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SUMMARY

3 Summary

Astrocytes are the most abundant glial cells in the human brain and play numerous active and

passive roles in the central nervous system (CNS). They provide trophic and physical support to

neurons and other glial cells, maintain the blood brain barrier (BBB), remove excitotoxic molecules

and regulate the extracellular matrix (ECM) homeostasis. Furthermore, astrocytes actively control

synapse formation, function and elimination and contribute to neuromodulation. All these vital ac-

tions contribute to functional communication and information processing in the CNS. The myelin

sheath is an evolutionary solution to enhance conduction velocity and insulate the axons to reduce

energy expenditure during action potential (AP) propagation. Oligodendrocytes (OLs) are the glial

cells forming the myelin sheath. Myelination is a complex array of events controlled and timed

by multiple cellular and molecular cues. It starts with the site-specific oligodendrocyte precursor

cell (OPC) migration and differentiation into a mature OL. The OL can target and contact multiple

axons and ensheath them with the first layer of myelin. More myelin material is trafficking via

incisures toward the axon and more myelin layers are formed from the inner tongue by sliding the

new myelin layer underneath the existing ones. The extension of the lateral myelin edges causes

the sodium channels to cluster at spaced interruptions along the axon, referred to as the nodes of

Ranvier (NORs). Simultaneously, myelin compaction is induced at one specific site and propa-

gates as a zippering mechanism through the multiple myelin layers. The result is a tightly linked

and organized myelin segment, the internode. Adjacent paranodal and juxtaparanodal junctions

flank the internode. These steps and their regulators are affected in demyelinating and neurode-

generative diseases such as Multiple Sclerosis (MS), for which there is no remyelination therapy.

The progressive loss of myelin leading to accumulating denuded axons degenerating is believed to

be the reason for continued disease progression and clinical disability. Therefore, an urgent, still

unmet medical need for treatment strategies directly targeting remyelination exists. How astrocytes

are involved during myelin formation, dynamics and turnover throughout life is poorly understood.

Therefore, this work aimed to decipher the roles of astrocyte-derived factors during CNS myelina-

tion.
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SUMMARY

This dissertation describes the influence of astrocyte-derived factors during CNS myelination using

native in vitro and ex vivo myelinating cultures as well as a novel developed computer-vision algo-

rithm for reliable myelin sheath quantification. Miniaturized immunopanned retinal ganglion cell-

oligodendrocyte precursor cell (RGC-OPC) co-cultures in a higher throughput multi-well plate for-

mat in vitro, suitable to test small compound libraries, were established. Maintaining the reciprocal

interaction of vital axons and OLs ensured compact myelin formation and allowed the rapid study

and manipulation of all the steps of myelination. A novel computer-vision algorithm tailored to

quantitate myelin sheaths reliably, permit for the first time analysis at the single cell level and with

enough sensitivity to catch dose-responses of myelinating compounds. The robustness and efficacy

of these combined experimental and technical advances were demonstrated with published pro-

myelinating compounds BQ3020 and XAV939. This method was the starting point for the study of

myelin affecting astrocyte-derived factors from primary human and rat astrocytes.

A large number of bioactive proteins and lipids was identified from the astrocyte conditioned media

(ACM) and their promoting effect on myelination shown in vitro. On the hunt for astrocyte-derived

factors, brevican was identified as a promoter of late-stage myelination in both in vitro and ex vivo

cultures. Furthermore, brevican emerged to be particularly important during developmental myelin

formation. Brevican knockout (BCAN KO) mice showed profoundly decelerated myelin formation

in vivo at 14 days of age compared with wild-type (WT) mice, but a normal myelin phenotype in

adulthood. At present, it remains uncertain whether brevican acts directly as a ligand of neuronal

or glial receptors or attracts molecules to the OL/axon interphase. Nevertheless, new putative OL-

derived interactors of brevican such as contactin 1 (CNTN1) via tenascin-R (TN-R) linkage, are

proposed in this work.

In addition, the changes in astrocytic protein and lipid efflux in response to proinflammatory stim-

uli were investigated, and the conserved expression patterns in rats and humans were identified.

The shift toward a reactive, inflamed, and hypertrophic astrocyte phenotype resulted in particular

conserved changes in lipid and protein efflux that ultimately hampered myelination. Furthermore,

brevican was significantly downregulated by reactive astrocytes, suggesting a possible mechanis-

tic link. However, brevican was not solely responsible for this reduced myelination. In a disease

state, the totality of astrocytic expression changes likely causes multiple disruptions simultane-
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SUMMARY

ously, some of which aid myelin homeostasis and some of which hinder it; several of these are

discussed in this work. Overall, reactive astrocytes play a dual role, and concerning myelination

the dominant harmful role could be determined by the interplay of secreted molecules with the

surrounding extracellular milieu or the state of OPCs/OLs.

In summary, a valuable workflow to study the steps of myelination in a reliable and automated

manner in vitro was established. Moreover, this work provides important insights into the con-

served spectrum of astrocyte-derived secretion cues as well as the alterations in protein and lipid

efflux caused by astrocyte reactivity. Furthermore, brevican was introduced as a new relevant fac-

tor that regulates CNS myelination. Future work on the complex crosstalk between the ECM,

astrocytes and myelination in the brain will yield a better understanding of the mechanistic cascade

connecting brevican to myelin regulation in health and disease. Finally, these results may open new

avenues for future relevant astrocyte-specific therapies that directly target remyelination.
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INTRODUCTION

4 Introduction

4.1 The role of glia in the CNS

The CNS is the communication and processing center of the body controlling our actions, reflexes

and sensations by propagating APs along neuronal axons. A functional vertebrate CNS depends

on coordinated actions of neurons and various glial cells (Hughes, 2021). A human brain con-

tains about 170.68 billion cells, 86.1 billion of which are neurons and 84.6 billion of which are

glial cells, but the glia-to-neuron ratio varies between different brain regions (Von Bartheld et al.,

2016). The term glia is rooted in the historical concept of cells forming the so called CNS 'glue'.

However, more recently, studies have proven that these cells are much more than merely the 'sup-

port cells' of the CNS (Bercury, Macklin, 2015). To insulate the axons and increase conduction

velocity, the myelin sheath coating the axons evolved at least seven independent times among an-

imals (Hartline, Colman, 2007). Remarkably, the lipid-rich myelin membrane is not produced by

neurons themselves, but by a type of glial cells referred to as OLs (Wilson, Hartline, 2011). Neu-

ronal activity, OL differentiation as well as axon thickness are common prerequisites for promoting

myelination. However, an emerging body of work indicates that other glial cells, including astro-

cytes and microglia as well as cell types of the vasculature contribute to myelin variability. They

all are intimately involved in nurturing myelin throughout development (Almeida, Lyons, 2017;

Bergles, Richardson, 2015; Fields, 2015; Gibson et al., 2014; Hughes, 2021; Hughes, Appel, 2016;

Thornton, Hughes, 2020).

4.1.1 Glia

Around the time point at which cortical neurogenesis starts (approximately embryonic day (E)9-10

in mice), the neuroepithelial cells begin to develop properties associated with macroglial cells (OLs

and astrocytes). Microglia, however, develop from erythromyeloid progenitor cells in the yolk sac.

Initially, neuroepithelial cells divide symmetrically to self-renew. Presumably, some neuroepithe-

lial cells give rise to early neurons. As the developing brain epithelium thickens, the neuroepithelial

cells elongate and convert into radial glial (RG) cells. The RG divide asymmetrically and give rise

to neurons directly or indirectly via intermediate progenitor cells. OLs also arise from RG through

intermediate progenitor cells, the OPCs. At the end of embryonic development, most RG cells

begin to detach from the apical side and convert to astrocytes, while OPC production continues
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INTRODUCTION

(Ginhoux et al., 2010; Campbell, Götz, 2002; Kriegstein, Alvarez-Buylla, 2009).

4.1.1.1 Oligodendrocytes In mice, OPCs appear in three main waves. The first wave occur-

ring at E12.5 in ventral regions expressing Nkx2.1, the second wave beginning at E15.5 expressing

Gsx2 in the medial and lateral ganglionic eminences, and the third wave of OPCs forming before

birth expressing Emx1 in the dorsal cortical region. During human fetal development, OPCs have

predominantly been observed in the second trimester of gestation, with the first OPCs appearing

at week 16 and a much larger number at week 22, meaning at a much later developmental stage

compared to oligodendrogenesis in mice. Axon-and meningeal cues, as well as local interactions

with the vasculature guide the migration of OPCs. Next, they target axons and fully mature and

differentiate into myelinating OLs (Hughes et al., 2013; Kessaris et al., 2006; Kirby et al., 2006;

Noll, Miller, 1993; Ono et al., 1995; Winkler et al., 2018; Choe et al., 2014; Prestoz et al., 2004;

Bruggen van et al., 2022). Multiple regulatory factors have been identified that control the onset

of differentiation (Elbaz, Popko, 2019). Recent research is pointing to heterogeneous OPC popu-

lations, but it remains unclear whether such heterogeneity reflects different subtypes with distinct

functions than becoming myelinating OLs, or transiently acquired states of OPCs with the same

function instead (Marisca et al., 2020; Marques et al., 2016; Spitzer et al., 2019). The sequential

expression of OL lineage markers are illustrated in Figure 1. The OPCs that do eventually myeli-

nate, divide a specific number of times prior to terminal differentiation, driven by an intrinsic clock

mechanism as well as multiple extracellular cues (Raff, 2007; Temple, Raff, 1986; Wheeler, Fuss,

2016). The intrinsic timer mechanism of OPCs consists of two components. A timing component,

which depends on the mitogen platelet derived growth factor (PDGF) secreted by astrocytes, and

an effector component, regulated by triiodothyronine (T3) that stops cell proliferation to initiate

differentiation at the appropriate time (Barres et al., 1992; Durand, Raff, 2000; Raff et al., 1985).

OPCs somehow sense the elapsed time, rather than counting cell divisions before they withdraw

from the cell cycle and undergo terminal differentiation (Gao et al., 1997). It is suspected that

the timer interacts with the cell-cycle control system that coordinates the progress through the cell

division cycle. The eukaryotic cell cycle is separated into four discrete phases: G1, S, G2 and M.

During G1 phase the cell is metabolically active and grows without DNA replication. This phase

is controlled by cyclin-dependent protein kinases (Cdks) activated by G1 cyclins and inhibited by

Cdk inhibitors, such as p27. Cdk inhibitors work in two ways, they either block the assembly of

cyclin-Cdk complexes or inhibit their activity. In the S phase DNA replicates and transits to the G2
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INTRODUCTION

phase, during which cell growth proceeds and proteins are synthesized in preparation for mitosis,

the M phase. Extracellular mitogens are able to stimulate G1 cyclins, but if they are absent, the

cells withdraw from the cell cycle and enter a quiescent state G0, from where they can differentiate

(Lees, 1995; Morgan, 1995). In principle, the timer in OPCs could work through a decline in a pos-

itive intracellular regulator such as a cyclin or Cdk that stimulates cell-cycle progression, and an

increase in a negative intracellular regulator like a Cdk inhibitor hindering cell-cycle progression.

The combination of both types of mechanisms might be the most advantageous as the timer would

be more accurate, and, if one mechanism was defective, there would be a back-up mechanism

(Durand, Raff, 2000). In addition to this intrinsic timer, extracellular, glial-derived factors from as-

trocytes, microglia and endothelial cells can support OPC differentiation. Primarily, differentiation

manifests with the production of myelin, a membrane particularly enriched in lipids and proteins

like myelin basic protein (MBP) and proteolipid protein (PLP), which together account for 68% of

total myelin protein (Jahn et al., 2020; Nave, Werner, 2014). PLP and MBP are dispersed within

the myelin sheath and account for the process of myelin compaction by adhering external and in-

ternal membrane leaflets, respectively, resulting in a multi-layered structure (Fulton et al., 2010).

Furthermore, during the wrapping process MBP promotes membrane spreading by regulating actin

disassembly (Zuchero et al., 2015). Other crucial myelin proteins are myelin-associated glyco-

protein (MAG) and 2',3'-cyclic nucleotide 3'-phosphodiesterase (CNP). MAG facilitates cell-cell

interactions between myelin and axonal membranes at the periaxonal regions while CNP functions

remain unclear, but this molecule might provide a structural aid to the myelin membrane (Fulton

et al., 2010; Newman et al., 1995). Human carbon dating experiments showed that after the suc-

cessful wrapping of an axon, myelination is not finalized but a continued process throughout life

that includes myelin turnover, remodeling and plasticity (Yeung et al., 2014). Therefore, lifelong

myelin turnover necessary for motor learning and memory preservation, requires new OLs and

new myelin (McKenzie et al., 2014; Pan et al., 2020; Steadman et al., 2020; Wang et al., 2020).

Although, to get the whole picture of these adaptive changes, the attention of other glial cells that

contribute to such myelin dynamics is needed.
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INTRODUCTION

Figure 1: Schematic depiction of oligodendroglial lineage markers specific for different developmental stages from

an OPC to a myelinating OL. Oligodendroglial cell lineage markers Olig1/2 as well as Sox10 and Nkx2.2 are expressed

in all cells of the lineage. OPCs are characterized by PSA-NCAM and proliferate under PDGF stimulus and proceed to

differentiate through T3 stimulus. OPCs and immature OLs express NG2 and PDGFRα. O4 and O1 are expressed during

transition from progenitor to differentiated OLs, while differentiated, axon-myelinating OLs are characterized by myelin

protein expression (MBP, MAG, MOG, PLP). OPC: oligodendrocyte precursor cell; OL: oligodendrocyte, Olig1/2:

oligodendrocyte transcription factor 1 and 2; SOX10: transcription factor SOX10; Nkx2.2: Nk2 Homeobox 2; PSA-

NCAM: polysialylated-neuronal cell adhesion molecule; PDGF: platelet derived growth factor; T3: triiodothyronine;

NG2: neuron-glial antigen 2; PDGFRα: platelet derived growth factor receptor alpha; MBP: myelin based protein;

MAG: myelin associated glycoprotein; MOG: myelin-oligodendrocyte glycoprotein; PLP: proteolipid protein (created

with BioRender.com).

4.1.1.2 Astrocytes Astrocytes are highly process-bearing, abundant CNS glial cells that nearly

outnumber neurons in the human brain and develop before OLs (Nedergaard et al., 2003; Qian

et al., 2000). Astrocytes arise from neuronal progenitor cells (NPCs) within the subventricular

zone (SVZ) and migrate along RG processes to populate the entire brain. At their final destina-

tion, through axis patterning cues, astrocytes mature into a heterogeneous subpopulation of cells

with regional specific molecular, morphological and functional features (Deneen et al., 2006; Ge

et al., 2012; Molofsky, Deneen, 2015). Overall, their functions can be categorized into passive

and active roles in the brain. An example of a passive role of astrocytes is their trophic support to

neurons and OLs by regulating ion, water, nutrients, metabolites, and neurotransmitter homeostasis
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(Khakh, Sofroniew, 2015). PDGF and fibroblast growth factor (FGF) secretion by astrocytes pro-

mote proliferation and prevent the differentiation of OPCs (Barnett, Linington, 2012; Lundgaard

et al., 2015). Furthermore, they secrete many factors including cytokines, proteases and protease

inhibitors as well as matricellular proteins that make up the ECM (Dowell et al., 2009; Lafon-Cazal

et al., 2003). The nervous system ECM composition and its mechanical, structural and biochem-

ical support to surrounding cells is discussed in detail in a separate section. Another important

passive role that astrocytes play in the CNS is the clearance of neurotransmitters from the synaptic

cleft. Through the high affinity to glutamate receptors, they support the removal of glutamate in

a sodium and potassium-dependent process from which the neurotransmission follows (Rothstein

et al., 1994; Sattler, Rothstein, 2006). Next to controlling excitatory neurotransmission, astrocytes

play the same role in inhibitory neurotransmission due to the possession of gamma aminobutyric

acid (GABA) and glycine transporters (Sofroniew, Vinters, 2009). Astrocytes directly modulate

brain metabolism by enveloping blood vessels with their endfeet processes, for instance, shuttle

glucose and oxygen from the blood to neurons (Allen, Barres, 2009). Furthermore, they are able

to store glycogen and break down glycogen into lactate that is transported to neurons when energy

demand surpasses glucose supply (Brown, Ransom, 2007). Lastly, dependent upon oxygen con-

centration in the brain, astrocytes control blood flow by releasing small molecules causing either

dilation or constriction of the vessel (Attwell et al., 2010). Now the question remains, what active

roles do astrocytes play in the nervous system? As key component of the glia limitans, astrocytes

actively contribute to the formation and maintenance of the BBB, a structure separating the pe-

ripheral blood circulation from the CNS microenvironment (Abbott et al., 2006; Sofroniew, 2015).

Besides the intimate association of astrocytes to blood vessels, they are closely associated with

synapses and can monitor and alter synaptic function, thus actively controlling synaptic transmis-

sion (Chung et al., 2015). Astrocytes actively control synapse formation, function and elimination

and contribute to neuromodulation. In addition to all these passive and active functions of astro-

cytes, studies have suggested that astrocytes help to control the timing of myelination. During OPC

differentiation, hundreds of mRNAs translocate into pre-myelinating processes granting the local

translation of proteins necessary for sheath maturation, including Mbp mRNA (Ainger et al., 1997;

Thakurela et al., 2016; Yergert et al., 2021). In vitro OL-astrocyte co-cultures revealed that Mbp

mRNA translocation into OL processes is inhibited by physical contact of astrocytes suggesting

contact between these two cell types can influence intramolecular events related to myelinogene-
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INTRODUCTION

sis (Amur-Umarjee et al., 1993, 1997). Additional studies revealed that the presence of astrocytes

induced OL processes to align and adhere with retinal ganglion cell (RGC) axons and increased

the fragment of the axon selected for myelination, thereby enhancing myelin growth and thickness

(Meyer-Franke et al., 1999; Sorensen et al., 2008; Watkins et al., 2008). Overall, these studies point

to the intriguing possibility that astrocytes contribute to a timing mechanism which is assisted by

secreted astrocyte-derived factors. These factors have been described with both promoting and

inhibiting effects on myelin wrapping. Although, this field is largely understudied and therefore

poorly understood. OLs build myelin primarily from astrocyte-derived lipids. However, the exact

lipid localization and trafficking in myelin remains unknown (Camargo et al., 2017). Lipid and

cholesterol pathways relevant to myelin synthesis have mostly been studied by interfering with the

sterol regulatory element-binding protein (SREBP) cleavage activating protein (SCAP) in astro-

cytes, resulting in severe hypomyelination. Conversely, hypomyelination caused by OL-specific

loss of SCAP resolved after a brief developmental delay (Camargo et al., 2017). Studies have

demonstrated that the astrocytic promotion of myelination via the secretion of leukemia inhibitory

factor (LIF), supports long-term OL survival. LIF is a soluble glycoprotein released by astrocytes

in response to adenosine triphosphate (ATP) liberated from axons firing APs and mature OLs,

meaning this way of promoting myelination is activity-dependent. At the same time, LIF supports

neuronal survival against excitotoxicity induced by adenosine release from glutamate-stressed neu-

rons (Barres et al., 1993; Ishibashi et al., 2006; Moidunny et al., 2012). Another focal point where

astrocytes manifest their influence on myelination is at the periodic gaps in between of myelinated

segments, referred to as the NOR. Astrocytes contact 95% of NORs, an ideal proximity to many

neighboring myelin sheaths and thereby regulate myelin remodeling (Dutta et al., 2018).

4.1.1.3 Microglia In the yolk sac, erythromyeloid progenitors become either macrophages or

neutrophils. A subset of these macrophages invade the CNS and differentiate into microglia, where

they occupy as resident immune cells. Microglia colonize the brain early during development

(E9.5) (Fu et al., 2014; Ginhoux et al., 2010). Recently, it has been demonstrated that microglia-

fated macrophages are transcriptionally distinguishable already within the yolk sac and that trans-

forming growth factor β is responsible for this divergence (Utz et al., 2020). Activated microglia

reveal a highly ramified morphology, become motile, secrete inflammatory cytokines, migrate to

lesions and phagocytose cell- and myelin-debris as well as damaged neurons. Via secretory cues,

microglia can promote or inhibit OPC proliferation, differentiation, and myelination. The secre-
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tion of factors such as fibroblast growth factor 2 (FGF2), transglutaminase-2 (TGM2), interleukin

6 (IL-6) and interleukin 1β (IL1- β) promote OPC proliferation (Giera et al., 2018; Liu et al.,

1998; Shigemoto-Mogami et al., 2014). Other factors such as interferon γ (IFNγ) and the produc-

tion of chondroitin sulfate proteoglycan 4 (CSPG4) have inhibitory effects on OPC differentiation

(Liu et al., 1998; Popko et al., 1997). Furthermore, by secreting pro-inflammatory cytokines, mi-

croglia agitate adjacent astrocytes that subsequently shift toward a reactive phenotype (Liddelow

et al., 2017). The effect of microglia-specific brain-derived neurotrophic factor (BDNF) has not

yet been investigated on myelination. However, astrocyte-specific BDNF promoted myelination

in a cuprizone-derived demyelination model, suggesting that microglial BDNF may have a similar

function (Fulmer et al., 2014; Parkhurst et al., 2013). An important role that microglia share with

astrocytes is the deposition and regulation of the ECM that in the CNS can surround neurons in

highly organized mesh-like structures.

4.1.2 Extracellular matrix in the CNS

The substrate upon which cells in the CNS migrate, proliferate and differentiate is the ECM and

includes all secreted molecules that are immobilized outside cells. Most CNS cell types, includ-

ing brain endothelial cells, astrocytes, neurons and microglia produce and secrete a vast array of

ECM molecules. The ECM is involved in the maintenance of cytoarchitecture, regulation of cell

environment homeostasis and it allows interactions between cells and molecules via specific re-

ceptors. While the role of the ECM in peripheral tissue has been described in an emerging body

of work, the structure and function of the ECM in the CNS remains elusive (Van Horssen et al.,

2007). However, it is known that these molecules filling the extracellular space are involved in

neural plasticity, engaged in signal transduction pathways and influence neuronal activity during

normal and pathological conditions. The major constituents of the ECM in the CNS are hyaluronan

(HA), chondroitin sulfate proteoglycans (CSPGs) such as aggrecan, brevican, versican and neuro-

can, tenascin glycoproteins and link proteins such as hyaluronan and proteoglycan link protein 1

(HAPLN1) (Giamanco et al., 2010; Kecskes et al., 2015; Kwok et al., 2010; Morawski et al., 2014).

The CNS ECM molecular and structural heterogeneity exhibits an area-dependent distribution pat-

tern. The ECM molecules are either distributed throughout the neuropil or aggregate in specific

structures such as the perineuronal net (PNN) surrounding the soma and dendrites of neurons, the

nodal ECM at the NOR of myelinated axons or the axonal coats (ACs) surrounding individual
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synapses (Kecskes et al., 2015).

The lectican family of CSPGs such as aggrecan, versican, brevican and neurocan build the ma-

jor body of these highly organized structures (Yamaguchi, 1999). Lecticans are developmentally

regulated but how they contribute to CNS development remains unsolved. While aggrecan and

brevican expression upregulate during development and peak in adulthood, neurocan reveals an

oppositional expression pattern. Two diverse alpha and beta isoforms of versican are differentially

expressed during development (Milev et al., 1998). While aggrecan is necessary for PNN forma-

tion, the three other CSPGs are present in many PNNs to varying degrees and tightly bind to the

HA backbone (Rowlands et al., 2018). Of these, brevican is especially enriched around perisynap-

tic regions of the excitatory terminals of basket cells (Favuzzi et al., 2017). At almost all NORs,

interspaced on myelinated axons where APs are propagated, condensed nodal ECM structures with

a particular composition function as ionic diffusion barriers to regulate AP conduction speed (Fig-

ure 2) (Oohashi et al., 2002). The NOR contains adjacent paranodes and are contacted by perinodal

astrocytes/ NG2 glia. The axo-glial attachment is mediated through adhesion molecules such as

neurofascin 186 (NF186) and 155 (NF155), contactin-associated protein (CASPR), neuronal cell

adhesion molecule (NrCam) and CNTN1. CNTN1 is dynamically expressed on axons and OLs and

is one of the most critical signals for axon-glia communication in CNS myelin by regulating NOR

formation and maturation. The perinodal matrix molecules brevican, versican, neurocan, phospha-

can, HA, tenascin-R (TN-R) and Hapln2/brain-specific HA-binding protein (Bral1) fill the nodal

extracellular space and undergo numerous interactions with adhesion molecules in close proximity

or with each other, such as brevican with NF186 or Tn-R. Various multi-protein complexes form

and connect with sodium and potassium channels that are stabilized by their association with cy-

toskeletal molecules such as ankyrins and spectrins (Arancibia-Carcamo, Attwell, 2014; Colakoglu

et al., 2014). The mechanisms of action of these different condensed ECM structures is not entirely

understood. Some are mediated through the CSPGs either by direct actions on receptors or more

often, by attracting and localizing effector molecules to the axon/OL interphase at which they can

interact with the local receptors (Mikami, Kitagawa, 2013).
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4.2 Myelination

The brain is an immensely complex structure that is separated into the gray and white matter. The

gray matter contains most of the brain's neuronal cell bodies and serves to process information. The

white matter is composed of the myelinated axons connecting various gray matter areas and appears

white due to the lipid rich myelin sheaths that are essential for the brain functions, as they enable

rapid and synchronized neural communication across the brain (Fields, 2008b; Hartline, Colman,

2007; Wilson, Hartline, 2011). The rudimentary difference between myelinated and unmyelinated

fibers is visible in their AP conduction speed. While an unmyelinated axon needs a diameter of

∼ 500 µm to reach a speed of 25 m/s, a myelinated axon can conduct signals at this speed with a

diameter of only a few micrometers while employing 5000x less energy (Ritchie, 1982). In 1864,

Rudolf Virchow introduced the term ”myelin” coming from the word ”marrow” in Greek, because

it was especially abundant in the core, or marrow, of the brain. For a long time it was believed

that myelin was secreted by neurons and only almost a century later it became clear that myelin

is formed by OLs, which makes these cells the most powerful membrane producers in our body

(Pfeiffer et al., 1993).

