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ABSTRACT
Multiple sclerosis (MS) is a chronic inflammatory condition of the central nervous
system with immune-mediated damage on myelinated nerve tracts. Accumulating
evidence support a role for autoreactive T-lymphocytes orchestrating immuneattacks on myelinating oligodendrocytes (OLs). While oligodendrocyte precursor cells (OPCs) may initially compensate for loss of myelin by differentiating
into OLs, later stages of MS are characterized by arrest of OPC differentiation
and clinical disease progression. Reactive oxygen species (ROS) are important
in many contexts, but their role in regulation of adaptive immune processes and
remyelination in MS is still uncertain.
We here first characterized the nuclear factor (erythroid-derived 2)-like 2 (Nrf2)activating MS-therapy dimethyl fumarate (DMF/ Tecfidera™) in cell cultures
and an experimental model for neuroinflammation. In MS patients we assessed
the effect of DMF on transcription and epigenetic modification in immune cells,
as well as ROS production by monocytes. Our findings indicate that monocytederived ROS is linked to the clinical efficacy of DMF by modulating the adaptive immune response, in turn highlighting modulation of redox processes as a
therapeutic target in autoimmune disease.
In order to study the effect of DMF and other redox active agents, we developed a
cell based reporter system (pTRAF) that enabled the visualization of transcription
factor activity in real-time. Using pTRAF and other in vitro and in vivo models we
further characterized the downstream effects of DMF and a set of more selective
Nrf2-activating compounds. Finally, we performed extensive in vitro and in vivo
characterization of Glutathione S-transferase 4α (Gsta4), which is regulated by
Nrf2 and serves an important role for scavenging of the lipid peroxidation product
4-hydroxynonenal (4-HNE). Interestingly, higher levels of Gsta4 was associated
with faster and more complete remyelination by facilitating the differentiation of
OPC into mature myelinating OLs. This was suggested to be mediated through
modulation of the Fas/Casp8/Bid-axis, leading to increased survival of differentiating OPCs.
Collectively, our findings support a role for redox processes in regulating adaptive
immune responses in MS. Furthermore, a specific redox-related process involving
4-HNE and Gsta4 was found to regulate OPC survival during remyelination. Both
these mechanisms may represent interesting novel therapeutic targets in MS, as
well as in other autoimmune and demyelinating conditions.
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ABBREVIATIONS
[-SH]

thiol goup

[ OH]

hydroxyl radical

[4-HNE]

4-hydroxynonenal/4-hydroxy-2-nonenal

[H2O2]

hydrogen peroxide

[LOO ]

lipid peroxyl radical

[O2 ]

superoxide

[O2]

(di)oxygen

APC

antigen presenting cell

ARE

anti-oxidative response element

ATP

adenosine triphosphate

bFGF

basic fibroblast growth factor

Bid

BH3 interacting-domain death agonist

CC

corpus callosum

CCR2

C-C chemokine receptor 2

CF

clemastine fumarate

CNS

central nervous system

DA

Dark agouti

DMF

dimethyl fumarate

DMT

disease modulatory therapy

EAE

experimental autoimmune encephalomyelitis

GCLC

glutamate-cysteine ligase catalytic subunit

GCLM

glutamate-cysteine ligase regulatory subunit

GFP

green fluorescent protein

GLUT1

glucose transporter 1

HEK293

human embryonic kidney 293 cells

HIF

hypoxia inducible factor

IFA

incomplete Freud’s adjuvant

IFN-γ

interferon-γ

IGF-1

insulin-like growth factor 1

Keap1

Kelch-like ECH-associated protein 1

LDH

lactate dehydrogenase

LPC

lysolechitin (lysophosphatidylcholine)

MBP

myelin basic protein

•

•

•–

MCT

monocarboxylate transporter

MOG

myelin oligodendrocyte glycoprotein

MRI

magnetic resonance imaging

MS

multiple sclerosis

NFκB

nuclear factor κ-light-chain-enhancer of activated B cells

NOX

(NADPH oxidase) nicotinamide adenine dinucleotide phosphate oxidase

Nrf2

nuclear factor (erythroid-derived 2)-like 2

OL

oligodendrocyte

pre-OL

premature oligodendrocyte

OPC

oligodendrocyte precursor cell

aOPC

adult oligodendrocyte precursor cell

PDGF

platelet-derived growth factor

PLP

myelin proteolipid protein

PPMS

primary progressive multipole sclerosis

pTRAF

plasmids for transcription factor reporter activation-based upon fluorescence

PUFA

polyunsaturated fatty acids

qPCR

quantitative polymerase chain reaction

ROS

reactive oxygen species

RRMS

relapsing remitting Multiple multiple sclerosis

SNP

single nucleotide polymorphism

SPMS

secondary progressive Multiple multiple sclerosis

TBI

(experimental) traumatic brain injury

TCA

tricarboxylic acid cycle

TH1

type 1 helper T cell

TH17

type 17 helper T cell

TNF

tumor necrosis factor

Treg

regulatory T cell
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INTRODUCTION

1.1

Prologue

Myelin associated to nerve fibers was first described by Antonie van Leeuwenhoek
(b.1632) using his latest invention, the microscope1. In 1781 Felice Gaspar Fontana
(b.1730) further described the large number of uniform cylinders surrounding the
nerve as “basic organic elements of nerves”. Almost 150 years later Pío del RíoHortega (b.1882) named them oligodendroglia and suggested that it to be the cell
type producing myelin. Betty Geren (b.1922) together with Mary Bunge (b.1941)
and Richard Bunge (b.1932), all pioneers in electron microscopy, confirmed
Hortega’s observation with their caption of myelin sheaths from an oligodendrocyte
wrapped around a transected axon. This discovery was made nearly three centuries
after van Leeuwenhoek´s initial discovery using his much simpler microscope.
In the image, you can see a phagocytic cell maybe interacting with a myelinated
and transected axon.
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1.2

Redox regulation

Reactive oxygen species (ROS) are small chemically reactive oxygen-derived
molecules that may be derived from multiple sources, including: mitochondria,
NADPH oxidases, lipoxygenases and peroxidases.
Oxidative stress is the term for incapacity to sufficiently scavenge ROS in a biological system. Unless scavenged ROS avidly reacts chemically and non-specifically
with surroundings biomolecules, such as nucleic acids, carbohydrates, lipids and
proteins, which may cause irreversible damage and loss of function. During the
interaction between ROS and surrounding biomolecules of the cell, electrons (e–)
are transferred from donor to acceptor compound. Compounds that donate e– are
reductants and compounds that take up e– are oxidants. Fundamental physics state
that reductants and oxidants always coexist since an e– cannot be generated or
destroyed; a coexistence that can be referred to as redox.
Multiple transcription factors are engaged during redox regulation in health and
disease2–5.
The primary defense against oxidative stress is orchestrated in a delicate fashion by
the transcription factor nuclear factor (erythroid-derived 2)-like 2 (Nrf2). Nrf2 is
kept in the cytoplasm by the oxidative stress sensitive Kelch-like ECH-associated
protein 1 (Keap1) in complex with Cul3 E3 ligase6 (Fig.1). In the absence of
oxidative stress Keap1 captures Nrf2 in the cytosol, where it is continuously
ubiquitinated and subsequently degraded in the proteasome7. In the presence of
oxidative stress, the thiol-containing (-SH) Keap1 is oxidized, undergoes conformational change and dissociates from Nrf28,9. Nrf2 will then be able to translocate
to the cell nucleus and dimerize with different members of the small Maf protein
family and bind to anti-oxidative response elements (ARE)8,9. The Nrf2-Maf
heterodimers are able to regulate the expression of about 200 transcripts6,7,10–12. These
transcripts largely belong to two pathways: the thioredoxin and the glutathione
system, together essential to maintain redox homeostasis and to prevent oxidative
stress13–15. Key-players in the thioredoxin system are thioredoxin and thioredoxin
reductase. Glutamate-cysteine ligase regulatory subunit (GCLM) and glutamatecysteine ligase catalytic subunit (GCLC) generate one of the main antioxidants,
namely the non-protein thiol glutathione (GSH) and accordingly belongs to the
glutathione system. Both systems are overlapping, since knock-out experiments
have illustrated that both pathways adapt to compensate for the loss of the other16.
However, disruption of both pathways is associated with a lethal phenotype17.
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Figure 1. Illustration of Nrf2 signaling pathway.

1.21

Mitochondrial ROS in the brain

Mitochondria play an essential role in supplying eukaryotic cells with energy via
adenosine triphosphate (ATP) generated from oxygen (O2). In addition, mitochondria serve important roles for Ca2+-buffering, iron storage and apoptosis18,19.
ROS generated from mitochondria (also referred to as mROS) can be regarded as
a by-product of redox processes, where it is estimated that during the conversion
of O2 to ATP 2–5% is instead converted into ROS. This is sometimes referred to
as leaky mitochondria20. The generation of ATP from oxygen in the mitochondria
is essential for cells and thus requires extensive control to be maintained. In addition, due to the reactive nature of ROS intermediates, all processes must be tightly
controlled to avoid by-stander damage induced by ROS and cellular elements.
Despite mitochondria being a ubiquitous organelle, symptoms from primary mitochondria disorders are often related to the central nervous system (CNS), likely
due to the high energy demand21. Thus, if focusing on mitochondria in the brain,
Na+/K+ ATPase facilitates the transmembrane transport of sodium (export) and
potassium (import) along the axons to maintain axonal resting potential. During
homeostasis, 70% of the axonal mitochondria are located close to the node of
Ranvier, where the Na+/K+ ATPases are present in myelinated axons21,22. Rapid
shifts in cellular potential occurring during axonal signal conduction make Na+/
K+ ATPases a major energy consumer in the CNS23.
Myelination of larger axons not only facilitates proper signal transduction but
also favor efficient use of energy (reviewed in section 1.41).
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During homeostasis there is a variance in axonal mitochondria density between
different CNS tracts that correlates with the level of myelination and axonal
diameter24,25. Furthermore, several research groups have described an increase
and redistribution of energy-dependent ion-channels in response to insufficient
axonal insulation26,27. The loss of proper axonal insulation would thus be linked to
increased energy demand. This notion is also supported by findings in the Shiverer
mouse, which lacks the ability to produce sufficient myelin due to a mutation in
the gene coding for myelin basic protein (MBP). Hence, the Shiverer mouse displays an increased mitochondrial density and higher activity of the Complex IV28.
Similar results have been obtained in transgenic models targeting myelin proteolipid protein (PLP)29. In addition, an experimental model for demyelination using
Theiler virus also displays higher mitochondria density in demyelinated compare
to myelinated axons30. In line, mitochondrial dysfunction has been implicated also
in a mouse model of Multiple sclerosis (MS), namely experimental autoimmune
encephalomyelitis (EAE)31, where the application of ROS scavengers prevented
neurodegeneration32–34. Taken together these findings suggest that cells of the CNS
are particularly sensitive to mitochondrial dysfunction.
1.22

Generation of ROS from NOX enzymes in the periphery

Perhaps due to the early discoveries of certain ROS scavengers, such as sodium
dismutase (SOD), ROS often were regarded as something unwanted and potentially
toxic during homeostasis35. Over the years this view has been revised to accommodate the characterization of dedicated producers of ROS, such as membraneassociated nicotinamide adenine dinucleotide phosphate oxidase (NOX/NADPH
oxidase) that transport NADPH-derived e– across the membrane to reduce oxygen,
O2 to superoxide, [O2•–] 18,36. In addition, NOX enzymes are expressed by a diversity
of cells during homeostasis, thus further challenging the view that generation of
ROS is restricted to pathological conditions37.
The NOX family consists of seven members (NOX1-5 and DOUX1-2) where
NOX1-4 all share the subunit gp22phox but otherwise are made up by different
subunits.
The importance of NOX was identified in patients with chronic granulomatous
disease. These patients showed increased susceptibility for bacterial infection
despite that their leukocytes maintained functional phagocytic and chemotactic
functions. However their phagocytes were not able to burst generating superoxide,
[O2•–] and hydrogen peroxide (H2O2) to break bacterial DNA38,39. To further verify
the role of NOX in innate immunity, deletion of NOX2 or gp22phox gave rise to a
similar phenotype in mice38.
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1.23

Downstream effects of ROS

ROS modulate multiple intracellular signaling pathways and cell functions both in
the cytosol and on the cellular surface, and this has been extensively reviewed40,41.
One example of intracellular events influenced by ROS is the interplay between
Nrf2 and nuclear factor κ-light-chain-enhancer of activated B cells (NFκB)42,43.
Another example is the oxidation of polyunsaturated fatty acids (PUFA) in the
bilayer cell membrane that faces both the cytosol and the extracellular compartment
by the ROS intermediate hydroxyl radical, [•OH]. Due to its high capability to be
reduced, hydroxyl radical may initiate a rapid chain-like reaction with PUFA in
the cell membrane, where the PUFAs forms lipid peroxyl radicals, [LOO•]. These
radicals will further oxidize surrounding PUFAs of the cell membrane. This process is referred to as lipid peroxidation (LPO) and can rapidly cause destruction
of PUFA-rich areas, such as the cell membrane. In this regard, myelin sheaths are
also particularly sensitive due to their high density of lipids. When reduced, lipid
peroxyl radicals release reactive aldehydes such as 4-hydroxynonenal (4-HNE),
malondialdehyde and acrolein44,45. These reactive aldehydes are less reactive compared to ROS intermediates. To make an comparison with a ROS intermediate,
hydroxyl radical has an estimated in vivo a half-life of 10–9 seconds46, whereas the
half-life of 4-HNE is up to two minutes44. This implies that 4-HNE can diffuse and
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interact with biomolecules further away from the production origin compared to
ROS intermediates. Just as ROS, 4-HNE may interfere with multiple homeostatic
processes47 and may bind DNA to cause proteasomal and mitochondrial dysfunction48. However, 4-HNE is restricted to form protein adducts via covalent interactions only with cysteine, histidine and lysine44,49, which in turn makes certain
protein structures more sensitive than others.

