Facility
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2.1.4 Solutions

Table 2.9: Blocking solution

Starting Final concentration
Triton X-100 0,01%

Normal donkey serum 10%

PBS

Table 2.10: 0.15 M KCI IP wash buffer (30 ml stock)

Starting Amount to add Final concentration
1 M HEPES 600 pl 20 mM

1 M MgCla 150 pl 5 mM

2 M KC1 2.25 ml 150 mM

10% NP-40 3 ml 1%

DEPC-treated water 24 ml

Immediately before use:

1 M Dithiothreitol 5 ul 0.5 mM
Cycloheximide 30 pl 100 pg/ml

Table 2.11: 0.35 M KCI wash buffer (30 ml stock)

Starting Amount to add Final concentration
1 M HEPES 600 pl 20 mM

1 M MgCla 150 pl 5 mM

2 M KC1 5.25 ml 350 mM

10% NP-40 3 ml 1%

DEPC-treated water 21 ml

Table 2.12: Dissection buffer (50 ml stock)

Starting Amount to add Final concentration
10 x HBSS 5 ml 1x

1 M HEPES-KOH (pH 7.4) 125 ul 2.5 mM

1 M Glucose 1.75 ml 35 mM

1 M NaHCO3 200 pl 4 mM

DEPC-treated water 42.875 ml

Immediately before use:

1000 x Cycloheximide 50 pl 100 pg/ml
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Table 2.13: Lysis buffer (10 ml)

Starting Amount to add Final concentration
1 M HEPES-KOH (pH 7.4) 200 ul 20 pul
2 M KC1 750 pl 2.5 mM
1 M MgCla 50 pl 5 mM
DEPC-treated water
Immediately before use:
1 M Dithiothreitol 5 ul 0.5 mM
Protease Inhibitor 1 tablet
1000 x Cycloheximide 10 pl 100 pg/ml
RNasin 100 pl 40 U/ml
Superasin 100 gl 20 U/ml
2.1.5 Equipment
Table 2.14: Equipment
Product Manufacturer
DynaMag-2 Invitrogen
Freezing microtome CM3000 Leica Jung
TCS SP2 confocal microscope Leica
Bioanalyzer 2100 Agilent
Centrifuge 5417 R Eppendorf

ABI Prism 7900 HT Fast Real-Time PCR
Fridges (4°C) and freezers (-20°C and -80°C)
Nanodrop Nd-1000

PCR cycler, FlexCycle

PCR tanks and power supply

Pipets and pipette controllers

2.1.6 Consumables

Table 2.15: Consumables

Applied Biosystems
Liebherr, Sanyo

Peqlab

Analytik Jena

Peqlab, Biometra

Gilson, Eppendorf, Brand

Product Manufacturer
Eppendorf tubes Sarstedt

Falcon tubes, 15 and 50 ml Greiner

PCR plate, 96 well and PCR plate sealing tape Sarstedt
Pipette tips Sarstedt
Syringes and needles Braun
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2.1.7 Software

Table 2.16: Software

Product Company
BibDesk bibliography manager for Mac

Mlustrator Adobe

NanoDrop ND-1000 V3.5.2 Thermo Scientific
RStudio

TeXShop

2.2 Methods

2.2.1 Mice

ChAT bacTRAP hemizygous (T/°) and littermate WT (7/7) transgenic mice (Chat BACar-
ray line DW165) on a C57BL/6J background were used. All animal experiments were
approved by the local ethics committee (Behorde fir Soziales, Familie, Gesundheit und

Verbraucherschutz in Hamburg).

2.2.2 Experimental autoimmune encephalomyelitis

EAEFE was induced by injecting 200 ug of MOGass _ 55 peptide in complete Freund’s adjuvant
containing 4 mg/ml mycobacterium tuberculosis in each flank of the mice. Furthermore,
200 ng of pertussis toxin in 100 pl 0,1 M Dulbecco’s phosphate buffered saline were injected
intravenously on the day of immunisation and 48 h later. Mice were scored for clinical
signs by the following system: 0: no clinical deficits; 1: tail weakness; 2: hind limb paresis;
3: partial hind limb paralysis; 3.5: full hind limb paralysis; 4: full hind limb paralysis and
forelimb paresis; 5: premorbid or dead. Mice were killed at a score >=4. The mice were

supplied with soft food.

2.2.3 Immunohistochemistry

Mice were anaesthetised by intraperitoneal injection of 100 ul Ketamine/Xylazine in PBS
(10 mg/ml S-Ketamine hydrochloride, 1.6 mg/ml Xylazine hydrochloride) per 10 g of body
weight. Intracardial perfusion was implemented using cold PBS for 3 minutes followed by
4% paraformaldehyde (PFA) in PBS for 7 minutes in order to fixate the tissue using a
peristaltic pump. The preparation of the spinal cord tissue was performed manually and
post fixation was conducted for 30 minutes in 4% PFA. The tissue was then placed in 30%

sucrose in PBS and stored at 4°C for 24 hours for cryoprotection. The spinal cord probes
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were then embedded in Jung Tissue Freezing Medium and cut into 10 um thick sections
using a freezing microtome and stored at —80°C. For immunohistochemistry, the sections
were incubated in blocking solution (10% normal donkey serum in PBS) containing 0.01%
Triton X-100 at room temperature for 45 min and subsequently stained overnight at 4°C
with antibodies against the following structures: Egfp, NeulN, Gfap, Cd31, Ibal, Cnpase or
Bsn. As secondary antibodies, Cy2-coupled donkey antibodies recognising chicken whole
IgG, Cy3-coupled donkey antibodies recognising mouse whole IgG and Dye549-coupled
donkey antibodies were used. DNA was stained with Hoechst 33258 (Invitrogen), sections

were analysed with a Leica TCS SP2 confocal microscope.

2.2.4 Translating ribosome affinity purification (TRAP)

The following protocol was applied for 1 Immunoprecipitation (IP): 300 ul Streptavidin-
labeled magnetic beads (Streptavidin MyOne T1 Dynabeads, Invitrogen) were collected
on a DynaMag-2 magnet (Invitrogen), then washed in 1 ml PBS and recollected on magnet
for 1 min. The supernatant was removed and the beads were resuspended in 1 ml of PBS.
120 pl of biotinylated Protein L in PBS were then added to the solution and incubated for
35 min at room temperature using end-over-end rotation. The beads were subsequently
washed five times with 1 ml PBS containing 3% IgG- and protease-free BSA. Next, the
beads were incubated with a total of 100 ug of two monoclonal anti-eGFP antibodies for 1
hour using end-over-end rotation. For this purpose, 83 ul of HtZ-GFP 19C8 at 0.6 ug/ul
and 22 pl HtZ-GFP 19F7 at 2.2 ug/ul (clone 19F7 and 19C8; Memorial Sloan-Kettering
monoclonal antibody facility) were suspended in 1 ml 0.15 M KCI buffer and added to the
biotinylated Protein L - beads mix. The antibody-solutions were stored at -80°C in single-
use aliquots. After incubation, the beads were again collected on the magnet, washed three
times in 1 ml of and resuspended in 200 pl of 0.15 M KCI1 IP wash buffer and then stored
on ice. Mice were anaesthetised by intraperitoneal injection of 100 ul Ketamine/Xylazine
in PBS per 10 g of body weight. Intracardial perfusion was implemented for 1 minute
using chilled dissection buffer. Spinal cords were quickly dissected and stored in dissection
buffer on ice. Cervical spinal cord tissues of three mice were pooled and homogenised
in 1 ml lysis buffer using a hand homogeniser with 12 strokes applied. Homogenates
were centrifuged for 10 minutes at 2,000 x g and 4°C in order to pellet large cell debris,
and NP-40 and DHPC were added to the supernatant at a final concentration of 1%
and 30 mM, respectively. After incubation on ice for 5 minutes, the clarified lysate was
centrifuged for 10 minutes at 20,000 x g to pellet insoluble material. 100 ul of each probe

was extracted before further processing and used as Input for normalisation and control
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purposes. The previously prepared antibody-coated beads were added to the supernatant
and the mixture was incubated at 4°C with end-over-end rotation overnight. The beads
were subsequently collected on a magnetic rack, washed four times with 0.35 M KCl wash
buffer and immediately placed in 800 ul TriZol-LS reagent (Invitrogen) and incubated at

room temperature for 5 minutes.

TriZol preparation

In order to extract the bound rRNA and mRNA from polysomes, 200 ul of chloroform
were added. The tubes were shaken vigorously for 15 seconds and then incubated for
another 3 minutes at room temperature. The mix was centrifuged at 12,000 x g and 4°C
for 15 min and the RNA-containing, colourless upper phase was carefully collected and

transferred to new tube.

Sodium acetate precipitation

In order to pellet RNA, 30 ul of sodium acetate to a final concentration of 0.3 M and 300
pl of isopopanol were added. For better visualisation, 5 pul of Glycoblue (Ambion) were
applied. The solution was stored at -80°C overnight, then spun down at 13,000 x g at 4°C
for 15 minutes. The pellet was washed twice in 70% ethanol, spinning down in between at
13,000 x g at 4°C for 5 minutes, then air-dried for 15 minutes under a cell culture hood.

For resuspension, 20 ul of RNase-free water were added to the pellet, tubes were stored
at -80°C.

RNA isolation

The RNA was subsequently purified using the Quiagen Micro Kit with on-column DNA-
digestion. 10 pl buffer RDD and 2,5 ul DNase I stock solution were added to the probe
and volume was adjusted to 100 pl using RNase-free water. The tube was incubated
on the benchtop (20-25°C) for 10 min. First 350 ul of buffer RLT containing 1% 2-
mercaptoethanol, then 250 pl of 100% ethanol were added and the solution was mixed by
pipetting up and down several times. The sample was transferred to a spin column placed
in a 2 ml collection tube, which was centrifuged for 15 s at 8000 x g. The RNA was then
washed using 700 ul RW1 buffer (15 s at 8,000 x g), 500 ul RPE buffer (15 s at 8,000 x g)
and 500 pl of 80% ethanol (2 min at 8,000 x g) and consecutively redistributed in 14 pul

of RNase-free water.
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2.2.5 Reverse transcription of RNA

The ¢DNA was synthesised using the RevertAid H Minus First Strand cDNA Synthesis
Kit (Fermentas). 1 pl of random hexamer primers was added to the isolated RNA, the
volume was adjusted to 12 ul per reaction with RNase-free (DEPC treated) water and
the samples were denatured at 65°C for 5 min. Subsequently, 4 ul 5 x reaction buffer, 1
ul RiboLock RNase Inhibitor (20 U/ul), 2 pul 10 mM dNTP Mix and 1 ul RevertAid H
Minus M-MuLV Reverse Transcriptase (200 U/ul) were added. The mix was incubated
at 25°C for 5 min followed by 60 min at 42°C for reverse transcription. The reaction was

terminated by heating at 70°C for 5 min.

Table 2.17: Solution for incubation step

Input Final concentration
RNA

Random hexamers (50 pM) 1 ul

DEPC Hy0 add up to 12 pl

Incubation at 65°C for 5 minutes, followed by cooling on ice. Then, the following

ingredients were added to the solution:

Table 2.18: Solution for reverse transcription

Input Final concentration
5 x Reaction buffer 4 ul

RiboLock RNase Inhibitor 1 pl

dNTP Mix 10 mM 2 pl

RevertAid H- M-MuLV RT (200 U/pl) 1 pul

RNA solution 12 pl

The solution with a total of 20 ul was then carefully mixed, centrifuged briefly and

subsequently incubated in cycler, using the following programme:

Table 2.19: Incubation step of reverse transcription
Temperature Duration

25°C 5 min
42°C 60 min
70°C 5 min

The yielded cDNA was stored at -20°C.
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2.2.6 Real-time PCR

The polymerase chain reaction (PCR) is a method used to amplify DNA fragments utilising
the DNA polymerase enzyme. The DNA is first denatured to single strands at 90-95°C,
complementary oligonucleotides (primers) then bind to the DNA in the annealing step
at 50 - 65°C. In the subsequent elongation step, the polymerase enzyme copies the DNA
single strands by incorporating dNTP, usually at a temperature of 69 - 72°C. This cycle

is repeated several times which yields an exponentially increasing amount of DNA.

Table 2.20: Solution for rtPCR

Input Final concentration
20 x TagMan gene expression assay 0.5 pl

2 x TagMan gene expression master mix 5.0 pl

RNase-free water 2.5 pl

cDNA template 2 ul

Thermal profile, 40-45 cycles of:

Table 2.21: Incubation step of rtPCR
Temperature Duration

50°C 2 min
95°C 10 min
95°C 15 sec
60°C 1 min

Analysis of all results was performed using the AACt method for relative quantification.
Values were normalised to Gapdh and the respective Input (WT Input, Transgenic (GFP)

Input) to correct for different compositions of starting material.

2.2.7 Quantification of DNA and RNA

The concentration of double-stranded DNA (plasmids, PCR and restriction digestion frag-
ments) and RNA was determined spectrophotometrically by absorbance at 260 nm using
the conversion factor: A260 = 1 = 50 upg/ml for DNA and A260 = 1 = 40 pg/ml for
RNA. The ratio of A260/A280 was used as a marker for purity. Preparations with an
A260/A280 value of 1.8 — 2.0 for DNA and 2.0 — 2.2 for RNA were considered pure.
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2.2.8 Deep sequencing analysis

The probes for the deep sequencing analysis were cooled down to -80°C and sent to the
deep sequencing facility Gottingen (Transcriptome and genome analysis laboratory, mi-
croarray and deep-sequencing facility Gottingen), which conducted the deep sequencing

and preparation of the raw data. The following settings were used:

Basic data:
IMumina HiSeq 4000 50 bp single end run + 7 bp for Index, mRNA 20 samples: 4 groups

with 5 replicates.

Processing and analysis pipeline:
1. Demultiplexing: CASAVA v1.8.2, IMM allowed for index, indices different in at least

2 bases

2. Alignment: STAR (2.3.0), local alignment; mm10 transcriptome reference of En-
sembl, 2MM allowed

3. Conversion + sorting via samtools 0.1.19
4. Counting reads per gene via htseq version 0.5.4.p5

5. Data analysis via R/Bioconductor (3.0.2/2.14)

a) DESeq (1.14.0) => normalisation, dispersion estimation, negative binomial dis-

tribution

i. Normalisation: scaling factor calculated as the median of the ratio gene/geometric

mean of all samples for all genes (see DESeq paper)

ii. gene filtering: raw counts > 3 counts at least for one sample in pair-wise

comparison; addition of 1 for each gene count for fc computation
iii. filter: fc> 2 x, pFDR< 0.05
b) further annotation: ensembl biomart (2.18.0) via R

c) goseq (1.14.0), GO.db (2.10.1),: GO enrichment test on candidate genes

Automation pipeline 1.-4. in cooperation with the DZNE.
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Description:

Sequence images were transformed with Illumina software BaseCaller to bcl files, which
were demultiplexed to fastq files with CASAVA (v1.8.2). Reads were aligned by STAR
(2.3.9¢) to the Ensembl Mus musculus transcriptome (mm10). Counting the reads to each
gene was done via HTSeq python scripts. Data was preprocessed and analysed in the R
environment (3.0.2/2.14) loading DESeq, gplots, and biomaRt packages. After filtering the
genes exceeding more than 3 counts for at least one sample, normalisation, estimation of
dispersions and testing for differentially expressed genes based on a test assuming negative
binomial data distribution was computed via DESeq. Candidate genes were filtered to a
minimum of 2 x fold change and FDR-corrected pvalue< 0.05. Everything in the section

Deep sequencing analysis was conducted by the deep sequencing facility Géttingen.

2.2.9 Data analysis

The yielded raw data was analysed by us using R Studio, version 1.0.136. GO term anal-
ysis was conducted using the integrated tool on http://www.geneontology.org/page/go-
enrichment-analysis and the GeneAnswers package in R. All plots were done using the
ggplots2 package or the GeneAnswers package.