4.2.1 Developmental myelination

Myelination takes place relatively late in development in a precisely temporal sequence. In mice,

myelination of the thickest fiber tracts begins at birth, whereas the thinnest axons become myeli-

nated only after postnatal day (p)20. Myelination is terminated at p60 in nearly all brain regions

(Baumann, Pham-Dinh, 2001; Hildebrand et al., 1993). In humans, the peak of myelination occurs

within the first year of life, however, it is far from completed and continues throughout childhood

into adulthood (Fields, 2008a). Today myelination is not thought of a predefined genetic program

and strictly developmental process anymore. It is appreciated as a dynamic process coined by

experience during development and adult life (Liu et al., 2012; Makinodan et al., 2012; Mangin

et al., 2012). The prevailing view of myelination has been that the main function of myelin is to

allow maximal conduction velocity of APs and to keep axonal energy consumption at a minimum

(Huxley, Stämpfli, 1949). Something underappreciated about myelination was variability, because

recent evidence suggests a more complex role supporting activity-dependent, plastic changes in

myelin-forming OLs as well as the regulation of neuronal circuit functions. A deeper insight into

the steps of myelination and its role in the pathology of various neurological and psychiatric dis-
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eases requires an in-depth molecular understanding of how OLs and axons interact, how they gen-

erate, maintain and remodel their sheaths- as well as which glial co-players are inevitable for these

specific steps (Fields, 2008a; Forbes, Gallo, 2017; Monje, 2018).

4.2.2 Steps of myelination

Myelination occurs in a defined temporal sequence of a relatively fixed chronological and topo-

graphic succession of steps (Figure 2). Following the initial steps of myelination including OPC

proliferation, migration and differentiation led by specific cues, discussed in the previous OL sec-

tion, further crucial steps proceed to complete myelination. Within the brain, myelination starts

in central regions and progresses in a proximal to distal direction. Axon selection is usually as-

cending a hierarchical order of increasing complexity of nervous system functions. The sensory

input fibers are myelinated prior to the fiber system carrying out motor output. Intriguingly, the

axons in regions that are myelinated early are also likely to be myelinated entirely and quicker. In

the end, a pattern of not only myelinated and non-myelinated axons, but also partially myelinated

axons is observed in vivo (Simons, Lyons, 2013; Simons, Nave, 2015; Snaidero et al., 2014). Size-

dependent myelination has been studied with various artificial axon caliber sizes. These studies

showed a notable preference of OLs to select larger axons (diameter 1 µm) over smaller caliber

axons (diameter 0.2 µm) and myelinate them entirely. In comparison, smaller axon calibers ended

up to be myelinated less or left completely unmyelinated (Lee et al., 2012). However, other similar

tubular structures such as dendrites and glial processes in the CNS are never myelinated. Therefore,

diameter clearly cannot be the only factor determining which axons OLs select for myelination and

raises the question how OLs are equipped to sample their environment. Active retraction through

inhibitory activities have been described. On one side, negatively charged cell surface molecules

mediate an electrostatic repulsion and on the other side, inhibitory molecules prevent OL-axon in-

teraction until the appropriate axon is selected. Such retracting molecules include poly-sialylated

neural cell adhesion molecule (PSA-NCAM) on immature neurons, junctional adhesion molecule

2 on the somatodendritic compartment, limbic system-associated membrane protein (LSAMP) and

class 3 semaphorins (Charles et al., 2000; Piaton et al., 2011; Redmond et al., 2016; Sharma et al.,

2015). A combination of physical cues and loss of negative inhibitory factors may work together,

but only explain the prevention of unspecific contact and retain the puzzle of initiating specific

interactions. Further instructive signals operating with repulsive molecules have been elucidated
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but not been confirmed to determine if myelination will start or not. Examples for such signals are

electrical activity, glutamate release, neuroligin signaling or interaction with extracellular matrix

receptors (Stadelmann et al., 2019). Once axon contact is established, the process of myelin growth

starts. The OL takes approximately 5 hours to generate the myelin sheath and form a complete in-

ternode (Simons, Nave, 2015). With three-dimensional electron microscopy techniques, myelin

growth toward the node has been tracked. At the inner tongue, the leading edge is ensheathing

the axon and then more layers are wrapped from underneath the previously deposited membrane

forming coiling helical patterns. For this, local Mbp mRNA is trafficking and translating to provide

more membrane components via incisures toward the axon. The lateral endings shift toward the

future node where they align and position as paranodal loops. Furthermore, actin dynamics help to

overcome the adhesive forces that generate when the inner tongue crawls underneath the forming

myelin sheath. However, actin filament assembly by the Arp2/3 complex at the leading edge is

only necessary for initial ensheathment, but not for later stages of myelin wrapping, which might

be driven by forces such as the hydrostatic pressure built up by more MBP production (Zuchero

et al., 2015). The rate of calcium transients controls myelin sheath lengthening via the activity

of regulators of cytoskeletal dynamics including the PI3K-AKT-mTOR pathway (Zonouzi et al.,

2011). Although, it is not clear how these layers become fixed to the axons. That is where axo-glial

adhesion molecules such as NF155, CASPR and CNTN1 could come into operation. Even though

they are not required for myelin growth, they are essential for NOR formation and stabilization (Pe-

draza et al., 2009; Zonta et al., 2008). This brings us to the final stages of myelination progression,

myelin compaction and NOR formation. While the myelin sheath further extends laterally, sodium

channels begin to cluster next to the edges of lateral loops, thereby forming a node. Three func-

tionally independent mechanisms that can compensate for one another work to assemble a robust

NOR. Firstly, a glia-derived extracellular matrix complex containing proteoglycans and adhesion

molecules such as versican, brevican and Bral1 that cluster NF186. Secondly, axonal cytoskeletal

scaffolds consisting of ankrin-G and βIV-spectrin that stabilize nodal sodium channels and thirdly,

the paranodal axoglial junction restricting nodal proteins (Susuki et al., 2013). At the same time,

myelin compaction begins at the outermost layers of myelin and proceeds inward, moving toward

the inner tongue (Snaidero et al., 2014). It is not fully understood how the initiation of myelin com-

paction is regulated, but it is restricted to one single place and drives forward as a zippering process

to prevent the formation of cytoplasmic pockets. Additional spacers, like CNP1, might keep the
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inner leaflets of two myelin layers apart and therefore grant MBP synthesis at the innermost tongue

(Yin et al., 1997). The steps of myelination and the proteins necessary for NOR assembly are

depicted in Figure 2.
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Figure 2: Steps of myelination includes OPC differentiation, axon ensheathment, wrapping and the final node of

Ranvier formation with simultaneous myelin compaction. These steps are regulated by multiple cellular and molecular

cues. Schematic diagram of the proteins at the NOR, paranode and juxtaparanode. These domains are the location of

ion channels (Nav1.6 and Nav1.1, KCNQ2/3, Kv3.1 and Kv1.1/1.2), cell adhesion molecules (neurofascin 155 (NF155),

neurofascin 186 (NF186), contactin 1 and 2, contactin-associated protein (CASPR 1 and 2)), cytoskeletal scaffolding

proteins (Ankyrin (Ank) G and B, protein 4.1B, and postsynaptic density protein 93/95 (PSD93/95)), cytoskeletal pro-

teins (βII- and βIV-spectrin), and extracellular matrix proteins (tenascin-R (TN-R), brevican, versican and a secreted

form of NrCAM). Targeting and scaffolding processes ensure that each protein is segregated to its specific subdomain

(adapted from (Arancibia-Carcamo, Attwell, 2014) and created with BioRender.com).
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4.2.3 Myelin pathology

Given the importance of myelin in the mammalian nervous system physiology, it is not surprising

that myelination defects in humans typically have significant neurological manifestations. Dis-

eases of myelin incorporate a variety of clinical characteristics, pathophysiologies and etiologies.

Hereditary and acquired syndromes are often differentiated into the inflammatory, infectious, toxic,

and metabolic problems that are most predominant. Recent advances demonstrated that myelin

dysfunction should be understood in the broader context of nervous system pathophysiology as

the interdependence between astrocytes, OLs, microglia, and neuronal axons must not be ne-

glected.

4.2.3.1 Multiple Sclerosis Myelin damage accompanied by axonal degeneration is a patholog-

ical feature of MS amongst many other neurological diseases (Bruck, 2005; Miron et al., 2011;

Nave, 2010). The majority of MS patients initially present with a relapsing-remitting (RRMS)

course of the disease, in which immune-mediated attacks coinciding with axonal demyelination

(relapse) are followed by periods of partial or complete recovery (remission) (Goodin, Bates, 2009;

Trapp, Nave, 2008). Initially, sensory and motor symptoms as well as visual disturbances due to

optic neuritis can occur (Thompson et al., 2018). In about 70% of the patients, the disability tends

to increase independent of relapses after 10-15 years of disease onset. Acute attacks are greatly

reduced and replaced with a gradual increase in symptom severity resulting in a secondary progres-

sive MS form (SPMS) (Rovaris et al., 2006; Stüve, 2019). In a more scarce form of MS, primary

progressive MS (PPMS), patients sustain from the onset of the disease an insidious worsening and

rising disability without remission (Miller, Leary, 2007). At the cellular level, MS is characterized

by progressive loss of myelin, which eventually leads to the denuded axons degenerating. It is

thought that the accumulating degeneration is the reason for continued progression of the disease

and clinical disability (Gruchot et al., 2019).

Current standard of care for MS therapies primarily target the autoimmune response accountable

for destroying the myelin sheath. While these treatments effectively reduce relapses during the

early stages of the disease, no treatment has yet been demonstrated to directly protect myelin or

promote myelin formation to preserve nerve function, prevent neurodegeneration, and restore func-

tionality of MS patients (Castro-Borrero et al., 2012; Ransohoff et al., 2015). The incidence of MS
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is higher in the northern hemispheres compared to equatorial regions, likely due to genetic, envi-

ronmental, cultural and behavioral differences. MS is universally more frequent in females than

males, a phenomenon shared with several other autoimmune diseases (Ahlgren et al., 2014; Angum

et al., 2020; Ascherio, Munger, 2016; Baranzini, Oksenberg, 2017; Compston, Coles, 2002). Fur-

ther risk factors like an infection with Epstein-Barr virus, history of other infections, low vitamin D

levels, childhood obesity and smoking have been associated to an increased likelihood of develop-

ing MS (Belbasis et al., 2015; Bjornevik et al., 2022). Focal lesion pathology in MS evolves over

months to years and the disease progresses from pre-phagocytic lesions toward active demyelinat-

ing lesions that can develop into chronic active lesions. At the early stage of lesion evolution a

near-normal density of OLs, fewer OPCs, activated microglia, but not overt myelin phagocytosis

are seen (Gay et al., 1997; Ozawa et al., 1994; Sanders et al., 1993). These active slowly expanding

lesions show a dense infiltration of foamy macrophages and variable degree of myelin degradation

(Kuhlmann et al., 2017; Prineas et al., 2001). Ongoing disease activity is further marked by acute

axonal transport disturbances, visualized by amyloid precursor protein (APP) adsorption (Ferguson

et al., 1997; Frischer et al., 2009). Post mortem autopsies of lesions have shown that smouldering

lesions are characterized by myelin debris eventually turning into inactive lesions, often visualized

as demyelinated area. Histological sections of chronic inactive lesion stained for myelin, e.g., with

Luxol fast blue (LFB), show almost no residual myelin sheaths and sharp margins to the periplaque

white matter. They represent an end stage of the lesion formation, similar to a scar with minimal

to no recovery potential (Stadelmann et al., 2019). Until now, it is not clear why remyelination

fails in these lesions. While the reduction of OPCs by repeated waves of demyelination and inhi-

bition of OPC differentiation by the unfavorable microenvironment, such as the increased activity

of Notch and canonical WNT signaling, cause one part of the problem (Fancy et al., 2009; Wang

et al., 1998). Another known, but not all-dominant factor is the insufficient recruitment of OPCs

to demyelinated lesions (Boyd et al., 2013). Intriguingly, the remyelination efficacy is defined

by lesion location, less inflammation, less gliosis, and less astrocytic expression of HA, CD44,

and versican (Back et al., 2005; Chang et al., 2012). Despite the less extensive remyelination in

periventricular lesions compared to deep white matter and cortical lesions, in all of them do reit-

erating insults to the myelin-OL-axonal unit, altered signaling in OPCs and age-related decrease

in repair capacity contribute to inefficient remyelination (Albert et al., 2007; Buchet et al., 2011;

Ehrlich et al., 2017; Franklin, Ffrench-Constant, 2017; Goldschmidt et al., 2009; Merkler et al.,

23



INTRODUCTION

2006). Severe basal membrane alterations and parenchymal accumulation of ECM components

have been observed in MS brain tissue, demonstrating the dynamic nature of the ECM of the CNS

under neuroinflammatory conditions. Altered deposition of ECM constituents in active demyeli-

nating MS lesions may result from BBB breakdown, release and activation of proteases and local

synthesis of ECM molecules. These molecules influence axonal regeneration and outgrowth and

thereby contribute to the disease process. While in active demyelinating lesions tenascin-C/R and

the CSPGs versican, aggrecan and neurocan were downregulated, other ECM molecules such as

HA, vitronectin, fibronectin and basement membrane proteins were upregulated. In chronic active

lesions, a similar expression of tenascin C/R, fibronectin and basement membrane proteins was ob-

served compared to normal white matter. However, the three CNS lecticans versican, aggrecan and

neurocan were upregulated in association with astrocyte reactivity. In active plaque centers, the lec-

ticans were decreased in the ECM and accumulated in foamy macrophages, suggesting that these

CSPGs are injured and phagocytosed along with myelin debris (Sobel, Ahmed, 2001; Van Horssen

et al., 2007). While the distribution of ECM proteins has been studied a lot, so far, little is known

about the functional involvement of ECM changes in the pathogenesis of MS. The significance

of all these ECM-cell interactions and how they translate into modulation of functional roles dur-

ing pathological conditions will be an important subject of study in the future. Even though the

common agreement exists that demyelinating diseases of the CNS are recognized as ”whole brain”

diseases, researchers often mimic only one aspect of the disease at the time, as no perfect and

universal model for MS allows the study of all processes involved in remyelination.

4.2.4 Models of myelination

While there is an expanding knowledge about the mechanism of lesion formation in MS, the mech-

anisms of lesion repair remain to be uncovered. While some models focus on inflammatory and

immune regulated processes of the disease, others concentrate on glioneuronal network aspects.

Some studies focus on developmental myelination presuming that remyelination occurs in similar

patterns. Commonly used models developed for studying the different pieces of the myelin puzzles

are divided into in vitro, ex vivo and in vivo models.

4.2.4.1 In vitro models OPC monocultures are a helpful tool for understanding the effect of

new therapies on these types of cells in relation to migration, differentiation, survival and pro-
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liferation (Chen et al., 2007; Dincman et al., 2012). Various types of sources have been used to

isolate human OPCs such as cryopreserved umbilical cord, fetal brain, brain biopsies and embry-

onic stem cells (Brüstle et al., 1999; Monaco et al., 2012; Tracy et al., 2011). Rodent OPCs have

been isolated from the optic nerve or brain cortex (Dugas, Emery, 2013; Shi et al., 1998). A vari-

ety of OPC-isolation protocols have been established over the years. The use of an OL selection

kit, magnetic-activated cell sorting, manual sorting, immunopanning, fluorescence-activated cell

sorting but also the generation of immortalized cell lines have been developed (Chen et al., 2007;

Dincman et al., 2012; Dugas, Emery, 2013; Medina-Rodriguez et al., 2013; Merrill, 2009; Pesheva,

2006). Because human samples are difficult to obtain, induced pluripotent stem cells (iPSCs) have

emerged as alternative source for human derived OPCs. At the same time, they have a potential

therapeutic role as they can originate from patients themselves (Ogawa et al., 2011). Once OPCs

have been isolated, assays studying the first steps of myelination, including OPC survival, prolif-

eration, migration and differentiation can be performed. Stage specific markers, including PDGF,

NG2, and A2B5 for OPCs, O4 and O1 for pre OLs and MOG, MAG, CNP, MBP and PLP for ma-

ture myelinating OLs help to characterize each stage of OL differentiation (Figure 1). In addition,

the cell survival marker caspase-3 or cell proliferation marker 5-bromodeoxyuridine are frequently

used. In addition, fluorescent microscopy, gene expression profiling or flow cytometry facilitate

multiparametric analysis upon manipulations of the cultures (Dugas, Emery, 2013; Robinson et al.,

2014). Often, these approaches build the foundations for further work with more complex models.

More physiological insights can be gained by keeping the reciprocal signaling between OLs and

neurons prior to and during myelination. Myelinating co-cultures belong to ”axon-based models”

and either consist of natural or artificial axons on which the myelinating ability of cells are studied.

To avoid uncontrolled interactions between myelinating cells and other cell types in order to study

the OL intrinsic mechanisms as well as fiber- length and thickness, models using synthetic axons

have been established. Artificial nanofibers of a wide range of materials have been tested, such as

glass microfibers coated with glial cell matrix, vicryl microfibers with cell attachment molecules,

polystyrene or polycaprolactone nanofibers designed using electrospinning. Myelination has been

successfully established in these cultures and an up-scaled format as micropillar assay in a 96-well

plate developed (Diao et al., 2015; Howe, 2006; Lee et al., 2012; Mei et al., 2014; Rome, Bullock,

1990). Conversely, the reciprocal interaction and communication between neurons and OLs was

shown to not only control the development of OLs but also regulate the generation of the myelin
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membrane sheath and is necessary for some steps of myelination (Simons, Trajkovic, 2006). Unlike

the OPC-nanofiber cultures, natural axons retain the reciprocal secreted factors, contact-mediated

signals as well as electrical activity (Allamargot et al., 2001; Camara et al., 2009; Charles et al.,

2000; Demerens et al., 1996; Ishibashi et al., 2006; Jean et al., 2002; Piaton et al., 2011; Stevens

et al., 2002; Zonta et al., 2008). There has been a considerable refinement of dissociated CNS

cultures to study myelination in recent years. Various rodent co-culture systems that can be used

to study OL-neuron interactions have been established, including embryonic cortical cultures, co-

cultures of purified cells and compartmentalized co-cultures using microfluidic devices (Taylor

et al., 2005; Watkins et al., 2008; Zuchero et al., 2015). These models allow the examination of

extrinsic mechanisms controlling myelination and are all suitable for relatively high-throughput

compound screening. OL-dorsal root ganglion neuron (DRG) co-cultures have been used to study

neurite outgrowth, regeneration, degeneration and myelination in the PNS and CNS. A disadvan-

tage of this culture might be that DRG neurons are not perceived as ”true” CNS neurons, due to the

fact that their cell bodies are located outside the CNS and send projections into the CNS and PNS.

However, the receptivity of DRG neurons for myelination by both Schwann cells and OLs make

these cells uniquely equipped to compare central and peripheral myelination (Zuchero, 2014). An

alternative model, cortical OPC-CNS neuron co-cultures using rat RGCs purified by immunopan-

ning from retinae of p5 animals and seeded as re-aggregates are basic but still provide sufficient

complexity and the mutual communication between axons and OLs to examine all the steps of

myelination. The RGCs form a dense bed of axons within two weeks and the co-cultures permit

not only the study of all intrinsic but also extrinsic regulators of OL maturation (Watkins et al.,

2008). Today serum-free defined media and sufficiently large quantities of co-cultures from a rel-

atively small number of animals allow the faithful recapitulation of CNS myelination and provide

far greater control over experimental conditions. A standard method to monitor effects of cell treat-

ments in vitro is immunofluorescence microscopy using markers for the axons (e.g.neurofilaments),

the myelin (e.g. MBP, PLP) and the nodal structures (e.g. CASPR). More physiological systems

are 3D brain organoids and human iPSC-derived co-cultures and myelinoids (Lancaster, Knoblich,

2014; Pasca, 2018; Sasai, 2013; James et al., 2021). They allow the examination of demyelination

and remyelination upon injury as well as the genetic contribution to demyelinating disorders. How-

ever, their complexity, batch-to-batch variability, and intensity of labor as well as long cultivating

periods make them lower throughput for drug screening (Marangon et al., 2021). Nevertheless, the
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new frontiers are now humanized models, increasingly reproducing physiology and pathology for

which iPSCs are a good starting point. Combining such iPSC-derived brain myelinoids with new

technologies for data analysis, automation and miniaturization will pave the way for new reliable

drug screening platforms.

4.2.4.2 Ex vivo models An intermediate step between cell cultures and animal models are ex

vivo organotypic cultures. They can be sourced from the brain and spinal cord (Kipp et al., 2012).

Cerebellar slices serve as a good model by providing a homogeneity in the type of axons present,

mostly Purkinje cell axons, while brain and spinal cord cultures vary in terms of axon type and

diameter (Sekizar, Williams, 2019). In addition, the spinal cord cultures might be the best model

for OPC migration studies (Zhang et al., 2011). Briefly, a tissue chopper or vibratome is used to

slice the tissue (approximately 300 µm) and then they are cultured on membrane inserts facing

air on one side and absorbing nutrients from media below the membrane. The first demyelination

studies were described in 1959 by applying serum from animals with experimental autoimmune

encephalomyelitis (EAE). The serum contains neuroinflammatory disease-induced CNS proteins

that leaked into the blood due to inflammation induced tissue damage and increased BBB perme-

ability and further trigger the axonal damage in culture (Bornstein, Appel, 1959). Today, lysophos-

phatidylcholine (LPC), a detergent destroying myelin, is a more common demyelinating agent. The

regenerative capacity of endogenous cells and speed of regeneration achieved under the influence

of different compounds can be measured by immunofluorescence staining. Even though the struc-

ture of the original tissue is preserved, these models do not replace in vivo models but are useful for

screening treatments prior to in vivo experiments as well as finding working concentrations.

4.2.4.3 In vivo models Developmental studies are often performed in zebrafish, a vertebrate

animal with a short life cycle. Zebrafish and mammals have a similar myelination mechanism and

the transparency of this fish makes it possible to observe internal structures and processes noninva-

sively (Buckley et al., 2010). To study remyelination in this model organism, first demyelination is

induced by damaging myelin with laser microsurgery or by producing transgenic animals. The fol-

lowing remyelination is monitored either by in vivo time-lapse confocal microscopy or post mortem

immunofluorescence to visualize proteins of interest (Chung et al., 2013; Kirby et al., 2006). Fur-

thermore, great varieties of murine models are used to study myelin-related processes. Generally,

they can be divided into three types: models of toxicity, models of viral infection and models
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based on immune response. For all murine models, data acquisition and collection works similar

with some exceptions. Magnetic resonance imaging (MRI) or two-photon imaging serves to record

developmental myelination in animals (Rassul et al., 2016). A gold standard method to perform

post-mortem histopathological studies is detecting myelin or specific CNS structures, as for exam-

ple by LFB or Black gold. LFB dye was first introduced by Kluever and Barrera in 1953 having

a copper phthalocyanine chromogen insoluble in water, but soluble in alcohol, which intensively

stains myelin sheaths (Kluver, Barrera, 1953). In contrast, Black gold highlights single myelinated

fibers stained by the gold phosphate complex. The gold particles are equally distributed in the

inner, compact and outer myelin layers and the dye is selective for myelin-specific proteins as sam-

ples treated with proteinases lose black gold staining (Savaskan et al., 2009). Furthermore, some

studies measure remyelination quality by determining the g-ratio of axons by electron microscopy.

Similar to in vitro studies, CNS tissue can be extracted and cell content assessed by flow cytometry

or gene expression analysis (Robinson et al., 2014). Models of toxicity include toxin-induced local

lesion by stereotaxic injection of ethidium bromide or LPC. Upon LPC treatment, the membrane

composition of OLs alters and triggers myelin damage. These toxin-induced models are highly

reproducible and the influence of drugs can be assessed in the absence of inflammation. A global

demyelination can be induced by neurotoxic, chemical or biological agents administered through

the diet, as done in the cuprizone model. Cuprizone, a copper-chelating agent that provokes OL

apoptosis, is used for different durations to mimic acute (6 weeks) or chronic (12 weeks) insults.

Spontaneous remyelination was observed upon stopping cuprizone diet, this being slower and more

limited in the chronic version of the model (Kipp et al., 2009). Furthermore, models based on viral

infections preferably used the Semliki Forest virus and Theiler's murine encephalomyelitis virus

(Smithburn et al., 1946; Theiler, 1937). To date, they have not been extensively employed but they

allow the exploration of the potential effect of immunomodulatory and remyelination therapies on

CNS cells. The most commonly used experimental in vivo model for the human inflammatory de-

myelinating diseases is the EAE. With this model, the first evidence that immune cells can attack

the brain was described over 75 years ago and used to trigger a specific acute syndrome leading to

an approximation of the key pathological features of MS including inflammation, demyelination,

axonal loss and gliosis (Rivers et al., 1933). An active and passive subtype of the model exists.

In the active EAE model, animals are immunized against a myelin peptide, together with Freund's

adjuvant and pertussis toxin. Heterogeneous models have been adapted depending on the peptide,
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animal host and viral strain. The passive EAE uses adoptive cell transfer via injection of specific

active lymphocytes against myelin from animals that have undergone active immunization. To

date, EAE models have evolved in terms of induction methods, clinical and pathological features

and amenability to treatment, all of which add to complexity that sometimes makes the interpre-

tation of findings difficult (Kipp et al., 2012). Lastly, various transgenic mouse models have been

established to study myelination in vivo. The shiverer mouse was one of the first neurologic mouse

mutants examined at the molecular-genetic level (Roach et al., 1983). The shiverer mouse, in which

the Mbp gene is mutated, results in diminished myelination of axons in the CNS, in particular to the

lack of MBP. The OL processes associate with axons forming thin and uncompact myelin visible as

”shaky” phenotype. Furthermore, microglia cells are notably elevated in the shiverer CNS as well

as the hypertrophy of fibrous astrocytes is striking but the peripheral nerves remain normal. The

shiverer mouse allows to identify MBP positive myelin sheaths when normal tissue is transplanted

into the mutant CNS (Tepavcevic, Baron-Van Evercooren, 2015). In general, it is recommended

to use more than one complementary model to extract specific conclusions and provide the most

realistic picture of the process that we seek to study.

