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importance, pro-inflammatory cytokines, including IL1β, IFNγ and TNFα30–32, and
endogenous TLR agonists33–36 are abundantly present in MS lesions, and TLR3 and

Introduction
The central nervous system (CNS) contains neurons, microglia and macroglia, the
latter comprising astrocytes (ASTRs) and oligodendroglial cells. Oligodendrocytes
(OLGs) mature from oligodendrocyte progenitor cells (OPCs) and ensheath axons
with myelin, which is a stack of several lipid bilayers that facilitates saltatory
conduction and provides metabolic axonal support1,2. In the demyelinating
disease multiple sclerosis (MS), OLGs and myelin are lost, which is accompanied
by inflammation, astrogliosis and neurodegeneration, and leads to progressive
neurological disability3–5. Remyelination is a natural process following demyelination
and requires the generation of new myelin sheaths, which is essential for functional
recovery and preventing irreversible neurological symptoms4. Unfortunately,
remyelination in MS is often limited and ultimately fails as the disease progresses4,6–8.
In experimental models it is shown that remyelination is a multistep process that
involves the sequential activation of adjacent OPCs, recruitment of OPCs towards
the demyelinated area, and OPC maturation within the demyelinated area4,9–11. While
in robust rodent models remyelination is performed by newly-formed OLGs4, in MS
OPCs are relatively quiescent12,13, and remyelination is performed by pre-existing,
mature OLGs14. Whether remyelination by pre-existing OLGs is an adaptation of the
inability of OPCs to mature to OLGs, or a natural process remains to be determined.
The process of remyelination is orchestrated among others by transient signaling
from ASTRs. Upon injury, such as upon OLG loss and demyelination, ASTRs become
reactive, which involves ASTR proliferation, upregulation of specific proteins,
including filament proteins GFAP and vimentin, and the elaboration of a dense
network of processes15–20. Two subtypes of reactive ASTRs have been described,
anti-inflammatory A2-ASTRs and pro-inflammatory A1-ASTRs. Mild activation of
ASTRs may induce a pro-reparative A2 phenotype, while reactive A1-ASTRs, which
are observed in MS21, inhibit OPC proliferation, migration and differentiation, and
are in addition toxic to mature OLGs21–24. Moreover, in MS, reactive ASTRs form an
astroglial scar around inflammatory WM lesions, among others by the generation
of a dense network of extracellular matrix proteins, which is considered detrimental
for remyelination25. ASTR reactivity is regulated by pro-inflammatory cytokines and
Toll-like receptor (TLR)-mediated signaling events, as well as myelin debris23,26–29. Of
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TLR4 are upregulated on reactive ASTRs within MS lesions29.
Remarkably, in MS as well as in experimental models remyelination is more robust in
grey matter (GM) areas than in white matter (WM) areas17,18,37,38. Of special interest in
this regard are leukocortical lesions in MS, which span both the GM and WM. These
lesions are thought to have the same pathological age and background. Within these
lesions, more remyelination is observed in the GM area of the lesion compared to the
WM area of the lesion37. Differences in regional remyelination can be caused by both
intrinsic differences in OPCs, OLGs and/or differences in extrinsic signals derived
from, among others, ASTRs. For example, in experimental demyelination models,
ASTR reactivity is more prominent in the corpus callosum, a WM area, than in the
cortex, a GM area15–17,39. Indeed, macroglia form distinct populations across different
brain regions12,40,41. Whereas particularly OLGs appear to form a heterogeneous
group of cells based on their transcriptional profile42, ASTR are morphologically
diverse, especially in GM and WM areas, and have a high functional plasticity when
adapting to the specific needs of the local micro-environment43,44. This may result
in subsequent ASTR regional diversity due to adaptation to the demands of cells in
the region. Of importance, heterogeneity and plasticity of macroglia will affect the
response to injury and affect recovery, thus contributing to the pathology. Notably,
most therapies for MS do not directly aim at promoting remyelination, but rely on
disease-modifying treatments, involving an alteration of the immune response
and a diminishment of the number and severity of attacks45. Hence, elucidation of
macroglial diversity in GM versus WM, and its alleged contribution to the observed
differences between GM and WM with regard to remyelination efficiency may open
novel therapeutic avenues aimed at enhancing remyelination in MS.
Scope of thesis
The aim of the work described in this thesis was to explore potential differences in
macroglia in GM and WM, and if so, whether and how this affects (re)myelination.
To address the issue whether regional macroglia differ in their ability to modulate
processes that are relevant for (re)myelination, primary ASTRs and OLGs are used,
as well as an in vitro myelinating culture system that depends on a feeding layer of
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ASTRs. In chapter 1, current knowledge of macroglia diversity in CNS GM and WM is

thus contribute to differences in remyelination in GM and WM, which is explored in

reviewed and discussed in the context of whether and how pre-existing heterogeneity

chapter 5. Here, differences between gmOPCs and wmOPCs were studied in terms

and plasticity contribute to successful and failed remyelination, the latter being a

of proliferation, migration, differentiation and myelin membrane formation, as

major cause of disease progression in MS. This literature overview highlights several

well as their sensitivity to pro-inflammatory cytokines. Chapter 6 summarizes and

issues that are discussed in the context of the work presented in this thesis, including

discusses the work presented in this thesis in light of its relevance to MS pathology

the importance of macroglia interactions in remyelination. In chapters 2, 3, and

and the development of remyelination-based therapies in MS.

4, heterogeneity and plasticity between gmASTRs and wmASTRs and differences in
their potential to modulate OPC behavior and in vitro myelination, are investigated.
A previously identified extracellular matrix protein, fibronectin, forms aggregates
which persist in MS lesions and inhibit remyelination46. Therefore, chapter 2 focusses
on the underlying mechanism of the formation of these remyelination-inhibiting
fibronectin aggregates by ASTRs. Using primary neonatal rat ASTRs the role of proinflammatory cytokines, TLR agonists and fibronectin splice variants on fibronectin
aggregate formation was examined, taking into account potential differences
between gmASTRs and wmASTRs. In chapter 3, we first determined whether
primary neonatal gmASTRs and wmASTRs differ in their capacity to modulate
in vitro myelination. Cholesterol is an essential, major integral lipid of myelin
membranes47. Presumably, during development and likely also upon demyelinating
injury, cholesterol is supplied to myelinating OLGs by ASTRs and subsequently
incorporated into the myelin membrane48. Therefore, potential differences in
cholesterol production and influx into wmASTR versus gmASTRs were examined
and whether such differences could distinctly modulate myelination. In addition,
the effects of pro-inflammatory cytokines and TLR agonists on astrocyte-mediated
cholesterol efflux were investigated, as well as the identification of the cholesterol
transporters that contribute to the lipid’s efflux. In chapter 4, a 3’-RNA-sequencing
study was carried out to clarify whether cultured adult gmASTRs and wmASTRs
were heterogeneous cell populations that distinctly modulate in vitro myelination.
To reveal transcriptionally different regulatory mechanisms between gmASTRs and
wmASTRs that may translate to differences in their modulation of myelination, a
weighted gene network co-expression analysis of the obtained sequencing data was
performed. In addition, the effects of secreted soluble factors and potential deposits
of extracellular matrix proteins on primary OPCs were investigated, and if so, whether
and how these effects were affected upon TLR agonist treatment of ASTRs. In addition
to ASTRs, also OPCs in the GM and WM may differ in their ability to myelinate, and
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Abstract

Introduction

Macroglia, comprising astrocytes and oligodendroglial lineage cells, have long

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous system

been regarded as uniform cell types of the central nervous system (CNS). Although
regional morphological differences between these cell types were initially described
not long after their discovery almost a century ago, these differences were largely
ignored. Recently, accumulating evidence suggests that macroglial cells form diverse
populations throughout the CNS based on both functional and morphological
features. Moreover, with the use of refined techniques including single-cell and
single-nucleus RNA sequencing, additional evidence is provided for regional
macroglia heterogeneity at the transcriptional level. In parallel, several studies have
shown regional differences in remyelination capacity in CNS grey versus the white
matter areas, both in experimental models for successful remyelination as well as in
the chronic demyelinating disease multiple sclerosis (MS). In this review, we provide
an overview of the diversity in oligodendroglia lineage cells and astrocytes from the
grey and white matter, as well as their interplay in health and upon demyelination
and successful remyelination. In addition, we discuss the implications of regional
diversity for remyelination and in light of its failure in MS. Although a plethora of
differences in local macroglia are discussed here, it is currently difficult to discern
how their interaction contributes to differences in local remyelination capacity and
MS pathology, as the local inflammatory injury signals differ between grey and white
matter and thereby affect macroglial identity. Since the etiology of MS remains

(CNS) characterized by inflammation49, astrogliosis50, and neurodegeneration51–54.
MS is a heterogeneous disease both at the clinical and pathological level. More
specifically, MS can manifest in different disease courses, most commonly starting
with relapsing-remitting MS (RRMS) characterized by inflammation-mediated
exacerbations related to acute demyelination in the CNS, and subsequent recovery.
MS may also present in a progressive form in the absence of remission, either
initially as in primary progressive MS (PPMS), or following its relapsing form, called
secondary progressive MS (SPMS). Neurodegeneration, caused among others by
ultimate failure of remyelination is, amongst others, an underlying cause of disease
progression51–54. Treatments for MS are limited to disease modifying treatments
that reduce inflammation, while a regenerative treatment overcoming the failure of
remyelination is currently unavailable. Of specific interest is that MS heterogeneity
is also reflected in differences in pathology in different CNS regions, which is best
studied in leukocortical lesions that span both grey matter (GM) and white matter
(WM). For example, in leukocortical lesions, remyelination is more robust in the GM
part than in its WM counterpart37,38, while also differences in cellular density and
activation are present37. This regional diversity in cellular identity and/or responses
may underlie differences in regional remyelination, and although these lesions may
remyelinate, remyelination is often insufficient in either area9

unknown and only disease-modifying treatments altering the immune response
are available for MS, the elucidation of grey versus white matter macroglial diversity

The CNS consists of neurons, microglia and macroglia, the latter comprising astrocytes

and its putative contribution to the observed difference in regional remyelination

(ASTRs) and oligodendroglia, i.e., myelin-forming oligodendrocytes (OLGs) and OLG

efficiency may open up therapeutic avenues aimed at enhancing endogenous

progenitor cells (OPCs). In the adult human brain, the ratio of glial cells to neurons is

remyelination in either area.

~1:1 or even smaller, unlike a ~10:1 ratio, as reported in previous literature55,56. The CNS
can be grossly divided in two regions, the GM and the WM. The GM contains mainly
neuronal cell bodies, dendrites and axon terminals, whereas axons primarily reside
in the WM. Thus, synapses are more prominent in GM areas, while WM has a higher
myelin content. Also, the abundance of oligodendroglia and ASTRs in the CNS is
not uniform and is region dependent. In most adult human brain regions, OLGs are
the most numerous of glial cells, with a percentage ranging from 29% in the visual
cortex56,57, to 75% in the neocortex56,58,59. In rodents, OPC numbers vary from 3% in
GM to 8% in WM60. Also when comparing human normal appearing GM and WM,
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OPCs are more abundant in WM (98/mm2 versus 140-150/mm2)37,61. While numerous

(CSPG4 in human, also known as neuron-glial antigen 2 (NG2) in rodents) expressing

in the WM part of the frontal cortex (69%), only 36.6% of glial cells are OLGs in

cells that comprise ~5% of the adult rodent CNS66–68. Of note, PDGFRα and NG2 are

its GM part56,62. ASTRs follow OLGs in numbers in most brain areas, including in

co-expressed on >99.5% of non-vascular cells in the CNS60,69. Upon maturation, the

the frontal cortex WM at 24% of glial cells, but not in the frontal cortex GM, where

cells pass an immature, pre-myelinating state in which they express stage-specific

they outnumber OLGs at 46.5% of glial cells

. Over the past years, evidence has

markers including breast carcinoma amplified sequence 1 (BCAS1) and ectonucleotide

been accumulating indicating that macroglia from the GM and WM display regional

pyrophosphatase/phosphodiesterase 6 (ENPP6)70,71, while the myelin-typical lipids

plasticity and intrinsic heterogeneity, the first being adaptations of the same cell type

sulfatide and galactosylceramide appear at the cells surface. Myelinating OLGs are

to the local functional needs and responses to injury, and the latter being intrinsic

recognized by their expression of myelin-specific proteins of which myelin basic

transcriptional differences in cell populations. These regional differences will have

protein (MBP) and proteolipid protein (PLP) are the major ones72.

56,62

consequences for cell functioning upon CNS injury, such as demyelination and
remyelination. Indeed, similar as observed in leukocortical MS lesions, in the cortex,
a GM area, remyelination is more efficient in experimental models for successful
remyelination than in the corpus callosum, a WM area17,18. Here, we review current
literature on diversity of macroglial cells, and discuss how this may contribute to
regional differences in successful remyelination and upon remyelination failure. We
will start with an introduction into macroglia, followed by a detailed overview on
the topic of oligodendroglial and astroglial diversity in health, focusing on GM and
WM (summarized in Figs. 1,2). Next, we discuss macroglia diversity in the context
of regional differences in successful remyelination, and in light of remyelination
failure and its implications for MS (summarized in Figs. 2,3). Hence, this review
proposes to take regional differences into account when developing and/or assessing
remyelination-based treatments for MS.

In rodents, the process of developmental oligodendrogenesis and subsequent
myelination is well-studied. Using fate mapping, Kessaris and colleagues elegantly
showed that OPCs are derived from radial glia and populate the murine brain in 3
waves. At embryonic day 11.5 (E11.5) a first wave of OPCs emerges from the medial
ganglionic eminence and anterior entopeduncular area. A second wave is generated
from the lateral and/or caudal ganglionic eminences at E15. The OPCs that emerge
from both waves populate the murine telencephalon in a ventral to dorsal manner. The
third wave of OPCs occurs in the first week after birth and originates from the cortex.
Interestingly, OPCs that are derived from the first wave of OPCs disappear after birth
and are virtually undetectable in adulthood73. Also, the highly-orchestrated process
of developmental myelination is well-studied. First, OPCs proliferate74 and migrate
to the axons to be myelinated75. There OPCs differentiate into pre-myelinating OLGs
and extend multiple processes that contact axons but do not yet myelinate. Upon

Introduction to macroglia

repeal of mainly axon-derived inhibitory factors for OLG differentiation (reviewed
in

Oligodendroglial cells
OLGs ensheath axons with myelin, which is a tight stack of several lipid bilayers that
provides metabolic support to axons1 and facilitates rapid saltatory conduction of
nerve impulses2,63. In addition, OLG lineage cells are involved in synapse modulation

76

), pre-myelinating OLGs retract their secondary and tertiary processes and

start synthesizing considerable amounts of myelin-specific proteins, including
MBP and PLP, and myelin-typical lipids, including galactosylceramide, sulfatide
and cholesterol, that are required to form the compacted myelin segments at their
primary processes which enwrap the receptive axon77.

and neurotransmission in both GM and WM64,65. OLG lineage markers include the
transcription factors oligodendrocyte transcription factor 2 (OLIG2) and SRY-box

PDGFRα immunolabelling revealed that OPCs are more abundant in the corpus

transcription factor 10 (SOX10). Mature OLGs develop from OPCs, which are platelet-

callosum (~120 cells/mm2, or 8% of cells) compared to the cortex (~80 cells/mm2,

derived growth factor receptor α (PDGFRα) and chondroitin sulphate proteoglycan 4

or 3% of cells) of young adult mice60. Each OPC occupies an individual niche that

18
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is maintained by self-avoidance78. These adult OPCs can proliferate in the resting

frustrates the isolation of single ASTRs. Astrocytogenesis is promoted by Sox9 and

adult CNS of both rodents and humans

. Importantly, OPCs in the adult brain

Nifa/b102, with Sox9 being especially important for gmASTRs development103. This

differ from developmental OPCs; adult OPCs are bound by the O4 antibody which

suggests that Sox9 may have a possible role in ASTR diversification102,103. ASTRs are

recognizes sulfatide, have longer cell cycle times, slower migration rates, longer

further characterized by the presence of filamentous proteins, including vimentin,

duration of maturation and lower responsiveness to growth factors

. Surprisingly,

desmin, synemin and glial fibrillary acidic protein (GFAP)104–107, of which GFAP is

adult OPCs differentially express 2361 genes compared to neonatal OPCs, while adult

the most abundant intermediate filament expressed in ASTRs108–110. Around postnatal

OPCs express only 37 genes differentially compared to OLGs86, indicating that based

day 14-21 ASTRs are considered to be morphologically mature111 and further aging

on their transcription profiles adult OPCs look more like myelinating OLGs than

of murine ASTRs does not induce major changes into their homeostatic and

neonatal OPCs. In addition, rodent adult OPCs in the aged CNS show increased DNA

neurotransmission-regulating genes101,112. However, it has been suggested that ASTRs

damage and decreased metabolic function while failing to respond to differentiation

go into senescence113, and aged murine ASTRs upregulate genes involved in synapse

signals both in vitro and in vivo, probably contributing to the poor remyelination

maturation elimination and down-regulate genes related to mitochondrial function

observed in aged rodents .

and anti-oxidant capacity112. Moreover, aging of ASTRs does induce the formation of

68,78–81

42,82–85

87

a more pro-inflammatory ASTR phenotype112,114.
Astrocytes
ASTRs have a plethora of functions, including providing trophic support to neurons,

In conclusion, macroglia develop sequentially from radial glia during development,

regulating synapse formation and pruning, maintaining the integrity of the blood-

and obtain age-related changes in their phenotype and transcriptional profile. In

brain-barrier (BBB)88–91, and support of OLGs during developmental myelination48,92.

addition, in recent years evidence has accumulated that regional macroglia appear as

In rodents, the first ASTRs are detected at E16, just before the first OPCs are formed.

diverse populations throughout the CNS. In the following section, current knowledge

Like OPCs, the vast majority of ASTRs are formed during the first month after birth,

on the regional diversity of OPCs, OLGs and ASTRs in GM and WM areas of healthy

i.e., the ASTR population increases 6-8 fold44,93. During development, most ASTRs

CNS will be outlined (summarized in Figs. 1,2).

derive after the formation of first neurons and OPCs, out of their common neural
progenitors called radial glia43,44,94,95. Radial glia are a heterogeneous population
of cells which is formed based on a spatial and temporal patterning program in a
columnar organization43,44,94. Whereas OPCs are derived mostly from the motor
neuron progenitor (pMN) domain, ASTRs maintain the columnar organization
formed by the radial glia43,44,94,95. ASTRs do not derive from the pMN domain, but
from three other progenitor domains named p1, p2 and p3, with p1 being the most
dorsal and p3 being the most ventral domain95. After asymmetrical migration of
newly formed ASTRs, ASTRs locally proliferate symmetrically and hereby largely
increase the number of ASTRs in the brain44,96. The final ASTR phenotype is thought
to depend on its local cellular environment as well as on the region-specific functional
demands43,44,94. Markers of immature ASTRs include Fabp7/Blbp and Fgfr344,97–100.
Mature ASTR markers include Aldh1l1, S100b, Aldoc, Acsgb1, and Pla244,101, but there
is no marker which labels all ASTRs. The absence of a uniform ASTR surface marker

20

Oligodendroglial diversity
Heterogeneity of OPCs in the grey and white matter
A transplantation study by Viganò and colleagues115 hinted at regional differences
between OPCs derived from the GM and WM. It was found that wmOPCs differentiate
into OLGs equally well in both healthy GM and WM, whereas gmOPCs remain more
immature, irrespective of the environment. Hence, OPCs seem to carry a memory
or intrinsic potential that is not altered by a new and different environment. In
other words, gmOPCs and wmOPCs have different phenotypes which may be
functionally different as well115. Indeed, OPCs have been described to show diversity
in electrical properties85,116,117, gene expression profiles in vitro118–121, proliferation84,85,121
and differentiation119,121,122 rates, injury response121,123,124, or otherwise60,125–127. Already

21

1

Chapter 1

Role of macroglial diversity in remyelination

in 2002 it was reported that proteolipid protein (PLP/DM20) mutations affect
OPC production more in the cortex than in the corpus callosum, indicating that
oligodendrogenesis is differentially regulated between GM and WM128. Subsequent
studies in rodent models show that in vivo, wmOPCs mature more efficiently into
myelinating OLGs than gmOPCs, which proliferate slower and produce fewer
mature cells while cell survival is comparable60,81,122,129–131. Possibly as a consequence

1

of this, OPC density in the adult rodent brain is higher in WM (8%) than in GM
(3%) (Fig. 1). Of interest, the amount of proliferative gmOPCs declines with age
60

while the proportion of wmOPCs that proliferates remains stable85. However, upon
aging, the percentage of proliferative OPCs becomes similar in both GM and WM85.
Additionally, gmOPCs repopulate less than their WM counterparts, which are fully
repopulated upon being depleted when Smoothened, a regulator of sonic hedgehog
(Shh) signaling, is conditionally deleted during development. This implies that
gmOPCs are more dependent on Shh signaling for expansion132. In vitro, rodent
neonatal gmOPCs are morphologically less complex, express less of common OLGmaturation genes, proliferate more and differentiate slower than wmOPCs121 (Fig. 1).
Regulation of proliferation depends on the mitogen, as wmOPCs proliferate more in
response to PDGF than gmOPCs133. These findings indicate that wmOPCs are more
mature than gmOPCs, even after prolonged culture in vitro121,122 (Fig. 1). That OLG
lineage cells in the WM show a more complex phenotype in vitro is supported by an
in vivo study describing that premyelinating wmOLGs in the corpus callosum have
more processes and myelinate more axons in the developing rat brain at postnatal
day 7 than premyelinating gmOLGs in the cortex134. Furthermore, in the rat cortex
at postnatal day 50, NG2-positive OPCs present in a classical stellate form with
processes radiating in all directions. By contrast, in the corpus callosum OPCs show
an elongated morphology with multiple processes that follow axons. Additionally,
OPCs in the rat corpus callosum produce longer processes than OPCs in the cortex135.
In line with this, in the adult human brain, gmOPCs have a more regular networklike appearance than wmOPCs61. Other studies report differences in voltage-gated
ion channels and spiking behavior of gmOPCs and wmOPCs116. More specifically,
OPCs from the cortex have higher densities of AMPA/kainate receptors, while OPCs
from the corpus callosum have higher densities of NMDA receptors at P9 (Fig. 1).
This observation may underlie the observed differences in regional proliferation and
differentiation rate. Thus, the shorter cell cycle time of wmOPCs may be explained

22

Figure 1. Schematic representation of regional diversity of macroglial cells under physiological conditions
in the grey and white matter of the central nervous system. Protoplasmic Astrocytes (ASTRs) in the
grey matter (GM) have many fine processes ensheathing synapses and one or two contacting the
microvasculature. ASTRs in the white matter (WM) manifest a less complex stellate, fibrous morphology
with fewer branching processes104,190–192. Additionally, gmASTRs are highly coupled to other gmASTRs
via connexins (Cx)43 and 30, while wmASTRs hardly show coupling to other wmASTRs and only
express Cx43 (1,208,209,210). Oligodendrocyte progenitor cells (OPCs) in the GM are morphologically less
complex compared to wmOPCs (2,121, 134). Furthermore, in the WM, there are more OPCs (2,60, 37,61) and
oligodendrocytes (OLGs; 3,56,62), but the turnover of both OPCs (2,) and OLGs (3,159) is lower in the WM
compared to the GM. Also, OPCs differentiate more efficiently in WM compared to GM (4,115,119,121,122).
Additionally, gmOPCs display higher numbers in AMPA/kainate receptors ,while NMDA receptors are
more abundant on wmOPCs (5,85).

by a higher density of voltage-gated potassium channels and subsequent higher
peak outward current in WM136,137, as electrical activity is known to stimulate OPC
proliferation either by stimulating the release of PDGF from neurons or making
wmOPCs more responsive to PDGF138. In turn, as NMDA receptors are involved in
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activity dependent myelination139,140, the higher expression of NMDA receptors on

the authors show that after the first postnatal week OPCs become regionally diverse

wmOPCs may contribute to the greater differentiation potential of wmOPCs .

in ion channel expression, i.e., cortical OPCs show a higher AMPA/kainate receptor

85

density and OPCs from corpus callosum a higher NMDA receptor density85. This
As the expression of receptors on OPCs differs and as OPC proliferation and
differentiation are influenced by extrinsic differences, environmental cues may
contribute to differences in OPC diversity. For example, in the GM there are more
environmental signals, though it is unspecified where the signals that decrease
OPC proliferation and arrest differentiation into OLGs more than in the WM are

indicates that PDGFRα-positive pre-OPCs reprogram their transcriptional system
during development40. Overall, OPCs from different regions are transcriptionally
similar, and given their limited motility rather acquire differences in protein
expression and function during maturation into mature OLGs via their local microenvironment.

derived from60,122,141. When developing rats are exposed to cuprizone, a toxic copper
chelator depleting OLGs, via a maternal diet from gestational day 6 to postnatal

Heterogeneity of oligodendrocytes in the grey and white matter

day 21, the density of OLG lineage cells is widely impaired in the cortical regions at

In the rodent CNS, OPCs differentiate into myelinating OLGs up to 8 months after

postnatal day 21, whereas only mature OLGs are affected in the corpus callosum142.

birth60,81,122. This differentiation can be initiated by, and is required for, the learning

An increased expression of the anti-aging protein Klotho may protect wmOPCs

of complex tasks145. In humans, OLGs may be produced continuously although their

from cuprizone intoxication . On the other hand, while prenatal PDGFRα-positive

proliferation declines with age146,147. Like in rodents, the learning of a complex motor

OPCs display remarkable regional heterogeneity at the transcriptional level in mice,

task induces myelin remodeling in humans148,149. OLGs have the highest oxidative

the transcription differences converge to a common region-independent profile

metabolism of all cells in the CNS during active myelination150,151 for the production

upon transition to neonatal OPCs . Single-cell RNA sequencing (scRNAseq) on

of a high amount of membranes that can take up to 100 times the weight of the cell152.

murine CNS tissue from various brain regions from the developing and young adult

Additionally, levels of the anti-oxidant glutathione are remarkably low in OLGs153.

murine brain revealed also a single OPC population independent of region or age

These features might explain why myelinating OLGs are exceptionally vulnerable to
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(Fig. 2). However, OPCs in the developing brain show more transcriptional signs of

metabolic stress154, possibly contributing to the multitude of pathologies involving

proliferation than OPCs in the more mature brain. In addition, a differentiation-

demyelination. In mice gmOLGs show less morphological plasticity. More specifically,

committed OPC (COP) population was identified which appears slightly more

two very recent in vivo live imaging studies155,156 show that cortical OLGs hardly

abundant in the WM corpus callosum than in the GM somatosensory cortex , and

remodel their internodes while WM internodes are thickened upon increased axonal

may reflect a difference in maturation state of the region in the developing brain.

activity157 or can be elongated when a neighboring internode is ablated in zebrafish158.

Similarly, independent single-nucleus RNA sequencing (snRNAseq) studies on

In the human WM, OLG turnover is especially low and most OLGs are formed in the

post-mortem human brain tissue identified only one OPC population12,13. Hence,

first decade of life with an annual turnover of ~1 in 300 OLGs (0.3%). This in contrast

although it has been suggested that OPCs arising from the different waves might

to adult human GM, where the expansion phase of OLGs appears to be much longer,

be functionally different and myelinate specific brain regions144, in the developing

up to the fourth decade of life; combined with an annual turnover of 2.5%159. Whether

CNS PDGFRα-positive pre-OPCs converge on a transcriptional level, i.e., postnatal

diversity of OLG phenotype can be branded as heterogeneity of OLG lineage cells or

OPCs from brain and spinal cord present an almost similar transcriptional profile40.

their plasticity is recently reviewed by Foerster, Hill & Franklin160.

12

However, at postnatal day 7 OPCs from the spinal cord are more mature than OPCs
in the brain based on the expression of late-stage differentiation markers (Mog/Mag/
Mal)40. Also, in favor of a single OPC population is that OPCs derived from the three
different waves initially present comparable electrophysiological capacities. However,
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Heterogeneity of mature OLGs was first observed in the 1920s by Pio del RíoHortega. Based on morphology he described OLGs with small cell bodies and
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many fine processes that reside both GM and WM, and three additional distinct

mMOL groups defined in mice are evident42, mature human OLGs populations are

subtypes that are restricted to the WM161,162. After this initial observation of the

from here on referred to as hMOL1 to hMOL6. Pseudo-time analysis revealed two

four morphological distinct mature OLG subpopulations, OLG heterogeneity was

major developmental end-stages of hMOLs; hMOL6 developed via hMOL4 into

mostly ignored and only recently more attention has been drawn to heterogeneity

an end-stage hMOL1, and hMOL3 developed via hMOL2 into end-stage hMOL512

of OLGs163. The rise of sequencing techniques allows the study of transcriptomics

(Fig. 2b). Surprisingly, myelination-related genes were highly expressed in the two

and has provided a considerable contribution to the knowledge of regional

intermediate populations hMOL3 and hMOL4, and not in the maturation endpoint

heterogeneity of developing OLGs in the last years . First, Zhang and colleagues

populations12 (Fig. 2b). This indicates that next to myelination, fully matured

produced a detailed comparison of the transcriptome of the different cell types of

wmOLGs likely have other important functions not yet identified

the mouse cortex, including three oligodendroglial maturation stages . Zeisel and

to myelin maintenance and/or function in synaptogenesis. Another possibility is that

colleagues performed quantitative single-cell analysis of the transcriptome on cells

these two fully mature OLG populations may actively support neuronal functioning.

of the mouse primary somatosensory cortex and the hippocampal CA1 region . This

Indeed, OLGs are suggested to provide trophic support to neurons2, and OLGs that

study demonstrated the possible existence of six OLG subpopulations based on gene

have formed myelin membranes actively transport glycolysis products from the blood

expression may represent different maturation stages of which one appears specific

stream to the myelinated axon via monocarboxylate transporters 1 and 21. In addition,

to the somatosensory cortex165,166. scRNAseq on PDGFRα-derived oligodendroglial

expression of the monocarboxylic acid transporter MCT1 in OLGs is required for

cell types from various brain regions of the developing and young adult murine CNS

neuronal survival and function169. Notably, in the healthy brain, hMOL6 are most

categorizes 12 OLG lineage populations that include five different maturation stages,

abundant on the border between GM and WM12. While in the study of Jäkel and co-

including 1 murine OPC stage (mOPC), 1 murine differentiation-committed (mCOP)

workers12 solely WM tissue was studied, in another recent snRNAseq study GM, WM

stage, 2 murine newly-formed OLG stages (mNFOL), 2 murine myelin-forming OLG

and leukocortical MS lesions were analyzed and compared to control13. In this study

stages (mMFOL) and 6 murine mature OLG (mMOL) stages (Fig. 2a). Of interest,

one group of OPCs and one group of OLGs were identified in control tissue. As this

of the six mMOL stages, mMOL1-4 were enriched in myelination genes and genes

paper however focused on differences between control and MS tissue, the authors

involved in lipid biosynthesis, while transcripts for synapse genes are enriched in

did not elaborate on potential differences between control GM and WM13. Hence,

mMOL5-6 (Fig. 2a), which are both predominantly present in the adult brain. In

whether in humans also an enrichment for one of the hMOLs in GM or WM as in

contrast to mOPCs, which are transcriptionally similar between brain regions, the

mice exists remains to be determined.
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71

165

12,42

that may relate

mMOL5 population is enriched in the somatosensory GM cortex, and mMOL1, 4, 5
and 6 are enriched in the WM corpus callosum compared to other brain regions42.
The identification of six different mMOL stages confirms heterogeneity of mature
OLGs at the transcriptional level and their transcriptional profile indicates regional
heterogeneity in mMOL function, including genes related to synaptic functions
instead of myelination in the GM cortex. Regional mature OLG heterogeneity may
be acquired by the micro-environment upon differentiation-inducing cues40, which
is also previously described in human development167,168.