Lower threshold

In order to minimise the non-specific background, a lower threshold for the IP/Input
fold change was set. Genes with a fold change below this threshold were excluded from
analysis. The threshold was calculated as follows, based on negative control genes taken

from (Dougherty et al., 2010). The negative control genes were:
e Pipi1
e Slcla8
o Vim
o Mbp
e Cnp

o Gfap
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Adjusted p-value

For the ‘Neuron up’ and ‘Neuron down’ gene list, the included genes were required to fulfil

the following criteria:

e iMN/MN > 2, p-value < 0.05 and
o iMN/iSC > 2, p-value < 0.05

Let A and B the following events:
A: MN/MN > 2 is a false positive
B: iMN/iSC > 2 is a false positive
Then :

P(AUB) =p(A) + p(B) - p(A N B)

In words:

The probability of either iMN > MN or iMN > iSC being a false positive equals to the
added probability of either event minus the probability of both being false positives. As
it is not known to which degree both events are dependent, a conservative approach was
chosen by applying the following restriction:

p(A) + p(B) < 0.05 , the adjusted p-value for ‘Neuron up’ to was set to:

p(‘Neuron up’) = p(iMN vs MN) + p(iMN vs iSC)

and for ‘Neuron down’ accordingly:

p(‘Neuron down’) = p(iMN vs MN) + p(MN vs SC)
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2.2.10 Statistical analysis

All data are presented as mean values £SEM. Mean differences between two experimental
groups were determined by unpaired or paired, two-tailed Student’s t-test. Comparison
of three or more groups was performed by one-way analysis of variance (ANOVA) with
Bonferroni’s post hoc test. All statistical analyses were performed using R Studio for Mac.
Significant results are indicated by asterisks: *P < 0.05; **P < 0.01;***P < 0.001.

2.2.11 Prediction of natural disordered regions

Disordered regions are defined as entire proteins or regions of proteins that lack a fixed
tertiary structure and were evaluated using the predictor of natural disordered regions
(PONDR) VSL2 algorithm (Peng et al., 2006) available through http://www.pondr.com.
The plots were graphically improved using Adobe Illustrator.

2.2.12 Gene Ontology analysis

The Gene Ontology (GO) is a major bioinformatics initiative which developed a com-
putational representation of the knowledge of all genes and their functions in different
organisms. It integrates the combined knowledge about a genes and their functions of
experiments reported in over 100,000 peer-reviewed scientific papers. If a gene is shown
to be involved in a certain function, it receives an annotation referring to that function.
Three independent ontologies have been constructed: biological process, molecular func-
tion and cellular component (Ashburner et al., 2000). The GO library is under constant

improvement (The Gene Ontology Consortium, 2017).

Statistical analysis of GO frequency

The statistical analysis of the GO frequency in a given gene list was done by a hyper-
geometric statistic using the GeneAnswers package in R (Feng et al., 2010). Enrichment
maps summarise overlapping gene sets into interconnected clusters, in which each node
represents a significantly regulated gene set. For the visualisation of GO and KEGG en-
richment maps, the GeneAnswers package (Feng et al., 2010) in R Studio was applied.
To increase legibility, very general and thus highly interconnected GO terms that gave no
additional biological insight with regard to their child terms were removed. The following
settings were used: pvalueT=0.1 , FDR-correction=TRUE, hypergeometric G statistics,
removed noncritical layers of GO IDs: 3 (5 in the case of whole transcriptome changes,

because of many unspecific terms).
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2.2.13 CSEA

Using bacTRAP data of different cell-lines, the so-called specificity index (SI) (Dougherty
et al., 2010) can be used to identify genes enriched in specific cell populations across a
large number of profiles based on gene expression levels. For any given cell-type, a list of
specific genes, dependent on a specificity index p-value (pSI) threshold, can now be gen-
erated, a method called cell-type specific expression analysis or CSEA (Xu et al., 2014).
The CSEA was used to determine the cell-specificity and cell-composition of the Chat
bacTRAP material.

2.2.14 GSEA

The gene set enrichment analysis (GSEA (Subramanian et al., 2005)) is a computational
method that determines wether the expression levels of genes within a given set vary signif-
icantly between two conditions. Specifically, it determines wether the members of a given
gene set are significantly over or under-represented at the top or bottom of a ranked gene
list. The enrichment score (ES) represents how strong this association is, it corresponds to
a Kolmogorov-Smirnov-like statistic (Hollander and Wolfe, 1973). The GSEA was utilised
to determine the enrichment of gene clusters in neurons of EAE mice. The sets of marker
genes for the gene-set enrichment analysis were retrieved from public sources (Bader lab
website, http : //download.baderlab.org/EM /Genesets/current_release/)

or custom compiled from the literature (Lein et al., 2006). The gene set collection for
cell types was compiled from published astrocyte, oligodendrocyte and neuron signatures
and genes associated with the GO term ‘immune response’ (GO:0006955). A ranked list
of genes from the TRAP and total mRNA differential transcript expression analyses were
generated from the log2 fold change between conditions. The analysis was done using
the web-based version with default parameters. The designs were improved using Adobe

Ilustrator.
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3 Results

3.1 Establishment of the bacTRAP methodology

The goal of this work was to analyse translating mRNA from motor neurons specifically
by applying the Chat bacTRAP methodology. This method relies on a cell-specific (in this
case, motor neuron-specific) activation of the bac driver. In order to verify the neuronal
expression of the eGFP-L10a transgene, immunohistochemical (IHC) stainings were con-
ducted. Spinal cord sections of bacTRAP1/-transgenic mice were stained for different cell
type markers occurring in the CNS and the co-localisation of eGFP with these markers

was analysed.

Figure 3.1: Representative immunohistochemical (IHC) stainings of eGFP and (a) Gfap
(astrocytes), (b) Cd31 (endothelial cells), (c) Ibal (microglia), (d) Cd45
(leukocytes), (e) Cnpase (oligodendrocytes) and (f) NeulN (neurons) in cer-
vical spinal cord sections of healthy (a, b, c, e, f) and EAE sick (d) L10a-
eGFP transgenic mice. Co-localisation of eGFP could only be detected with
Neun. The stainings were conducted in collaboration with Dr. Benjamin
Schattling.

No co-localisation with eGFP was found for Cnpase (oligodendrocytes), Gfap (astro-
cytes), Cd31 (endothelial cells), Ibal (microglia) or Cd45 (leukocytes). For NeuN (neu-
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rons) however, a significant overlay was detected (Fig. 3.1). This supports the premise
that the eGFP-L10a transgene is expressed exclusively in neurons. Notably, no evidence
was found for the expression of the transgene in infiltrating and activated immune cells
during EAE.

To prove the efficacy of the bacTRAP method, the immunoprecipitation (IP) protocol
was performed on a 3-set of bacTRAP transgenic (bacTRAP*/") and WT littermate
(bacTRAP*/~) mice. The WT mice served as a control condition, as they do not express
eGFP and thus no mRNA should be detected in that sample after TRAP. This experi-
ment was conducted for establishment purposes in collaboration with Katherine Miller.
The mice were anaesthetised, spinal cords were dissected and TRAP was performed as
described in the methods section. The quality of the RNA probes before (input) and after
(IP) immunoprecipitation (bacTRAP*/~ input and IP and bacTRAP/~ input and IP) was
assessed using the Agilent Bioanalyzer. Figure 3.2a depicts an exemplary purification of
the 18S and 28S rRNA of spinal cord material after immunoprecipitation via TRAP. Fig.
3.2b shows the electrophoresis results of four different RNA materials. Sample 1, 2, 3 and
4 correspond to bacTRAP™/~ input, bacTRAP/~ IP, bacTRAP1/~ input and bacTRAP*/-
IP, respectively. The gelelectrophoresis performed by the Bioanalyzer showed peaks for
18S and 28S rRNA in the input material as well as the bacTRAP*/~ IP, which were not
found in the bacTRAP~/~ IP probe, as no rRNA was precipitated.

(a) (b)

[FU] Sample 1?

@ [s] [s]

| Ladder Sample 1 Sample2 Sample3 Sample 4 Sample S Sample 6 Sample 7 Sample 8 Sample 9 Sample 105ample 11
[ &= -85
80 — -80
[ 5s- -75
[ 70— -70
| 65 — -65
60 — - &0
[ s- -s5
[ =o- -s0
s
2 45— -as
P @‘x" s :7 l_ [ - - -a0
e N ), o e
L | F3 | - -0
. -25
s
20 — — —— —— — —-20

15— =15
L 1 2 3 4 3 3 7 8 9 10 1

Figure 3.2: (a) Exemplary purification of 18S and 28S rRNA from Chat BAC array
transgenic animals as detected by the Bioanalyzer PicoChip (Agilent Tech-
nologies). (b) Bioanalyzer results of WT whole tissue (1), WT after im-
munoprecipitation (IP) (2), transgenic whole tissue (3) and transgenic IP
(4) RNA.
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In order to verify the efficacy of the pull-down, the degree of enrichment of neuron-
specific mRNA was determined using qPCR analysis. The expression level of Chat (a
specific marker for motor neurons), normalised to Gapdh, was measured in input and IP
material of wild type and Chat bacTRAP transgenic mice. As fig. 3.3a shows, the expres-
sion level of Chat was highest in the transgenic IP probe, reflecting an overabundance of
mRNA from motor neurons. The Chat transcript was increased by a factor of 14, meaning
that neuronal mRNA was overrepresented by the factor 14 in the IP material compared

to the input. In the RNA material of wild type mice this enrichment was not observed.

In order to examine wether the RNA pull-down was neuron-specific and minimised non-
specific background, different cell-specific markers were used as primers (Fig. 3.3b). In
particular, the degree of contamination by lymphocytes (Cd45), oligodendrocytes (Cnp),
astrocytes (Gfap) and Chat™ neurons (Kcnnl) was determined. For the analysis of Cd45
(leucocyte marker), mice suffering from EAE were used with the aim of increasing the
concentration of Cd45™ cells in the analysed tissue. For each probe set of EAE sick mice
5 bacTRAP*/- mice were immunised in order to account for the incomplete penetration
of EAE. At day 12-14 after immunisation, 3 clinically sick mice were chosen for dissection.
For the all other markers, 3 healthy bacTRAPT/~ mice were used.

As fig. 3.3b demonstrates, the relative abundance of Chat was greatened by a factor of ~15,
while the fold enrichments of Cd45, Cnp, Gfap and Kcnnl were < 0.5, in the case of Cd45
and Gfap the depletion was statistically significant. This result supports the notion that
the bacTRAP method enriched RNA from Chat' neurons specifically, while signatures
from other CNS-resident or infiltrating cell types were depleted, thus proving the validity
of the implemented approach. After having established the bacTRAP methodology in
healthy and EAE mice, the aim was to identify evidence for and mechanisms contributing

to neurodegeneration using immunohistochemistry, PCR and deep sequencing analysis.
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Figure 3.3: a) Dotplot depicting enrichment (IP/input ratio) of Chat gene normalised to
Gapdh (AACt method) as detected by qPCR in cervical spinal cord mate-
rial of Chat bacTRAP transgenic and WT littermate mice. b) AACt values
of cervical spinal cord material of transgenic Chat bacTRAP*/~ mice de-
picting the enrichment of cell type specific genes. Chat (Cholinacetyltrans-
ferase; motor neurons); Cd45 (Protein tyrosine phosphatase, receptor type,
C; immune cells); Cnp (2°,3’-cyclic nucleotide 3’-phosphodiesterase; oligoden-
droglial cells); Gfap (glial fibrillary acidic protein; astrocytes); Kcnnl (potas-
sium intermediate/small conductance calcium-activated channel, subfamily
N, member 1; Chat” neurons). Bars show mean values £SEM. Statistical
analysis was performed using a two-tailed (a) and paired (b) Student’s t-
test. *P < 0.05; **P < 0.01; ***P < 0.001. Benjamini-Hochberg correction
was conducted for multiple testing.

3.2 Evidence for neurodegeneration using IHC

In search of evidence for neuronal cell death, immunohistological stainings of spinal cord
sections of healthy and EAE mice were conducted. The following images show exemplary
immunohistological stainings for eGFP in healthy and inflamed spinal cord tissue. A
significant reduction in the number of eGFP-positive neurons per ventral horn was found
during EAE (fig. 3.4). The mean number of neurons per ventral horn was reduced from

18 in healthy cervical spinal cord tissue to 13 in inflamed spinal cord.
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Figure 3.4: Cell count (c¢) of eGFP-positive motor neurons in cervical spinal cord sections
of healthy (n = 3, (a)) and acute EAE (n = 4, (b)) Chat-L10a-eGFP mice.
Bars show mean values £SEM. Statistical analysis was performed using two-
tailed Student’s t-test. *P < 0.05; **P < 0.01

3.3 Validation of previously reported genes via qPCR

Following the validation experiments, the aim was to perform the TRAP method on spinal
cord material of healthy mice and mice suffering from EAE and screen the translatome
for alterations in neuronal gene expression. For each probe set of EAFE sick mice, 5 Chat
bacTRAP1/~ mice were immunised in order to account for the incomplete penetration
of EAE. At day 12 after immunisation, three clinically sick mice were chosen for dissec-
tion. For the control group, 3 healthy Chat bacTRAP*/- mice were used. Mice were
anaesthetised, spinal cords were dissected and TRAP was performed as described in the
methods section. The RNA probes were named ‘SC’ (spinal cord) for the input and ‘MN’
(motor neuron) for the IP material. For the probes of the mice suffering from EAE, the
probes were named ‘iSC’ (inflamed spinal cord) and ‘iMN’ (inflamed motor neuron), ac-
cordingly. These four groups allow for several different comparisons. Comparing ‘iSC’
to ‘SC’ represent the whole tissue transcriptional changes during EAE; the difference in
mRNA profiles between ‘MN’ and ‘SC’ (resp. ‘iMN’ and ‘iSC’) are caused by TRAP, thus

representing the neuron-specific genes in the spinal cord tissue.

First, qPCR experiments were performed considering genes that have previously been
described to be associated with mitochondrial dysfunction and excitotoxicity in neurons.
Pgcla, which acts through its downstream target Fndch, is the master regulator of mito-

chondrial biogenesis and has been linked to neurodegenerative diseases such as Hunting-
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ton’s disease, Parkinson’s disease, Alzheimer’s disease and ALS (Farshbaf et al., 2016).
Ampk, which is an activator of Pgcla (Canté and Auwerx, 2009), has been shown to be
neuroprotective (Kamoshita et al., 2016) and its loss exacerbates EAE disease severity
(Nath et al., 2009). Uncoupling proteins (UCP) are proteins located at the inner mi-
tochondrial membrane and separate the oxidative phosphorylation from ATP synthesis
(Andrews et al., 2005). They help reduce ROS production (Arsenijevic et al., 2000) and
have been shown to be neuroprotective in stroke (Lindholm et al., 2004). Hypoxia may
induce the hypoxia-sensing protein Hif-1a, its impaired functioning has been associated
with ALS in mice (Sato et al., 2012). Dysfunction of tumour suppressor gene p53 may
result in mitochondria-associated cellular dysfunction in Huntington’s disease (Bae et al.,
2005). Furthermore, ion channels that have previously been described in the pathogenesis
of MS/EAE were considered. Scn2al, a sodium channel, that is known to be redistributed
in neurons as a result of axonal injury (Craner et al., 2004) and its up-regulation during
EAE is associated with axonal loss (O’Malley et al., 2009). Neuronal ion-influx via Trpm4
mediates cell death in EAE (Schattling et al., 2012).
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Figure 3.5: AACt values of cervical spinal cord material of transgenic Chat bacTRAPT/-
mice depicting the up-regulation of potential genes of interest in TRAP
probes. Ampk (5’ adenosine monophosphate-activated protein kinase); Fndcs
(Fibronectin type III domain-containing protein 5) n=2; Hifl (Hypoxia-
inducible factor 1) n=4; Pgcla (Peroxisome proliferator-activated receptor
gamma coactivator l-alpha) n=3; Scn2al (Sodium voltage-gated channel
alpha subunit 2) n=3; Trpm/ (Transient receptor potential cation channel
subfamily M member 4) n=2; Ucp2(uncoupling protein 2) n=4; p53 (Tu-
mor protein p53) n=4. Bars show mean values =SEM. Statistical analy-
sis was performed by two-tailed Student’s t-test. *P < 0.05; **P < 0.01;
P < 0.001. Benjamini-Hochberg correction was conducted for multiple
testing.
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The quantitative PCR analysis didn’t yield significantly altered neuronal expression lev-

els during EAE for any of the analysed candidate genes.