1.3

Monocyte development and subsets

Monocytes derive from granulocyte-macrophage progenitors in the bone marrow, a
type of hematopoietic stem cell that also generates neutrophils, eosinophils, basophils and dendritic cells. During homeostasis, bone marrow-derived monocytes
accounts for ~5–10% of all leukocytes in the blood50. The monocyte population
both in human and mouse is heterogeneous and can be further classified with
regard to nuclear morphology and size.
Human monocytes subsets in the circulation are mainly divided into two groups
based on the expression of CD14, a part of the lipopolysaccharide (LPS) receptor,
and CD16, the type III Fc-receptor γ (FcγRIII)51. A subset of monocytes, referred to
as inflammatory monocytes (CD14hiCD16–) in addition express the C-C-chemokine
receptor 2 (CCR2). They also displays phagocytic capacity and are able to produce significant amounts of cytokines, including tumor-necrosis f actor (TNF) and
interleukin-650. Another subset is referred to as resident monocytes (CD14+CD16+)
and displays high surface expression of MHC class II molecules and FcγRII52.
Greismann et al. identified the mouse Ly6C epitope to overlap with the human
CCR2+ monocyte subset53,54. Based on this finding the mouse model have been
the primary model to study functions of different monocyte subsets53,54. Thus, in
mice inflammatory monocytes are identified by Ly6C+CCR2+CX3CR1+. Adoptive
transfer of inflammatory monocytes expressing green fluorescent protein (GFP)
have indicated these cells to have a lifespan of 20 hours during homeostasis55. In
inflammatory conditions these CCR2+ monocytes migrate to the tissue where they
upregulate CD11c and MHC class II50. Later they will also acquire T cell priming
capacities and become antigen presenting cells (APCs)52. CCR2 is also crucial
for the process of exiting from the bone marrow and thus Ly6C is considered to
be primarily be expressed on newly formed monocytes in the circulation54, while
Ly6C–CCR2–CX3CR1hi monocytes are regarded as terminally differentiated56.
In addition to Ly6C+ monocytes, recent studies have also suggested an intermediate
Ly6C monocyte population to represent a further differentiated form of APCs57.
This suggests that inflammatory Ly6C+ gives rise to macrophages with an iNOS
signature whereas Ly6Cint give rise to monocyte-derived dendritic cells.
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1.31

NOX, ROS and CNS autoimmunity

The role of NOX in innate immune cells in infections is well described elsewhere
and the focus in this section will thus focus on NOX-derived ROS in immune cellregulation and its potential role in conditions of CNS autoimmunity.
EAE (described in detailed in section 2.5) is the commonly used experimental
model for MS. The EAE model reproduces important hallmark events seen in
the early relapsing-remitting phase of MS (RRMS), including priming of T cells
in lymphoid tissues, CNS-infiltration of encephalitogenic T cells and the appearance of demyelinated lesions in the CNS. Disease activity in the EAE model is
primarily driven by T cells, which is illustrated by the fact that adoptive transfer of
encephalitogenic T cells is sufficient to elicit clinical disease58. In terms of numbers
however, monocyte-derived cells are the most prominent CNS-infiltrating cells
at the primary bout of disease59,60. The relevance of monocytes is underscored by
the observation that rodents lacking circulating monocytes do not develop clinical
EAE. Histological assessment of CNS-lesions also reveals the presence of NOX
enzymes and ROS-mediated damage, suggesting also an important role for ROS
pathways. Interestingly, generation of ROS from monocytes/monocyte-derived
macrophages suppresses various T cell function resulting in anti-inflammatory
outcomes61–65 (Fig.3).
The role of monocytes in neuroinflammation is however complex, since the effects
of circulating monocytes compared to monocytes infiltrating the tissue differ
considerably. Thus depletion of superoxide [O2•–] production due to knock-out of
NOX causes break of T cell tolerance66 and induction of autoimmune responses.
Also loss of NOX further worsen autoimmune conditions39,67–69. In line with this,
lack of ROS generation in monocytes/macrophages also increases T cell proliferation70 and during antigen presentation alter lineage commitment to generate more
TH1, TH1771 and to lesser extent beneficial Treg72,73 (Fig.3). Interestingly, there are
also supporting findings for a ROS-induced apoptotic-gradient among T cells
subtypes, where the state of maturation and location appear to affect the level
of s usceptibility to ROS-induced apoptosis. Hence, naïve T cells in the thymus
are sensitive74, while circulating naïve T cells are not as sensitive as activated T
cells75,76. Further, the induction of lymphocyte apoptosis depend on the intracellular
depletion of anti-oxidative GSH where the presence of GSH prevent development
of autoimmune responses66,77,78.
Several studies have been conducted to pin-point endogenous T cell mechanisms
being targeted by ROS. One approach to quantify the level of oxidation has been
made via assessment of chemically reduced thiols [-SH] on the cell surface. An
additional approach has been to assess the abundance of intracellular GSH during
T cell activation using CD45RA, which is highly expressed on naïve T cells but

7

downregulated upon antigen-encounter. High levels of chemically reduced cell
surface [-SH] on T cells arise due to low levels of oxidative ROS78,79. Further,
chemically reduced cell surface [-SH] levels are diminished on T cells following
clonal expansion and proliferation79. Interestingly, T cell cultured with r educing
agents, thus increasing the presence of cell surface [-SH], attenuate the their
responsiveness and proliferation80.
The intracellular balance in redox state also have implications on transcriptional
activities decisive for cell phenotype and/or lineage commitment. The transcription factors NFκB and Fork-head transcription factors of class O are both involved
T cell homeostasis, maturation and survival and are both influenced by the intracellular redox state81–83.
ROS
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Figure 3. Illustration of ROS-mediated alternations in immune
responses and immune cell-cell interactions.

1.32

Multiple sclerosis and dimethyl fumarate

Among pathological conditions with demyelinating components, MS is the most
well-studied. MS represents a heterogeneous, demyelinating and neurodegenerative
condition, with genetic associations to a large number of immune-related genes, in
particular genes related to T cell functions84–86. In addition there are also environ
mental factors contributing to disease onset87,88. MS onset often occurs during
the third or fourth decades of life and women are more than twice as susceptible
as men89. Of the patients diagnosed with MS, about 80% initially present with a
relapsing remitting disease course referred to as RRMS. These patients display
bouts of neurological symptoms, which correlates with the infiltration of immune
cells into the CNS90. Diagnostic hallmarks for MS and disease progression thus
includes magnetic resonance imaging (MRI) visualizing plaques consisting of
these infiltrating immune cells90,91. Despite large inter-individual differences, a
8

majority of patients with time will convert into a phase of unrelenting worsening;
secondary progressive MS (SPMS). A minority of patients displays a progressive
phenotype from start; primary progressive MS (PPMS)92. Progressive phases of MS
are characterized by a steady decline in cognitive and neurological function largely
independent of infiltrations of immune cells and the relapses seen in RRMS85,93.
During homeostasis, CD4+ T cells are present and patrolling the CNS. In d isease
however, the infiltrating CD4+ T cells are reactivated by local APCs in the peri
vascular space, which trigger them to progress into the CNS parenchyma and
produce cytokines such as TNF and interferon-γ (IFN-γ)94. These cytokines activate surrounding microglia and perivascular macrophages causing degradation of
the myelin sheaths. Current disease modulatory therapies (DMTs) for MS mainly
primary target the dysfunctional adaptive immune phenotype of MS. In particular,
DMTs that restrict the recruitment of peripheral immune cells of the adaptive
immune system to the CNS have been proven successful89. Examples include; S1PR
antagonists inhibiting lymphocyte exit from the lymph nodes (fingolimod and more
selective S1PRs), blocking of VLA-4 expressed on immune cells that prevents
migration across the BBB (natalizumab) and DMTs that deplete specific immune
cell populations (monoclonal anti-CD20 and anti-CD52, and cladribine) 89,95.
In contrast to these DMTs, the mechanism of action of dimethyl fumarate (DMF/
Tecfidera™) in MS, has been less clear. DMF is a first-line DMT for RRMS used
in clinical routine in Sweden from from May 201496–98. It was originally found
to be effective for psoriasis and was discovered by serendipity to also improve
clinical MS symptoms in a small number of patients suffering from both conditions99. Following this discovery, DMF was also shown to ameliorate clinical
symptoms in EAE100,101. Among the suggested pathways targeted by DMF is the
Hydroxycarboxylic acid receptor 2 in microglia102. Further, pre-clinical studies
ascribed DMF a cytoprotective effect when used in vitro via the transcription
factor Nrf2103–106. More recent studies verified the involvement of Nrf2107, but
also indicated peripheral immune cells as an important target108–113. It should also
be noted that DMF is not specific towards Nrf2114,115, and in fact may also affect
immune cells independently of Nrf2116,117.

1.4

Juvenile and adult oligodendrocyte development

During development, the generation of oligodendrocyte precursor cells (OPC) and
their subsequent differentiation to mature myelinating cells of the CNS is tightly
regulated118–123. During embryonic development, three waves of OPCs propagate
from the forebrain, progressing in a dorsal-ventral manner124,125. Studies applying
cell fate-mapping have shown a first wave of NK2 Homeobox 1 (Nkx2.1), Nkx2.2
and oligodendrocyte transcription factor 2 (Olig2) positive OPCs to populate the
whole developing telencephalon, this is initiated at embryonic day 12.5 (E12.5)126.
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Nkx2.1 positive OPCs are to a large extent replaced by a second wave of Gsx2
positive OPCs initiated at E15.5, the latter wave will also persist postnatally126,127.
At postnatal day 0 (P0), a third wave of OPC expressing Emx1 will progress
in a dorsal-ventral pattern from the dorsal ventricular zone and first facilitate
myelination in the deep cortical layers and then the superficial layers128,129. This
dorsal-ventral pattern is also preserved during remyelination129. These OPCs
generated during development have been described to be more motile and have a
more rapid cell-cycle compared to adult OPCs (aOPC) which are generated during
adult life130,131. This is also the reason for the common use of OPC from neonatal
rodents to establish primary OPC cultures132.
Nkx2.2 and Olig2 may regulate each other and their co-existence is essential to
enable development into oligodendrocytes (OL). Olig2 directly induces SRY-box
10 (SOX10), a hallmark transcription factor that is essential for OL maturation and
also exerts a positive feedback on Olig2. SOX10 interacts with several additional
proteins to mediate OL differentiation. To date four different SOX10-mediated
pathways of differentiation has been identified: (1) Myelin regulatory factor
(MYRF), where SOX10 and MYRF show overlapping binding to transcriptional
control regions close to transcripts involved in myelination; (2) Chromatin modulation via CHD8 followed by expression of BRG1, which together with Olig2
activates ZFP24 and CHD7 to regulate the onset of myelination and remyelination; (3) During onset of differentiation TCF7L2 interacts with ZBTB33 to repress
β-catenin, which exerts a negative effect on myelination. (4) Recent work have
also showed that dephosphorization of NFATC2, causes its activation and together
with SOX10 prevents repression of Nkx2.2 and Olig2133,134.
In parallel to differentiation, programmed cell death is extensive during development. Thus, in the developing rat cortex 20–30% of premyelinating oligodendrocytes (pre-OLs) undergo apoptosis prior to post-natal day 21 (P21)128. In the rat
optic nerve as many as 50% of pre-OLs undergo apoptosis prior to myelination135.
Two more recent and visually striking studies using in vivo imaging also show
apoptosis to occur in adult rodents136,137. The reason for this temporal susceptibility to
apoptosis is debated. The transcription factor TFEB-PUMA-axis, highly expressed
in pre-OLs, has recently been indicated to be involved during development138. In
addition, the same research group has suggested that loss of the platelet-derived
growth factor (PDGF) receptor in pre-OLs, which is highly expressed in OPC,
makes pre-OLs more susceptible to apoptosis139. Another plausible reason, that
has recently been illustrated is that OLs receive trophic support from axons249.
This is in line with studies showing that differentiating pre-OLs have a limited
timeframe to make reciprocal contact with surrounding axons during development140,141. Upon proper trophic feedback in terms of basic fibroblast growth
factor (bFGF), PDGF and/or insulin-like growth factor 1 (IGF-1) maturing OLs
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will further differentiate and myelinate the naked axon119,138,142–144. During homeostatic conditions, OPCs and OLs will generate myelin throughout life, in mice
up to two years of age137,145. However, in the absence of proper growth signals,
programmed cell death programs will be activated144. One additional explanation for the temporal susceptibility of pre-OLs to apoptosis is suggested by the
findings that OLs may display a maturation-dependent vulnerability to oxidative
stress146 (molecular mechanisms reviewed in section 1.21) and thus apoptosis147.
Regardless of cause, the programmed cell death program in OLs involves both
activation of caspases148–151 and alternation of members of the B-cell lymphoma 2
(Bcl-2) family146,152–154. In summary, both OPCs and OLs seem to be dynamically
regulated cell populations throughout the whole life.
1.41