Thus, in contrast to OPCs, mature OLGs not only differ in their morphology but are
also heterogeneous at the transcriptional level. Remarkably, all 6 MOL populations
are present in the juvenile and young adult mice, while also 6 MOL populations are
present in middle-aged human brain tissue, suggesting that they are formed during
development. As a consequence, the two divergent maturation hMOL patterns may
have a different myelinogenic potential, i.e., differences in composition, number and
length of myelin segments. Although the myelinogenic potential of the mMOL and
hMOL populations has not been addressed yet, the myelinogenic potential of OLGs

Similarly, using snRNAseq, six groups of mature OLGs in the adult human brain

in different brain regions in vivo has been described, which will be discussed next.

WM can be distinguished, Oligo1 to Oligo6 . As some shared similarities with
12
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which mainly manifest in the spinal cord, three additional OPC clusters are be observed in the spinal
cord; including cycling OPCs (mOPC cyc) and mOPC2/3. Furthermore, 3 additonal mMOL clusters
are observed; mMOL1/2 EAE, mMOL3 EAE and mMOL5/6 EAE (a,41,42). Notably, all EAE-specific
clusters express IFN-, MHCI- and MHCII-related genes. (b) Single nuclei RNA sequencing on human
post-mortem tissue of healthy subjects and MS patients identified one OPC cluster (hOPC) followed
by one COP cluster (hCOP) and one immature oligodendrocyte cluster (imhOLG), and an intermediate
pre-myelinating OLG cluster (hMOL6). Also, in human, real diversification starts in the latest maturation
stage, with 5 mature hMOL clusters (hMOL1-5). Of the identified clusters in human, imhOLG and
hMOL2,3 and 5 are more abundant in the MS tissue than in control tissue, while hMOL1 and hMOL6
are less abundant in the MS tissue (b,113).

Diversity in myelinogenic potential?
In vivo analysis of single cell shows that OLGs in a given region display a great diversity
in the number of myelin segments, while the length of each myelin segment formed
by an individual OLG also varies170. Although OLGs in the cerebral cortex form a
slightly higher mean number of myelin segments per OLG and a seemingly shorter
myelin segment length compared to OLGs in the corpus callosum, the myelinogenic
potential appears not to be region-specific170. This indicates that the number and
length of myelin segments is likely regulated by micro-environmental cues. Indeed,
neuronal activity-mediated regulations of intracellular Ca2+ concentrations affect
myelin sheath development171. Other factors that may affect the number of axons
myelinated and the length of the myelin segments are axonal caliber and OPC
competition. For example, in the corpus callosum of the rat, OLGs myelinate more
axons (9.6 versus 6.7 axons on average) and have shorter internodes, (79.1 µm
versus 106.1 µm) compared to wmOLGs in the cerebellum172, likely because axons
in the corpus callosum have a smaller diameter than those in the cerebellar WM173.
In addition, studies in rodents and cats have shown that larger axons provoke the
production of longer, but fewer, internodes by OLGs174–177. Moreover, the density
Figure 2. Schematic representation of oligodendroglial lineage cell subtype clusters in murine and
human physiological and pathological conditions. (a) Single-nuclei RNA-sequencing identified
oligodendroglial lineage cell subtype clusters in 10 different regions from the adult mouse central
nervous system. A single cluster of oligodendrocyte progenitor cells (mOPC1) differentiates into a
single cluster of differentiation committed OPCs (mCOP). This is followed by 2 stages of newly-formed
oligodendrocytes (mNFOL1/mNFOL2) and 2 stages of myelin forming oligodendrocytes (mMFOL1/
mMFOL2). Real diversification, as opposed to sequential maturation stages, occurs in the last stage
and is apparent as 6 mature oligodendrocyte stages (mMOL1-6). Of these, mMOL1-4 expressed
myelination and lipid biosynthesis genes, while mMOL5 and mMOL6 expressed synapse related
genes. Upon induction of experimental autoimmune encephalomyelitis (EAE), an animal model for MS
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of OPCs also regulates the myelinogenic potential. The abundance of OPCs has a
negative correlation with the number of myelin segments, a process mediated via
Nogo-A170. In addition, OLGs that myelinate nanofibers in vitro adapt myelination
patterns to the nanofiber diameter; the myelin sheath length increases with nanofiber
diameter178. It is hypothesized that adapting myelination to axonal size is an evolved
trait. Motor output, which is critical for fast reactions upon threats, requires higher
conduction speed than less critical data movement between the cerebral cortices.
Hence, the first is signaled over thicker, and the latter over thinner, axons172. This
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evolutionary advantage might also underlie (1) the differences in myelination-level

WM lipid fraction183,184. Whether this reflects the lower myelin content in GM, or

of the adult CNS, i.e., the optic nerve consists of almost only myelinated axons179 and

differences in myelin composition, and thus heterogeneity of GM and WM myelin

180

the cortex and corpus callosum contain both myelinated and unmyelinated axons ,

per se, remains to be determined. In favor of the latter, myelin protein concentrations

and (2) the timing and duration of myelination as suggested by neuroimaging and

and myelin protein activity from distinct human brain regions differ more than the

cell age studies

. For example, in humans the volume of WM increases up to 19

regional discrepancy in myelin content accounts for185. Although the concentration of

years of age182, while myelination of GM areas is not complete until the fourth decade

PLP, MBP and activity of 2',3'-cyclic-nucleotide 3'-phosphodiesterase (CNP) is higher

of life. Surprisingly, a recent study showed that the number of OLGs in mice is almost

in WM homogenates than in their regional GM counterparts, the fold difference

twofold higher in the corpus callosum than in the almost completely myelinated

ranges between 3.3x for CNP (frontal GM versus WM) and 9.6x for MBP (frontal GM

optic nerve, while OLG survival in these regions is comparable . This is possibly due

versus WM), which may point to a regional heterogeneity in myelin composition.

to a higher amount of myelination-stimulating signals from the higher number of

This hypothesis is supported by differences in the lipid percentage ratio which differs

naked receptive axons . Not only the number of naked axons differs between regions,

between 1.3x for cholesterol and 3.7x for cerebroside (table 1).

14,181

81

81

also the direction of these axons; while in the axon bundles of WM tracts myelination
is characterized by OLG processes that align with axons, the orientation of myelin
segments in the GM is more omnidirectional as axons in the GM are not uniformly
aligned. On the other hand, the source of OLGs influences their myelination pattern,

Table 1. Regional concentrations or activity of myelin proteins and lipids (adapted
from 151,152).

i.e., cultured OLGs derived from the spinal cord generate longer sheaths compared to

Frontal

Frontal

GM

WM

PLP (µg/mg protein)

95.8

488.8

5.1x

48.2

398.2

8.3x

516.8

MBP (µg/mg protein)

22.8

218.0

9.6x

23.5

155.5

6.6x

178.2

in the optic nerve during adulthood show more and shorter internodes81. Possibly,

CNP (U/mg protein)

4.7

15.4

3.3x

3.5

16.2

4.6x

15.5

newly-produced OLGs in the adult brain either replace dying OLGs or incorporate

Lipid (% of total dry
weight)

GM#

WM#

FD*

Cholesterol

22.0

27.5

1.3x

Cerebroside

5.4

19.8

3.7x

Sulfatide

1.7

5.4

3.2x

Protein

OLGs from the cortex178, pointing also to intrinsic differences in OLGs from different
regions. Also differences between myelination during development and in the adult
CNS have been observed. More specifically, myelinating OLGs that have developed

between the pre-existing myelin segments and in this way the total number of
contributing OLGs increases81. While it is likely that axonal signals that determine
myelin segment length and thickness are lacking or less prominently present in the
adult than in the developing CNS, it cannot be excluded that reported differences
between neonatal and adult OPCs may contribute.
81

Whether myelin composition differs between different regions has not been
thoroughly analyzed yet. It has been observed that human WM homogenates, i.e.,
that contain cells and myelin, are relatively enriched in lipid content (54.9% in WM
versus 32.7% in GM), while human GM homogenates are more enriched in protein
(55.3% in GM versus 39.0% in WM). Notably, fatty acids such as ethanolamine and
serine glycerophosphatides, and lecithin are more abundant in GM than in WM
homogenates, while cholesterol, sulfatide and cerebroside levels are higher in the
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FD*

Temporal

Temporal

GM

WM

FD*

Corpus
callosum

* = Fold difference (FD) in concentration or activity between regional GM and WM
#

= Specific region of GM / WM origin unspecified151

Plasticity of myelin is also observed during aging. The abundance of MBP decreases
in healthy human aging186,187 and even more in patients with Alzheimer’s disease188.
In contrast, in aged rhesus monkeys, MBP levels remain unchanged, whereas CNP
levels increase in aged rhesus monkeys189. How this plasticity in composition affects
the quality of myelin is yet unknown and whether this is different among species are
interesting areas of future research.
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own micro-domain with hardly any overlap between neighboring cells195,196. Even
Taken together, while OPCs are transcriptionally less diverse, mature OLGs

though the exact role of the micro-domain organization is not clear, its architecture

intrinsically differ and constitute a heterogeneous group of locally established cells

suggests a prominent role in coordination of synaptic activity and blood flow,

(Fig. 2). The diversity in OLGs may determine myelination efficiency in GM versus

potentially independent of neuronal metabolic activity197. Next to morphological

WM. Indeed, where wmOLG lineage cells produce myelinating wmOLGs in the WM,

differences between gmASTRs and wmASTRs, they may also differ functionally

in the GM, the majority of gmOLG lineage cells remain in an immature NG2-positive

in for example glutamate handling198,199. In the rodent brain, capillary density and

stage122. Whether the variety in myelin phenotype may also be a product of intrinsic

branching is 3-5 times higher in the GM200,201, which is accompanied by a lower

differences in the myelin-producing cell, i.e., the OLG, in conjunction with axonal

BBB permeability in the GM versus WM . Additionally, each rodent protoplasmic

cues that orchestrate differences in myelinogenic potential remains to be investigated.

gmASTR covers between ~20.000-120.000 synapses, whereas a human gmASTR can

Indeed, a cellular phenotype is a product of the interplay between intrinsic identity and

cover from ~270.000 to 2 million synapses194,195, which may improve memory and

extrinsic environmental cues. In addition to axonal cues, also regional cues of other

learning203.

202

cell types, such as regional diverse ASTRs, may affect the diversity of oligodendroglia
during development, aging or upon response to demyelinating injury.

The classification of ASTRs into protoplasmic and fibrous ASTRs may be a simplified
representation of ASTR subtypes. After the early discovery of ASTRs in 1913, Cajal
divided ASTRs into different subclasses with a staining method using gold chloride

Astrocyte diversity

which stains both ASTRs and neurons, and classified them based on their morphology
and contact with blood vessels190,204. In 2006, an in depth morphological and

Astrocytes subtypes in the grey and white matter of the adult brain
Originally, ASTRs are divided into two groups based on their morphology and relates
to region; fibrous ASTRs reside in WM and protoplasmic ASTRs are present in GM

190–

192

(Fig. 1). Protoplasmic gmASTRs are morphologically complex with a high number

of fine processes that ensheath synapses and usually have one or two processes in
contact with the microvasculature. Fibrous wmASTRs are less complex, and have
fewer branching processes, but long, thin processes, yielding a star-like appearance104.
This morphological difference is accompanied by differences in the abundance of the
intermediate filament protein GFAP, which is more prominently present in wmASTRs
than in gmASTRs193. The distinct ASTR subtypes may relate to their distinct function
in either area. Fibrous wmASTRs seem specialized in providing structural support
for myelinated axons, as they have numerous overlapping processes combined with
evenly spaced cell bodies194. They are organized along WM tracts and longitudinally
oriented in the plane of fiber bundles. Moreover, wmASTRs make contact with
blood vessels and nodes of Ranvier194. Consistent with their lack of synaptic contact,
fibrous wmASTRs possess less fine bulbous processes than protoplasmic gmASTRs.
Protoplasmic gmASTRs are evenly distributed throughout the cortex and bear their
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biochemical analysis by Emsley and Macklis divided ASTRs into nine different classes
based on morphology, GFAP, and S100β expression205. Adding to the complexity of
ASTR form and functions, human and primate ASTRs are 2.6-fold larger in diameter
and 15.6-fold larger in volume compared to rodent ASTRs206. As this increase in size
is valid for both fibrous and protoplasmic ASTRs, this may represent an evolutionary
optimal increase relative to the increase in total brain size. Also, human ASTRs extent
10-fold more GFAP-positive primary processes than their rodent counterparts206. In
addition, primates and humans have more subtypes of ASTRs compared to other
mammals. Primates harbor two extra types of glia in the cortex; interlaminar ASTRs
and varicose projection ASTRs. Up to this point, varicose projection ASTRs have
only been observed in humans and chimpanzees194. On the other hand, interlaminar
ASTRs are specific for primates and of these most abundantly present in humans.
The function of these two ASTR subtypes is unknown, but it is suggested that they
provide a network for the long-distance coordination of intracortical communication
thresholds and play a role in coordinating blood flow194. Surprisingly, although
many different morphological and functional subtypes of ASTRs are described, in
murine scRNAseq and human snRNAseq studies of WM only two to three groups
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of transcriptionally different ASTRs are defined12,41,165, based on specific marker

and suggested to play a role in redistribution of K+ after neuronal activity. Indeed,

expression like Gfap and Mfge8 in mice , Gpc5 for human gmASTRs and Cd44 for

OLG gap junction ablation213–215 and/or the deletion of potassium channel Kir4.1 on

human wmASTRs13. Using reporter mice and a FACS sorting panel of 81 cell surface

OLGs214,216,217 cause vacuolation of myelin. Gap junctions between ASTRs and OLGs

antigens, John Lin and coworkers describe five different ASTR populations based

are crucial for developmental myelination and survival of OLGs215,218,219 especially

on ASTRs isolated from cortex, cerebellum, brainstem, olfactory bulb, thalamus

in the WM220. In mice, a double knock-out of astrocytic Cx43 and Cx30 results in

and spinal cord207. These five groups display, next to surface antigen expression, also

widespread pathology of WM tracts during development which persists with aging,

functional differences. Gene expression profiling of these five groups reveals that

and includes vacuolated OLGs and intramyelinic oedema220. Contrastingly, GM

although the five ASTR populations are functionally and morphologically different,

pathology was only observed in part of the hippocampus, which was restricted to

three of the five ASTR populations appear transcriptionally similar, hence indicating

edematous ASTRs. Thus, in GM, gap junctions between ASTRs and OLGs seem less

ASTR plasticity of a comparable transcriptional population. Combined with the

important for OLG survival and myelin maintenance220, which may be reflected in

other 2 remaining groups, in this study 3 intrinsic, transcriptionally heterogeneous

the lower expression of Cx32 and Cx47 in gmOLGs92.

165

populations are described. Of these, one population was more abundant in the cortex.
Hence, diversity of form and function is not solely based on intrinsic heterogeneity,
but may come from ASTR plasticity207. Finally, not only ASTR phenotypes varies
greatly, but also ASTR density varies between different brain regions. In mice, the
density of ASTRs is highest in the subventricular zone (2500 cells/mm2) and ASTRs
in the corpus callosum are more dense than ASTRs within the cortex (~80 versus
~10 cells/mm2 , respectively)205, indicating that different local functional demands
require different numbers of ASTRs.
Astrocyte coupling in the grey and white matter
ASTRs are coupled to each other by homotypic gap junction coupling via connexin
43 (Cx43) which is expressed on both gmASTRs and wmASTRs, and to a lower extent
via Cx30 which is only expressed by gmASTRs208,209 (Fig. 1). In rodents, dye injection
experiments show that the coupling between ASTRs in the GM and WM differs to
a great extent. In the cortex, on average 94 ASTRs are coupled with a span of 390
μm in diameter210 and in the corpus callosum ASTRs are coupled to few or no other
ASTRs210. In contrast, a high degree of coupling between ASTRs is found in the optic
nerve, with a coupling of 91% of the cells211, indicating a large variety in coupling
ability of wmASTRs198. Mature OLGs express Cx32 and Cx47, which make heterotypic
gap junctions with Cx30 and Cx43 on ASTRs, respectively. Although both gmOLGs
and wmOLGs express Cx32 and Cx47, their expression is higher in wmOLGs92. The
coupling of ASTRs/ASTRs as well as the coupling ASTRs/OLGs increases during
development212. ASTR Cx43 coupling to OLGs may play a role in myelin maintenance
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Taken together, based on gene expression, morphology and function, a variety of
ASTR phenotypes can be discerned with region as an important determinant. ASTRs
are one of the first responders to CNS injury, and the ASTR subtypes may differently
respond and/or have different functions upon e.g., demyelination in GM and WM. In
turn, OPCs and mature OLGs from different regions may act differently in response
to changes in their microenvironment, including to ASTR-derived changes, and their
ability to remyelinate, which will be reviewed next.
Diversity of regional macroglia upon CNS demyelination and remyelination
in rodent models
Remyelination in the grey and white matter
Regional differences in macroglia affect cells’ responses towards injury, and may
therefore play an important role in the extent of disease pathology and recovery. For
example, gmOPCs, but not wmOPCs, take up mercury, which may involve ASTRmediated trafficking of mercury via gap junctions221. A valuable model to study
regional diversity in macroglia responses upon demyelinating CNS is the cuprizone
model222. In this model mice are fed with cuprizone, leading to reversible global
demyelination in GM and WM, of which the cortex and corpus callosum are most
studied222. As spontaneous and robust remyelination is observed following withdrawal
of the toxin, these models have provided insight in the process of remyelination. In
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remyelination, and that mature OLGs appear regardless of whether the cuprizone
diet is maintained or not16. Therefore, as demyelination is delayed in the cortex17,
likely also the re-expression of myelin proteins as well as remyelination is delayed
in the cortex17, frustrating the comparison of differences in regional remyelination
upon cuprizone feeding alone. Interestingly, upon co-administration of cuprizone
combined with rapamycin the remyelination process is not occurring until treatment
cessation. Under these conditions, i.e., when the remyelination process starts at
the same time in GM and WM regions, remyelination proceeds faster in the cortex
than in the corpus callosum18. Hence, the timing of demyelination and efficiency of
remyelination are distinct in GM and WM areas. Notably, the differences in the timecourse of de- and remyelination is also a heterogeneous process within GM itself, i.e.,
in cingulate cortex and hippocampus the timing and speed of remyelination differs
upon cuprizone-induced demyelination224,225. Whether regional diversity of local
macroglia responses may contribute to more efficient remyelination in GM than in
WM is discussed next.
Local OPCs and remyelination
Differences in regional remyelination capacity in experimental rodent models may be
Figure 3. Schematic representation of regional heterogeneity of macroglial cells in multiple sclerosis
lesions. Oligodendrocyte progenitor cells (OPCs) are more abundant in grey matter (GM) multiple
sclerosis (MS) lesions compared to white matter (WM) MS lesions (1,8). An increase of connexin (Cx)
47 on OPCs is observed in normal appearing white matter (NAWM) (2,309,310). Astroglial scar formation
is observed in WM, but not in GM lesions (3,37, 288,289) and the ECM becomes more stiff in chronic WM
MS lesions (4,247). Overall, GM MS lesions remyelinate more robustly compared to lesions of the WM
(5,37,38).

rodent remyelination, adjacent OPCs are transcriptionally activated and recruited to
the area of demyelination, where they differentiate into myelinating OLGs, a process
orchestrated by signaling from local microglia and ASTRs . When administered to
4

young adult mice, cuprizone induces a different de- and remyelination phenotype
in GM and WM. More specifically, there is a delay peak of initial and complete
demyelination in the cortex compared to the corpus callosum17. Several studies
report that remyelination is more efficient in the corpus callosum than in the cortex
upon cuprizone intoxination223,224. However, a limitation of the cuprizone model is
that after initial demyelination, myelin debris clearance parallels an early process of
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explained by the intrinsic differences of regional OPCs. For instance, dorsally derived
OPCs have a higher remyelination capacity than ventrally derived OPCs in vivo and
an enhanced capacity to migrate and differentiate in vitro226. Also, the expression
of G-protein coupled receptor 17 (Gpr17) is induced on wmOPCs, but not on
gmOPCs, upon cuprizone induced demyelination227. Gpr17 is expressed on maturing
wmOLG lineage cells, where it is involved in the initiation of differentiation223. The
timely downregulation of Gpr17 is required for terminal wmOLG maturation and
myelination. Hence, Gpr17 may play a central role in orchestrating repair processes
in the WM, but not the GM, including remyelination228. Importantly, rodent adult
OPCs respond to demyelinating injury by reverting to a simpler morphology229,230
and a more immature state at the transcriptional level86 before differentiating and,
ultimately, remyelinating denuded axons. In addition, activated adult OPCs show
increased migration and accelerated differentiation compared to resting adult OPCs86.
Moreover, activated adult OPCs directly regulate their recruitment to demyelinated
areas by increasing their expression of IL1β and CCL286. Notably, regional differences
were not taken into account and IL1β and CCL2 expression is only verified in wmOLG

37

1

Role of macroglial diversity in remyelination

Chapter 1

lineage cells. In reverting to a more immature state, gmOPCs may have an advantage,

loss of OLGs and is in the corpus callosum already apparent when myelin still appears

as in vitro these exert a simpler morphology than wmOPCs

are already less mature

normal39. In contrast, in the cortex microglia activation is less prominent and delayed39.

at the gene expression level and proliferate more121. Moreover, in vitro gmOPCs are

Hence, early microglia activation precedes ASTR reactivity in the corpus callosum,

less sensitive than wmOPCs to the detrimental effects of inflammatory mediator

while ASTR reactivity is already evident when microglia activation peaks, indicating

interferon gamma (IFNγ) on OPC proliferation, differentiation and morphology,

that ASTR reactivity in GM and WM is heterogeneous as a consequence of differential

and migrate more in response to ASTR-secreted factors . Also, growth factors that

inducing signal factors. Of note, both in the corpus callosum and cortex, transcripts of

affect OPC behavior, including CNTF, BDNF, FGF2, and HGF, are differentially

the chemokine CCL2 are transiently enhanced early upon cuprizone administration,

expressed upon GM and WM demyelination. Taken their temporal expression into

while mRNA levels of CCL3 continuously increase . However, when CCL2 and CCL3

account, their expression is upregulated in remyelination upon cuprizone-induced

are both absent, ASTR reactivity and demyelination in the cortex, but not in the

demyelination of the corpus callosum, while these factors are not required for

corpus callosum, are both reduced243, which is in line with the assumption that ASTR

remyelination in the cortex (CNTF, BDNF) or are preferentially expressed during

reactivity in GM and WM is different and distinctly modulate de- and remyelination.

demyelination in the cortex (FGF2, HGF) . Notably, CNTF and BDNF accelerate OPC

Indeed, ASTR reactivity is heterogeneous, and depends on the type of injury and the

maturation

and FGF2 and HGF both enhance OPC proliferation and migration

inducing mediator(s)241,244. Reactive ASTRs have been classified as anti-inflammatory

and prevent their differentiation79,233,234. Thus, remyelination efficiency depends on

A2-ASTRs, induced by myelin debris21 and/or TLR3 agonists240,245 and characterized

intrinsic differences between gmOPCs and wmOPCs as well as on the availability of

by S100A221, and pro-inflammatory A1-ASTRs induced by microglia-derived IL-1α,

signaling factors, such as growth factors, to respond to. While differences in gmOPC

TNF and C1q and characterized by C321,114. Mild activation of ASTRs may induce a pro-

and wmOPCs responses towards demyelination-relevant injury signals are evident,

reparative A2-ASTRs, while reactive A1-ASTRs inhibit OPC proliferation, migration

differences in response of the distinct mature myelinating OLG populations towards

and differentiation and secrete toxic factors for OLGs21–24. Notably, transgenic over-

CNS injury have not been reported yet. As ASTRs are the cellular source of CNTF235,

expression of GFAP expression alters the chemokine secretory profile by ASTRs and

BDNF , HGF , and FGF2 , ASTR diversity may contribute to the differences in

protects against cuprizone-induced demyelination in the corpus callosum while the

remyelination efficiency in GM and WM.

authors did not look into the GM246, indicating that ASTR reactivity that is correlated

115,121

121

19

231,232
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with an upregulation of GFAP may serve a protective function. Another feature of
Astrocyte diversity and remyelination
In addition to diversity of OPCs from different regions, ASTR responses towards
injury may also vary between ASTRs from different regions. Upon OLG loss and
demyelination, ASTRs become reactive, which in the cuprizone model involves ASTR
proliferation, upregulation of reactive ASTR markers, such as GFAP and vimentin, and
the elaboration of a dense network of processes15–20. In experimental demyelination
models, ASTR reactivity is more prominent in the corpus callosum than in the
cortex15–20, though ASTR reactivity has been suggested to start earlier in the cortex39.
ASTR reactivity is regulated by pro-inflammatory cytokines, Toll-like receptor (TLR)mediated signaling events, and myelin debris15,21,239–241. As the BBB remains intact in
the cuprizone model242, most inflammatory mediators that induce ASTR reactivity
are provided by microglia. Indeed, in the cuprizone model, microgliosis precedes
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reactive ASTRs is increased deposition of extracellular matrix (ECM) proteins. Upon
toxin-induced demyelination, ASTRs transiently deposit several ECM proteins,
including CSPGs and fibronectin, which add to resolve injury and recovery

20,46,247–

. The composition of the ECM affects OPC behavior; fibronectin increases OPC

250

proliferation and migration and inhibits OPC differentiation46,250–259, while CSPGs
inhibit OPC proliferation, migration and differentiation250,260–264. Differentiation of
neural stem cells into OPCs and finally into mature, myelinating OLGs, is in addition
to composition, also dependent on the stiffness of the ECM265. A rigid matrix promotes
OPC proliferation and early differentiation, while a soft matrix favors OLG maturation
and myelination265. Regional differences in stiffness have been observed. Thus, WM
is more stiff compared to GM which is, among others, due to a higher abundance
of myelin266. Notably, in the cuprizone model, a decreased stiffness in the corpus
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callosum is observed upon acute demyelination, while in chronically cuprizone-

repaired in the early stages of MS, but often limited upon aging and when the disease

induced demyelinated lesions that fail to remyelinate, an increase in ECM deposition

progresses4,6–8. Possible explanations for the decrease in remyelination efficiency

and tissue stiffness is measured247. Therefore, enhanced deposition of ECM proteins

include failure of OPCs to migrate to the lesion, failure of OPC differentiation into

in the corpus callosum may contribute to recruitment and early differentiation of

myelinating OLGs, and/or failure of OLGs to effectively remyelinate axons5,9,10,261,269,270.

OPCs, but removal of these proteins is required for OLG maturation and myelination.

In 70% of WM MS lesions OPCs are present but failed to myelinate the denuded

ECM proteins are degraded, among others, by metalloproteinases (MMPs), which

axons269. This indicates that remyelination is not limited by an insufficient amount

are mostly expressed by microglia and ASTRs267. In the cuprizone model, ASTRs in

of OPCs, but rather a failure in maturation of OLGs269. Recent snRNAseq studies

the corpus callosum express both MMP3 and MMP12 during remyelination, while

confirmed that OPCs in MS lesions are indeed relatively quiescent on a transcriptional

less or no expression was detected in ASTRs in the cortex , indicating that ECM

level12,13. Experimental toxin-induced demyelination models show that the speed

remodeling by these MMPs is more relevant in WM than in GM during remyelination.

of remyelination, as other regenerative processes, decreases with age9,271. OPC

Hence, it is tempting to suggest that a regional difference in inducing stimuli and

characteristics affected by aging may contribute to impaired OPC differentiation.

in ECM remodeling of gmASTR and wmASTR during reactive gliosis

may add to

For example, CREB signaling in wmOPCs is impaired upon aging as observed in a

regional difference in remyelination efficiency in the cortex and corpus callosum in

mouse model of prolonged WM cerebral hypoperfusion272. A recent study shows

the cuprizone model.

that aged rat OPCs obtained from whole brain acquire classical hallmarks of cell

267

17,20

aging, including increased DNA damage, decreased metabolic function, and become
Taken together, in experimental models, the difference in regional remyelination
efficiency may be explained by OPC heterogeneity and plasticity, while the role
of regional ASTRs relate more to context of injury and local inducing stimuli. A
potential role of pre-existing heterogeneity of gmASTRs and wmASTRs remains
to be determined. Our unpublished observations showed that both neonatal and
adult wmASTRs are less supportive for in vitro myelination than neonatal and
adult gmASTRs. Whether macroglia diversity and their interactions also play a
role in remyelination efficiency in GM and WM MS lesions, will be described next
(summarized in Fig. 3).
Macroglial diversity; implications for MS

irresponsive to pharmacological-applied differentiation signals, such as miconazole
and benzatropine87. In MS, patients with a more aggressive form of MS (shorter
disease duration) show a smaller proportion of remyelinated lesions6. In addition,
less remyelinated lesions are detected in progressive MS than in RRMS, and the
proportion of remyelination is also lower in patients with cortical GM lesions6. The
observation that myelination in the adult CNS is accompanied by more and shorter
internodes, and that the produced myelin is thinner, is also observed in remyelinated
MS lesions273. This might imply that this is in fact a feature of adult myelination, rather
than an impaired myelin phenotype in remyelination81. Remarkably, carbon dating
studies on WM brain tissue showed that newly-formed OLGs, i.e., generated from
adult OPCs, are only detected in a small subgroup of patients that had an aggressive
form of MS14. Intriguingly, in WM-derived shadow plaques, remyelinated areas274,
newly-formed OLGs are absent, indicating that remyelination is not performed by

Remyelination in MS lesions

adult OPCs, but by mature pre-existing OLGs generated during development from

MS is a chronic progressive disease of the CNS characterized by the formation

neonatal OPCs14. This is in line with a study in disease models of cats and non-human

of demyelinated lesions that, upon failure of remyelination, ultimately lead to
neurodegeneration and increasing state of neurological disability. In MS, substantial
remyelination is reported to occur at any given age, even well into the 8th decade of
life7,8,37,268. However, remyelination efficiency is variable; lesions are mostly efficiently
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primates that show that at the electron microscopic level mature OLGs are connected
to myelin sheaths of different thickness, hence are connected to myelin sheaths
generated during both development and remyelination275. Whether the contribution
of ‘old’ pre-existing mature OLGs to remyelination is specific to WM, or whether
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this is an adaptation, i.e., a ‘gain-of-function’ of mature OLGs as of the quiescence of

OLGs, but not OPCs, show the most intrinsic regional heterogeneity, ASTRs reactivity

OPCs in WM lesions remains to be determined .

is regional distinct and depend on the presence of injury signals which likely differ

13

in GM and WM, including the amount of myelin, and that there are less reactive
microglia. What molecular differences underlie OLG diversity is discussed next.