3.4 Deep sequencing analysis of the inflamed spinal cord

After this hypothesis-driven approach, the whole neuronal tanslatome was screened for evi-
dence of neurodegeneration. To this end, RNA was collected from spinal cord homogenates
(‘SC’) and TRAP-purified motor neurons (‘MN’) from healthy mice and mice in the acute
stage of EAE. Five such probe sets were collected on different days and used as input for
deep sequencing analysis. The four different groups of material (SC, MN, iSC, iMN) were
analysed in detail. First, the changes in the global transcriptome were considered, which

yielded 1345 significantly up-regulated and 119 down-regulated transcripts.

3.4.1 Changes in global transcription during EAE
Cell composition

In order to illuminate the changes in cell composition during CNS inflammation, the ex-
pression levels of known cell markers were determined. Furthermore, sets of marker genes
for immune cells, astrocytes, oligodendrocytes and neurons were compiled from the litera-
ture (Lein et al., 2006) and used as input for gene set enrichment analysis (GSEA). GSEA
is a method that determines wether two probe sets (in this case iSC vs SC) show statis-
tically significant, concordant differences in the expression of genes in a given gene set S.
This gene set can be a group of genes that shares a common biological function, chromoso-
mal location, or regulation (Subramanian et al., 2005). AifI (Allograft inflammatory factor
1, a.k.a. Ibal) is specifically expressed by innate leucocytes, such as monocytes, granulo-
cytes, macrophages, and natural killer cells. It marks microglial activation during spinal
cord injury (Schwab et al., 2001). Pecam-1 (Cd31) is found on the surface of immune cells
and endothelial cells, while Cd3d is specific for leucocytes and Gfap is expressed by astro-
cytes and other CNS-resident cells. Rbfox3 (NeuN) is expressed in Chat-negative neurons.
As 3.6 shows, the cell type distribution changed significantly during EAE. GSEA showed
that while signatures from immune cells and astrocytes were enriched during inflamma-
tion, those from oligodendrocytes and neurons were depleted. The analysis of individual
marker genes confirmed the strong over-representation of immune cells and astrocytes in
the inflamed spinal cord. This finding was confirmed using the cell-type specific expression

analysis (CSEA, supplementary fig. 7.2).
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Figure 3.6: Changes in cell composition during CNS inflammation. (a) Gene-set enrich-
ment analysis of cell-specific marker gene-sets for neurons, oligodendrocytes,
astrocytes and immune cells. The maximum deviation from 0 is the en-
richment score (ES), it reflects the over-expression of a gene-subset in one
condition. (b) Volcano plot depicting the changes in abundance of cell type
markers in spinal cord tissue during neuroinflammation. Rbfor3 (NeulN):
Chat -neurons; Chat: motor neurons; Cnp: Oligodendrocytes; Gfap: Astro-
cytes; Pecam1: immune and endothelial cells; Aif7 (Ibal): Innate leucocytes;
Cd3d: Leucocytes.

Activated pathways

The following heatmap (Fig. 3.7) depicts the expression levels of the 25 most significantly
differentially expressed transcripts of the inflamed spinal cord tissue. The yellow side
markers represent an association with the GO term ‘immune’ , the high contamination
of the EAE probes with immune cell mRNA is further represented by a high percentage
(26%) of genes within this list that carry the GO-term ‘immune’. The most significantly
up-regulated genes in the whole tissue material involve Czcl9, a T-cell chemoattractant;
Gm4841: Interferon-gamma-inducible GTPase Ifgga3 protein; IigpI: Interferon-inducible

GTPase 1. These changes in expression levels cannot be traced back to their respective
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cell type as whole tissue RNA was compared in this analysis.
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Figure 3.7: Heatmap depicting the top 25 highest hits when comparing EAE spinal cord
and healthy spinal cord material. A high z-score (red) represents a high level
of gene expression. The yellow side maker indicates an association with a
GO term ‘immune system process’. (b) Expression levels of genes with the
annotation of GO ‘immune system process’.

In order to analyse the biological processes that are activated during spinal cord inflam-
mation, gene enrichment analysis was performed using the GeneAnswers package in R
Studio (Feng et al., 2010). The tool allows for the analysis of three different domains: Bi-
ological process, molecular function and cellular component. Fig. 3.8a shows the biological
processes up-regulated during EAE. Networks of gene sets are presented as nodes that are
clustered together based on overlap in gene expression. Furthermore, the KEGG-network
was analysed in order to learn about underlying metabolic processes and human diseases
that have previously been described in context with these genes. Pathway analysis was re-
peated for biological process (BP), molecular function (MF) and cellular component (CC).
It yielded 2594 significantly enriched terms for BP, 270 for MF and 254 for CC, for a FDR
correction with p-value < 0.1 (Supplementary figures 7.1, 7.2, 7.3). The most significantly

overrepresented GO term was ‘immune system process’ (p-value 8.787 x 107169).
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Figure 3.8: (a) Biological process GO structure network of up-regulated genes during
EAE. The size of the nodes are proportional to the number of genes in a
GO category, the color of nodes stands for how relative the given genes are
to the GO categories. The more red, the more relative. The given GO
categories are yellow framed dots with dark purple edges connections (Feng
et al., 2010). (b) Top KEGG-terms associated with up-regulated genes in
whole tissue material.
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In the domain of biological processes, genes related to immune response, activation of
innate and adaptive immune responses, T cell proliferation and differentiation, antigen
processing and presentation, cell-mediated immunity, response to wounding and inflam-
matory response were highly over-represented. For molecular function, protein binding,
cytokine activity, major histocompatibility complex (MHC) protein binding, scavenger
and chemokine receptor activity were represented amongst others. In the cellular compo-
nent, external side of plasma membrane, focal adhesion, lysosome, MHC protein complex
and T cell receptor complex were among the highly significantly represented terms (Sup-
plementary figures 7.1, 7.2, 7.3). The KEGG analysis showed an enrichment of genes
that have been associated with infectious diseases like Leishmaniosis, Herpes, Measles,
Chagas disease, Tuberculosis and Influenza A. Further, several autoimmune diseases like
Lupus erythematodes, rheumatoid arthritis, autoimmune thyroid disease and inflamma-
tory bowel disease were annotated. Other annotated pathways involved phagosomes and
antigen processing and presentation, cytokines, cell adhesion molecules, TNF signalling
pathway and Toll-like receptor signalling pathway. These results concur with the notion of
immune cells migrating into the CNS and causing these translational changes. It is there-
fore virtually impossible to identify gene translational changes in neurons during EAE
using whole tissue homogenates. This underlines the necessity for a different approach in

order to identify inflammation-induced changes in neuronal gene expression.

3.4.2 Efficacy of pull-down

In order to verify the efficacy of the immunoprecipitation and thus the quality of the
TRAP-enriched RNA material used as input for the RNA-seq, the intra-individual probes
before and after TRAP were compared. First, the expression levels of control genes as
published by Doyle (2008) were considered, namely Calca, Calch, Chat, Isl1, Mnzl and
Lhz3 for the positive control and Cnp, Gfap, Mbp, Plp1, Slcia3 and Vim for the neg-
ative control. Figure 3.9 depicts the expression levels of those genes in the spinal cord
tissue before (SC) and after immunoprecipitation via TRAP (MN). As shown in fig. 3.9,
the affinity purification of the spinal cord material yielded a highly significant enrichment
of positive control genes, whereas genes used as negative controls were depleted. In the
healthy probes, the enrichment and depletion was significant for all controls, in the in-
flamed probe set the depletion of two negative controls was non-significant and one control

gene, Cnp, was nearly unchanged in concentration.
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Figure 3.9: Scatter plot (a) and volcano plot (b) depicting the expression levels and fold
changes of transcript abundance in the IP material versus whole tissue RNA
and the respective adjusted p-values for healthy and EAE mice. Coloured
and labelled are positive (green) and negative (red) control genes. Missing
values are due to missing p-values in the analysis.
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Secondly, a gene-set enrichment analysis (GSEA) (Subramanian et al., 2005) was per-
formed to determine the cell-specificity of the harvested probes based on gene lists from
the literature. A list of neuronal markers was chosen as a positive control and lists of
astrocyte and oligodendrocyte markers (Lein et al., 2006), as well as all genes annotated
to the GO term ‘immune system process’ were chosen as negative controls. The gene-set
enrichment analysis (Figures 3.10a and 3.10b) shows the enrichment of neuron-specific
transcripts, with enrichment scores of 0.48 for the heathy and 0.67 for the inflamed spinal
cord (FDR (false discovery rate) g-value = 0.045 (MN vs SC), 0.023 (iMN vs iSC)). Neg-
ative control gene lists of astrocyte markers (FDR g-value = 0.008 (MN vs SC), 0.313
(iMN vs iSC)), oligodendrocyte markers (FDR g-value = 0.024 (MN vs SC), 0.170 (iMN
vs i1SC)) and ‘immune system process’ (FDR g-value = 0.008 (MN vs SC) , 0.010 (iMN vs
iSC)) were depleted. The depletion was not statistically significant for astrocyte markers

and oligodendrocyte markers in the inflamed tissue.
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Figure 3.10: Gene-set enrichment analysis for gene lists of neurons, oligodendrocytes,
astrocytes and immune cells. MN vs SC (a) and iMN vs iSC (b). The
maximum deviation from 0 is the enrichment score (ES), it reflects the
over-expression of a gene-subset in one condition.
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Thirdly, the cell type-specific expression analysis (CSEA) was implemented, which de-
termines the specificity of gene transcripts for certain cell types based on a database of in
situ hybridisation and bacTRAP data. The gene list of significantly enriched transcripts
(MN/SC > 2, Adj.P < 0.05) was used as input for further analysis. Figure 3.11 depicts
the Benjamini-Hochberg corrected p-values of the gene list depending on the stringency
for enrichment p(SI) for several CNS cell types. A high enrichment level was detected
for genes specific to cholinergic (motor) neurons, Purkinje neurons, granule neurons and
hypocretinergic neurons. No non-neuronal cells were over-represented in the MN probes
(For iMN vs iSC see supplementary figure 7.1). The enrichment of genes specific to cholin-
ergic motor neurons of the brain stem was highly significant (reaching from 2.49 x 10=%°
to 8.13 x 107'7, depending on the chosen p(SI)).
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Figure 3.11: Topographical bullseye map of cell-specific and enriched transcripts show-
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healthy mice, Benjamini-Hochberg p-values are plotted by color. Varying
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going from least specific lists (outer hexagons) to most specific (center).
Hexagons scaled to size of gene lists.

3.4.3 Neuronal translational changes during EAE

As the previous analyses showed the high degree of neuron-specificity of the MN and
iMN mRNA probes, the next goal was to identify the significant differences between these
conditions. This comparison yielded a list of 3074 significantly up-regulated (iMN/MN
> 2, Adj.P < 0.05) and 1382 significantly down-regulated (iMN/MN < 0.5, Adj.P <
0.05) genes. For these lists the possibility of false positive results could not be ruled out
completely, as mRNA immunoprecipitation via bacTRAP is not 100% cell-specific and
the cellular composition of the spinal cord changed drastically during EAE (See fig. 3.6).
The method does however extract neuronal mRNA with a much higher affinity than that
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of other cells, the neuronal mRNA is thus overrepresented in the IP material. In order
to minimise non-specific background, a lower threshold was set based on negative control
genes determined by the Heintz workgoup (Doyle, 2008). This threshold was calculated as
described in the methods section based on the enrichment levels of negative control genes.
The threshold was rounded up and the restriction was set to iMN/iSC > 2.0, Adj.P
< 0.05 for up-regulated (iMN > MN) genes and accordingly MN/SC > 2.0, Adj.P < 0.05
for down-regulated (iMN < MN) genes. Neuronally up-regulated genes were thus required
to be neuron-specific in the EAE material, down-regulated transcripts were required to be
neuron-specific in the healthy material. The adjusted p-value was consequently calculated
as described in the methods section. This approach yielded a list of 327 up-regulated
and 389 down-regulated genes. Those genes that met either requirement received the
annotation ‘neuron up’ and ‘neuron down’, respectively. The following Venn diagram
depicts the quantitive overlap of significantly up-/down-regulated genes (Fold change > 2
and Adj.P < 0.05).

P.+P,<0.05 P+P,<0.05

Figure 3.12: Venn diagram illustrating the number of genes that are significantly en-
riched by the immunoprecipitation via TRAP of EAE spinal cord tissue
(iMN > iSC’, orange) and healthy spinal cord tissue (‘MN > SC’, green)
and those that are significantly increased or decreased in the immunopre-
cipitated material of EAE versus healthy mice (‘iMN > MN’, iMN < MN’,
grey circles). Genes that fulfilled two criteria (‘iMN > MN’ and ‘iMN >
iSC’” with adjusted p-value p;+p2 < 0.05: ‘Neuron up’, ‘iMN < MN’ and
‘MN > SC’ with adjusted p-value p1+p2 < 0.05: ‘Neuron down’) were used
for further analysis.

The following heatmaps show the top 25 genes tagged ‘neuron up’ and ‘neuron down’
swhen ordering for the adjusted p-value. The sidebar marks the GO annotation ‘immune

system process’.

ol



Results

Top 20 Neuron up Top 20 Neuron down

Bsn Fam96b
Apol6 Mrps14
Snx20 Tma7
Col5a3 N6amt2
Tap2 E2f6

Row Z-Score Shatct Nt5m

| | | | | Elmo2 Ufet

-2-10 1 2 Arl4d Praf2
Igsf8 Dyrk1b

GO: ‘immune Vgf Cox19

system process’ F- Nucb1 Lsmd1
Dpf2 Bag1
Clip2 Ggact
Pttg1 6330419J24Rik
Dyncih1 Ldoc1
Tle3 Mrps34
Ankrd54 1110065P20Rik
Mapia Mpc2
Kifla l -1 Polrtd
Tipcdap Calca

sC

Figure 3.13: Neuronal changes in gene expression during EAE. Gene expression levels of
the 25 genes with the lowest p-value that met above-mentioned criteria for
‘neuron up’ (a) or ‘neuron down’ (b). The yellow sidebar tags genes with
GO annotation ‘immune system process’.

Neuronally up-regulated pathways

The most significantly up-regulated gene in the analysis was Bsn. The encoded protein
Bsn is a very large scaffolding protein, that is located at the presynapses of neurons. Bsn
is known to be involved in the assembly of active zone scaffolds, neurotransmitter release,
signalling processes and maintenance of synapse integrity (Gundelfinger et al., 2016). Loss
of Bsn leads to the aberrant degradation of multiple presynaptic proteins, culminating in
synapse degeneration (Waites et al., 2013), it has further been shown to inhibit synaptic
autophagy in neurons through Atgh (Okerlund et al., 2017). Vgf, which was also among
the 25 top up-regulated transcripts, is a neuropeptide precursor that regulates energy
metabolism in rodents and its deletion results in higher energy expenditure independent
of activity. In the brown adipose tissue of Vgf-knockout mice, uncoupling protein 1 (Ucpl)
and Ucp2 protein levels, mitochondrial number, and mitochondrial cristae density were
found to be up-regulated (Watson et al., 2009). The up-regulation of Vgf could therefore
be a marker for a heightened energy efficiency. Next, a GO term enrichment analysis was
performed on the 327 up-regulated genes using the GeneAnswers package in R to identify
aberrant gene clusters. GeneAnswers identifies enriched gene annotations in a given gene
list by means of a hypergeometric statistic. Depicted below are the results when consid-

ering biological processes.
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Figure 3.14: GO structure network. Biological processes of genes that were up-regulated
in motor neurons during EAE. The size of nodes is proportional to the
number of genes in a GO category. The color of nodes stands for how
relative the given genes are to the GO categories. The more red, the more
relative. The given GO categories are yellow framed dots with dark purple
edges connections.