Oligodendrocyte – form and function

OLs are essential since they provide insulation and trophic support to axons155 and
the axonal capacity to propagate signals is dependent on factors such as axonal
diameter, myelin thickness, internode length and the distribution of nodes of
Ranvier156–158. As mentioned above, the brain consumes a significant amount of
oxygen to generate energy in order to maintain axonal resting potential, which is
reflected by the fact that the brain stands for 20% of our total oxygen consumption. OLs are sensitive to ROS159 especially during differentiation146,148,160,161 and
thus scavenging of these molecules is essential146,162–166.
During limited periods of time, the brain can generate energy via anaerobic
glycolysis producing pyruvate that enters the mitochondrial tricarboxylic acid cycle
(TCA) in order to generate ATP. If not directly used by the mitochondria, lactate
dehydrogenase (LDH) converts pyruvate to lactate for storage. Upon increased
need of more ATP, LDH converts it back to pyruvate167,168. Lactate can also be
directly imported to neurons via the monocarboxylate transporter 2 (MCT2)167,168.
The glucose storage is restricted in neurons and thus neural glycolysis can only go
on for shorter periods169. Instead the neurons have to rely on extracellular lactate
supplied by adjacent and/or surrounding glia. In OLs, glucose is taken up by g lucose
transporter 1 (GLUT1) and converted to pyruvate and lactate. However, OLs can
also export lactate for direct uptake by adjacent or surrounding neurons170,171.
The importance of this extracellular lactate shuttling is elegantly shown by
OL-specific monocarboxylate transporter 1 depletion causing severe axonal injury
without damage to the OLs. Following administration of extracellular lactate the
phenotype is reversed171. Interestingly, axonal swelling and degeneration appear
to take place despite an intact myelin ultrastructure170–172. Instead, these studies
suggest OL-specific loss of certain proteins involved in OL metabolic support to
the axon as more crucial for axonal survival than the physical support from the
myelin170–172.
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1.42

Remyelination

Regeneration of organs and/or tissues take place even in higher mammal species
such as humans. In the skin, superficial lesions are healed and subsequently closed.
The same concept applies for the brain where aOPCs traditionally are considered
the principal source of myelinating OLs145,173–175, repopulating d emyelinated
lesions176–179. This process, referred to as remyelination, is the fundament of proper
regeneration of demyelinated lesions, e.g. in the context of neuro-inflammatory
diseases such as MS.
In resemblance with skin-wounds leaving scars, remyelinated brain lesions can
leave permanent180 shadow plaques181, first described by Lassmann et al. in 1983
(Fig. 4). Remyelinated axons will have longer internodes and thinner myelin
sheaths, hence a reduced myelin staining and the appearance of a “shadow”. Despite
being thinner, the regenerated myelin protect the axon from degeneration180,182–185.
Whether normal axonal function is preserved is more elusive.
Previous studies has shown preserved conduction and clinical functions despite
thinner myelin186,187. However, there are also contradicting findings where computational approaches suggest that restoration of conduction will not be complete188,189.
In addition, indirect evidence for reduced axonal velocity could be found in patients
with hereditary motor and sensory neuropathies, suggestively due to the thinner
myelin observed in these patients190. Likely restored velocity and normal axonal
function following remyelination may depend on additional factors including
axonal diameter and may also differ between tracts. With the assumption that
demyelination as a primary event may cause secondary alterations in the axon,
it has been shown that remyelinated OLs have a higher density of mitochondria
compared to myelinated OLs191. This is supported by studies describing increased
mitochondria activity in and transport along the axon in genetically or toxininduced demyelination27,28,192,193. In addition, preliminary data of ours indicates a
strong relationship between axonal mitochondria size and surrounding myeling
sheath thickness250. However, what kind of molecular adaptions are needed in the
axon and/or OLs to maintain sufficient axonal function following remyelination
requires further exploration.
Based on studies conducted in rats, it is estimated that OPCs make up 3–8% of
the total amount of CNS cells194,195 and the OPCs are found throughout the brain,
also in and around demyelinated lesions196–198. The involvement of OPCs during
remyelination has been illustrated using Cre-based cell-fate mapping199,200. Upon
need of regeneration, OPCs re-enter the cell-cycle174,201–203. Due to the presence
of OPC, a block of differentiation has been suggested as the threshold preventing
remyelination.
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Interestingly, also other reasons explaining the relatively poor capacity to remyelinate
in humans have been proposed204. A recent study conducted in cats and non-human
primates showed that mature OLs can participate in remyelination205 contradicting
what has been shown in lower species, using Cre-recombinase under the Mbppromoter206. Furthermore, two additional studies conducted with human cells, one
of which combined single cell data from mice and MS patients, illustrate OLs to be
more heterogeneous than previously expected207. The second study to some extent
confirms that pre-existing mature OLs can contribute to remyelination due to a
low degree of cell turn-over208. Together this underlines potential discrepancies in
remyelination both between strains, species and experimental models.
Currently there is also a promising candidate for remyelination in clinical trials.
Clemastine fumarate (CF) is an anti-histaminic drug identified to boost myelination in an in vitro screen209–211.
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Figure 4. Myelin and oligodendrocytes in corpus callosum. Representative images of
Luxol fast blue stained and pseudo-colored corpus callosum. (a) Indicates a demyelinated
area (asterisk), (b) indicates a shadow plaque (arrow). (c) Transmission electron micro
scopy image of transected axon with surrounding myelin and a pseudo-colored OL-branch
myelinating an axon. Scale-bar a, b 500µm, c 1µm.
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2

METHODS

2.1

Flow cytometric measurement of ROS

DHR-123 (%)

Flow cytometric analyses are commonly used in the field of immunology to quantify
chemical and physical characteristics of individual cells. This is made possible via
fluorescent labeling of extra- and/or intracellular epitopes which upon excitation
at the corresponding wavelength will emit fluorescent light that can be detected212.
In Paper I flow cytometric analysis was used to quantify generation of intracellular
ROS in CD14+ monocytes using dihydrorhodamine-123 (DHR-123)213,214. In addition,
proportions of monocyte subsets were also quantified108,215 (Fig. 5).

CD14hi CD14+
CD16- CD16+

Figure 5. ROS generation in monocytes from MS-patients on DMF therapy. ROS g eneration
in CD14hiCD16- and CD14+CD16- monocytes before (white bars) and one month (blue
bars) following DMF start.

2.2

Animals

In Paper IV, based on previous findings by our group216,217, a Dark agouti rat (DAWt)
over-expressing Gsta4 under a CAG-promotor (DAGsta4) was purchased to study
involvement of 4-HNE load in CNS cell survival and differentiation (Fig. 6). In
addition, DA rats expressing green fluorescence protein (DAGFP) and plain DA
rats were used. Animals were bred in the animal facility at Karolinska University
Hospital (Stockholm, Sweden) in a pathogen free and climate-controlled environment with regulated 12 h light/dark cycles. All experiments were approved and
performed in accordance with Swedish National Board of Laboratory Animals and
the European Community Council Directive. For all experiments animals at an age
of 8–12 weeks were used. For all TBI (Section 2.3), LPC (Section 2.4) and bone
marrow transfer in EAE experiments (Section 2.5) male animals were used. For
regular EAE female animals were used.
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Figure 6. Resistance to intrathecally administered 4-HNE. Neurofilament light (NFL)
levels in rat CSF 24h following intrathecal administration of 4-HNE.

2.3

Experimental traumatic brain injury model

Cell numbers (104)

The experimental traumatic brain injury (TBI) model used in Paper III is an open
skull free falling weight drop model, representing a focal brain tissue injury216–219.
There is a plethora of different experimental models for TBI generating different types of injuries. These can be separated based on the characteristics of the
mechanical force and if generating focal versus diffuse injury following impact with
subsequent effects on axonal degeneration which may be more diffusely distributed
in the tissue versus affecting certain areas 220,221. The model is characterized by an
early infiltration of granulocytes and later activation of brain-resident microglia in
combination with infiltrating monocytes216–219 (Fig. 7). In humans, many victims
of TBI display both focal and diffuse injuries. The model used here, represents
mainly a focal injury model. The anesthetized rat is placed in a stereotactic frame
followed by craniotomy (3 mm posterior and 2.3 mm lateral of Bregma). A piston
is resting on the exposed dura and upon impact of the weight on the piston, the
dura is compressed 3 mm on the longitudinal axis44 (Fig. 7).
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Figure 7. Alternation in cell number following TBI in rats.
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2.4

Demyelinating lysolecithin model

Lysolecithin (lysophosphatidylcholine, LPC) is a chemical compound also present
in low abundance in the cell membrane222,223. Upon apoptosis it partakes in the
recruitment of phagocytes224 and it is used to study remyelination, since it effectively
removes a majority of mature OLs225,226. There are, however, other toxin induced
models available to study remyelination227. Advantages of using LPC or ethidium
bromide include the instant and focal demyelination of white matter around the
site of injection, followed by consistent remyelination, a process that has been well
documented. In Paper IV LPC was preferred due to its limited effect on astrocytes
compared to ethidium bromide (Fig. 8). Administration of other commonly used
toxins, such as cuprizone, also results in immediate demyelination, but requires a
longer exposure time and thus demyelination and remyelination will occur simultaneously to a larger degree compared to LPC and ethidium bromide179,227.

a

LPC
Day 0 3

10
O4+

RNA-seq

b

Demyelination
Day3

Day3

Day10

De-/Remyelination
Day0

Day10

p-value

Day0

Remyelination

FC (Log2)

FC (Log2)

FC (Log2)
p-value

Fold enrichment

c

Figure 8. RNAseq of corpus callosum derived O4+ OLs during naïve state and three or ten
days following LPC administration. (a) Illustration of experimental set-up. (b) Significantly
differentially regulated transcripts in DAWt during demyelination, remyelination and d uring
both de- and remyelination. (c) Gene ontology based on significant transcripts in b.
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LPC can be administered to different white matter tracts227 and herein we injected
25 µL 0.1% LPC to the CC, 1.0 mm posterior and 1.2 mm lateral of Bregma and
2.2 mm ventral of the skull bone.

2.5

Bone marrow transplantation and experimental
autoimmune encephalomyelitis

In Paper IV we used a MS-like disease model, EAE. To a large extent our k nowledge
in MS, especially concerning cell trafficking and activation in the target tissue, is
based on findings from EAE94. In rats, EAE is achieved by subcutaneous immunization with myelin oligodendrocyte glycoprotein (MOG) in a mixture with
incomplete Freud’s adjuvant (IFA). The adjuvant is necessary for the proper exposure of MOG to the local APC, which will migrate to local draining lymph nodes
and present MOG-antigens to naïve CD4+ T cells. These cells will then leave the
lymph nodes and migrate to the CNS. The EAE model mimics several important
features of the early relapsing-remitting disease phase of MS , however there
are also limitations. This includes the need for active immunization, the lack of
Fe2+ and oxidized phospholipids accumulation in CNS tissue seen in human, and
absence of accumulation of oxidized phospholipids in active lesions. Also, active
MS lesion pathology and EAE differ to a large extent in terms of gene expression
of mitochondrial genes228.
To study pathological processes in the spinal cord during EAE independently of
genotype of the bone marrow derived immune cells we lethally irradiated animals
and transplanted them with DAGFP hematopoietic stem cells to repopulate the bone
marrow.
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3

AIMS

The overall aim of this thesis was to understand the various role of ROS and ROSrelated biomolecules in different cells in demyelinating conditions.
Paper I
To characterize immune cell number, functionality, transcription and epigenetic
changes following treatment with the DMF, targeting Nrf2 in RRMS patients.
Paper II
To develop a model to simultaneously measure responses of multiple intertwined
transcription factors relevant for responses to ROS
Paper III
To identify novel Nrf2-specific drugs in comparison to DMF and evaluate those
in vitro and in relevant experimental models.
Paper IV
To assess the role of Nrf2-regulated Gsta4 during OL homeostasis and remyelination.
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4