Differences in remyelination of grey and white matter MS lesions
Historically, MS was considered mainly a disease of the WM, but now it has been
well recognized that also GM pathology is prominent in MS. While GM lesions

Oligodendroglia diversity in WM MS lesion pathology

are categorized on basis of their location, the distinct WM lesions are classified by

Two independent snRNAseq studies on post-mortem WM brain tissue found

demyelination and inflammatory activity6,7. GM MS lesions are characterized by the

significant differences in transcriptome of mature OLGs in WM MS lesions

loss of OLGs in the presence of a seemingly intact BBB, axonal loss, mild astrogliosis

compared to WM tissue of healthy subjects, while OPCs are transcriptionally

and reduced lymphocyte and macrophage infiltration

. By contrast, WM MS

quiescent12,13. More specifically, of the six identified mature hMOL populations in

lesions are characterized by a variable infiltration of lymphocytes and macrophages,

control human brain tissue, the fully mature hMOL1, which does not express high

glial scar formation (Fig. 3) and microglia activity

. Hence, as in toxin-induced

levels of myelination related genes, and the more immature hMOL6 population are

demyelination models, GM and WM demyelination and remyelination is likely

less abundant in WM MS lesions, while imOLG, hMOL2, hMOL3 and hMOL5 are

different due to differences in the abundance and timing of inducing signal factors.

enriched in WM MS lesions (Fig. 2b). In addition, increased transcript levels of

To study differences in regional remyelination, leukocortical lesions, i.e., lesions that

myelin genes are observed in mature wmOLGs in MS12, hinting to the involvement of

span both GM and WM areas, are therefore of special interest, as these lesions have

mature OLGs in remyelination. Thus, in WM MS lesions, some hMOLs populations

a similar pathological background and age when comparing the GM to the WM area.

are skewed to the transcriptionally different fully mature hMOL5 population, or that

Interestingly, similar to what is observed in the cuprizone model

, remyelination

other populations are depleted as adult OPCs lack the capability or receive inhibitory

in the GM cortical portion of leukocortical MS lesions has a higher remyelination

signals to form new hMOLs13, which may represent the reduced abundance of the

capacity than the WM non-cortical part37 (Fig. 3). In addition, the OLG density is 6.8

pre-myelinating hMOL612. Spatial analysis of MS lesions showed that genes related

fold higher in the GM part than the WM part37. Also, the number of CSPG4-positive

to OPC differentiation are reduced in WM lesions borders and that genes belonging

cells, which are mainly OPCs, is reduced in WM MS lesions compared to normal

to stress pathways and related to iron accumulation are increased13. Although not

appearing WM (NAWM)61, while the number of OPCs is comparable between normal

studied12,14, nor extensively discussed yet13, given that OPCs are more abundant in GM

appearing GM (NAGM) and GM MS lesions, and even higher than in control GM37.

MS lesions37,61 and the selective appearance of stressed OLGs in WM lesions borders13,

Furthermore, astrogliosis and the expression of OLG differentiation inhibiting ECM

it is tempting to suggest that remyelination in GM may proceed via newly-formed

components is higher in the WM part compared to the GM part of leukocortical MS

OLGs and remyelination in WM MS lesions via pre-existing OLGs.

276–278

6,279–282

17,18

lesions, while microglia are also more reactive in the WM part, possibly contributing
to the differential effect on remyelination37. These findings are not restricted to
leukocortical lesions, i.e., also in non-leukocortical GM MS lesions remyelination is
more pronounced than in WM MS lesions38,282. Interestingly, transcriptome analysis
of CNS cell types on postmortem tissue of different brain regions of MS patients and
healthy subjects, shows more disease-related changes in the corpus callosum than in
the cortex, most prominently in myelinating OLGs, but also in ASTRs283, hinting at
diversity of OLG responses. Combined, these studies indicate that in remyelination,

42

In both snRNAseq studies on MS brain tissue, an immunocompetent phenotype can
be observed in OLG lineage cells from all maturation stages, and include increased
transcript and protein levels of major histocompatibility complex class I (MHC I)13
and MHC II41. An immunocompetent phenotype of both OPCs and OLGs is also
present in experimental autoimmune encephalomyelitis (EAE), an animal model
that resembles autoimmune inflammatory aspects of MS41. scRNAseq of spinal
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cord (sc)-derived oligodendroglia at the peak of EAE identified 8 mature sc-OLG

activation of OPCs in MS lesions is likely impaired.

clusters, of which five are EAE-associated, including a sc-mMOL cluster that mainly
comprises newly-formed OLGs41 (Fig. 2a). Further analysis uncovered an EAEspecific gene module that is restricted to the newly-formed OLGs population and
another module that comprises genes associated with the IFN response pathway and
MHC-I and MHC-II genes (Fig. 2a)41. Strikingly, in contrast to control spinal cord
tissue40–42 where only one sc-mOPC cluster is present, three additional sc-mOPC
clusters are observed in EAE tissue. Of the three EAE-specific sc-mOPC clusters, one
is a cycling sc-mOPC population, while transcription levels of myelination related
genes are increased in the other two sc-mOPC populations, indicating that these
sc-mOPCs were transferred from a quiescent state to actively differentiating41 (Fig
3a). Notably, in WM MS lesions transcriptionally different OPC populations are
lacking12,13, indicating that in contrast to EAE, in MS OPCs are likely not activated
and triggered to differentiate. Alternatively, given that most MS lesions are likely
relatively old, and may have had their initial demyelinating event months to years
ago, it cannot be excluded that in newly emerged MS lesions OPCs are more diverse.
Surprisingly, EAE-associated mOPCs also express MHC-II genes of which induction
is mediated by IFNγ in vitro41. IFNγ also induces MHC-I expression in gmOPCs, and
these MHC-I expressing OPCs present antigens to cytotoxic T cells284. Given that
wmOPCs are more susceptible to IFNγ than gmOPCs in vitro121, it would be interesting
to investigate if wmOPCs also shown MHC-reactivity upon exposure to IFNγ. Of
relevance, EAE-associated mOPCs exhibit phagocytic activity, take up myelin debris
and likely present myelin-specific antigens41. Of note, bulk-RNAseq did not reveal
an upregulation of MHC-I or MHC-II genes in adult OPCs upon cuprizone-induced
demyelination283. Hence, it would be interesting to investigate with snRNAseq
whether upon cuprizone-induced demyelination distinct OPC clusters can be
identified. Of note, bulk-RNAseq of OPCs reveals upregulation of genes associated
with the innate immune system, such as IL1β and CCL2, upon cuprizone-induced
demyelination86. In conclusion, the upregulation of immunomodulatory genes in
OLG lineage cells suggests that these cells may have a more direct role in MS disease
origin and progression, and contribute to OLG heterogeneity. Alternatively, the
upregulation of immunomodulatory genes in OLG lineage cells may represent a
natural transient response towards demyelination, but persists in MS. In addition,

Astroglial scar formation WM MS lesions
ASTRs change their phenotype in demyelinated MS lesions as well, while astrogliosis
may vary between GM and WM MS lesions. Indeed, phenotype clustering of ASTRs
and myeloid cells, i.e., using mass cytometry and thirteen glia-related markers,
revealed five different groups of ASTRs in MS lesions. Two of these were present
in the center of GM and WM lesions, one on the inner GM and WM rim and one
on the WM outer rim, and the final subgroup of ASTRs was present in NAWM. As
the ASTR phenotypes locate to different zones of MS lesions, it is suggested that
these phenotypes form functional diverse groups285. As also shown in the snRNAseq
studies that identified only two to three ASTR subclusters12,13,41,286, the five different
ASTR populations may be a representation of functional plasticity of the same ASTR
subtype in MS, rather than a representation of intrinsic ASTR heterogeneity. The
two ASTR clusters identified by snRNAseq represent protoplasmic gmASTR, in MS
lesions characterized by SCC1A2, and fibrous/reactive wmASTRs that express more
GFAP, CRYAB and MT3 in MS tissue13. This indicates that astrogliosis is more apparent
in WM MS lesions than in GM MS lesions. Indeed, the small heat shock protein
CRYAB, also named HSPB5, supports the reactive ASTR response that contributes
to demyelination in the cerebellum of the cuprizone model287 and is upregulated
in active and chronic WM MS lesions, but not in GM lesions, in both the brain and
the spinal cord288,289. Together with a dense network of ECM proteins, hypertrophic
ASTRs form a so-called astroglial scar around inflammatory WM lesions, but not
GM lesions. This astroglial scar consist of new, proliferative ASTRs, which no longer
occupy discrete domains and instead have overlapping processes that form a barrier
against inflammation22. The astroglial scar is usually considered as detrimental
for remyelination25,290. Interestingly, even though reactive ASTRs do emerge in the
cuprizone model even beyond the demyelination period, the dense network of ASTR
processes do no progress to form a barrier along the lesion even upon prolonged
cuprizone exposure20. Possibly, as a consequence of a distinct inflammatory profile,
and local expressed inducing stimuli in GM and WM MS lesions, ASTR reactivity is
increased in the WM part, as particularly evident in leukocortical lesions37.

in EAE, but not MS, OPCs are transcriptional active, indicating that transcriptional

44

45

1

Role of macroglial diversity in remyelination

Chapter 1

The astroglial scar in WM lesions mainly consists of interwoven astrocytic processes291.

environment265. Regional differences in stiffness dynamics have also been reported

The processes of the ASTRs in the glial scar are highly filamentous, expressing high

in the chronic EAE model for inflammation mediated demyelination. Contrasting

levels of GFAP, vimentin and nestin . It appears that the function of a glial scar is

to chronic cuprizone and MS lesions, in EAE WM, an initial increase in stiffness

to prevent spreading of inflammation to adjacent tissue, thus limiting further tissue

is observed at EAE onset and peak phase of demyelination, which is followed by a

damage (reviewed in

decrease in stiffness in the chronic phase, while GM stiffness remains unaffected304.

292

). At the edges of active and expanding WM MS , CSPGs are

291

293

produced by ASTRs under control of regulator TRPM7294. The reduced remyelination
capacity in the WM has been correlated with the accumulation of the CSPG versican,
which is expressed by the wmASTRs, but not by gmASTRs in leukocortical lesions .
37

A high number of cells positive for CSPG4, is found at the edge of the glial scar in
chronic active lesions. Although often used as a marker for OPCs, CSPG4 expressing
cells can also become ASTRs in vivo126, and in rodents also microglia initiate NG2
expression upon aging295. Other ECM proteins that impair OLG production and
remyelination37,46,296–298 include hyaluronan and fibronectin. Interestingly, hyaluronan
and its receptor CD44 are significantly increased in the WM, but not in the GM
portion of leukocortical lesions37. Fibronectin is transiently expressed during toxininduced demyelination models and aids OPC recruitment20,46,253,299,300 and newlyformed OLGs maturate upon fibronectin degradation. However, while being not
detect in toxin-induced demyelination, ASTRs form the remyelination-impairing
fibronectin aggregates in WM MS lesions. Aggregate formation is likely induced by
insufficient fibronectin degradation301 combined with chronic inflammation46,301,302.
Fibronectin aggregates persist in WM MS lesions, impairing OPC maturation and
thereby contributing to remyelination failure46,303. Although GM MS lesions have not
been studied in the context of fibronectin aggregates yet, fibronectin is not present in
GM marmoset EAE lesions248. Also, in vitro more fibronectin aggregates are formed
by wmASTRs than by gmASTRs, which may reflect intrinsic differences in alternative
splicing of fibronectin between gmASTRs and wmASTRs302. It would be interesting
to investigate whether the reactive astrogliosis and the formation of a glial scar in
WM MS lesions may account for decreased presence and/or differentiation to the
fully mature hMOL1 as identified by the snRNAseq study12, and thereby contributing
to the difference in remyelination efficiency in GM and WM MS lesions. Supporting
this hypothesis, while in acute demyelinated lesions of both MS and experimental
toxin-induced models tissue stiffness is transiently decreased

247

, thus forming an

environment which supports active myelination265, chronic demyelinated MS lesions
are stiffer than control tissue247 (Fig. 3), thus providing a myelination-inhibiting
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Astrocyte signaling in grey and white matter multiple sclerosis lesions
In experimental rodent models of successful remyelination, OPCs have to be
recruited to the demyelinated areas. Semaphorins are extracellular signaling guidance
proteins that play an important role in OPC recruitment. For example, semaphorin
3F (Sema3F) acts as a chemo-attractant and Sema3A as a chemo-repellent for
OPCs305. In active WM MS lesions, Sema3A and Sema3F expression is increased
in both reactive ASTRs and microglia306,307. Sema3F expression was abundant in
highly inflamed WM lesions, whereas Sema3A expression was predominant in less
inflamed lesions307. Both semaphorins are also detected in GM MS lesions, but here
their expression is strictly neuronal307, indicating that semaphorins are differentially
expressed by gmASTRs and wmASTRs. Upon toxin-induced demyelination in the
spinal cord, lentivirally-mediated overexpression of Sema3A in ASTRs inhibits OPC
recruitment to demyelinated areas and thereby prevents remyelination308. OPCs
are present in 70% of WM MS lesions albeit in lower numbers than surrounding
NAWM10,12,269. The lower abundance of OPCs may be below threshold for successful
remyelination. Sema3A also inhibits OLG differentiation and when Sema3A is
injected into focal toxin-induced demyelinated lesions OPC differentiation is halted
at the pre-myelinating stage and these pre-myelinating OLGs contact axons, but fail
to make myelin sheaths. Thus, Sema3A in MS lesions may in addition to diminishing
OPC recruitment, also halt differentiation of OPCs in a pre-myelinating stage306. Of
note, in the WM part of leukocortical lesion, pre-myelinating OLGs with multiple
processes that are associated with demyelinated axons are present but fail to myelinate
the denuded axons37. As gmASTRs do not express Sema3A, and as the expression of
neuronal Sema3A may be differentially regulated and do not a play major role in OPC
recruitment, the differential expression of semaphorins in gmASTRs and wmASTRs
may contribute to increased remyelination efficiency in GM lesions. This is consistent
with the abundant presence of OPCs in GM MS lesions37,38.
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contribute to regional differences in remyelination efficiency and are of relevance for
Also, regional differences in direct cell-cell contact via gap junctions between ASTRs

the therapeutic effects.

and OLGs in MS lesions may contribute to differences in remyelination capacity.
For example, the expression of ASTR connexins is altered in MS. In both GM and
WM MS lesions, Cx43 is upregulated on ASTRs and also slightly increased in
NAGM and NAWM309,310 (Fig. 3). Contrastingly, in EAE, a loss of Cx43 expression
in ASTRs is observed in the spinal cord311. Remarkably, increased expression of Cx43
in GM MS lesions correlated with enhanced microglial activation310. In addition to
Cx43, also the GM-specific Cx30 is upregulated in ASTRs in GM MS lesions, but
not WM MS lesions310 (Fig. 3). In contrast, the expression of OLG Cx32 and OLG
Cx47 is reduced in GM and WM MS lesions, with extension of the loss of Cx32 into
NAGM and NAWM310. Cx47 expression is however increased on a number of OPCs
in NAWM, although these OPCs have limited coupling to ASTRs309,310. Possibly this
limited ASTR/OPC coupling is related to the failure of OPCs to differentiate into premyelinating OLGs220,310. Similar as in control GM, where gap junctions between ASTRs
and OLGs seem less important for OLG and myelin maintenance than in WM220,
remyelination in GM lesions may be less affected by the loss of connexin expression.
Upon cuprizone induced-demyelination in the corpus callosum, Cx47 is initially
upregulated in OLG processes, and in parallel a transient and de novo expression of
Cx47 is observed in ASTRs312. Upon remyelination, Cx47 expression is switched back
from ASTRs to the newly-formed OLGs312. Interestingly, ASTR signaling via Cx47
coupling to OPCs increases the expression of sphingosine-1-phosphate receptor 3
(S1PR3), which is activated by the lipid signaling molecule sphingosine-1-phosphate
(S1P), and thereby promotes OPC proliferation313. Thus, the increased expression of
Cx47 on OPCs in NAWM may aid proliferation of OPCs, which is in line with the
observed increase of OPC numbers in NAWM309. On the other hand, ASTRs express
S1PR1, also a receptor for S1P. In acute GM lesions, S1PR1 expression is decreased on
ASTRs, while it remains present on ASTRs in WM lesions. Importantly, in GM lesions,
S1PR1 reappears on ASTR when inflammation diminishes314. Moreover, the activation
of S1PR1 on ASTRs promotes inflammation315, indicating that expression of S1PR1
plays a role in inflammation of WM, but not GM, MS lesions. Of note, treatment
with fingolimod (FTY720), an inhibitor of S1PR, ameliorates EAE among others by
inhibition of inflammatory activation of ASTRs and recovery of BBB function315,316.
Hence, ASTR/OPC and ASTR/OLG interactions are distinct in GM and WM, and may
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Concluding remarks and perspectives
After initially being described well over a century ago, macroglial diversity has gained
interest and momentum in the last few years which is relevant for understanding
human pathology, including MS, where regional differences in remyelination
efficiency are evident. Transcriptional profiling reveals that OLGs lineage cells become
more heterogeneous upon maturation and may specialize in different locationdependent functions, i.e., myelination or synapse modulation12,13,40,42. While OPCs
appear transcriptional relatively homogenous12,13,40,42, clear functional differences
between gmOPCs and wmOPCs are reported, both in vitro and in vivo60,84,125–127,85,116–122,
which may be attributed to differential regional aging of either OPC population. On
the other hand, while gmASTRs and wmASTRs are morphologically and functionally
diverse, ASTRs appear less heterogeneous in their transcriptional profile; in most
RNA-sequencing studies, only 2 to 3 groups of transcriptionally different ASTRs
are identified. However, ASTRs display a high functional plasticity and adapt to the
specific local functional needs43,44, which may result in subsequent ASTR regional
diversity by adaptation to the demands of the local cells. The latter hypothesis has
also accumulated evidence over recent years317,318. Whether and how regional diversity
and interplay between macroglia from the GM and WM contribute to observed
differences in remyelination efficiency, and MS pathology, is currently difficult
to dissect. Demyelination of GM and WM areas induce different types of injury
responses, with distinct local induced factors319,320, and as a consequence induces
differences in ASTR reactivity. The roles of microglia and infiltrating immune cells
have not been thoroughly discussed in this review, but are likely to be important
players in inducing different type of injury response in either region17,320–322, in
addition to the lower levels of myelin (debris)323 and the putative differences in myelin
composition183,184 (Table 1) in GM compared to WM. Hence, more research both in
vitro and in vivo are required to determine whether gmASTR and wmASTRs respond
differently to similar micro-environmental signals. For example, to exclude that the
remyelination process is mainly dictated by the resident microenvironmental signals,
homo- and heterotopic transplantation of either ASTRs in demyelinated GM or WM
matter areas may be considered. Such transplantation studies have been performed
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for gmOPCs and wmOPCs in healthy adult brains, clearly hinting at intrinsic regional
differences of OPCs in their maturation capacity115. Transplantations of OPCs derived
from different brain regions into demyelinated areas have not been reported yet, but
given that gmOPCs are less mature and less susceptible for inflammatory cytokines,
they may be better equipped for remyelination86,121. Co-cultures of primary OPCs
and ASTRs will also be valuable in understanding the role of macroglia diversity on

1

the interplay between OPCs and ASTRs and its effect on myelination. Importantly,
many in vitro studies use GM-derived macroglia, while experimental models often
focus on WM regions. This ignorance of macroglial diversity may lead to conflicting
results obtained by in vitro and in vivo studies. In contrast to experimental models
where remyelination is performed by newly-formed OLGs, remyelination in MS is
performed by old, mature OLGs14. Moreover, two transcriptionally distinct groups
of OLGs are largely reduced in the MS brain12, but the exact function of these two
groups remains unclear. On the other hand, there is a gain of an immuno-OLG
lineage phenotype in MS, which is also observed in an experimental model of de- and
remyelination41. These observations, and that remyelination is more efficient in GM
than in WM17–19,37,38, are an indication of the significance of differences in macroglia
from different brain regions for remyelination. A more refined approach taking
regional differences in macroglia into account will be beneficial for myelin research,
and for the identification of therapeutic targets that may promote remyelination,
particularly in WM lesions where remyelination is less effective.
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Abstract

Introduction

Multiple sclerosis (MS) is a chronic demyelinating disease of the central nervous

Multiple sclerosis (MS) is a chronic disease of the central nervous system (CNS)

system which eventually results in axonal loss mainly due to failure of remyelination.
Previously we have shown that the persistent presence of stable astrocyte-derived
fibronectin aggregates in MS lesions impairs OPC differentiation, and thereby
remyelination. Here we set out to discern whether and, if so, how inflammatory
mediators as present in MS lesions trigger astrocytes to form fibronectin aggregates.
Our findings revealed that in slice cultures only upon demyelination, the TLR3
agonist Poly(I:C) evoked astrocytes to form fibronectin aggregates. Consistently,
pro-inflammatory cytokine-pretreated astrocytes were more susceptible to
Poly(I:C)-induced fibronectin aggregation, indicating that astrocytes form
fibronectin aggregates upon a double hit by inflammatory mediators. The underlying
mechanism involves disrupted fibronectin fibrillogenesis at the cell surface as a result
of a cytokine-induced increase in relative mRNA levels of EIIIApos-Fn over EIIIBpos-

characterized by demyelination, inflammation and neurodegeneration in grey
matter (gm) and white matter (wm)324. In the early stages of MS, remyelination
restores axonal support and saltatory nerve conduction7, while upon disease
progression remyelination often fails, resulting in permanent axonal loss and disease
progression4,5,324. Studies in rodent models showed that efficient remyelination
requires recruitment of oligodendrocyte progenitor cells (OPCs) into the lesion area,
followed by differentiation into myelin-producing mature oligodendrocytes4,9–11. In
parallel, an orchestrated inflammatory response is initiated to remove remyelinationinhibiting myelin debris, ultimately resulting in a local microenvironment that favors
the differentiation of recruited OPCs4,325. Remarkably, remyelination is more efficient
in gm lesions than in wm lesions17,18,37,38, emphasizing an important role of the local
cellular and molecular environment in remyelination efficiency.

Fn and a Poly(I:C)-mediated decrease in integrin affinity. Remarkably, fibronectin
aggregation is exacerbated by white matter astrocytes compared to grey matter

CNS demyelination is accompanied by activation of astrocytes and microglia and the

astrocytes, which may be a reflection of higher expression levels of EIIIApos-fibronectin

release of a myriad of pro-inflammatory cytokines, immuno-regulatory factors and

in white matter astrocytes. Hence, interfering with alternative fibronectin splicing

extracellular matrix (ECM) molecules4,11,324,326. ECM remodeling plays a significant role

and/or TLR3-mediated signaling may prevent fibronectin aggregation and overcome

in the remyelination process. For example, the transient upregulation of fibronectin

remyelination failure in MS lesions.

in demyelinated areas is beneficial for OPC recruitment, i.e., the early stages of
remyelination, while its timely removal is required to allow OPC differentiation
to proceed46,300,303. Reactive astrocytes are the primary source of the transiently
deposited fibronectin upon demyelination20,46. In chronic demyelinated MS lesions
and in lesions of an experimental model for MS, i.e., chronic relapsing experimental
autoimmune encephalomyelitis (crEAE), fibronectin is not cleared and remains
present in the form of stable aggregates46. As dimeric fibronectin257–259,327, fibronectin
aggregates efficiently block myelin formation in vitro as well as remyelination
in vivo46,328. Strikingly, while multimeric fibronectin is detected upon cuprizoneinduced demyelination, fibronectin aggregates are not formed upon prolonged
expression of fibronectin and demyelination300. Similarly, fibronectin aggregates are
not observed in lysolecithin-induced demyelination models and slice cultures46,328.
Hence, fibronectin aggregates are not formed upon demyelination by default.
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The fibronectin molecule contains a multitude of variable regions generated by

Results

alternative splicing of a single gene, including domains EIIIA (EDA in human)
and EIIIB (EDB in human) that are specific for cellular fibronectin and which may
have various functions329,330. For example, inclusion of either domain alters the
conformation of fibronectin, thereby interfering with its integrin and cell binding
properties331–335. Organization of fibronectin is affected by several processes, including
assembly into fibronectin fibrils, proteolytic turnover, and biochemical crosslinking
and restructuring. Recently, we have shown that tissue transglutaminase 2 (TG2),
when exogenously supplied, can cross-link astrocyte-deposited fibronectin on a
laminin substrate336. However, endogenously expressed TG2 does not contribute
to astrocyte-mediated fibronectin aggregation, while being involved in fibronectin
fibril formation336. In addition, proteomic analysis revealed that TG2 is not present
in fibronectin aggregates337. Hence, the underlying mechanism of fibronectin
aggregation by astrocytes is not yet known.

TLR3 agonists induce extracellular fibronectin aggregate formation by
astrocytes in vitro
Previously, we have shown that fibronectin aggregates are formed at the relapse phase
in crEAE, but not in toxin-induced models46,300, indicating that inflammation may
contribute to fibronectin aggregation. To assess whether inflammatory mediators
that are abundantly present in MS lesions contribute to fibronectin aggregation,
we applied a reductionist approach and exposed primary rat astrocytes to proinflammatory cytokines IL1β, IFNγ and TNFα, and TLR2, TLR3, and TLR4 agonists
zymosan, Poly(I:C) and LPS, respectively. Previous characterization of fibronectin
aggregates indicated their insolubility in the ionic detergent sodium deoxycholate
(DOC), while remaining in the stacking gel of SDS-PAGE gels46,301,328. Accordingly,
after a 48-hour incubation with the inflammatory cytokines, extracellular deposits
were extracted in DOC buffer and the extent of fibronectin aggregation was assessed

MS lesions contain more inflammatory mediators derived from infiltrated peripheral

by Western blot. Exposure to the TLR3 agonist and viral dsRNA mimetic Poly(I:C)

cells than toxin-induced lesions. For example, the pro-inflammatory cytokines

significantly induced fibronectin aggregate formation (Fig. 1a,b, ins Fn, Wilcoxon

IL1β, IFNγ and TNFα30–32 and endogenous Toll-like receptor (TLR) agonists33–36 are

Signed Rank Test p<0.001, n=16). Also, exposure to LPS, a bacterial membrane

abundantly present in MS lesions. In addition, TLRs are upregulated within MS lesions

component that activates TLR4, reproducibly enhanced fibronectin aggregation,

and present on activated astrocytes29. As astrocyte activity is induced in a context-

although to a lesser extent than Poly(I:C) (Fig. 1a,b, ins Fn, Wilcoxon Signed Rank

dependent manner and regulated by, among others, pro-inflammatory cytokines

Test p=0.016, n=7). In contrast, fibronectin aggregation was unchanged upon

and TLR-mediated signaling events23,26–29, fibronectin aggregate formation may be

exposure to the TLR2 agonist zymosan and the pro-inflammatory cytokines IL1β,

evoked by local inflammatory mediators. Here, we aimed to clarify whether and how

IFNγ and TNFα (Fig. 1a,b, ins Fn). Total cellular fibronectin expression was similar at

immune-modulating factors, known to be present in MS lesions, trigger astrocytes

all conditions (Fig. 1a,c, lysates). For all treatments, GFAP expression was increased

to produce stable fibronectin aggregates. Our findings indicate that astrocytes

compared to untreated astrocytes (Fig. 1a), indicating that astrocytes were activated.

form fibronectin aggregates via a double hit mechanism that involves activation of

In addition, expression of iNOS, known to be differentially upregulated in astrocytes

astrocytes by a demyelinating event and/or exposure to pro-inflammatory cytokines

in response to inflammatory mediators338, was uncorrelated with the extent of

by a mechanism that involves a cytokine-mediated alteration in the expression of

fibronectin aggregation (Fig. 1a). Thus, Poly(I:C) induced-fibronectin aggregation is

fibronectin splice variants and a Poly(I:C)-induced decrease in fibronectin binding

not a reflection of enhanced astrocyte activation. Exposure to the endogenous TLR3-

by astrocytes. In addition, while similar responsive to Poly(I:C), wm astrocytes

agonist protein stathmin also increased the amount of DOC-insoluble fibronectin

formed more fibronectin aggregates than gm astrocytes in vitro. This may reflect the

aggregates in deposits compared to untreated astrocytes (Fig. 1d,e, stathmin p=0.017,

more prominent presence of fibronectin aggregates and the decreased remyelination

n=5), while no significant alterations in overall fibronectin expression were detected

capability in wm compared to gm MS lesions.

(Fig. 1d,f). The more selective TLR3 agonist Poly(A:U) also reproducibly, but not
significantly, increased aggregation of fibronectin (Fig. 1d,e, Poly(A:U) p=0.114, ns,
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n=3). Hence, our findings indicate that TLR3 agonists, and to a lesser extent a TLR4
agonist, induced extracellular fibronectin aggregate formation by astrocytes.

2

Figure 1. TLR3 agonists induce extracellular fibronectin aggregate formation by astrocytes. Western
blot analysis of fibronectin (Fn) in DOC-soluble (sol, fibronectin dimers) and DOC-insoluble (ins,
fibronectin aggregates) extracellular deposits (a,b,d,e) and Fn, GFAP and iNOS in total cell lysates
(a,c,d,f) of primary rat astrocytes treated for 48 hours with pro-inflammatory cytokines IFNγ (500 units/
mL), IL1β (10 ng/mL) or TNFα (10 ng/mL), or with TLR2 agonists zymosan (zym, 10 μg/mL), TLR3
agonists Poly(I:C) (50 μg/mL), Poly(A:U) (50 μg/mL), stathmin (0.5 μg/mL) and TLR4 agonist LPS (200
ng/mL). Representative blots of 3-16 independent experiments are shown in (a,d), quantification of
DOC-insoluble fibronectin aggregates in deposits in (b,e), and quantification of fibronectin in total cell
lysates in (c,f). Actin serves as a loading control for cell lysates; equal amounts of protein (12 μg) are
subjected to DOC-(in)solubility analysis. Note that TLR3 agonists, and to a lesser extent TLR4 agonist
LPS, induce fibronectin aggregation (Poly(I:C) p<0.001; Poly(A:U) p=0.114, ns; stathmin p=0.018, LPS
p=0.016). Bars represent mean relative to their respective untreated control (ctrl), which was set at
1 in each independent experiment (horizontal line). Error bars show the standard error of the mean.
Statistical analyses were performed using a Wilcoxon Signed Rank Test (Poly(I:C) and LPS in (a),
failed Shapiro-Wilk normality test) or a one-sample t-test to test for differences between treatments and
their respective control (*p < 0.05, **p < 0.01).