GO annotation analysis showed a de-regulation of genes involved in protein catabolism,
particularly ubiquitin-mediated and proteasomal protein degradation, RNA processing,
autophagy, glycolysis and microtubule function (Fig. 3.1, supplementary figures 7.7, 7.8,
7.9) amongst others. Interestingly, the GO term ‘unfolded protein binding’ was enriched,
which could be a hint for an increased demand for protein clearance due to the accumu-
lation of misfolded proteins. In line with this, an up-regulation of genes annotated to
‘chaperone binding’ (GO:0051087, data not shown) was detected.
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category genes in category | p-value FDR p-value
macromolecule catabolic process::GO:0009057 27 1.204x10~% | 0.001241
proteasome assembly::G0:0043248 3 0.0004333 0.01384
proteasome complex::GO:0000502 4 0.01068 0.04759
ubiquitin-dependent protein catabolic process::GO:0006511 14 0.00123 0.02789
proteasome-mediated ubiquitin-dependent protein catabolic process::GO:0043161 9 0.009437 0.09965
positive regulation of proteasomal ubiquitin-dependent protein catabolic process::G0:0032436 | 4 0.007345 0.08752
proteasome regulatory particle:GO:0005838 3 0.002421 0.01749
ER-associated ubiquitin-dependent protein catabolic process::GO:0030433 4 0.006298 0.08118
regulation of histone ubiquitination::G0O:0033182 2 0.004096 0.06147
positive regulation of histone ubiquitination::GO:0033184 2 0.001744 0.0352
autophagosome assembly::GO:0000045 4 0.01022 0.09965
regulation of autophagosome assembly::GO:2000785 3 0.006062 0.07985
lysosome::GO:0005764 13 0.005409 0.0311
lytic vacuole::GO:0000323 13 0.005409 0.0311
glycolytic process through glucose-6-phosphate::GO:0061620 3 2.541x107% | 0.002147
glycolytic process through fructose-6-phosphate::GO:0061615 3 0.0002013 0.008477
glycolytic process through glucose-1-phosphate:: GO:0061622 2 0.0007078 0.01906
microtubule-based process::GO:0007017 15 0.002503 0.04334
unfolded protein binding::GO:0051082 5 0.002428 0.06215

Table 3.1: Candidate GO terms in biological process up-regulated in neurons during
EAE.

In search for further evidence of protein misfolding, the PONDR algorithm was applied
in order to predict the naturally disordered regions of the top candidate genes. A high
percentage of intrinsically disordered residues predisposes proteins to malformation and
aggregation. Depicted below are the PONDR, scores for the top 14 up-regulated tran-
scripts (Fig. 3.15). Several of these proteins were found to contain a high percentage of
intrinsically disordered residues, particularly Bsn, Apol6, Col5a3, Vgf, Nucbl, Dpf2, Clip2
and Pttgl. The up-regulation of protein catabolic pathways may thus be a reaction to the

over-expression and toxic accumulation of these proteins.
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Figure 3.15: Analysis of top 14 up-regulated genes for disordered residues by PONDR
VSL2 algorithm. The light blue area represents the disordered residues of
the protein. The numbers represent the overall percentage of disordered
regions. Long regions of prediction are more likely to be disordered than
short regions of prediction.

Neuronally down-regulated pathways

After the analysis of the up-regulated neuronal pathways during EAE, the down-regulated
candidate genes were considered. 389 genes met the criteria MN/SC >2.0 and MN/iMN>
2 with the sum of the p-values <0.05. The most significantly down-regulated gene was
Nt5m (5°,3’-nucleotidase, mitochondrial), which is a 5-nucleotidase that localises to the
mitochondrial matrix. It catalyses the dephosphorylation of thymidine and deoxyuridine
monophosphates and participates in the regulation of the dTTP pool in mitochondria,
which is necessary for mtDNA replication (Walldén et al., 2005). This may thus indicate
a mitochondrial dysfunction or down-regulation of mtDNA replication. Again, the Ge-
neAnswers package in R was used for gene network analysis using the Gene Ontology and
KEGG library. Depicted below are the networks related to biological processes and the
KEGG library.
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Figure 3.16: (a) GO structure network. Biological processes of genes that were down-
regulated in motor neurons during EAE. The size of the nodes is propor-
tional to the number of genes in a GO category. The color of nodes stand
for how relative the given genes are to the GO categories. More red, more
relative. The given GO categories are yellow framed dots. Lower image (b)
shows the results of KEGG pathway analysis of neuronally down-regulated
transcripts during EAE. The size of the nodes is relative to the number of
genes in that KEGG category.
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The analysis revealed a deregulation of proteins involved in biosynthesis and energy
metabolism pathways (Fig. 3.16). Particularly, a down-regulation of genes involved in
ribonucleotide metabolism, protein metabolism and translation as well as mitochondrial
genes (Supplementary figures 7.10, 7.11, 7.12) was found. The strong reduction in genes
involved in ATP synthesis and the electron transport chain may indicate an energy short-
age, while the reduction of protein translation and depletion of structural molecules of
ribosomes may highlight a disruption in protein synthesis. 91 of the 389 genes tagged
‘neuron down’ were found to be associated with the GO-term ‘mitochondrion’; indicating
a mitochondrial hypo-function. The ATP synthase complex and the respiratory chain
pathway showed a reduction, which could indicated an increased energy demand. Specif-
ically, the mitochondrial complexes I-V were all reduced. Furthermore, a number of ri-
bosomal proteins were strongly suppressed (Figure 3.17). Aberrance in mitochondrial
ribosomal proteins has been shown to cause disruptions in oxidative phosphorylation and
ATP synthesis (Menezes et al., 2015).

GO: mitochondrion
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Figure 3.17: Expression levels of differentially expressed candidate genes attached to GO
terms ‘mitochondrion’. The side bars indicate functional gene clusters.
3.5 Immunohistochemical validation of the sequencing results

Following the analysis of the deep sequencing results, the aim was to validate the results.
To this end, immunohistochemical stainings of spinal cord sections of healthy and EAE

mice were conducted, staining for Bsn and its co-localisation with neuronal marker NeuN.
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The protein Bsn was chosen as an example, because it showed the most significant up-
regulation in the analysis and good antibodies are available for IHC. As figure 3.18 shows,
the THC stainings confirmed the predicted augmented neuronal expression of Bsn during
EAE in motor neurons of the spinal cord, which supports the validity of the bacTRAP
approach and the employed data analysis method.

Bassoon Bassoon

Figure 3.18: Immunohistochemical stainings of spinal cord tissue of healthy mice (left)
and mice suffering from EAE (right). Red: neuronal marker NeuN, green:
Bsn. This experiment was conducted in collaboration with Dr. Benjamin
Schattling.
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4 Discussion

Multiple sclerosis is a chronic disease causing substantial suffering and disability. It is
historically considered an inflammatory disease, in which a dys-regulation of the immune
system leads to immune cell infiltration and subsequently inflammatory lesions in the CNS,
accounting for the wide range of clinically observed neurological symptoms (Compston and
Coles, 2016). In recent years, the co-existence of two distinct processes, namely inflam-
matory and neurodegenerative, has been postulated (Scalfari et al., 2010). Neuronal cell
death, due to primary neurodegenerative processes and/or inflammation-induced neuronal
damage, are thought to be responsible for the long-term disability of MS patients (Friese
et al., 2014). Although the importance of neurodegeneration in the pathogenesis of multi-
ple sclerosis has been known for some time (Friese et al., 2014), methodological difficulties
have thus far limited the insight into pathomechanisms on the cellular level, because the
extraction of cell-specific mRNA transcripts poses a major technical challenge. The goal of
this thesis was to apply a sophisticated neuron-specific mRNA isolation technique (Chat
bacTRAP) in a mouse model of multiple sclerosis (EAE) in order to discriminate the
translatome profile of cholinergic neurons from the total transcriptome of the spinal cord.
This enabled a comprehensive insight into the pathophysiology of neurodegeneration in

EAE mice, hereby overcoming hitherto existing methodological challenges.

4.1 Establishment of the bacTRAP methodology

In this study, transgenic C57BL/6 mice were used which express a fusion protein of
a ribosomal protein L10a and green-fluorescent protein eGFP (L10a-eGFP) under the
choline acetyltransferase (Chat) promotor. The Chat promotor was chosen for its neuron-
specificity (Naciff et al., 1999), since the aim was to investigate neuronal processes con-
tributing to neurodegeneration. By implementation of the Chat bacTRAP method, the
isolation of highly neuron-specific mRNA material of high quality was achieved. The con-
centration of Chat after immunoprecipitation resulted in a 14-15 fold enrichment. This is
in the range of former publications (Doyle, 2008). None of the cell markers used as neg-
ative controls were enriched in the qPCR analysis, while Cd45 (lymphocytes, 15%) and
Gfap (astrocytes, 31%) were depleted significantly. However, some contamination with
non-neuronal transcripts remained after immunoprecipitation. Higher levels of contami-
nation by other cells have been reported for the bacTRAP methodology in comparison
to immuno-panning and manual sorting (Okaty et al., 2011). The negative control genes
reported in the initial bacTRAP publication (Doyle, 2008) showed a slightly less efficient
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depletion in the EAE condition, but the fold enrichment was below the predefined cutoff
(fold change > 2.0) for all genes. The gene-set enrichment analysis (GSEA) confirmed the
significant depletion of signatures from non-neuronal cells and the strong enrichment of
neuronal signals. On the other hand, the cell-type specific enrichment analysis (CSEA)
showed weak signals from non-neuronal cells, particularly immune cells, in the EAE condi-
tion. The cellular expression profiles used for CSEA were compiled using bacTRAP data
from healthy mice (Xu et al., 2014). The application of CSEA in pathological conditions
like EAE might therefore be of limited validity.

The slightly inferior purification in the EAE condition could be due to a confounding
impact of inflammation on the TRAP immunoprecipitation, as factors like pH affect
antibody-antigen binding affinity (Reverberi and Reverberi, 2007). Furthermore, Chat
expression in non-neuronal cells during EAE could have affected the presented results.
Low levels of Chat expression in activated leucocytes, such as macrophages, T cells and B
cells, have been reported in different mammals, including in C57BL/6 mice (Kawashima
et al., 2007; Fujii et al., 2017). In order to rule out this source of bias, we verified the cell-
specific expression of the Chat promotor by conducting immunohistochemical stainings of
cervical spinal cord sections of Chat bacTRAP transgenic mice. No co-localisation of eGFP
with non-neuronal cells, including migrating immune cells during CNS inflammation, was
detected. The eGFP-L10a fusion protein was expressed specifically in NeuN-positive neu-
rons. This result is in line with previous publications (Dougherty et al., 2010; McKeever
et al., 2017; Brichta et al., 2015). In addition, immunological signals were reliably depleted
in the TRAP-enriched mRNA samples as determined by RNA-seq.

Taken together, these results support the notion of neuronal specificity of the TRAP-
enriched mRNA material. In view of the above-mentioned considerations, false positive
results cannot be entirely ruled out. A validation of the presented results is therefore

necessary.

4.2 Whole transcriptome analysis during CNS inflammation

Whole transcriptome analysis of spinal cord tissue of healthy and EAE mice was con-
ducted in order to identify whole tissue transcriptional changes during neuroinflamma-
tion. The analysis yielded 1345 up-regulated and 119 down-regulated transcripts during
EAE (For Adj.P < 0.05). To investigate the relative contribution of different cell types
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to the whole transcriptomal changes, sets of marker genes for immune cells, astrocytes,
oligodendrocytes and neurons were compiled from the literature and used as input for
gene set enrichment analysis (GSEA). Signatures from neurons and oligodendrocytes were
found to be depleted, while those of astrocytes and immune cells were enriched. Cell-type
specific enrichment analysis (CSEA) confirmed the strong predomination of immune and
other non-neuronal cells in the nervous tissue of EAE mice, thereby obscuring possible

changes in neuronal translational profiles.

GO term enrichment analysis yielded a strong up-regulation of immunological genes during
CNS inflammation. Up-regulated GO terms involved ‘adaptive immune response’, ‘innate
immune response’, ‘lymphocyte activation’ and ‘positive regulation of adaptive immune
response’ among others. These observed changes in the whole transcriptome concur with
previous studies in the multiple sclerosis literature. Specifically, a transcriptomic meta-
analysis of multiple sclerosis and its experimental models (Raddatz et al., 2014) reported
12 genes which were commonly affected in MS and in its animal models. All these 12
genes were up-regulated in this analysis, 11 out of 12 significantly (p < 0.05). Of those
12 genes, 8 are expressed in microglia (Ramsey et al., 2008), which underlines the im-
portance of microglial cells in MS pathology (Luo et al., 2017). All studies included in
the meta-analysis investigated alterations in whole tissue gene expression and showed an
up-regulation of predominantly immunological genes. This is in line with the results of
this study.

GO terms associated with neuronal function, such as ‘regulation of neuron differentiation’,
‘cell morphogenesis involved in neuron differentiation’ and ‘axon part’ were down-regulated
in the whole tissue analysis. This demonstrates that neuronal signals were concealed by
the dominance of immunological signals. Intriguingly, the analysis of the whole tissue tran-
scriptome yielded a down-regulation for multiple gene clusters, which were up-regulated
in the TRAP-enriched neuronal samples. Particularly, the GO terms ‘unfolded protein
binding” was down-regulated in the whole transcriptome, but up-regulated in neurons.
The same antithetical changes were detected for proteasomal transcripts. This implies
that the up-regulation of neuronal genes during EAE was obscured by the predomination
of signatures from other cell types. This highlights the value of the TRAP methodology in

detecting differentially expressed genes in neuronal cells in vivo during CNS inflammation.

In summary, a drastic alteration in the cell composition of the spinal cord during EAE

was detected. This was confirmed via immunohistochemisty, qPCR and RNA-seq, by the
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application of sophisticated methods, such as GO analysis, CSEA and GSEA. The con-
tamination of spinal cord tissue with immunological genes due to migrating and activated
immune cells obscured the signals from cholinergic neurons. This underpins the need for
a neuron-specific analysis approach in order to fathom the neuronal translational changes

contributing to neurodegeneration.

4.3 Neuronal translational changes during CNS inflammation

This study is the first to conduct a motor neuron-specific translatome analysis in murine
EAE. Cell-specific transcriptome analysis has previously been conducted for immune cells
(Didonna et al., 2016) and retinal ganglion cells (Isolated via LCM) in a rat model of EAE
(Herold et al., 2015). Here, a cell-specific isolation of translating ribosomes was applied
to isolate neuronal mRNA from a mixed CNS tissue. Sets of up- and down-regulated can-
didate genes were compiled in order to identify de-regulated biological pathways in motor
neurons during CNS inflammation. To minimise false positive results due to non-specific
background by other cell types, a conservative filtering approach was applied. The ap-
plication of this filtering method yielded 327 up-regulated and 389 down-regulated genes.
By contrast, only 37 (ca. 5%) of these 716 translational changes were detected by whole
tissue comparison. Due to the cellular composition of the spinal cord, no firm conclusion

on the origin of these changes could have been drawn from the whole tissue analysis alone.

The compiled lists of up- and down-regulated candidate genes were used as input for
GO term over-representation analysis, whereby aberrant gene clusters involved in a num-
ber of biological processes were identified. The differentially expressed genes and their

associated biological processes are discussed in detail below.