RESULT AND DISCUSSION

Paper I:
Therapeutic efficacy of dimethyl fumarate in relapsing-remitting multiple sclerosis
is associated with ROS pathways in monocytes
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In Paper I we addressed how DMF affects the oxidative environment in RRMS
patients prescribed with DMF.
Based on existing knowledge of DMF we formed the hypothesis that DMF via
Nrf2 were able to affect the oxidative environment in peripheral blood. We thus
quantified ROS generation in peripheral monocytes and oxidation of free 8.12-isoiPF2α-VI isoprostane in plasma from RRMS patients during their first 6 months
on Tecfidera therapy. In addition, we sorted CD4+ T cells and CD14+ monocytes
and assessed transcriptional and epigenetic changes over time. DMF increased
the oxidative environment in peripheral blood, asses by free 8.12-iso-iPF2α-VI
isoprostane. Patients showing no disease activity during the 24 months of observation were characterized as responders. Conversely, patients suffering relapses or
inflammatory activity on MRI were characterized as non-responders. Interestingly,
only responders were able to increase their number of classical monocytes and this
difference was prominent already 3 months following therapy start. At this time
point the monocytes from responders were also capable of generating more ROS
upon ex vivo stimulation compared to DMF non-responders, this difference was
also persisting after 6 months.
Characterization of DNA methylation changes over time further indicated that epi
genetic changes occurred earlier in monocytes compared to CD4+ T cells. Notably,
in our cohort, monocyte numbers seemed to be an early marker segregating responders
from non-responders. In contrast, lymphocyte numbers could not distinguish these
two patients groups despite lowering of T cell number being a hallmark with DMF
therapy110,111. The epigenetic data also indicated ROS to be involved in several
pathways that were altered over time, which further supported our initial findings
on changes in the oxidative environment. We further analyzed single nucleotide
polymorphisms (SNPs) in a set of components to NADPH oxidases 1–4 expressed
in at different levels in myeloid derived cells. One SNP in NOX3 (rs6919626) was
suggestively associated with reduced ROS generation after ex vivo stimulation,
possibly due to lower transcription of NOX3 in individuals carrying the G allele
at rs6919626. Importantly, SNP rs6919626 was also significantly associated with
being a non-responder to DMF in terms of clinical effect.
In summary, the generation of ROS in various immune cells is involved in regulation of autoimmune responses. This study builds on and extends a substantial body
of pre-clinical evidence on how monocytes adapt to their endogenous ROS generation229 and the central role of monocyte/macrophage-derived ROS on T cells39,64,65,70,76.
Importantly, our findings in this study are the first to connect the capacity for oxidative
responses to treatment responses in patients with RRMS. However, it should be noted
that CNS-infiltrating monocytes are known to contribute to EAE progression60, and
the most abundant cell types in MS lesions are monocyte derived macrophages and
microglia with damages due to ROS being evident in MS lesions230. Thus, the role of
ROS for regulation of adaptive immunity and local target tissue responses may differ.
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Paper II:
Cross-talk in HEK293 cells between Nrf2, HIF, and NF-κB activities upon challenges
with redox therapeutics characterized with single-cell resolution
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In Paper II our group assisted in the development of a novel method to detect transcription factor activity, namely plasmids for transcription factor reporter activation
based upon fluorescence (pTRAF) in human embryonic kidney cells (HEK293).
The activity of multiple transcription factors are intertwined during redox regulation. In this study, we developed and described a tool to study cross-talk between
Nrf2, NFκB and hypoxia inducible factor (HIF) in real-time at the single-cell level
and in a high throughput manner. As discussed in section 1.2, Nrf2 regulates a
plethora of transcripts involved in responses to oxidative stress. Upon activation,
Nrf2 is relocated to the nucleus, promoting transcription via binding to ARE in
target gene promoter regions (Fig.1). HIF is made up by heterodimers of HIFα
and HIFβ subunits and promotes transcription in response to hypoxia. NFκB is a
complex of subunits that initiates inflammatory and cellular responses to various
cytokines and stressors. IκB keeps NF-κB in the cytosol, but if phosphorylated,
NF-κB is released and able to relocate to the nucleus. Based on previously established gene binding regions of the three transcription factors231,232, vectors expressing
lucP2 upon binding of Nrf2, HIF or NF-κB in a Luciferase assay were generated
and verified to bind the respective transcription factor. Following this, a single
vector containing all binding regions followed by sequences for mCherry (Nrf2),
YPet (HIF) or CFP (NF-κB), respectively, were generated.
Upon transfection of HEK293 cells with pTRAF, transcription factor binding generated a fluorescent signal, and the factual generation of transcripts corresponding
to Nrf2/HIF/NF-κB activity was confirmed with quantitative polymerase chain
reaction (qPCR). This included GCLM and HMOX1 (Nrf2), HIF1A and VEGF
(HIF), and IL8 (NF-κB). Based on the feature of simultaneous Nrf2/HIF/NF-κBresponse with single-cell resolution, cells following transfection were quantified
and sorted using flow cytometry. In addition, analyses in Paper II were done using
Operetta high-content imaging allowing for high-throughput analysis of Nrf2/HIF/
NF-κB-responses to various stimulations.
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Paper III:
Novel vinyl sulfone compounds are more specific Nrf2 activators in vitro and
in the central nervous system than dimethyl fumarate
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In Paper III we evaluated DMF together with additional newly synthetized Nrf2
activating compounds based on their activity towards Nrf2 and other transcription
factors described to be affected by DMF.
Based on previous publications, we formed the hypothesis that addition of certain
chemical moieties would improve Nrf2 specificity and improve stability and p assage
over the BBB233–238. We thus evaluated DMF together with eight de novo synthetized
vinyl sulfone compounds CH-1 – CH-8 based on cell viability and ability to activate
Nrf2. CH-1 – CH-3 were the most promising candidates and were further evaluated based on their activity towards NFκB and HIF, which has been described to
be affected by DMF114. Both DMF and CH-3 activated Nrf2 but CH-3 showed less
off-target on NFκB or HIF. This was also verified by quantification of transcripts
downstream of the three transcription factors. Nrf2 is activated in both microglia
and OLs upon stimulation with either vinyl sulfone239,240 or DMF104. Thus, the
transcriptional profile was evaluated in these cell-types following CH-3 or DMF.
Nrf2, HIF and NFκB as assessed by pTRAF in HEK293 cells, are also key transcription factors in conditions of acute trauma and thus CH-3 and DMF were
finally evaluated in an experimental TBI model43. CH-3 facilitated more extensive
transcription of Nrf2-regulated genes in the brain compared to DMF upon oral
gavage, while DMF induced an immediate drop in GSH levels as reflected by
Gclm and Gsta4241. Following TBI in combination with oral gavage with vehicle,
DMF or CH-3, DMF (but not CH-3) lowered systemic CD45+ cells as previously
reported110,111. In addition, DMF also limited axonal degeneration following TBI
compared to vehicle. In turn, CH-3 preserved or facilitated proliferation and
differentiation of OLs following TBI compared to DMF and vehicle. In summary,
our findings indicate that CH-3 differ from DMF in its effect towards Nrf2, HIF
and NFκB and their downstream transcripts and that Nrf2-mediated effects are
largely responsible for transcriptional changes occurring in OLs.
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Paper IV:
Gsta4 restricts apoptosis to promote differentiation of adult oligodendrocytes via
Fas/Casp8/Bid-axis during homeostasis and remyelination
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In Paper III we evaluated Nrf2 activating compounds including DMF and CH-3. DMF
(Tecfidera) is a known inducer of gene transcription downstream of Nrf2103,104.
Previous work in our research group explored the role of Glutathione S-transferase 4α
(Gsta4) in neuroprotection during acute inflammation in the brain216,217. In addition, Gsta4
has been a predicted transcript downstream of the transcription factor Nuclear factor
(erythroid-derived 2)-like 2 (Nrf2)6,242, which is the suggested main target of DMF used
to treat RRMS100,103,104 (Fig. 1). In Paper IV we investigated the impact of high transitional
levels of Gsta4 in rat OLs during differentiation and remyelination.
The underlying cause for poor remyelinating capacity of OL in MS is still largely
unknown. Lack of knowledge in this area severely hampers the development of treatments that enhance remyelination. Due to the relatively high susceptibility of OLs to
ROS and lipid peroxidation146,160,162,166, which generates 4-HNE, we formed the hypothesis
that over-expression of the 4-HNE scavenging enzyme Gsta4 could provide a beneficial
intracellular environment in OLs during differentiation and remyelination. We found
that both remyelinating drug, clemastine fumarate (CF)210,243,244 and DMF increased Plp
and Gsta4 transcription, the former in a Gsta4-dependent manner and the latter due to
nuclear activation of Nrf2. Creation of a transgenic rat with constitutive over-expression
of Gsta4 (DAGsta4) facilitated faster OL differentiation in vitro compared to wild-type
(DAWt), a phenotype that was reveres upon Gsta4 knock-down. The faster differentiation
was verified in vivo as DAGsta4 displayed a drastic reduction in OPC number and early
OLs, while DAWt and DAGsta4 did not differ in number of mature OLs.
RNA-seq on mRNA from O4+ OLs from the CC indicated the Fas/Caspase-8 pathway and
bFGF signaling to be reduced in DAGsta4 OLs and likely responsible for the faster differentiation. This was confirmed as stimulation of DAWt OLs with a Fas-antagonist promoted
differentiation to a similar extent as in DAGsta4. In addition, both Caspase-8 and the downstream target and inducer of apoptosis Bid were decreased upon Gsta4 over-expression
and increased upon knock-down. Furthermore, in a toxin-based demyelination model of
the CC higher levels of Gsta4 led to faster remyelination. Finally, in the MS-like disease
model EAE, DAGsta4 animals showed improved clinical severity score and disease duration
compared to DAWt. When lethally irradiating and transplanting DAWt and DAGsta4 rats with
identical DAGFP bone marrow, DAGFP→DAGsta4 again showed improved clinical severity
score and disease duration compared to DAGFP→DAWt. In line with previous experiments,
DAGFP→DAGsta4 showed lower levels of Caspase-8 in spinal cord but also smaller and
fewer demyelinated lesions, likely due to improved remyelination seen in DAGsta4.
Pioneering studies identified bFGF to be essential for OL development140,143 and described
cell-cell interaction as crucial for OL survival135,144. A more recent study underlines the
vulnerability of OLs during differentiation as they only have a few hours to generate
myelin141. In summary, our study indicates that newly formed/myelin forming OLs to
represent a particularly sensitive state during OL maturation and that the OLs resistance
to apoptosis and/or facilitation of more efficient differentiation can be enhanced via
over expression of Gsta4. This study also indicates Gsta4 and associated mechanism,
including the Fas/Caspase8/Bid-axis, to be highly interesting in context of the mode of
action of certain remyelination-promoting agents.
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5

FURTHER PERSPECTIVES

Today we have access to a number of highly effective immunomodulating treatments in MS that almost entirely can prevent new bouts of disease and drastically
improve the long-term prognosis. However, these treatments are most effective in
the initial phases of MS and many patients in later disease phases suffer continued
disease worsening. The striking advances in treatment of early RRMS in part depends
on improved knowledge of underlying disease processes, while the understanding
of disease mechanisms operating in progressive MS remains poorly defined. MS
involves the loss of neurons, the replacement of which represents a monumental
challenge. In contrast, enhancing remyelination by modulating existing OPCs or
perhaps even OLs could be a more tempting target.
This picture is supported by the observations we made in the included studies. We
herein show that support to differentiating cells to overcome certain thresholds or
crossroads during differentiation in rodents is beneficial in MS-like disease m
 odels. Our
findings indicate the importance of redox processes in overcoming these thresholds
and this could also be of importance in humans. We further show that redox balance
is a key-element in additional aspects of MS disease where location and cell type
is decisive of the outcome. In addition we show that its feasible to identify more
specific Nrf2 activating drug compared to the currently used drug.
On a personal note, it is a captivating time to study oligodendrocytes. A string of recent
discoveries have revealed the heterogeneity and plasticity of OL cell lineages during
maturation137,245. In addition, participation by non-dividing OLs in r emyelination
in higher species brings a new perspective to the field205,208. In particular I have
identified two fields of high interest that deserve further exploration.
Characterization of temporal metabolic changes during OL maturation. By t radition,
metabolism in OLs has been addressed from a nerve cell-perspective, e.g. how OLs
are able to maintain axonal function and integrity via shuttling of lactate and glucose
between the cells. However, metabolic fluctuation during different OL maturation
states is not described. Especially halted maturation in context of demyelinating
disorders is an intriguing phenomenon. Metabolites, such as lactate, have recently
been described to also possess epigenetic modulatory features by inducing histone
modifications; a process termed lactylation246. Since OLs are crucial for axonal lactate
maintenance the role of OLs also in neural lactylation is an interesting research field.
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Additional in vivo models of remyelination. Lately and partly due to technical
advances it has become clear that there are crucial discrepancies in remyelination
between human and lower species247, with consequences for our interpretation
of earlier experimental data and to what degree this can be translated to humans.
Neumann et al. have addressed the interesting question how ageing of adult OLs
may affect their phenotype132. Nobuta et al. likewise have studied OL death in
PMD248. Both these studies benefit of their (in comparison) simple set-up to study
failure of OL maturation. To study OL maturation arrest in alternative models
could be very useful and could later lay the foundation for applications in other
diseases, such as MS.