4.3 Astrocytes in disease

The widespread interest in neuroglia in the 19th and 20th century led to many different terms and

definitions to denote astrocytic remodeling in the context of injury, disease and infections. From

terms like ”astrocytosis”, ”astrogliosis”, ”reactive gliosis”, ”astrocyte activation” to ”astrocyte re-

activity” – all these terms have been used to describe astrocyte responses to abnormal events in

sporadic or genetically mediated, acute or chronic pathological contexts of the CNS. Today, with

the substantial body of knowledge that accumulated, the term ”reactive astrocytes” is supported as

an umbrella term encompassing multiple potential states. Astrocyte reactivity is induced by extrin-

sic stimuli, may evolve over time, and, in particular situations, is reversible. Therefore, reactive

astrocytes can undergo a heterogeneous spectrum of molecular, cellular and functional changes that

makes them a significant player in numerous neurological diseases such as Huntington's disease,

Alzheimer's disease, MS, Stroke, Amyotrophic Lateral Sclerosis and many more. Some diseased

astrocytes, which clearly initiate the disease and may secondarily acquire a reactive phenotype,

have a distinct impact on disease progression. Mutations in ubiquitously expressed genes, as in fa-

milial neurodegenerative diseases such as Huntington disease, or disease-relevant polymorphisms
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in genes that are highly expressed in astrocytes (e.g., APOE in Alzheimer's disease), can also yield

dysfunctional astrocytes that are not the primary or sole triggers of the pathology but may partici-

pate in disease progression (Escartin et al., 2021). In MS lesions, astrocytes exert active, dual, and

paradoxical activities during disease development. Some experimental data suggest that astrocytes

act as underlying triggers of inflammation, as seen at sites of injury, and ultimately prevent neu-

ronal repair and remyelination. In contrast, there is evidence that astrocytes curtail the deleterious

effects of proinflammatory factors, thereby preserving and protecting OLs and neurons. This di-

chotomy of astrocyte effects has made the development of new therapeutic approaches targeting

astrocytes directly a challenging endeavor (Williams et al., 2007).

4.3.1 Reactive astrocytes

The most widely used marker to identify reactive astrocytes is the glial fibrillary acidic protein

(GFAP). GFAP is a type III intermediate filament protein. However, GFAP is not specific to as-

trocytes. NSC's also exhibit heterogeneous expression of GFAP during developmental maturation

(Cahoy et al., 2008). To circumvent the common mistake of interpreting higher numbers of GFAP-

positive cells as local recruitment or proliferation of reactive astrocytes, additional pan astrocyte

markers like aldehyde dehydrogenase 1 L1 (ALDH1L1), glutamine synthetase (GS), aldolase C

(ALDOC), and S100 calcium-binding protein β (S100β) are used to detect astrocytes. As there is

no prototypical reactive astrocyte, often a shift toward increasing expression of potential reactive

markers as well as morphological changes are considered together. Typical changes are reflected by

hypertrophy due to increasing cytoskeletal proteins such as GFAP, nestin and vimentin. Changes in

lipid metabolism, an increased secretion of the iron trafficking protein lipocalin 2 (LCN2) and the

synaptogenic factor thrombospondin-1 (THBS-1), differential expression of chaperones as well

as cell-signalling transcription factors are characteristic to reactive astrocytes in MS. Similar to

the difficulty of defining what a reactive astrocyte is, the problem of establishing an appropriate

model transforming astrocytes into a reactive phenotype with changed morphology, altered gene

expression and secreted profiles remains. The co-stimulation with IL1β and TNFα of human iPSC-

derived astrocytes was used to induce an inflammatory reactive astrocyte phenotype (Hyvarinen

et al., 2019). Typically, these proinflammatory cytokines IL1β and TNFα are secreted by mi-

croglia during neuroinflammation and agitate astrocytes to shift toward a reactive state in vivo and

in vitro (Clausen et al., 2008; Hyvarinen et al., 2019; Rivieccio et al., 2005; Shinozaki et al., 2017).
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Unlike the neurotoxic effect revealed by an in vitro model using pro-inflammatory cytokines IL1α,

TNF and C1q by activated microglia or LPS to make astrocytes reactive, IL1β and TNFα result in

a reactive astrocyte phenotype with neurosupportive characteristics (Liddelow et al., 2017). ACM

from these reactive astrocytes did not silence neuronal network activity, reduce viability or increase

neuronal apoptosis (Hyvarinen et al., 2019). However, the mechanistic functions and consequences

of metabolite efflux as well as the direct cell-to-cell contact with these reactive astrocytes require

further studies. Furthermore, the knowledge gap for structural and functional traits differing in hu-

man astrocytes compared to those of rodents is needed to better translate findings of rodent models

to human diseases.

31



AIM OF THIS THESIS

5 Aim of this thesis

Multiple passive and active roles of astrocytes in the CNS have been relatively well characterized.

Several lines of evidence indicate a potent role of astrocytes in CNS myelination, however, this

role and the exact steps involved in successful re-myelination are incompletely understood. In

this thesis, I set out to identify single astrocyte-derived factors by mass spectrometry based pro-

teomics and lipidomics and their roles during CNS myelination. Following on from this, I aimed to

functionally validate putative regulators of myelination identified by mass spectrometry in native

RGC-OPC co-cultures in vitro and ex vivo cerebellar slices.

Upon CNS injury, disease or infection astrocytes become reactive with complex underlying phe-

notypic changes. Astrocyte reactivity, however, strongly depends on the type of injury and how

it affects myelination remains uncertain. To address this gap in knowledge, I aimed to determine

which and how reactive astrocyte-derived factors impact myelination by identifying the conserved

expression changes in the reactive human and rat ACM and their respective biological processes

feeding into the myelination process.
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6 Results

6.1 Manuscript 1: 'Higher throughput workflow with sensitive, reliable and auto-
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Abstract

Multiple Sclerosis is the most common demyelinating autoimmune disease of the central nervous

system. Immune-mediated myelin and axonal damage that is accompanied by chronic axonal loss

causing destruction of the myelin sheaths are hallmarks of Multiple Sclerosis. While great strides

have been made in understanding the molecular underpinnings of re-/myelination, currently no re-

myelination therapy is available for Multiple Sclerosis. As myelination is a complex process that is

not fully understood, we sought to develop a systematic, reliable, automated and quantitative higher

throughput screening method. We aimed to quantitate myelin sheaths in vitro with high sensitivity

at the single cell level, suitable for testing small compound libraries. To this end, we miniaturized

in vitro retinal ganglion cell-oligodendrocyte precursor cell co-cultures into a multi-well plate for-

mat. This allowed us to maintain the reciprocal interaction of vital axons and oligodendrocytes to

ensure compact myelin formation. To quantify our co-cultures, we developed a novel computer vi-

sion algorithm to precisely measure myelination. We demonstrated the efficacy of our method with

known pro-differentiating compounds BQ3020 and XAV939 which exhibited robust, efficient, and

dose dependent effects on myelination. Through this combination of experimental and technical

advances, we have developed a method allowing systematic and reliable testing of remyelinating

compound efficacy.
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Introduction

Myelin is a lipid-rich insulation sheath produced by oligodendrocytes (OLs) in the central ner-

vous system (CNS). Myelin allows fast nerve transmission, protects axons and provides metabolic

support to neurons (Simons, Nave, 2015). A pathological feature of Multiple Sclerosis (MS) is

myelin damage accompanied by axonal degeneration. Myelin dysregulation is not confined to MS

but has also been observed in many other neurodegenerative disorders (Bruck, 2005; Miron et al.,

2011; Nave, 2010; Reich et al., 2018). The current standard-of-care for MS therapies ameliorate

the autoimmune response accountable for destroying the myelin sheath that ultimately leads to the

degeneration of the denuded axons. While these treatments effectively reduce relapses during the

early stages of the disease, they are unable to halt disease progression most likely because they do

not target remyelination directly (Castro-Borrero et al., 2012; Ransohoff et al., 2015). One of the

main bottlenecks of developing therapeutics to restore myelination is the lack of a systematic, reli-

able, automated and quantitative high-throughput screening platform to quantitate myelin sheaths

in native culture systems, consisting of functional, dynamic interactions between vital axons and

OLs, in an unbiased manner. The reason for this is that myelination is a complicated, multicel-

lular and multi-step process. Firstly, the oligodendrocyte precursor cells (OPCs) need to sense

the demyelination and migrate to the site of the lesion where they divide and/or differentiate into

myelinating OLs. They generate large amounts of myelin which then contacts an axon and en-

sheathes it (Dupree et al., 2004; Yakovlev, Lecours, 1967). As the myelin wraps around the axon,

more and more is added to the inner tongue of the sheath and in the final stages as the cytoplasm is

extruded from the sheath back into the OL cell body, myelin is compacted to form tightly packed

layers. This is accompanied by the formation of paranodal junctions and the nodes of Ranvier

(NOR) along the axon. The NOR assembly is a high-density protein structure including clustered

sodium channels. Clustering is initiated and supported by glial extracellular (ECM) molecules and

axonal cell adhesion molecules (CAMs) (Eshed et al., 2007; Susuki et al., 2013; Susuki, Rasband,

2008). To model these steps of myelination in vitro, multiple approaches have been used so far and

all of them have their advantages and disadvantages. The simplicity of purified OPC monocultures

allows the elucidation of the molecular mechanisms underlying OPC migration, proliferation and

differentiation as well as stage-specific markers of the OL lineage (reviewed by (Baumann, Pham-

Dinh, 2001; Dugas, Emery, 2013; McCarthy, Vellis de, 1980)). Using such stage-specific markers,
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one can identify pro-differentiating compounds that are possible stimulators of remyelination (Bar-

res et al., 1994; Billon et al., 2001; Dugas, Emery, 2013; Marta et al., 1998). A neuron-free model

has been established to culture OPCs on nanofibers allowing the study of OPC-intrinsic mecha-

nisms and fiber size or stiffness (Lee et al., 2012; Marangon et al., 2021). Myelination has been

successfully achieved in these cultures. However, it has been shown that communication from ax-

ons regulate OL numbers, maturation, and survival via secreted factors, contact-mediated signals

and electrical activity, which these OPC-nanofiber cultures do not provide (Miller, 2002; Sherman,

Brophy, 2005; Allamargot et al., 2001; Ishibashi et al., 2006; Jean et al., 2002; Piaton et al., 2011;

Camara et al., 2009; Charles et al., 2000; Zonta et al., 2008; Demerens et al., 1996; Stevens et al.,

2002). Various rodent co-culture systems providing OPC-neuron interactions have been established

so far, including embryonic cortical cultures, co-cultures of purified cells and compartmentalized

co-cultures using microfluidic devices (Watkins et al., 2008; Zuchero, 2014; Taylor et al., 2005).

They allow the examination of extrinsic mechanisms controlling myelination and are all suitable

for relatively high-throughput compound screening. More physiological systems such as ex vivo

slice cultures (Sekizar, Williams, 2019), 3D brain organoids (Lancaster, Knoblich, 2014; Pasca,

2018; Sasai, 2013) and human iPSC derived co-cultures allow to examine demyelination and re-

myelination upon injury as well as genetically-related demyelinating disorders. However, their

complexity, batch-to-batch variability, intensity of labor as well as long cultivating periods make

them unsuitable for high-throughput drug screenings (Marangon et al., 2021). Another disadvan-

tage of these more complicated systems is that they often need to be cultured in the presence of

serum, making the identification of single myelination regulators very challenging.

In contrast, co-cultures of purified primary re-aggregated retinal ganglion cells (RGCs) and cor-

tical OPCs, cultured in a defined, serum free media, are basic but still provide sufficient complexity

and the reciprocal communication between axons and OLs to examine all the steps of myelination.

The RGCs form a dense bed of axons within two weeks and the co-cultures permit not only the

study of all intrinsic but also extrinsic regulators of OL maturation and myelination by fluorescent

microscopy imaging (Watkins et al., 2008). To obtain a more rapid high-throughput workflow that

enables dose response testing of compounds in an unbiased manner, we combined and slightly

adapted several existing procedures by miniaturization of the RGC-OPC co-cultures into a multi-

well plate format.
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We have developed an in vitro workflow to test small molecule libraries for remyelinating drugs

and focused on sensitivity to obtain dose response curves for these compounds. We established

several image analysis workflows using Perkin Elmer's Harmony Software and compared them to

a novel unbiased, automated image acquisition module and a computer vision algorithm for the

quantification of myelinating segments that we have developed. We applied known compounds

with remyelination capacity such as the endothelin receptor agonist BQ3020 (Yuen et al., 2013)

and the tankyrase inhibitor XAV939 (Fancy et al., 2011) to test and validate the sensitivity of our

workflow.

In summary, we have used the OPC differentiation experiment to predefine the working dose range

of pro-differentiating compounds and provide step-by-step instructions on how a precise in vitro

readout for myelination at a single cell level was optimized. We found that our novel algorithm

was sensitive enough to observe dose-dependent changes in response to remyelinating compounds.

Taken together, we describe a novel system, combining experimental and computational elements,

for a higher throughput in vitro screen of myelin-affecting compounds.
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Methods

Animals

All CNS cells were purified from postnatal day (p)5-7 Sprague Dawley rats. All studies involv-

ing animals are reported in accordance with the ARRIVE guidelines for reporting experiments

involving animals (Percie du Sert et al. 2020). All animal care and experimental procedures were

in accordance with national and international guidelines for animal care and were conducted ac-

cording to the study protocol. The F. Hoffmann-La Roche Pharma Research Basel test facility is

fully accredited by the Association for Assessment and Accreditation of Laboratory Animal Care

International.

OPC isolation

OPCs were isolated by immunopanning from p5-7 rat cortices as previously described (Dugas,

Emery, 2013). Briefly, cortices were first enzymatically and then mechanically dissociated result-

ing in a single-cell suspension that was passed over a series of negative immunopanning plates

to remove microglia, macrophages, endothelial cells (BSL1; Vector Labs L-1100, anti-CD45; BD

Biosciences 550539) and mature OPCs (anti-O1; MAB1327) before positively selecting for OPCs

by an O4-coated (MAB1326) panning plate.

OPC differentiation

The day before the cell preparation, the plate was coated with PDL-borate (poly-D-lysine diluted

in borate buffer; Sigma P6407), washed three times with distilled water and dried overnight. The

OPCs were cultured in serum-free media (OPC growth media) containing 100% DMEM (Gibco

11960-044), SATO (100 µg/ml transferrin; Sigma T-1147, 100 µg/ml BSA; Sigma A4161, 16

µg/ml putrescine; Sigma P5780, 60 ng/ml progesterone; Sigma P8783, 40 ng/ml sodium selenite

;Sigma S5261), 100 U/ml penicillin, 100 µg/ml streptomycin, 110 µg/ml sodium pyruvate, 292

µg/ml l-glutamine, 5 µg/ml of N-acetyl cysteine, 5 µg/ml insulin, 1000x Trace Elements B (Cellgro

99-175-CI), 10 µg/ml d- Biotin and 2666x vitamin B27 (Supplementary Table 1). The following

growth factors were added: 10 ng/ml human platelet derived growth factor (PDGF; Peprotech 100-

13-A), 10 ng/ml ciliary neurotrophic factor (CNTF; Peprotech 450-13), 10 ng/ml neurotrophin 3
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(NT3; Peprotech 450-03) and 4.2 µg/ml forskolin (Sigma F6886). The cells were plated in a 96-

well plate at the density of 5000 cells/well by pipetting a droplet of 2 µl (containing 2500 cells per

µl) into the middle of the well and incubated at 37°C for 5min to allow the cells to settle. OPC

growth media was added (200 µl/well) and cells recovered for 24h. The OPC growth media was

replaced by an OPC base media (without PDGF and T3) including the compounds BQ3020 (5-500

ng/ml) and XAV939 (50-5000 ng/ml) and the appropriate control, 0.1% DMSO. As a negative and

positive control for OPC differentiation 10 ng/ml PDGF and 40 ng/ml T3 were used respectively.

Cells were fixed 4 days (4d) post treatment. Compounds, tested for differentiation ability, were

added in the absence of exogenous T3 as we have found that the addition of T3 itself masks effects

of the compounds.

RGC isolation

P7 RGCs were purified by immunopanning as previously described (Barres 1988). An additional

anti-CD140b (BD Bioscience 558820) panning plate, to remove fibroblasts before positively se-

lecting RGCs by a Thy1.1-coated (Thermo Fisher 15-0900-82) panning plate, was added.

RGC re-aggregates formation

RGC re-aggregates were made according to the protocol previously described (Watkins et al. 2008)

with the modification of miniaturization into a 96-well plate format to permit higher throughput

imaging and quantification. Isolated RGCs were cultured in a defined serum-free base medium

(ND-G) containing 50% neurobasal (Gibco 21103-049), 50% DMEM, 100 U/ml penicillin, 100

µg/ml streptomycin, 110 µg/ml sodium pyruvate, 292 µg/ml l-glutamine, SATO (100 µg/ml trans-

ferrin, 100 µg/ml BSA, 16 µg/ml putrescine, 60 ng/ml progesterone, 40 ng/ml sodium selenite),

5 µg/ml of N-acetyl cysteine, 5 µg/ml insulin, 1000x Trace Elements B, 10 µg/ml d- Biotin, 40

ng/ml T3 and 50x vitamin B27 (Supplementary Table 1). This medium was supplemented with the

following growth factors: CNTF at 10 ng/ml, brain derived neurotrophic factor (BDNF; Peprotech

450-02) at 50 ng/ml and forskolin at 4.2 µg/ml. Re-suspended RGCs were plated at 500,000 per

well in an uncoated 96-well plate overnight at 37°C. The RGCs were forced to form re-aggregates

by pipetting up and down slowly and let them recover for 3h at 37°C. The RGC re-aggregates

were then carefully re-suspended in the well and transferred to a 1.5 ml tube and the supernatant

was checked for debris. ND-G media was added, after the re-aggregates had settled to wash and
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remove single cells. Washes were repeated until the supernatant was clear of debris and all cells

transferred to ND-G media. All re-aggregates were plated at 100 µl per well in a PDL-borate/ 1

mg/ml laminin (R&D 3400-010-02) pre-coated 96-well plate. The cells were allowed to recover

for 3h in the incubator before 100 µl of ND-G media was added. RGC re-aggregates were cultured

for 14d and fed every 3d with a half-change of ND-G media, of which the last feed contained no

T3 (ND-G no T3) due to masking effect of exogenous T3 as explained in the OPC differentiation

protocol.

RGC-OPC co-cultures

One day before OPC addition, ND-G media in the 96-well plate was half-changed to serum-free

base medium (Mym) containing 100% DMEM, 100 U/ml penicillin, 100 µg/ml streptomycin, 110

µg/ml sodium pyruvate, 292 µg/ml l-glutamine, 5 µg/ml insulin, 1000x Trace Elements B, SATO

(100 µg/ml transferrin, 100 µg/ml BSA, 16 µg/ml putrescine, 60 ng/ml progesterone, 40 ng/ml

sodium selenite), 10 µg/ml d-Biotin, 10 mM hydrocortisone, 1 mg/ml ceruloplasmin, 1.36 mg/ml

vitamin B12 (Sigma V6629), hormone mix (1 mg/ml apotransferrin, 20 mM putrescine, 4 µM pro-

gesterone, 6 µM sodium selenite) and 2666x vitamin B27 (Supplementary Table 1) supplemented

with CNTF at 0.01 ng/ml and BDNF at 50 ng/ml. A full change of Mym media with BQ3020

(1-500 ng/ml) and XAV939 (5-5000 ng/ml) was conducted before 5,000 OPCs/well were added.

RGC-OPC co-cultures were treated again every 3d with compounds in Mym media. Co-cultures

were fixed 7d post OPC addition.

Immunohistochemistry

To perform immunohistochemistry, cells were washed once with dPBS and fixed with 4% paraform-

aldehyde in dPBS for 10min at room temperature (RT). Cells were washed once with dPBS before

adding blocking solution containing 50% goat serum, 50% antibody buffer (water, 150 mM sodium

chloride, 50 mM Tris-base, 1% BSA, 100 mM L-lysine and 0.04% azide) and 0.4% Triton X-100

for 30min at RT. Cells were incubated with primary antibodies overnight at 4°C. The following

day, the cells were washed with dPBS once and then incubated with secondary antibodies for 1h

at RT. The following primary antibodies were used: 1:100 rat anti-myelin based protein (MBP)

(MAB386), 1:1000 mouse anti-neurofilament (SMI31) (Biolegend 801601) and visualised with

appropriated secondary antibodies conjugated with Alexa fluorophores (Thermo Fisher) and DAPI
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at 1:1000.

Imaging by operetta

Perking Elmer Harmony® high-content analysis software 4.8 (HH17000001) was used to set up

imaging settings for the 96-well plate. Imaging was done with a 20x long WD non-confocal objec-

tive by the Operetta® High Content Imaging System. Appropriate channels were selected (DAPI,

Dyelight 647, Alexa 488) and exposure time as well as focus height was set accordingly. Imaging

took approximately 15s/image. The images were either analyzed directly by the Harmony software

or exported as tiff files for analysis with Myelin Status.

OPC differentiation analysis

We designed an analysis sequence by applying building blocks embedded in Harmony based on

counting the number of nuclei (DAPI+) and MBP+ cells. The building blocks are explained in

detail for each sequence step and include image examples.

Step1: The input data corresponds to microscope images from two channels; an OL-specific dye

(Rat-MBP with Alexa Fluor 647) and a nuclei staining in blue (DAPI), for which flat field correc-

tion was done (Image a).

Step2: Cell nuclei are found via building block M that detects each nucleus as a region on the image

having a higher intensity than its surrounding in the DAPI channel. It provides good results using

the following second level parameters: diameter, detection sensitivity, splitting sensitivity and com-

mon threshold from the DAPI channel, circled in the Image b. Building block M is working well

for similar sized nuclei, as this is an OPC monoculture.
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Step3: Cell cytoplasm is recognized by applying building block D that determines the intensity

threshold for each object individually and uses a restrictive region. It selects the nuclei population

defined in Step 2 as region of interest (ROI) in the Dyelight 647 channel from the MBP staining as

illustrated in Image c. This is best applicable in this case as intensity decreases with the distance

from the nucleus.

Step4: The mean intensities of the cytoplasms are calculated.

Step5: Morphology properties are calculated for Dyelight 647 channel to propose cytoplasm output

that can be adjusted by changing the intensity, cytoplasm area (µm2) and additional characteristic

as roundness, width, length or ratio of width (µm) to length (µm) of the cytoplasm manually.

Step6: The MBP+ population is selected by applying a filter by property: in this case the mean

intensity of Dyelight 647 (100-150) and cytoplasm area (200-300 µm2) revealing the MBP+ cells

in green (Image d).

Step7: To define the results, a list of outputs involves the number of total nuclei, the number

of MBP+ cells (Image e) and properties of MBP+ population (mean intensity of Dyelight 647,

cytoplasm area (µm2), cytoplasm roundness and amount of objects per field of view)
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Step8: To obtain the ratio of MBP+ cells (a) to the total cell number (b), a formula output a/b

is added to the results definition. The normalized MBP+ cells are then compared across condi-

tions.

Calculating the total length of myelinated segments

We designed an analysis sequence in Harmony to define the total length of myelinated segments of

axons, a modified approach of quantifying myelination from a method previously described. They

have defined myelination as total length of contiguous, aligned MBP staining normalized by total

OL number (fiber length/number of OLIG2+ nuclei) (Lariosa-Willingham et al. 2016). As one OL

can myelinate multiple segments of an axon simultaneously, we only considered stretches of MBP

overlapping with axonal SMI31, rather than normalizing MBP staining by the total number of OLs.

Step 1: The input data corresponds to microscope images from three channels; one for a neuron-

specific green dye (here mouse anti-SMI31 visualized with Alexa Fluor 488), an OL-specific dye

(here rat anti-MBP visualized with Alexa Fluor 647) and a nuclei staining (DAPI) (Image a). No

flatfield, but brightfield correction is selected and individual planes are processed.

Step 2: Cell nuclei are identified again via the building block M from the DAPI channel and the

nucleus inner center region is selected (Image b), meaning the nucleus inner center is defined as

the output region.
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Step 3: The image is filtered by a SER Ridge filter at 1px scale and uses a Kernel normalization.

The latter is an image-processing feature that is used for blurring, sharpening, embossing and edge

detection and therefore the filtered images are pixel wise divided by the smoothed original image

(Image c).

Step 4: 'Neurite segments' proceeding from the nuclei inner center region are selected in the SER

Ridge filtered channel by the building block 'CSIRO neurite analysis' (Image d). An algorithm,

developed by the Australian CSIRO research institute that uses following adjustable parameters,

does the analysis

• 1. Smoothing (Gaussian Filtering) by selecting the level of Gaussian blur

• 2. Linear Feature Detection: the neurites are detected in this step by the tuning parameters

linear window and contrast

44



RESULTS - MANUSCRIPT 1
• 3. Removing small objects by changing the diameter

• 4. Closing gaps between detected neurites

Step 5: The background of the selected neurite segments population is defined via resizing the

region (µm/px) by tuning the second level parameter outer and inner border (in this case the outer

border is defined as -3px) (Image e). The unit of the parameters is an absolute distance, either

micrometer (µm) or pixel (px). The 'keep image border' option defines the behavior when the

original region touches the image border and in this case the option is activated meaning the pixels

at the image border are not modified. That corresponds to the assumption that the object border

coincides with the image border.

Step 6: Mean intensity properties are calculated to define Dyelight 647 intensity of 'Neurite Seg-

ments' and distinguish from background.

Step 7: To calculate the Dyelight 647 difference (MBP staining); the mean background intensity

(=B) (defined in step 6) is subtracted from the mean intensity of 'Neurite Segments' (=A) by for-

mula method (A-B).

Step 8: The mean intensity of the 'Neurite Segment' population in the Alexa 488 channel is calcu-

lated.

Step 9: From the 'Neurite Segment' population the axons are selected via a common filter that re-

moves border objects.

Step 10: 'Axons' with manual adjusted intensity are selected from the 'Neurite segment' population

(Image f).

45



RESULTS - MANUSCRIPT 1

Step 11: To define myelinated axons from the 'Axon' population; the Dyelight threshold is set

manually (by optimizing Dyelight difference for example >100) (Image g).

Step 12: Unmyelinated axons are selected as all axons with the requirement myelinated axons = 0

which were defined in Step 10 (Image h).

Step 13: Image analysis results are calculated by summing 'myelinated axons'- segment length

(µm) per well.

Step 14: Total length of 'myelinated axons' per well (µm) is normalized to its respective control

and compared across conditions.
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Calculating myelination index of co-cultures

We developed the following algorithm to estimate myelination status of individual cells, i.e. myeli-

nation index. The sequence of steps are explained.

Step 1: The input to the algorithm is composed of microscope images from two channels; one

for a neuron-specific dye and another for OL-specific dye.

Step 2: The general noise of each image (neuron and OL separately) is measured with 'salt and

pepper' noise estimation. This allows for filtering-out of noisy images when analyzing an image

set.