4.3.1 Disruptions in protein catabolism and protein folding

Quality control of cellular components and proteins of neurons are ensured by the ubiquitin-
proteasome and the autophagy-lysosome system. Disruptions in these systems are known
to contribute to the pathogenesis of several neurodegenerative disorders by the accumula-

tion and aggregation of misfolded proteins (Ghavami et al., 2014).
GO enrichment analysis yielded an up-regulation of genes involved in both degradation

systems, suggesting an increased demand for the clearance of damaged organelles and

defective proteins. The activation of proteolytic pathways may be the result of a patho-
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logical accumulation of misfolded proteins, like in other neurodegenerative disorders such
as Parkinson’s disease (Dehay et al., 2010) and Alzheimer’s disease (Gontier et al., 2015).
Furthermore, evidence for an impairment in the process of protein folding was detected.
The ER-associated protein degradation (ERAD) pathway was activated in neurons dur-
ing EAE. The ERAD pathway recognises newly synthesised proteins that are not properly
folded. These proteins are tagged via ubiquitination and translocated back into the cytosol
for degradation by the ubiquitin-proteasome system (Ruggiano et al., 2014). The Bcl2-
associated athanogene 1 (Bagl), a neuroprotective and anti-apoptotic protein with co-
chaperone features, was strongly down-regulated in the analysis. Bagl induces chaperone-
dependent protein degradation of misfolded substrates (Elliott et al., 2007; Kermer et al.,
2015). Additionally, the down-regulation of genes annotated to ‘chaperone-mediated pro-
tein folding’ and ‘chaperone binding’ suggests an impairment of protein folding. The role
of the chaperone machinery has been implied in proteopathies (Shelton et al., 2017). In
line with the notion of impaired protein folding, the GO term ‘unfolded protein binding’

was significantly up-regulated in neurons during EAFE in this study.

Further evidence for the accumulation of misfolded proteins was detected, such that several
proteins with a high percentage of intrinsically disordered residues were found among the
top up-regulated transcripts. Specifically, Bsn (92.1%), Vgf (96.6%) and Pttgl (94.5%)
possess a high percentage of disordered residues, which implies a lack of fixed tertiary
protein structure and therefore a predisposition to malformation and aggregation (Chiti
and Dobson, 2017). The most significantly up-regulated gene was Bsn. The encoded
protein Bsn is a presynaptic, giant protein, which is essential for the fusion of presy-
naptic vesicles (Altrock et al., 2003). Its increased neuronal expression was confirmed
using immunohistochemical stainings. Bsn is a critical regulator of presynaptic ubiquiti-
nation and proteostasis (Waites et al., 2013), while aberrance in ubiquitination can trigger
neurodegeneration (Lehman, 2009). BSN has recently been shown to be involved in neu-
rodegenerative processes. Notably, missense mutations in BSN can cause or increase the
risk of syndromes of progressive supranuclear palsy (PSP), multiple system atrophy and
Alzheimer’s disease by leading to an increased tau accumulation (Yabe et al., 2018). The
neuronal up-regulation of Bsn likely leads to an inhibition of autophagy via interaction
with Atgh (Okerlund et al., 2017) and Siah (Waites et al., 2013). Autophagy may therefore
be simultaneously induced and impaired during EAE, as has been shown for Alzheimer’s
disease (Yu et al., 2005). Autophagy is generally neuroprotective and disruptions may
lead to neurodegeneration (Ghavami et al., 2014) by causing mitochondrial dysfunction

and disturbances in the processing of misfolded proteins (Salminen et al., 2013).
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Taken together, a down-regulation of protein folding and an up-regulation of protein degra-
dation was detected. The increased demand for protein degradation may be a result of
the impaired protein folding and an increased expression of proteins that are prone to

malformation.

4.3.2 Apoptosis and excitotoxicity

The second strongest neuronal up-regulation was detected for Apol6, which is induced by
IFN-v (Zhaorigetu et al., 2011). IFN-~ plays a pivotal role in the pathology of MS and it
was strongly up-regulated in the whole transcriptome. IFN-v has been shown to directly
affect neurons in EAE by mediating glutamate neurotoxicity via AMPA receptors (Mizuno
et al., 2008). Apol6 promotes mitochondria-induced apoptosis in cancer cells (Liu et al.,
2005) and in smooth muscle cells during atherosclerosis (Zhaorigetu et al., 2011) via the
binding of Bel-xLi (Zhaorigetu et al., 2011). Interestingly, Bcl2l1, which encodes for both
Bcel-xL and Bel-xS (Boise et al., 1993), was also up-regulated in motor neurons in the
analysis. Both are proteins of the Bcl2 family which are located at the outer mitochon-
drial membrane. They have been shown to regulate neuronal metabolism by interacting
with the ATP synthase F(1)F(0), increasing mitochondrial efficiency as a result (Alavian
et al., 2011). Bcl-xL acts as an anti-apoptotic agent by increasing mitochondrial ATP
release upon death stimuli (Jonas, 2014). It interacts with Vdac (voltage-dependent anion
channel), thereby modulating ATP release from mitochondria into the cytosol to help the
cell overcome stress (Vander Heiden et al., 2001). It protects against programmed cell
death by decreasing the probability of mitochondrial outer membrane permeabilisation
(MOMP), which can be triggered by energy depletion during excitotoxicity (Jonas et al.,
2014). Transgenic mice neuronally over-expressing Bcl2 display a reduced EAE severity
and less axonal loss in comparison to control mice without changes in the immune response
(Offen et al., 2000). The up-regulation of Bel2l1 might therefore be a neuroprotective re-
action to an apoptotic signal, cellular stress and energy depletion during EAE. Bel2 is
also involved in the regulation of autophagy by interaction with the Beclin-1 complex
(Ghavami et al., 2014).

Evidence for excitotoxicity was drawn from the increased neuronal expression of ion chan-
nel proteins. Notably, Grinl and Grin2a, which encode for subunits of the NMDA re-
ceptor, were both significantly up-regulated in the analysis (Supplementary figure 7.3).
This is in line with a recent study that applied the bacTRAP approach in a mouse model
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of Alzheimer’s disease. It reported an up-regulation of the NMDA receptor subunits in
cholinergic neurons (McKeever et al., 2017), implying common pathophysiological path-
ways between MS and Alzheimer’s disease. The NMDA receptor has been linked to neu-
rodegeneration in Alzheimer’s (Tackenberg et al., 2013) and benzo(a)pyrene induced neu-
rotoxicity (Chepelev et al., 2016). An association to MS severity has been suggested for
GRIN2A in GWAS studies (Baranzini et al., 2009; IMSGC, 2011). Increased glutamate

signalling may therefore mediate neuronal cell death by excitotoxicity during EAE.

Na()1.2 type sodium channels are redistributed along the axon during demyelination
(Craner et al., 2004). Enhanced Na(,)1.2 currents may result in an increased energy con-
sumption and axonal degeneration in EAE without affecting the immune response (Schat-
tling et al., 2016). In the present study, no up-regulation of the encoding gene Scn2al was
detected. The redistribution might therefore occur via previously synthesised and stored
ion channels, which is not reflected in changes in mRNA translation. As Schattling et al.
(2012) have shown, Trpm4 mediates neurodegeneration caused by excitotoxicity in EAE.
No alteration in the ribosome-bound mRNA-levels of Trpm4 was detected in this study.
The excitotoxic process does therefore not seem to be mediated by an increased expression

in Trpm4 channel proteins.

4.3.3 Axonal transport

Evidence for disruptions in neuronal axonal transport during inflammation was found.
This may be caused by the above-mentioned disruptions in neuronal proteolysis (Lee et al.,
2011). Axonal transport dysfunction has been postulated as a possible pathomechanism
of neuronal damage in several neurodegenerative disorders like MS (van den Berg et al.,
2017), Huntington’s disease (Bucci et al., 2014) and Alzheimer’s disease (Lee et al., 2011).
Microtubular axonal transport is necessary for proteostasis by facilitating the fusion of
lysosomes and autophagosomes (Ghavami et al., 2014). Disruption in retrograde axonal
transport is known to result in the accumulation of misfolded and aggregated proteins
(Millecamps and Julien, 2013), as soma are the primary site of degradation of autophagic
cargo (Maday and Holzbaur, 2016). The activation of axonal transport might therefore

be a result of an increased demand for protein degradation.
Amongst the up-regulated transcripts in the analysis were two kinesin family member pro-

teins (KIFs), Kifla and Kif5a, which are involved in anterograde microtubule transport

(van den Berg et al., 2017). Kif5a is responsible for anterograde transport of mitochondria
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(Schwarz, 2013; Campbell et al., 2014) and neurofilament proteins (Xia et al., 2003). A
SNP in its gene has been identified as a risk factor for MS (Alcina et al., 2010) and a
reduction of axonal expression has been found in the WM of MS patients (Hares et al.,
2017a). Reduced expression of Kif5a is correlated with an accumulation of APP and phos-
phorylated neurofilaments (NF), a hallmark of MS (Gray et al., 2012). Up-regulation of
KIFs may be an adaptive response to impaired axonal transport, as has been postulated
for AD (Hares et al., 2017b). Increased KIF expression may further indicate an increased
transport of mitochondria in order to meet local energy requirements (Millecamps and
Julien, 2013).

An increased neuronal expression of the intermediate filament Nefm was detected in the
TRAP-seq analysis. The accumulation of neurofilaments due to increased genomic expres-
sion can cause disturbed microtubule dynamics in motor neurons (Yadav et al., 2016). The
depletion of axonal intermediate filaments in neurons leads to improved axonal transport of
mitochondria and lysosomes (Perrot and Julien, 2009) and attenuates neurodegeneration
(Ishihara et al., 2001). The elevated levels of Nefm might therefore contribute to micro-
tubule dysfunction, ATP depletion and impaired protein degradation in motor neurons
during EAE.

4.3.4 Energy deficit and mitochondrial dysfunction

Mitochondrial dysfunction and consequent energy deprivation are likely to contribute to
neurodegeneration in EAE via several different mechanisms and changes in the morphol-
ogy of axonal mitochondria during EAE have been described in previous studies (Bando
et al., 2015). Applying GO term over-/under-representation analysis, a strong down-
regulation of multiple gene clusters indicating energy shortage and mitochondrial dys-
function was detected. Particularly, a down-regulation of the gene clusters ‘ATP syn-
thesis’, ‘electron transport chain’, ‘respiratory transport chain’, ‘proton transport’ and
‘ribonucleotide metabolism’ was identified. Key components of all mitochondrial electron
transport chain complexes and a number of mitochondrial ribosomal proteins (MRPs) were
depleted in neurons during EAE. Mitochondrial ribosomal proteins are required for mito-
chondrial translation of mtDNA-encoded OXPHOS components (Sylvester et al., 2004).
Dysfunction in MRPS7, which was among the down-regulated transcripts, leads to a se-
vere familial form of combined OXPHOS deficiency due to a shortage of mitochondrial
protein synthesis, complex I and IV activity and ATP production rate (Menezes et al.,

2015). The energy deficit might be further exacerbated by the detected malfunction in

66



Discussion

axonal transport, which may lead to a reduced mitochondrial motility, resulting in a re-
duction in axonally available ATP (van den Berg et al., 2017). Mitochondrial dysfunction
and consequently decreased ATP levels might in turn result in microtubule and autophagy
dysfunction (F F Silva et al., 2011).

More evidence for neuronal energy deficiency was drawn from the up-regulation of gene
clusters involved in glycolysis. Particularly, the GO terms ‘glycolytic process through
glucose-6-phosphate’, ‘glycolytic process through fructose-6-phosphate’ and ‘glycolytic
process through glucose-1-phosphate’ were significantly over-represented in cholinergic
neurons during EAE. Glycolysis is possibly up-regulated in order to compensate for the
impaired mitochondrial ATP production and the increased energy demand during CNS
inflammation. Cellular energy deficit leads to the activation of AMPK, which in turn can
activate the PGCla/FNDC5 axis. In neurodegenerative disorders like Parkinson’s and
Alzheimer’s disease, PGCla-overexpression is neuroprotective (Farshbaf et al., 2016). It
was therefore hypothesised that neuronal energy deficit in EAE may induce similar mech-
anisms. However, no changes in expression levels of Ampk, Fndc5 or Pgcla were found in
neurons during EAE as anticipated. Possibly, the pathomechanism in EAE differs from
that of other neurodegenerative disorders in this regard, or the induction of this path-
way is in fact localised in other cell types. Hypoxia-Inducible factor-1 (Hif-1) is activated
by hypoxia and up-regulated in neurons in neurodegenerative disorder ALS (Sato et al.,
2012). Uncoupling-protein 2 (Ucp2) has been shown to be neuroprotective by promoting
mitochondrial uncoupling and is induced during hypoxia and hypoglycaemia in neurons
(Mattiasson et al., 2003). No neuronal induction of Ucp2 or Hif-1 during EAE was found,
however. The reported Ucp2 up-regulation in inflamed spinal cord may thus be due to
expression in activated T-lymphocytes (Smorodchenko et al., 2017) and not representative

of a neuronal gene-induction.

These findings imply a severely impaired neuronal energy metabolism during EAE, which
is in line with previous publications that reported a mitochondrial dysfunction in neurons
of MS patients (Campbell et al., 2011; Witte et al., 2014; Dutta et al., 2006). Disturbed
neuronal energy metabolism has been linked to neurodegeneration also in different contexts
(Nikic et al., 2011; Lin and Beal, 2006).
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4.4 Conclusion

In this study, evidence for a neuronal energy deficit, mitochondrial dysfunction, impaired
protein metabolism, degradation and transport was detected. Concordant with the induc-
tion of protein degradation pathways, a strong up-regulation of several proteins with a high
percentage of intrinsically disorders residues was found, indicating a hitherto unknown role
of misfolded proteins in the pathophysiology of EAE and MS. These findings suggest a
pathogenic overlap between inflammatory neurodegeration and primary neurodegenera-
tive disorders such as Parkinson’s and Alzheimer’s disease. Future research should focus
on investigating the role of pathological protein accumulation, the interaction between
energy deficit and impaired protein degradation and their contribution to the pathology
of EAE and MS. This could lead to more efficacious treatment options for MS patients,

that target the neurodegenerative component of inflammatory neurodegeneration.
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5 Summary

Multiple sclerosis (MS) is the most frequent inflammatory disease affecting the central ner-
vous system (CNS). Alongside the inflammatory lesions due to infiltrating immune cells,
there seems to be a chronic neurodegenerative process driving disease progression and
longterm disability. Precise mechanisms contributing to neurodegeration are incompletely
understood. The goal of this thesis was to investigate the underlying molecular mech-
anisms that mediate this progressive neuronal damage in a mouse model of MS (EAE).
To accomplish this, a cell-specific translating mRNA extraction method termed bacTRAP
was used to extract and consequently analyse whole tissue and neuronal mRNA of inflamed
and healthy spinal cords. Using qPCR and deep sequencing analysis, multiple gene clus-
ters that are activated in the CNS and particularly in motor neurons during experimental
autoimmune encephalomyelitis (EAE) were identified. Gene signatures from immune cells
and astrocytes were found to be enriched during inflammation and those from oligodendro-
cytes and neurons to be depleted. Through the analysis of the neuron-specific translatome
during EAE, hundreds of de-regulated transcripts including key components of neurode-
generative pathways were identified. The most significant up-regulation was found for the
presynaptic and intrinsically disordered protein Bassoon. Furthermore, among the top up-
regulated candidates were several others with a high percentage of intrinsically disordered
residues, a common feature of pathologically accumulating proteins. The neuronal deposi-
tion of misfolded proteins may result in an increased demand in protein clearance, signified
by the activation of pathways involved in proteostasis including ubiquitin- and proteasome-
dependent protein degradation. Moreover, evidence for neuronal energy deficit, reduced
ATP synthesis, activation of glycolysis and mitochondrial dysfunction was found. This
energy shortage may be the driver of impaired protein metabolism and the accumulation
of misfolded proteins. These results imply hitherto unappreciated common pathological
pathways of EAE/MS with other neurodegenerative disorders such as Parkinson’s disease
and Alzheimer’s disease. More research is needed in order to illuminate the role of these
de-regulated pathways and their contribution to inflammatory neurodegeneration in order

to develop more efficacious treatments for MS patients.
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6 Zusammenfassung