29

6

ACKNOWLEDGEMENT

I want to thank my good friend and supervisor (and physician) Fredrik. I have
learned a lot from you over the years. You have an inspirational scientific eye, a
critical mind and honest willing to support your students. On a personal level you
are caring and you have my deepest admirations for operating a fruitful researchcarrier and simultaneously be with the family=). I want to thank my co-supervisors
Faiez for introducing me to the animal-models and giving me a solid professional
foundation. Xingmei, for your care and support, you always brought joy to the
lab and miss chatting with you. Staffan, thank you for your support in our initial
pilot experiment.
I’m grateful to Ana for being the crucial factor when we were setting up OL
experiments. Also Gonçalo for valuable experiment guidance and assistance.
Thank you Katarina for always having time for questions and time to discuss and
explain redox biology. I was never able to pass by your office just for a brief stop,
and I appreciate that a lot. Also, thanks to Elias, Per, Craig and Toni for a good
collaboration in various projects. Thank you everyone at the Birsoy Lab especially
Rebecca, Javi and Kivanç.
Thank you Tomas, Ingrid, Maja and Bob for the creation of a nice and stimulating
environment over the years. You have all been inspirational and good collaborators over the years.
I also want to thank certain teaches that I luckily have met; AnnMarie and Henrik
for getting me interested in biology and chemistry at senior high. Thank you
Christine in Lund for a good introduction to neuroscience. I’m also grateful to
Mattias in Lund being a mentor and letting me in your lab during the summers.
A period during my PhD was the worst time of my life, but foremost, I have also
experienced the best moments of my life during this period. I’m forever grateful for all the people I’ve met and a will always remember my time in this awesome environment. To the original members of the man-cave: Mohsen, this place
wouldn’t work without you. André our MVP, you are brilliant and I’m so glad that
I have got to know you. I’m happy for may close friendship with Petra, Harald
and Rasmus. We have enjoyed a lot of things together and I will always remember
our travels, dinners parties…
A also want to thank all present members at the lab. Lara and Eliane you are both
truly kind and caring souls and I will truly miss not having you around on an every
day basis. Thank you Rux and Nånnis for being such bright scientists and with the
best sense of humor. My greatest gratitude to Keying, helping out with OLs and
being a bright young man. Thank you Sandra and Ewoud for being patient with

30

(with me) and our patient data. I’m very grateful for all project input, all scientific
and general life discussions with Benjamin, Sreeni, Susi, Rita, Jinming, Majid,
Gunn, Pernilla, Maria, Mathias, Galina, Sebastian. Thank you to former master
students Emina and Inge and good luck with your defence.
A big thank you to past members, Cecilia, for being a good first supervisor. Also,
Mikael, Rickard, Shahin, Nada, Tojo, Sabrina, Melanie, Roham, Marie.
A big thank you to all staff in the animal facility helping me out throughout the
years. Especially André, Annica, Sandra, Anna-Lena and Velina for taking excellent care of breeding and your ability to always allocate space for some additional
cages=) Also a big thank you to Anki assisting with ethical permits.
Thank you Mom and Dad for always supporting me, my sister and my family in
whatever we do and for being interested in my work. Thank you Klara for being
the best sister.
Last but not least I would like to express my greatest gratitude to Therese, Assar and
Iris. For bringing me joy every day (currently not during the nights). For putting
up with this job/hobby of mine. I’m dearly grateful and you have been nothing but
supportive and willing to share all my professional ups and downs with me. Tack!

31

7
1.
2.
3.

4.

5.
6.
7.
8.

9.
10.
11.

12.
13.
14.
15.

16.
17.

32

REFERENCES
Boullerne, A. I. The history of myelin. Exp. Neurol. 283, 431–445 (2016).
Chandel, N. S. et al. Mitochondrial reactive oxygen species trigger hypoxiainduced transcription. Proc. Natl. Acad. Sci. U.S.A. 95, 11715–11720 (1998).
Bours, V., Dejardin, E., Goujon-Letawe, F., Merville, M. P. & Castronovo, V.
The NF-kappa B transcription factor and cancer: high expression of NF-kappa
B- and I kappa B-related proteins in tumor cell lines. Biochem. Pharmacol. 47,
145–149 (1994).
Brigelius-Flohé, R. & Flohé, L. Basic principles and emerging concepts in the
redox control of transcription factors. Antioxid. Redox Signal. 15, 2335–2381
(2011).
Bonello, S. et al. Reactive oxygen species activate the HIF-1alpha promoter via a
functional NFkappaB site. Arterioscler. Thromb. Vasc. Biol. 27, 755–761 (2007).
Hirotsu, Y. et al. Nrf2-MafG heterodimers contribute globally to antioxidant and
metabolic networks. Nucleic Acids Res. 40, 10228–10239 (2012).
Kobayashi, E., Suzuki, T. & Yamamoto, M. Roles nrf2 plays in myeloid cells and
related disorders. Oxid Med Cell Longev 2013, 529219–7 (2013).
Kobayashi, M. et al. The antioxidant defense system Keap1-Nrf2 comprises a
multiple sensing mechanism for responding to a wide range of chemical compounds. Mol. Cell. Biol. 29, 493–502 (2009).
Ohta, T. et al. Loss of Keap1 function activates Nrf2 and provides advantages
for lung cancer cell growth. Cancer Res. 68, 1303–1309 (2008).
Suzuki, T., Motohashi, H. & Yamamoto, M. Toward clinical application of the
Keap1-Nrf2 pathway. Trends Pharmacol. Sci. 34, 340–346 (2013).
Taguchi, K., Motohashi, H. & Yamamoto, M. Molecular mechanisms of the
Keap1–Nrf2 pathway in stress response and cancer evolution. Genes Cells 16,
123–140 (2011).
Kobayashi, E. H. et al. Nrf2 suppresses macrophage inflammatory response by
blocking proinflammatory cytokine transcription. Nat Commun 7, 11624 (2016).
Arnér, E. S. & Holmgren, A. Physiological functions of thioredoxin and thioredoxin reductase. Eur. J. Biochem. 267, 6102–6109 (2000).
Circu, M. L. & Aw, T. Y. Reactive oxygen species, cellular redox systems, and
apoptosis. Free Radic. Biol. Med. 48, 749–762 (2010).
Marí, M., Morales, A., Colell, A., García-Ruiz, C. & Fernández-Checa, J. C.
Mitochondrial glutathione, a key survival antioxidant. Antioxid. Redox Signal.
11, 2685–2700 (2009).
Holmgren, A. Thioredoxin and glutaredoxin systems. J. Biol. Chem. 264, 13963–
13966 (1989).
Du, Y., Zhang, H., Lu, J. & Holmgren, A. Glutathione and glutaredoxin act as a
backup of human thioredoxin reductase 1 to reduce thioredoxin 1 preventing cell
death by aurothioglucose. J. Biol. Chem. 287, 38210–38219 (2012).

18. Pfanner, N., Warscheid, B. & Wiedemann, N. Mitochondrial proteins: from biogenesis to functional networks. Nat. Rev. Mol. Cell Biol. 20, 267–284 (2019).
19. Schon, E. A. & DiMauro, S. Medicinal and genetic approaches to the treatment
of mitochondrial disease. Curr. Med. Chem. 10, 2523–2533 (2003).
20. Ames, B. N., Shigenaga, M. K. & Hagen, T. M. Oxidants, antioxidants, and the
degenerative diseases of aging. Proc. Natl. Acad. Sci. U.S.A. 90, 7915–7922
(1993).
21. Campbell, G. R. & Mahad, D. J. Mitochondrial changes associated with demyelination: consequences for axonal integrity. Mitochondrion 12, 173–179 (2012).
22. Chiu, S. Y. Matching mitochondria to metabolic needs at nodes of Ranvier.
Neuroscientist 17, 343–350 (2011).
23. Waxman, S. G. Axonal dysfunction in chronic multiple sclerosis: meltdown in
the membrane. Ann. Neurol. 63, 411–413 (2008).
24. Bristow, E. A., Griffiths, P. G., Andrews, R. M., Johnson, M. A. & Turnbull, D. M.
The distribution of mitochondrial activity in relation to optic nerve structure.
Arch. Ophthalmol. 120, 791–796 (2002).
25. Edgar, J. M., McCulloch, M. C., Thomson, C. E. & Griffiths, I. R. Distribution
of mitochondria along small-diameter myelinated central nervous system axons.
J. Neurosci. Res. 86, 2250–2257 (2008).
26. Andrews, H. E., Nichols, P. P., Bates, D. & Turnbull, D. M. Mitochondrial dysfunction plays a key role in progressive axonal loss in Multiple Sclerosis. Med.
Hypotheses 64, 669–677 (2005).
27. Mutsaers, S. E. & Carroll, W. M. Focal accumulation of intra-axonal mitochondria
in demyelination of the cat optic nerve. Acta Neuropathol. 96, 139–143 (1998).
28. Andrews, H. et al. Increased axonal mitochondrial activity as an adaptation to
myelin deficiency in the Shiverer mouse. J. Neurosci. Res. 83, 1533–1539 (2006).
29. Hogan, V. et al. Increase in mitochondrial density within axons and supporting
cells in response to demyelination in the Plp1 mouse model. J. Neurosci. Res.
87, 452–459 (2009).
30. Sathornsumetee, S., McGavern, D. B., Ure, D. R. & Rodriguez, M. Quantitative
ultrastructural analysis of a single spinal cord demyelinated lesion predicts total
lesion load, axonal loss, and neurological dysfunction in a murine model of multiple sclerosis. Am. J. Pathol. 157, 1365–1376 (2000).
31. Qi, X., Lewin, A. S., Sun, L., Hauswirth, W. W. & Guy, J. Mitochondrial protein
nitration primes neurodegeneration in experimental autoimmune encephalomyelitis. J. Biol. Chem. 281, 31950–31962 (2006).
32. Qi, X., Sun, L., Lewin, A. S., Hauswirth, W. W. & Guy, J. Long-term suppression
of neurodegeneration in chronic experimental optic neuritis: antioxidant gene
therapy. Invest. Ophthalmol. Vis. Sci. 48, 5360–5370 (2007).
33. Qi, X., Hauswirth, W. W. & Guy, J. Dual gene therapy with extracellular superoxide dismutase and catalase attenuates experimental optic neuritis. Mol. Vis. 13,
1–11 (2007).

33

34. Qi, X., Lewin, A. S., Sun, L., Hauswirth, W. W. & Guy, J. Suppression of mitochondrial oxidative stress provides long-term neuroprotection in experimental
optic neuritis. Invest. Ophthalmol. Vis. Sci. 48, 681–691 (2007).
35. McCord, J. M. & Fridovich, I. The utility of superoxide dismutase in studying
free radical reactions. I. Radicals generated by the interaction of sulfite, dimethyl
sulfoxide, and oxygen. J. Biol. Chem. 244, 6056–6063 (1969).
36. Bedard, K. & Krause, K.-H. The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245–313 (2007).
37. Bedard, K. & Krause, K.-H. The NOX family of ROS-generating NADPH oxidases: physiology and pathophysiology. Physiol. Rev. 87, 245–313 (2007).
38. Segal, A. W. The NADPH oxidase and chronic granulomatous disease. Mol Med
Today 2, 129–135 (1996).
39. Noubade, R. et al. NRROS negatively regulates reactive oxygen species during
host defence and autoimmunity. Nature 509, 235–239 (2014).
40. Nordberg, J. & Arnér, E. S. Reactive oxygen species, antioxidants, and the mammalian thioredoxin system. Free Radic. Biol. Med. 31, 1287–1312 (2001).
41. Dröge, W. Free radicals in the physiological control of cell function. Physiol.
Rev. 82, 47–95 (2002).
42. Kim, S.-U. et al. Peroxiredoxin I is a ROS/p38 MAPK-dependent inducible antioxidant that regulates NF-κB-mediated iNOS induction and microglial activation.
J. Neuroimmunol. 259, 26–36 (2013).
43. Johansson, K. et al. Cross Talk in HEK293 Cells Between Nrf2, HIF, and NF-κB
Activities upon Challenges with Redox Therapeutics Characterized with SingleCell Resolution. Antioxid. Redox Signal. 26, 229–246 (2017).
44. Esterbauer, H., Schaur, R. J. & Zollner, H. Chemistry and biochemistry of
4-hydroxynonenal, malonaldehyde and related aldehydes. Free Radic. Biol. Med.
11, 81–128 (1991).
45. McCracken, E. et al. The lipid peroxidation by-product 4-hydroxynonenal is
toxic to axons and oligodendrocytes. J. Cereb. Blood Flow Metab. 20, 1529–1536
(2000).
46. Sies, H. Strategies of antioxidant defense. Eur. J. Biochem. 215, 213–219 (1993).
47. Leonarduzzi, G., Robbesyn, F. & Poli, G. Signaling kinases modulated by
4-hydroxynonenal. Free Radic. Biol. Med. 37, 1694–1702 (2004).
48. Picklo, M. J., Amarnath, V., McIntyre, J. O., Graham, D. G. & Montine, T. J.
4-Hydroxy-2(E)-nonenal inhibits CNS mitochondrial respiration at multiple sites.
J. Neurochem. 72, 1617–1624 (1999).
49. Schneider, C., Porter, N. A. & Brash, A. R. Routes to 4-hydroxynonenal: fundamental issues in the mechanisms of lipid peroxidation. J. Biol. Chem. 283,
15539–15543 (2008).
50. Gordon, S. & Taylor, P. R. Monocyte and macrophage heterogeneity. Nat. Rev.
Immunol. 5, 953–964 (2005).