Step 3: Contrast stretch of intensity values is performed for each image, to bring the general in-

tensity distributions across images closer together. The stretch saturates the highest and lowest 1%

pixels in each image. Below is an example of raw neuron image (left) and after contrast stretch

(right).

Step 4: Cleaning leak between channels.

- Leak from the neuron channel into the OL channel introduces linear objects that are far away

from the cell body and are likely not part of an OL cell. To filter those out, the algorithm

performs a wide Gaussian filtration, with size of the averaged OL cell, on the OL image and

increases intensity levels for the OL image proportionally to the filtration output.

- Leak from the OL channel into the neuron channel introduces non-linear, 'blobby' objects in
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the neuron image that are likely not part of a neuron cell. To filter those out, the algorithm

performs a wide Gaussian filtration, with size of the averaged OL cell, on the neuron image

and decreases intensity levels for the neuron image proportionally to the filtration output.

- If the leak is too high, based on local spatial correlation between channels, the algorithm

excludes the image.

Below is an example of a neuron channel cleaned from an OL channel leak. Shown are the full

imaging field and zoom-in for the area marked by the white square. The fuzzy, blobby signals in

the neuron channel enclosed in the marked ellipses likely represent leakage from the OL channel.

Note that after filtration as described above; those blobs are less prominent compared with the

linear structures representing neuronal projections.

Step 5: Detection of OL cells. The algorithm takes the 20-80% middle range of intensity after the

corrections described above. In this range, the algorithm examines the binary objects above a series

of intensity thresholds. Only objects above a certain size are considered, specifically 20% of the

averaged OL cell in the experiment. The algorithm then selects the intensity threshold in which the
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highest number of cells were detected. Areas above this intensity threshold are defined as detected

OL cells.

Step 6: Inside the regions of cells detected in the last step the algorithm finds sub-regions of high

intensity of neuron signal. Intensity threshold for neuron signal is determined by the highest 80%

(i.e. above 20%) after the corrections described above.

Step7: Excluding two types of artefacts.

- Neuron aggregates have a very high local intensity level that obscures cellular details. These

regions are identified with image-erosion with a circle of a diameter of 60 pixels.

- Dust specks are seen on images as bright circular objects. In the algorithm circularity of each

object is measured and objects with circularity above 0.9, which are likely dust particles, are

excluded.

Step 8: For each OL cell the ratio between the areas of high neuron signal (calculated at step 6, see

image below for example, middle) and total cell area (calculated at step 5, image below, right) is

calculated. This ratio is the myelination index.

To compare myelination index with manual scoring, we randomly shuffled experiment images and

asked an expert user to score myelination on a one to five scale. We then calculated Pearson corre-

lation coefficients for manual and algorithm's scores, per data set. We performed this comparison

for 100 cells in each of three data-sets. Calculated correlation coefficients were 0.95, 0.91 and

0.96.
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Code availability

The algorithm generated and used for analysis during the current study is available in the following

repository (https://github.com/sbarbash/MyelinationStatus).

Statistical analysis

GraphPad Prism 8.4.2 software and Myelin Status were used to do all statistical analyzes. Data are

presented as mean ± SEM, unless otherwise indicated. Statistical analyzes were conducted using

the Student's t-test, the one-way ANOVA with Dunnett's multiple post-hoc tests or non-parametric

tests, such as the Mann-Whitney U-test, when data was not normally distributed. Details on the

type of test applied for each experiment are mentioned in the figure legends and results section.

In general, n values refer to the number of individual dots, differentiations, or imaging fields for a

given experiment.

50

https://github.com/sbarbash/ MyelinationStatus


RESULTS - MANUSCRIPT 1

Results

Optimizing OPC to oligodendrocyte differentiation

As a first step, we have optimized our culturing, imaging and analysis techniques for the first

stage of myelination, namely OPC to OL differentiation for drug discovery purposes. To illustrate

this, we have used several compounds known to induce OPC to OL differentiation. Primary rat

O4+ OPC cells were stimulated with increasing Triiodothyronine (T3) concentrations (0.4-200'000

ng/ml), BQ3020 (5-500 ng/ml) and XAV939 (50-5000 ng/ml) for four days in absence of PDGF.

We designed an automated analysis sequence using building blocks in Harmony® high-content

analysis software (Perkin Elmer) based on the number of nuclei (DAPI+) and myelin basic protein-

positive cells (MBP+) cells resulting in a precise ratio of differentiated OLs. T3 (40 ng/ml) and

PDGF (10 ng/ml), an OPC mitogen, were used as positive and negative controls, respectively.

Comparing MBP+ cells normalized to the total cell number (DAPI+), a significant increase in

differentiated OLs was observed with increasing T3 concentrations starting from 10 ng/ml. We

provide the effective dose curve (ng/ml) of T3 on OL differentiation in Figure 1. The addition of

T3 led to the differentiation of up to 40% of the OPCs. To lower the baseline for identifying can-

didate compounds, T3, which tends to mask potential pro-myelinating stimulators, was eliminated

in all further treatment conditions.

BQ3020 showed an increasing OL differentiation promoting effect from 10 ng/ml onward and

revealed its maximal effect at 250 ng/ml compared to DMSO (Figure 2A). Similarly, a dose re-

sponse curve was observed with increasing concentrations of XAV939 (50-5000 ng/ml), as well as

a maximal effect at 250-500 ng/ml XAV939, compared to DMSO. The highest proliferation and

minimal differentiation of OPCs was observed with PDGF, as expected (Figure 2C and G). The

highest number of differentiated cells was clearly visible by the numerous MBP sheaths in addition

of T3 (Figure 2D and H). The significantly increased number of differentiated OLs upon BQ3020

(Figure 2E) and XAV939 (Figure 2I) administration compared to the DMSO controls (Figure 2F

and J) is visible from the MBP sheath to DAPI ratio.
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Quantifying myelination in co-cultures

We also sought to develop a method to reliably quantify myelination such that dose response curves

in response to remyelinating compounds (BQ3020, XAV939) can be obtained. We have compared

and contrasted two methods to quantify myelination in co-cultures; one evaluates the length of

myelinated segments and the second takes into account the status of individual processes of an OL

to determine its 'myelin status'. We have found that the myelin status gives a more sensitive read-

out, enabling us to obtain dose-response curves suitable for determining efficacy of compounds

that promote myelination.

We observed that a dense bed of axons formed within 12-14 days after seeding of the neurons.

Upon OPC addition, successful differentiation into OLs, tracked by the production of MBP sheaths,

was observed and we then proceeded to quantify myelination in response to previously published

compounds. The predefined dose range of BQ3020 and XAV939 was added to the RGC-OPC co-

cultures for seven days.

In our first analysis method, we generated an analysis sequence using building blocks in Har-

mony® high-content analysis software. The analysis was designed to measure the total length of

myelinated segments in the co-cultures by recognizing the MBP sheath of OLs overlapping with

the axons. Previously, the total length of myelinated axons had been defined as total length of

contiguous, aligned MBP staining normalized by the total number of OLs (fiber length/number of

OLIG2+ nuclei) by K.D. Lariosa-Willingham et al. (Lariosa-Willingham et al., 2016). However,

we refined the analysis by counting only the continuous stretches of MBP overlapping with axonal

SMI31 staining. This fiber length calculation added all ensheathed and myelinated axon segments

per experimental area (µm/well). The total length of myelinated axons was higher with increas-

ing concentrations of BQ3020 (1-500 ng/ml) compared to DMSO control, although the variance

within the conditions was relatively high. The maximal length of myelinated axons (µm/well)

was observed in the 500 ng/ml BQ3020 condition (Figure 3A). Similarly, a significant difference

in total myelinated axon length (µm/well) was only seen with higher concentrations of XAV939

(500-5000 ng/ml) compared to DMSO control (Figure 3B). To determine if we were able to form
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compact myelin in culture, we examined the NOR formation in our cultures. NORs consist of para-

and juxtaparanodal structures that are essential to the action potential propagation in the CNS. As

an indicator of early node formation, and a surrogate for compact myelin formation, we found that

prior to NOR formation the paranodal contactin-associated protein (CASPR) had a more diffuse

localization along the length of the axon. However, upon formation of a myelin segment, CASPR

redistributed and became concentrated in the paranodal junction of mature myelinated axons (But-

termore et al., 2013; Charles et al., 2000; Rasband, Peles, 2015). Figure 4 depicts the successful

compact myelin formation by an OL, shown by CASPR (red) stained paranodes along the axon

(green) enclosing the NOR.

After confirming that we could observe paranodal junction formation in our co-cultures by CASPR

localization in the 96-well plate format, we focused on developing a more sensitive myelination

quantification method. One that takes the morphological changes during OPC differentiation into

a myelinating OL into account. OL-lineage development can be traced by their morphological

changes from a highly proliferative, unipolar cell toward an elongated proliferative OPC differ-

entiating into a polygonal, promyelinating cell with ramified processes and finally a myelinating,

non-proliferative cell with numerous parallel aligned process arbors that can myelinate multiple

axons (Ono et al., 1995). For this, we tailored a computer-vision algorithm to identify only the

myelinating parts of an OL. This algorithm termed 'Myelin Status' was designed to mimic the way

a researcher assesses myelination images by eye. The full, systematic algorithm is described in

the methods section. Briefly, the algorithm detected individual OL cells, mapped nearby neuronal

projections, and calculated the ratio between the myelinating parts of an OL cell and its total area,

while filtering out artefacts such as neuron-aggregates. The output was a score of the degree of

myelination for each individual OL. The algorithm's output was compared to human researchers,

across several experimental data-sets from different time points and of different compounds, and

was found to have a higher correlation coefficient than 0.91. In addition, we demonstrated that

our algorithm was sensitive enough to reveal dose responses of (re-)myelinating compounds. After

quantifying the total myelinated fiber length, the image analyzes of the RGC-OPC co-cultures

treated with BQ3020 and XAV939 were repeated with Myelin Status. RGC-OPC co-cultures

treated with BQ3020 (1-500 ng/ml) for seven days facilitated myelination from 100 ng/ml on-

ward and revealed its maximal promotion at 250 ng/ml compared to DMSO control (Figure 5A).
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Once the myelin index of each OL of the population of a condition was plotted, the significant

difference of the OL myelination behavior became even more prominent (Figure 5B). Through

the ability of the algorithm to analyze the entire experimental area (96-well plate), we received an

overview of the entire OL population within 9 minutes per well (one well containing 5,000 OPCs

was imaged with approx. 69 images at a rate of 7.8s/image). The morphology of ensheathing OLs

were apparent in the DMSO, 5 ng/ml BQ3020 and 10 ng/ml XAV939 condition by their broad,

ramified character, whereas myelinating OLs were marked by compact, linear stretches of MBP in

the 100-500 ng/ml BQ3020 and 100-5000 ng/ml XAV939 condition (Figure 5C and F). The com-

pound XAV939 facilitated myelination in RGC-OPC co-cultures significantly from 500 to 5000

ng/ml (Figure 5D). Lower concentrations of XAV939 (1-100 ng/ml) showed that the majority of

the OL population were similarly or slightly less myelinating compared to DMSO control. Even

though 5000 ng/ml XAV939 revealed decreased OPC differentiation in the OPC monoculture, we

observed a significant increase in myelination in the RGC-OPC co-cultures (Figure 5D and E).

In its current form, our assay workflow analyzes the entire experimental area, circumventing any

sampling bias and has allowed us to study and identify many early- and late-stage regulators of

myelination.

By showing these sensitive readouts and quantification of myelination in vitro, we conceptualized

the parameters, rules and models necessary to characterize a myelinating OL and its myelinating

capacity in a programmable framework resolving in a myelination index. We provide step-by-step

instructions on how we defined the readout of myelination in our system and demonstrated that

our analysis is sensitive enough to show dose responses of remyelinating compounds, while at the

same time is able to process large data sets that would simply overwhelm human analysis.
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Discussion

The emergence and amenability of higher throughput systems to study CNS myelination in native

systems in vitro as well as their automated quantification is key to the search of more efficacious

therapeutics for demyelinating diseases. The differentiation of OLs at the site of demyelinated

lesions creates only one part of the solution of regaining myelination and proper nerve function.

Therefore, for future drug development, we believe a basic and easy-to-manipulate myelin forma-

tion in vitro model that is still complex enough to assess later stages of myelination in an automated

way, provides all necessities to better understand regulators of myelination in health. By using the

OPC differentiation assay and semi-automated analysis in a first step, the pro-differentiating effects

of compounds as well as their working dose range can be rapidly assessed.

In a second step, the RGC-OPC co-culture system of purified cells that is miniaturized to a higher

throughput setting with fully automated analysis provides insight into extrinsic processes and ef-

fects on later stages of myelination. Our workflow was based on previously established and highly

efficient assays to provide robust, reproducible and automated results at the single cell level. Unlike

other methods, our assays were made of unpassaged primary rodent cells in serum-free conditions

to get closer to in vivo-like cellular phenotypes. Furthermore, compound testing was performed

in the absence of exogenous T3 to prevent the masking effect of T3 on OPC differentiation. In

line with the results from Yuen et al. (Yuen et al., 2013), 50-100 ng/ml BQ3020 revealed a signif-

icant promoting effect on OPC differentiation, although our readout already showed a significant

increase in differentiated OPCs from lower concentrations (10 ng/ml). We revealed the potent OPC

differentiating dose-dependent effect and a peak at 250-500 ng/ml XAV939 in vitro, compared to

Fancy et al. (Fancy et al., 2011), who presented effective XAV939 concentrations in vivo at a lower

nanomolar range (3-30 ng/ml). After confirming the production of compact myelin by OL in our

miniaturized native culture system, the same dose ranges of BQ3020 and XAV939 were used for

the RGC-OPC co-cultures to quantify myelination first: by the length of total myelinated axons,

secondly by myelin status that examines single OPCs. Through the readout of the myelinated axon

length per condition that was adapted from a previous method (Lariosa-Willingham et al., 2016), a

trend of increasing myelination with increasing concentrations of BQ3020 and XAV939 was visi-

ble. However, the variance between replicates was relatively high, likely because the calculation of
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myelinated segment-lengths were based on the mean channel intensities. Previous methods have

normalized the total lengths of MBP stretches by the total number of OLs. However, this does

not imply the necessary axon contact as well as assumes similar MBP protrusions per OL. In re-

ality, both an intrinsic clock and extrinsic regulators stimulate OPC differentiation and maturation,

meaning one cell can already be at the end-stage of differentiation while another can still have a

bipolar, non-myelinating morphology. To differentiate between these stages of OPC differentia-

tion and maturation, for example by distinguishing an ensheathing from a wrapping OL, we scored

each individual cell with a novel tailored computer-vision algorithm. The automatic identification,

channel corrections and noise cancellation as well as taking a middle range of signal intensity of

objects of certain sizes provided a more precise and robust readout and for the first time enough

sensitivity to capture dose dependent effects.

To overcome limitations like the lack of disease context as well as translatability to humans, we

hope to improve and adapt this automated analysis to more complex native myelinating systems. If

automated confocal imaging of 3D myelinoids could be established and imaging made compatible

with our algorithm, sensitive myelin index readouts could be possible at the single cell level without

compromising on a higher throughput method. Furthermore, once an effective in vitro dose range

of a compound is established with this workflow, the predictions to in vivo dosing are simplified

and save overall time and resources. Altogether, the described platform using rodent co-cultures

and automated analysis is easy to set-up, relatively inexpensive and builds an effective tool to eval-

uate the dose-dependent effect of candidate compounds or to study regulators of all steps of CNS

myelination.
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Conclusion

In this manuscript, we describe: 1) the novel adaptation of a native primary cell co-culture system

for relatively high-throughput drug screening with industry rigor and 2) a rapid computer-vision

analysis method to reliably quantify myelination in vitro. We hope that other groups will find this

workflow with paradigms relevant to the MS field advantageous for comprehensively examining

future relevant promyelinating compounds.
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Data availability

The datasets generated and/or analyzed during the current study are not publicly available due to

the large volume of raw images analyzed but will be made available from the corresponding authors

on request.
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Figures

Figure 1: T3 promotes OPC into oligodendrocyte differentiation
Differentiated OLs quantified from MBP+ stained cells normalized to the total cell number. Four day treatments of O4+

OPCs with increasing concentrations of T3 (0.4 – 200000 ng/ml) are compared to control (dPBS) and PDGF negative

control. Individual values show mean ± SEM; n=3, analysis was done by an unpaired t-test with 95% confidence

interval, ns=not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 2: BQ3020 and XAV939 promote OPC differentiation in vitro
Differentiated OLs quantified by MBP+ stained cells (%) normalized to the total cell number. Four-day treatments of

O4+ OPCs with increasing concentrations of A) BQ3020 (5-500 ng/ml) and B) XAV939 (25-5000 ng/ml) were com-

pared to DMSO control. C, G) PDGF (10 ng/ml) and D, H) T3 (40 ng/ml) are displayed and quantified as negative and

positive controls, respectively. Representative immunofluorescent images of OPC/OLs monoculture highlighting nuclei

in blue (DAPI) and differentiated cells in red (MBP) in E) 500 ng/ml BQ3020 and I) 1000 ng/ml XAV939 conditions

compared to F, J) DMSO (scale bar; 100 µm). Individual values show mean ± SEM; n≥3, analysis was done by an

unpaired t-test with 95% confidence interval, ns=not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Figure 3: Higher concentrations of BQ3020 and XAV939 increase the total length of myelinated axons in vitro
Quantification of the total myelinated axon length (µm/well) fold change of RGC-OPC co-cultures treated with A)

BQ3020 (1-500 ng/ml) and B) XAV939 (1-5000 ng/ml) compared to DMSO control. Individual values show mean ±
SEM; n=4, analysis was done by unpaired t-test with 95% confidence interval, ns=not significant, *P<0.05, **P<0.01,

***P<0.001, ****P<0.0001.
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Figure 4: Compact myelin formation occurs in 96-well RGC-OPC co-cultures in vitro
RGC-OPC co-culture in a 96-well plate format stained for MBP (grey), SMI31 (green), CASPR (red), and DAPI (blue).

White arrows indicate paranodal CASPR localization (red) overlapping with axonal SMI31 (green) and therapy flanking

the NOR (scale bar, 50 and 25 µm).
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Figure 5: BQ3020 and XAV939 facilitate myelination in vitro 63
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Figure 5: BQ3020 and XAV939 facilitate myelination in vitro
Quantification of myelination (myelination index) of RGC-OPC co-cultures treated with increasing concentrations of

A) BQ3020 (1-500 ng/ml) and C) XAV939 (1-5000 ng/ml) normalized to DMSO control. Myelin index of the OL

population per condition plotted as Violin plots in B) for BQ3020 treatments and E) for XAV939 treatments normalized

to DMSO control. Representative images of fluorescent MBP (red) and SMI31 (green) of C) BQ3020 and F) XAV939

conditions compared to DMSO used for quantification (scale bar; 100 µm). White arrows indicate axons wrapped with

compact myelin by an adjacent OL. Individual values show mean ± SEM; Violin plots show median and quartiles as well

as the mean as number, n=4, analysis was done by one-way ANOVA followed by Dunnett's multiple post hoc test for

comparing more than three biological samples, ns=not significant, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001.
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Supplementary information

Sigma Cat. Final (µg/ml)

Aqueous stock
L-Carnitine C7518/C0283 2.0

Ethanolamine E9508 1.0

D(+)-galactose G0625 15

Putrescine P5780 16.1

Sodium Selenite S9133 0.01435

Ethanolic stock
Corticosterone C2505 0.02

Linoleic acid L1012 1.0

Linolenic acid L2376 1.0

Lipoic acid (thioctic acid) T1395 0.047

Progesterone P8783 0.0063

Retinyl acetate R7882 0.1

Retinol, all trans (vit. A) 95144 0.1

D,L-alpha-Tocopherol (vit. E) 95240/T33251 1.0

D,L-alpha-Tocopherol acetateb T3001 1.0

Add fresh
Albumin, bovine A4161 2500

Catalase C40 2.5

Glutathione (reduced) G6013 1.0

Insulin I6634 4.0

Superoxidase dismutase S5395 2.5

Transferrin T5391 5.0

Supplementary Table 1: Composition of the B27 medium supplement
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Abstract

The role that astrocytes play in myelination is poorly understood. We investigated their contri-

bution to myelination by employing proteomics and lipidomics and identified a large degree of

overlap between proteins secreted by human and rat astrocytes. We have studied their relevance

during the myelination process in in vitro co-cultures of retinal ganglion cells and cortical oligo-

dendrocyte precursor cells. We demonstrated that astrocyte-derived factors promote myelination

and identified the proteoglycan brevican as an enhancer of late-stage myelination in vitro and in ex

vivo brain slices. In addition, developmental myelin formation was significantly reduced in bre-

vican knockout compared to wild-type mice in vivo, but restored by adulthood. We discovered

common human and rat reactive astrocyte-derived factors that regulate myelination and measured

significantly less brevican in reactive astrocyte-conditioned media, suggesting a possible mecha-

nistic link to reduced myelination caused by reactive astrocytes. Furthermore, we proposed novel

putative oligodendrocyte-derived interactors of brevican. Together, we reveal a new relevant factor

that regulates myelination in the central nervous system and show that reactive astrocytes play a

dual role during myelination. The over- and underrepresented, secreted proteins by reactive as-

trocytes may cause perturbations in the myelin physiology, extracellular matrix organization and

inflammatory pathways simultaneously, thereby disrupting CNS myelination.
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Introduction

Myelination is a highly regulated developmental multi-step process in the central nervous system

(CNS) starting with the oligodendrocyte precursor cell (OPC) migration and differentiation into a

mature oligodendrocyte (OL). Next, the OL selectively contacts axons, ensheathes and then wraps

them with multiple myelin layers, successfully forming myelinated axon segments, referred to as

the internodes. All these steps are highly complex, regulated by multiple cellular and molecular

cues and continue throughout the lifetime of an animal. The myelin sheaths are ‘protecting sleeves’

composed of proteins and specific lipid components essential for saltatory impulse conduction

(Dupree et al., 2004; Susuki et al., 2013; Yakovlev, Lecours, 1967). Minimal metabolic demands

for the rapid action potential (AP) propagation along myelinated axons require high densities of

ion channels and cell adhesion molecules, clustered at periodic gaps, the nodes of Ranvier (NORs).

Paranodal junctions formed by interactions between glial neurofascin 155 (NF155) and the ax-

onal cell adhesion molecules contactin-1 (CNTN1) and contactin associated protein (CASPR), as

well as juxtaparanodal structures, flank the NORs. Three independent neuron-glia interactions

contribute to proper node assembly: (1) glia-derived extracellular proteins such as brevican and

versican clustering neurofascin 186 (NF186), (2) restriction of nodal proteins at the nodal gap by

the paranodal axoglial junctions, and (3) axonal cytoskeletal scaffolds (CS) such as an ankrinG-βIV

spectrin protein complex and the actin cytoskeleton that stabilize nodal ion channels. Although, not

all three mechanisms are necessarily equally redundant, because paranodal junctions form before

nodal clustering of extracellular proteins or CSs during development. While mice with a single

disrupted mechanism result in primarily normal nodes, the simultaneous disruption of two or all

three leads to juvenile lethality, severe motor dysfunctions and profoundly reduced sodium channel

clustering (Susuki et al., 2013; Susuki, Rasband, 2008; Williams et al., 2007). However, little is

understood about their specific participation and ability to compensate for each other in CNS injury

or disease.

Astrocytes secrete trophic metabolites, lipids, cytokines, chemokines, proteases and protease in-

hibitors, as well as more complex proteins such as chondroitin sulfate proteoglycans (CSPGs)

which fill the extracellular space (Delcourt et al., 2005; Fawcett et al., 2019; Keene et al., 2009;

Moore et al., 2009; Zamanian et al., 2012). These extracellular matrix (ECM) molecules either ac-
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cumulate in diffuse reticular forms throughout the neuropil or appear in highly organized structures

such as the perineuronal net (PNN) surrounding the perikarya and dendrites, as axonal coats (ACs)

around individual synapses or nodal ECM localized at the NORs of myelinated axons. Conse-

quently, altered localization and molecular composition of the ECM may result in differential bio-

logical responses such as neural plasticity, signal transduction and neuronal activity during normal

and pathological conditions (Kecskes et al., 2015). The lectican family of CSPGs such as aggrecan,

versican, neurocan and brevican associated with hyaluronan (HA), tenascin glycoproteins and link

proteins build the major components of the ECM. Condensed nodal ECM structures are enriched at

almost all NORs in the CNS and appear during development to regulate receptor clustering, synap-

tic homeostasis, function and plasticity as well as axonal conduction speed (Fawcett et al., 2019;

Oohashi et al., 2002; Sloane et al., 2010). Even slight disturbances can disorganize such a complex

series of events such as the steps of myelination, in the CNS. Myelination is therefore particularly

susceptible to numerous nervous diseases. Multiple Sclerosis (MS), a chronic inflammatory neu-

rodegenerative disease is characterized by the progressive loss of myelin, which eventually leads to

the denuded axons degenerating (Allaman et al. 2011, Müller 1904). The loss of OLs and conse-

quently their myelin sheaths cause anomalous nerve transmission and neuronal cell death leading

to accumulated degeneration that is believed to be the reason for continued disease progression

and clinical disability (Confavreux and Vukusic 2006). Remyelination of axons is thus crucial to

prevent neurodegeneration and has the potential to halt and even reverse the disease. Despite the

substantial body of knowledge concerning the role of the ECM in peripheral tissues, little is known

about the structure and function of astrocyte-derived ECM in the healthy and diseased CNS (Es-

hed et al. 2005). The extracellular environment has been shown to be significantly altered inside

chronic MS plaques and considered to be a crucial remyelination-inhibiting factor. HA, CSPGs,

tenascin-C and fibrinogen are believed to inhibit remyelination possibly by preventing OPC dif-

ferentiation and migration. At the same time other components such as laminin-2 and tenascin-R

(TN-R) were shown to have pro-myelinating functions improving OPC adhesion and differentia-

tion (Czopka et al., 2010; Pendleton et al., 2013; Petersen et al., 2017; Quaglia et al., 2008; Stoffels

et al., 2013; You, Gupta, 2018). It is well established that reactive astrocytes increase the expres-

sion of CSPGs, which form the major constituent of the glial scar in response to CNS injury (Asher

et al., 2002; Fitch, Silver, 2008; Galtrey, Fawcett, 2007; Keough et al., 2016; McKeon et al., 1999;

Rolls et al., 2008). Nevertheless, also pro-regenerative functions of CSPGs such as the enhance-
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ment of OPC survival and differentiation have been reported (Pekny et al., 2016). How reactive

astrocytes, triggered in human disease states, change in their protein and lipid efflux and thereby

altering their local ECMs that translate into mechanistic pro- or anti-regenerative consequences for

myelination is still an open question. Despite the shared common properties of various types of re-

active astrocytes, they display unique response profiles specific to distinct neuropathologies, which

makes it even more difficult to unravel general ECM-regulating functions (Fawcett et al., 2019;

Kiray et al., 2016). Astrocyte reactivity is secondary to an extrinsic signal depending on the loca-

tion, origin and severity of a CNS injury or disease and ultimately can be beneficial or repressive

to re/myelination (Escartin et al., 2021; Pekny et al., 2016). Co-stimulation with tumor necrosis

factor alpha (TNFα) and interleukin 1 beta (IL1β), proinflammatory cytokines typically secreted

by microglia, is an established method to shift astrocytes toward a hypertrophic morphology and

inflammatory phenotype with neurosupportive characteristics in vitro and in vivo (Hyvarinen et al.,

2019; Liddelow et al., 2017). Here, we aimed to identify conserved astrocyte-derived factors and

decipher their roles during CNS myelination, and link their dysregulations in a reactive astrocyte

phenotype to possible problems occurring in demyelinating diseases.
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Results

Astrocytes secrete multiple factors that promote myelination

We first investigated the effects of astrocytic factors on myelination in vitro. We used immunopan-

ning (Foo et al., 2011) to prepare highly pure populations of resting (non-reactive) astrocytes and

cultured them in serum-free conditions (Supplementary Figure 1). To identify secreted astrocyte

factors, we collected astrocyte conditioned media (ACM). We either heat (95°C) treated the ACM,

to distinguish effects caused by lipids from those of proteins, or fractionated the ACM to distin-

guish by molecular size. We systematically investigated the various forms of processed ACM on

myelination in RGC-OPC co-cultures. We employed mass spectrometry-based proteomics and

lipidomics to identify the factors secreted by primary resting rat astrocytes (Figure 1A).