TLR3 agonist Poly(I:C) decreases astrocyte adhesion to fibronectin
In most cell types, fibronectin is assembled into a fibrillar matrix. This process
initiates at the cell surface primarily via binding to integrin α5β1, and is supported
by binding to integrin αvβ3329,339–343. Upon exposure to Poly(I:C), i.e., at fibronectin
aggregating conditions, fibronectin assembled at the cell surface of astrocytes in a
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Figure 2. Poly(I:C) induces formation of large elongated-structures of fibronectin at the cell surface, and
decreases cell adhesion to fibronectin. (a,b) Fibronectin (Fn) immunocytochemistry of living primary
rat astrocytes treated with Poly(I:C) (50 μg/mL) for 48 hours. Representative images of 4 independent
experiments are shown in (a), quantification of cells with scattered small fibronectin structures and cells
with large elongated fibronectin structures at the cell surface in (b). Note that Poly(I:C) decreases the
amount of scattered fibronectin (p=0.006) and increases the amount of fibril-like fibronectin (p=0.048)
at the cell surface. (c) Adhesion assay of astrocytes to fibronectin (n=3). Primary rat astrocytes were
left untreated or treated with Poly(I:C) (50 μg/mL) for 2 hours, in the absence or presence of Mn2+ (1
mM), known to increase integrin affinity. Note that Poly(I:C) decreases astrocyte adhesion to fibronectin
even in the presence of Mn2+ (p=0.011). (d) Adhesion assay of astrocytes to fibronectin in the absence
or presence of functional blocking antibodies against integrin β1, β3 or β5 (n=3-4). Note that astrocytes
primarily bind to fibronectin via integrin β1. (e,f) Western blot analysis of cell surface expression of
integrin β1, β3 and β5 of primary rat astrocytes treated with Poly(I:C) (50 μg/mL) for 48 hours. lysates;
equal amounts of protein (100 μg) are subjected to immunoprecipitation. Representative blot of 7-8
independent experiments are shown in (e), quantification in (f). Bars represent means relative to their
respective untreated control (ctrl), which was set at 1 for each independent experiment (horizontal
line). Error bars show the standard error of the mean. Statistical analyses were performed using a
one-sample t-test to test for differences between treatments and their respective controls (* p<0.05,
** p<0.01). An unpaired t-test was used to test for differences in adhesion between untreated and
Poly(I:C)-treated cells in the absence or presence of Mn2+ (# p<0.05). Scale bar is 20 µm.

clustered manner, forming large, elongated structures (Fig. 2a). In contrast, untreated
astrocytes showed a more diffuse staining and smaller, punctuated structures of
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fibronectin at the cell surface (Fig. 2a,b, small p=0.006, n=3; large p=0.048, n=3).
Moreover, Poly(I:C) reduced the adhesion of astrocytes to fibronectin in the presence
of Mn2+, a known enhancer of integrin affinity344 (Fig. 2c, Poly(I:C) + Mn2+ versus Mn2+
p=0.011, n=3). This indicates that Poly(I:C) interfered with binding of fibronectin to
integrins, its main receptors at the cell surface. An adhesion assay in the presence of
integrin-specific blocking antibodies showed that astrocytes primarily adhered to
fibronectin via integrin β1 (Fig. 2d, β1 p=0.006, n=4). Selective blocking of integrin β3
and integrin β5 did not significantly affect adhesion of astrocytes to fibronectin (Fig.
2d). Cell surface biotinylation of untreated and Poly(I:C)-treated astrocytes, followed
by immunoprecipitation of integrin β1, β3 or β5 and visualization of surface integrins

2

by Western blotting and streptavidin detection revealed that surface expression of
integrin β1, β3 and β5 was virtually similar in untreated and Poly(I:C)-treated cells
(Fig. 2e,f). Hence, Poly(I:C) interfered not with the cell surface levels of integrin β1,
β3 and β5, but rather modulated integrin affinity that may result in more localized
and large fibril-like structures at the cell surface.
White matter astrocytes generate more fibronectin aggregates than grey
matter astrocytes
Fibronectin aggregates have been examined in wm MS lesions46, while the above
experiments were performed with cortical, i.e., gm-derived, astrocytes. Given the
reported functional differences between gm and wm astrocytes190,288,345, we next
examined whether wm astrocytes also form fibronectin aggregates in response to TLR3
agonist Poly(I:C). Fibronectin aggregation was enhanced by approximately 2-fold
upon Poly(I:C) exposure in both wm and gm astrocytes (Fig. 3a,b, wm + Poly(I:C),
Wilcoxon Signed Rank Test p<0.001, n=12; gm + Poly(I:C) versus gm untreated, Mann
Whitney test p=0.012, n=11), while cellular fibronectin levels were comparable (Fig.
3a,c). Intriguingly, wm astrocytes generated twice as much fibronectin aggregates
than their gm counterparts (Fig. 3a,b, Wilcoxon Signed Rank Test p=0.001, n=11).

Figure 3. White matter astrocytes generate more fibronectin aggregates than grey matter astrocytes.
(a-c) Western blot analysis of fibronectin (Fn) in DOC-soluble (sol, fibronectin dimers) and DOCinsoluble (ins, fibronectin aggregates) extracellular deposits (a,b) and total cell lysates (a,c) of primary
rat grey matter (gm) and white matter (wm) astrocytes treated with Poly(I:C) (50 μg/mL) for 48 hours.
Representative blots of 11-12 independent experiments are shown in (a), quantification of DOC-insoluble
fibronectin aggregates in deposits in (b) and quantification of fibronectin in total cell lysates in (c). Actin
serves as a loading control for total cell lysates; equal amounts of protein (12 μg) are subjected to
DOC-(in)solubility analysis. Note that wm astrocytes generate a higher absolute amount of fibronectin
aggregates than gm astrocytes (p=0.001). (d,e) Western blot analysis of EIIIApos-fibronectin in total cell
lysates of gm and wm astrocytes. Representative blots of 4 independent experiments are shown in (d),
quantification of EIIIApos-fibronectin of total fibronectin is shown in (e). Note that wm astrocytes express
more EIIIApos-fibronectin than gm astrocytes (p=0.013). Bars represent mean relative to wm astrocyte
control (ctrl), which was set at 1 for each independent experiment (horizontal line). Error bars show
the standard error of the mean. Statistical analysis was performed using a one-sample t-test (*p < 0.05,
***p < 0.001) to test for differences between Poly(I:C) treated wm astrocytes and wm control astrocytes
(wm ctrl), a Wilcoxon Signed Rank Test was used to test for differences with wm control, and an Mann
Whitney test was used to test for differences between untreated and Poly(I:C)-treated gm astrocytes
(wm + Poly(I:C), gm ctrl and gm + Poly(I:C) failed Shapiro-Wilk normality test) (# p<0.05).

As the cellular EIIIA- and EIIIB-fibronectin splice variants have been implicated in

wm astrocytes generated more fibronectin aggregates than gm astrocytes, which

fibronectin fibril formation at the cell surface

, we next examined the expression

may relate to elevated levels of EIIIApos-fibronectin in wm astrocytes, while the

levels of these splice variants in gm and wm astrocytes. Western blot analysis revealed

susceptibility of either astrocyte to Poly(I:C)-induced fibronectin aggregation was

that in vitro gm astrocytes expressed a lower proportion of EIIIA -fibronectin than

similar.

331–335

pos

wm astrocytes (Fig. 3d,e gm p=0.013, n=4). Unfortunately, no suitable antibody to
detect fibronectin that contains EIIIB is available. Hence, these findings showed that
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to untreated myelinated control (ctrl), which was set at 1 for each independent experiment (horizontal
line). Error bars show the standard error of the mean. Statistical analyses were performed using a
one-sample t-test to test for differences with control slices (*p<0.05, **p<0.01), and a one-way ANOVA
with a Šidák multiple comparisons post-test was used to test for differences in remyelination on 21 DPL
between lysolecithin and lysolecithin + Poly(I:C)-treated slices (# p<0.05). Scale bar is 50 µm.

Poly(I:C) induces fibronectin aggregation only after demyelination in ex vivo
organotypic cerebellar slice cultures
To more closely mimic demyelination conditions, we next examined whether
TLR3 agonist Poly(I:C) also induces fibronectin aggregation in ex vivo organotypic
cerebellar slice cultures. To prevent that Poly(I:C) interferes with the initial events of
demyelination, myelinated organotypic cerebellar slice cultures were first subjected
to lysolecithin-induced demyelination and allowed to recover for 2 days. The
demyelinated slice cultures were subsequently exposed to Poly(I:C) for another 2
days (Fig. 4a). Western blot analysis demonstrated that sequential treatment with
lysolecithin and Poly(I:C) significantly increased fibronectin aggregation compared
to control and lysolecithin-treated cerebellar slice cultures (Fig. 4b,c, lysolecithin +
Poly(I:C) p=0.003, n=8). Poly(I:C) treatment of myelinated cultures, thus without
prior demyelination, did not result in increased fibronectin aggregation (Fig. 4b,c).
Total levels of fibronectin were not significantly altered (Fig. 4b,d). Notably, while
the expression of a major myelin-specific protein myelin basic protein (MBP)
was decreased upon lysolecithin treatment, MBP expression levels in Poly(I:C)treated myelinated cerebellar slice cultures were similar to MBP levels in untreated
myelinated cerebellar slice cultures (Fig. 4b). This indicates that transient exposure
to Poly(I:C) alone did not induce demyelination. Expression of neuron-specific class
Figure 4. TLR3 agonist Poly(I:C) induces fibronectin aggregation in organotypic cerebellar slice cultures
only after demyelination, and inhibits remyelination. (a) Schematic representation of treatments and
analysis. Organotypic cerebellar slice cultures obtained from newborn rats were cultured for 3 weeks
to allow for myelination. At day 0, demyelination was induced by lysolecithin. At 2 days post lysolecithin
(DPL), demyelinated slices were left untreated or treated with the TLR3 agonist Poly(I:C) (50 μg/mL)
for 48 hours after which slices were washed and new medium was added. Remyelination was allowed
until 21 DPL. (b-f) Western blot analysis of fibronectin (Fn), MBP (myelin marker) and TuJ1 (neuronal
marker) in demyelinated slices 5 DPL (b-d) and remyelinated slices 21 DPL (e,f). Representative blots
of 3-8 independent experiments are shown in (b,e) and quantification in (c,d,f). Actin was used as a
loading control. (g,h) Immunohistochemistry for myelin (MBP, green) and axons (neurofilament, NFH, red) at 5 and 21 DPL. Representative images of 3-6 independent experiments are shown in (g),
quantification of the % myelinated axons in (h) relative to 5 DPL control. Bars represent mean relative
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III beta-tubulin, a neuronal marker recognized by the TuJ1 antibody, was unaffected
in all conditions (Fig. 4b). In this slice culture model, spontaneous remyelination is
observed approximately three weeks after lysolecithin-induced demyelination328,330,346.
To assess whether Poly(I:C)-induced fibronectin aggregation interfered with OPC
maturation, as observed upon intralesional injection of fibronectin aggregates in
toxin-induced demyelinated lesions in vivo46,328, the extent of OPC maturation was
determined at 21 days post lysolecithin (DPL)-induced demyelination (Fig. 4a).
Western blot analysis revealed that MBP levels in lysolecithin-treated cerebellar
slice cultures almost returned to the levels of untreated slice cultures (Fig. 4e,f).
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In contrast, MBP expression in lysolecithin and Poly(I:C)-treated cerebellar slice

Pre-incubation with pro-inflammatory cytokine potentiates Poly(I:C)-induced

cultures remained significantly decreased (Fig. 4e,f, lysolecithin + Poly(I:C) p=0.014,

fibronectin aggregation

n=6). Exposure of myelinated slice cultures to Poly(I:C) had no effect on MBP

To assess a putative role of cytokines in fibronectin aggregation, gm and wm

expression levels after 21 days (Fig. 4e,f). Double labelling of MBP with the axonal

astrocytes were pre-exposed to a mixture of pro-inflammatory cytokines IFNγ, IL1β

marker neurofilament (NF-H) revealed that addition of Poly(I:C) to lysolecithin-

and TNFα for 24 hours, followed by stimulation with Poly(I:C) for 48 hours (Fig. 5a).

demyelinated cerebellar slice cultures significantly decreased the percentage of

Pre-incubation of gm astrocytes with pro-inflammatory cytokines increased the level

myelinated axons at 21 DPL compared to the percentage of myelinated axons in

of fibronectin aggregates generated upon Poly(I:C) treatment compared to untreated

lysolecithin-treated slices (Fig. 4g,h, lysolecithin + Poly(I:C) n=3, versus lysolecithin

astrocytes (Fig 5b,c, gm-control versus gm + cytokines + Poly(I:C) p=0.005, n=4).

n=6, p=0.047). Thus, exposure to Poly(I:C) induced fibronectin aggregation only after

However, the amount of fibronectin aggregates generated upon cytokines + Poly(I:C)

demyelination, which resulted in impaired MBP re-expression and remyelination. As

treatment by gm astrocytes were still considerably less than of Poly(I:C)-treated wm

these findings showed that in slice cultures only activated astrocytes were susceptible

astrocytes that were not pre-exposed to cytokines (Fig. 5b,c). The extent of Poly(I:C)-

to Poly(I:C)-induced fibronectin aggregate formation, we next examined whether

induced fibronectin aggregation was similar for cytokine-treated and untreated wm

pre-incubation with pro-inflammatory cytokines makes astrocytes more prone to

astrocytes (Fig. 5b,c). Fibronectin aggregation was not enhanced upon treatment

Poly(I:C)-induced fibronectin aggregation.

with a mixture of pro-inflammatory cytokines alone in either type of astrocyte
(Fig. 5b,c), which is in line with exposure to the single cytokines (Fig. 1a,b). Notably,

Figure 5. Pre-incubation with pro-inflammatory cytokines potentiates Poly(I:C)-induced fibronectin
aggregation by grey matter astrocytes. (a) Schematic representation of astrocyte treatment and analysis.
Primary rat grey matter (gm) and white matter (wm) astrocytes are pre-treated for 24 hours with a
mixture of IFNγ (500 units/mL), IL1β (10 ng/mL) and TNFα (10 ng/mL), followed by Poly(I:C) treatment
(50 μg/mL) for 48 hours. (b,c) Western blot analysis of fibronectin (Fn) in DOC-soluble (sol, fibronectin
dimers) and DOC-insoluble (ins, fibronectin aggregates) extracellular deposits. Representative blots of
3-4 independent experiments are shown in (b), quantification of DOC-insoluble aggregated fibronectin
in c. Equal amounts of protein (12 μg) are subjected to DOC-(in)solubility analysis. Note that preincubation with cytokines potentiates fibronectin aggregation by gm (p=0.004), but not wm astrocytes.
(d,e) Adhesion assay of astrocytes to fibronectin (n=3). Astrocytes were treated for 1 hour with a
mixture of IFNγ (500 units/mL), IL1β (10 ng/mL) and TNFα (10 ng/mL), followed by adhesion for 2 hours
in the absence or presence of Poly(I:C) (50 μg/mL) and/or the absence (d) or presence (e) of Mn2+ (1
mM), which is known to increase integrin affinity. Note that pre-incubation with cytokines potentiates
the decreased effect of Poly(I:C) on adhesion (wm + cytokines + Poly(I:C) p=0.008; gm + cytokines
+ Poly(I:C) p=0.022), which cannot be overcome by Mn2+ (wm + cytokines + Poly(I:C) p=0.048; gm +
cytokines + Poly(I:C) p=0.002). Bars represent mean relative to wm astrocyte control (wm ctrl, c) or
untreated control (ctrl, d,e), which was set at 1 for each independent experiment (horizontal line). Error
bars show the standard error of the mean. Statistical analyses were performed using a one-sample
t-test to test for differences with wm astrocyte control (ctrl, c) or their respective untreated control (d,e)
(* p<0.05, ** p<0.01, *** p<0.001). A one way ANOVA with a Dunnett multiple comparison post-test was
used to compare treatment groups with untreated gm control (c) (### p<0.001) and a one way ANOVA
with a Šidák multiple comparisons post-test was used to test for differences between treatment groups
(d,e) (## p<0.01).
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cytokine treatment appeared to decrease the total amount of deposited fibronectin

aggregation by potentiating the negative effect of Poly(I:C) on astrocyte adhesion to

(Fig. 5b). As Poly(I:C) treatment reduced the binding of gm astrocytes to fibronectin

fibronectin.

(Fig. 2), next was examined whether cytokines affect cell adhesion. Exposure to proinflammatory cytokines alone did not affect adhesion of gm and wm astrocytes to
fibronectin, however, pre-incubation with cytokines followed by Poly(I:C) treatment
resulted in a significant decrease in astrocyte adhesion to fibronectin of both wm
and gm astrocytes (Fig. 5d wm + cytokines + Poly(I:C) p=0.008; gm + cytokines +
Poly(I:C) p=0.022, n=3), which was more prominent in the presence of Mn2+ (Fig.
5g, wm + cytokines + Poly(I:C) p=0.048; gm + cytokines + Poly(I:C) p=0.002, n=3).
Thus, pre-incubation with pro-inflammatory cytokines may enhance fibronectin

Pro-inflammatory cytokines enhance the EIIIApos- to EIIIBpos-Fn mRNA ratio
As an increased level of EIIIApos-fibronectin in wm astrocytes correlated with
increased fibronectin aggregation (Fig. 3a,b,d,e), and EIIIApos-fibronectin is involved
in cell adhesion331,332,334,335, the effect of pro-inflammatory cytokines on EIIIAposfibronectin levels was examined next. Astrocytes were treated for 24 hours with
pro-inflammatory cytokines, and cultured for another 24 hours (Fig. 6a). Exposure
to pro-inflammatory cytokines reproducibly, but not significantly, increased the
proportion of EIIIApos-fibronectin in wm astrocytes, but not in gm astrocytes (Fig.
6b,c, wm + cytokines p=0.100, ns, n=4), while total fibronectin levels substantially
decreased upon cytokine treatment in wm astrocytes (Fig. 6b,d, wm + cytokines
p=0.125, ns, n=4) and significantly decreased in gm astrocytes (Fig. 6b,d, gm +
cytokines p=0.046, n=4). As to the best of our knowledge, an antibody for EIIIB that
is suitable for Western blotting is not available, the mRNA expression of alternatively
spliced EIIIApos-Fn and EIIIBpos-Fn was examined. To this end, a semi-quantitative
RT-PCR using primers that span each of the alternatively spliced Fn exons was
performed. Using this method, primer pairs produce two different products, i.e.,
a larger product when the alternatively spliced exon was included and a smaller
Figure 6. Pro-inflammatory cytokines favor EIIIApos over EIIIBpos splicing in primary rat astrocytes. (a)
Schematic representation of astrocyte treatment and analysis. Primary rat grey matter (gm) and white
matter (wm) astrocytes were pre-incubated for 24 hours with a mixture of IFNγ (500 units/mL), IL1β (10
ng/mL) and TNFα (10 ng/mL), and left untreated or treated with Poly(I:C) (50 μg/mL) for 24 hours. (bd) Western blot analysis of EIIIApos-fibronectin and total fibronectin in total cell lysates. Representative
blots of 4 independent experiments are shown in (b), quantification of EIIIApos-fibronectin of total
fibronectin in (c) and total fibronectin in (d). Actin serves as a loading control. (e-h) RT-PCR analysis
of EIIIApos-, EIIIAneg-, EIIIBpos- and EIIIBneg-Fn mRNA. Representative agarose gels of 4-5 independent
experiments are shown in (e), quantification of EIIIApos/total Fn , EIIIBpos/total Fn , and EIIIApos/EIIIBposFn mRNA ratios in (f,g,h), respectively. Note that EIIIBpos-Fn mRNA, but not EIIIApos-Fn mRNA levels
are decreased in cytokine pre-treated astrocytes (wm + cytokines p=0.043; wm + cytokines + Poly(I:C)
p=0.031; gm + cytokines p=0.003; gm + cytokines + Poly(I:C) p=0.094, ns), resulting in an enhanced
EIIIApos/EIIIBpos-Fn mRNA ratio (wm + cytokines p=0.104, ns; wm + cytokines + Poly(I:C) p=0.044; gm
+ cytokines p=0.075, ns; gm + cytokines + Poly(I:C) p=0.102, ns). Bars represent mean relative to their
respective control astrocytes (ctrl), which was set at 1 for each independent experiment (horizontal
line). Error bars show the standard error of the mean. Statistical analyses were performed using a
one-sample t-test to test for differences with their respective control astrocytes (* p<0.05, ** p<0.01).
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product if it was spliced out (Fig. 6e). When normalized to total Fn mRNA levels,

the cell surface likely contained fibronectin that lacks the EIIIB domain and/or may

i.e., EIIIA -Fn + EIIIA -Fn, a considerable increase in EIIIA -Fn mRNA levels

have underwent a conformational change that increased the accessibility for the anti-

was observed upon exposure to cytokines, alone or in combination with Poly(I:C)

EIIIBneg-fibronectin antibody.

pos

neg

pos

treatment in wm astrocytes (Fig. 6e,f, wm + cytokines p=0.148, ns; wm + cytokines
+ Poly(I:C) p=0.082, ns, n=5), which is consistent with the substantial increase
in protein expression shown by Western blot analysis (Fig. 6b,c). In contrast, the
mRNA levels of EIIIBpos-Fn decreased in both wm and gm astrocytes upon cytokine
pre-incubation and remained decreased following stimulation with Poly(I:C) (Fig.
6e,g, wm + cytokines p=0.043, n=4; wm + cytokines + Poly(I:C) p=0.031, n=4; gm +
cytokines p=0.003, n=5; gm + cytokines + Poly(I:C) p=0.094, ns, n=5). This resulted
in a significantly enhanced EIIIApos/EIIIBpos-Fn mRNA ratio in Poly(I:C)-stimulated
cytokine-pretreated wm astrocytes, while the ratio was reproducibly increased
in cytokine-treated wm astrocytes (Fig. 6e,h, wm + cytokines p=0.104, ns, n=4;

Enhanced EDApos-FN to EDBpos-FN mRNA ratio in cultured MS astrocytes
Our previous findings demonstrated that cultured wm astrocytes obtained from
MS patients (MS astrocytes), but not wm astrocytes obtained from healthy subjects
(control astrocytes), possessed the ability to form fibronectin aggregates without
prior exposure to cytokines and in the absence of Poly(I:C) treatment46. Given that
an enhanced presence of EIIIApos fibronectin over EIIIBpos fibronectin correlated with
fibronectin aggregation, the EDApos-fibronectin protein levels and EDApos/EDBpos-FN
mRNA ratio in MS astrocytes were examined next. Western blot analysis revealed that

wm + cytokines + Poly(I:C) p=0.034, n=4). A similar trend was observed with gm
astrocytes (Fig. 6e,h, gm + cytokines p=0.075, ns, n=5, gm + cytokines + Poly(I:C)
p=0.102, ns, n=5). The EIIIApos/EIIIBpos-Fn mRNA ratio moderately, but significantly,
increased upon Poly(I:C) treatment alone in wm astrocytes (Fig. 6e,h, wm + Poly(I:C)
p=0.044, n=4), which in contrast to pre-incubation with cytokines was not a result
of decreased EIIIBpos-Fn. Thus, upon pre-incubation with cytokines of gm and wm
astrocytes, and upon Poly(I:C) treatment of wm astrocytes, the relative mRNA
levels of EIIIApos-Fn compared to the EIIIBpos-Fn mRNA levels were increased. As the
cellular fibronectin molecule contains either the EIIIA or the EIIIB domain, or both
combined, this indicates there is a relative increase of fibronectin containing solely
the EIIIA domain. To visualize fibronectin splice variants at the astrocyte surface
and/or in extracellular aggregates, non-permeabilized cells were co-labelled with an
antibody that recognizes fibronectin that lacks EIIIB and an antibody that recognizes
total fibronectin. Upon pre-incubation with cytokines and subsequent exposure to
Poly(I:C), thus at conditions where fibronectin aggregates were generated (Fig. 5b,c),
large extracellular structures located in between cells showed clear immunoreactivity
to both EIIIBneg-fibronectin and total fibronectin (Suppl. Fig. S1a,b, arrows), while
EIIIBneg-fibronectin was hardly visible at the cell surface. Similar extracellular
structures that were enriched for EIIIBneg-fibronectin were visible upon exposure to
Poly(I:C) alone, but to a lesser extent than Poly(I:C)-treated cytokine-pre-incubated
astrocytes. Thus, the extracellular fibronectin aggregates that were not attached to
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Figure 7. Increased EDApos-FN to EDBpos-FN mRNA ratio in MS astrocytes. Western blot analysis of
total fibronectin and EDApos-fibronectin in total cell lysates (a,b) of control (5 healthy subjects) and MS
(4 MS donors) astrocytes cultures. Blot is shown in (a), quantification of EDApos-fibronectin of total
fibronectin in (b). (c-e). qPCR analysis of EDApos/total FN (c), EDBpos/total FN (d), and EDApos/EDBposFN mRNA (e) ratios in control (6 healthy subjects) and MS (5 MS donors) astrocyte cultures. Note
that the EIIIBpos-FN mRNA levels of total FN mRNA levels are decreased in MS astrocytes (p=0.0046),
resulting in an enhanced EIIIApos-FN to EIIIBpos-FN mRNA ratio (p=0.015). Bars represent means (c–
e) or means relative to the average ratio of astrocytes obtained from postmortem tissue of healthy
subjects, which was set at 1 (b). Error bars show the standard error of the mean. Statistical analyses
were performed with a two-sided t-test to test for differences between control and MS astrocytes (b-e)
(* p<0.05, ** p<0.01).
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with the exception of astrocytes derived from one healthy subject, the proportion of

Discussion

EDA -fibronectin of total fibronectin in MS astrocytes was substantially increased

Persistent ECM deposition in demyelinated MS lesions impedes remyelination46,299,303.

compared to control astrocytes (Fig. 7a,b, ctrl n=5 versus MS p=0.212, ns, n=4). In

This includes reactive astrocytes that form fibronectin aggregates which persist in MS

addition, qPCR analysis showed that while the EDA -FN mRNA levels over total FN

lesions and impair OPC maturation46. Our present findings indicate that sequential

were virtually similar (Fig. 7c), EDBpos-FN mRNA levels were significantly decreased

activation of primary astrocytes by respectively a mixture of pro-inflammatory

in MS astrocytes compared to control astrocytes (Fig. 7d, MS versus control p=0.005,

cytokines and TLR3 agonist Poly(I:C), increased fibronectin aggregation. Similarly, in

n=6). As a consequence, the EDA /EDB

FN mRNA ratio was higher in MS

organotypic cerebellar slice cultures, Poly(I:C) only induced fibronectin aggregation

astrocytes than in control astrocytes (Fig. 7e, MS n=5 versus control p=0.015, n=6).

upon demyelination. Poly(I:C) treatment induced fibronectin aggregation to a similar

Thus, similar to pro-inflammatory cytokine-treated rat astrocytes, the relative EDB -

extent by both primary gm and wm astrocytes, while wm astrocytes form a higher

FN mRNA levels were decreased in MS astrocytes compared to control astrocytes,

absolute amount of fibronectin aggregates. Pro-inflammatory cytokines increased

indicating that as in primary rat astrocytes, an increase in EIIIA /EIIIB -FN mRNA

the relative mRNA levels of the alternatively spliced EIIIApos-Fn over EIIIBpos-Fn, which,

ratio correlated with enhanced fibronectin aggregation.

together with subsequent Poly(I:C) exposure, decreased the binding of fibronectin to

pos

pos

pos

pos-

neg

pos

pos

the surface of astrocytes. Consistently, fibronectin aggregate-forming MS astrocytes
had a higher EDApos/EDBpos-Fn mRNA ratio than control astrocytes. Hence, both in
vitro and ex vivo, fibronectin aggregates are formed by a double hit, i.e., first a proinflammatory cytokine-mediated activation of astrocytes followed by exposure to
TLR3 agonists, which in vivo includes protein agonist stathmin347. This respectively
interferes with alternative fibronectin splicing and fibronectin cell surface binding,
making astrocytes more prone to form fibronectin aggregates.
While fibronectin aggregates are not formed
demyelination in vivo

46,328

upon

lysolecithin-induced

and in cerebellar slice cultures, Poly(I:C) treatment of

demyelinated, but not myelinated, cerebellar slice cultures, induced fibronectin
aggregation. Likely, in toxin-induced demyelinated lesions the activated astrocytes
may not encounter a TLR3 agonist during the transient period of fibronectin
deposition, and therefore do not form fibronectin aggregates. In MS lesions, the
prolonged presence of fibronectin as a consequence of a decreased ability to clear
fibronectin by the lack of fibronectin (aggregate) clearing matrix metalloproteinases,
such as MMP7301, may increase the chance of encountering a TLR3 agonist as a double
hit. In addition, due to inefficient removal of myelin debris, activated astrocytes may
encounter endogenous TLR3 protein agonist stathmin, an otherwise intracellular
myelin protein. Stathmin indeed induced fibronectin aggregate formation in vitro, is
abundantly present in MS lesions, and mostly found in inflamed areas34,347. Moreover,
TLR3 expression on the surface of astrocytes is enhanced29, and co-localizes with
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change of a double hit, likely resulting in fibronectin aggregation in MS lesions. It
remains however to be determined whether other cells in the cerebellar slice cultures
may have contributed to fibronectin aggregation and/or remyelination failure, as
microglia and oligodendrocytes also recognize Poly(I:C) via TLR3349,350. Of relevance in
this respect, Poly(I:C) did not induce fibronectin aggregation and/or demyelination
in myelinated slice cultures.
Our present findings indicate that dysregulated fibronectin fibrillogenesis may
underlie fibronectin aggregation. In a cell-dependent manner, deposited fibronectin
can be assembled into a branched, fibrillar network or matrix that plays an active
role in providing environmental information to cells that encounter it, among others,
by functioning as a scaffold for other bioactive signaling proteins

. Fibronectin

351,352

matrix assembly is a complex multistep process, initiated upon binding of soluble
dimeric fibronectin to activated cell surface integrin α5β1 (Fig. 8a) followed by
unfolding, self-association of different fibronectin dimers and other ECM proteins
into linear multimeric fibrils (Fig. 8b)339–341,343,353. Integrin αvβ3 also contributes to
fibronectin fibrillogenesis329,342,354. Importantly, the binding strength of integrins to
fibronectin is an essential part for the initiation and propagation of fibril formation.
Both alternatively spliced domains EIIIA and EIIIB, although not essential, have been
Figure 8. Proposed model of fibronectin aggregation by astrocytes. (a,b) Schematic representation of
fibronectin fibrillogenesis339–342,352,357. Under normal circumstances, fibronectin molecules bind primarily
at the astrocyte surface to integrin α51, and to a lesser extent integrin αvβ3 (a). Fibronectin binding to
the astrocyte surface unfolds fibronectin that allows self-association of fibronectin molecules to from
a fibril matrix (b). (c,d) Schematic representation of fibronectin aggregation. Upon exposure to a proinflammatory environment, as present in MS lesions, relatively more EIIIA/EDApos-fibronectin than EIIIB/
EDBpos-fibronectin is produced (c). This results in enhanced binding to integrin 5β1, reduced binding
to integrin αvβ3, and impartial unfolding of fibronectin (c). Upon a second-hit with a TLR3 agonist, the
binding of fibronectin to the astrocyte surface is reduced, resulting in detachment (1) and refolding (2)
of the fibronectin multimers in aggregates (d). Notably, when EIIIA/EDApos-fibronectin levels are already
high, fibronectin aggregates may be formed without prior exposure to pro-inflammatory cytokines (b,d).
(e) Description of the used elements and symbols.

stathmin in MS lesions29,34,347. Notably, TLR3 recognizes dsRNA, and although
some viruses are implicated in MS pathogenesis, these are mainly ssRNA viruses348,
and thus it is not likely that these viruses are involved in fibronectin aggregation.
Therefore, increased accessibility of the endogenous TLR3 protein agonist stathmin
in myelin debris combined with the prolonged presence of fibronectin, increases the
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implicated in the level and stability of fibronectin fibril formation. More specifically,
inclusion of the EIIIA domain enhances binding to integrin receptor α5β1355, whereas
EIIIB inclusion enhances cell adhesion to fibronectin via binding of integrin αvβ3356,357.
Thus, under normal circumstances, fibronectin binds to astrocytes via integrin α5β1,
and likely also via integrin αvβ3, which supports the formation of fibronectin fibrils
(Fig. 8a,b). Our data demonstrated that in pro-inflammatory cytokine-activated
astrocytes, the relative EIIIApos-Fn over EIIIBpos-Fn mRNA levels were increased, which
may strengthen the binding of fibronectin to integrin α5β1, and reduce binding to
integrin αvβ3 (Fig. 8c). In addition, fibronectin without EIIIB is less able to make
fibrils333, resulting in impartial refolding (Fig. 8c,d). Integrins transmit signals bidirectionally, i.e., via outside-in and inside-out signaling358,359. The observed inability
of Mn2+ to increase the integrin affinity of Poly(I:C)-treated astrocytes may be caused
by a loss of inside-out activation of integrins upon exposure to Poly(I:C). This is
consistent with a previous study that reports that Poly(I:C) decreases cell adhesion
to fibronectin by a loss of inside-out signaling of active integrin β1360. Thus, exposure
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to TLR3 agonist Poly(I:C) reduced the binding of astrocytes to fibronectin (Fig. 8d).

remains to be clarified. Cortical gm lesions occur without significant infiltration

Remarkably, pre-incubation with cytokines potentiated the Poly(I:C)-mediated

of haematogenous leukocytes and show less astrocyte reactivity compared to wm

loss of cell adhesion to fibronectin, likely as fibronectin binding to the surface of

MS lesions277,363. This is primarily visible in type 1 leukocortical lesions. In these

cytokine-activated astrocytes rely more on integrin α5β1, due to a decrease in EIIIBpos-

gm and wm spanning lesions, the gm area shows greater remyelination efficiency,

fibronectin

. In Poly(I:C)-treated cytokine-pre-incubated astrocytes, non-cell

which may be a reflection of lower astrocyte reactivity, higher number of cells of

associated fibronectin aggregates were visualized by an antibody that recognizes

the oligodendrocyte lineage, regional heterogeneity of OPCs, and decreased

neg

fibronectin that lacks EIIIB, while EIIIB -fibronectin was not recognized at the

intralesional ECM deposition37,38,121. The presence of fibronectin aggregates in gm

cell surface. Hence, as a consequence of Poly(I:C)-mediated loss of integrin affinity,

MS lesions remains to be determined, but based on the less inflammatory character

the formed fibronectin fibrils may be released from the surface (Fig. 8d, 1), refold

of gm lesions363, the absence of fibronectin immunoreactivity in marmoset gm

and form aggregates (Fig. 8d, 2). Indeed, unfolded non-cell associated fibronectin

EAE lesions248 and our present findings, it is tempting to hypothesize that in gm

is prone to form aggregates361. Additionally, inclusion of EIIIB makes fibronectin

MS lesions less remyelination-impairing fibronectin aggregates are formed than in

more sensitive to proteolysis , indicating that a slower degradation and prolonged

(chronic) wm MS lesions.