34

51. Passlick, B., Flieger, D. & Ziegler-Heitbrock, H. W. Identification and characterization of a novel monocyte subpopulation in human peripheral blood. Blood
74, 2527–2534 (1989).
52. Randolph, G. J., Sanchez-Schmitz, G., Liebman, R. M. & Schäkel, K. The CD16(+)
(FcgammaRIII(+)) subset of human monocytes preferentially becomes migratory
dendritic cells in a model tissue setting. J. Exp. Med. 196, 517–527 (2002).
53. Geissmann, F., Jung, S. & Littman, D. R. Blood monocytes consist of two principal subsets with distinct migratory properties. Immunity 19, 71–82 (2003).
54. Serbina, N. V. & Pamer, E. G. Monocyte emigration from bone marrow during
bacterial infection requires signals mediated by chemokine receptor CCR2. Nat.
Immunol. 7, 311–317 (2006).
55. Yona, S. et al. Fate mapping reveals origins and dynamics of monocytes and tissue macrophages under homeostasis. Immunity 38, 79–91 (2013).
56. Ginhoux, F. & Jung, S. Monocytes and macrophages: developmental pathways
and tissue homeostasis. Nat. Rev. Immunol. 14, 392–404 (2014).
57. Qu, C. et al. Role of CCR8 and other chemokine pathways in the migration of
monocyte-derived dendritic cells to lymph nodes. J. Exp. Med. 200, 1231–1241
(2004).
58. Komiyama, Y. et al. IL-17 plays an important role in the development of experimental autoimmune encephalomyelitis. J. Immunol. 177, 566–573 (2006).
59. Lassmann, H., Schmied, M., Vass, K. & Hickey, W. F. Bone marrow derived elements and resident microglia in brain inflammation. Glia 7, 19–24 (1993).
60. Ajami, B., Bennett, J. L., Krieger, C., McNagny, K. M. & Rossi, F. M. V. Infiltrating
monocytes trigger EAE progression, but do not contribute to the resident microglia pool. Nat. Neurosci. 14, 1142–1149 (2011).
61. Purushothaman, D. & Sarin, A. Cytokine-dependent regulation of NADPH oxidase activity and the consequences for activated T cell homeostasis. J. Exp. Med.
206, 1515–1523 (2009).
62. Cemerski, S., Cantagrel, A., Van Meerwijk, J. P. M. & Romagnoli, P. Reactive
oxygen species differentially affect T cell receptor-signaling pathways. J. Biol.
Chem. 277, 19585–19593 (2002).
63. Schmielau, J. & Finn, O. J. Activated granulocytes and granulocyte-derived
hydrogen peroxide are the underlying mechanism of suppression of t-cell function in advanced cancer patients. Cancer Res. 61, 4756–4760 (2001).
64. Kraaij, M. D. et al. Induction of regulatory T cells by macrophages is dependent on production of reactive oxygen species. Proc. Natl. Acad. Sci. U.S.A. 107,
17686–17691 (2010).
65. George-Chandy, A. et al. Th17 development and autoimmune arthritis in the
absence of reactive oxygen species. Eur. J. Immunol. 38, 1118–1126 (2008).
66. Hultqvist, M., Bäcklund, J., Bauer, K., Gelderman, K. A. & Holmdahl, R. Lack
of reactive oxygen species breaks T cell tolerance to collagen type II and allows
development of arthritis in mice. J. Immunol. 179, 1431–1437 (2007).

35

67. Hultqvist, M. et al. Enhanced autoimmunity, arthritis, and encephalomyelitis in
mice with a reduced oxidative burst due to a mutation in the Ncf1 gene. Proc.
Natl. Acad. Sci. U.S.A. 101, 12646–12651 (2004).
68. Becanovic, K. et al. Advanced intercross line mapping of Eae5 reveals Ncf-1 and
CLDN4 as candidate genes for experimental autoimmune encephalomyelitis. J.
Immunol. 176, 6055–6064 (2006).
69. Vogler, S. et al. Uncoupling protein 2 has protective function during experimental
autoimmune encephalomyelitis. Am. J. Pathol. 168, 1570–1575 (2006).
70. van der Veen, R. C. et al. Superoxide prevents nitric oxide-mediated suppression
of helper T lymphocytes: decreased autoimmune encephalomyelitis in nicotinamide adenine dinucleotide phosphate oxidase knockout mice. J. Immunol. 164,
5177–5183 (2000).
71. Tse, H. M. et al. NADPH oxidase deficiency regulates Th lineage commitment
and modulates autoimmunity. J. Immunol. 185, 5247–5258 (2010).
72. Lee, K., Won, H. Y., Bae, M. A., Hong, J.-H. & Hwang, E. S. Spontaneous and
aging-dependent development of arthritis in NADPH oxidase 2 deficiency through
altered differentiation of CD11b+ and Th/Treg cells. Proc. Natl. Acad. Sci. U.S.A.
108, 9548–9553 (2011).
73. Efimova, O., Szankasi, P. & Kelley, T. W. Ncf1 (p47phox) is essential for direct
regulatory T cell mediated suppression of CD4+ effector T cells. PLoS ONE 6,
e16013 (2011).
74. Case, A. J. et al. Elevated mitochondrial superoxide disrupts normal T cell development, impairing adaptive immune responses to an influenza challenge. Free
Radic. Biol. Med. 50, 448–458 (2011).
75. Mougiakakos, D., Johansson, C. C. & Kiessling, R. Naturally occurring regulatory T cells show reduced sensitivity toward oxidative stress-induced cell death.
Blood 113, 3542–3545 (2009).
76. Shah, D., Aggarwal, A., Bhatnagar, A., Kiran, R. & Wanchu, A. Association
between T lymphocyte sub-sets apoptosis and peripheral blood mononuclear cells
oxidative stress in systemic lupus erythematosus. Free Radic. Res. 45, 559–567
(2011).
77. Franco, R., Panayiotidis, M. I. & Cidlowski, J. A. Glutathione depletion is necessary for apoptosis in lymphoid cells independent of reactive oxygen species
formation. J. Biol. Chem. 282, 30452–30465 (2007).
78. Gelderman, K. A., Hultqvist, M., Holmberg, J., Olofsson, P. & Holmdahl, R. T
cell surface redox levels determine T cell reactivity and arthritis susceptibility.
Proc. Natl. Acad. Sci. U.S.A. 103, 12831–12836 (2006).
79. Mehrotra, S., Mougiakakos, D., Johansson, C. C., Voelkel-Johnson, C. & Kiessling,
R. Oxidative stress and lymphocyte persistence: implications in immunotherapy.
Adv. Cancer Res. 102, 197–227 (2009).
80. Wu, J., Levy, E. M. & Black, P. H. 2-Mercaptoethanol and n-acetylcysteine enhance
T cell colony formation in AIDS and ARC. Clin. Exp. Immunol. 77, 7–10 (1989).

36

81. Suzuki, Y. J., Forman, H. J. & Sevanian, A. Oxidants as stimulators of signal
transduction. Free Radic. Biol. Med. 22, 269–285 (1997).
82. Ouyang, W. & Li, M. O. Foxo: in command of T lymphocyte homeostasis and
tolerance. Trends Immunol. 32, 26–33 (2011).
83. Choi, J. et al. Mst1-FoxO signaling protects Naïve T lymphocytes from cellular
oxidative stress in mice. PLoS ONE 4, e8011 (2009).
84. International Multiple Sclerosis Genetics Consortium et al. Genetic risk and a
primary role for cell-mediated immune mechanisms in multiple sclerosis. Nature
476, 214–219 (2011).
85. Compston, A. & Coles, A. Multiple sclerosis. Lancet 372, 1502–1517 (2008).
86. Filippi, M. et al. Multiple sclerosis. Nat Rev Dis Primers 4, 43 (2018).
87. Olsson, T., Barcellos, L. F. & Alfredsson, L. Interactions between genetic, lifestyle
and environmental risk factors for multiple sclerosis. Nat Rev Neurol 13, 25–36
(2017).
88. Alfredsson, L. & Olsson, T. Lifestyle and Environmental Factors in Multiple
Sclerosis. Cold Spring Harb Perspect Med 9, a028944 (2019).
89. Piehl, F. A changing treatment landscape for multiple sclerosis: challenges and
opportunities. J. Intern. Med. 275, 364–381 (2014).
90. Thompson, A. J. et al. Diagnosis of multiple sclerosis: 2017 revisions of the
McDonald criteria. Lancet Neurol 17, 162–173 (2018).
91. Polman, C. H. et al. Diagnostic criteria for multiple sclerosis: 2010 revisions to
the McDonald criteria. Ann. Neurol. 69, 292–302 (2011).
92. Confavreux, C. & Vukusic, S. Natural history of multiple sclerosis: a unifying
concept. Brain 129, 606–616 (2006).
93. Lassmann, H., van Horssen, J. & Mahad, D. Progressive multiple sclerosis:
pathology and pathogenesis. Nat Rev Neurol 8, 647–656 (2012).
94. Dendrou, C. A., Fugger, L. & Friese, M. A. Immunopathology of multiple sclerosis. Nat. Rev. Immunol. 15, 545–558 (2015).
95. Kappos, L. et al. Efficacy and safety of oral fumarate in patients with
relapsing-remitting multiple sclerosis: a multicentre, randomised, double-blind,
placebo-controlled phase IIb study. Lancet 372, 1463–1472 (2008).
96. Gold, R. et al. Placebo-controlled phase 3 study of oral BG-12 for relapsing
multiple sclerosis. N. Engl. J. Med. 367, 1098–1107 (2012).
97. Fox, R. J. et al. Placebo-controlled phase 3 study of oral BG-12 or glatiramer in
multiple sclerosis. N. Engl. J. Med. 367, 1087–1097 (2012).
98. Arnold, D. L. et al. Magnetization transfer ratio in the delayed-release dimethyl
fumarate DEFINE study. J. Neurol. 261, 2429–2437 (2014).
99. Ghoreschi, K. et al. Fumarates improve psoriasis and multiple sclerosis by inducing type II dendritic cells. J. Exp. Med. 208, 2291–2303 (2011).

37

100. Schilling, S., Goelz, S., Linker, R., Luehder, F. & Gold, R. Fumaric acid esters
are effective in chronic experimental autoimmune encephalomyelitis and suppress macrophage infiltration. Clin. Exp. Immunol. 145, 101–107 (2006).
101. Schilling, S., Goelz, S., Linker, R., Luehder, F. & Gold, R. Fumaric acid esters
are effective in chronic experimental autoimmune encephalomyelitis and suppress macrophage infiltration. Clin. Exp. Immunol. 145, 101–107 (2006).
102. Parodi, B. et al. Fumarates modulate microglia activation through a novel HCAR2
signaling pathway and rescue synaptic dysregulation in inflamed CNS. Acta
Neuropathol. 130, 279–295 (2015).
103. Linker, R. A. et al. Fumaric acid esters exert neuroprotective effects in neuro
inflammation via activation of the Nrf2 antioxidant pathway. Brain 134, 678–692
(2011).
104. Scannevin, R. H. et al. Fumarates promote cytoprotection of central nervous system cells against oxidative stress via the nuclear factor (erythroid-derived 2)-like
2 pathway. J. Pharmacol. Exp. Ther. 341, 274–284 (2012).
105. Huang, H., Taraboletti, A. & Shriver, L. P. Dimethyl fumarate modulates antioxidant and lipid metabolism in oligodendrocytes. Redox Biol 5, 169–175 (2015).
106. Metz, I. et al. Glial cells express nuclear nrf2 after fumarate treatment for multiple
sclerosis and psoriasis. Neurol Neuroimmunol Neuroinflamm 2, e99 (2015).
107. Gopal, S. et al. Evidence of activation of the Nrf2 pathway in multiple sclerosis
patients treated with delayed-release dimethyl fumarate in the Phase 3 DEFINE
and CONFIRM studies. Mult. Scler. 23, 1875–1883 (2017).
108. Spencer, C. M., Crabtree-Hartman, E. C., Lehmann-Horn, K., Cree, B. A. C. &
Zamvil, S. S. Reduction of CD8(+) T lymphocytes in multiple sclerosis patients
treated with dimethyl fumarate. Neurol Neuroimmunol Neuroinflamm 2, e76
(2015).
109. Khatri, B. O. et al. The effect of dimethyl fumarate (Tecfidera™) on lymphocyte
counts: A potential contributor to progressive multifocal leukoencephalopathy
risk. Mult Scler Relat Disord 4, 377–379 (2015).
110. Gross, C. C. et al. Dimethyl fumarate treatment alters circulating T helper cell
subsets in multiple sclerosis. Neurol Neuroimmunol Neuroinflamm 3, e183 (2016).
111. Wu, Q. et al. Dimethyl Fumarate Selectively Reduces Memory T Cells and
Shifts the Balance between Th1/Th17 and Th2 in Multiple Sclerosis Patients. J.
Immunol. 198, 3069–3080 (2017).
112. Mazzola, M. A. et al. Monomethyl fumarate treatment impairs maturation of
human myeloid dendritic cells and their ability to activate T cells. Mult. Scler.
10, 1352458517740213 (2017).
113. Rubant, S. A. et al. Dimethylfumarate reduces leukocyte rolling in vivo through
modulation of adhesion molecule expression. J. Invest. Dermatol. 128, 326–331
(2008).
114. Kornberg, M. D. et al. Dimethyl fumarate targets GAPDH and aerobic g lycolysis
to modulate immunity. Science 360, 449–453 (2018).