We stained the RGC-OPC co-cultures with antibodies against myelin basic protein (MBP) and neu-

rofilament (SMI31) to visualize OLs and axons, respectively. We observed distinct linear stretches

of MBP overlapping with axons in response to treatment with 10kDa ACM (containing molecules

with sizes larger than 10kDa) (95°C and 4°C) and 4°C 30kDa ACM (containing molecules with

sizes larger than 30kDa). In contrast, myelination in the 30kDa boiled (95°C) ACM treated co-

cultures resembled the control condition visible by its broad and ramified OL morphology (Fig-

ure 1B). To quantify myelination in these co-cultures, we used a novel computer-vision algorithm

(unpublished data). Briefly, the algorithm detects individual OLs by MBP staining, maps nearby

neuronal projections from the axonal marker SMI31, and calculates the ratio between the myelinat-

ing parts of the OL (overlap MBP and SMI31) and its total area (MBP). We used the output 'myelin

index' to score the extent of myelination for each individual OL, allowing a precise understanding

of the OPC population's behavior induced by the treatment.

We measured significantly more myelination after the addition of astrocyte-derived factors, com-

pared to without. Except in the case where 30kDa boiled (95°C) ACM was used (Figure 1C).

Hence, we hypothesized that within the 10-30kDa ACM fraction, lipid(s) facilitated myelination,

whereas in the 30kDa ACM protein(s) had to be responsible as the effect was lost once the proteins

were denatured.
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Brevican core protein promotes myelin formation in vitro and ex vivo

To identify the secreted astrocytic factors that promoted myelination, we first passed the 30kDa

ACM through a heparin-binding or hydrophobic interaction HiTrap column. We found that the frac-

tion bound to the heparin-binding column that selectively enriches for ECM components, was able

to significantly promote myelination (Supplementary Figure 2). We identified individual factors

by mass spectrometry based proteomics of 30kDa ACM and lipidomics of 10kDa ACM (Supple-

mentary Figure 3). We compared our proteomics results to a published rat chip dataset and filtered

factors based on criteria such as a higher Prot score than 10, reflecting the combined score of all

observed mass spectra that can be matched to amino acid sequences within a given protein (Foo

et al., 2011). Furthermore, we selected for protein sizes larger than 30kDa and conserved proteins

across species that are primarily secreted by astrocytes. We identified brevican, neurocan, sparc-

like protein 1 (SPARCL1), apolipoprotein E (APOE), lactadherin (MFG-E8) and carboxypeptidase

E (CPE) as having met our criteria (Figure 1D).

We treated the RGC-OPC co-cultures with exogenous recombinant proteins, identified as described

above and found that recombinant human full-length brevican protein bearing C-terminal his-tag

was the only protein exhibiting consistent enhancing effects on myelination in a dose-response

manner (Supplementary Figure 4A). We observed expanded and ensheathing OL morphology in

lower concentrations of brevican (<41 nM) similar to the control condition. Whereas with increas-

ing brevican concentrations from 82 nM, the MBP-stained OLs revealed exceeding compact myelin

sheaths overlapping with axons similar to the 30kDa ACM condition (Figure 2A). The myelin index

of RGC-OPC co-cultures treated with increasing concentrations of brevican (4-655 nM) showed

a profound dose-dependent increase in myelination with a peak at 82-164 nM compared to H2O

control (Figure 2B). However, exogenous protein addition exceeding 410 nM resulted in rising os-

molarity and disturbed myelination because the optimal osmolarity range of RGCs and OPCs lies

within 250-300 mOsm/kg (Supplementary Figure 4B). In addition, using the full-length brevican

core protein from two different expression systems such as from wheat germ extract (ab153476)

and a mouse cell line (4009-BC), we showed that the brevican core protein is responsible for the in-

crease in myelination, independent of its posttranslational modifications (Supplementary Figure 5).

The human recombinant full-length brevican core protein (4009-BC) was used for further experi-

ments.
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To examine if brevican regulated OPC differentiation, the first step of myelination, we added ex-

ogenous full-length brevican to monocultures of OPCs. We did not see a significant alteration in

the number of MBP-positive cells compared to the control (Figure 2C), suggesting that brevican

did not initiate OPC to OL differentiation but rather influenced the later steps of myelination. To

further confirm the myelin promoting effect of brevican, we performed a developmental and re-

myelination study in ex vivo mouse cerebellar slices (Figure 2D). Myelin formation and brevican

expression are both developmentally regulated and peak later during development in the mature

CNS (Baumann, Pham-Dinh, 2001; Milev et al., 1998). Developmental myelination of postna-

tal day (p)1 mouse cerebellar slices cultured with exogenous recombinant brevican (0.01-0.2 µM)

revealed a significant dose-dependent increase in myelination compared to the H2O control (Fig-

ure 2E and F). We used the localization of CASPR at the paranodes as a surrogate for the formation

of myelin internodes (Shen, Yuen, 2020). Brevican also significantly facilitated remyelination in p7

mouse cerebellar slices upon LPC insult (Supplementary Figure 6) compared to H2O (Figure 2G).

Taken together, our data suggest that exogenous brevican core protein induced promotional effects

on myelination both in vitro and ex vivo.

Brevican plays a role in myelination during development

To examine the impact of brevican on myelination in vivo, we used brevican (BCAN) wild-type

(WT) and knockout (KO) mice (Figure 3A).

WT RGC-OPC co-cultures were treated with ACM collected from BCAN KO or WT mice. BCAN

KO ACM was less able to promote myelination compared to ACM from WT mice. This effect was

rescued by the exogenous addition of recombinant brevican protein back to the co-cultures (Fig-

ure 3B). OPCs and RGCs isolated from BCAN KO mice did not exhibit defects in differentiation

or viability, respectively (Supplementary Figure 7A and B). Overall, this data suggest that the de-

crease in myelination in addition of KO ACM is solely due to the lack of astrocyte-derived brevican.

There was a reduction in the number of properly formed NORs in the BCAN KO slices compared

to WT at both 7d and 14d (Figure 3D and E). This effect was partially rescued by the addition

of exogenous brevican to BCAN KO p1 mouse slices (Figure 3F and G). Taken together our data
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indicate that brevican core protein secreted by astrocytes, supports the myelination process in later

stages independent of endogenous brevican expression.

We next investigated if loss of brevican affected developmental myelination. Less proteolipid pro-

tein (PLP) was detected in the BCAN KOs at the age of 14 days (Figure 3H and I). In line with this,

we observed reduced developmental myelination in BCAN KO mouse cerebellum by black gold

staining (Figure 3J and K). However, we found similar MBP protein expression, in p14 WT and KO

mice (Supplementary Figure 7C and D). While MBP is a mid-to-late marker of OL differentiation,

PLP is a later marker that is expressed when OLs are actively myelinating axons (Dubois-Dalcq

et al., 1986). The deficits observed were normalized in adult mice as shown by black gold staining

(Supplementary Figure 8A and B) and MBP protein expression (Supplementary Figure 8C and

D). Overall, these data suggest that brevican participates in the acceleration of myelination during

development.

Identification of novel putative OL-derived interactors of brevican

Brevican mediates its effect via a direct interaction with other molecules or the attraction of molecules

to the OPC/axon interphase. To identify OL-lineage derived interactors of brevican, we performed

a co–immunoprecipitation of OPC monocultures treated with human recombinant brevican or

H2O. By mass spectrometry-based proteomics (Figure 4A), we identified OL surface receptors

and secreted molecules such as CNTN1 and TN-R, respectively, bound to purified brevican (Fig-

ure 4B). Gene ontology analysis of surface bound molecules revealed that most of these genes en-

code receptors heavily involved in essential CNS functions (Supplementary Figure 9A) and some

were associated already to demyelinating diseases or other neuropathologies (Supplementary Fig-

ure 9B). Co-localization of brevican and TN-R at the NOR was observed by immunohistochemistry

(Figure 4C), however, no direct interaction of brevican and CNTN1 was verified by targeted co-

immunoprecipitation (data not shown). Whilst CNTN1 protein was similarly expressed in BCAN

WT and KO p14 mice, immunoblotting and immunostaining of brain homogenates from devel-

oping BCAN KO mice showed a trend toward increased TN-R expression compared to WT mice

(Figure 4C, D and E). These findings suggest that the observed interaction of brevican and CNTN1

possibly occurs via TN-R at the nodal ECM of putative nodes in the CNS.
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Conserved reactive astrocyte-derived factors disrupt CNS myelination

To investigate the role of reactive astrocytes in myelination, we used the co-stimulation of TNFα

and IL1β to make human and rat astrocytes reactive in vitro (Hyvarinen et al., 2019; Liddelow

et al., 2017) (Figure 5A). We employed mass spectrometry and compared the common secreted

factors between human and rat astrocytes. Prior to mass spectrometry, we confirmed a shift toward

a reactive, inflammatory phenotype by quantitative PCR with no change in pan-astrocytic specific

genes such as aldehyde dehydrogenase 1 family member L1 (Aldh1l1), glial fibrillary acidic protein

(GFAP, Gfap) and aquaporin 4 (AQP4). Human astrocytes also expressed markers signifying ma-

turity such as peptidyl arginine deiminase 2 (PADI2), oncostatin-M-specific receptor subunit beta

(OSMR), thioredoxin related transmembrane protein 2 (TMX2), toll-like receptor 4 (TLR4) and al-

dolase C (ALDOC) (Zhang et al., 2016). Reactive astrocyte markers such as lipocalin-2 (LCN2,

Lcn2), C-X-C motif chemokine ligand 10 and 2 (CXCL10, Cxcl10, Cxcl2), guanylate binding pro-

tein 2 (GPP2, Gbp2), tissue inhibitor of metalloprotease-1 (TIMP1,Timp1) and serpin family G

member 1 (SERPING1, Serping1) are established reactive astrocyte markers and were all signif-

icantly upregulated in both human and rat reactive astrocytes compared to resting controls (Fig-

ure 5B (rat) and C (human)). In addition, we showed that the cytokine treatment did not induce

cell death or lower protein secretion (Supplementary Figure 10). Combined, these in vitro findings

showed that co-stimulation of TNFα and IL1β induced a reactive phenotype with inflammatory

profile and hypertrophic morphology in human and rat astrocytes, as expected.

Untargeted mass spectrometry based proteomics with resting and reactive rat and human ACMs

detected 508 rat proteins (Supplementary Figure 11A) and 235 human proteins (Supplementary

Figure 11B). Mass spectrometry-based lipidomics of resting and reactive human ACM revealed

minor alterations in lipid efflux but the 1-Palmitoyl-2-hydroxy-sn-glycero-3-phosphocholine (LPC

16:0), a major component of oxidized low-density lipoprotein, was underrepresented in reactive

compared with resting human ACM (Supplementary Figure 11C). We searched for conserved

changes in the astrocytic secretion cues upon cytokine treatment across species and identified 147

commonly expressed proteins by rat and human reactive astrocytes (Figure 5D). We investigated

the regulation of these common factors and illustrated significantly up- or down-regulated factors

in response to pro-inflammatory stimuli (Supplementary Figure 12). Some proteins were overrep-

resented and some underrepresented in both species, suggesting a more complex mechanism and
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interference with multiple biological processes simultaneously (Figure 5F).

We detected significantly less brevican (fold change of -19 in rat and -3.2 in human) in reactive

ACM compared to resting ACM (Figure 5E). We validated the downregulation of endogenous

brevican expression in rat and human astrocytes by immunoblotting (Figure 6A and B), quanti-

tative PCR (Figure 6C) and immunostaining in human astrocytes (Figure 6D and E). In addition,

we confirmed reduced brevican secretion by reactive astrocytes by immunoblotting and ELISA of

rat and human resting and reactive ACMs (Figure 6D - F). These findings indicate that reactive

astrocytes downregulate endogenous brevican expression resulting in reduced brevican secretion.

We assigned all significantly altered proteins to general biological processes. The limitation of

this analysis is that it only represents the amount of factors involved in biological processes but

does not reflect the level of impact on a specific function. We observed that the set of genes in-

volved in ECM organization primarily exhibited an overproduction of ECM molecules. Only the

brain-specific proteoglycans brevican and neurocan were both substantially reduced (Figure 5G).

Furthermore, we detected less abundant APOE in reactive versus resting ACM that could have an

additional influence on the lipid efflux, as APOE is the main astrocytic lipid carrier. Therefore,

we compared lipid trafficking between APOE released from resting and reactive rat astrocytes by

mass spectrometry based lipidomics (Supplementary Figure 13A). We detected enriched eicos-

apentaenoic acid (EPA, FA 20:5) and three triglycerides and four underrepresented lipids including

palmitic acid bound by APOE from reactive astrocytes (Supplementary Figure 13B).

We investigated the consequences of these changes in the reactive and resting ACM on myelination

in vitro. There was a significant reduction in myelination in RGC-OPC co-cultures treated with re-

active ACM compared to resting ACM (Figure 5E and F). However, it was not possible to rescue

this decrease in myelination by adding exogenous recombinant brevican in addition to human re-

active ACM (Figure 5H), indicating that the reduction of brevican alone cannot account for the

reduced ability of reactive astrocytes to promote myelination. Combined, our data suggest an inter-

play of certain supportive factors that were reduced, or inhibiting factors that were elevated upon

astrocyte reactivation resulting in multiple perturbations of the myelination homeostasis.
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Discussion

We demonstrated that astrocyte-derived factors regulate the myelination process in vitro and have

identified the proteoglycan brevican as a novel enhancer of late-stage myelination. Furthermore,

our findings emphasize the significance of the reactive state that astrocytes can undergo in CNS dis-

eases and influence myelin regulation. We also identified particular conserved astrocyte expression

patterns between humans and rats.

Astrocyte-derived factors regulate CNS myelination

Much of the scientific attention to promote (re-)myelination has focused on OL recruitment and

differentiation due to the key discovery of OL stage-specific markers (Barnett, Linington, 2012).

However, our results and those of others demonstrate that myelination is a complex array of mecha-

nisms regulated by numerous cellular and molecular cues. It would be of significant clinical interest

to understand how OLs initially produce myelin during development and remyelinate axons in the

diseased CNS as this gives access to novel remyelinating therapies (Nash et al., 2011). We showed

that both astrocytic lipids and proteins have enhancing effects on our myelinating co-cultures in

vitro. We expanded on previous findings of the pivotal role that astrocyte-derived factors, espe-

cially nodal ECM components have during myelination (Faissner et al., 2010).

Brevican promotes later stages of the myelination process

Our findings indicate that the brevican core protein acts as a regulator of late-stage myelination,

possibly by contributing to the initialization of NOR formation that has previously been speculated

by brevican binding to and stabilizing NF186 at putative nodes (Hedstrom et al., 2007). The bre-

vican core protein exists in two isoforms arising from the same gene by alternative splicing; a long

secreted isoform (∼ 145kDa) as well as a smaller membrane-bound isoform (∼ 120kDa). To date,

the difference in function of these two isoforms remains enigmatic (Rauch et al., 1997; Seiden-

becher et al., 2002). The proteolytic cleavage of the long isoform by ADAMTS4 results in two

fragments of 80 and 50kDa. They act as ligands too and have been associated with invasiveness

of glioma tumors (Nutt et al., 2001). Brevican, secreted by astrocytes and neurons, has previously

been reported as an abundant brain-specific proteoglycan in the ECM of the CNS that is involved in

neurite outgrowth inhibition and stabilization of synapses and CNS plasticity (Hamel et al., 2005;
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Jaworski et al., 1999). However, brevican has not yet been mechanistically linked to myelination.

Rather, it has been extensively studied in the context of axon segment-specific ECM composition

like the axonal initial segment (AIS)-specific complex or the perinodal regions (Hedstrom et al.,

2007; Susuki et al., 2013). The CSPG family member, neurocan, showed no consistent impact on

myelination. However, we cannot exclude the possibility that neurocan contributes to myelination

too, as we have observed that heparin binding is beneficial for myelination in vitro, and neurocan,

unlike brevican, is a heparin-binding molecule.

Brevican contributes to developmental myelin formation

We revealed delayed developmental myelination in BCAN KO p14 mice. However, in line with

previous data, adult mice showed normal myelination, suggesting its role exclusively in new devel-

opmental myelin formation and initiation rather than myelin stabilization and remodeling later. In

contrast to the PNS that depends on ECM-proteoglycans and gliomedin to bind NF186 stabilizing

sodium channels to initiate node formation, in the CNS three mechanisms assemble NOR forma-

tion. Therefore, the still intact paranodal axoglial junctions and stabilizing cytoskeletal scaffolds

may compensate for the lack of brevican resulting in a normal myelin phenotype in adult BCAN

KO mice (Brakebusch et al., 2002; Susuki et al., 2013).

Interactors of brevican

Brevican binds to the surface of B28 glial cells, NF186 and TN-R as well as cell surface sulfatides

and sulfoglucuronylglycolipids (Aspberg et al., 1997; Hedstrom et al., 2007; Miura et al., 1999;

Sekizar, Williams, 2019; Zacharias, Rauch, 2006). Here, we propose novel putative OL-lineage-

derived interactors of brevican that should be functionally tested in vivo. Amongst other glial

surface receptors that have previously been associated to pathways involved in myelination, we

detected enriched CNTN1 bound to purified brevican from rat ACM. However, we were not able

to verify a direct binding between the two. CNTN1 is required for the formation of myelin sheaths

by OLs and the formation of paranodal axoglial connections of myelinated axons (Colakoglu et al.,

2014). Therefore, we hypothesize an indirect interaction between CNTN1 and brevican via TN-

R that would explain the relevance of brevican during developmental myelination. This bridging

connection has previously been described between the lectican and CNTN1 as a cellular recep-

tor to induce tectal cell attachment and neurite outgrowth. Although the expression of TN-R and
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CNTN1 was comparable in BCAN KO and WT mice, the coordinated action of these different

ECM molecules is an example of how a complex network of protein-protein interactions might

enable the fine-regulation of developmental processes beyond the control of gene and protein ex-

pression (Zacharias, Rauch, 2006).

Reactive astrocyte-derived factors disrupt CNS myelination

Alongside, brevican we identified several significantly under- and overrepresented proteins within

the 147 shared proteomics architecture in rats and humans. We observed fewer alterations in hu-

man lipid efflux between resting and reactive astrocytes. By revealing the expression changes in

the reactive ACM, we aimed to identify the underlying processes and explain the decreased myeli-

nation caused by reactive astrocytes.

The following identified overrepresented proteins may be involved in neutrophil and platelet de-

granulation, cellular protein metabolic processes and oxidation-reduction processes. Increased

pentraxin-3 (PTX-3) secretion by reactive astrocytes agrees with the elevated PTX-3 detection after

ischemic stroke in peri-infarct areas as well as followed to traumatic brain injury and may supports

BBB integrity and activates the classical complement pathway (Oggioni et al., 2021; Shindo et al.,

2016). In addition, higher PTX-3 levels were detected in cerebrospinal fluid of patients with aggres-

sive MS compared to control, wherefore PTX-3 serves as a biomarker for inflammatory diseases

already (Signoriello et al., 2020). Also, increased chitinase 3 like 1 (CHI3L1) plasma levels in MS

patients with progressive forms of MS, particularly those with PPMS are consistent with elevated

levels of CHI3L1 secreted by human and rat astrocytes (Canto et al., 2012). Another potential

biomarker that may be associated with the pathogenesis of MS is insulin-like growth factor bind-

ing protein 7 (IGFBP7), which was particularly abundant in our reactive ACM (Shi et al., 2021).

IGFBP7 is upregulated by astrocytes during experimental autoimmune encephalomyelitis (EAE)

inhibiting OPC differentiation, making it an interesting potential target for inflammatory demyeli-

nating diseases (Tan et al., 2015). Pursuant to previous results, an excessive amount of complement

C3 (C3) was detected in reactive ACM. It is common knowledge that inflammation and comple-

ment activation go along with each other in the pathology of MS. Also, C3 inhibition has been

shown to reverse the striking loss of synapses caused by excessive microglial pruning in the early

stages of demyelinating diseases (Liddelow et al., 2017; Xin, Chan, 2020). Furthermore, elevated
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levels of colony stimulating factor 2 (CSF2) and TIMP1 may induced cytokine-mediated signaling

pathways. CSF2 normally regulates myeloid cell activity that form the predominant immune infil-

trate in MS brain lesions as well as acts as major mediator of EAE pathology in mice. However,

CSF factors are expressed by a variety of cells including immune cells, which makes it difficult

to predict to what extent astrocytes are contributing to the ultimate CSF2 levels and its functions

(Monaghan, Wan, 2020). In contrast, a protective role by astrocytic TIMP1, an endogenous factor

expressed to mitigate MMP activities during neuroinflammation, has been suggested to promote

oligodendrocyte differentiation and enhancement of CNS myelination (Moore et al., 2011). Thus,

reactive astrocytes upregulate proteins that can exert either a protective or an inhibiting role with

respect to myelination, thereby playing a dual role and the dominant role could be determined by

the interplay of these molecules with the surrounding extracellular milieu or state of the OPCs/OLs.

Amongst the differentially abundant conserved proteins within the reactive ACM, we detected also

underrepresented proteins such as the CSPGs brevican and neurocan, APOE, pleiotrophin (PTN),

protein tyrosine phosphatase receptor type z (PTPRZ), Spondin1 (SPON1) and cystatin 3 (CST3).

In contrast to the lower PTN levels in our reactive ACM, astrocyte-derived PTN has previously

been documented to be upregulated by human and mouse astrocytes in MS and its preclinical model

EAE, respectively. Normally, PTN reduces pro-inflammatory signaling in astrocytes and microglia

and promotes neuron survival after an inflammatory challenge suggesting that a chronic reactive

state might be required to increase the neuroprotective functions of PTN (Linnerbauer et al., 2021).

Furthermore, PTPRZ expression has been revealed to be induced in remyelinating OLs in MS le-

sions supporting a protective role of PTPRZ for OLs survival and recovery from demyelinating

diseases. This raises the question, whether astrocytic PTPRZ secretion might play a role in pro-

tecting OLs from apoptosis that is reduced in a reactive astrocyte phenotype (Harroch et al., 2002).

Even though multiple studies have reported the induction of APOE expression upon astrocyte reac-

tivity, we detected less abundant APOE in reactive compared to resting ACM (Carlin et al., 2000;

Gaillard et al., 1998; Guttenplan et al., 2021; Rifai et al., 1987). Astrocytes are the main producers

of APOE in the healthy CNS, however, once microglia become reactive they express similar levels

of APOE as astrocytes do, but secrete substantially smaller APOE particles than astrocytes likely

due to differential lipidation. In addition, we observed few alterations in lipid carrying between

APOE from rat reactive compared to resting astrocytes supporting the view that APOE might con-

tribute to changed lipid efflux based on glial origin and reactivity state that needs to be understood
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better (Huynh et al., 2019). Expectantly, further studies of glial lipid metabolism will yield a bet-

ter comprehension of whether and why these lipids are differentially trafficked in human reactive

astrocytes that express various APOE isoforms. Amongst the significantly downregulated proteins

were the ECM components brevican and neurocan, while most other ECM proteins tended to be

upregulated by reactive astrocytes. Factors implicated in ECM remodeling such as HA, members

of the matrix metalloproteinase family as well as their regulators hyaluronidase and TIMP1 have

been described to modulate myelination and were all detected in our rat and human ACM (Pendle-

ton et al., 2013; Seidenbecher et al., 1998). However, in contrast to TIMP1, HA remodeling was

not affected by hyaluronidase expression of reactive astrocytes.

Reactive astrocytes downregulate brevican

Injury-induced increases in levels of CSPGs, including brevican, have been demonstrated in multi-

ple disease models as well as brevican upregulation in astrocyte-conditioned media in response to

TGFβ in vitro (Feliu et al., 2017; Varga et al., 2012). Further studies correlated brevican upregu-

lation and proteolytic cleaving in low-grade astrocytoma with invasiveness (Yamada et al., 1997).

Up to now, reactive astrocytes have primarily been associated with an upregulation of brevican or

CSPGs in general. However, we observed a downregulation of brevican in rat and human reactive

astrocyte and ACM. Decreased immunostaining of the three CSPGs aggrecan, versican and neu-

rocan was detected in active demyelinating MS plaques and mainly found in foamy macrophages

suggesting that these lecticans were damaged and phagocytosed along with diseased myelin. How-

ever, a markedly increased expression of the latter lecticans was found in reactive astrocytes within

gliotic MS lesions (Sobel, Ahmed, 2001; Van Horssen et al., 2007). This raises the question, if

brevican exhibits a similar expression pattern and should be tested in different stages of the dis-

ease. Furthermore, no apparent changes in brevican cleavage activity mediated by reactive astro-

cytes were observed, unlike the attenuation of brevican cleaving by ADAMTS upon TGFβ (Hamel

et al., 2005). Admittedly, the cleaving behavior through ADAMTS upon cytokine stimulation of

astrocytes was not further investigated in this work. Given that, BCAN KO mice revealed deficits

in developmental myelination and a pro-myelinating effect of brevican was shown in vitro and ex

vivo, we suspect a protective role of an astrocyte-derived brevican-based nodal ECM that might be

disrupted by reactive astrocytes with an inflammatory phenotype.