Multiple Sklerose (MS) ist die hdufigste entziindliche Erkrankung des zentralen Nerven-
systems (ZNS). Neben entziindlichen Lésionen, welche durch migrierende Immunzellen
verursacht werden, scheint es einen chronisch ablaufenden, neurodegenerativen Prozess
zu geben, welcher das Fortschreiten der Erkrankung und die langfristige Behinderung be-
dingt. Die genauen Mechanismen, welche zur Neurodegeneration beitragen, sind nicht
vollstandig verstanden. Das Ziel dieser Arbeit war es, die zugrundeliegenden molekularen
Mechanismen, welche diesen progressiven neuronalen Verlust vermitteln, zu studieren.
Um dies zu erreichen, wurde eine Methode namens bacTRAP genutzt, welche eine zell-
spezifische Extraktion translatierender mRNA erlaubt, um neuronale mRNA aus entziin-
detem und gesundem Riickenmark zu extrahieren und zu analysieren. Mittels qPCR und
deep-sequencing analysis konnten multiple Gen-Cluster identifiziert werden, welche im
Gesamtgewebe sowie in Neuronen des Riickenmarks wéhrend der sogenannten experimen-
tal autoimmune encephalomyelitis (EAE) aktiviert werden. Insbesondere waren Signa-
turen von Immunzellen und Astrozyten im entziindlichen Gewebe angereichert, wihrend
diejenigen von Neuronen und Oligodendrozyten reduziert waren. Durch die neuronenspez-
ifische Translatomanalyse wiahrend der EAE gelang es, verschiedene Schliisselbestandteile
neurodegenerativer Signalwege zu identifizieren. Die stidrkste Hochregulation wurde fiir
das préasynaptische und intrinsisch ungeordnete Protein Bassoon gefunden. Unter den
hochregulierten Genen waren einige weitere mit einem hohen Grad intrinsischer Unord-
nung, ein gemeinsames Merkmal pathologisch akkumulierender Proteine. Die neuronale
Ablagerung dieser fehlgefalteten Proteine fithrt moglicherweise zu einem erhohten Be-
darf des Proteinabbaus, welcher in unserer Analyse durch die Aktivierung von Signalwe-
gen der Proteostase, insbesondere Ubiquitin- und Proteasom-abhéngiger Proteindegrada-
tion, angezeigt wurde. Des Weiteren fand sich Evidenz fiir ein neuronales Energiedefizit,
eine reduzierte ATP-Produktion, die Aktivierung von Glykolyse und eine mitochondriale
Dysfunktion. Dieser Energiemangel ist moglicherweise Ursache des gestorten Protein-
metabolismus und der Akkumulation fehlgefalteter Protein. Diese Ergebnisse implizieren
bisher unbeachtete gemeinsame pathologische Signalwege zwischen EAE/MS und anderen
neurodegenerativen Storungen wie der Parkinson-Krankheit und der Alzheimer-Krankheit.
Weitere Forschung ist notig, um die Rolle dieser fehlregulierten Signalwege und ihren
Beitrag zur entziindlichen Neurodegeneration besser zu verstehen, mit dem Ziel, wirk-

samere Behandlungen fiir MS-Patienten zu entwickeln.
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7 Supplementary figures

7.1 TRAP
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Figure 7.1: Cell-type Specific Expression Analysis (CSEA) of gene list up-regulated in
iMN vs iSC. The gene list of all significantly enriched transcripts (iMN/iSC

> 2, adj.p-value < 0.05) was used as input for the analysis.

Bullseyeplot

with Benjamini-Hochberg p-values plotted by color. Varying stringencies for
enrichment (pSI) are represented by the size of the hexagons going from least
specific lists (outer hexagons) to most specific (center). Hexagons scaled to

size of gene lists.
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7.2 Whole transcriptome
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Figure 7.2: Cell-type Specific Expression Analysis (CSEA) of gene list up-regulated in

iSC vs SC. The CSEA determines the specificity of gene transcripts for cer-
tain cell types based on a database of in situ hybridisation and bacTRAP
data. It compares each cell profile to all other profiles in the database and
identifies transcripts that are enriched in each cell type, calculates an enrich-
ment score (the SI), and ascribes a pSI value (Xu et al., 2014). The gene
list of all significantly enriched transcripts (iSC/SC > 2, adj.p-value < 0.05)
was used as input for the analysis. Bullseyeplot with Benjamini-Hochberg
p-values plotted by color. Varying stringencies for enrichment (pSI) are rep-
resented by the size of the hexagons going from least specific lists (outer
hexagons) to most specific (center). Hexagons scaled to size of gene lists.
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7.3 EAE up
category genes in category | p-value FDR p-value
defense response::G0:0006952 285 2.727x107 121 | 1.978x 107117
innate immune response::GO:0045087 174 7.073x10797 | 2.566x1073
cell activation::GO:0001775 198 1.251x107%7 | 3.025x10~%1
regulation of immune response::GO:0050776 156 1.633x10780 | 2.962x10~7"
cytokine production::GO:0001816 149 3.58x10~ 1 5.195x10798
lymphocyte activation::GO:0046649 153 2.141x107% | 2.589x 10756
positive regulation of immune response::GO:0050778 125 1.997x107% | 2.07x10~2
regulation of cytokine production::GO:0001817 135 9.266x107% | 8.404x10752
inflammatory response::GO:0006954 138 8.904x107%2 | 7.179%x107
response to external biotic stimulus::GO:0043207 164 2.824x107%T | 2.049%x10758
hemopoiesis::GO:0030097 162 9.179x107%T | 6.055x107°8
response to cytokine::G0:0034097 131 5.275%x107%0 | 3.189%x10~%7
hematopoietic or lymphoid organ development::GO:0048534 | 164 8.777x107° | 4.899x 10750
leukocyte differentiation::GO:0002521 125 1.386x107°% | 7.186x10°6
leukocyte cell-cell adhesion::GO:0007159 121 6.941x107°% | 3.358x10~%
single organismal cell-cell adhesion::GO:0016337 140 5.728x107°% | 2.597x 10751
cellular response to chemical stimulus::GO:0070887 267 4.122x107%% | 1.759x 1079
leukocyte aggregation::GO:0070486 112 9.103x107°3 [ 3.67x10~°°
T cell activation:: GO:0042110 111 1.062x107°2 | 3.854x10~°°
T cell aggregation::GO:0070489 111 1.062x107°2 | 3.854x10°9
lymphocyte aggregation::GO:0071593 111 1.353x107°2 | 4.674x107°0
regulation of defense response::GO:0031347 124 2.35x107%2 7.752x107°0
response to organic substance::GO:0010033 275 1.631x107°1 | 5.144x10~%
regulation of response to stress:GO:0080134 172 4.346x107%0 | 1.314x10~%7
positive regulation of cytokine production::GO:0001819 97 7.769x107°0 | 2.255x10~%
regulation of cell activation::GO:0050865 111 1.889x10~*® | 5.273x10~16
regulation of cell proliferation::G0:0042127 198 7.931x10~ % [ 2.131x10°%
cell-cell adhesion::GO:0098609 156 1.47x10~% 3.809x10~%
regulation of leukocyte activation:: GO:0002694 104 5.022x107%6 | 1.256x10~%
defense response to other organism::G0:0098542 112 1.193x10~% | 2.885x10~ 2
leukocyte mediated immunity::GO:0002443 86 1.384x10~% | 3.238x10~*2

Table 7.1: Top 35 GO annotations involved in biological process in whole tissue mate-
rial during EAE (iSC vs SC) when sorting for FDR corrected p-value and
after removal of 3 layers. Determined by GeneAnswers in R Studio using a

hypergeometric statistic.
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category genes in category | p-value FDR p-value
cell::GO:0005623 959 6.867x107°1 | 5.184x10~ %
cell part::GO:0044464 958 1.476x107°0 | 5.57x10~8
extracellular region part::G0O:0044421 360 3.131x10~*H | 7.88x10~%
extracellular organelle::GO:0043230 279 4.681x10739 | 8.835%x10~%7
extracellular vesicle::GO:1903561 275 1.793x10737 | 2.326x1073°
extracellular exosome::GO:0070062 274 1.848%10737 | 2.326x10~°
cell periphery::GO:0071944 408 2.236x10737 | 2.411x10~%
extracellular region::GO:0005576 381 1.897x10736 | 1.791x 1034
vesicle::G0O:0031982 331 4.943%x10736 | 4.146x1073*
cell surface::GO:0009986 134 0.996x10730 | 7.547x10~ 34
plasma membrane::GO:0005886 395 4.039x10735 | 2.772x10733
membran-bounded vesicle::GO:0031988 305 8.043x10731 | 5.061x10732
side of membrane::GO:0098552 99 9.035%x1073% | 5.247x1032
cytoplasm::G0:0005737 684 1.346x10732 | 7.257x10~31
membrane-bounded organelle::GO:0043227 745 4.432%10732 | 2.231x10730
external side of plasma membrane::GO:0009897 77 5.557x10732 | 2.622x10~30
membrane::G0O:0016020 637 2.391x107%Y | 1.062x10~28
organelle::G0O:0043226 779 9.143x1073Y | 3.835x1072
intracellular::GO:0005622 797 3.829x10724 | 1.521x10~%
intracellular part::G0:0044424 790 1.389x1072 | 5.245x10~%2
extracellular space::GO:0005615 158 2.391x10722 | 8.596x10~ %1
plasma membrane part::G0:0044459 224 3.119%x10722 | 1.07x10~%0
focal adhesion::GO:0005925 61 3.808%x107 18 [ 1.25x10~16
cell-substrate adherens junction::GO:0005924 61 7.75x10718 [ 2.438x10~16
lysosome::GO:0005764 69 8.922x10~ 18 | 2.587x 1010
lytic vacuole::GO:0000323 69 8.922x 10718 | 2.587x10~16
cytoplasmic part::GO:0044444 455 9.251x10~18 | 2.587x10~16
cell-substrate junction::GO:0030055 61 1.784x10717 | 4.81x10710
intracellular organelle::G0:0043229 681 3.151x10~17 | 8.204x10~16
MHC protein complex::GO:0042611 15 6.299%x10717 | 1.585x1071°
membrane part::GO:0044425 460 1.022x10716 | 2.489x 10~
intracellular membrane-bounded organelle:: GO:0043231 | 625 1.433x1071 | 3.381x10~ 14
adherens junction::G0:0005912 79 2.547x1071 | 5.827x10~13
anchoring junction::G0O:0070161 80 3.678x1071 | 8.167x107 13
vacuole::GO:0005773 103 4.068x10~12 | 8.775x10~ 11
cytosol::GO:0005829 130 2.079x10~ 11 | 4.359x10~10
plasma membrane protein complex::GO:0098797 55 6.843x10710 | 1.396x10708
intrinsic component of membrane::GO:0031224 371 1.16x107% | 2.305x107%8
cell leading edge::G0:0031252 43 1.829x10799 | 3.542x 1070
endomembrane system::G0O:0012505 238 3.543%x107% | 6.688x10708
integral component of membrane::GO:0016021 360 4.347x107% | 8.004x107%8

Table 7.2: Top 40 GO annotations involved in cellular component in whole tissue material
during EAE (iSC vs SC) when sorting for FDR corrected p-value. Determined
by GeneAnswers in R Studio using a hypergeometric statistic.
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category genes in category | p-value FDR p-value
protein binding::G0:0005515 673 1.176x10~70 | 2.183x10~97
binding::GO:0005488 859 1.048x107°8 | 9.722x10756
receptor binding::G0:0005102 168 1.862x1072* | 1.152x10~2!
protein complex binding::GO:0032403 106 2.691x10~1® | 1.249x10~1°
macromolecular complex binding::GO:0044877 140 1.799x10~° [ 6.678x10~13
cytokine receptor activity::GO:0004896 26 2.3x10° 11 7.114x10~12
carbohydrate derivative binding::GO:0097367 176 7.633x10° 1 | 2.024x10~ 11
enzyme regulator activity::GO:0030234 97 1.037x10~ 13 | 2.406x10~ 1!
cell adhesion molecule binding::GO:0050839 61 1.739x10~ 13 | 3.586x10~1!
enzyme binding::GO:0019899 162 2.893x10~ 1 | 5.37x10~ 1
cytokine binding::G0:0019955 26 4.099x1071 | 6.916x10~ 1
identical protein binding::G0:0042802 122 5.596x10~13 | 8.524x10~ 11
cytokine receptor binding::GO:0005126 46 5.971x10-13 | 8.524x10~ 1
molecular function regulator::GO:0098772 113 5.618x10712 | 7.447x10~10
protein dimerization activity::GO:0046983 113 6.247x10"12 | 7.729%x10~10
carbohydrate binding::G0:0030246 39 4.037x107 1 | 4.683x107%7
kinase binding::G0:0019900 72 8.758x 10~ | 9.562x10~%7
actin binding::G0:0003779 50 1.535x10~10 | 1.583x1070
protein kinase binding::G0:0019901 66 3.036x10-10 | 2.966x10~7
cytokine activity::G0O:0005125 34 1.345x107% | 1.248x10707
antigen binding::G0:0003823 25 1.612x107% | 1.425x10797
integrin binding::G0:0005178 22 2.438x107%9 | 2.057x1077
protein homodimerization activity::GO:0042803 76 3.826x107%9 | 3.088x10707
organic cyclic compound binding::GO:0097159 335 1.047x1070 8.095x10~07
enzyme activator activity::GO:0008047 49 1.155x 1070 8.575x 1007
heterocyclic compound binding::G0O:1901363 330 1.235x107%8 | 8.817x107°7
peptide antigen binding::G0:0042605 13 5.33x10708 3.664x10706
peptidase regulator activity::GO:0061134 32 6.107x107%% | 4.048x10796
cytoskeletal protein binding::GO:0008092 76 6.73x10708 4.204x10796
chemokine receptor binding::GO:0042379 14 6.796x10708 | 4.204x10~06
glycosaminoglycan binding::G0:0005539 28 8.887x1070 5.321x10~06
cysteine-type endopeptidase activity::G0O:0004197 17 1.897x107°7 | 1.1x1070°
small molecule binding::G0:0036094 165 5.273x10707 | 2.863x10~%°
RNA polymerase II regulatory region DNA binding::GO:0001012 | 56 5.313x107°7 | 2.863x10~%
purine nucleotide binding::GO:0017076 129 5.448x10707 | 2.863x10~05
nucleoside binding::G0:0001882 127 5.553x10707 | 2.863x10~%°
ribonucleotide binding::GO:0032553 129 6.357x10707 | 3.189x10~%%
purine ribonucleoside binding::G0:0032550 126 6.653x10707 | 3.25x1070°
purine ribonucleoside triphosphate binding::G0O:0035639 125 7.259x10797 | 3.306x10~%°

Table 7.3: Top 40 GO annotations involved in molecular function in whole tissue material
during EAE (iSC vs SC) when sorting for FDR corrected p-value. Determined
by GeneAnswers in R Studio using a hypergeometric statistic.
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7.4 EAE down

Category genes in Category | p value fdr p value
cellular metabolic process::GO:0044237 59 2.832x107° | 0.05059
negative regulation of cyclic-nucleotide phosphodiesterase activity::GO:0051344 | 2 5.473x107° | 0.05059
cellular process::GO:0009987 82 7.58x107° | 0.05059
metabolic process::GO:0008152 62 0.0001065 0.05218
aerobic respiration:: GO:0009060 4 0.0001303 0.05218
regulation of cyclic-nucleotide phosphodiesterase activity::GO:0051342 2 0.0001814 0.06054
dicarboxylic acid metabolic process::GO:0043648 4 0.0003253 0.09305