38

115. Carlström, K. E. et al. Therapeutic efficacy of dimethyl fumarate in relapsingremitting multiple sclerosis associates with ROS pathway in monocytes. Nat
Commun 10, 3081 (2019).
116. Chen, H. et al. Hydroxycarboxylic acid receptor 2 mediates dimethyl fumarate’s
protective effect in EAE. J. Clin. Invest. 124, 2188–2192 (2014).
117. Schulze-Topphoff, U. et al. Dimethyl fumarate treatment induces adaptive and
innate immune modulation independent of Nrf2. Proc. Natl. Acad. Sci. U.S.A.
113, 4777–4782 (2016).
118. Almeida, R. & Lyons, D. Oligodendrocyte Development in the Absence of Their
Target Axons In Vivo. PLoS ONE 11, e0164432 (2016).
119. Elbaz, B. & Popko, B. Molecular Control of Oligodendrocyte Development.
Trends Neurosci. 42, 263–277 (2019).
120. Nave, K.-A. & Werner, H. B. Myelination of the nervous system: mechanisms
and functions. Annu. Rev. Cell Dev. Biol. 30, 503–533 (2014).
121. Hardy, R. & Reynolds, R. Neuron-oligodendroglial interactions during central
nervous system development. J. Neurosci. Res. 36, 121–126 (1993).
122. Barres, B. A. & Raff, M. C. Axonal control of oligodendrocyte development. J.
Cell Biol. 147, 1123–1128 (1999).
123. Richardson, W. D. et al. Oligodendrocyte lineage and the motor neuron connection. Glia 29, 136–142 (2000).
124. Ivanova, A. et al. Evidence for a second wave of oligodendrogenesis in the postnatal cerebral cortex of the mouse. J. Neurosci. Res. 73, 581–592 (2003).
125. Chojnacki, A. & Weiss, S. Isolation of a novel platelet-derived growth factorresponsive precursor from the embryonic ventral forebrain. J. Neurosci. 24,
10888–10899 (2004).
126. Kessaris, N. et al. Competing waves of oligodendrocytes in the forebrain and
postnatal elimination of an embryonic lineage. Nat. Neurosci. 9, 173–179 (2006).
127. Chapman, H., Waclaw, R. R., Pei, Z., Nakafuku, M. & Campbell, K. The homeobox gene Gsx2 controls the timing of oligodendroglial fate specification in
mouse lateral ganglionic eminence progenitors. Development 140, 2289–2298
(2013).
128. Trapp, B. D., Nishiyama, A., Cheng, D. & Macklin, W. Differentiation and death
of premyelinating oligodendrocytes in developing rodent brain. J. Cell Biol. 137,
459–468 (1997).
129. Crawford, A. H., Tripathi, R. B., Richardson, W. D. & Franklin, R. J. M.
Developmental Origin of Oligodendrocyte Lineage Cells Determines Response
to Demyelination and Susceptibility to Age-Associated Functional Decline. Cell
Rep 15, 761–773 (2016).
130. Tang, D. G., Tokumoto, Y. M. & Raff, M. C. Long-term culture of purified
postnatal oligodendrocyte precursor cells. Evidence for an intrinsic maturation
program that plays out over months. J. Cell Biol. 148, 971–984 (2000).

39

131. Ruffini, F., Arbour, N., Blain, M., Olivier, A. & Antel, J. P. Distinctive properties of human adult brain-derived myelin progenitor cells. Am. J. Pathol. 165,
2167–2175 (2004).
132. Neumann, B. et al. Metformin Restores CNS Remyelination Capacity by
Rejuvenating Aged Stem Cells. Stem Cell 25, 473–485.e8 (2019).
133. Fancy, S. P. J. et al. Dysregulation of the Wnt pathway inhibits timely myelination
and remyelination in the mammalian CNS. Genes Dev. 23, 1571–1585 (2009).
134. Elbaz, B. & Popko, B. Molecular Control of Oligodendrocyte Development.
Trends Neurosci. 42, 263–277 (2019).
135. Barres, B. A. et al. Cell death and control of cell survival in the oligodendrocyte
lineage. Cell 70, 31–46 (1992).
136. Hughes, E. G., Orthmann-Murphy, J. L., Langseth, A. J. & Bergles, D. E. Myelin
remodeling through experience-dependent oligodendrogenesis in the adult somatosensory cortex. Nat. Neurosci. 21, 696–706 (2018).
137. Hill, R. A., Li, A. M. & Grutzendler, J. Lifelong cortical myelin plasticity and
age-related degeneration in the live mammalian brain. Nat. Neurosci. 21, 683–695
(2018).
138. Sun, L. O. et al. Spatiotemporal Control of CNS Myelination by Oligodendrocyte
Programmed Cell Death through the TFEB-PUMA Axis. Cell 175, 1811–1826.
e21 (2018).
139. Barres, B. A. & Raff, M. C. Control of oligodendrocyte number in the developing rat optic nerve. Neuron 12, 935–942 (1994).
140. Barres, B. A., Schmid, R., Sendnter, M. & Raff, M. C. Multiple extracellular
signals are required for long-term oligodendrocyte survival. Development 118,
283–295 (1993).
141. Czopka, T., Ffrench-Constant, C. & Lyons, D. A. Individual oligodendrocytes
have only a few hours in which to generate new myelin sheaths in vivo. Dev.
Cell 25, 599–609 (2013).
142. Baumann, N. & Pham-Dinh, D. Biology of oligodendrocyte and myelin in the
mammalian central nervous system. Physiol. Rev. 81, 871–927 (2001).
143. McKinnon, R. D., Matsui, T., Dubois-Dalcq, M. & Aaronson, S. A. FGF modulates
the PDGF-driven pathway of oligodendrocyte development. Neuron 5, 603–614
(1990).
144. Raff, M. C. et al. Programmed cell death and the control of cell survival: lessons
from the nervous system. Science 262, 695–700 (1993).
145. Yeung, M. S. Y. et al. Dynamics of oligodendrocyte generation and myelination
in the human brain. Cell 159, 766–774 (2014).
146. Bernardo, A., Greco, A., Levi, G. & Minghetti, L. Differential lipid peroxidation,
Mn superoxide, and bcl-2 expression contribute to the maturation-dependent vulnerability of oligodendrocytes to oxidative stress. J. Neuropathol. Exp. Neurol.
62, 509–519 (2003).

40

147. Butts, B. D., Houde, C. & Mehmet, H. Maturation-dependent sensitivity of oligodendrocyte lineage cells to apoptosis: implications for normal development
and disease. Cell Death Differ. 15, 1178–1186 (2008).
148. Fragoso, G. et al. Developmental differences in HO-induced oligodendrocyte
cell death: role of glutathione, mitogen-activated protein kinases and caspase 3. J.
Neurochem. 90, 392–404 (2004).
149. Beesley, J. S., Lavy, L., Eraydin, N. B., Siman, R. & Grinspan, J. B. Caspase-3
activation in oligodendrocytes from the myelin-deficient rat. J. Neurosci. Res.
64, 371–379 (2001).
150. Cudrici, C. et al. C5b-9 terminal complex protects oligodendrocytes from apoptotic cell death by inhibiting caspase-8 processing and up-regulating FLIP. J.
Immunol. 176, 3173–3180 (2006).
151. McBride, C. B., McPhail, L. T., Vanderluit, J. L., Tetzlaff, W. & Steeves, J. D.
Caspase inhibition attenuates transection-induced oligodendrocyte apoptosis in
the developing chick spinal cord. Mol. Cell. Neurosci. 23, 383–397 (2003).
152. Soane, L., Cho, H. J., Niculescu, F., Rus, H. & Shin, M. L. C5b-9 terminal complement complex protects oligodendrocytes from death by regulating Bad through
phosphatidylinositol 3-kinase/Akt pathway. J. Immunol. 167, 2305–2311 (2001).
153. Itoh, T., Itoh, A. & Pleasure, D. Bcl-2-related protein family gene expression
during oligodendroglial differentiation. J. Neurochem. 85, 1500–1512 (2003).
154. Kawai, K. et al. Maintenance of the relative proportion of oligodendrocytes to
axons even in the absence of BAX and BAK. Eur. J. Neurosci. 30, 2030–2041
(2009).
155. Saab, A. S. & Nave, K.-A. Myelin dynamics: protecting and shaping neuronal
functions. Curr. Opin. Neurobiol. 47, 104–112 (2017).
156. Waxman, S. G. Axon-glia interactions: building a smart nerve fiber. Curr. Biol.
7, R406–10 (1997).
157. Hutchinson, N. A., Koles, Z. J. & Smith, R. S. Conduction velocity in myelinated
nerve fibres of Xenopus laevis. J. Physiol. (Lond.) 208, 279–289 (1970).
158. HESS, A. & YOUNG, J. Z. Correlation of internodal length and fibre diameter
in the central nervous system. Nature 164, 490–491 (1949).
159. Back, S. A. et al. Selective vulnerability of late oligodendrocyte progenitors to
hypoxia-ischemia. J. Neurosci. 22, 455–463 (2002).
160. Haynes, R. L., Folkerth, R. D., Szweda, L. I., Volpe, J. J. & Kinney, H. C. Lipid
peroxidation during human cerebral myelination. J. Neuropathol. Exp. Neurol.
65, 894–904 (2006).
161. Ziabreva, I. et al. Injury and differentiation following inhibition of mitochondrial respiratory chain complex IV in rat oligodendrocytes. Glia 58, 1827–1837
(2010).
162. Baud, O. et al. Glutathione peroxidase-catalase cooperativity is required for
resistance to hydrogen peroxide by mature rat oligodendrocytes. J. Neurosci.
24, 1531–1540 (2004).

41

163. Thorburne, S. K. & Juurlink, B. H. Low glutathione and high iron govern the
susceptibility of oligodendroglial precursors to oxidative stress. J. Neurochem.
67, 1014–1022 (1996).
164. Veiga, S., Ly, J., Chan, P. H., Bresnahan, J. C. & Beattie, M. S. SOD1 overexpression improves features of the oligodendrocyte precursor response in vitro.
Neurosci. Lett. 503, 10–14 (2011).
165. Hemdan, S. & Almazan, G. Iron contributes to dopamine-induced toxicity in
oligodendrocyte progenitors. Neuropathol. Appl. Neurobiol. 32, 428–440 (2006).
166. Todorich, B., Pasquini, J. M., Garcia, C. I., Paez, P. M. & Connor, J. R.
Oligodendrocytes and myelination: the role of iron. Glia 57, 467–478 (2009).
167. Philips, T. & Rothstein, J. D. Oligodendroglia: metabolic supporters of n eurons.
J. Clin. Invest. 127, 3271–3280 (2017).
168. Simons, M. & Nave, K.-A. Oligodendrocytes: Myelination and Axonal Support.
Cold Spring Harb Perspect Biol 8, a020479 (2015).
169. Meyer, N. et al. Oligodendrocytes in the Mouse Corpus Callosum Maintain
Axonal Function by Delivery of Glucose. Cell Rep 22, 2383–2394 (2018).
170. Fünfschilling, U. et al. Glycolytic oligodendrocytes maintain myelin and longterm axonal integrity. Nature 485, 517–521 (2012).
171. Lee, Y. et al. Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature 487, 443–448 (2012).
172. Lappe-Siefke, C. et al. Disruption of Cnp1 uncouples oligodendroglial functions
in axonal support and myelination. Nat. Genet. 33, 366–374 (2003).
173. Penderis, J., Shields, S. A. & Franklin, R. J. M. Impaired remyelination and depletion of oligodendrocyte progenitors does not occur following repeated episodes
of focal demyelination in the rat central nervous system. Brain 126, 1382–1391
(2003).
174. Ffrench-Constant, C. & Raff, M. C. Proliferating bipotential glial progenitor cells
in adult rat optic nerve. Nature 319, 499–502 (1986).
175. Prayoonwiwat, N. & Rodriguez, M. The potential for oligodendrocyte proliferation
during demyelinating disease. J. Neuropathol. Exp. Neurol. 52, 55–63 (1993).
176. Patani, R., Balaratnam, M., Vora, A. & Reynolds, R. Remyelination can be
extensive in multiple sclerosis despite a long disease course. Neuropathol. Appl.
Neurobiol. 33, 277–287 (2007).
177. Sim, F. J., Zhao, C., Penderis, J. & Franklin, R. J. M. The age-related decrease in
CNS remyelination efficiency is attributable to an impairment of both oligodendrocyte progenitor recruitment and differentiation. J. Neurosci. 22, 2451–2459
(2002).
178. Prineas, J. W., Barnard, R. O., Kwon, E. E., Sharer, L. R. & Cho, E. S. Multiple
sclerosis: remyelination of nascent lesions. Ann. Neurol. 33, 137–151 (1993).
179. Franklin, R. J. M. & Ffrench-Constant, C. Regenerating CNS myelin – from
mechanisms to experimental medicines. Nat. Rev. Neurosci. 18, 753–769 (2017).