86



RESULTS - MANUSCRIPT 2

Conclusion and outlook

While many expression alterations in the reactive ACM induced by the pro-inflammatory cytokines

TNFα and IL1β are consistent with findings using different models, some astrocytic factors such

as PTN and APOE expression were regulated adversely by our reactive astrocytes. These might

require examination in a chronically induced astrocyte reactivity model to investigate, whether this

is due to the heterogeneity of astrocytes or to the different levels of damage or reactivity of the as-

trocyte population studied. Our results support the view that this type of reactive astrocyte loses its

homeostatic expression of multiple protective and inhibitory metabolites simultaneously, with an

overall detrimental effect on myelination. We conclude that defective myelination is likely caused

by the accumulated expression alterations of astrocytic factors upon cytokine stimulation together,

because brevican as a single factor could not restore the reduced myelination in vitro. However, to

test the unified effect of these factors in vivo will be extremely difficult and one should not forget

the influence of lipid metabolism that we assessed independently and should be combined with

proteome studies in the future. Analysis of lipid metabolism during myelination is challenging

and understudied in myelin biology, although a recent study has successfully shown altered lipid

metabolism and signaling of synaptic junctions by multi omics (Borgmeyer et al., 2021). Tools like

these will facilitate the interpretation of vast proteomics and lipidomics data and allow to combine

findings of multiple omics studies, in the future. Nevertheless, the significant commonly up- and

downregulated factors in the reactive ACM, involved in functions necessary for intact myelination,

suggest astrocyte-specific targets relevant to human diseases that future studies should investigate.

More studies modelling specific demyelinating disease states will yield a better understanding of

the mechanistic link of brevican and myelin dysregulation in myelin pathology. Previous stud-

ies identified brevican by axoglial and gray matter protein detection using mass spectrometry of

CSF of patients with MS and detected decreased brevican expression in first-attack clinically iso-

lated syndrome-MS relative to established relapsing remitting MS and controls (Singh et al., 2015).

Furthermore, increased brevican, as well as CNTN2 and neurofascin abundance in CSF samples of

children with MS compared to children with monophasic acquired demyelinating syndrome (ADS)

was measured (Schutzer et al., 2013). It would be interesting to know if brevican expression is

causative in the MS pathology progression. Future work will hopefully uncover the complexity

in crosstalk between the ECM, astrocytes and myelination in the brain, and investigate the thera-
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peutic potential of astrocyte-specific strategies and CSF protein markers that will help developing

therapies for the enhancement of lesion repair in demyelinating diseases. Considering the fact

that multiple molecules and signaling pathways from various cell types are involved in the myelin

homeostasis and pathology, targeting only one pathway might not be enough to generate substantial

remyelination in demyelinated lesions.
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Materials and methods

Animals

All neural and glial cells were purified from p4-7 Sprague Dawley rats or BCAN WT and KO mice.

BCAN mice (Bcantm1Ref ) were kept in homozygous breedings under standard conditions in the

LIN Magdeburg animal house, with food and water ad libitum, in accordance with the European

and German regulations for experimental animals, approved by Landesverwaltungsamt Sachsen-

Anhalt (§11 TierSchG). All studies involving animals are reported in accordance with the ARRIVE

guidelines for reporting experiments involving animals (Sert Percie du et al., 2020). All animal

care and experimental procedures were in accordance with national and international guidelines

for animal care and were conducted according to the study protocol. The F. Hoffmann-La Roche

Pharma Research Basel test facility is fully accredited by the Association for Assessment and

Accreditation of Laboratory Animal Care International.

Immunopanning and primary cell culture

Astrocytes. Astrocytes were isolated from p4-7 BCAN mice or Sprague Dawley rat forebrains

by immunopanning and cultured as previously described (Foo et al., 2011). To create a single-

cell suspension, cortices were blunt dissected, enzymatically digested using papain at 37°C and

10% CO2, and then mechanically triturated with first a 1 ml and then 10 ml serological pipette at

room temperature (RT). The cell suspension was filtered through a 20 µm cell strainer (Plurise-

lect 43-50020-03) and negatively panned for endothelial cells (Vector Labs L-1100), microglia and

macrophages (CD45; BD bioscience 550539), OL lineage cells (O1; R&D systems MAB1327 and

O4; R&D system MAB1326) followed by the positive panning of astrocytes (ITGB5; Ebioscience

14-0497-82 for rat and ACSA-2; Miltenyi Biotech 130-099-138 for mouse). Astrocytes were col-

lected (0.025% trypsin) from the final panning plate and seeded in a poly-D-lysine-coated tissue

culture dish. Astrocytes were cultured in a defined, serum-free base medium (AM) containing 50%

neurobasal (Gibco 21103-049), 50% DMEM (Gibco 11960-044), 100 U/ml penicillin, 100 µg/ml

streptomycin, 110 µg/ml sodium pyruvate, 292 µg/ml l-glutamine, SATO (100 µg/ml transferrin,

100 µg/ml BSA, 16 µg/ml putrescine, 60 ng/ml progesterone, 40 ng/ml sodium selenite) and 5

µg/ml of N-acetyl cysteine (Sigma A8199). This medium was supplemented with 5 ng/ml heparin-

binding EGF-like growth factor (HBEGF) (Sigma E4643). For the collection of ACM, plates of
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astrocyte cultures from identical preps were randomly chosen as control/resting or reactive and

cultured in phenol-free AM without SATO.

Reactive astrocyte cultures were treated for 24h with 0.1 µg/ml IL1β (R&D Systems Europe Ltd.

401-ML-100) and 0.05 µg/ml TNFα (Sigma T0157). Resting and reactive ACM was collected and

spun at 3400 rpm for 5min to remove any dead cells or cell debris. The ACM was concentrated in

Vivaspin 10,000 or 30,000 MWCO centrifugation tubes (Sartorius Vivaspin 20 VS0201, VS2022)

to achieve an approximately 10-fold concentration for subsequent experiments. Further process-

ing of ACM was performed by applying heat (95°C for 10min) or HiTrap columns according to

the manufacturer's protocol (HiTrap Heparin HP 17-0406-01, HiTrap Phenyl FF 17-1353-01, GE

Healthcare). The protein concentrations of the ACMs were determined using the Bicinchoninic

acid (BCA) kit (Thermo Fisher 23227) according to the manufacturer's instructions.

Retinal ganglion cells. RGCs were purified from p4-7 BCAN mice or Sprague Dawley rat retinas

by immunopanning as previously described with minor adaptations (Barres et al., 1988). Shortly,

retinas were dissected, enzymatically digested using papain at 37°C and 10% CO2, and then me-

chanically triturated with a 1 ml pipette at RT to create a single-cell suspension. The cell suspen-

sion was filtered through a 20 µm cell strainer (Pluriselect 43-50020-03) and negatively panned for

endothelial cells (Vector Labs L-1100), microglia, (CD45; BD bioscience 550539), macrophages

(BD Pharmingen 554801) and an additional anti-CD140b (BD bioscience 558820) panning plate

with 30min incubation time to remove fibroblasts, before positively selecting RGCs by a Thy1.1-

coated (Thermo Fisher 15-0900-82) panning plate. RGC re-aggregates were formed as previously

described (Watkins 2008) and cultured in a defined, serum-free base medium (ND-G) containing

50% neurobasal (Gibco 21103-049), 50% DMEM (Gibco 11960-044), 100 U/ml penicillin, 100

µg/ml streptomycin, 110 µg/ml sodium pyruvate, 292 µg/ml L-glutamine, SATO (100 µg/ml trans-

ferrin, 100 µg/ml BSA, 16 µg/ml putrescine, 60 ng/ml progesterone, 40 ng/ml sodium selenite), 5

µg/ml of N-acetyl cysteine, 5 µg/ml insulin, 1000x Trace Elements B, 10 µg/ml d-Biotin, 40 ng/ml

T3 and 50x vitamin B27 (Supplementary Table 1). This medium was supplemented with following

growth factors: ciliary neurotrophic factor (CNTF) at 10 ng/ml, brain-derived neurotrophic fac-

tor (BDNF) at 50 ng/ml and forskolin at 4.2 µg/ml. Re-aggregates were plated in a PDL-borate/ 1

mg/ml laminin- (R&D, 3400-010-02) pre-coated 96-well plate in ND-G media. RGC re-aggregates

were cultured in a humidified incubator at 37°C and 10% CO2 for 14 days before treatment. The
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last feed before treatment contained no T3 (ND-G minus T3) due to the OPC pro-differentiation ef-

fect of exogenous T3. Treatment with ACM or compounds (rhBrevican R&D 4009-BC or Abcam,

ab153476; rhNeurocan R&D 6508-NC; rhα2-Macroglobulin R&D 4938-PI; rhSPARC-like1 R&D

2728-SL; rhCPE R&D 3587-ZN; rh APOE2 PeproTech K0613; rh APOE3 PeproTech G0218) was

conducted in serum-free base medium (Mym) containing 100% DMEM (Gibco 11960-044), 100

U/ml penicillin, 100 µg/ml streptomycin, 110 µg/ml sodium pyruvate, 292 µg/ml L-glutamine,

5 µg/ml insulin, SATO (100 µg/ml transferrin, 100 µg/ml BSA, 16 µg/ml putrescine, 60 ng/ml

progesterone, 40 ng/ml sodium selenite), 1000x Trace Elements B, 10 µg/ml d-Biotin, 10 mM hy-

drocortisone, 1 mg/ml ceruloplasmin, 1.36 mg/ml vitamin B12 (Sigma V6629), hormone mix (1

mg/ml apotransferrin, 20 mM putrescine, 4 µM progesterone, 6 µM sodium selenite) and 2666x

vitamin B27 (Supplementary Table 1) supplemented with CNTF at 0.01 ng/ml and BDNF at 50

ng/ml.

Oligodendrocytes. OPCs were isolated by immunopanning from p4-7 BCAN mouse or Sprague

Dawley rat cortices as previously described (Dugas, Emery, 2013). Briefly, cortices were enzy-

matically and mechanically dissociated resulting in a single-cell suspension that was passed over

successive negative immunopanning plates to remove endothelial cells (Vector Labs L-1100), mi-

croglia and macrophages (CD45, BD bioscience 550539) and mature OL precursors (O1, R&D

systems MAB1327) before positively panning OPCs by an O4-coated (R&D systems MAB1326)

panning plate. OPCs were cultured in PDL-borate (poly-D-lysine diluted in borate buffer; Sigma

P6407) coated culture dishes in a defined, serum-free media (OPC growth media) containing 100%

DMEM (Gibco 11960-044), SATO (100 µg/ml transferrin; Sigma T-1147, 100 µg/ml BSA; Sigma

A4161, 16 µg/ml putrescine; Sigma P5780, 60 ng/ml progesterone; Sigma P8783, 40 ng/ml sodium

selenite; Sigma S5261), 100 U/ml penicillin, 100 µg/ml streptomycin, 110 µg/ml sodium pyruvate,

292 µg/ml L-glutamine, 5 µg/ml of N-acetyl cysteine, 5 µg/ml insulin, 1000x Trace Elements B

(Cellgro 99-175-CI), 10 µg/ml d-Biotin and 2666x vitamin B27 (Supplementary Table 1). Follow-

ing growth factors were added: 10 ng/ml platelet-derived growth factor (PDGF, Peprotech 100-13-

A), 10 ng/ml CNTF (Peprotech 450-13), 10 ng/ml neurotrophin 3 (NT3, Peprotech 450-03) and

4.2 µg/ml forskolin (Sigma F6886).
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OPC differentiation

OPCs were plated into a PDL-borate (poly-D-lysine diluted in borate buffer; Sigma P6407) 96-

well plate at a density of 5,000 cells/µl by pipetting a droplet of 2 µl into the middle of the well

and incubated at 37°C for 5min to allow the cells to settle. OPC growth medium was added (200

µl/well) and cells recovered for 24h. The OPC growth medium was replaced by an OPC base

medium (without PDGF and T3) including the compounds. As a negative and positive control for

OPC differentiation 10 ng/ml PDGF and 40 ng/ml T3 were used, respectively. Cells were fixed 3,

4 and 5d post treatment. Compound testing for differentiation ability was performed in the absence

of exogenous T3.

Osmolarity measurement

To measure osmolarity of brevican-containing solutions, a Semi-Micro Osmometer (Knauer, K-

7400S) was used. The osmometer was calibrated for 100 µl sample volume and 400-850 mOsm/kg

range using a calibrating solution (Knauer, 17251041) provided by the manufacturer.

Live/dead analysis

All experiments began with identically plated primary cells that were randomly selected for treat-

ment, ensuring identical starting cell numbers for control and experimental conditions. Cells were

treated with 1.33 µM calcein AM dye (Invitrogen C31100MP) and 4 µM ethidium homodimer-1

(Invitrogen E1169) in dPBS for 10min at 37°C before imaging with a Microscope (Zeiss Axio).

Identical illumination and acquisition conditions were applied within each experiment and cells

were counted using the ImageJ cell counter.

Cerebellar slice assay

The ex vivo cerebellar slice assay was established as previously described (Sekizar, Williams, 2019)

and used to quantify developmental myelination as well as remyelination capacity in mice. Sterile

dissection buffer (124 mM NaCl, 3 mM KCl (P9333), 1.25 mM KH2PO4 (P5655), 4 mM MgSO4

(M2643), 2 mM CaCl2H2O2 (FSHC/1500/53), 26 mM NaHCO3, 10 mM D(+)-glucose, 0.075 mM

adenosine (A4036), 2 mM ascorbid acid (A5960) in 1 l H2O, pH 7.4) was bubbled with 5% CO2/

95% O2 for 10min and cooled in ice before use. The cerebella of p0/1 and p7 mice were dissected
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for developmental myelination and remyelination studies, respectively. A Mcllwain Tissue Chop-

per (Model TC752) was used to cut 300 µm sagittal cerebellar slices. Slices were placed in ice-cold

dissection buffer and separated under a microscope. Up to four slices were placed in the middle of

an organotypic membrane (Millicell Cell Culture Insert PICM0RG50). The inserts with the slices

were cultured in a clear 6-well plate (Falcon® 6-well Clear Flat Bottom 353224) with 1.1 ml brain

slice (BSC) medium (50% Minimum essential medium (Gibco 21090-022), 25% Hank's Balanced

Salt Solution (Gibco 14175-053), 25% inactivated horse serum (VWR 97068-085), 25 mM HEPES

(Gibco 15630-056), 1 mM L-glutamine, 20 ng/ml insulin) with 0.01-0.2 µM brevican (R&D 4009-

BC) or H2O control. BSC medium was replaced the next day and for the developmental study

every other day renewed for 14 days followed by 4% paraformaldehyde (PFA) fixation for 30min.

P7 cerebellar slices were demyelinated 14 days post seeding using 0.5 mg/ml LPC in NaCl (Sigma

L4129) for 16h. Subsequently, the slices were treated with brevican (0.01- 0.2 µM R&D 4009-BC)

or H2O for 14 days before the slices were 4% PFA-fixed and analyzed by immunohistochemistry.

Pre- and Post- LPC treatment controls were done to confirm demyelination after 16h treatment.

Following primary antibodies were used: 1:1000 mouse anti-NF200 (Sigma N0142.02), 1:2000

rabbit anti-CASPR (Invitrogen PA5-68409), 1:1500 rat anti-MBP (Merck MAB386). Following

secondary antibodies were used: 1:1000 goat-anti-mouse 488 (Jackson 115-545-166), 1:1000 goat-

anti-rabbit 594 (Invitrogen A11012), goat-anti-rat 647 (Invitrogen A21247); nuclei were visualized

with 1:10,000 DAPI (Thermo Fisher 62247).

Primary human astrocyte cultures

A poly-L-lysine-coated (2 µg/cm2, SC-0413) culture vessel was incubated overnight at 37°C. Pri-

mary human astrocytes (pHA) (SC-1800) were cultured in the recommended astrocyte medium-

basal (AM, SC-1801) and supplemented with penicillin/streptomycin (SC-0503) and astrocyte

growth supplement (SC-1852) but no serum was added. Apart from omitting the serum, the Sci-

enCell instructions for culturing primary cells were followed. Sub-culturing was performed when

the culture reached 90-95% confluence using trypsin/EDTA solution, 0.05% (T/E, SC-0183), T/E

neutralization solution (TNS, SC-0113) and DPBS (Ca++- and Mg++-free, SC-0303). To elim-

inate possible other contaminating GFAP-positive cells, only HepaCam-positive pHA were se-

lected before subculturing for further experiments. For this a panning dish with 10 ml 50 mM

Tris-HCL Buffer pH 9.0 and 30 µl anti-mouse IgG + IgM secondary antibody (Jackson Immuno
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115-005-044) was incubated overnight at 4°C. The following day the panning plate was washed

three times with PBS and incubated with 6 ml 0,2% BSA in dPBS and 15 µl primary antibody

(anti-hHepaCam, Merck MAB4108) for at least 2h at RT. pHA were trypsinized, spun down and

resuspended in 0.02% BSA in dPBS and passed through a 20 µm filter (Pluriselect 43-500200-01).

Subsequently, the cell-suspension was incubated on the HepaCam panning plate for 45min and then

gently washed 4-5x with dPBS. Sticking pHA were trypsinized the same as above and seeded at

the density of 5,000 cells/cm2 into prepared poly-L-lysine-coated culture vessels. The HepaCam-

positive pHA were supplemented with HBEGF (5 ng/ml, Sigma E4643) and bone morphogenetic

protein 5 (BMP-5) (5 ng/ml, R&D 615-BMC-020/CF) to the serum-free astrocyte medium-basal

(AM, SC-1801) with penicillin/streptomycin (SC-0503) and astrocyte growth supplement (SC-

1852). HepaCam-positive pHA were made reactive by treating for 24h with 0.1 µg/ml IL-1β

(R&D 401-ML-100) and 0.05 µg/ml TNFα (Sigma T0157). Control/Resting and reactive ACM

was collected and spun at 3400 rpm for 5min to remove any dead cells or cell debris. ACM was

then concentrated in 10,000 or 30,000 MWCO centrifugation tubes (Sartorius Vivaspin 20 VS0201,

VS2022) to achieve an approximately 10-fold concentration for subsequent experiments. The pro-

tein concentration of ACMs was determined using the BCA kit (Thermo Fisher 23227) according

to the manufacturer's instructions.

Perfusion and tissue processing of BCAN mice

For immunostaining, mice were given an overdose of anaesthesia (Pentobarbital 0.1 mg/10g body

weight) and transcardially perfused with dPBS followed by 4% PFA (Sigma). After perfusion,

the brain was dissected and post-fixed in 4% PFA for 4-6h at 4°C. Brains were cryoprotected by

sinking in 30% sucrose in dPBS for at least 48h. Brains were freshly frozen in optimal cutting

temperature compound (Cell Path 6478.1) using dry ice and then 14 µm sagittal sections were cut

using a cryostat.

Sample preparation and gene expression analysis

RNA isolation from cell and tissue samples was performed using the miRNeasy Micro Kit (Qiagen

217084) according to the manufacturer's protocols using Qiazol lysis reagent. The RNA concen-

tration and quality was measured using a Nanodrop system (Witec AG). The anchored-oligo(dT)18
Primer protocol of the Transcriptor First Strand cDNA Synthesis Kit (04897030001) was followed
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to reverse transcribe RNA. Real time quantitative PCR was performed using the LightCyclerR 480

SYBR Green I Master kit (04707516001) using the primers listed in Supplementary Table 2. The

following cycling conditions were applied for SYBR Green I mixtures; 20 µl sample volume, melt-

ing factor 1.20, 1 cycle pre-incubation at 95°C for 600s, 3 step amplification with 65 cycles at 95°C

for 10s, 60°C for 15s, 72°C for 15s, 1 Melting cycle at 95°C for 5s, 55°C for 30s, 95°C for 1s, and

1 cooling cycle at 40°C for 300s.

Immunoblotting

Protein samples were collected in RIPA buffer (Chemie Brunschwig AG TCIR0246-) with 1x cOm-

plete protease/phosphatase inhibitor (Sigma Roche 11697498001). For brevican protein detection

a chondroitinase ABC (Sigma C2905) digestion was conducted using 0.03 U/30µg protein for

90min at 37°C. The total protein concentration of samples was determined using the BCA kit

(Thermo Fisher 23227) according to the manufacturer's instructions and equal amounts of total

protein were loaded onto NuPAGE 4-12% Bis-Tris gels (Thermo Fisher NP0322BOX). After elec-

trophoresis (100 V for 2h), proteins were transferred using the iBlot 2 Dry Blotting System (Invit-

rogen IB21001). Successful protein transfer was checked by ponceau S stain. Membranes were

probed overnight at 4°C with primary antibodies. Following primary antibodies were used: mouse

anti-β-Actin ab49900-HRP (1:50,000), mouse anti-BCAN BD Bioscience, 610894 (1:200), mouse

anti-BCAN Sigma, SAB1407842 (1:200), rat anti-MBP Millipore MAB386 (1:500), mouse anti-

PLP Millipore MAB 388 (1:1000), rabbit anti-CNTN1 SAB 43782 (1:1000), mouse anti-TN-R

R&D MAB1624 (1:1000). Membranes were incubated with HRP-conjugated secondary antibod-

ies at 1:10,000 for 1h at RT in the dark and developed using SuperSignal West Dura Extended

Duration Substrate (Thermo Fisher 34076). Visualization and quantification of immunoblots were

performed using a ChemiDocMP imaging system (BioRad) and the ImageLab 6.0.1 software, re-

spectively.

ELISA

The brevican levels in supernatants from primary rat and human astrocyte cultures were measured

using commercial sandwich ELISA kits with antibodies against brevican, following the manufac-

turer's recommendations: for rat astrocytes #MBS732282, My Biosource, San Diego, CA; and for

human astrocytes EK2019 BosterBio.
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Brevican Co-Immunoprecipitation and mass spectrometry-based proteomics

To find possible binding partners of brevican, a CO-IP was performed using primary rat OPCs

cultured for 4 days with H2O or brevican (82 nM human recombinant Brevican, R&D 4009-BC).

OPCs were gently washed once with dPBS and lysed with 200 µl/10cm dish lysis buffer (80 mM

phosphate buffer, 150 mM NaCl, 20 mM imidazole, 0.1% DDM). The samples were incubated

on ice for 30min and vortexed occasionally. Insoluble debris was pelleted by centrifugation for

5min at 13,000 rpm at 4°C. Supernatant was collected, roughly 40 µg total protein was saved

as loading control and protein concentration was quantified by BCA. Ni-NTA magnetic agarose

beads (20 µl per replicate) (Qiagen 1007477) were washed with 200 µl lysis buffer. The tube was

applied on the magnetic rack and the supernatant discarded. Washes were repeated twice more.

Washed beads were transferred and mixed into each sample. Lysates were incubated over night

at 4°C with end-over-end agitation. Tubes were placed on a magnetic rack and approx. 40 µg

of supernatant were saved as IP supernatant controls. Beads were washed three times for 1min

with 500 µl wash buffer (80 mM phosphate buffer, 350 mM NaCl, 20 mM imidazole, 0.1% DDM)

and vortexed intermittently. Beads were eluted with 20 µl of elution buffer (80 mM phosphate

buffer, 500 mM NaCl, 500 mM imidazole), vortexed and incubated for 2min at RT. The tubes were

placed on a magnetic rack and supernatant saved in a new tube. The elution step was repeated

once. Equal amount (40 µg protein) of loading control, IP supernatant control and elution sample

was run on a gel and stained with Coomassie Blue to verify successful co-immunoprecipitation.

Elution samples (done in triplicates) were further processed for LC/MS. The protein content of

the supernatant sample was determined by colorimetric quantification with Pierce 660 reagent.

20 µg of the supernatant samples and all the eluates were reduced for 10min at 65°C with 10

mM DTT and alkylated for 30min at RT in the dark with 15 mM iodoacetamide. Proteins were

precipitated with 8 volumes of ice-cold acetone and 1 volume of ice-cold methanol for 2h at -80°C

and the pellet washed 3 times with 500 µl of cold methanol. Protein pellets were resolubilized

in 100 µl of 50 mM Tris pH 8.0 + 0.75 M urea + 0.25% NaDOC and pre-digested with 0.33 µg

of Trypsin/LysC for 2h at 37°C with agitation. Another 0.33 µg of Trypsin/LysC was added and

the digestion was continued over night at 37°C with agitation. Samples were then acidified with

2% formic acid and the peptides were purified by reversed phase SPE. Acquisition was performed

with a ABSciex TripleTOF 6600 (ABSciex, Foster City, CA, USA) equipped with an electrospray

interface with a 25 µm iD capillary and coupled to an Eksigent µUHPLC (Eksigent, Redwood City,
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CA, USA). Analyst TF 1.8 software was used to control the instrument and for data processing

and acquisition. Acquisition was performed in Information Dependent Acquisition (IDA) mode

for a pool of samples. The samples were analyzed in SWATH acquisition mode using gas phase

fractionation. For the IDA mode, the source voltage was set to 5.5 kV and maintained at 325°C,

curtain gas was set at 45 psi, gas one at 25 psi and gas two at 25 psi. For the SWATH mode, the

source voltage was set to 5.5 kV and maintained at 325°C, curtain gas was set at 45 psi, gas one at

25 psi and gas two at 25 psi. Separation was performed on a reversed phase Kinetex XB column

0.3 µm i.d., 2.6 µm particles, 150 mm long (Phenomenex) which was maintained at 60°C. Samples

were injected by loop overfilling into a 5 µl loop. For the 45min (IDA) and 45min (SWATH) LC

gradient, the mobile phase consisted of the following solvent A (0.2% v/v formic acid and 3%

DMSO v/v in water) and solvent B (0.2% v/v formic acid and 3% DMSO in EtOH) at a flow rate

of 3 µl/min.

Data processing and bioinformatic analysis

Proteins from a pool of all the samples were identified using Protein Pilot 5.0 (Scied) against the

human proteome. This ion library was then used to quantify proteins from the SWATH files in

the SWATH 2.0 micro app from Peakview (Sciex) using the following parameters: 10 peptides per

protein, 4 MS/MS transition per peptide, 5% FDR, 12.5min RT tolerance, 20 ppm XIC window.