Table 7.4: Downregulated GO annotations involved in biological process in whole tissue
material during EAE (iSC vs SC) when sorting for FDR corrected p-value.
Determined by GeneAnswers in R Studio using a hypergeometric statistic.
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Category genes in Category | p value FDR p value
mitochondrial protein complex::GO:0098798 7 2.975x1075 | 8.033x10~°
inner mitochondrial membrane protein complex::GO:0098800 6 8.088x10~% | 0.0002028
mitochondrial inner membrane::GO:0005743 9 5.637x10~° | 0.001099
mitochondrial part::G0O:0044429 12 8.374x10~° | 0.001547
mitochondrial membrane part::GO:0044455 6 9.722x107° | 0.001706
organelle inner membrane::GO:0019866 9 0.0001187 0.001944
mitochondrial membrane::GO:0031966 10 0.0001219 0.001944
mitochondrion::GO:0005739 19 0.0001399 0.002135
mitochondrial proton-transporting ATP synthase complex, catalytic core F(1)::GO:0000275 | 2 0.0001813 0.002546
proton-transporting ATP synthase complex, catalytic core F(1):G0:0045261 2 0.0001813 0.002546
mitochondrial envelope::GO:0005740 10 0.0002188 0.002953
myelin sheath::G0O:0043209 6 0.0002965 0.003652
membrane-bounded vesicle:: GO:0031988 27 0.0002988 0.003652
nucleus::GO:0005634 44 0.0003017 0.003652
mitochondrial matrix::GO:0005759 6 0.0003799 0.004445
nuclear proteasome complex::GO:0031595 2 0.0005035 0.005701
organelle envelope::GO:0031967 12 0.0006797 0.007351
organelle membrane::GO:0031090 16 0.0007104 0.007351
envelope::GO:0031975 12 0.0007121 0.007351
cytosolic proteasome complex::GO:0031597 2 0.001174 0.01177
extracellular exosome::GO:0070062 22 0.001219 0.01189
extracellular vesicle::GO:1903561 22 0.001309 0.01214
vesicle:GO:0031982 27 0.001324 0.01214
extracellular organelle:: GO:0043230 22 0.001349 0.01214
proton-transporting two-sector ATPase complex, catalytic domain::GO:0033178 2 0.001609 0.01412
catalytic complex::G0:1902494 12 0.002142 0.01833
protein complex::G0:0043234 29 0.002215 0.01851
nucleoplasm::GO:0005654 18 0.002294 0.01873
mitochondrial proton-transporting ATP synthase complex::G0O:0005753 2 0.002675 0.02109
nuclear part::G0O:0044428 25 0.002734 0.02109
dendritic spine::G0O:0043197 4 0.002765 0.02109
proteasome complex::GO:0000502 3 0.002897 0.02118
endopeptidase complex::GO:1905369 3 0.002897 0.02118
neuron spine::GO:0044309 4 0.003071 0.022
respiratory chain complex::GO:0098803 3 0.003153 0.02214
mitochondrial respiratory chain::GO:0005746 3 0.003286 0.0223
proton-transporting ATP synthase complex::GO:0045259 2 0.003304 0.0223
proteasome regulatory particle:: GO:0005838 2 0.003641 0.02411
nuclear lumen::GO:0031981 22 0.00387 0.02515
main axon::G0:0044304 3 0.004158 0.02653
proteasome accessory complex::G0:0022624 2 0.004362 0.02734
presynapse::GO:0098793 5 0.005081 0.03129
respiratory chain::GO:0070469 3 0.005336 0.03229
peptidase complex::GO:1905368 3 0.005519 0.03283
axon part::GO:0033267 5 0.006529 0.03757
ionotropic glutamate receptor complex::GO:0008328 2 0.01959 0.07395
proteasome regulatory particle, lid subcomplex::GO:0008541 1 0.0297 0.09309
endosome::GO:0005768 7 0.03259 0.0986

Table 7.5: Top downregulated GO annotations involved in cellular component in whole
tissue material during EAE (iSC vs SC) when sorting for FDR corrected
p-value. Determined by GeneAnswers in R Studio using a hypergeometric

statistic.
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Category genes in category | p value FDR p value
purine nucleotide binding::GO:0017076 23 1.195x107% | 0.0001575
ribonucleotide binding::G0:0032553 23 1.256x107° | 0.0001575
nucleotide binding::G0:0000166 26 1.288x107°% | 0.0001575
nucleoside phosphate binding::G0:1901265 26 1.288x107% | 0.0001575
small molecule binding::GO:0036094 27 1.892x107% | 0.0001585
purine ribonucleoside triphosphate binding::G0O:0035639 22 2.545x10~% | 0.0001585
purine ribonucleoside binding::G0O:0032550 22 2.916x1075 | 0.0001585
purine nucleoside binding::GO:0001883 22 3.002x1075 | 0.0001585
ribonucleoside binding::G0:0032549 22 3.002x107% | 0.0001585
nucleoside binding::GO:0001882 22 3.242x1075 | 0.0001585
purine ribonucleotide binding::G0O:0032555 22 4.034x1075 | 0.0001793
catalytic activity::GO:0003824 45 4.609%x10% | 0.0001878
carbohydrate derivative binding::GO:0097367 23 2.424x107° | 0.0009118
protein binding::GO:0005515 55 3.666x10~° | 0.001281
binding::GO:0005488 74 5.261x107° | 0.001715
adenyl nucleotide binding::GO:0030554 17 0.0001215 0.003713
G-protein coupled receptor binding::GO:0001664 7 0.0001352 0.003888
nucleoside-triphosphatase activity::GO:0017111 11 0.0002443 0.006637
ATP binding::GO:0005524 16 0.0002662 0.006852
beta-amyloid binding::G0O:0001540 3 0.000335 0.007903
adenyl ribonucleotide binding::G0O:0032559 16 0.0003649 0.007903
pyrophosphatase activity::GO:0016462 11 0.0003874 0.007903
hydrolase activity, acting on acid anhydrides, in phosphorus-containing anhydrides::G0O:0016818 | 11 0.0003963 0.007903
hydrolase activity, acting on acid anhydrides::GO:0016817 11 0.0004008 0.007903
NADH dehydrogenase activity::GO:0003954 3 0.000404 0.007903
ATPase activity, coupled::GO:0042623 7 0.000458 0.008613
heterocyclic compound binding::GO:1901363 37 0.0008238 0.01492
organic cyclic compound binding::GO:0097159 37 0.001137 0.01985
proton-transporting ATP synthase activity, rotational mechanism::G0:0046933 2 0.001218 0.02053
ligase activity::GO:0016874 7 0.001554 0.02533
ATPase activity::GO:0016887 7 0.002126 0.03354
ATP-dependent RNA helicase activity::GO:0004004 3 0.002797 0.04145
RNA-dependent ATPase activity::GO:0008186 3 0.002797 0.04145
TBP-class protein binding::G0O:0017025 2 0.003426 0.04199
unfolded protein binding::G0:0051082 3 0.003753 0.04199
proton-transporting ATPase activity, rotational mechanism::GO:0046961 2 0.003776 0.04199
GTP binding::G0O:0005525 6 0.004015 0.04199
RNA helicase activity::GO:0003724 3 0.004058 0.04199
ATPase regulator activity::G0O:0060590 2 0.004142 0.04199
hydrolase activity::GO:0016787 20 0.004148 0.04199
chaperone binding::G0:0051087 3 0.004217 0.04199

Table 7.6: Top downregulated GO annotations involved

statistic.

in molecular function in whole
tissue material during EAE (iSC vs SC) when sorting for FDR corrected
p-value. Determined by GeneAnswers in R Studio using a hypergeometric
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7.5 Neuron up

category genes in category | p-value FDR p-value
protein localization:: GO:0008104 60 1.279x10710 | 2.713x107°7
multicellular organism development::GO:0007275 97 1.645x10710 | 2.713x107°7
transport::GO:0006810 87 2.255%x10710 | 2.713x10797
establishment of protein localization::GO:0045184 50 1.054x107%9 | 9.506x 10797
system development::GO:0048731 86 2.912x107%99 | 2.102x 10796
cellular component assembly::GO:0022607 56 5.106x10799 | 3.071x107%
regulation of cell communication::GO:0010646 62 6.604%x10799 | 3.405x10~96
cellular protein localization::GO:0034613 41 2.481%x107% [ 1.024x10~%
regulation of cellular component organization::GO:0051128 | 54 2.553x107%% | 1.024x10~%
cellular macromolecule localization::GO:0070727 41 3.056x10~%% [ 1.103x10~%
nervous systemwdevelopment::GO:0007399 49 1.795%x10707 | 5.889x 10~
regulation of intracellular signal transduction::GO:1902531 | 39 2.498x10797 | 7.513x107%
regulation of signal transduction::GO:0009966 53 3.035x10797 | 8.425x107%°
neuron differentiation::GO:0030182 36 3.901x107%7 | 0.0001006
intracellular signal transduction::GO:0035556 51 4.388x 10797 | 0.0001056
neuron development::GO:0048666 31 5.729x107%7 | 0.0001292
cellular macromolecule metabolic process::GO:0044260 117 7.942%107°7 | 0.0001648
organic substance transport::GO:0071702 52 8.221x10797 | 0.0001648
cell communication::GO:0007154 101 1.033x107% | 0.0001961
organelle organization::GO:0006996 60 1.414x107% | 0.0002551
generation of neurons::GO:0048699 37 1.679x107% | 0.0002885
protein transport::GO:0015031 40 1.875x107% | 0.0003075
cell part morphogenesis::GO:0032990 26 2.137x107% | 0.0003353
neurogenesis::GO:0022008 38 2.876x107% | 0.0004325
intracellular transport::GO:0046907 33 3.258%10796 | 0.0004703
cell morphogenesis::GO:0000902 31 4.21x107% | 0.0005755
establishment of localization in cell:: GO:0051649 39 4.306x 1079 | 0.0005755
macromolecule metabolic process::GO:0043170 123 6.142x107% | 0.0007656
neuron projection development::GO:0031175 26 6.152x107% | 0.0007656
macromolecular complex subunit organization::GO:0043933 | 45 7.094x107% | 0.0008363
cellular component morphogenesis::GO:0032989 32 7.183%x1079% | 0.0008363
protein complex subunit organization::GO:0071822 33 8.629% 10796 | 0.0009608
single-organism organelle organization::GO:1902589 39 8.785x107% | 0.0009608
response to organic substance::GO:0010033 51 9.12x107% | 0.0009681
macromolecule catabolic process::GO:0009057 27 1.204x107% | 0.001241
protein localization to organelle::GO:0033365 23 1.248x107% | 0.001251

cell projection morphogenesis::GO:0048858 24 1.306x107% | 0.001274
cellular response to chemical stimulus::GO:0070887 48 1.471x107% | 0.001397
regulation of TOR signalling::GO:0032006 7 1.541x107% | 0.001426

Table 7.7: GO annotations involved in biological process in ‘neuron up’ list sorted for
FDR corrected p-values. Determined by GeneAnswers in R Studio using a
hypergeometric statistic.
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category genes in category | p-value FDR p-value
cytoplasm::GO:0005737 199 8.722x10~16 | 2.922%x 10~ 13
intracellular:: GO:0005622 235 1.016x1071% | 2.922x10~ 13
cell part::GO:0044464 257 2.347x10~15 | 3.705x10~ 13
cell:: GO:0005623 257 25771071 [ 3.705x10~ 13
intracellular part::GO:0044424 231 1.617x10~™ | 1.86x10~ 12
cell projection part::G0O:0044463 42 6.154%x10~ 12 | 5.898%x 10~ 10
neuron part::G0O:0097458 51 1.67x10°10 | 1.371x107 8
cell projection::GO:0042995 62 2.269%x10°10 | 1.631x10° %8
organelle::GO:0043226 211 4.299x10710 | 2.746x10708
intracellular organelle::GO:0043229 197 6.674x10-10 | 3.837x 10708
macromolecular complex::G0:0032991 108 1.452x10799 | 7.588 %1008
protein complex::G0:0043234 93 3.227x10799 | 1.546x10~%7
axon::G0O:0030424 26 3.535x107% | 1.564x10707
neuron projection::G0O:0043005 41 5.551%x107%9 | 2.28 %1097
organelle part::G0O:0044422 128 6.444x10799 | 2.47x10707
cytoplasmic part::GO:0044444 131 2.288x107%% | 8.221x10~%7
intracellular organelle part::G0:0044446 122 6.769x107%% | 2.289x 1076
membrane-bounded organelle::GO:0043227 191 2.082x10707 | 6.65x107%
somatodendritic compartment::GO:0036477 31 2.897x10707 | 8.767x 109
growth cone::GO:0030426 12 9.79x10797 | 2.815x10™%
cell body::G0O:0044297 26 1.337x107% | 3.576x10~%
site of polarized growth::G0O:0030427 12 1.368x107% | 3.576x10~%°
cytoskeleton::GO:0005856 50 1.555x107% | 3.887x10~%°
intracellular membrane-bounded organelle:: GO:0043231 172 1.8x10706 4.314x107%
vesicle::GO:0031982 75 4.537x107% | 0.0001037
non-membrane-bounded organelle:: GO:0043228 79 4.869x107% | 0.0001037
intracellular non-membrane-bounded organelle::GO:0043232 | 79 4.869x107% | 0.0001037
neuronal cell body::G0:0043025 23 5.962x107% | 0.0001224
bounding membrane of organelle::GO:0098588 29 8.019%x107% | 0.000159
synapse::G0:0045202 27 9.672x107% | 0.0001854
excitatory synapse::GO:0060076 13 1.017x107% | 0.0001887
cell projection membrane::GO:0031253 13 1.829x107% | 0.0003271
synapse part::G0:0044456 22 1.94%x107% | 0.0003271
postsynaptic density::GO:0014069 12 1.991x107% | 0.0003271
postsynaptic specialization::GO:0099572 12 1.991x107% | 0.0003271
spectrin::GO:0008091 3 2.124%107% | 0.0003392
dendrite::GO:0030425 20 6.512x107% | 0.001012
organelle membrane::GO:0031090 38 7.521x107% | 0.001138
lysosomal membrane::GO:0005765 10 0.0001016 0.001443
lytic vacuole membrane::GO:0098852 10 0.0001016 0.001443
membrane-bounded vesicle:: GO:0031988 65 0.0001041 0.001443

Table 7.8: GO annotations involved in cellular component in ‘neuron up’ list, sorted by
FDR corrected p-values. Determined by GeneAnswers in R Studio using a

hypergeometric statistic.
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category genes in category | p-value FDR p-value
protein binding::G0:0005515 166 5.172x10° 13 | 5.56x10 10
binding::GO:0005488 221 7.225x1071% | 3.883x107%7
macromolecular complex binding::G0:0044877 46 2.188x10708 | 7.84x10706
protein complex binding::G0O:0032403 32 2.017x10797 | 4.949x107%
enzyme binding::G0O:0019899 52 2.302x10707 | 4.949x10~%
carbohydrate derivative binding::GO:0097367 52 4.144x107% | 0.0007424
kinase binding::G0:0019900 24 6.933x10~% | 0.001065
purine ribonucleoside triphosphate binding::GO:0035639 43 1.734x107% | 0.001978
purine ribonucleoside binding::G0:0032550 43 2.117%x10~% | 0.001978
ATP binding::G0:0005524 37 2.195x107% | 0.001978
purine nucleoside binding::GO:0001883 43 2.209x107% | 0.001978
ribonucleoside binding::G0:0032549 43 2.209%x107% | 0.001978
nucleoside binding::GO:0001882 43 2.471x107% | 0.002043
purine ribonucleotide binding::GO:0032555 43 3.394x107% | 0.00242
purine nucleotide binding::GO:0017076 43 3.887x10~% | 0.00242
adenyl ribonucleotide binding::G0O:0032559 37 4.009x107% | 0.00242
ribonucleotide binding::GO:0032553 43 4.157x107% | 0.00242
protein kinase binding::G0:0019901 21 4.217x10~% | 0.00242
enzyme activator activity::GO:0008047 17 4.278x107% | 0.00242
adenyl nucleotide binding::G0O:0030554 37 4.519%10~% | 0.002429
heterocyclic compound binding::GO:1901363 97 7.045x107% | 0.003606
organic cyclic compound binding::GO:0097159 98 8.11x107% | 0.003963
molecular function regulator::GO:0098772 32 0.0001078 0.005038
GTPase regulator activity::GO:0030695 12 0.0001166 0.005224
protein heterodimerization activity::GO:0046982 18 0.0001309 0.005628
ankyrin binding::GO:0030506 4 0.0001464 0.006055
Ras guanyl-nucleotide exchange factor activity::GO:0005088 | 8 0.0001597 0.006359
nucleotide binding::GO:0000166 48 0.000196 0.007267
nucleoside phosphate binding::G0:1901265 48 0.000196 0.007267
GTPase activator activity::GO:0005096 11 0.0002289 0.008203
nucleoside-triphosphatase regulator activity::GO:0060589 12 0.0002563 0.008888
poly(A) RNA binding::GO:0044822 30 0.00027 0.009071
Rho guanyl-nucleotide exchange factor activity::GO:0005089 | 6 0.0002926 0.009533
transcription factor binding::GO:0008134 18 0.0003246 0.01026
small molecule binding::GO:0036094 50 0.0004027 0.01237
receptor binding::G0O:0005102 36 0.0004475 0.01336
RNA binding::GO:0003723 37 0.0005298 0.01539
enzyme regulator activity::G0:0030234 24 0.0008393 0.02374
ATPase activity::GO:0016887 14 0.001082 0.02982
Rab GTPase binding::GO:0017137 7 0.001221 0.03282
protein dimerization activity::GO:0046983 28 0.002282 0.05984