42

180. Duncan, I. D., Marik, R. L., Broman, A. T. & Heidari, M. Thin myelin sheaths
as the hallmark of remyelination persist over time and preserve axon function.
Proc. Natl. Acad. Sci. U.S.A. 114, E9685–E9691 (2017).
181. Lassmann, H. Comparative neuropathology of chronic experimental allergic
encephalomyelitis and multiple sclerosis. Schriftenr Neurol 25, 1–135 (1983).
182. Griffiths, I. et al. Axonal swellings and degeneration in mice lacking the major
proteolipid of myelin. Science 280, 1610–1613 (1998).
183. Franklin, R. J. M., Ffrench-Constant, C., Edgar, J. M. & Smith, K. J. Neuro
protection and repair in multiple sclerosis. Nat Rev Neurol 8, 624–634 (2012).
184. Irvine, K. A. & Blakemore, W. F. Remyelination protects axons from
demyelination-associated axon degeneration. Brain 131, 1464–1477 (2008).
185. Nave, K.-A. Myelination and the trophic support of long axons. Nat. Rev. Neurosci.
11, 275–283 (2010).
186. Smith, K. J., Blakemore, W. F. & McDonald, W. I. Central remyelination restores
secure conduction. Nature 280, 395–396 (1979).
187. Duncan, I. D., Brower, A., Kondo, Y., Curlee, J. F. & Schultz, R. D. Extensive
remyelination of the CNS leads to functional recovery. Proc. Natl. Acad. Sci.
U.S.A. 106, 6832–6836 (2009).
188. Smith, R. S. & Koles, Z. J. Myelinated nerve fibers: computed effect of myelin
thickness on conduction velocity. Am. J. Physiol. 219, 1256–1258 (1970).
189. Chomiak, T. & Hu, B. What is the optimal value of the g-ratio for myelinated
fibers in the rat CNS? A theoretical approach. PLoS ONE 4, e7754 (2009).
190. Verhoeven, K. et al. Slowed conduction and thin myelination of peripheral nerves
associated with mutant rho Guanine-nucleotide exchange factor 10. Am. J. Hum.
Genet. 73, 926–932 (2003).
191. Zambonin, J. L. et al. Increased mitochondrial content in remyelinated axons:
implications for multiple sclerosis. Brain 134, 1901–1913 (2011).
192. Kiryu-Seo, S., Ohno, N., Kidd, G. J., Komuro, H. & Trapp, B. D. Demyelination
increases axonal stationary mitochondrial size and the speed of axonal mitochondrial transport. J. Neurosci. 30, 6658–6666 (2010).
193. Kiryu-Seo, S. & Kiyama, H. Mitochondrial behavior during axon regeneration/
degeneration in vivo. Neurosci. Res. 139, 42–47 (2019).
194. Horner, P. J. et al. Proliferation and differentiation of progenitor cells throughout
the intact adult rat spinal cord. J. Neurosci. 20, 2218–2228 (2000).
195. Dawson, M. R. L., Polito, A., Levine, J. M. & Reynolds, R. NG2-expressing glial
progenitor cells: an abundant and widespread population of cycling cells in the
adult rat CNS. Mol. Cell. Neurosci. 24, 476–488 (2003).
196. Wolswijk, G. Chronic stage multiple sclerosis lesions contain a relatively quiescent population of oligodendrocyte precursor cells. J. Neurosci. 18, 601–609
(1998).

43

197. Chang, A., Nishiyama, A., Peterson, J., Prineas, J. & Trapp, B. D. NG2-positive
oligodendrocyte progenitor cells in adult human brain and multiple sclerosis
lesions. J. Neurosci. 20, 6404–6412 (2000).
198. Chang, A., Tourtellotte, W. W., Rudick, R. & Trapp, B. D. Premyelinating oligodendrocytes in chronic lesions of multiple sclerosis. N. Engl. J. Med. 346,
165–173 (2002).
199. Zawadzka, M. et al. CNS-resident glial progenitor/stem cells produce Schwann
cells as well as oligodendrocytes during repair of CNS demyelination. Cell Stem
Cell 6, 578–590 (2010).
200. Tripathi, R. B., Rivers, L. E., Young, K. M., Jamen, F. & Richardson, W. D. NG2
glia generate new oligodendrocytes but few astrocytes in a murine experimental
autoimmune encephalomyelitis model of demyelinating disease. J. Neurosci. 30,
16383–16390 (2010).
201. Fancy, S. P. J., Zhao, C. & Franklin, R. J. M. Increased expression of Nkx2.2 and
Olig2 identifies reactive oligodendrocyte progenitor cells responding to demyelination in the adult CNS. Mol. Cell. Neurosci. 27, 247–254 (2004).
202. Levine, J. M. & Reynolds, R. Activation and proliferation of endogenous oligodendrocyte precursor cells during ethidium bromide-induced demyelination.
Exp. Neurol. 160, 333–347 (1999).
203. Moyon, S. et al. Demyelination causes adult CNS progenitors to revert to an
immature state and express immune cues that support their migration. J. Neurosci.
35, 4–20 (2015).
204. Nave, K.-A. & Ehrenreich, H. Time to revisit oligodendrocytes in multiple sclerosis. Nat. Med. 25, 364–366 (2019).
205. Duncan, I. D. et al. The adult oligodendrocyte can participate in remyelination.
Proc. Natl. Acad. Sci. U.S.A. 115, E11807–E11816 (2018).
206. Crawford, A. H. et al. Pre-Existing Mature Oligodendrocytes Do Not Contribute
to Remyelination following Toxin-Induced Spinal Cord Demyelination. Am. J.
Pathol. 186, 511–516 (2016).
207. Jäkel, S. et al. Altered human oligodendrocyte heterogeneity in multiple sclerosis.
Nature 566, 543–547 (2019).
208. Yeung, M. S. Y. et al. Dynamics of oligodendrocyte generation in multiple sclerosis. Nature 566, 538–542 (2019).
209. Mei, F. et al. Micropillar arrays as a high-throughput screening platform for
therapeutics in multiple sclerosis. Nat. Med. 20, 954–960 (2014).
210. Green, A. J. et al. Clemastine fumarate as a remyelinating therapy for multiple
sclerosis (ReBUILD): a randomised, controlled, double-blind, crossover trial.
Lancet 390, 2481–2489 (2017).
211. Cree, B. A. C. et al. Clemastine rescues myelination defects and promotes functional recovery in hypoxic brain injury. Brain 141, 85–98 (2018).

44

212. Picot, J., Guerin, C. L., Le Van Kim, C. & Boulanger, C. M. Flow cytometry:
retrospective, fundamentals and recent instrumentation. Cytotechnology 64,
109–130 (2012).
213. Chen, L. C. & Qu, Q. Formation of intracellular free radicals in guinea pig airway
epithelium during in vitro exposure to ozone. Toxicol. Appl. Pharmacol. 143,
96–101 (1997).
214. Price, M. & Kessel, D. On the use of fluorescence probes for detecting reactive
oxygen and nitrogen species associated with photodynamic therapy. J Biomed
Opt 15, 051605 (2010).
215. Chuluundorj, D., Harding, S. A., Abernethy, D. & La Flamme, A. C. Expansion
and preferential activation of the CD14(+)CD16(+) monocyte subset during
multiple sclerosis. Immunol. Cell Biol. 92, 509–517 (2014).
216. Nimer, Al, F. et al. Naturally occurring variation in the Glutathione-S-Transferase
4 gene determines neurodegeneration after traumatic brain injury. Antioxid. Redox
Signal. 18, 784–794 (2013).
217. Ström, M., Nimer, Al, F., Lindblom, R., Nyengaard, J. R. & Piehl, F. Naturally
occurring genetic variability in expression of Gsta4 is associated with differential survival of axotomized rat motoneurons. Neuromolecular Med. 14, 15–29
(2012).
218. Feeney, D. M., Boyeson, M. G., Linn, R. T., Murray, H. M. & Dail, W. G.
Responses to cortical injury: I. Methodology and local effects of contusions in
the rat. Brain Res. 211, 67–77 (1981).
219. Holmin, S. & Mathiesen, T. Long-term intracerebral inflammatory response after
experimental focal brain injury in rat. Neuroreport 10, 1889–1891 (1999).
220. Cernak, I. Animal models of head trauma. NeuroRx 2, 410–422 (2005).
221. Marklund, N. & Hillered, L. Animal modelling of traumatic brain injury in preclinical drug development: where do we go from here? Br. J. Pharmacol. 164,
1207–1229 (2011).
222. Hall, S. M. The effect of injections of lysophosphatidyl choline into white matter
of the adult mouse spinal cord. J. Cell. Sci. 10, 535–546 (1972).
223. Munder, P. G., Modolell, M., Andreesen, R., Weltzien, H. U. & Westphal,
O. Lysophosphatidylcholine (lysolecithin) and its synthetic analogues.
Immunemodulating and other biologic effects. Springer Seminars in
Immunopathology 2, 187–203 (1979).
224. Lauber, K. et al. Apoptotic cells induce migration of phagocytes via caspase3-mediated release of a lipid attraction signal. Cell 113, 717–730 (2003).
225. Arnett, H. A. et al. bHLH transcription factor Olig1 is required to repair demyelinated lesions in the CNS. Science 306, 2111–2115 (2004).
226. McKay, J. S., Blakemore, W. F. & Franklin, R. J. Trapidil-mediated inhibition
of CNS remyelination results from reduced numbers and impaired differentiation
of oligodendrocytes. Neuropathol. Appl. Neurobiol. 24, 498–506 (1998).

45

227. Blakemore, W. F. & Franklin, R. J. M. Remyelination in experimental models
of toxin-induced demyelination. Curr. Top. Microbiol. Immunol. 318, 193–212
(2008).
228. Schuh, C. et al. Oxidative tissue injury in multiple sclerosis is only partly reflected
in experimental disease models. Acta Neuropathol. 128, 247–266 (2014).
229. Brown, K. L. et al. ROS-deficient monocytes have aberrant gene expression that
correlates with inflammatory disorders of chronic granulomatous disease. Clin.
Immunol. 129, 90–102 (2008).
230. Hemmer, B., Kerschensteiner, M. & Korn, T. Role of the innate and adaptive
immune responses in the course of multiple sclerosis. Lancet Neurol 14, 406–419
(2015).
231. Kepa, J. K. & Ross, D. DT-diaphorase activity in NSCLC and SCLC cell lines:
a role for fos/jun regulation. Br. J. Cancer 79, 1679–1684 (1999).
232. Ema, M. et al. A novel bHLH-PAS factor with close sequence similarity to
hypoxia-inducible factor 1alpha regulates the VEGF expression and is potentially involved in lung and vascular development. Proc. Natl. Acad. Sci. U.S.A.
94, 4273–4278 (1997).
233. Chinthakindi, P. K., Kruger, H. G., Govender, T., Naicker, T. & Arvidsson, P. I.
On-Water Synthesis of Biaryl Sulfonyl Fluorides. J. Org. Chem. 81, 2618–2623
(2016).
234. Teng, F., Yu, J.-T., Jiang, Y., Yang, H. & Cheng, J. A copper-mediated oxidative
N-cyanation reaction. Chem. Commun. (Camb.) 50, 8412–8415 (2014).
235. Gupta, S., Chaudhary, P., Muniyappan, N., Sabiah, S. & Kandasamy, J. Copper
promoted N-alkylation of sulfoximines with alkylboronic acid under mild conditions. Org. Biomol. Chem. 15, 8493–8498 (2017).
236. Lemasson, F. A. et al. Selective dispersion of single-walled carbon nanotubes
with specific chiral indices by poly(N-decyl-2,7-carbazole). J. Am. Chem. Soc.
133, 652–655 (2011).
237. Boger, D. L. The Difference a Single Atom Can Make: Synthesis and Design at
the Chemistry-Biology Interface. J. Org. Chem. 82, 11961–11980 (2017).
238. Goldberg, F. W., Kettle, J. G., Kogej, T., Perry, M. W. D. & Tomkinson, N. P.
Designing novel building blocks is an overlooked strategy to improve compound
quality. Drug Discov. Today 20, 11–17 (2015).
239. Lee, J. A. et al. A novel compound VSC2 has anti-inflammatory and antioxidant
properties in microglia and in Parkinson’s disease animal model. Br. J. Pharmacol.
172, 1087–1100 (2015).
240. Woo, S. Y. et al. Discovery of vinyl sulfones as a novel class of neuroprotective
agents toward Parkinson’s disease therapy. J. Med. Chem. 57, 1473–1487 (2014).
241. Hammer, A. et al. The NRF2 pathway as potential biomarker for dimethyl fumarate treatment in multiple sclerosis. Ann Clin Transl Neurol 5, 668–676 (2018).

46

242. Malhotra, D. et al. Global mapping of binding sites for Nrf2 identifies novel targets in cell survival response through ChIP-Seq profiling and network analysis.
Nucleic Acids Res. 38, 5718–5734 (2010).
243. Mei, F. et al. Micropillar arrays as a high-throughput screening platform for
therapeutics in multiple sclerosis. Nat. Med. 20, 954–960 (2014).
244. Cohen, J. A. & Tesar, P. J. Clemastine fumarate for promotion of optic nerve
remyelination. Lancet 390, 2421–2422 (2017).
245. Marques, S. et al. Oligodendrocyte heterogeneity in the mouse juvenile and adult
central nervous system. Science 352, 1326–1329 (2016).
246. Zhang, D. et al. Metabolic regulation of gene expression by histone lactylation.
Nature 574, 575–580 (2019).
247. Silbereis, J. C., Huang, E. J., Back, S. A. & Rowitch, D. H. Towards improved
animal models of neonatal white matter injury associated with cerebral palsy.
Dis Model Mech 3, 678–688 (2010).
248. Nobuta, H. et al. Oligodendrocyte Death in Pelizaeus-Merzbacher Disease Is
Rescued by Iron Chelation. Stem Cell 25, 531–541.e6 (2019).
249. Venkatesh, H. S. et al. Electrical and synaptic integration of glioma into neural
circuits. Nature 573, 539–545 (2019).
250. Ineichen, B. V., Zhu, K. & Carlström, K. E. Axonal mitochondria across
species adjust in diameter depending on thickness of surrounding myelin. bioRxiv
850370 (2019).

47

Arkitektkopia AB, Bromma, 2020