333,355

362

presence of fibronectin due to the lack of EIIIB may increase the change of a double
hit activation-induced aggregate formation. Also, EIIIBneg-fibronectin in aggregates
are more stable and less vulnerable to extracellular proteases362. Whether the
detached fibronectin fibrils or multimers may act as seeds for further self-association
of fibronectin and other ECM molecules and ultimately form aggregates remains to
be determined.

Remarkably, post-mortem-derived MS wm astrocytes form fibronectin aggregates
in the absence of cytokines and TLR3 agonists46. MS astrocytes have been exposed
to the pathological environment and have encountered pro-inflammatory cytokines
that may have altered their fibronectin splicing as well as TLR3 agonists, which may
explain their ability to form fibronectin aggregates in vitro in the absence of TLR3
agonists. Alternatively, an inherent difference in alternative fibronectin splicing

Astrocytes adopt distinct phenotypes in response to their environment, and it

between control and MS astrocytes, as for example observed for cultured gm and

should be taken into account that astrocyte responses to inflammatory mediators are

wm astrocytes, cannot be excluded. Following this reasoning, it would be interesting

regionally heterogeneous

. We show that Poly(I:C) treatment induced a 2-fold

to examine whether control and MS gm astrocytes differ in alternative fibronectin

increase in fibronectin aggregation by both cultured gm and wm astrocytes, while

splicing and aggregate formation. Intriguingly, as in cytokine-activated primary

also exposure to cytokines increased the EIIIA /EIIIB -Fn mRNA in both gm and

rat astrocytes, the EDApos/EDBpos-FN mRNA ratio was higher in MS astrocytes than

wm astrocytes. However, while the response to inflammatory mediators appeared

in control astrocytes, as a consequence of reduced EDBpos-FN mRNA levels. Upon

similar, wm astrocytes formed a higher absolute amount of fibronectin aggregates

toxin-induced demyelination, astrocytes are also exposed to pro-inflammatory

than gm astrocytes. In fact, Poly(I:C)-treated wm astrocytes do not require a pre-

cytokines, while fibronectin aggregates are not detected in vivo46,300,328. Our previous

incubation with cytokines to produce a maximum amount of aggregates in vitro. This

findings revealed that Fn mRNA levels, including EIIIApos- and EIIIBpos-Fn transcripts,

may be partly due to the higher relative endogenous EIIIApos-fibronectin levels in

are increased in lysolecithin-induced demyelinated lesions at 5 DPL compared to

wm astrocytes than in gm astrocytes, and that the maximum amount of fibronectin

unlesioned control46,303. Additional analysis of these data revealed that the mRNA

aggregates had been reached. Also, Poly(I:C) treatment without cytokine pre-

ratio of EIIIApos/EIIIBpos-Fn rather decreased than increased upon lysolecithin-

incubation modestly favored EIIIApos-Fn over EIIIBpos-Fn splicing by wm astrocytes but

induced demyelination compared to unlesioned controls at 5 DPL (0.52±0.02, p=0.01,

not gm astrocytes. To what extent differences in regional fibronectin aggregation are

n=4), which is still evident at 14 DPL (0.57±0.04, p=0.046, n=3), i.e., at remyelinating

responsible for the differences in remyelination capability in gm and wm MS lesions

conditions. This may explain why astrocytes in lysolecithin-induced lesions are less

244,345
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susceptible to from fibronectin aggregates.

Methods

Taken together, we propose a double-hit model for fibronectin aggregation involving

Cell culture

an initial activation in response to pro-inflammatory cytokines (first hit), which

Rat astrocytes

interferes with alternative fibronectin splicing, followed by a response to TLR3
agonists (second hit) that decreases integrin affinity (Fig. 8). Regional heterogeneity
is reflected by the increased amounts of fibronectin aggregates formed by wm
astrocytes compared to gm astrocytes. Preventing fibronectin aggregate formation
may prove beneficial as an approach for remyelination enhancing-based treatment
of MS. Thus, factors that interfere with alternative fibronectin splicing and TLR3mediated signaling, and/or factors that prevent the decreased fibronectin-integrin
binding aid to proper fibril formation, thereby precluding aggregation, are potential
targets to aid efficient remyelination in MS. As remyelination following demyelination
is essential for axonal survival and restoration of saltatory conduction4,5,7,324, restoring
remyelination in MS may be an effective treatment in halting disease progression and
reversing disability.

Animal protocols were approved by the Institutional Animal Care and Use Committee
of the University of Groningen. All methods were carried out in accordance with
national and local experimental animal guidelines and regulations. Primary gm rat
astrocytes of either sex were isolated from the neonatal cortex and wm astrocytes
from neonatal non-cortical parts, which mainly consist of wm, by a shake off
procedure and cultured as described121,258,349. Astrocytes were cultured at a density of
1x106 cells/10 cm-dish, 50,000 cells/13-mm poly-L-lysine (5 µg/ml)-coated coverslip, or
20,000 cells/8-well Permanox chamber slide. When indicated, one hour after plating,
cells were subjected to the inflammatory mediators IFNγ (500 units/mL), TNFα
(10 ng/mL), IL1β (10 ng/mL), or TLR2 agonist zymosan (10 μg/mL), TLR3 agonist
polyinosinic:polycytidylic acid (Poly(I:C), 50 μg/mL), TLR3 agonist polyadenylicpolyuridylic acid (Poly(A:U), 50 μg/mL), TLR3 agonist stathmin (0.5 μg/mL), or
TLR4 agonist lipopolysaccharide (LPS, 200 ng/mL) for 48 hours.

Data availability
All data generated during and/or analysed during the current study are available
from the corresponding author on reasonable request.

Human astrocytes
Autopsy samples of human white matter brain material were obtained from the
Netherlands Brain Bank. All donors from whom material was collected had signed
written informed consent for brain autopsy and the use of material and clinical
information for research purposes. All methods were carried out in accordance
with relevant guidelines and regulations. Control donors (5 female/1 male) were of
ages between 63 and 94, and mean postmortem delay was 7.2 hours. MS donors (4
female/2 male) were of ages between 48 and 88, mean postmortem delay was 7 hours,
and mean disease duration was 29.3 years. Adult control and MS astrocytes were
purified from post-mortem subcortical wm of non-demented healthy subjects and
MS patients and cultured as described29,46.
Organotypic cerebellar slice cultures
Neonatal meninges-free rat cerebella of either sex were cut in 300 µm sagittal sections
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and cultured in millicell cell culture inserts as described328,346. After 3 weeks, slices

Immunoprecipitation

were left untreated or exposed to lysolecithin (0.5 mg/mL) for 17 hours to induce

Astrocytes were washed with ice-cold PBS and incubated in ice-cold sulfo-NHS-LC-

demyelination (day 0). At 2 days post lysolecithin (DPL) treatment, control and

biotin (0.1 mg/mL) for 1 hour on ice to biotinylate cell surface proteins. After three

demyelinated slices were left untreated or exposed to Poly(I:C) (50 μg/mL) for 48

washes in cell wash buffer (65 mM Tris, 150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2,

hours. At 5 DPL, the tissue slices were either fixed in 4% paraformaldehyde (PFA)

pH 7.5), and two washes in PBS, the cells were scraped in TNE lysis buffer followed

or homogenized in TE‐buffer (10 mM Tris, 2 mM EDTA, pH 7.4) containing 0.25 M

by sonication. Lysates (100 µg) were precleared by incubating lysates with rabbit

sucrose and a mix of protease inhibitors (Complete Mini) on ice, or left to examine

Ig (rabbit gamma globulin 11.1 mg/mL), or mouse Ig (mouse gamma globulin 11.0

remyelination until 21 DPL.

mg/mL), and 20 µl Protein A/G Plus-agarose beads for 1 hour at 4°C. Precleared
lysates were incubated overnight with anti-integrin antibodies (Suppl. Table S1) at
4°C. Hamster-anti-β1 integrin was first linked to rabbit-anti-hamster for 30 minutes

Biochemical analysis

at room temperature. The samples were incubated with Protein A/G Plus-agarose

Western blotting
Cells were lysed in TNE-lysis buffer containing 150 mM NaCl, 50 mM Tris-HCl and
5 mM EDTA (pH 7.4) supplemented with 1% Triton X-100, and protease inhibitors.
Extracellular deposits were obtained by lysing the cells in water for 2h at 37oC and
scraping the remaining deposits in deoxycholate (DOC)-containing buffer (2% DOC,
2 mM EDTA, 5 mM Tris, pH 8.0). Following 30 minutes of incubation in lysis buffer
(cells) or DOC-buffer (deposits) on ice, protein concentrations were determined

beads for 3 hours at 4°C. The beads were precipitated for 5 minutes at 600g, washed
four times with immunoprecipitation wash buffer (cell wash buffer supplemented
with 350 mM NaCl and 1% NP-40) and resuspended in non-reducing sample buffer.
The samples were heated to 95°C for 3 minutes, centrifuged for 5 minutes at 600g,
followed by Western blotting and detection of surface integrins using IR-dye-800conjugated streptavidin.

by a BioRad DC-protein assay using bovine serum albumin (BSA) as a standard. To
separate DOC-soluble (fibronectin dimers) and -insoluble (fibronectin aggregates)

Adhesion assay

proteins, equal amounts of protein of DOC-extracts were centrifuged at 16,000g for 30

Adhesion assays were performed as described256. For integrin blocking experiments,

minutes at 16°C. Samples were subjected to SDS-PAGE under reducing (cells, 20 µg)

cells were incubated with the indicated anti-integrin antibodies for 30 minutes at 37°C.

or non-reducing conditions (deposits, 12 µg) to detect total fibronectin monomers or

For cytokine pre-incubation experiments, cells were left untreated or pre-treated

structural states of fibronectin, including aggregates and dimers, respectively. After

for 1 hour with cytokine mixture at 37°C, followed by plating and stimulation with

transfer of the proteins to a PVDF membrane (Immobilon-FL) and blocking with

Poly(I:C) and/or MnCl2 (1 mM). Astrocytes were seeded at a density of 50,000 cells

50% Odyssey blocking buffer in phosphate buffered saline (PBS) the membranes

per well and left to adhere for 2 hours at 37°C. Adhesion is expressed as percentage of

were incubated overnight at 4 C with the indicated primary antibodies (Suppl.

the corresponding untreated cells or relative to MnCl2-treated cells.

o

Table S1). Appropriate secondary IRDye-conjugated antibodies were applied for 1
hour at room temperature followed by detection on the Odyssey Infrared Imaging
system. Membrane washing between antibody incubations was performed with
PBS supplemented with 0.05% Tween-20. Quantification was performed with FUJI
ImageJ software.

Immunochemistry
Immunohistochemistry
Cerebellar slices were fixed for 1 hour in 4% PFA. After two washes with PBS the slices
were blocked for 3 hours in Hanks Balanced Salt Solution supplemented with 1 mM
HEPES, 10% heat inactivated normal goat serum, 2% heat inactivated horse serum,
1% BSA and 0.25% Triton X-100. Slices were incubated with the indicated primary
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antibodies in blocking solution for 48 hours at 4C (Table S1), washed three times

gel. The EIIIA- and EIIIB-fibronectin primers generate two products: a band that

in PBS supplemented with 0.05% Tween for 1 hour and incubated with appropriate

includes the alternatively spliced domain (526 bp for EIIIApos-Fn, 640 bp for EIIIBpos-

Alexa Fluor© secondary antibodies (1:500) overnight at 4°C. After three washes

Fn) and another band when the respective domain is spliced out (256 bp for EIIIAneg-

the slices were mounted on glass slides using mounting medium to prevent image

Fn, 367 bp for EIIIBneg-Fn364,365). Quantification was performed with FUJI ImageJ

fading. Imaging were performed on a Leica TCS SP2 AOBS confocal microscope.

software. Relative expression of EIIIApos- and EIIIBpos-Fn is expressed as percentage of

The percentage of myelinated axons was calculated using MATLAB software as

total Fn (positive and negative bands combined).

described .
328

qPCR
Immunocytochemistry

Gene expression levels were measured by real-time quantitative RT-PCR using

For live cell stainings, cells were blocked for 10 minutes with 4% BSA and incubated

ABsolute QPCR SYBR Green Master Mix in a Step-One Plus Real-Time PCR machine.

with anti-fibronectin antibodies (Suppl. Table S1) for 30 minutes on ice. After three

Measurements were performed in triplicate and amplification data was processed

washes in PBS, cells were incubated with the appropriate Alexa Fluor© secondary

using LinRegPCR software366.

antibodies for 20 minutes on ice. Cells were fixed with 4% PFA and incubated with
DAPI (1 μg/mL) for 15 minutes at room temperature. For staining of fixed cells,
cells were first fixed sequentially with 2% and 4% PFA for 15 minutes each, and
subjected to the indicated primary and secondary antibodies as described for live
staining. Analysis and imaging were performed on a conventional Leica DMI 6000
B immunofluorescence microscope. Astrocytes were scored based on their cellular
surface extracellular fibronectin expression and subdivided into two categories, i.e.,
diffuse fibronectin staining in small, punctuated structures and fibronectin in large,
elongated structures. Between 100-175 cells were counted per condition.

Statistics
Data are expressed as mean ± standard error of the mean (SEM) of at least three
independent experiments. A Shapiro-Wilk normality test was first applied to test the
normal distribution of the data. When normality failed, a Wilcoxon Signed Rank test
or Mann Whitney test was used to test for statistical significance where indicated.
When normality passed, statistical analysis was performed with a one-sample t-test
when relative values of groups were compared with control by setting the untreated
control values at 1 in each independent experiment. When values between two
treatment groups were compared, statistical significance was assessed using a paired

Polymerase chain reaction

two sided t-test or a one way ANOVA with a Šidák multiple comparisons post-test

Cells were scraped in RNA protect (Qiagen) and mRNA was isolated using an mRNA-

when comparing more than two groups. When gm and wm astrocytes were compared,

isolation kit (Isolate II RNA Micro Kit; Bioline) according to manufacturer’s instructions.

wm astrocyte control values were set at 1. Here, statistical significance compared to

Total RNA (1 μg) was reverse transcribed in the presence of oligo(dT)12–18 and dNTPs

wm control was performed using a one sample t-test (*), and a one-way ANOVA with

with M-MLV reverse transcriptase according to manufacturer’s instructions. Primer

a Dunnett post-test was used to compare between gm samples and gm control (#).

sequences are shown in Supplementary Table S2.

In case of human astrocyte cultures, arbitrary measured values were normalized to
control values, with an arbitrary average control value of 1. Statistics were performed

RT-PCR
cDNA was amplified using indicated primer sets and GoTaq Green Master Mix

using GraphPad Prism 6.0. In all cases p-values of <0.05, <0.01, and <0.001 were
considered significant and indicated with *, **, *** or #, ##, ###, respectively.

(Promega) according to manufacturer’s instructions, and subjected to a 1.5% agarose
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Supplementary information

Table S1. Primary antibodies used during western blotting, immunoprecipitation,
immunohistochemistry and immunocytochemistry

TLR3 agonists induce fibronectin aggregation by activated astrocytes: a role
of pro-inflammatory cytokines and fibronectin splice variants

protein

dilution

catalog #

manufacturer

actin

1:1000

A5441

Sigma

1:500

IIIE2/F6140

Sigma

EIIIApos/EDApos-fibronectin
EIIIB -fibronectin

5 µg/ml

IST6/S-FN9

Sirius Biotech

Inge Werkman1,‡, Arend H. Sikkema1,‡, Joris B. Versluijs1, Jing Qin1, Pascal de Boer1, and

fibronectin

1:100/1:500

AB2033

Millipore

Wia Baron1,*

GFAP

1:5000

Z033430

DAKO

iNOS

1:250

610329

BD biosciences

MBP (immunohistochemistry)

1:250

MCA409S

Bio-Rad

Neurobiology, University of Groningen, University Medical Center Groningen,

MBP (western blot)

1:200

MAB386

Millipore

Groningen, The Netherlands

neurofilament

1:5000

CPCA-NF-H

Encor Biotechnology
Inc.

TuJ1

1:1000

kind gift of Dr. A. Frankfurter

University of Virginia

β1 integrin

1:125

555003

BD Biosciences,

β3 integrin

1:125

554951

BD Biosciences

β5 integrin

1:125

MAB1961

Millipore

neg

1

‡

Department of Biomedical Sciences of Cells & Systems, section Molecular
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rat
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5’-TTGATTTCTTTCATTGGTCCTGTCTT-3’

rat

5’-TTACACTGTCAAAGATGACAAGGAAA-3’

5’-TGACATCAGAAGAATCAAAACCAGTT-3’

neg 368

EDAFN1

human

5’-AGTAACCAACATTGATCGCCC-3’

5’-CCTGTACCTGGAAACTTGC-3’

106

EDBFN1

human

5’-ACAACAAACGGCTGTTCCTC-3’
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FN1
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Figure S1. Fibronectin aggregates contain EIIIBneg-fibronectin. a,b Immunocytochemistry of fixed,
unpermeabilized grey matter (gm) and white matter (wm) rat astrocytes. Cells were pre-incubated
for 24 hours with a mixture of IFNγ (500 units/mL), IL1β (10 ng/mL) and TNFα (10 ng/mL), followed
by Poly(I:C) (50 μg/mL) treatment for 48 hours. Cells were stained for total fibronectin (tFn, red) and

Figure S2. Full scans of indicated immunoblots. The boxed areas are presented in the indicated figures.

EIIIBneg-fibronectin (EIIIBneg-Fn, green). Note the extracellular EIIIBneg-fibronectin-containing structures
in between cells that were pre-incubated with cytokines and treated with Poly(I:C) (arrows), while
EIIIBneg-fibronectin is hardly observed at the cells surface. Scale bar is 75 µm (a), or 25 µm (b).
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Figure S4. Full scans of indicated agarose gels. The boxed areas are presented in the indicated figures.

2
Figure S3. Full scans of indicated immunoblots. The boxed areas are presented in the indicated figures.
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Abstract

Introduction

Remyelination is a regenerative process that is essential to recover saltatory conduction

Multiple sclerosis (MS) is a demyelinating disease of the central nervous system

and to prevent neurodegeneration upon demyelination. Remarkably, remyelination
is more efficient in grey matter (GM) than in white matter (WM) lesions. In the
central nervous system, the formation of new myelin involves the differentiation
of oligodendrocyte progenitor cells (OPCs) towards oligodendrocytes (OLGs), a
process that, among others, is regulated by astrocytes (ASTRs). ASTRs supply lipids
to myelin forming OLGs which requires high amounts of cholesterol. Here, we
show that a feeding layer of gmASTRs was more supportive to in vitro myelination
than a feeding layer of wmASTRs. Similar findings were obtained with gmASTRconditioned medium on wmOPC, but not gmOPC, differentiation. In vitro analyses
showed that gmASTRs secreted more cholesterol than wmASTRs. Cholesterol efflux
from either ASTR was reduced upon exposure to pro-inflammatory cytokines, which
was mediated via cholesterol transporter ABCA1, but not ABCG1, and correlated

(CNS) characterized by recurring inflammation, loss of oligodendrocytes and myelin,
astrogliosis, remyelination failure and neuronal loss. Most therapies for MS do not
directly aim to promote remyelination, but are immunomodulatory and reduce the
number and severity of attacks45. Remyelination is a regenerative process in which
new myelin membranes are formed and which is not only essential to recover saltatory
conduction, but also to prevent neurodegeneration4,109,169,367,368. MS lesions are present
in both grey matter (GM) and white matter (WM), while GM remyelination is more
efficient than WM remyelination37,38. This is also observed in experimental toxininduced demyelination models, where remyelination in the cortex is faster and more
robust than remyelination in the corpus callosum17–19,322. Revealing the underlying
mechanism of this apparent discrepancy between GM and WM remyelination, may
identify novel targets for therapy that promote remyelination.

3

with a minor reduction of myelin membrane formation by OLGs. Surprisingly, ASTR
knockdown of Fdft1 encoding for squalene synthase (SQS), an enzyme essential for the

Differences in regional remyelinating capacity may be due to intrinsic and/or extrinsic

first committed step in cholesterol biosynthesis, enhanced myelination on a feeding

factors that differ between GM and WM areas4,5. Recent findings, including our

layer of wmASTRs. Likely, reduced secretion of IL1β by enhanced isoprenylation and

own, indicate that grey matter OPCs (gmOPCs) and white matter OPCs (wmOPCs)

increased unsaturated fatty acid synthesis, both pathways upstream of SQS, masked

intrinsically differ115,121. GmOPCs are less mature and more responsive to mitogens than

the effect of reduced levels of ASTR-derived cholesterol. Hence, our findings indicate

wmOPCs121, possibly rendering the gmOPCs better equipped for remyelination86. In

that gmASTRs export more cholesterol and are more supportive to myelination than

addition, wmOPCs are more susceptible to the detrimental effects of inflammatory

wmASTRs, but that specific inhibition of cholesterol biosynthesis in wmASTRs is

mediators such as IFNγ121. Also, the cellular composition of GM and WM differ in the

beneficial for wmASTR-mediated modulation of in vitro myelination.

type of astrocytes (ASTRs) that are present. More specifically, protoplasmic ASTRs
are present in GM, and fibrous ASTRs reside in WM94,190,198. These ASTR subtypes

Keywords: astrocytes, cholesterol, cytokines, myelin, oligodendrocyte

are morphologically and functionally distinct, i.e., protoplasmic gmASTRs are
morphological more complex and ensheath synapses, whereas fibrous wmASTRs
are specialized in providing structural support to myelinated axons and interact
with the nodes of Ranvier190. In addition, ASTRs play an important role in transient
remodeling of the local signaling environment upon CNS injury16,250. The role of
ASTRs in remyelination in MS is still a matter of debate. A strong correlation exists
between severe reactive glial scar formation and remyelination failure23,241, while
remyelination does not occur when ASTR numbers are low15,369. In addition, ASTR
malfunctioning can develop diseases that have a clear myelin pathology, including
Alexander’s and Vanishing White Matter disease23. In vitro studies revealed that
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ASTRs derived from WM MS brain tissue form fibronectin aggregates that impair

In experimental models, remyelination proceeds via differentiation of OPCs

remyelination , and reactive ASTRs form a dense scar in WM MS lesions that

to myelinating oligodendrocytes (OLGs). While OPCs synthesize cholesterol,

consists of persistent deposited extracellular matrix (ECM) molecules, including

remyelination may also benefit from ASTR-derived cholesterol373. Indeed, cholesterol

proteoglycans and fibronectin46,250,252,260,370. This deposition of ECM is not specific to

supplementation, as well as increasing cholesterol efflux in vivo, facilitate

MS, as also in experimental toxin-induced demyelination models ASTRs contribute

remyelination372,378. In addition, when remyelination is impaired such as in EAE, and

to remyelination by transient deposition of these ECM molecules46,250,252,260,370.

in MS, genes encoding for enzymes involved in cholesterol production, including

Although the presence of fibronectin aggregates has not been studied in the context

Hmcgs1, Fdps and Fdft1, are decreased in ASTRs286. Here, we aimed to address whether

of GM MS lesions, fibronectin expression is enhanced in WM, but not present in

gmASTRs and wmASTRs differ in cholesterol production and/or efflux and in this way

GM lesions of marmoset experimental autoimmune encephalitis (EAE), an immune-

distinctly modulate myelination. Our findings revealed that although the availability

mediated experimental model of MS . Hence, ASTRs from different brain regions

of regional ASTR-derived cholesterol may play a role in determining myelination

may distinctly contribute to remyelination efficiency.

efficiency, downregulation of committed cholesterol biosynthesis in wmASTRs,

46

248

unexpectedly uncovered that a potential corresponding increase in unsaturated
Differentiation of OPCs is enhanced by exogenously supplied cholesterol as well as
by polyunsaturated fatty acids371,372. In the adult CNS, ASTRs are the main suppliers
of these lipids48,373–376. Lipid biosynthesis, including cholesterol and unsaturated
fatty acids, is regulated by the sterol regulatory element-binding protein (SREBP)
transcription factor family48,373. Upon blocking lipid biosynthesis in ASTRs by

fatty acid synthesis and an increase in non-sterol isoprenoids which interferes
with the secretion of IL1β, benefits in in vitro myelination. Hence, increasing nonsterol isoprenoid and unsaturated fatty acid synthesis in ASTRs without interfering
with cholesterol biosynthesis, may be a novel therapeutic strategy to promote
remyelination.

inactivation of the SREBP-cleavage-activating protein (SCAP), an essential
coactivator of SREBP, developmental myelination is severely retarded48. Moreover,
when during developmental myelination OLGs are unable to produce cholesterol
due to the absence of squalene synthase (SQS), the enzyme required for the first
committed step in cholesterol biosynthesis47, myelin formation is reduced. However,
cholesterol is still incorporated in myelin, which is likely supplied by ASTRs via
lipoprotein particles47. Moreover, the ratio of cholesterol compared to other lipids
in the myelin is comparable to control47. This indicates that cholesterol is an
indispensable lipid component of myelin membranes. In addition, the availability of
cholesterol accelerates OPC differentiation and is rate-limiting in oligodendrocyte
myelin membrane growth47,48.
As the blood-brain barrier prevents the uptake of peripheral cholesterol, CNS
cholesterol is primarily derived of de novo synthesis377. Thus, similar to developmental
myelination, remyelination also requires an increase in cholesterol biosynthesis.
Indeed, cholesterol synthesis is increased upon toxin-induced demyelination225,283.
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Results

morphology. Assessment of the percentage of myelinated axons, as determined by a
co-labeling of the myelin marker myelin basic protein (MBP) and the neuronal marker