Table 7.9: GO annotations involved in molecular function in ‘neuron up’ list, sorted by
FDR corrected p-values. Determined by GeneAnswers in R Studio using a

hypergeometric statistic.
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Figure 7.3: KEGG annotations over-represented in ‘neuron up’ list.
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7.6 Neuron down

category genes in category | p-value FDR p-value
mitochondrion organization::GO:0007005 43 3.232x10717 | 1.062x10~ 13
organonitrogen compound metabolic process::GO:1901564 63 3.146x10710 | 5.166x10~""7
organelle organization::GO:0006996 84 1.233x107%9 | 1.35x1076
electron transport chain::G0:0022900 11 2.527x10799 | 2.075%x 10796
metabolic process::GO:0008152 200 4.459x107%99 | 2.542x107%6
peptide metabolic process::GO:0006518 35 4.644x107% | 2.542x10706
translation::GO:0006412 31 6.114x107% | 2.868x107%6
cellular respiration::GO:0045333 14 1.252x10708 | 4.385x 10796
peptide biosynthetic process::G0O:0043043 31 1.297x10798 | 4.385x 1079
respiratory electron transport chain::G0O:0022904 10 1.335x107%8 | 4.385x10~%6
amide biosynthetic process::G0:0043604 32 3.558x1078 | 1.035%x10~"
cellular component organization or biogenesis::GO:0071840 128 3.78x107%8 [ 1.035x10~%
cellular amide metabolic process::GO:0043603 36 4.33x107%8 | 1.094x107%°
cellular component organization::GO:0016043 125 5.025x107% | 1.179x10~ %%
cellular protein metabolic process::GO:0044267 102 5.609x10~%% | 1.228x10~%%
organonitrogen compound biosynthetic process::GO:1901566 43 7.649x1070% | 1.57x10~%
mitochondrial ATP synthesis coupled electron transport::G0O:0042775 8 1.004x10797 | 1.939x10~%°
mitochondrial transmembrane transport::GO:1990542 8 1.232x10707 | 2.247x10~%
ATP synthesis coupled electron transport::GO:0042773 8 1.822x107°7 | 3.046x10~%
mitochondrial translation::GO:0032543 9 1.855x10707 | 3.046x10~%
cellular metabolic process::G0:0044237 178 2.069%10797 | 3.236x10~%°
protein metabolic process::G0:0019538 109 3.952x10777 | 5.899x10~%
purine ribonucleoside triphosphate metabolic process::GO:0009205 15 4.791x10797 | 6.841x107%°
ribonucleoside triphosphate metabolic process::GO:0009199 15 5.752x 10707 | 7.341x10~%°
ATP synthesis coupled proton transport::G0:0015986 6 5.812x10797 | 7.341x10~%°
energy coupled proton transport, down electrochemical gradient::GO:0015985 | 6 5.812x10707 | 7.341x107%
purine nucleoside triphosphate metabolic process::GO:0009144 15 7.745%x107°7 | 9.42x10%
ATP metabolic process::GO:0046034 14 8.932x10~97 | 0.0001048
energy derivation by oxidation of organic compounds::GO:0015980 15 9.765x10~97 | 0.0001106
nucleoside monophosphate metabolic process::G0:0009123 15 1.295x107% | 0.0001406
oxidation-reduction process::GO:0055114 33 1.327x 1076 | 0.0001406
mitochondrial respiratory chain complex assembly::GO:0033108 7 1.406x107%6 | 0.0001443
nucleoside triphosphate metabolic process::GO:0009141 15 2.111x107% | 0.0002101
iron-sulfur cluster assembly::GO:0016226 5 3.519x107% | 0.0003218
metallo-sulfur cluster assembly::GO:0031163 5 3.519x10~9% | 0.0003218
organic substance metabolic process::GO:0071704 182 3.528x 10790 | 0.0003218
purine ribonucleoside monophosphate metabolic process::GO:0009167 14 3.847x1079% | 0.0003415
purine nucleoside monophosphate metabolic process::GO:0009126 14 4.06x1079 [ 0.0003509
oxidative phosphorylation::GO:0006119 8 4.256x1079 | 0.0003584
ribonucleoside metabolic process::G0O:0009119 16 4.493%x1079 | 0.0003619
ribonucleoside monophosphate metabolic process::GO:0009161 14 4.518%1079% | 0.0003619

Table 7.10: GO annotations involved in biological process down-regulated in neurons
during EAE, sorted by FDR corrected p-values. Determined by GeneAn-
swers in R Studio using a hypergeometric statistic.
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Category genes in category | p value FDR p value
cytoplasm::G0O:0005737 241 2.534x107%° | 1.031x 1033
mitochondrial part::GO:0044429 66 2.09x107%7 [ 4.253x10733
mitochondrion::G0O:0005739 93 1.628x10732 | 2.208x10~%9
intracellular membrane-bounded organelle:: GO:0043231 231 4.042x10730 [ 4.113x10727
cytoplasmic part::GO:0044444 180 5.981x1072% | 4.868x 1028
mitochondrial envelope::GO:0005740 51 7.42x10~%7 | 5.033%x10%6
inner mitochondrial membrane protein complex::GO:0098800 27 9.3x10~% 5.407x10~%
mitochondrial protein complex::GO:0098798 29 5.463x10726 | 2.779x 10~ 22
mitochondrial inner membrane::GO:0005743 39 1.71x107%2 | 7.735x10=%0
mitochondrial membrane::G0O:0031966 44 6.493x10721 | 2.643x10~20
organelle envelope::GO:0031967 56 1.762x 1072 | 6.52x 10720
organelle inner membrane::GO:0019866 39 5.812x10721 | 1.971x10~ 1
ribosome:: GO:0005840 29 1.454x10720 | 4.553x10~ 18
mitochondrial respiratory chain::GO:0005746 19 3.201x1071 | 9.305x10~ 17
ribosomal subunit::GO:0044391 25 3.495x10719 | 9.483x10~ 17
respiratory chain complex::GO:0098803 18 7.039x1071 | 1.791x 10~
mitochondrial respiratory chain complex I::G0O:0005747 11 4.207x1072 | 9.012x 10711
respiratory chain complex 1::G0:0045271 11 4.207x10712 [ 9.012x 10711
NADH dehydrogenase complex::GO:0030964 11 4.207x107% [ 9.012x10~ 1T
cytosol::GO:0005829 54 8.115x10712 | 1.651x 10710
mitochondrial ribosome::GO:0005761 13 1.882x10~ 1T | 3.648x10~10
cytosolic part::G0:0044445 20 2.027x10- 1T | 3.75x10~ 1
cytosolic ribosome::GO:0022626 15 2.477x107 1 [ 4.384x 10711
intracellular ribonucleoprotein complex::GO:0030529 38 3.62x10~ 1T [ 6.14x10~ 1T
large ribosomal subunit::G0O:0015934 14 8.246x10710 | 1.342x 10797
small ribosomal subunit::GO:0015935 11 1.485%x107%9 | 2.324x 10708
mitochondrial matrix::GO:0005759 17 7.003x107% | 1.056x10~%7
catalytic complex::G0:1902494 39 1.209%x107%8 | 1.701x10707
nucleus:G0:0005634 131 1.212x107% | 1.701x10~%7
cytosolic large ribosomal subunit::GO:0022625 10 1.386x10798 | 1.88x 10707
intracellular organelle lumen::GO:0070013 77 4.733x107%% | 6.214x107°7
mitochondrial small ribosomal subunit::GO:0005763 7 6.346x 10798 | 7.827x10707
organellar small ribosomal subunit::GO:0000314 7 6.346x 10798 | 7.827x10707
mitochondrial proton-transporting ATP synthase complex::GO:0005753 | 6 8.484x107%%8 | 1.016x10°6
proton-transporting ATP synthase complex::GO:0045259 6 1.732x10797 | 2.014x 10~
intracellular non-membrane-bounded organelle::GO:0043232 84 4.543x107% | 5.137x 1079
cytochrome complex::GO:0070069 6 1.223x107%6 | 1.346x10~%°
vesicle: GO:0031982 77 2.976x107% | 3.187x10~%

Table 7.11: GO annotations involved in cellular component down-regulated in neurons
during EAE, sorted by FDR corrected p-values. Determined by GeneAn-
swers in R Studio using a hypergeometric statistic.
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category genes in category | p-value FDR p-value
structural constituent of ribosome::GO:0003735 24 5.561x10710 [ 4.927x10 13
hydrogen ion transmembrane transporter activity::G0O:0015078 14 1.732x107%% | 7.672x 10708
structural molecule activity::GO:0005198 30 5.139x107%7 | 1.518x10~%

electron carrier activity::GO:0009055 10 1.741x107°7 | 3.856x 1075
cytochrome-c oxidase activity::G0O:0004129 ] 2.451x 107 |°0.0003102

6
heme-copper terminal oxidase activity::G0O:0015002 6 2.451x107°° |70.0003102
oxidoreductase activity, acting on a heme group of donors, oxygen as acceptor:GO:0016676 6 2.451x107% | 0.0003102
oxidoreductase activity, acting on a heme group of donors::GO:0016675 6 3.08x10°%6 0.0003411

NADH dehydrogenase (ubiquinone) activity::GO:0008137 6 7.043x1079 | 0.000624
NADH dehydrogenase (quinone) activity::G0:0050136 6 7.043x1079 | 0.000624
NADH dehydrogenase activity::GO:0003954 6 8.5%1070 0.000682
monovalent inorganic cation transmembrane transporter activity::GO:0015077 17 9.236x10~% [ 0.000682
oxidoreductase activity::GO:0016491 28 2.092x107%% [ 0.001426
oxidoreductase activity, acting on NAD(P)H, quinone or similar compound as acceptor:GO:0016655 6 3.594x107%% [ 0.002275
ubiquinol-cytochrome-c reductase activity::GO:0008121 3 0.0001114 0.006171
oxidoreductase activity, acting on diphenols and related substances as donors, cytochrome as acceptor:GO:0016681 | 3 0.0001114 0.006171
oxidoreductase activity, acting on diphenols and related substances as donors::GO:0016679 3 0.0001763 0.00919

oxidoreductase activity, acting on NAD(P)H::G0:0016651 7 0.0001978 0.009736

acylphosphatase activity::GO:0003998 2 0.0002236 0.01043
4 iron, 4 sulfur cluster binding::GO:0051539 5 0.000313 0.01387
inorganic cation transmembrane transporter activity::G0:0022890 18 0.0003581 0.01501
iron-sulfur c! 1 binding::GO:0051536 6 0.0003898 0.01501
metal cluster binding::GO:0051540 6 0.0003898 0.01501
poly(A) RNA binding::GO:0044822 32 0.0005576 0.02018
2 iron, 2 sulfur cluster binding::GO:0051537 4 0.0005694 0.02018
proton-transporting ATP synthase activity, rotational mechanism::GO:0046933 3 0.0006625 0.02258
chaperone binding::G0:0051087 6 0.00085 0.02789
cation transmembrane transporter activity::GO:0008324 19 0.0008926 0.02824
RNA binding::GO:0003723 39 0.001704 0.05207
phosphatidic acid transporter activity::GO:1990050 2 0.00217 0.0641

binding::GO:0005488 213 0.002527 0.07224
nucleoside-triphosphatase regulator activity::GO:0060589 11 0.002647 0.0733

Table 7.12: GO annotations involved in molecular function in ‘neuron down’ list, sorted
by FDR corrected p-values, based on the p-value as determined by a hyper-
geometric statistic.
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8 Abbreviations

Ab Antibody

Aifl allograft inflammatory factor 1
AMPK AMP-activated protein kinase
Apol6 apolipoprotein L6

APP amyloid precursor protein

Asicl acid-sensing ion channel subunit 1
BAC bacterial artificial chromosome

Bagl Bcl2-associated athanogene 1

Bcl2 B-cell lymphoma 2

BDNF brain-derived neurotrophic factor
BP biological process

BSA bovine serum albumin

Bsn bassoon

°C degree Celcius

Calca calcitonin related polypeptide alpha
Calcb calcitonin related polypeptide beta
CC cellular component

Chat choline acetyltransferase

Clip2 CAP-Gly domain-containing linker protein 2
CSEA cell-type specific expression analysis

CSF cerebrospinal fluid



Abbreviations

Cxcl9 chemokine (C-X-C motif) ligand 9

Cypd cyclophilin D

DEPC diethyldicarbonat

DNA deoxyribonucleic acid

Dpf2 zinc finger protein ubi-d4

dTTP desoxythymidintriphosphate

EAE experimental autoimmune encephalomyelitis
EGF epidermal growth factor

EGFP enhanced green fluorescent protein

ER endoplasmatic reticulum

ES enrichment score

FACS fluorescence activated cell sorting

FDR false discovery rate

FNDCS5 fibronectin type III domain-containing protein 5
g gravitational force

GALC galactosylceramidase

Gm4841 predicted gene 4841

GO Gene Ontology

GSEA gene set enrichment analysis

GWAS genome-wide-association-studies

HBSS Hank’s balanced salt solution

HEPES 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid

Hif-1a hypoxia-inducible factor 1a

lg immunoglobuline
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Abbreviations

IHC immunohistochemistry

ligpl interferon-inducible GTPase 1
iMN inflamed motor neuron

IP Immunoprecipitation

iSC inflamed spinal cord

Isll insulin gene enhancer protein Isll
KCI potassium chloride

Kcnnl potassium intermediate/small conductance calcium-activated channel subfamily N

member 1
KEGG Kyoto encyclopedia of genes and genomes
Kif kinesin family member
I litre
LCM laser-capture microdissection
Lhx3 LIM homeobox 3
m milli (1073)
MBP myelin basic protein
MF molecular function
MgCl, magnesium chloride
MHC major histocompatibility complex
min minutes
ml millilitre
MN motor neurons
Mnx1 motor neuron and pancreas homeobox 1

MOG myelin oligodendrocyte glycoprotein
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Abbreviations

MOMP mitochondrial outer membrane permeabilisation
mPT mitochondria permeability transition
MRI magnet resonance imaging

mMRNA messenger RNA

MS multiple sclerosis

mt mitochondrial

p micro (1079)

NAD nicotinamide adenine dinucleotide
NaHCO3 sodium bicarbonate

NAWM normal appearing white matter

NCX Na't/Ca?t exchanger

NeuN neuronal nuclei

NF neurofilaments

NP-40 4-nonylphenyl poly(ethylene glycol)
Ntbm 5’ 3’-nucleotidase mitochondrial

Nucbl nucleobindin-1

PBS phosphate-buffered saline

PCR polymerase chain reaction

Pecaml platelet endothelial cell adhesion molecule 1
PFA paraformaldehyde

PLP proteolipid protein

PONDR predictor of natural disordered regions
PPMS primary progressive MS

Pttgl securin
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Abbreviations

Rbfox3 RNA binding Fox-1 homolog 3

RNA ribonucleic acid

RNS reactive nitrogen species

ROS radical oxygen species

RRMS relapse-remitting MS

SC spinal cord

SCN2A sodium voltage-gated channel alpha subunit 2
Scn2al sodium channel voltage-gated type II alpha subunit
SEM standard error of mean

Sl specificity index

Slcla3 solute carrier family 1 member 3

SNP single nucleotide polymorphism

SPMS secondary progressive MS

TNF tumor necrosis factor

TRAP translating ribosome affinity purification

Trpm4 transient receptor potential cation channel subfamily M member 4
UCP uncoupling proteins

Ucp2 uncoupling protein 2

Vgf vascular growth factor

Vim Vimentin

WT wild type
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