Peptide areas were then corrected using the RT-LOESS algorithm from the NormalyzerDE (Will-

forss et al., 2018) package and summed for each protein. In silico human surfaceome database

(Bausch-Fluck et al., 2018) was used to access which proteins reside in the plasma membrane.

Only significantly enriched proteins with at least FC>2 and FDR<0.05 were considered. A lit-

erature review was performed to understand the possible associated diseases to each gene and the

results were displayed according to therapeutic area. GO Biological processes associated to the

genes identified as relevant were grouped by similarity. PANTHER16.0 was used as classification

system for gene Ontology (Mi et al., 2021). GO enrichment was performed in Cytoscape (Shannon

et al., 2003) using the Reactome FI plugin and using a list of proteins that had at least a log2 FC

higher than 1 and a Student's T test< 0.05 between Gr 2 (Elute of OPCs treated with brevican) and

Gr 4 (Elute of OPCs treated with H2O).
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Mass spectrometry-based proteomics of rat and human ACM

Sample preparation

Rat and human ACM samples were thawed on ice. Protein content was evaluated using a Pierce

660 protein assay. Samples were homogenized in Lysis buffer (7 M urea, 4% CHAPS, 50 mM

Tris pH 8.0). Total protein content was evaluated using a Pierce 660 protein assay. Ion library

preparation: the ion library was built by pooling together 7.5 µg of each rat or human sample.

The pooled proteins were separated on a 4-12% polyacrylamide gel. Proteins were stained using

Coomassie Blue and cut in 2x6 fractions using a clean razor blade. Each gel fraction was reduced

with 10 mM DTT for 15min at 65°C and alkylated with 15 mM iodoacetamide for 30min in the

dark. Proteins were digested over night with Trypsin/LysC directly in the gel. Peptides were

extracted by successive rounds of dehydration and sonication, and purified using reversed phase

SPE. Each fraction was analyzed in IDA mode on a 45min LC-MS/MS gradient. Samples: 20 µg

proteins were reduced with 10 mM DTT for 15min at 65°C and alkylated for 30min with 15 mM

iodoacetamide in the dark. Proteins were precipitated overnight with 8 volumes of cold acetone

and 1 volume methanol. Pellets were washed with methanol and proteins were digested overnight

at 37°C in a trypsin/lysC solution with 0.75 M urea. Resulting peptides were purified by reversed

phase SPE.

Sample preparation lipidomics

Lipids were extracted using 400 µl of methanol and 800 µl of chloroform spiked with heavy la-

belled standards (Equisplash, Avanti Polar Lipids). Samples were incubated on ice for 30min and

vortexed frequently. After the addition of ice-cold water, the organic and aqueous phases were

separated by centrifugation. The aqueous phase was reextracted once more and combined with the

first organic extraction. After drying, the samples were analyzed on LC-MS/MS.

LC-MS/MS parameters proteomics

Acquisition was performed with a ABSciex TripleTOF 6600 (ABSciex, Foster City, CA, USA)

equipped with an electrospray interface with a 25 µm iD capillary and coupled to an Eksigent

µUHPLC (Eksigent, Redwood City, CA, USA). Analyst TF 1.8 software was used to control the

instrument and for data processing and acquisition. Acquisition was performed in Information
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Dependant Acquisition (IDA) mode for the ion library on each gel fraction. The samples were

analyzed in SWATH/DIA acquisition mode. Source voltage was set to 5.35 kV and maintained

at 325°C, curtain gas was set at 50 psi, gas one at 40 psi and gas two at 35 psi. Separation was

performed on a reversed phase Kinetex XB C18 column 0.3 mm i.d., 2.6 µm particles, 150 mm

(Phenomenex) which was maintained at 60°C. Samples were injected by loop overfilling into a

5 µl loop. For the 45min LC gradient, the mobile phase consisted of the following solvent A

(0.2% v/v formic acid in water) and solvent B (0.2% v/v formic acid in EtOH) at a flow rate of 3

µl/min.

LC-MS/MS parameters lipidomics

Acquisition was performed with a Sciex TripleTOF 5600 (Sciex, Foster City, CA, USA) equipped

with an electrospray interface with a 25 µm iD capillary and coupled to an Nexera XR (Shimadzu,

Kyoto, Japan). Analyst TF 1.7 software was used to control the instrument and for data processing

and acquisition. Samples were analyzed in Data independent acquisition (DIA). The source voltage

was set to 5.35 kV and maintained at 325°C, curtain gas was set at 50 psi, gas one at 40 psi and

gas two at 35 psi. Separation was performed on a reversed phase Kinetex C8, 100 mm x 2.1

mm ID (Phenomenex) which was maintained at 60°C. For the 20min LC gradient, the mobile

phase consisted of the following solvent A (60:40 ACN:H2O + 10 mM NH4 formate + 0.1% FA)

and solvent B (90:10 Isopropanol:ACN + 10 mM NH4 formate + 0.1% FA) at a flow rate of 400

µl/min.

Data processing and proteomics analysis

Peptides and proteins for the ion library were identified using Protein Pilot (Sciex) using a 5%

global FDR. Identified Peptides were loaded and quantified using the SWATH 2.0 microapp exten-

sion of the Peakview software (Sciex). Integration parameters were the following: Top 10 peptides

per protein, 4 MS/MS transition per peptide, 95% peptide confidence, 5% peptide FDR, retention

time window of 6min, XIC width 30ppm. The resulting protein global FDR was 1%. Quantifica-

tion was normalized using the NormalizerDE (Willforss et al., 2018) script. For each comparison

groups, the average, standard deviation, %CV, log2FC, 99% confidence interval and Student's T

test was computed. The Protein Score (Prot score) equals the sum of the ion scores of all peptides

that were identified and was used as estimate of good quality peptides (1 good peptide = score of
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2 and therefore score <4 = fewer than 2 peptides, hardly quantitative; 5-10 = quantitative but less

accurate; >10 = accurate).

Gene ontology analysis

Gene ontology enrichment were obtained by first getting the human orthologue names for each

mouse gene in the list using Blast2GO. Then, the list of differently expressed genes was analyzed

for gene ontology enrichment using the ReactomeFI app in Cytoscape (Shannon et al., 2003). To

identify the similarities in the profile between human and rat, the correspondent gene annotation

was used. For rat, the human orthologue gene correspondent to each protein was used. Only

genes for which both species had a log2FC>1 and with a p-value<0.05 were included in further

analysis. For the common up and down regulated protein-coding genes in human and rat, boxplots

were generated. Boxplots represent the median, 25th, and 75th percentiles of protein quantity,

and whiskers represent measurements to the 5th and 95th percentiles. Each single dot represents

one sample. To evaluate the major biological processes that can be involved, the GO enrichment

analysis was performed. GO enrichment were obtained in Cytoscape (Shannon et al., 2003). Only

genes that were up or downregulated in both species were considered for further analysis. The

up and down regulated genes were identified as part of different biological processes and plotted

according to the number of genes contributing to that biological process. To identify genes that

could be involved in ECM organization, the pathway enrichment analysis was performed. To each

pathway, a gene set was assigned. The ECM organization gene set was analyzed and genes from

human and rat datasets were identified. Only genes that were present in both species were plotted

(considering log2FC).

Generation of Volcano Plots

The proteins were sorted by logFC, considering astrocytes reactive sample/resting sample ratio

(log2FC). To analyze the significant changes in protein expression, between the reactive and resting

conditions, Volcano plots were prepared based on the correspondent gene assigned for each protein

measured in log2FC. Human gene annotation from human samples, and human orthologue gene

from rat samples, were used for labelling of the proteomics Volcano plots. The x-axis shows,

for every gene, log2FC, the y-axis shows, for every gene, the significance (negative log10 of p-

values). For the selection of differentially expressed proteins, those with fold change above 2 were
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considered. The proteins with log2FC≥1 and p-value<0.05 were considered upregulated and the

proteins with log2FC<-1 and pvalue<0.05 were considered downregulated by astrocytes. Each

protein is represented by a single dot and labelled with the correspondent protein-coding gene

annotation.

Data analysis lipidomics

Files were converted to the mzml format and analyzed using MS-DIAL and its built-in lipidomics

ion library. Lipid identification was performed on both MS and MS/MS spectra when available, or

on MS1 only if MS/MS ion correspondence could not be found within the library. For each lipid,

the area under the curve was corrected over the TIC and reported for each sample. Significant

changes between lipids were calculated using the corrected AUC and a Student's t-test.

Immunohistochemistry

Cells were washed once with dPBS and fixed with 4% PFA in dPBS for 10min at RT. Cells were

washed once with dPBS before adding blocking solution containing 50% goat serum, 50% antibody

buffer (water, 150 mM sodium chloride, 50 mM Tris base, 1% BSA, 100 mM L-lysine and 0.04%

azide) and 0.4% Triton X-100 for 30min at RT. Primary antibodies were applied over night at 4°C.

One wash with dPBS was followed by secondary antibody incubation for 1h at RT. Following

primary antibodies were used: 1:100 rat anti-MBP (Merck MAB386), 1:1000 mouse anti- SMI31

(Biolegend 801601), 1:1000 rabbit anti-CASPR (Invitrogen PA5-68409), 1:500 guinea pig anti-

BCAN was previously described by (John et al., 2006), 1:1000 mouse anti-TN-R (MAB1624),

1:1000 goat anti-CNTN1 (EIAab P15020). Primary antibodies were visualized with appropriate

secondary antibodies conjugated with Alexa fluorophores (Thermo Fisher). Nuclei were visualized

with DAPI at 1:10,000 (Thermo Fisher 62247).

Black gold staining

Black-Gold® II RTDTM Myelin Stain kit from Biosensis (TR-100-BG) was used and solutions

were prepared according to the manufacturer. Fixed tissue sections were air-dried at 60°C for

30min until thoroughly dry. Sections were then rehydrated in distilled water for 2min. In the

meantime Solution A (Black Gold® II) was heated to 60°C in a convection oven. Sections were

incubated in Solution A for 40-50min in the dark at 60°C. Slides were rinsed for 2min in distilled
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water. Next, the slides were immersed in Solution B (sodium thiosulfate, fixative) for 3min at RT.

Three rinses with tap water for 5min were performed. Counterstain with Cresyl Echt violet (Luxol

fast blue kit abcam ab150675) was performed for 2min. Sections were dehydrated quickly with

three changes of 100% EtOH. Slides were mounted with a non-aqueous mounting media (Dako

Glycergel) and Black-Gold® II was visualized by Bright field illumination (40x magnification)

with TissueFAXS SL (Slide Loader) high throughput systems.

Imaging

Harmony® high-content analysis software 4.8-5.1 (HH17000001) was used to set up imaging set-

tings for the 96-well plate. Imaging was done with a 20x long WD non-confocal objective by the

Operetta® High Content Imaging System / Opera Phenix®. Appropriate channels were selected

(DAPI, Dyelight 649, Alexa 594, Alexa 488) and exposure time as well as focus height was set

accordingly. Harmony analysis software or Myelin Status by Quantified Biology, Cornell Tech

was used for image analysis. TissueFAXS SL was used to acquire fluorescent images from slides

and StrataQuest analysis program to quantify.

Statistical analysis

Data are presented as mean ± SEM, unless otherwise indicated. Statistical analyzes were con-

ducted using the unpaired t-test with 95% confidence interval, the one-way ANOVA with Dunnett's

multiple post-hoc tests or non-parametric tests, such as the Mann-Whitney U-test, when data was

not normally distributed. In general, n values refer to the number of individual dots, differentia-

tions, or imaging fields for a given experiment unless otherwise stated; specifics are provided for

each experiment in the corresponding figure legend.
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Data availability

The mass spectrometry based proteomics and lipidomics data acquired in this study will be de-

posited in the Pride or PeptideAtlas database following the MIAPE recommendations. Further-

more, the data and/or reagents that support the findings of this study are available from the corre-

sponding authors, Sybille Seiler and Lynette C. Foo, upon request.
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Figures

Figure 1: Astrocytes secrete multiple factors that promote myelination
A) Experimental setup of the primary astrocyte isolation procedure by immunopanning, collection and processing of the

ACM (created with BioRender.com). B) Immunofluorescent images of RGC-OPC co-cultures treated with processed

ACM visualizing OLs with MBP and axons with SMI31, Scale bar, 100 µm. C) Quantification of myelination of RGC-

OPC co-cultures displayed in B) and compared to control. D) Rat ACM proteomics funnel diagram displaying filtering

criteria to narrow down potential pro-myelinating candidates. Bar graphs show mean ± SEM; n=5, analysis was done

by one-way ANOVA followed by Dunnett's multiple post hoc test for comparing more than three biological samples

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 2: Brevican core protein promotes myelin formation in vitro and ex vivo
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Figure 2: Brevican core protein promotes myelin formation in vitro and ex vivo
A) Representative images of MBP- and SMI31- stained RGC-OPC co-cultures of control, 30kDa ACM and brevican

conditions (10-82 nM) ), Scale bar, 50 µm. B) Myelin index of RGC-OPC co-cultures treated with increasing con-

centrations of brevican (4-655 nM) compared to H2O control. C) Differentiated OLs quantified from MBP-positive

stained cells normalized to total cell number (DAPI). PDGF (10 ng/ml) and T3 (40 ng/ml) were used as negative and

positive controls, respectively. D) Experimental setup of: left: developmental assay of WT p1 cerebellar slices. Right:

remyelination assay of WT p7 cerebellar slices upon LPC demyelination (created with BioRender.com). E) Immunoflu-

orescent images of CASPR- and NF200- stained p1 cerebellar slices treated with brevican (0.2 µM) compared to H2O

control, Scale bar, 20 µm. F) Quantification of myelination of p1 cerebellar slices treated with brevican (0.01-0.2 µM)

normalized to H2O control. G) Quantification of myelination of p7 cerebellar slices treated with brevican (0.01-0.2

µM) normalized to H2O control. Individual values show mean ± SEM, n≥3, analysis was done by one-way ANOVA

followed by Dunnett's multiple post hoc test for comparing more than three biological samples (*P<0.05, **P<0.01,

***P<0.001, ****P<0.0001).
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Figure 3: Brevican plays a role in myelination during development
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Figure 3: Brevican plays a role in myelination during development
A) Experimental design for BCAN WT and KO mice (created with BioRender.com). B) Myelin index of RGC-OPC

co-cultures treated with BCAN WT or KO 30kDa ACM (10 µg/ml) and exogenous recombinant full-length brevican

bearing C-terminal his-tag (82 nM) normalized to respective WT control. C) Myelin index of RGC-OPC co-cultures

made with unsupplemented BCAN WT and KO OPCs normalized to WT control. D) Fluorescent images of BCAN WT

and KO cerebellar slices after 7 and 14 days, Scale bar, 10 µm. E) Developmental myelin quantification of mouse BCAN

WT and KO cerebellar slices. F) Representative images of CASPR- and NF200- stained BCAN KO cerebellar slices

upon 14 days of brevican addition (0.1 µM) compared to H2O, Scale bar, 10 µm, and quantified in G). H) Immunoblot

of BCAN WT and KO p14 mouse brains comparing PLP protein expression, β-Actin was used as loading control. I)

Densitometry of immunoblot in H). J) Black gold staining of BCAN WT and KO p14 cerebellum, Scale bar, 200 and

50 µm. K) Mean intensity of black gold staining in the cerebellum of BCAN KO compared to WT mice at the age of

14 days. Individual values show mean ± SEM; n≥3, analysis was done by one-way ANOVA followed by Dunnett's

multiple post hoc test for comparing more than three biological samples, and two-sample unpaired t-tests for comparing

two samples with 95% confidence interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 4: Identification of novel putative OL-derived interactors of brevican
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Figure 4: Identification of novel putative OL-derived interactors of brevican
A) Experiment setup of CO-IP protocol used to identify OPC/OL binding partners of brevican (created with BioRen-

der.com). B) Significant OPC surface receptors (�) and secreted interactors (TN-R �) of brevican performed on OPC-

brevican CO-IP candidates found by mass spectrometry-based proteomics and represented in Volcano plot. C) Im-

munostaining of nodal CASPR, TN-R and brevican expression in BCAN p14 WT and KO mice, Scale bar, 2 µm. D)

Immunoblot of CNTN1 and TN-R expression in BCAN WT and KO p14 mice. β-Actin was used as loading control.

E) Densitometry of CNTN1 and TN-R expression in BCAN p14 WT and KO homogenates. Individual values show

mean ± SEM; n=3, analysis was done by two-sample unpaired t-tests for comparing two samples with 95% confidence

interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 5: Conserved reactive astrocyte-derived factors disrupt CNS myelination
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Figure 5: Conserved reactive astrocyte-derived factors disrupt CNS myelination
A) In vitro protocol for making primary human and rat astrocytes reactive and for collecting ACM for proteomics (LC-

MS/MS). Microscopic images of rat and human astrocytes before and after cytokine treatment, Scale bar, 100 µm. Gene

expression normalized to resting astrocyte control of B) rat and C) human reactive astrocytes. GAPDH was used as

housekeeping gene. D) Volcano plot displaying statistically significant over- and under-represented common human and

rat proteins. Statistically significant genes transcribing to secreted proteins, with FC ≥2 are labelled and represented

with � human, � rat E) Box plot of brevican expression of individual rat (p<0.0001) and human (p=0.0005) resting and

reactive ACM replicates (proteomics, n=6). F) G.O. Biological processes of all significant commonly altered astrocyte-

derived protein expressions in human and rat reactive ACM. The number of genes that are associated in each Biological

Process is plotted. G) Common gene set of human and rat astrocyte-derived proteins involved in ECM organization in

reactive state. Gene set analysis plotted for log2FC. H) Myelination index of rat and human resting and reactive ACM

treated RGC-OPC co-cultures with or without exogenous brevican (82 nM) compared to control. Individual values show

mean ± SEM; n≥3, analysis was done by one-way ANOVA followed by Dunnett's multiple post hoc test for comparing

more than three biological samples, and two-sample unpaired t-tests for comparing two samples with 95% confidence

interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Figure 6: Primary human and rat reactive astrocytes downregulate brevican in vitro
A) Immunoblot comparing endogenous brevican protein expression (both isoforms and cleaved brevican fragments

shown) in rat and human resting and reactive astrocyte homogenates. β-Actin and GAPDH was used as loading control

for rat and human astrocytes, respectively. B) Densitometry of total brevican protein expression as shown in A). C) BCAN

gene expression of rat and human resting and reactive astrocytes normalized to respective resting astrocyte control.

GAPDH was used as housekeeping gene. D) Resting and reactive human astrocytes stained with brevican and DAPI,

Scale bar, 50 µm. E) Quantification of brevican-stained human reactive astrocytes normalized to total cell number

(DAPI) and compared to resting astrocytes. F) Immunoblot displaying exogenous brevican protein expression of both

rat and human resting and reactive ACM, Ponceau S stain was used as loading control, n=2 independent cultures. G)

Densitometry of total brevican in resting and reactive rat and human ACM. H) Brevican protein secretion quantified by

sandwich ELISA of rat and human resting and reactive ACM normalized to respective resting ACM control. Individual

values show mean ± SEM; n≥3, analysis was done by two-sample unpaired t-tests for comparing two samples with

95% confidence interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary material

Supplementary Figure 1: Primary resting rat astrocytes in vitro
A) Resting primary rat astrocytes in serum-free culture for 7 days, Scale bar, 100 µm. B) Gene expression of acute

(directly after immunopanning) and resting astrocytes compared to all panning cell suspension. Gapdh was used as

housekeeping gene. Individual values show mean ± SEM; n≥3, analysis was done by two-sample unpaired t-tests for

comparing two samples with 95% confidence interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 2: Heparin binding reveals as a beneficial property for myelination in vitro
Myelin index of RGC-OPC co-cultures treated with 30kDa ACM (20 µg/ml) fractionated with heparin binding- or

hydrophobic interaction binding HiTrap columns compared to control. Individual values show mean ± SEM; n=4,

analysis was done by one-way ANOVA followed by Dunnett's multiple post hoc test for comparing more than three

biological samples (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 3: Lipids secreted by resting rat astrocytes
Lipids identified by mass spectrometry based lipidomics of rat 10kDa ACM. Nomenclature according to database from

MS-DIAL.
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Supplementary Figure 4: Pro-myelinating candidate brevican shows increasing osmolarity with increasing
concentrations in vitro
A) Representative experiment showing the myelin index of RGC-OPC co-cultures treated with multiple identified pro-

teins from rat resting ACM. Human recombinant proteins; Neurocan, Sparcl1 and Brevican (4 µg/ml), α2-Macroglobulin

(2 µg/ml) and Carboxypeptidase E (1 µg/ml). B) Osmolarity (mOsm/kg) measurements of ND-G- and Mym media, H2O

control and elevating brevican concentrations (10-1640 nM). Optimal osmolarity range for RGC-OPC co-cultures lies

within 250-300 mOsm/kg (green area). Mean values ± SEM are shown, pooled single cell data of n=3, analysis was done

by one-way ANOVA followed by Dunnett's multiple post hoc test (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 5: Brevican core protein facilitates myelination in vitro
A) Human recombinant brevican (82 nM) produced in wheat germ extract (ab153476) lacking any posttranslational

modifications and in a mouse myeloma cell line (4009-BC) with C-terminal his-tag. B) Immunoblot of full-length

human recombinant brevican protein (∼145kDa, 5 µg/lane, ab153476, and 4009-BC). Mean values ± SEM are shown,

pooled single cell data of n=3, analysis was done by one-way ANOVA followed by Dunnett's multiple post hoc test

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 6: LPC treatment for 16h causes significant demyelination in ex vivo cerebellar slices
Pre and post controls of cerebellar slices after 16h LPC treatment duration, n=9 slices from 2 WT mice. Individual values

show mean ± SEM; analysis was done by two-sample unpaired t-tests for comparing two samples with 95% confidence

interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 7: Knockout of endogenous brevican does not alter OPC differentiation, RGC via-
bility and MBP expression
A) OLs differentiation time course of mouse BCAN WT and KO OPCs after 3, 4 and 5 days in vitro (div). B) Live/dead

assay of immunopurified BCAN mouse WT and KO RGCs after 12 days in vitro (div). C) MBP staining of p14 BCAN

WT and KO mouse cerebellum, Scale bar, 20 µm. D) Mean MBP intensity/area of BCAN p14 WT and KO mouse cere-

bellum normalized to WT control. Individual values show mean ± SEM; n=3, analysis was done by two-sample unpaired

t-tests for comparing two samples with 95% confidence interval (*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 8: Adult BCAN KO mice show a normal myelin phenotype
A) Black gold staining of adult BCAN WT and KO cerebellum, Scale bar, 100 and 20 µm. B) Black gold intensities/area

of BCAN WT and KO adult cerebella normalized to WT control. C) Immunoblot of adult BCAN WT and KO brain

homogenates showing brevican, MBP and β-Actin expression. D) Densitometry of MBP protein expression by BCAN

KO mice compared to BCAN WT control, β-Actin was used as loading control. Individual values show mean ±
SEM; n≥3, analysis was done by two-sample unpaired t-tests for comparing two samples with 95% confidence interval

(*P<0.05, **P<0.01, ***P<0.001, ****P<0.0001).
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Supplementary Figure 9: Identified OL-lineage surface receptors of brevican are involved in crucial
CNS functions and neuropathologies
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Supplementary Figure 9: Identified OL-lineage surface receptors of brevican are involved in crucial CNS
functions and neuropathologies
A) Biological processes of candidates of interest reveal crucial functions involved in the myelination process. B) Liter-

ature research-prospective study revealing the OPC surface gene related diseases (created with BioRender.com).
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Supplementary Figure 10: TNFα and IL1β treatment does not cause cell death or reduce protein secretion
in reactive rat astrocytes
A) Live/dead cell ratio of reactive compared to resting rat astrocytes upon TNFα and IL1β treatment for 24h. B)

Secreted protein (ACM) production by resting and reactive rat astrocytes after 6, 16 and 24h TNFα and IL1β treatment.