Cultured grey matter astrocytes are more supportive to myelination than
cultured white matter astrocytes
To examine whether gmASTRs and wmASTRs distinctly modulate myelination
efficiency, an in vitro myelinating system of embryonic spinal cord cultures that
relies on an ASTR feeding layer was employed328. To this end, neonatal rat gmASTRs
and wmASTRs were used. Neonatal gmASTRs and wmASTRs were positive for the
ASTRs marker GFAP, and retained their difference in morphology (Fig. 1a)193. Thus,
gmASTRs were more protoplasmic, while wmASTRs adopted a more fibrous stellate

neurofilament-H (NF), revealed that myelination was higher on a feeding layer of
gmASTRs than on a feeding layer of wmASTRs (Fig. 1d,c p=0.018). In monoculture,
OPCs readily differentiate into MBP-positive OLGs that elaborate myelin-like
membranes. To examine whether the distinct modulation of gmASTRs and wmASTRs
on in vitro myelination relates to a difference in gmASTR- and wmASTR-derived
secreted factors, the effect astrocyte conditioned medium (ACM) on differentiation
and myelin membrane formation was examined in OPC monocultures. As gmOPCS
and wmOPCs distinctly respond to injury signals121, and as both are present in our in
vitro myelinating cultures, the effect non-conditioned medium (NCM), and ACM
Figure 1. Cultured grey matter astrocytes are more supportive for in vitro myelination than white matter
astrocytes. (a) GFAP immunocytochemistry of primary neonatal grey matter (gm) and white matter
(wm) astrocytes (ASTRs). Note the difference in morphology of wmASTRs and gmASTRs. (b,c) In vitro
myelinating cultures that depend on a feeding layer of ASTRs are obtained from 15 days old rat embryo
spinal cord cells and stained for myelin basic protein (MBP, green), a myelin marker, and neurofilament-H
(NF, red), an axonal marker. Representative images of 4 independent myelinating spinal cord cultures on
either neonatal wmASTRs or neonatal gmASTRs are shown in b and quantification of the percentage of
myelinated axons in c. Note that a feeding layer of gmASTRs is more supportive for in vitro myelination
that a feeding layer of wmASTRs (p=0.018). (d-h) Neonatal wmOPCs (d-f) and gmOPCs (g,h) were
differentiated for 3 or 6 days in the presence of non-conditioned medium (NCM) or ASTR-conditioned
medium (ACM) from gmASTRs or wmASTRs. MBP immunocytochemistry is performed to assess
differentiation (% MBP-positive cells of DAPI-stained cells) and myelin membrane formation (% myelin
membranes formed by MBP-positive cells). Representative images of MBP-positive wmOLGs (red) in
the presence of NCM, wmACM or gmACM three days after initiating differentiation of 4-6 independent
experiments are shown in d (arrow indicate MBP-positive cells; arrowheads point myelin membranes),
quantification of OPC differentiation in the presence of NCM, wmACM or gmACM in e and of myelin
membrane formation in f. Note that upon exposure to gmACM, but not wmACM, wmOPC differentiation
is significantly increased three days after initiating differentiation (p=0.028) compared to exposure to
NCM, while gmOPC differentiation is increased upon exposure to both wmACM and gmACM (wmACM
p=0.002, gmACM p=0.037). Bars represent absolute values (c) or relative means compared to NCM (eh), which is set to 1 in each independent experiment. Error bars represent standard error of the mean
(SEM). Statistical analyses are performed using column statistics with a one-sample t-test (*p < 0.05) to
test for differences between ACM treatments and NCM-treated control, while a paired t-test (*p < 0.05)
was used to test for differences between effects of gmACM and wmACM (not significant). Absolute
values of NCM are for wmOPC differentiation after 3 days 15.7 ± 3.5%, after 6 days 36.5 ± 9.1% and
myelin membrane formation after 3 days 55.5 ± 5.6%, after 6 days 63.5 ± 16.9% and for gmOPC
differentiation after 3 days 9.0 ± 2.7%, after 6 days 47.5 ± 6.1% and myelin membrane formation after
3 days 47.8 ± 8.9% and after 6 days 84.2 ± 2.1%. Scale bars are 25 µm (a,d) and 50 µm (b).
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from gmASTR (gmACM) or wmASTRs (wmACM) on both gmOPC and wmOPC
maturation was taken into account. Three days after initiating differentiation,
exposure to gmACM, but not wmACM, increased the number of MBP-positive cells
(Fig. 1e, p=0.028), a read-out for OPC differentiation, compared to NCM. Also, at
six days after initiating wmOPC differentiation, the percentage of MBP-positive cells
is reproducibly, but not significantly enhanced in the presence of gmACM (Fig. 1e),
indicating that gmACM, but not wmACM, facilitated wmOPC differentiation. In
contrast, three days after initiating differentiation the percentage of MBP-positive cells
was significantly enhanced upon exposure to both gmACM and wmACM compared
to NCM (Fig. 1e, wmACM p=0.002; gmACM p=0.037). Remarkably, six days after
initiating gmOPC differentiation, the percentage of MBP-positive cells was similar
at all conditions, indicating that both wmACM and gmACM accelerated gmOPC
differentiation. Both three and six days after initiating differendtiaion, no significant
difference in myelin membrane formation was observed upon gmACM and wmACM
treatment of either type of OPC (Fig. 1f). Hence, these findings demonstrated that
gmASTRs were more supportive to myelination, likely by secreting (more) pro-OPCdifferentiation factors that enhanced wmOPC differentiation. As ASTRs are the
most important lipid suppliers in the adult for OLGs48 and exogenously supplied
cholesterol accelerates OPC differentiation372, we next examined whether gmASTRs
and wmASTRs differ in their capacity to supply cholesterol to differentiating OLGs.
Grey matter astrocytes secrete more cholesterol than white matter astrocytes
SREBPs are a family of membrane-bound transcription factors that modulate the
transcription of genes of enzymes that are required for the synthesis of cholesterol
and unsaturated fatty acids48,373. SREBP-2 drives the transcription of genes of enzymes
involved in cholesterol biosynthesis, and SREBP-1c primarily drives unsaturated
fatty acid synthesis pathway48,373,379 (Fig. 2a). qPCR analysis showed that mRNA of
SREBP-2 (Srebf2) levels were increased in cultured gmASTRs compared to cultured
wmASTRs (Fig 2b, p=0.003). In addition, cholesterol efflux from gmASTRs was
higher than cholesterol efflux from wmASTRs (Fig. 2c p=0.006), while intracellular
levels of gmASTRs and wmASTRs were comparable (Fig. 2d). Others have shown
that exogenously supplied cholesterol facilitates mouse gmOPC differentiation in
vitro372. To confirm this observation for rat OPCs, rat wmOPCs were differentiated
in the presence of cholesterol. Three days after initiating differentiation, wmOPC
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Figure 2. Grey matter astrocytes secrete more cholesterol than white matter astrocytes. (a) Schematic
overview of several intermediates in the cholesterol and fatty acid synthesis pathway. SREBP-2 and
SREBP-1c are transcription factors, and SQS and FASN are enzymes involved in respectively cholesterol
and fatty acid synthesis. (b) qPCR analysis of Srebf2 in primary neonatal grey matter (gm) and white
matter (wm)astrocytes (ASTRs) (c,d) Cholesterol assays on gmASTRs and wmASTRs Cholesterol
efflux is shown in c; intracellular cholesterol levels, shown as intracellular cholesterol/phosphate ratios,
of gmASTRs and wmASTRs in d. (e,f) Neonatal wmOPCs were differentiated for three days in the
absence (ctrl) or presence of 10 µg/ml cholesterol (chol). MBP immunocytochemistry is performed to
assess differentiation (e, % MBP-positive cells of DAPI-stained cells) and myelin membrane formation
(f, % myelin membranes formed by MBP-positive cells). Note that exposure to cholesterol enhances
OPC differentiation (p=0.008) and myelin membrane formation (p=0.048). (g) Oligodendrocytes
(wmOLGs) three days after initiating differentiation that were exposed to ACM obtained from ASTRs
that were pre-incubated with 10 µg/ml bodipy-cholesterol. Note that OLGs take up bodipy-cholesterol
secreted from ASTRs. Bars represent absolute values (c,d) or relative means compared to wmASTRs
(b, wm) or untreated wmOLGs (e,f, ctrl), which are set to 1 in each independent experiment. Error bars
represent standard error of the mean (SEM). Statistical analyses are performed using column statistics
with a one-sample t-test (*p<0.05, **p < 0.01) to test for differences with wmASTRs (b) or ctrl wmOLGs
(e,f), while a paired student t-test (**p < 0.01) was used to test for differences between cholesterol efflux
from wmASTRs and gmASTRs. Absolute values of ctrl OLGs are for OPC differentiation 20.5 ± 4.1%
and for myelin membrane formation formation 46.7 ± 6.4%. Scale bar is 10 µm.

differentiation (Fig. 2e, p=0.008) and myelin membrane formation (Fig. 2f, p=0.048)
were enhanced upon cholesterol treatment. Labeling of ASTRs with the fluorescent
cholesterol derivative, bodipy-cholesterol380, followed by exposure of differentiating
wmOPCs to ACM, showed that ASTR-derived bodipy-cholesterol was taken up by
wmOLGs (Fig. 2f). Thus, gmASTRs effluxed more cholesterol, which strongly suggests
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that the increased cholesterol secreted by gmASTRs may add to enhanced wmOPC

IFNγ, IL1β, TNFα or Poly(I:C) or LPS, which are TLR3 or TLR4 agonists, respectively.

differentiation in the presence of gmACM, but not wmACM. As inflammatory

Cholesterol efflux was significantly reduced from gmASTRs that were treated with

mediators also interfere with cholesterol efflux , and to further explore the role

LPS (Fig. 3a, p=0.033). In both gmASTRs and wmASTRs, the cholesterol efflux was

of ASTR-derived cholesterol in myelination efficiency, the effect of MS-relevant

reduced by 35-45% upon treatment with a mixture of the three pro-inflammatory

inflammatory mediators on cholesterol efflux from ASTRs was examined next.

cytokines, i.e., IFNγ, IL1β, and TNFα, compared to their respective untreated ASTRs

381

(Fig. 3a, wm + cytokines p=0.001; gm + cytokines p=<0.001). For all ASTR treatments,
A mixture of pro-inflammatory cytokines reduces cholesterol efflux by grey
matter and white matter astrocytes
MS is characterized by chronic inflammation37,241,285,324,363, and as ASTRs respond to
inflammatory mediators, the effect of pro-inflammatory cytokines and Toll-likereceptor (TLR) agonists on cholesterol efflux was assessed. To this end, gmASTRs
and wmASTRs were exposed for 24 hours to a mixture of pro-inflammatory cytokines

intracellular levels of cholesterol were not significantly changed compared to
the levels in untreated ASTRs (Fig. 3b). Exposure to ACM obtained from proinflammatory cytokine-treated gmASTRs reproducibly, but not significantly, reduced
myelin membrane formation by wmOLGs, but not the number of MBP-positive cells
compared to exposure to control gmACM (Fig. 3c,d). Exposure to ACM obtained
from cytokine-treated wmASTRs did not alter wmOPC differentiation and myelin
membrane formation (Fig. 3c,d). To determine whether the cytokines interfere with
cholesterol biosynthesis, the mRNA levels of Fdft1, a gene that encodes for squalene
synthase (SQS), an enzyme in the cholesterol biosynthesis pathway (Fig. 2a), and
Figure 3. A mixture of pro-inflammatory cytokines reduces cholesterol efflux by grey and white matter
astrocytes. Primary neonatal grey matter (gm) and white matter (wm) astrocytes (ASTRs) were either
untreated (ctrl) or treated for 24 hours with TLR4 agonist LPS (200 ng/mL), TLR3 agonist Poly(I:C)
(50 µg/mL), or a mixture of pro-cytokines IL1β (1 ng/ml), IFNγ (500 U/ml) and TNFα (500 IU/ml). (a)
Cholesterol assays on gmASTRs and wmASTRs. Relative cholesterol efflux is shown in a; intracellular
cholesterol levels, shown as intracellular cholesterol/phosphate ratios of gmASTRs and wmASTRs in
b. Note that treatment of gmASTRs with LPS (p=0.033) and either type of ASTRs with the cytokine mix
(wmASTRs p=0.001; gmASTRs p=<0.001) results in a decrease of cholesterol efflux without changing
intracellular cholesterol levels. (c,d) Neonatal wmOPCs were differentiated for 3 days in the presence
of ASTR-conditioned medium (ACM) from untreated and cytokine (mixture)-treated gmASTRs or
wmASTRs. MBP immunocytochemistry is performed to assess differentiation (c, % MBP-positive cells
of DAPI-stained cells) and myelin membrane formation (d, % myelin membranes formed by MBPpositive cells). Note that membrane formation with gmACM, but not wmACM, is substantially and
reproducibly reduced upon cytokine treatment of gmASTRs (p=ns). (e-h) qPCR analysis of Srebf2 (e),
Fdft1 (f), Srebf1c (g) or Fasn (h) mRNA levels in gmASTRs and wmASTRs that were either untreated
(ctrl) or treated with a mixture of IL1β, IFNγ and TNFα for 24 hours. Note that exposure to cytokines
decreases transcripts for Srebf1c in wmASTRs and gmASTRs (wmASTRs p=0.048, gmASTRs
p=0.008) and for Fasn in gmASTRs (p<0.001). Bars represent relative means to exposure to control
wmACM or gmACM (c,d) or untreated (ctrl) gmASTRs or wmASTRs (e-h), which are set to 1 in each
independent experiment. Error bars represent standard error of the mean (SEM). Statistical analyses
are performed using column statistics with a one-sample t-test (*p<0.05, **p<0.01, ***p<0.001) to test
for differences with control wmACM or gmACM (c,d) or untreated (ctrl) gmASTRs or wmASTRs (e-h).
Absolute values of OPC differentiation with control wmACM are 21.8 ± 8.9% and with control gmACM
30.0 ± 8.3% and or myelin membrane formation with control wmACM 59.7 ± 8.3% and with control
gmACM 70.5 ± 12.0%.
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Srebf2 were examined. In contrast to previous findings382,383, neither Srebf2 (Fig. 3e)
nor Fdft1 (Fig. 3f) mRNA levels were decreased in cytokine-treated gmASTRs and
wmASTRs. In fact, transcripts of both Fdft1 and Srebf2 tended to increase in cytokinetreated gmASTRs and wmASTRs, indicating a potential compensatory mechanism for
the decreased cholesterol efflux by either ASTR. In line with such a negative feedback
loop is that mRNA levels of Srebf1c were significantly decreased in cytokine-treated
wmASTRs (Fig. 3g, p=0.048) and gmASTRs (Fig. 3g, p=0.008), whereas Fasn mRNA
levels were significantly reduced in cytokine-treated gmASTRs, but not cytokinetreated wmASTRs (Fig. 3h, p<0.001). These findings indicate that also unsaturated
fatty acid production and secretion may be enhanced in cytokine-treated ASTRs
and may affect ASTR-mediated modulation of myelin membrane formation. Hence,
the cytokine-induced decrease in cholesterol efflux from gmASTRs correlated with
a decrease in ASTR-mediated modulation of myelin membrane formation, as well as
a decrease in mRNA levels of genes encoding for a transcription factor and enzyme
involved in unsaturated fatty acid synthesis. Also, as cytokine-treated wmASTRs
effluxed less cholesterol and ACM from cytokine-treated wmASTRs did not reduce
wmOPC differentiation, the remaining cholesterol levels were sufficient and not
rate-limiting for OPC differentiation in vitro.
Proinflammatory cytokines inhibit cholesterol efflux from ASTRs via an
ABCA1-dependent pathway
Cholesterol is effluxed by passive transfer over the plasma membrane as well as via
facilitated transport384. The main transporters of cholesterol in ASTRs are ATP-binding
cassette transporters A1 (ABCA1) and G1 (ABCG1)384. To assess whether ABCA1 and/
or ABCG1 contributed to the cytokine-induced decrease in cholesterol efflux from
ASTRs, glibenclamide, a specific inhibitor of ABCA1385, or thyroxine (T4), a specific
inhibitor of ABCG1386, were added 1 hour prior to treatment with the mixture of
cytokines. T4, but not glibenclamide, significantly inhibited cholesterol efflux from
untreated gmASTRs and wmASTRs by 40-50% (Fig. 4a, wm + ABCG1 inh. p=0.015; gm
+ ABCG1 inh. p=0.029), which is in line with previous findings that ABCG1 is the main
cholesterol transporter in ASTRs387. In contrast, glibenclamide, but not T4, prevented
the cytokine-induced reduction in cholesterol efflux from gmASTRs (Fig. 4a; gm +
cytokines versus gm + cytokines + ABCA1 inhibitor, p=0.027), and reproducibly, but
not significantly from wmASTRs (Fig. 4a, p=0.074, ns). Of note, treatment with both
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Figure 4. Proinflammatory cytokines inhibit cholesterol efflux from ASTRs via an ABCA1-dependent
pathway. Primary neonatal grey matter (gm) and white matter (wm) astrocytes (ASTRs) were either
untreated (ctrl) or treated for 24 hours with a mixture of pro-inflammatory cytokines IL1β (1 ng/ml), IFNγ
(500 U/ml) and TNFα (500 IU/ml) in the absence or presence of ABCA1 inhibitor glibenclamide (gli; 0.1
mM) or ABCG1 inhibitor T4 (50 µM), which were added to the cells 1 hour prior to addition of cytokines.
(a,b) Cholesterol assays on gmASTRs and wmASTRs. Relative cholesterol efflux is shown in a and
intracellular cholesterol levels, shown as intracellular cholesterol/phosphate ratios, of gmASTRs
and wmASTRs in b. Note that the ABCA1 inhibitor glibenclamide counteracts the cytokine-induced
reduction in cholesterol efflux from both wmASTRs and gmASTRs. (c-e) Western blot analyses of
cholesterol transporters cholesterol transporters ABCA1 (c,d) and ABCG1 (c,e). Actin served as a
loading control. Representative blots of 5-6 independent experiments are shown in c; quantification
for ABCA1 in d and for ABCG1 in e. Note that exposure to cytokines decreases ABCA1 expression
(p<0.001), and increases ABCG1 expression (p=0.004) in gmASTRs. Bars represent absolute values
(b) or relative means (c,d,e) to control gmASTRs or wmASTRs, which are set to 1 in each independent
experiment. Error bars represent standard error of the mean (SEM). Statistical analyses are performed
using column statistics with a one-sample t-test (*p<0.05, **p<0.01, ***p<0.001) to test for differences
between control gmASTRs or wmASTRs. A one-way ANOVA with a Šidák multiple comparisons posttest (#p < 0.05) was used to test for differences between different treatments.

inhibitors simultaneously was toxic to ASTRs. Western blot analysis revealed that
a mixture of pro-inflammatory cytokines significantly decreased ABCA1 expression
in gmASTRs (Fig. 4c,d, gm + cytokines p<0.001). In contrast, ABCG1 expression was
significantly higher in cytokine-treated gmASTRs than in untreated gmASTRs (Fig.
4c,e, gm + cytokines p=0.004). The effect of cytokines on ABCA1 and ABCG1 expression
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in wmASTRs was less pronounced (Fig. 4c-e). These findings demonstrate that while

gmASTRs (wmASTRs 3.5 ± 0.6 versus gmASTRs 6.4 ± 1.4%, p=0.048), this indicated

the cytokines decreased ABCA1 expression and increased ABCG1 expression, the pro-

that the added cholesterol did not compensate for the lower secretion of cholesterol

inflammatory cytokines-induced reduction in cholesterol efflux from gmASTRs, and

by wmASTRs, or alternatively that effects of inhibitory wmASTRs-derived factors

to a lesser extent from wmASTRs, depended on ABCA1 activity.

remained dominant. As cholesterol may be taken up by other cell types, and not
sufficiently supplied to OLGs, a shRNA knockdown of Fdft1, encoding for SQS, an

Inhibition of cholesterol biosynthesis by SQS knockdown in white matter
astrocytes increases in vitro myelination
To examine whether the increased secreted cholesterol levels by gmASTRs contribute
to enhanced myelination, cholesterol was added to the in vitro myelinating system
that depends on an ASTR feeding layer. Upon continuous cholesterol treatment, the
percentage of myelinated axons did not increase on a feeding layer of wmASTRs and

enzyme essential for the first committed step in the cholesterol biosynthesis pathway
(Fig. 2a), was established in either ASTR (kdSQS). As a negative control a scrambled
shRNA construct was used. qPCR analysis showed a 60-65% in Fdft1 mRNA levels
for both wmASTRs and gmASTRs (Fig. 5c, wm kdSQS p<0.001; gm kdSQS p<0.001).
In accordance, the cholesterol efflux from kdSQS ASTRs was decreased by 25-40%
compared to control and scrambled shRNA-transduced ASTRs, and was more

gmASTRs (Fig. 5a, b). As myelination on wmASTRs was still reduced compared to
Figure 5. Inhibition of cholesterol biosynthesis by SQS knockdown in white matter astrocytes increases
in vitro myelination. (a,b) In vitro myelinating cultures that depend on a feeding layer of ASTRs are
obtained from 15 days old rat embryo spinal cord cells and either left untreated (ctrl) or treated with
10 µg/ml cholesterol for the duration of the experiment. Cultures were stained for myelin basic protein
(MBP, green), a myelin marker, and neurofilament-H (NF, red), an axonal marker. Representative
images of 4 independent control and cholesterol-treated myelinating spinal cord cultures on neonatal
wmASTRs or neonatal gmASTRs are shown in a and quantification of the percentage of myelinated
axons in b. Note that addition of cholesterol to myelinating spinal cord cultures does not affect
myelination efficiency on either type of ASTR. (a,c-e) A lentiviral shRNA knockdown of Fdft1, encoding
for squalene synthase (kdSQS), the first enzyme essential for dedicated production of cholesterol,
was established in gmASTRs and in wmASTRs (kdSQS). A shRNA scrambled (scr) construct was
used as negative control. A qPCR analysis of Fdft1 mRNA levels in control, scr and kdSQS gmASTRs
and wmASTRs is shown in c, cholesterol efflux in d, and intracellular cholesterol levels, shown as
intracellular cholesterol/phosphate ratios, in e. Note that Fdft1 mRNA levels (wmASTRs and gmASTRs
p<0.001) and cholesterol efflux (wmASTRs p=0.041 and gmASTRs p=0.014) are decreased in kdSQS
ASTRs. (a,f) In vitro myelinating cultures on a feeding layer of control (ctrl), scrambled (scr) and kdSQS
gmASTRs and wmASTRs. Representative images are shown in a and quantification of the percentage
of myelinated axons in f. (g) Neonatal wmOPCs were differentiated for 3 days in the presence of
ASTR-conditioned medium (ACM) from control, scr and kdSQS gmASTRs or wmASTRs. MBP
immunocytochemistry is performed to assess differentiation (% MBP-positive cells of DAPI-stained
cells) and myelin membrane formation (% myelin membranes formed by MBP-positive cells). Bars
represent relative means to control wmASTRs or gmASTRs (b), which are set to 1 in each independent
experiment. Error bars represent standard error of the mean (SEM). Statistical analyses are performed
using column statistics with a one-sample t-test (*p<0.05, **p < 0.01, ** p<0.001) to test for differences
between control wmASTRs or gmASTRs. Absolute values of the percentage of myelinated axons on a
feeding layer of control ASTRs are for wmASTRs 3.2 ± 0.9% and for gmASTRs 6.7 ± 1.5%. Absolute
values for control ACM of wmASTRs are for OPC differentiation 20.5 ± 5.4% and for myelin membrane
formation 56.1 ± 7.9% and for control ACM of gmASTRs respectively 23.7 ± 2.4% and 49.9 ± 9.1%.
Scale bar is 10 µm.
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prominent in gmASTRs than in wmASTRs (Fig. 5d wm kdSQS p=0.041; gm kdSQS
p=0.014). Intracellular cholesterol levels were unchanged (Fig. 5e). Against our
expectations, the percentage of myelinated axons did not decrease on a feeding layer
of either kdSQS ASTRs. In fact, an 2-fold increase in myelination was observed on a
feeding layer of kdSQS wmASTRs compared to control wmASTRs (Fig. 5a,f, kdSQS
wmASTRs, p=0.007). Also, wmOPC differentiation and myelin membrane formation
remained similar upon exposure to ACM from both kdSQS gmASTRs and kdSQS
wmASTRs (Fig. 5f,g), indicating that other factors may compensate for reduced
cholesterol levels. Thus, rather unexpectedly, inhibition of cholesterol biosynthesis
downstream of the SQS substrate farnesyl-PP in wmASTRs (Fig. 2a) promoted,
rather than inhibited, in vitro myelination. Upon kdSQS, pathways upstream of
SQS-mediated conversion of squalene to cholesterol, such as isoprenylation and
unsaturated fatty acid synthesis (Fig. 2a), may become more active in ASTRs and
thereby compensate for the effect of reduced cholesterol levels, which was examined
next.
Inhibition of cholesterol biosynthesis by SQS knockdown in white matter
astrocytes increased Srep1fc mRNA levels and substantially decreases proIL1β secretion
Similar to cholesterol synthesis, unsaturated fatty acid synthesis is regulated by

Figure 6. Inhibition of cholesterol biosynthesis by SQS knockdown in white matter astrocytes increased
Srep1fc RNA levels and substantially decreases IL1β secretion. (a-d) A lentiviral shRNA knockdown of
Fdft1, encoding for squalene synthase (kdSQS), the first specific enzyme essential for the production
of cholesterol, was established in gmASTRs and in wmASTRs (kdSQS). A shRNA scrambled (scr)
construct was used as negative control. A qPCR analysis of Srebf1c and Fasn on control (ctrl), scrambled
(scr) and kdSQS in gmASTRs and wmASTRS is shown in respectively a and b, representative Western
blots of pro-IL1β levels in 80 µl ASTR-conditioned medium (ACM) of 4 independent experiments in c,
and quantification in d. Note that the kdSQS in wmASTRs increases Srebf1c mRNA levels in wmASTRs
(p=0.013), but not gmASTRs, and that pro-IL1β secretion is substantially reduced in ACM of kdSQS
wmASTRs (p=ns) and significantly reduced in kdSQS gmASTRs (p=0.032). Bars represent relative
means to control gmASTRs or wmASTRs, which are set to 1 in each independent experiment. Error
bars represent standard error of the mean (SEM). Statistical analyses are performed using column
statistics with a one-sample t-test (*p<0.05) to test for differences between untreated control gmASTRs
or wmASTRs.

the SREBP transcription factor family (Fig. 2a). To examine whether an inhibition
in cholesterol synthesis downstream of farnesyl-PP results in an increase in fatty

of farnesyl-PP, the precursor of squalene389 (Fig. 2a). Interestingly, when blocking

acid synthesis, the mRNA levels of Srepf1c, encoding for SREBP-1c, the major

upstream in the cholesterol biosynthesis pathway of farnesyl-PP with the HMG-CoA

transcription factor involved in unsaturated fatty acid synthesis388, was examined

reductase inhibitor simvastatin (Fig. 2a), the secretion of several cytokines, including

by qPCR. An increase in Srebf1c transcripts was observed in kdSQS wmASTRs, but

IL1β, is increased by inhibition of isoprenylation-dependent signaling pathways390,391.

not in scrambled wmASTRs, compared to control wmASTRs (Fig. 6a, p=0.013), while

In line with these observations, pro-IL1β levels in ACM of kdSQS gmASTRs but not

mRNA levels of Srebf1c were similar in control gmASTRs and kdSQS gmASTRs.

ACM of scrambled gmASTRs, were reduced compared to pro-IL1β levels in ACM of

Transcripts of Fasn, encoding for the enzyme fatty acid synthase (Fig. 2a), were not

control gmASTRs (Fig. 6c,d p=0.032). Similarly, pro-IL1β levels were substantially,

significantly changed in kdSQS wmASTRs and kdSQS gmASTRs (Fig. 6b). Hence, the

but not significantly, reduced in ACM of kdSQS wmASTRs (Fig 6d). Active IL1β was

increase in Srebf1c mRNA levels suggest that unsaturated fatty acid production may

not detected in medium, likely due to its short half-life after secretion392. Thus, while

be increased in kdSQS wmASTRs. As polyunsaturated fatty acids are beneficial for

cholesterol efflux from kdSQS ASTRs was decreased, more farnesyl-PP is available for

OPC differentiation371, this may contribute to increased myelination despite reduced

the isoprenylation pathway, which reduced the secretion levels of pro-IL1β, and likely

cholesterol levels in the presence of kdSQS wmASTRs. Like committed cholesterol

modulate the secretion of other cytokines as well390,393,394. As IL1β impairs wmOPC

biosynthesis, the generation of non-sterol isoprenoids is also downstream pathway

maturation395, its reduced secretion by kdSQS wmASTRs may promote myelination
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despite reduced levels of effluxed cholesterol. Hence, impairing committed

Discussion

cholesterol biosynthesis in wmASTRs enhances in vitro myelination, likely by

ASTRs are recognized to be important players in the remyelination process. A potential

increased unsaturated fatty acid biosynthesis and the reduced secretion of cytokines.

malfunctioning of ASTR signaling in WM MS lesions, among others, via persistent
deposition of remyelination-inhibitory ECM molecules has been described46,260,396,397.
As remyelination in toxin-induced demyelination models is faster in GM than in
WM17–19, and remyelination in GM MS lesions is more efficient than in WM lesions, we
hypothesized that in addition to wmASTRs being more detrimental, gmASTRs may
be more supportive for remyelination by supplying more cholesterol to developing
OLGs. Our findings demonstrate that gmASTRs effluxed more cholesterol than
wmASTRs and that this increase in cholesterol secretion correlated with enhanced
wmOPC differentiation upon exposure to gmACM, but not wmACM, and a more
supportive role of gmASTRs to in vitro myelination. Although a knockdown of SQS,
the first enzyme to dedicated cholesterol biosynthesis, reduced cholesterol efflux
from ASTRs, in vitro myelination remained similar on a feeding layer of kdSQS
gmASTRs. Moreover, against our expectations, in vitro myelination enhanced rather
than decreased on a feeding layer of kdSQS wmASTRs. Therefore, whether enhanced
cholesterol supply by gmASTRs played a role in the more supportive role of gmASTRs
on in vitro myelination cannot be confirmed using the kdSQS model in ASTRs.
However, the kdSQS in wmASTRs did reveal that cholesterol supply by wmASTRs
is not rate-limiting for in vitro myelination, and most importantly, accidentally
uncovered that specific blocking of cholesterol biosynthesis in wmASTRs was in
fact beneficial for in vitro myelination. This may open new ASTRs-based therapeutic
strategies that aim to promote remyelination in WM MS lesions.
Our findings revealed that in vitro myelination was more efficient in the presence
of neonatal gmASTRs than neonatal wmASTRs, indicating that gmASTRs and
wmASTRs were also functionally diverse cells in vitro. Whether the more supportive
role of gmASTRs contribute to faster remyelination in GM than WM remains to be
determined in vivo. In our in vitro myelinating culture system both gmOPCs and
wmOPCs were present. Importantly, wmACM, which thus contain less cholesterol
than gmACM, did not accelerate wmOPC differentiation like gmACM. On the
other hand, gmOPCs differentiation enhanced upon exposure to ACM from either
type of ASTR. Given that wmOPCs are morphological more complex, differentiate
faster115,121, and may produce more myelin membranes134, wmOPC differentiation may
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depend more on secreted factors from ASTRs, including cholesterol, and/or are less

remyelination capacity in WM MS lesions.

susceptible for ASTRs-secreted factors, than gmOPC differentiation.
Cholesterol and unsaturated fatty acids are important components of cell membranes,
In addition, our findings showed that cholesterol efflux from gmASTRs and

including myelin membranes47,403. Cholesterol and unsaturated fatty acids have

wmASTRs was differently regulated by inflammatory mediators. Thus, TLR4 agonist

acetyl-CoA as a common precursor and their synthesis is intertwined and tightly

LPS more potently decreased cholesterol efflux from gmASTRs, than from wmASTRs.

coordinated by the SREBP family of transcription factors. SREPBs are synthesized as

Also, while a mixture of pro-inflammatory cytokines decreased cholesterol efflux

inactive precursors and post-transcriptionally activated by SCAP, which activation

from both ASTRs to a similar extent, only ACM from cytokine-treated gmASTRs

is in turn regulated by sterols. A previous study showed that conditional deletion

reproducibly decreased myelin membrane formation. Remarkably, Srebf2 and Fdft1

of SCAP in ASTRs resulted in hypomyelination, while developmental myelination

mRNA levels were not reduced by cytokine treatment of gmASTRs and wmASTRs,

is only delayed upon SCAP deletion in OLGs48. This indicates that myelination

indicating that cytokines may interfere with the expression and/or function of

depends on ASTRs lipid metabolism. Of interest, SCAP deletion in ASTRs results in

cholesterol transporters. Indeed, cytokine treatment reduced cholesterol efflux via

a decrease of WM volume of approx. 60%, while the reduction in the GM was only

ABCA1. Moreover, ABCA1 expression was reduced in cytokine-treated gmASTRs.