Individual values show mean ± SEM; n≥3, analysis was done by two-sample unpaired t-tests for comparing two groups

with 95% confidence interval (ns=not significant).
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Supplementary Figure 11: Proteomics and lipidomics of rat and human reactive versus resting astrocyte-
derived factors
Volcano plot illustrating all proteins (log2FC>1.5) significantly (p<0.05) upregulated (green) or downregulated (blue)

in reactive A) rat ACM n=6 (grey total 508 proteins) and B) human ACM n=6 (grey total 235 proteins) compared to

resting ACM. C) MA plot visualizing and identifying human lipidomics changes from reactive versus resting ACM in

terms of log of the mean of lipid levels from the two conditions (A, X-axis) and logFC (M, Y-axis).
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Supplementary Figure 12: Common significantly up- and down-regulated astrocytic factors upon pro-
inflammatory cytokine stimulation in rats and humans
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Supplementary Figure 12: Common significantly up- and down-regulated astrocytic factors upon pro-
inflammatory cytokine stimulation in rats and humans
Box plot of individual replicate values of proteomics of significantly (p<0.05) A) upregulated, and B) downregulated

common rat and human factors detected in reactive ACM in vitro. Individual values show mean ± SEM; n=6, analysis

was done by two-sample unpaired t-tests for comparing two groups with 95% confidence interval.
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Supplementary Figure 13: Altered lipid trafficking in APOE from reactive astrocytes
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Supplementary Figure 13: Altered lipid trafficking in APOE from reactive astrocytes
A) Lipids (FC expression/IgG control) detected of purified APOE from reactive versus resting ACM, n=3. B) Enriched

(green) or underrepresented (blue) lipids on APOE from reactive astrocytes compared to resting astrocytes in all 3

replicates. Nomenclature according to database from MS-DIAL.
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Supplementary information

Sigma Cat. Final (µg/ml)

Aqueous stock
L-Carnitine C7518/C0283 2.0

Ethanolamine E9508 1.0

D(+)-galactose G0625 15

Putrescine P5780 16.1

Sodium Selenite S9133 0.01435

Ethanolic stock
Corticosterone C2505 0.02

Linoleic acid L1012 1.0

Linolenic acid L2376 1.0

Lipoic acid (thioctic acid) T1395 0.047

Progesterone P8783 0.0063

Retinyl acetate R7882 0.1

Retinol, all trans (vit. A) 95144 0.1

D,L-alpha-Tocopherol (vit. E) 95240/T33251 1.0

D,L-alpha-Tocopherol acetateb T3001 1.0

Add fresh
Albumin, bovine A4161 2500

Catalase C40 2.5

Glutathione (reduced) G6013 1.0

Insulin I6634 4.0

Superoxidase dismutase S5395 2.5

Transferrin T5391 5.0

Supplementary Table 1: Composition of the B27 medium supplement
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Gene name species forward 5'→3' reverse 5'→3'

Gaphd rat CAA CTC CCT CAA GAT TGT CAG GGC ATG GAC TGT GGT CAT GA

Aldh1l1 rat AGT GAA GGA GCT GTG TGA CG TCC ATC CGT TGG GTT GAT GG

Gfap rat AAC CGC ATC ACC ATT CCT GT TCC TTA ATG ACC TCG CCA TCC

Sox10 rat GAC CCT ATT ATG GCC ACG CA GCC CCT CTA AGG TCG GGA TA

Sparcl1 rat CAG TCC CGA CAA CGT TTC TCT CTG TCG ACT GTT CAT GGG CT

Vimentin rat GAG GAG ATG AGG GAG TTG CG CTG CAA TTT TTC TCG CAG CC

S100a10 rat GAA AGG GAG TTC CCT GGG TT CCC ACT TTT CCA TCT CGG CA

Serpina3n rat GTC TTT CAG GTG GTC CAC AAG G GCC AAT CAC AGC ATA GAA GCG

Timp1 rat CGC TAG AGC AGA TAC CAC GA CCA GGT CCG AGT TGC AGA AA

Osmr rat GTC ATT CTG GAC ATG AAG AGG T AAT CAC AGC GTT GGG TCT GA

Aspg rat CAG GTG CCC AGG TTC CTA TC GTC CAC CTT GGT TGT CCG AT

Lcn2 rat CCG ACA CTG ACT ACG ACC AG AAT GCA TTG GTC GGT GGG AA

Cxcl10 rat TGC AAG TCT ATC CTG TCC GC ACG GAG CTC TTT TTG ACC TTC

Cxcl2 rat GGA TGG TCA TGA AGT TTG TCT CTT CCT TTC CAG GTC AGT TAG

Gbp2 rat TAA ACG TCC GAG GCC CAA AC AAC ATA TGT GGC TGG GCG AA

Serping1 rat TGG CTC AGA GGC TAA CTG GC GAA TCT GAG AAG GCT CTA TCC CCA

Bcan rat GGT AAG TCC CTA AGT GCC TC TGG TTT TGC TGG TAC TCC AT

Syt rat AGC CATAGT TGC GGT CCT TT TCA GTC AGT CCG GTT TCA GC

Mog rat CAC TTC CTG AGA GTG CCC TG CTC AAA AGG GGT TTC TTA GCT

Mbp rat CGA TTG GGT GTC ACT CCG AAA CCC AGC AGA GAA TGA ACA CAA

Plp1 rat AAG GAC ATT CCT GCT TTC TAC AAG TCG CAG AGG AAT GAA AGC

Brunol4 rat CCT GGT GGT CAA GTT TGC AGA GCA CCT TGA GCC TCT TCA TGC

Cx3cr1 rat CAA CGA ATG TTT GGG TGA TTA CCA CTG TCT CCG TCA CAC TA

GAPDH human AGG GCT GCT TTT AAC TCT GGT CCC CAC TTG ATT TTG GAG GGA

AQP4 human GGC CGT AAT CTG ACT CCC AG TGT GGG TCT GTC ACT CAT GC

GFAP human AGA TTC GAG GGG GCA AA TCA CTC CCT GTC AAG CTG

VIMENTIN human TGG ACC AGC TAA CCA ACG AC GCC AGA GAC GCA TTG TCA AC

PADI2 human AGT ACG GGA GCC GCG TG AGT AGT TGA CGG TGA CCT TGT C

OSMR human CTC GTG GAG CCC TTC G GTT CAG CCA AGA CTT CAC TC

TMX2 human GAC GGT AAC CCG TGT GAC TT GCA CGT CAT CAG GAA CAT GGA

TLR4 human ATG CCA GGA TGA TGT CTG CC TGG ATT TCA CAC CTC CAC GC

ALDOC human CAG GGA GCT GTC ACC AT CCC TTG TCA ACC TTG ATG C

SERPING1 human GAA GTT TGG AGT CCG CTG GAT AAC TGT TGT TGC GAC CT

TIMP1 human GTT TCT CAT TGC TGG AAA ACT G GGG ATG GAT AAA CAG GGA AAC

LCN2 human ATC CGC TTC TCC AAA TCT CT CGA TAC ACT GGT CGA TTG GG

CXCL10 human GTG GCA TTC AAG GAG TAC C CTC CCC TCT GGT TTT AAG GA

GBP2 human TCT CTG ATC TGG GGA ACA AC ATC AGG TAG GAT TTG CCT GT

BCAN human CCC TGG GTA GCC TGC AGA ACA TCT GCT AAA GCT GC

Supplementary Table 2: List of primers used in this study
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7 Discussion

The development of a new higher throughput workflow to study myelination in vitro has the

promise to enable fundamental studies on targets for remyelination therapies. With a novel computer-

vision algorithm and a miniaturized, native myelinating RGC-OPC co-culture system, I have been

able to identify pro-myelinating factors in a dose dependent manner. I have shown how we can use

this culture system and quantification method to study crucial questions such as the influence of

astrocyte-derived factors like brevican, as well as the adverse impact of a reactive astrocyte phe-

notype on CNS myelination. Furthermore, I have not only detected that some astrocyte-derived

factors are conserved across rodent and human species but also revealed the factors that are equally

regulated in expression in an inflamed, reactive state in vitro. These findings raise important ques-

tions, perhaps most importantly whether astrocyte-specific remyelination treatment strategies could

be a revolutionary progress in drug development for demyelinating diseases. In this section, I dis-

cuss previous findings and explore how we can further exploit this workflow and data set of iden-

tified conserved astrocytic regulators to better understand the role of astrocyte-derived factors in

CNS myelin dynamics.

7.1 Identification of myelination-affecting factors in vitro by a native higher through-
put myelinating culture system and a novel computer-vision algorithm

An inevitable and important push toward fast development of translational remyelination treatment

strategies exists. For this, faithful and rapid in vitro screening procedures are becoming essential

tools. In this work, I described the combination of experimental and computational advances to

create a native myelinating system in vitro using RGC-OPC co-cultures that allow rapid, reliable

and automated quantification of myelin sheaths. First, I described the well established OPC dif-

ferentiation assay using MBP as a marker for identifying differentiating OLs as a selection step of

pro-differentiating and thereby possibly pro-myelinating compounds as well as their working dose

range. In line with previous studies, I have confirmed that T3 promotes OPC differentiation and

provided the effective dose curve (Durand, Raff, 2000). The compact myelin formation in RGC-

OPC co-cultures within three weeks and the maintenance of the reciprocal interaction between

vital axons and OLs allowed the study of regulators of all the steps of myelination relatively rapid.

Taken together, such a system including a pre-selection step with OPC monocultures and up-scaled
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reproducible myelinating co-cultures provided all necessities for a higher throughput workflow. As

automation is key to pharmaceutical mass screening, I described an optimization approach to quan-

tify myelination and compared two methods by using the known myelinating compounds BQ3020

and XAV939 (Fancy et al., 2011; Yuen et al., 2013). The first analysis method was based on a previ-

ously established method that measured the total length of myelinated axons by counting all MBP

stretches normalized by the number of OLIG2-positive nuclei (Lariosa-Willingham et al., 2018).

However, this method does not involve the essential contact to an axon and assumes that all OLs

produce the same number of protrusions. In reality though, OPC differentiation and maturation are

more complex. They are regulated by intrinsic and extrinsic signals simultaneously, meaning one

cell can be already in an end-stage of differentiation, while another cell still appears in its bipolar,

non-myelinating morphology. Therefore, I refined the analysis by counting the length of all MBP

stretches aligned on neurofilament-stained axons. Pro-myelinating effects of only higher concen-

trations of BQ3020 and XAV939 and big replicate variances likely arose due to the length calcula-

tion of myelinated signals using mean channel intensities. In addition, this analysis method did not

differentiate between an ensheathing and myelinating OL, which is why the further optimization

to a computer-vision algorithm quantifying myelin sheaths at the single cell level was developed.

With the novel algorithm that was tailored to score the 'myelin index' of each OL, I achieved a

more sensitive readout of myelination in vitro and captured a dose dependent effect of BQ3020 and

XAV939 on myelination. Even though I provide a rapid method to quantify myelination in vitro,

it is impossible to draw far-reaching conclusions from a basic model such as these RGC-OPC co-

cultures. In the future, models that better reflect the complexity of the process, including several

types of cells, 3D structures and disease context but remaining basic and quick enough to establish,

would be helpful. Unfortunately, such models have not yet been developed. Furthermore, if we are

to translate knowledge from studies of myelination and remyelination into therapies for patients,

in vitro models using human cells should be in place. Due to ethical difficulties and rare sources of

direct human cells, groups started to establish cultures using iPSC-derived cells. Generation of OLs

from human iPSCs using transcription factors, a cellular model using iPSC-derived human sensory

neurons to study peripheral myelination and demyelination as well as iPSC-derived myelinoids

have already been established, but remain to be refined (Clark et al., 2017; Ehrlich et al., 2017;

James et al., 2021). These protocols are still very time consuming and create big batch-to-batch

variabilities. However, human iPSC-derived myelinating, mixed cultures may become the golden
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standard one day. In the meantime, other ways to accelerate quantification of remyelination and

validate compounds identified in vitro include in vivo studies using zebrafish or transgenic mice.

In the past years, in vivo imaging in zebrafish has aided our understanding of myelination but may

not all be directly translatable to mammals as the protein structure of the myelin sheath is slightly

different. Therefore, transgenic mice that have labelled myelin and neurofilament with different

fluorescent markers, are frequently used to track myelin. Inducible Cre recombinase system or the

Kaede protein, which alters its color after exposure to ultraviolet light, are useful tools to achieve

myelin labelling. It is known that the proteins of compact myelin coupled to large markers such as

green fluorescent protein fail to form normal compact myelin, therefore small molecule labelling

is the more advantageous method (Jarjour et al., 2012).

Together, I provide a simple, relatively inexpensive and robust workflow with paradigms relevant

to the MS field that other groups likely will find useful. It is a fundamental step in rapid myelin

quantification and relevant for the comprehensively study of pro-myelinating compounds. Ideally,

this basic concept of myelin sheath quantification will be translated to more complex, physiological

human models in the future.

7.2 Astrocyte-derived factors regulate CNS myelination

The full spectrum of released molecules by astrocytes and what the functions of these metabolites

in the CNS are, remain unclear. Here, I identified a set of astrocytic proteins that are common in

rat and human astrocytes. Mass spectrometry based findings revealed 508 proteins from rat ACM

and 235 proteins from human ACM. Higher numbers of molecules identified from rat compared

to human samples likely arose due to better sample quality and higher reproducibility across repli-

cates in rats. Furthermore, gene ontology was used to identify the common proteins across species

and not all represented genes necessarily attributed the same gene products. Nevertheless, 63%

of the human astrocyte proteomics architecture was conserved and aligned with the gene products

from rat astrocytes. However, not all commonly identified proteins were equally affected by the

pro-inflammatory cytokine treatment. I focused on the common astrocyte molecules similarly up-

or down regulated in both species upon pro-inflammatory stimulus, assuming these might be the

most relevant to human disease. Many of them have already been associated with specific astro-

cytic functions and human neuropathologies.
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Notably neutrophil and platelet degranulation, cellular protein metabolic processes and oxidation-

reduction processes may be affected by the overrepresentation of the following factors. In line

with my results, increased pentraxin-3 (PTX-3) secretion by reactive astrocytes has also been ob-

served after ischemic stroke in peri-infarct areas as well as followed to traumatic brain injury.

PTX-3 may increasingly support BBB integrity and activates the classical complement pathway

(Oggioni et al., 2021; Shindo et al., 2016). Furthermore, PTX-3 levels were elevated in cere-

brospinal fluid of patients with aggressive MS compared to control and serves as a biomarker for

inflammatory diseases already (Signoriello et al., 2020). In addition, increased chitinase 3 like

1 (CHI3L1) plasma levels in MS patients with progressive forms of MS, particularly those with

PPMS are coherent with upregulated levels of CHI3L1 by human and rat astrocytes (Canto et al.,

2012). Another proposed biomarker linked to the pathogenesis of MS is the insulin-like growth

factor binding protein 7 (IGFBP7), which was highly abundant in my reactive ACM (Shi et al.,

2021). IGFBP7 has previously been shown to be upregulated during EAE primarily by astrocytes

and to inhibit OPC differentiation, implying it as a potential target for the treatment of inflamma-

tory demyelinating diseases (Tan et al., 2015). Another excessive protein in the reactive ACM was

complement factor 3 (C3) and it is not surprising that inflammation and complement activation

go hand in hand in the pathology of MS. A study showed that through inhibition of C3, the strik-

ing loss of synapses driven by excessive microglial pruning early in demyelinating disease could

be rescued (Xin, Chan, 2020). Furthermore, the cytokine-mediated signaling pathway may be in-

duced by colony stimulating factor 2 (CSF2) and tissue inhibitor of metalloproteinase-1 (TIMP1).

CSF2 is normally involved in myeloid cell growth and differentiation and has been described in

MS as well as a major mediator of EAE pathology in mice. However, CSF factors are expressed

by a variety of cells including immune cells, which makes it difficult to predict to what extent

astrocytes are contributing to the ultimate CSF2 levels (Monaghan, Wan, 2020). In contrast, a

protective role by astrocytic TIMP1, an endogenous factor expressed to mitigate MMP activities

during neuroinflammation, has been indicated to promote OL differentiation and enhancement of

CNS myelination (Moore et al., 2011). Some differentially abundant conserved proteins within the

reactive ACM were underrepresented such as the CSPGs brevican and neurocan. Their downreg-

ulation could affect CNS extracellular matrix organization as well as stability of the nodal ECM.

As I have observed a rather supportive and protective role of brevican during CNS myelination,
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its downregulation by reactive astrocytes could mean a reduction of a neurosupportive function.

Studies have documented that astrocyte-derived pleiotrophin (PTN) was upregulated by mouse and

human astrocytes in MS, however, I observed a downregulation of PTN by reactive astrocytes in

vitro (Linnerbauer et al., 2021). Multiple studies suggest that tyrosine phosphorylation is a key

element in myelin formation, differentiation of OLs and Schwann cells and recovery from de-

myelinating lesions. PTPRZ encodes protein tyrosine phosphatase receptor type z that was shown

to be necessary for recovery from EAE induced by MOG peptide. However, these findings revealed

that the human homolog of PTPRZ, PTPRZ1, induced in MS lesions was specifically expressed

by remyelinating OLs as a surface molecule to inhibit proliferation and promote their maturation

(Harroch et al., 2002). This raises the question if astrocytic PTPRZ secretion could have a role

in protecting OLs against apoptosis that is reduced in a reactive astrocyte phenotype. In contrast

to a group that has used a similar approach to compare resting and reactive ACM, however, used

different cytokines to induce reactivity, I detected less abundant apolipoprotein E (APOE) protein

in reactive compared to resting ACM (Guttenplan et al., 2021). In the healthy state, animals al-

ready produce plenty of APOE that plays an enormously important role in cholesterol metabolism,

lipid transport and immunomodulation in the CNS as well as in the PNS. Astrocytes express high

levels of APOE in the normal CNS with little expression by microglia. However reactive microglia

express similar levels of APOE as do astrocytes, but secrete substantially smaller APOE particles

than astrocytes, likely due to differential lipidation. Therefore, APOE might exert differential roles

based on glial origin (Huynh et al., 2019). In the periphery, APOE is expressed by hepatocytes

and leukocytes involved in cholesterol homeostasis and cardiovascular health. Since APOE per-

forms a vital systemic function, it would make sense if astrocytes in a ”sick” state would fail to

produce enough of it and reactive microglia increase its expression. However, several lines of evi-

dence have emphasized altered cellular distribution of APOE during redistribution of myelin lipids.

One study showed markedly increased APOE immunoreactivity by astrocytes and macrophages in

active MS lesions, perhaps as a reflection of upregulation of this lipid transport system. Others

have supported this hypothesis by showing alterations in APOE concentrations in cerebrospinal

fluid of MS patients (Carlin et al., 2000; Gaillard et al., 1998; Rifai et al., 1987). Nonetheless, the

relationship between astrocyte reactivity and APOE expression, as well as its functional changes

is not completely understood. Therefore, I compared APOE-bound lipids in the resting and reac-

tive rat ACM and observed some differences in lipid carrying, supporting the view that not only
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APOE expression but also APOE function might change due to astrocyte reactivity. However, fur-

ther studies of glial lipid metabolism will yield a better understanding of whether and why these

lipids are differentially trafficked in human reactive astrocytes that express various APOE isoforms.

While many changes in the secretome by reactive astrocytes induced by the pro-inflammatory cy-

tokines TNFα and IL1β are coherent with studies using different models, some astrocytic factors

were responding oppositional to these inflammatory signals such as APOE and PTN expression.

It remains unclear, however, if this is a reflection of astrocyte heterogeneity or the difference in

damage or level of reactivity by the studied astrocyte population. Nonetheless, it opens important

novel avenues into understanding astrocyte reactivity during CNS myelination relevant to human

diseases.

With the knowledge of which metabolites and pathways may be affected by the reactive astrocytes,

I tested the functional consequences of reactive astrocytes on myelination by treating RGC-OPC

co-cultures with resting and reactive rat and human ACM. I observed a significant reduction in

myelination with reactive astrocyte-derived factors compared to resting ACM. Even though, a pre-

vious myelination promoting effect of brevican was observed, brevican addition to the reactive

ACM did not rescue this loss of function, meaning the lack of brevican alone can not account for

the observed reduction in myelination by reactive ACM. Finally, this suggests that the totality of

factors losing their homeostatic expression and function simultaneously, cause an imbalance toward

a harmful impact on myelination together. Pertinent questions regarding reactive astrocytes during

myelination still remain. For instance, are there parallels in reactive astrocytes across different dis-

eases and injury states? What are further signals produced by other cell types that induce astrocyte

reactivity? What causes the detrimental effect to outweigh the beneficial ones, is there a way to

rebalance it? Could the solution lie in targeting combinatorial signaling from multiple pathways at

the same time? How can we differentiate between astrocyte heterogeneity and context-dependent

responses? One way to answer some of these questions is to further characterize the local, regional,

temporal, subject or patient, and sexual heterogeneity of reactive astrocytes from disease-specific

models and single-cell sequencing. Furthermore, the clustering of analysis of molecular and func-

tional data together will facilitate the identification of distinct phenotypes of reactive astrocytes. In

addition, astrocyte-derived drug development highly depends on the discovery of plasma, serum

150



DISCUSSION

and cerebrospinal fluid biomarkers, as well as of finding PET radiotracers to identify astrocyte re-

activity.

This work is important, as it is a reciprocal approach, such that human and rodent in vitro data

are aligned to unravel conserved changes from a ”healthy” to a ”diseased” astrocyte assuming that

these might be the most relevant to human diseases. Thus, putative conserved astrocyte-derived

regulators of myelination can be functionally validated in native myelinating systems in vitro and

in vivo. The advantage of careful selection of upstream stimuli and choosing a simple in vitro

model allows appropriate modelling of particular aspects of disease-specific reactive astrocytes.

The translation of large proteomic data sets to functional impacts is far from trivial. Therefore, I

would like to point to advantages and disadvantages of the used protocols in this work. Mass spec-

trometry identifies vast numbers of molecules and is a powerful tool to create a snapshot of what

biological processes are occurring at a given time. However, the cut-off for mass spectrometry is

very high and small molecules, specifically metabolites or here in particular lipids were assessed

independently and should be combined with proteomics in the future. This is where computer-

ized tools, including systems biology and artificial intelligence could fill-in to integrate various

multi-omics studies. Nevertheless, the study of basic functional properties of astrocytes that are

evolutionary conserved between humans and rodents create the fundament for all future disease-

specific biomarker signatures.

7.3 Brevican as a novel promoter of late-stage myelination during development

In my studies of astrocyte-derived factors during CNS myelination, the proteoglycan brevican stood

out as it was downregulated by both human and rat reactive astrocytes. Surprisingly, the proteo-

glycans brevican and neurocan were the only ECM components prominently downregulated by

reactive astrocytes in vitro. These findings supported a similar regulation of these ECM molecules

in humans and might point toward a neuroprotective role of these lecticans in the CNS that is re-

duced as a consequence of astrocyte reactivity. Brevican is mainly expressed by astrocytes and

neurons in the CNS and as an ECM constituent, it is closely interconnected in perinodal struc-

tures modulating synaptic transmission and plasticity (Favuzzi et al., 2017). Here, I showed that

brevican promotes later stages of myelination especially in the developing CNS, suggesting that it

may contribute to node formation and/or maintenance as part of the nodal ECM of putative nodes.
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In the PNS, ECM proteoglycans interacting with NF186 are necessary to initiate sodium channel

clustering. Therefore, it has been speculated that brevican in the CNS acts similar and contributes

through NF186 interaction to CNS node formation (Hedstrom et al., 2007). Decelerated myelin

formation in developing BCAN KO mice was observed, whereas in adults this myelin phenotype

was restored. This restored myelin phenotype in adult mice could be explained by compensating

processes as in the CNS three mechanism assemble the NOR. The paranodal diffusion barriers

between glial NF155 and the axonal cell adhesion molecules CASPR and contactin, as well as the

stabilization mechanism of nodal sodium channels by an ankrinG-βIV spectrin protein complex

likely make up for the loss of brevican resulting in a normal myelin phenotype in BCAN KO adult

mice (Eshed et al., 2005; Susuki et al., 2013).

The exogenous addition of brevican to in vitro RGC-OPC co-cultures and ex vivo cerebellar slices

enhanced myelination prominently. Exogenous brevican supplementation to RGC-OPC co-cultures

treated with BCAN KO ACM restored the reduced myelin formation to a comparable level seen

with BCAN WT ACM. Similar results were obtained with ex vivo brain slices from BCAN WT and

KO mice. At the same time, OPC differentiation and neuronal survival was unchanged in BCAN

KO mice supporting the view of a particular role of brevican secreted by the astrocytes.

Together, these findings indicate brevican, mainly provided by astrocytes, as a novel regulator

of CNS developmental myelination, wherefore I sought to unravel parts of its mechanistic cascade.

Brevican may act through direct interactions with glial or neuronal receptors or by attracting and

localizing effector molecules to the OL/axonal interphase. Due to the close proximity of astro-

cytes and the NOR, both could be possible. Brevican acts as ligand to the surface of B28 glial

cells, NF186 and TN-R as well as cell surface sulfatides and sulfoglucuronylglycolipids (Aspberg

et al., 1997; Fawcett et al., 2019; Hedstrom et al., 2007; Miura et al., 1999; Sekizar, Williams,

2019; Zacharias, Rauch, 2006). Overall, the physiological significance of these interactions is not

well understood, and none of these mechanistic interactions have yet linked brevican to myelin

formation. Here, I identified novel OL-derived interactors of brevican by mass spectrometry based

proteomics, some of which are surface receptors and some are secreted molecules such as CNTN1

and TN-R, respectively. Amongst other glial surface receptors that have previously been associated

to pathways involved in myelination, I detected enriched CNTN1 bound to purified brevican from
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rat ACM, however could not verify a direct binding between the two. CNTN1 is necessary for the

formation of myelin sheaths by OLs and the formation of paranodal axoglial connections of myeli-

nated axons in the CNS (Colakoglu et al., 2014). Therefore, I hypothesize an indirect bridging

between CNTN1 and brevican via TN-R, which would explain its relevances to myelin formation

during development. This indirect connection between the lectican and CNTN1, as a cellular re-

ceptor, has previously been demonstrated to induce tectal cell attachment and neurite outgrowth.

Although the expression of TN-R and CNTN1 was similar in BCAN KO and WT mice, the co-

ordinated action of these different ECM molecules is an example of how a complex network of

glial and neuronal protein-protein interactions might enable the fine-regulation of developmental

processes beyond the control of gene and protein expression (Zacharias, Rauch, 2006).

7.4 Concluding remarks

Astrocytes are highly secretory in nature and perform a myriad of functions in the CNS. They are

highly abundant, incredibly understudied and often misunderstood glial cells. Reactive astrocytes

may adopt multiple context-depending states, with only fractions of common changes between the

different states that has stymied the progress in the field of astrocyte biology in human diseases.

With my thesis work, I have described a reproducible higher throughput in vitro myelinating cul-

ture system and a computer-vision algorithm for automated analysis of myelin sheaths at the single

cell level. These advances will be useful in developing remyelination therapies. With this culture

system and analysis method, I demonstrated that astrocytes secrete bioactive lipids and proteins

contributing to CNS myelin regulation. I also identified the conserved expression changes in pro-

tein and lipid efflux by rat and human reactive astrocytes and elucidated their biological processes

involved in the adverse effects on myelination. These identified conserved molecules might be

the most relevant to human diseases. For instance, I introduced the proteoglycan brevican, highly

abundant in the ACM, as a novel promoter of late-stage myelination likely during node formation

and suggested multiple candidates involved in the underlying signalling cascade. Furthermore, re-

active astrocytes significantly downregulate brevican, wherefore I suspect a protective role of an

astrocyte-derived, brevican-based nodal ECM that might be disrupted by reactive astrocytes with

an inflammatory phenotype. Although the exact mechanism of brevican requires further studies,

with brevican connecting to CNTN1 via TN-R, I presented an example of how a complex network
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of glial and neuronal protein-protein interactions might enables the fine regulation of developmen-

tal processes. Knowing how astrocyte-derived factors regulate myelination is essential for under-

standing how the brain functions as a whole and will help in developing strategies to repair myelin

in disease. I show that astrocytes when reactive, secrete proteins and lipids that can both aid or

hamper myelination, bringing to mind a possibility that depending on their state, astrocytes play a

dual role. The dominant harmful role could be determined by the interplay of secreted molecules

with the surrounding extracellular milieu or state of the OPCs/OLs, which ultimately disrupt CNS

myelination. This work and results of others have shown that neurons and OLs are not wholly

responsible for crafting the myelination patterns seen in vivo. These findings will expedite our

understanding about mechanistic functions of astrocyte-derived factors both in the normal and dis-

eased myelination. In light of my observation, it will be of major importance to further test and

understand the conserved spectrum of astrocytic molecules involved in myelin dynamics.
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