10%. Whether this is due to the presence of less myelin in the GM, or that gmOPC

Also, the increased ABCG1 expression in cytokine-treated gmASTRs did not enhance

differentiation is less dependent on ASTR-derived lipids is not studied. In favor of the

cholesterol efflux, which is consistent with previous studies that demonstrate that an

latter, is our observation that only gmACM enhanced wmOPC, while both gmACM

increased expression of ABCG1 does not enhance cholesterol efflux per se . Of note,

and wmACM accelerated gmOPC differentiation. In addition, we show in the present

treatment with an ABCA1 agonist increased cholesterol biosynthesis gene expression

study that by reducing cholesterol levels in ASTRs by knockdown of Fdtf1, a gene

in ASTRs, and improved clinical outcome in EAE . A cytokine-induced reduction in

that encodes for the first enzyme in the committed cholesterol biosynthesis pathway,

expression of ABCA1 is in line with previous reports

and shown to be mediated

in vitro myelination was enhanced on a feeding layer of kdSQS wmASTRs, despite

. LXRs belong to the nuclear

the reduced levels of cholesterol. Concomitant with kdSQS, secreted pro-IL1β levels

receptor superfamily of ligand-activated transcription factors and are activated by

were severely decreased in ACM of kdSQS ASTRs. While findings on how IL1β affects

endogenous oxysterols, i.e., oxidized derivatives of cholesterol . While SREBP2

OPC differentiation are conflicting395,404, it has been shown that IL1β inhibits wmOPC

increases cellular cholesterol, LXR family transcription factors have the opposite

differentiation in vivo395. Of relevance, in macrophages, simvastatin, a HMG-CoA

effect, i.e., LXR target genes include genes of cholesterol transporters Abca1 and

reductase inhibitor thus restricting synthesis of both cholesterol and non-sterol

Abcg1 . Remarkably, LXRs also directly regulates the expression of genes encoding

isoprenoids, i.e., hydrocarbon chains used to anchor several signaling proteins to

enzymes required for fatty acid synthesis, including Srebf1c . Our results revealed

cell membranes390,394, increases the secretion of IL1β and IL-8 and inhibited the

that exposure to a mixture of pro-inflammatory cytokines also reduced mRNA levels

secretion of TNFα through an isoprenylation-dependent mechanism390. In line

of Srebf1c in gmASTRs and wmASTRs. In addition, the mRNA expression of Fasn,

with this reasoning, upon specifically blocking cholesterol biosynthesis in ASTRs,

encoding for the first enzyme required for unsaturated fatty acid synthesis, was

as established here with kdSQS, more substrate became available for non-sterol

reduced in cytokine-treated gmASTRs, but not cytokine-treated wmASTRs. Hence,

isoprenoid synthesis, which may explain the reduced IL1β secretion from ASTRs. In

exposure to pro-inflammatory cytokines likely interfered with cholesterol efflux

addition, treatment with simvastatin, and other statins, inhibits remyelination in the

and unsaturated fatty acid synthesis. Of relevance, inflammatory activity is lower

corpus callosum405,406 and induced an astroglia and microglia response, which hints

in GM MS lesions than in WM MS lesions37,38, and therefore, the cytokine-induced

to an altered inflammatory environment405. Hence, it is tempting to suggest that

decrease in cholesterol secretion by ASTRs may of more relevance for the impaired

statin-mediated inhibition of remyelination, may be in part unrelated to cholesterol
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via a Liver-X-Receptor (LXR) related mechanism
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production, and be linked to altered ASTR reactivity and secretome as of reduced

myelin membrane formation. Of interest, a lipid-enriched diet was sufficient to

non-sterol isoprenoid synthesis. Similarly, hypomyelination as observed upon

rescue hypomyelination and neurological deficits in the SCAP-/- ASTR experimental

ASTR-specific deletion of SCAP, although not investigated yet, may, based on our

model48,373, and dietary cholesterol accelerated WM remyelination in a toxin-induced

findings and by others48,390,391,395, partially relate to reduced biosynthesis of non-sterol

demyelination model372, indicating that an increased lipid supply is beneficial for ,

isoprenoids and as a result increased secretion of several ASTR-derived cytokines that

and may act on SREBPs, thus also involving isoprenoid synthesis. Hence, interference

may delay and/or reduce OPC differentiation and myelination

with non-sterol isoprenoid synthesis in ASTRs without interfering with cholesterol

. Of relevance,

48,390,391,395

upon SQS deletion in OLGs, i.e., making OLGs dependent on cholesterol supply by

biosynthesis, may be a novel strategy to promote remyelination in WM MS lesions.

other cells, myelin appears of normal thickness in the GM, while being very thin in the
WM47. Although it cannot be excluded that this regional difference in the involvement
of cholesterol in myelin membrane growth depends on an intrinsic difference in
gmOPCs and wmOPCs, it is likely that a higher cholesterol efflux from gmASTRs, as
is suggested47 and shown here, may also be involved. In addition, supplementation of
cholesterol, or enhancing cholesterol efflux in toxin-induced demyelination models,
accelerates wmOPC differentiation and WM remyelination48,372, emphasizing the role
of horizontal cholesterol transfer for remyelination in WM. The effect of cholesterol

3

in GM remyelination has not been studied yet. Also, of relevance is our finding that in
kdSQS wmASTRs, but not in kdSQS gmASTRs transcripts of Srebp1fc were increased.
Exogenous addition of polyunsaturated fatty acids promotes OPC differentiation371,
implying that upon kdSQS in ASTRs, enhanced unsaturated fatty acid synthesis in
ASTRs may also contribute to enhanced in vitro myelination on a feeding layer of
kdSQS wmASTRs, but not kdSQS gmASTRs.
Taking together, here we show a correlation between cholesterol secretion and
enhanced OPC differentiation and in vitro myelination. Nonetheless, whether
cholesterol secretion by ASTRs plays a role in the increase in myelination efficiency by
gmASTRs cannot be confirmed using the kdSQS model presented here. The addition
of cholesterol to our in vitro myelinating cultures did not increase myelination
efficiency at the end point of myelination. This indicates that the amount of supplied
cholesterol may not be sufficient and be taken up by other cells like neurons, or that
cholesterol is not the rate-limiting factor for in vitro myelination efficiency in these
cultures. Intriguingly, this studied identified an under investigated role of non-sterol
isoprenoids, which also share acetyl-coA as a common precursor with the cholesterol
and fatty acid biosynthesis pathway, and regulate the secretion of cytokines and
this way contribute to ASTR-mediated modulation of OPC differentiation and
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Materials and Methods

gmASTRs and wmASTRs. For cholesterol assays, ASTRs were cultured at a density of
1.0 x 106 cells/well in 6-wells-plate in ASTR medium. After 24 hours, cells were washed
and serum-free ASTR medium was added. In case of kdSQS ASTRs, defined SATO

Primary cell cultures
Animal protocols were approved by the Institutional Animal Care and Use Committee
of the University of Groningen (the Netherlands).

medium was added. ASTRs were either left untreated or treated for 24 hours with
Toll-like-receptor (TLR) 3 agonist polyinosinic-polycytidylic acid (Poly(I:C), 50 µg/
mL, GE Healthcare), TLR4 agonist lipopolysaccharide (LPS, 200 ng/mL, Invivogen),
or with a combination of pro-inflammatory cytokines interferon-γ (IFNγ, 500 IU/

Oligodendrocytes. Animal protocols were approved by the Institutional Animal

mL, Peprotech), interleukin-1β (IL1β, 1 ng/mL, Peprotech), tumor necrosis factor-α

Care and Use Committee of the University of Groningen (the Netherlands). All

(TNFα, 10 ng/mL, Peprotech). To inhibit cholesterol transporters, 1 hour before

methods were carried out in accordance with national and local experimental animal

addition of cytokines, ABCA1 inhibitor glibenclamide (0.1 mM, Sigma) or ABCG1

guidelines and regulations. Oligodendrocyte progenitor cells (OPCs) were isolated

inhibitor thyroxine (T4, 50 µM, Sigma) were added. For immunoblot analysis, 1.0 x

from the neonatal cortex and neonatal non-cortical parts (WM tracts including

106 ASTRs were plated on 10 cm dishes (Corning). Cells were left untreated or treated

corpus callosum, mixed GM and WM tracts, including hippocampus and thalamus,

with a mixture of pro-inflammatory cytokines IFNγ, IL1β, and TNFα for 48 hours

and deep GM parts, including basal ganglia, of rat forebrains using a shake-off

at 37°C. For collection of ASTR-conditioned medium (ACM), cells were plated in

procedure as described121,252,349. Briefly, contaminating microglia were removed by a

6-well plates at 1*106 cells per well in ASTR medium. ASTRs were either left untreated

pre-shake at 150 rpm for 1 hour at 37°C. To obtain the more firmly attached OPCs,

or treated with a mixture of pro-inflammatory cytokines IFNγ, IL1β, and TNFα, or

flasks were shaken at 240 rpm overnight at 37°C. The detached OPCs were further

cultured in the presence of 10 µg/ml bodipy-cholesterol (Avanti)380. After 24 hours

purified by differential adhesion on non-tissue dishes for 15-20 minutes. The enriched

cells were washed with phosphate-buffered saline (PBS) and cultured for 24 hours in

OPC fraction contained 95-97% OPCs (Olig2-positive), less than 1% microglia (IB4-

Sato medium. ACM was collected, filtered using a 0.45 µm filter (GE Healthcare) and

positive), 1-3% ASTRs (GFAP-positive) and less than 1% neurons (TuJ1-positive).

stored at -20˚C until further use.

OPCs were cultured on 13-mm poly-L-lysine (PLL; 5 µl/ml; Sigma) -coated glass
slides in 24-well plates unless stated otherwise. GmOPCs were plated at a density
of 35,000 cells per well and wmOPCs at a density of 40,000 cells per well, in defined
Sato medium121. OPCs were synchronized to early OPCs by 10 ng/ml platelet-derived
growth factor-AA (PDGF-AA; Peprotech) and 10 ng/ml human fibroblast growth
factor-2 (FGF-2; Peprotech). After 2 days growth factors were removed and OPCs
were allowed to differentiate in Sato medium supplemented with 0.5% fetal bovine
serum (FBS, Capricorn) for 3 or 6 days in the absence or presence of ACM (1:1).

Spinal cord cultures. Myelinating spinal cords were generated from 15 days old
Wistar rat embryos (Harlan/Envigo) as described with minor modifications407. After
removal of the meninges from the isolated spinal cords, the tissue was mechanically
dissociated in Leibowitz L-15 medium (Sigma) followed by enzymatic digestion
with a mixture of trypsin (2.5%, Sigma) and DH liberase (2.5 mg/ml, Roche) for
20 minutes at 37 °C. The enzymatic reaction was stopped by addition of Soybean
trypsin inhibitor solution (0.52 mg/mL soybean trypsin inhibitor (Sigma), 0.04 mg/
mL bovine pancreas DNase (Roche) and 3 mg/mL bovine serum albumin (BSA)

Astrocytes. The remaining ASTRs of the mixed glia cell culture flasks were shaken

fraction V made up in Leibovitz’s L15 medium (Sigma)). Cells were centrifuged for 7

at 240 rpm overnight at 37°C, passaged once by trypsinization, transferred to 162cm

minutes at 1000 rpm, followed by resuspension in plating medium consisting of 50%

2

flasks (Corning) and cultured in ASTR medium (100 U/ml penicillin and streptomycin,

DMEM (1500 mg/L glucose, Gibco), 25% horse serum (Invitrogen), 25% HBSS with

4 mM L-glutamine, 10% heat-inactivated FBS (Bodinco) in DMEM). The enriched

calcium and magnesium (Gibco), and 2 mM L-glutamine (Invitrogen). Cells were

ASTR fraction yielded a highly pure >97% ASTR population (GFAP-positive) for both

plated at a density of 200.000 cells/24 well or 160,000 cells/8 well permanox chamber
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slides on a confluent feeding layer of gmASTRs or wmASTRs (80,000 cells/24 wells;

Cholesterol assays

64,000 cells/8 well) in respectively 500 µl or 200 µl plating medium. After cell

Lipid extraction. Lipids from cells and medium were extracted using the Blich and

attachment, the volume of the medium was doubled with growth medium (DMEM

Dyer method408,409. Briefly, a methanol-chloroform-mixture (1:2) was added and the

(4500 mg/L glucose, Gibco) supplemented with 5 mg/mL holotransferin (Sigma), 20

samples were vortexed and centrifuged at 2000 rpm for 5 minutes. The lower phase

mM putrescine (Sigma), 4 µM progesterone (Sigma), 6 µM selenium (Sigma), 10 ng/

was collected and the upper phase was further processed by adding chloroform

mL biotin (Sigma), 50 nM hydrocortisone (Sigma) and 10 μg/mL insulin (Sigma)),

(1:1). After centrifugation at 2000 rpm for 5 minutes, the lower phase was added to

and supplemented with 27.5 µM 2-mercaptoethanol (BME; Sigma) when cultured on

previous collected lower phase and dried with a vacuum centrifuge and/or heating to

permanox chamber slides. Every 2-3 days, half of the medium was replaced by new

60 °C. After centrifugation, the dried lipid extracts of the cell samples were dissolved

growth medium. Insulin was omitted from growth medium for 12 days in cultures

in chloroform mixture (1:1), of which half was used for phosphate concentration

onwards and cultures were analyzed at 28 days in culture.

determination after which the samples were dried again.
Cholesterol levels. Cholesterol levels in cells (intracellular) and medium (extracellular)

Lentivirus production and transduction

were quantified using a fluorescence-based method409,410. The dried lipid extracts

For production of lentiviral particles, the constructs (pLKO.1-puro Sigma mission

were dissolved in ethanol and a mixture of parahydroxy phenylacetic acid, phosphate

shRNA, construct SHCLNG-NM_010191, sequence TRCN0000099191, for rat Fdft1

buffer, sodium cholate, Triton-X100, water, cholesterol-oxidase (0.15 U/ml, Sigma),

shRNA, or SHC002 for control scrambled shRNA; 5 µg), packaging, and envelope

followed by peroxidase addition (0.95 U/ml, Sigma) and incubated for 20 minutes in

plasmids (500 ng pMD2-VSVG; 5 µg pCMV-R8.91) were transfected into the HEK293T

the dark, including standard concentrations of 0-29 nmol cholesterol. Fluorescence

packaging cell line using Fugene (Promega). After 16 hours, medium was changed to

was measured with an excitation of 325 nm and an emission of 415 nm (PerkinElmer

5 ml mixed glial culture medium121 (100 U/ml penicillin and streptomycin, 4 mM

instruments LS 55). The cholesterol efflux was calculated using the formula: efflux =

L-glutamine, 10% (v/v) FBS in DMEM). After 24 hours, viral particles were harvested

extracellular cholesterol levels/ (intracellular + extracellular cholesterol levels).

and 5 ml new mixed glial culture medium was added to the HEK293T cells. After
another 24 hours, viral particles were harvested, combined with the first batch and

Phosphate determination. As an internal control, the amount of phosphate in each

filtered through PVDF membrane-based 0.45-μm filter (Millipore) and either used

sample was determined, which is an indication of the amount of protein in the

immediately or stored frozen at −80°C. ASTRs were plated on a 6-well plate at a

sample411. To this end, a standard curve was prepared using 0-320 nmol phosphate

density of 0.8 × 10 cells/well for production of ACM, cholesterol efflux measurements,

concentrations. Then, 0.2 mL of 70% perchloric acid (Sigma) was added and the

or qPCR analysis, or at a density of 64,000 cells/well on a PLL coated 8-well chamber

tubes were placed into a heating block at 180°C for 30 minutes. After cooling down,

slide (Nunc) for spinal cord cultures. The following day, lentiviral particles were

2 mL of molybdate reagent (ammonium heptamolybdate tetrahydrate (Sigma),

added to ASTRs (1:3 with ASTR medium) in the presence of hexadimethrine bromide

concentrated sulphuric acid (Sigma), water) and 0.25 mL of freshly made 10% ascorbic

(Polybrene, 8 µg/ml, Sigma). The next day, the cells were washed and used for spinal

acid (Sigma) were added and the tubes were vortexed and placed in a heating block

cord cultures or left for 5 days for qPCR analysis, cholesterol assays and production

at 95°C for 10 minutes. To stop the reaction, the tubes were put in an ice-cold water

of ACM.

bath and absorbance was measured at 812 nm. For intracellular cholesterol levels, the

6

amount of cholesterol was normalized to phosphate, i.e., the ratio of cholesterol to
phosphate was calculated (nmol/nmol).
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Western blot analysis

medium (Dako). Samples were analyzed using a conventional immunofluorescence

For immunoblots of ABCA1 and ABCG1, ASTRs were washed with PBS and scraped

microscope (Leica DMI 6000 B) equipped with Leica Application Suite Advanced

in lysis buffer (1% Triton X-100, 50 mM Tris-HCl, 150 mM NaCl, 5 mM EDTA, and

Fluorescence software. In each independent experiment, per condition approximately

protease inhibitor cocktail (Roche). The total protein concentration was determined

150-250 cells per coverslip were scored for the number of MBP-positive cells of DAPI-

using a protein determinaton assay (Bio-Rad) according to manufacturer’s

stained cells (differentiation), or for the number of MBP-positive cells that form

instructions and using BSA as a standard. Equal amounts of proteins (50 μg) were

myelin membranes (myelin membrane formation).

loaded onto 7.5% SDS-polyacrylamide gels. For detection of pro-Il1β in ACM, equal
amounts of ACM (80 µl) were loaded onto 15% SDS-polyacrylamide gels. After gel

Spinal cord cultures. Spinal cord cultures were fixed with 4% PFA for 30 minutes, and

electrophoresis, the proteins were transferred onto polyvinylidene fluoride (PVDF)

blocked and permeabilized with 0.1% Triton X-100 in 4% BSA in PBS for 45 minutes.

membranes (Millipore) via wet transfer. After blocking the membrane for one

After three washes with PBS, cells were incubated for 90 minutes with anti-MBP and

hour with Odyssey blocking buffer (1:1, Li-Cor Biosciences), the membranes were

anti-neurofilament-H (NF-H, polyclonal chicken anti-neurofilament, 1:5000, EnCor

incubated with primary antibodies against ABCA1 (monoclonal mouse anti-ABCA1,

Biotechnology Inc., 2796-7) at room temperature. Cells were rinsed three times with

1:500, Novus Biologicals, NB100-2068), ABCG1 (polyclonal rabbit anti-ABCG1, 1 µg/ml,

PBS before the appropriate FITC- or TRITC-conjugated secondary antibodies (1:50,

Novus Biologicals, NB400-132), or Il1β (monoclonal hamster anti-Il1β, 1:200, Santa

Jackson Immunolaboratories) or Alexa Fluor©-conjugated secondary antibodies

Cruz, sc-12742) overnight at 4°C. After washing with PBS containing 0.1% Tween-20,

(1:500) were added together with DAPI for 45 minutes at room temperature.

IRDye-conjugated secondary antibodies (Li-Cor Biosciences, Lincoln; 1:3000) were

Mounting of coverslips and slides was done with mounting medium (Dako). Samples

incubated for one hour. For pro-Il1β, an additional incubation step with a rabbit-

were imaged using either a conventional immunofluorescence microscope (Leica

anti-hamster linker antibody was conducted, before secondaray antibodies were

DMI 6000 B) or a confocal microscope (TCS SP2 or SP8 AOBS Microscope, Leica

applied. As loading control for ABCA1 and ABCG1 actin (monoclonal mouse anti-

Microsystems) using Leica Software. The percentage of myelinated axons was

β-actin; 1:2000, Sigma, A5441) was used. The band were visualized with the Odyssey

calculated in ImageJ as an area in pixels in each image occupied by both myelin and

Imaging System (Li-Cor). The expression of each protein was calculated relative to

axons divided by the axonal density as described328,412; or the percentage of myelinated

the amount of β-actin with densitometry using FIJI (ImageJ).

axons was calculated using MATLAB software programmed to recognize only linear
structures, thus including only myelin and axons and excluding OLG cell bodies328. In

Immunocytochemistry

each experiment, 5 images per coverslip and 2 coverslips per condition were analyzed.

Primary cell cultures. Cells were fixed with 4% paraformaldehyde (PFA) for 15 min at
room temperature, and permeabilized with ice-cold methanol for 10 minutes. Non-

qPCR analysis

specific antibody binding was blocked with 4% BSA for 30 minutes after which cells

Cells were scraped in RNA protect (Qiagen) and RNA was isolated using an RNA-

were incubated with primary antibodies anti-myelin basic protein antibody (MBP,

isolation kit (Isolate II RNA Micro Kit; Bioline) according to manufacturer’s

1:250 in BSA; Serotec, cat. no. MCA409S) or anti-GFAP (polyclonal rabbit anti-

instructions. Of total RNA, 1 μg was reverse transcribed in the presence of

GFAP, 1:500, DAKO, Z033430) at room temperature. Cells were rinsed three times

oligo(dT)12–18 (Invitrogen) and dNTPs (Invitrogen) with M-MLV reverse

with PBS before the appropriate Alexa Fluor©-conjugated secondary antibodies

transcriptase (Invitrogen) according to manufacturer’s instructions. mRNA levels

(1:500) were added together with DAPI (Sigma, nuclear stain) for 30 minutes at room

of Fdft1, Fasn, Srebf1c, and Srebf2 were measured by real-time quantitative reverse

temperature. After three washes with PBS, coverslips were mounted using mounting

transcriptase PCR (qPCR) using Absolute qPCR SYBR Green Master Mix (BioRad)
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in a Step-One Plus Real-Time PCR machine. Each measurement was performed in
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gene

forward primer
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product size
(bp)

Eef1a1

5’-GATGGCCCCAAATTCTTGAAG-3’

5’-GGACCATGTCAACAATTGCAG-3’

52

Fdft1

5’-TCTACAACCTGCTGCGATTC-3’

5’-GCGACTGGTCTGATCAAGATAC-3’

119

Fasn

5’-GGCAATACCCGTTCCCTGAA-3’

5’-GGCAATACCCGTTCCCTGAA-3’

92

Hprt1

5’-GACTTGCTCGAGATGTCA-3’

5’-TGTAATCCAGCAGGTCAG-3’

102

Srebf1c

5’-GGAGCCATGGATTGCACATTT-3’

5’-CCAGCATAGGGGGCATCAAA-3’

92

Srebf2

5'-GGGCTGTCGGGTGTCATGG-3'

5'-GGCAATACCCGTTCCCTGAA-3'

105

personal PhD fellowship from the Graduate School of Medical Sciences, University
of Groningen, the Netherlands.

3

Statistical analysis
Data are expressed as mean ± standard error of the mean (SEM) of at least 3
independent experiments. When comparing absolute values between groups (i.e.,
gmASTR versus wmASTR) statistical significance was assessed using a paired twosided t-test. When relative groups were compared to control (i.e., NCM, control
gmASTRs, control wmASTRS, control gmACM or control wmACM), statistical
analysis was performed with a one-sample t-test, with indicated control set to 1 in
each independent experiment. A paired t-test was used to test for differences between
effects of wmACM and gmACM on OPC differentiation (#) with NCM was set to 1 in
each independent experiment. A one-way ANOVA with a Šidák multiple comparisons
post-test was performed to test for differences between different treatments. Statistics
were performed using GraphPad Prism 6.0. In all cases, p-values of <0.05, <0.01, and
<0.001 were considered significant and indicated with *, ** and *** or #, ##, and

,

###

respectively.
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Abstract

Introduction

Multiple sclerosis (MS) is an inflammation-mediated demyelinating disease of the

Remyelination is a natural regenerative process that follows upon demyelination by

central nervous system, which eventually results in axonal degeneration due to
remyelination failure. Successful remyelination is, among others, orchestrated by
astrocytes (ASTRs) and requires sequential activation, recruitment and maturation
of oligodendrocyte progenitor cells (OPCs). In both MS and experimental models,
remyelination is more robust in grey matter (GM) than in white matter (WM). This
remarkable difference in remyelination efficiency is likely related to local differences
between GM and WM lesions. Here, we investigated whether gmASTRs and wmASTRs
differently modulate myelination. Our data revealed that adult wmASTRs were less
supportive for in vitro myelination than gmASTRs, by secreting factors that reduced
myelin membrane formation. Transcriptional profiling demonstrated that wmASTRs
more abundantly express reactive ASTR genes and genes of a neurotoxic subtype of
ASTRs, termed A1, while gmASTRs have more neuro-reparative A2-ASTR transcripts.
A weighted gene network co-expression network analysis identified a gene network
module containing cholesterol biosynthesis enzyme genes that positively correlated
with gmASTRs; and a network module containing extracellular matrix (ECM)-related
genes that positively correlated with wmASTRs. Adult wmASTRs and gmASTRs
differently modulated OPC behavior in response to TLR3 agonist Poly(I:C) compared
to untreated wmASTRs and gmASTRs, respectively. Taken together, primary adult

which new myelin membranes are formed around denuded axons. Remyelination
in the central nervous system (CNS) is a multi-step process that involves activation,
recruitment, and differentiation of oligodendrocyte progenitor cells (OPCs) into
mature, myelinating oligodendrocytes (OLGs)4. Remyelination is orchestrated
by transient signaling of reactive astrocytes (ASTRs)24,345. Similar as during CNS
development48, ASTRs support oligodendroglial cell functioning and myelin
membrane formation, among others, by extracellular matrix (ECM) remodelling255,415
and the supply of fatty acids and cholesterol47,48,371. ASTRs become reactive upon
demyelination, which is induced by a variety of inflammatory mediators as well
as myelin debris and includes changes in ASTR morphology, gene expression, and
function15,16,114,285,294,323. ASTR responses towards injury vary and depend on the type
of injury, and can be either beneficial or detrimental for remyelination23,24,241,416. In
this regard, two subtypes of reactive ASTRs have been described, A1- and A2ASTRs21,114. A1-ASTRs possess a neurotoxic phenotype and secrete factors that inhibit
OPC proliferation, migration and differentiation, and are toxic to mature OLGs21.
By contrast, A2-ASTRs appear more neuroprotective and more supportive towards
repair21. At homeostatic conditions, ASTRs are not uniform, and multiple studies
have described ASTRs diversity based on their morphology and function94,190,194,198,207.

gmASTRs and wmASTRs were heterogeneous at the transcriptional level, differed
in their support of myelination and their pre-existing phenotype determined TLR3

Historically, ASTRs are divided into two groups; fibrous ASTRs that reside in the white

agonist responses. These findings point to a role of regional heterogeneity of ASTRs

matter (WM) and the morphological more complex protoplasmic ASTRs which are

in remyelination differences between GM and WM lesions.

present in the grey matter (GM)104,190,193. Multiple single-nucleus RNA sequencing
studies identify two to three groups of ASTRs dispersed throughout the adult GM

Keywords: astrocytes, multiple sclerosis, myelination, oligodendrocyte, region

and WM13,71,286; while morphology and functional studies identify up to nine different
groups of ASTRs in rodents198,205. ASTR reactivity is also region dependent, i.e.,
upon cuprizone-induced demyelination ASTR reactivity is more apparent in ASTRs
of the corpus callosum, a WM area, than in ASTRs in the cortex, a GM area16–18. In
addition, demyelination is delayed in the cortex compared to the corpus callosum17,
and remyelination occurs faster in GM than in WM areas18. Also, in the chronic
demyelinating disease multiple sclerosis (MS), remyelination is more efficient
in GM than in WM37,38, but ultimately fails in both areas, contributing to disease
progression4,10,269. As in toxin-induced demyelination rodent models, ASTR reactivity
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differs between GM and WM MS lesions; hypertrophic ASTRs form a glial scar in
and around inflammatory WM lesions, but not around lesions in the GM

22,23,294,417

.

This difference in ASTR reactivity may contribute to the more efficient remyelination
in GM MS lesions18,37,320,345. In addition, neurotoxic A1-ASTRs are present in WM MS
lesions21, while the presence or A1-ASTRs in GM MS lesions has not been analyzed
yet. Whether intrinsic differences between gmASTR and wmASTRs contribute to
regional differences in ASTR reactivity and/or whether they differently respond
to the same type of injury and inflammation, is currently not clear. By performing
transcriptional profiling and the use of in vitro myelinating cultures that depend on
ASTRs, we addressed here whether adult gmASTRs and wmASTRs are different cell
populations that distinctly modulate myelination and display a differential response
to inflammatory mediators.

Results
Cultured adult wmASTRs and gmASTRs are transcriptionally heterogeneous
Previous findings show that remyelination is more efficient in GM lesions than in
WM lesions17,18,37,38. OLGs depend on support from ASTRs to remyelinate denuded
axons47,48,255,371,415, and as gmASTRs and wmASTRs are morphologically and functionally
different104,190,193,194, we aimed to address whether gmASTRs and wmASTRs distinctly
modulate myelination. As cultured neonatal gmASTRs are still considered as
(reactive) ASTR progenitors101,418, we used an in vitro culture model of ASTRs derived
from young adult rat brains419. These primary ASTRs exhibit properties like the
expression of ASTR markers, glutamate uptake, and responses to injury, that are
representative for their properties in the adult brain419. To assess whether cultured
gmASTRs and wmASTRs differ, their transcriptional profiles were compared (Fig. 1).
Analysis of cell type-specific genes revealed high abundance of transcripts of most
ASTR-specific genes (e.g., Vim, Mfeg8, Gja1), low abundance of transcripts of OPC(e.g., Cspg4, Pdgra), newly-formed OLG- (e.g., Fyn), and mature OLG-specific (e.g.,
Mbp, Mog) genes. Transcript levels of genes typically expressed by microglia- (e.g.
Irf8, Af1, Ncf1), endothelial cells (e.g., Cldn5, Egfl7, Vwa1) and neurons (e.g., Tubb3,
Reln, Trp73) were low (Fig. 1a). These data indicate that both gmASTRs and wmASTRs
cultures were highly pure. Principal component analysis (PCA) showed that 74% of
the variance between the samples was explained by region of origin of the ASTRs (Fig.
1b), indicating that cultured adult gmASTR and wmASTRs were transcriptionally
different. Between gmASTR and wmASTRs, 857 genes were differentially expressed
(FDR <0.001), of which 183 genes met the threshold of an absolute logarithm of the
fold change (LogFC) >2. Of these genes, 75 genes were more abundantly expressed
in gmASTRs (Suppl. Table 1) and 108 genes in wmASTRs (Suppl. Table 2). Genes that
were more abundantly expressed in wmASTRs include several ECM-related genes
(Fbln2, Eln, Postn, Itga1), while in gmASTRs, genes involved in lipogenesis (Scd, Scd2)
and Wnt signaling (Rspo2, Wnt16) were more abundantly expressed. Strikingly, two
different members of the cadherin family are opposingly differentially expressed;
Cdh2 encoding for N-cadherin was more abundantly expressed in wmASTRs, while
transcripts for Cdh1 encoding for E-cadherin were more present in gmASTRs (Fig. 1c).
Most pan-reactive ASTR marker genes were more abundantly expressed in cultured
adult wmASTRs compared to cultured adult gmASTRs (Fig. 1d, Lcn2; FDR=0.021;
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Genes with a CPM>20 are depicted in bold. (*FDR<0.05, **FDR<0.01, ***FDR<0.001). Note that
several pan-reactive and A1-ASTR-specific genes are more expressed in wmASTRs. while some
A2-ASTR-specific genes are more expressed in gmASTRs (e-f) Western blot analysis of GFAP in
wmASTRs and gmASTRs. A representative image is shown in (e), and quantification in (f). Note that
GFAP expression is higher in wmASTRs (p=0.038).

Gfap, Timp1 and Hsbp1 FDR<0.001). Notably, transcript levels for some A1-ASTRassociated genes as defined by Liddelow et al21 were more present in wmASTRs (Ggta1
FDR=0.002; Fbln5 FDR=0.005; Ugt1a FDR=0.008), while transcripts of two A2-ASTRassociated genes (S100a10 and Emp1 FDR<0.001) were more abundant in gmASTRs
(Fig. 1d). Although Gfap mRNA expression was low in both type of ASTRs, GFAP
protein was expressed (Fig. 1e). Consistent with Gfap mRNA levels (Fig. 1d), GFAP
protein expression was significantly higher in wmASTRs compared to gmASTRs
(Fig. 1f). This was caused by low expression of a GFAP splice variant by gmASTRs
(Fig. 1e). Hence, cultured adult wmASTRs and gmASTRs were heterogeneous at the
transcription level even upon prolonged time in culture. To assess whether gmASTRs
and wmASTRs distinctly modulate myelination efficiency, their ability to regulate in
vitro myelination was examined next.
Cultured adult wmASTRs are less supportive for myelination than cultured
adult gmASTRs
To study a role of gmASTRs and wmASTR in myelination efficiency, we made use
Figure 1. Primary adult wmASTRs and gmASTRs are transcriptionally heterogeneous. RNA from 6
biological replicate cultures of adult grey matter astrocytes (gmASTRs) and adult white matter ASTRs
(wmASTRs) was subjected to 3’-RNA sequencing. (a) Heatmap of the logarithm of the gene million
counts +1 (Log(CPM+1)) of genes specific for ASTRs, microglia (micro), endothelial cells (endo)
neurons (neuron), oligodendrocyte progenitor cells (OPCs), newly-formed oligodendrocytes (nfOLGs)and mature oligodendrocytes (mOLGs). Row Z-score represent relative expression of cell type-specific
genes compared to each other within one biological sample, genes with a CPM>20 are depicted in
bold. Note that most ASTR genes are highly expressed within the different batches compared other
cell type specific genes. (b) Principal component analysis (PCA) show that 74% of variation between
the samples is explained by their regional origin. (c) A volcano plot displaying all genes, where the
dots for differentially expressed genes differ in color and size. The small black dots represent genes
that were not considered to be differentially expressed. In white are genes more abundantly expressed
in wmASTRs, in grey genes that are more abundantly expressed in gmASTRs (absolute logarithm of
fold change (LogFC) >2, FDR<0.01). Large circles illustrate genes with a CPM > 20. The top 5 with
the largest differential expressed genes, and the top 5 of the most significant differentially expressed
are annotated. (d) Heatmap of pan-reactive, A1 and A2 specific astrocyte markers by gmASTRs and
wmASTRs. Column Z-score represent the relative expression of genes between different samples.
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of an in vitro myelinating system of embryonic spinal cord cultures that relies on
an ASTR feeding layer328. Myelination efficiency was assessed by a double labeling
of myelin and neurons, using myelin basic protein (MBP) as a marker for myelin,
and neurofilament-H (NF-H) as a marker for neurons. The percentage of myelinated
axons was higher on a feeding layer of gmASTRs than on a feeding layer of adult
wmASTRs (Fig. 2a,b, p=0.016). This indicates that wmASTRs and gmASTRs differ
in their ability to support myelination, which is either a result of wmASTR-derived
inhibitory or gmASTR-derived stimulatory signals for myelination. ASTRs can
signal to OPCs via secreted soluble factors, such as growth factors and cytokines,
via insoluble factors, such as ECM proteins, and via adhesive interactions. The
transcriptional profiles uncovered that wmASTRs expressed more transcripts of both
positive and negative regulators of OPC proliferation (Pdgfra, Fgf2251,420,421) and OPC
maturation (Bmp4, Cntf, Timp1, Fn, Vcan, Tnc, Jag1, Igf1, Gja1, Tgm2232,293,303,422–428)
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Representative images of MBP-positive OLGs (red) in the presence of NCM, wmACM or gmACM are
shown in e; representative images of proliferation on PLL (no ECM), on wmECM coatings or gmECM
coatings stained for KI67 (red) and with A2B5 (black) are shown in (g). Quantification of all assays
in the presence of NCM, wmACM or gmACM are shown in (f) and when plated on PLL (no ECM),
wmECM coatings and gmECM coatings in (h). Bars represent relative means to NCM (f) or no ECM
(h, PLL), which were set to 1 in each independent experiment. Error bars standard error of the mean
(SEM). Statistical analyses are performed using column statistics with a one-sample t-test (*p < 0.05) to
test for differences between treatments and untreated control (NCM in f, no ECM in h), while a paired
t-test (*p < 0.05) was used to test for differences between effects of gmACM/gmECM coating versus
wmACM/wmECM coatings. Absolute values of NCM are for proliferation 37.5% ± 22.4, cytotoxicity
25.9% ± 2.9, differentiation 48.6% ± 17.6 and myelin membrane formation 68.0% ± 14.4 and of no ECM
(PLL) for proliferation 17.8% ± 4.8, differentiation 33.3% ± 4.7, and myelin membrane formation 65.3%
± 3.8. Note that upon exposure to wmACM, but not gmACM, myelin membrane formation is decreased
compared to NCM (p=0.005), while metabolic activity is increased upon gmACM treatment compared
to NCM (*p=0.016) and wmACM treatment (#p=0.033) (e,f). In addition, OPC proliferation is higher on
gmECM coatings than on PLL (g,h, no ECM), p=0.041). Scale bars are 25 µm.

than gmASTRs (Fig. 2c). To determine whether wmASTRs and gmASTR differentially
support OPC behavior by a difference in secreted factors, the effect of ASTRconditioned medium (ACM) of either ASTR on OPC proliferation, metabolic activity,
and/or maturation was examined (Fig. 2d-f). OPC proliferation, as assessed by the
number of KI67-positive cells of A2B5-positive OPCs, was similar when OPCs were
exposed to gmACM, wmACM and non-conditioned medium (NCM) (Fig. 2f). After
6 days of differentiation, the metabolic activity, as assessed with an MTT assay, was
increased upon exposure to gmACM compared to both wmACM and NCM (Fig. 2e,
Figure 2. wmASTRs are less supportive for in vitro myelination. (a,b) In vitro myelination cultures that
depend on a feeding layer of astrocytes (ASTRs) are obtained from 15 days old rat embryo spinal
cord cells and stained for myelin basic protein (MBP, green), a myelin marker, and neurofilament (NF,
red), an axonal marker. Representative images of myelinating spinal cord cultures on either adult
white matter (wm) ASTRs or adult grey matter (gm) ASTRs are shown in a and quantification of the
percentage of myelinated axons in (b) (n=3). (c) RNA from 6 biological replicate cultures of adult
gmASTRs and wmASTRs is subjected to total 3’-RNA sequencing. Heatmap with literature-based
genes of positive and negative regulators of OPC proliferation and differentiation by gmASTRs and
wmASTRs. Column Z-score represent the relative expression of genes between different samples.
Positive regulators of OPC differentiation are indicated in green; negative regulators in red. (*FDR<0.05,
**FDR<0.01, ***FDR<0.001). (d-h) Assays performed to determine the effect of ASTR-conditioned
medium (ACM) and ASTR-derived extracellular matrix (ECM) coatings on oligodendrocyte progenitor
cells (OPCs) and oligodendrocytes (OLGs). A schematic representation is shown in (d). OPCs isolated
from neonatal rat forebrain were cultured for 1 day in the presence of PDGF-AA and FGF-2 to assess
proliferation (% KI67-positive cells of A2B5-positive cells), or differentiated for 6 days after growth factor
withdrawal to assess metabolic activity (MTT), cytotoxicity (LDH), differentiation (% MBP-positive cells
of total cells) and myelin membrane formation (% myelin membranes formed by MBP-positive cells).
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gmACM versus NCM p=0.016; gmACM versus wmACM p=0.033). Remarkably, ACM
from neither ASTR was toxic to the cells (Fig. 2e), despite wmASTRs more abundantly
expressing specific genes for neurotoxic A1-ASTRs (Fig. 1d). In addition, while the
percentage of MBP-expressing OLGs, reflecting their differentiation, remained
similar, the percentage of OLGs that form myelin membranes was significantly
decreased in the presence of wmACM compared to NCM (Fig. 2f p=0.005). Exposure
to gmACM had no effect on OPC differentiation or myelin membrane formation
(Fig. 2f). To examine the effect of ASTR-derived ECM on OPC behavior, OPCs were
cultured on coatings of gmECM or wmECM. OPC proliferation was significantly
increased when OPCs were plated on a gmECM coating compared to an inert PLLcoating (no ECM, Fig. 2g,h p=0.041). OPC proliferation was not affected by a wmECM
coating. OPC differentiation and myelin membrane formation were not altered when
plated on either gmECM or wmECM coatings compared to a PLL-coating (Fig. 2h).
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Hence, these findings revealed that wmASTRs were less supportive for myelination
than gmASTRs, which may be a net inhibitory effect of wmASTR-derived secreted
factor(s) that preclude myelin membrane formation and/or a stimulatory effect of
gmASTR-deposited ECM on OPC proliferation. To obtain more insight in the factors
that drive the distinct regulation of myelination by gmASTRs and wmASTRs, a
weighted gene co-expression network analysis (WGCNA)429 was performed on the
RNA-seq data set.
Gene co-expression networks differ between wmASTRs and gmASTRs
WGCNA is a powerful method that determines in an unbiased manner networks
based on correlation of changes in the expression of genes allowing for the
identification of differentially expressed gene networks in modules that represent
biological functions and regulatory mechanisms429. In this data set, 14 regionrelated gene modules were identified, of which two gene modules were significantly,
and consistent among different biological samples, differentially correlated with
gmASTRs and wmASTRs (Suppl. Fig. 1a-d). Cluster royalblue consisted of 844 genes
and was positively correlated with gmASTRs (p<0.001) and negatively correlated with
wmASTRs (Suppl. Data 1). Cluster darkgrey consisted of 1110 genes and positively
correlated with wmASTRs (p<0.001) (Suppl. Data 2).
Gene annotation revealed that many genes represented in the royalblue cluster were
related to ‘cell division’ (Fig. 3a). As ASTR proliferation decreases with age430, this may
indicate that gmASTRs were less mature than wmASTRs. In addition, genes that are
present in the royalblue cluster were connected by gene ontology (GO) pathways for
sterol, steroid, cholesterol and secondary alcohol biosynthesis (Fig. 3a,b). A heatmap
of genes that are relevant for sterol, steroid and cholesterol biosynthesis (Suppl. Fig.
2) shows that most of these genes were more abundantly expressed in gmASTRs
compared to wmASTRs, which predicts that there is more cholesterol biosynthesis
in cultured adult gmASTRs. Notably, ASTRs supply cholesterol to OLGs, which
supports myelination47,48,372.

Figure 3. Gene co-expression networks differ between wmASTRs and gmASTRs. RNA from 6
biological replicate cultures of adult grey matter astrocytes (gmASTRs) and adult white matter ASTRs
(wmASTRs) is subjected to total 3’-RNA sequencing. A weighted gene network co-expression analysis
revealed that the royalblue module positively correlated with gmASTR and negatively with wmASTRs,
and a darkgrey module that negatively correlated with gmASTRs and positively with wmASTR (Suppl.
Fig. 1) (a) Gene annotation of the royalblue gene module revealed genes relevant to ‘cell division’ and
cholesterol biosynthesis that are more abundantly expressed in gmASTRs. (b) Gene ontology (GO)
visualization of sterol, steroid, secondary alcohol and cholesterol biosynthesis genes from the royalblue
cluster which are more abundantly expressed in gmASTRs. (c) Gene annotation of the darkgrey gene
module revealed genes relevant to ‘response to hypoxia’ and ‘extracellular matrix organisation’. (d)
Heatmap of matrisome-core and -associated genes with a CPM > 20, an absolute LogFC > 2 and an
FDR < 0.05 by gmASTRs and wmASTRs. Column Z-score represent the relative expression of genes
between different samples. Note that more genes encoding for matrisome-core and associated genes
are more abundantly expressed in wmASTRs. (*FDR<0.05, **FDR<0.01, ***FDR<0.001).

(Fig. 3c). Of interest, transient ECM remodeling plays an important role in successful
remyelination46,247,255,328. A heatmap of genes with a CPM > 20 that differed significantly

Gene annotation of the darkgrey cluster revealed many genes that are relevant for

(FDR<0.05) and related to ECM formation and modification (Fig. 3d) shows that

‘ECM formation and modification’, ‘atherosclerosis’, ‘hypoxia’ and ‘vascularization’

these genes are more abundantly expressed in wmASTRs compared to gmASTRs.
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Constituents are ECM-core proteins (e.g., Mfeg8, Ctgf, Spp1, Ltbp1) that are mainly
matricellular proteins, and ECM-affiliated proteins (e.g., Bdnf, Hbegf, Mmp12, Ccl2,
Ccl7), which are proteins that regulate ECM remodeling or secreted factors that
associated with the ECM. Notably, transcripts of Sema3f, an OPC attractant, were
more present in gmASTRs compared to wmASTRs (Fig. 3d). Several ECM genes
that were more abundantly expressed in wmASTRs were associated with pathways
previously implicated in OPC maturation and/or remyelination failure (Ctgf, Tnc,
Spp1396,416,425,431,432) and/or expressed in reactive ASTRs in WM MS lesions (Mfeg8,
Tnc, Spp171,397,431,433), and may relate to the more reactive ASTR profile of cultured
adult wmASTRs (Fig. 1). Hence, the regulatory mechanisms that may account for
the higher in vitro myelination potential of OLGs in the presence of gmASTRs, are
more cholesterol biosynthesis in gmASTRs and increased deposition of constituents
of the matrisome by wmASTRs. The different identities of gmASTRs and wmASTRs
may result in distinct and specific responses towards inflammatory mediators that
are increased upon injury. As demyelination involves innate immune activation, and
as Toll-like receptor 3 (TLR3) and TLR4 are prominently present on reactive ASTRs
in WM MS lesions29,35, we next examined whether gmASTRs and wmASTRs might
respond differently to TLR3 and/or TLR4 agonists and as a consequence distinctly
modulate OPC behavior. As TLR3 and TLR4 agonists interfered with the development
of neurons, OPCs and OLGs in the in vitro myelinating cultures, we were not able to
examine the role of ASTR reactivity on in vitro myelination.
Poly(I:C) treatment of adult gmASTRs and wmASTRs result in different
modulation of OPC proliferation and myelin membrane formation
To assess whether gmASTRs and wmASTRs differently respond to TLR3 ligands,
the effect of TLR3 agonist Poly(I:C) on ASTRs and their ability to modulate OPC
behavior via secreted factors (ACM) or deposited ECM was determined. Secreted
factors from Poly(I:C)-treated wmASTRs, but not from Poly(I:C)-treated gmASTRs
decreased OPC proliferation compared to their respective untreated control ASTRs
(Fig 4a, p=0.027). In contrast, OPC proliferation was enhanced when plated on
ECM coatings of Poly(I:C)-treated wmASTRs, but not on ECM coatings of Poly(I:C)treated gmASTRs (Fig. 4a, p=0.012). In addition, ACM of Poly(I:C)-treated gmASTRs
consistently and significantly reduced myelin membrane formation by approx. 20%
compared to untreated gmACM (Fig. 4d p=0.016). By contrast, myelin membrane
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Figure 4. Poly(I:C) treated adult gmASTRs and wmASTRs differently modulate OPC proliferation and
myelin membrane formation. (a-d) Primary grey matter astrocytes (gmASTRs) and white matter (wm)
ASTRs were cultured for 24 hours in the presence or absence of TLR3 agonist Poly(I:C), after which
conditioned medium (ACM) was collected in the next 24 hours. For ASTR extracellular matrix proteins
(ECM), ASTRs were cultured for 48 hours in the presence or absence of Poly(I:C) after which the
cells were lysed, ECM was collected and used as coating. Oligodendrocyte progenitor cells (OPCs)
isolated from neonatal rat forebrain were cultured in the presence of ACM or on ECM coatings, for 1
day in the presence of PDGF-AA and FGF-2 to assess proliferation (a, % KI67-positive cells of A2B5positive cells), or differentiated for 6 days after growth factor withdrawal to assess metabolic activity
(b, MTT), differentiation (c, % MBP-positive cells of total cells) and myelin membrane formation (d, %
myelin membranes formed by MBP-positive cells). Bars represent relative means to their respective
untreated control ACM or ECM coating, which were set to 1 in each independent experiment. Error
bars standard error of the mean (SEM). Statistical analyses are performed using column statistics
with a one-sample t-test (*p < 0.05) to test for differences with untreated control ACM or ECM coating.
Absolute values are 42.5 ± 13.9% proliferation, 34.9 ± 7.6% differentiation, and 58.4 ± 9.1% myelin
membrane formation with control wmACM; 38.4 ± 14.1% proliferation, 35.3 ± 12.2% differentiation,
and 67.5 ± 10.1% myelin membrane formation with control gmACM; 21.6 ± 4.0% proliferation, 31.8 ±
5.7% differentiation, and 81.1 ± 10.1% myelin membrane formation on control wmECM coatings and
31.4 ± 5.8% proliferation, 37.5 ± 5.3% differentiation, and 75.8 ± 18.6% myelin membrane formation on
control gmECM coatings. Note that OPC proliferation is decreased in the presence of ACM of Poly(I:C)treated wmASTRs (p=0.027) and increased on ECM coatings of Poly(I:C)-treated wmASTRs (p=0.012),
while myelin membrane formation is decreased in the presence of Poly(I:C)-treated gmACM (p=0.016).
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formation was unchanged when OPCs were exposed to ACM of Poly(I:C)-treated
wmASTRs (Fig. 4d). Secreted factors from Poly(I:C)-treated gmASTRs or wmASTRs
hardly affected metabolic activity of OLGs and OPC differentiation compared to
secreted factors from their respective untreated control ASTRs (Fig. 4b,c). Hence,
our findings demonstrate that Poly(I:C) treatment of adult gmASTR and wmASTRs
results in different modulation of OPC proliferation and myelin membrane formation
compared to untreated gmASTRs and wmASTRs, respectively. As secreted factors
from Poly(I:C)-treated gmASTRs reduced myelin membrane formation, this may
indicate that Poly(I:C)-treated gmASTRs are less supportive for myelination than
untreated gmASTRs.
LPS treatment of adult gmASTRs and wmASTRs results in a decrease of
myelin membrane formation
To assess whether gmASTRs and wmASTRs differently respond to TLR4 ligands, the
effect of TLR4 agonist LPS on ASTRs and their ability to modulate OPC behavior
was determined next. Secreted factors from LPS-treated wmASTRs and gmASTRs
did not significantly change OPC proliferation (Fig. 5a) and differentiation (Fig. 5c).
Secreted factors from both LPS-treated gmASTRs and wmASTRs inhibited myelin
membrane formation by 40-50% compared to secreted factors from their respective
untreated ASTRs (Fig. 5d, gmACM p=0.020, wmACM p=0.003), accompanied by a
decrease in metabolic activity by 30-40% (Fig. 5b wmACM p=0.039, gmACM p=ns).
ECM coatings of LPS-treated gmASTRs or wmASTRs did not significantly alter OPC
proliferation (Fig. 5a), differentiation (Fig. 5b) or OLG myelin membrane formation
(Fig. 5c). Hence, our findings demonstrate that LPS treated wmASTRs and gmASTRs
similarly modulate OPC behavior by secreting factors that reduced the percentage of
OLGs that form myelin membranes.
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Figure 5. LPS treatment of adult gmASTRs and wmASTRs results in a decrease of myelin membrane
formation. (a-d) Primary grey matter astrocytes (gmASTRs) and white matter (wm) ASTRs were
cultured for 24 hours in the presence or absence of TLR4 agonist LPS, after which conditioned medium
(ACM) was collected in the next 24 hours. For ASTR extracellular matrix proteins (ECM), ASTRs were
cultured for 48 hours in the presence or absence of LPS after which the cells were lysed, ECM was
collected and used as coating. Oligodendrocyte progenitor cells (OPCs) isolated from neonatal rat
forebrain were cultured in the presence of ACM or on ECM coatings, for 1 day in the presence of PDGFAA and FGF-2 to assess proliferation (a, % KI67-positive cells of A2B5-positive cells), or differentiated
for 6 days after growth factor withdrawal to assess metabolic activity (b, MTT), differentiation (c, %
MBP-positive cells of total cells) and myelin membrane formation (d, % myelin membranes formed by
MBP-positive cells). Bars represent relative means to their respective untreated control ACM or ECM
coating, which were set to 1 in each independent experiment. Error bars standard error of the mean
(SEM). Statistical analyses are performed using column statistics with a one-sample t-test (*p < 0.05)
to test for differences with untreated control ACM or ECM coating. Absolute values are 34.3 ± 17.4%
proliferation, 55.1 ± 19.1% differentiation, and 56.8 ± 17.7% myelin membrane formation with control
wmACM; 39.6 ± 13.5% proliferation, 61.6 ± 22.2% differentiation, and 67.4 ± 20.3% myelin membrane
formation with control gmACM; 31.4 ± 12.5% proliferation, 51.9 ± 18.6% differentiation, and 56.7 ±
22.3% myelin membrane formation on control wmECM coatings and 41.0 ± 1.7% proliferation, 44.8 ±
15.1% differentiation, and 51.5 ± 12.5% myelin membrane formation on control gmECM coatings. Note
that myelin membrane formation is decreased in the presence of ACM of both LPS-treated wmASTRs
and gmASTRs (wmACM p=0.003, gmACM p=0.020), while metabolic activity was decreased in the
presence of ACM of LPS-treated wmASTRs (wmACM p=0.039).
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Discussion

layer of adult gmASTRs than on feeding layer of adult wmASTRs. As secreted factors

ASTRs support myelination during development and are indispensable for successful

from wmASTRs, but not gmASTRs, decreased myelin membrane formation, it is

remyelination upon demyelination15,24,345. As remyelination is more efficient in GM

tempting to suggest that wmASTRs were less supportive to myelination. On the other

lesions than in WM (MS) lesions17,18,37,38,322, we aimed here to address whether gmASTRs

hand, ECM components deposited by gmASTRs increased OPC proliferation, and

and wmASTRs heterogeneity is reflected in distinct modulate of myelination. Our

as a higher density of OPCs augments myelination435, enhanced proliferation may

findings demonstrate that adult wmASTRs were less supportive towards in vitro

contribute to the increased in vitro myelination on gmASTRs. The transcriptional

myelination than adult gmASTRs. Transcriptional profiling demonstrated that even

data provided insight into differences in gene expression of signaling molecules in

after prolonged time in culture, adult gmASTRs and adult wmASTRs have a distinct

gmASTRs and wmASTRs that are relevant for (re)myelination. Analysis of literature-

transcriptional profile, which may underlie their difference in modulating in vitro

based modulators of OPC behavior, revealed that wmASTRs were equipped with

myelination. Moreover, when exposed to TLR4 agonist LPS, secreted factors of

higher transcript levels of genes of signaling molecules that either positively or

both gmASTRs and wmASTRs inhibited myelin membrane formation, while TLR3

negatively modulate OPC proliferation and differentiation251,420,421. These signaling

agonist Poly(I:C) elicited distinct responses in gmASTRs and wmASTRs. Hence, our

molecules were soluble-derived (Bmp4, Fgf2, Cntf, Pdgfa232,251,420,421,423), ECM–derived

findings indicate that pre-existing regional heterogeneity in ASTRs may contribute

(Fn1, Vcan, Tnc, Spp146,293,303,425,431) or adhesion-dependent (Jag1). Hence, it is likely a

to differences in remyelination efficiency in demyelinated GM and WM areas.

reflection of the net effect of these factors, that made wmASTRs less supportive for
myelination than gmASTRs in our in vitro myelinating culture system.

Our data revealed that adult rat ASTRs isolated from GM and WM were transcriptional
different. Previous profiling studies demonstrated that cultured neonatal gmASTRs

An unbiased gene co-expression network analysis revealed that genes encoding for

isolated via a shake-off method, resemble reactive ASTRs (progenitors) at the

proteins that are relevant for ECM production and modification, i.e., the matrisome436

proliferative and gene expression level, which is suggested to be induced by serum-

are more abundantly expressed in wmASTRs. ASTRs are known to play an essential

derived components101,418,434. The adult gmASTRs and wmASTRs used in the present

role in transient ECM remodeling important for successful remyelination upon

study were always generated at the same time from the same animal via a non-

toxin-induced demyelination46,260,370,437. In addition, increased expression of ECM

shake procedure, and cultured in serum, indicating that the observed differences

proteins usually marks ASTR reactivity23,438. Therefore, the enhanced expression of

in gmASTR and wmASTR reactivity were likely not acquired in vitro. Our data show

genes related to the matrisome are likely part of the more reactive phenotype of

that wmASTRs were more reactive than gmASTRs, which is consistent with a recent

wmASTRs. Most of the matrisome-core enriched genes were matricellular proteins

single nucleus RNA sequencing study of human control tissue that demonstrated

(Thbs2, Postn, Ctgf, Fbln2, Spp1), which are non-structural ECM proteins that support

heterogeneity between human gmASTRs and wmASTRs13, including a more reactive

matrix fibrillogenesis and/or that have important functions in tissue repair439. These

profile of wmASTRs compared to gmASTRs13. In addition, the cultured adult gmASTRs

proteins may both influence matrix formation and signal to OPCs by modulating cell

and wmASTRs differed in the subtype of ASTR reactivity. wmASTRs expressed more

functioning via interaction with cell-surface receptors as well as with the structural

transcripts of several A1-ASTR-specific genes, while A2-ASTRs-specific genes were

ECM proteins, such as fibronectin and proteoglycans that are present in demyelinated

more abundantly expressed in gmASTRs. Hence, our cultured adult gmASTRs and

areas46,260. The effect of ECM coatings on OPC behavior presented in the present

wmASTRs maintain some properties that are also observed in GM and WM areas.

study may be underestimated, as ECM coatings do not reflect all properties of the
ECM, such as the original topological ECM architecture and stiffness. Indeed, in

Our findings further demonstrated that more axons were myelinated on a feeding
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addition to providing signals, the stiffness of the ECM influences OPC behavior; OPC
proliferation and differentiation favor a stiff matrix, and myelination is supported

137

4

White matter astrocytes are less supportive for myelination

Chapter 4

by a relatively soft matrix415. Hence, a higher abundance of ECM-related genes in

wmASTRs are from the onset more reactive and less supportive for in vitro myelination,

wmASTRs may contribute to less efficient remyelination in WM lesions compared to

this may contribute to the more efficient remyelination in GM lesions than in WM

GM lesions. This is indeed observed in MS lesions, where ECM protein hyaluronan, a

lesions. Identification of secreted of ECM-related factors that differentially modulate

inhibitor of OPC differentiation , and its receptor CD44, are significantly increased

remyelination efficiency may identify new region-specific ASTR-targeted therapies

in the WM, but not in the GM areas of leukocortical lesions . Also, wmASTRs

for MS. In addition, validation of therapeutic tools for remyelination, should also

form more remyelination-impairing fibronectin aggregates than gmASTRs , and

take into account potential differences between gmASTRs and wmASTRs.

298

37

302

fibronectin expression is increased in marmoset EAE WM, but not GM lesions .
248

Thus, interference with the wmASTR-mediated role in ECM remodeling may prove a
valuable target for the enhancement of remyelination in WM MS lesions.
Diversity between wmASTRs and gmASTRs was also observed in their modulating
effect of OPC behavior in response to TLR3 agonist Poly(I:C). More specifically,
secreted factors of Poly(I:C)-treated gmASTRs, but not of Poly(I:C)-treated
wmASTRs, decreased myelin membrane formation compared to secreted factors
from their respective untreated ASTRs. Previous studies revealed that in rodent
ASTRs exposure to Poly(I:C) induced the expression of both pro-inflammatory
mediators that are linked to A1-ASTRs, and inflammatory mediators that are secreted
by A2-ASTRs21,239,240. In line with this reasoning, Poly(I:C) may distinctly interfere
with gmASTR and wmASTR reactive subtypes. Thus, intrinsic differences between

4

gmASTRs and wmASTRs may differently control remyelination by reacting in a
region-specific manner to demyelinating injury. This is consistent with changes in
gene expression between ASTRs from different regions in an animal model for MS286,
as well as differential responses of ASTRs isolated from different regions in vitro193.
On the other hand, secreted factors from both TLR4 agonist LPS-treated gmASTRs
and wmASTRs reduced myelin membrane formation. Therefore, the ASTR responses
in GM and WM lesions may not only depend on the pre-existing heterogeneity
of gmASTRs and wmASTRs and their differential response to the same type of
inflammatory mediator, but may also relate to local inflammatory the context, which
is different in GM and WM lesions16,19,37,320,321.
Taken together, primary adult gmASTRs and wmASTRs are diverse cell types, are
heterogeneous at the transcriptional level, and GFAP protein level, differ in their
ability to modulate in vitro myelination and in their response to TLR3 agonists. As
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Methods

agonist Polyinosine-polycytidylic acid (Poly(I:C), GE Healthcare) or 200 ng/ml TLR4
agonist lipopolysaccharide (LPS, Sigma), after which cells were washed and cultured

Primary cell cultures
Animal protocols were approved by the Institutional Animal Care and Use Committee
of the University of Groningen (the Netherlands).

for another 2 hour in defined SATO medium [5 μg/mL bovine insulin (Sigma), 50
μg/mL human holo-transferrin (Sigma), 100 μg/mL BSA fraction V (Sigma), 62 ng/
mL progesterone (Sigma), 16 μg/mL putrescine (Sigma), 5 ng/mL sodium selenite
(Sigma), 400 ng/ml T3 (Sigma), 400 ng/ml T4 (Sigma), 4mM L-glutamine, 100 U/
ml penicillin and streptomycin. Hereafter, ACM was collected and filtered using a

Adult ASTRs. Adult ASTRs were isolated from young adult female Wistar rats brains

0.45 µm filter (GE Healthcare), to remove cell debris. To obtain ASTR extracellular

as described419, with minor modifications. To obtain gmASTRs, the cerebral cortices

matrix (ECM), ASTRs were cultured for 48 hours either untreated or in the presence

were dissected and meninges removed. Of the residual tissue, the amygdala was

of Poly(I:C) or LPS, after which cells were lysed by water (2 times 1 hour, cell lysis was

discarded and the remaining parts non-cortical parts (WM tracts including corpus

checked by a microscope) and ECM was scraped in sterile PBS containing Complete

callosum, mixed GM and WM tracts, including hippocampus and thalamus, and

protease inhibitors (Roche). After protein concentration determination using a

deep GM parts, including basal ganglia) were kept in HBSS and used to obtain

BioRad DC-protein assay using BSA as standard, 8-well Permanox chamber slides

non-cortical, mainly wmASTRs. All brain pieces were kept in Hank’s Balanced Salt

(Nunc) were coated with 8 µg of ECM per chamber.

Solution (HBSS, Life Technologies) and mechanically dissected using scissors. Then,
0.05% trypsin (Sigma) and 0.003% DNase (Roche) in 1 mL HBSS was added and
incubated for 15 minutes at 37°C, followed by centrifugation for 7 minutes at 1500
rpm. The pellet was resuspended in papain digestion mix [24 μg/mL L-cytsteine
(Sigma), 40 μg/ml DNase I, 30 U/mL papain from papaya latex (Sigma) in MEM (Life
Technologies)] incubated for 15 minutes at 37°C. The digestion was stopped using
OVO [40 μg/mL DNase I, 1 mg/mL trypsin inhibitor (Sigma), 50 μg/mL bovine serum
albumin (BSA, Sigma) in L15 medium (Sigma)] for 6 minutes at room temperature.
The cell suspension was centrifuged for 7 minutes at 1500 rpm and resuspended in 15
mL HBSS. Hereafter, the cells were settled for 30 minutes before the upper layer was
separated from the lower cell fraction. The cell fractions were diluted in 15 mL HBSS
and centrifuged for 7 minutes at 1500 rpm. Cell pellets were resuspended in AA+
medium [10% fetal bovine serum (FBS), 15 mM Hepes (Gibco), 0.04% gentamicin (Life
Technologies), 14.3 mM NaHCO3 (Merck), 100 U/mL penicillin and streptomycin, 4
mM L-glutamine]. The cells were cultured for 18-20 days at 37°C in tissue flasks (Nunc
T80; Thermo Fisher Scientific) that were coated with poly-L-lysine (PLL, 5 μg/mL,
Sigma). Medium exchange occurred once every 3-4 days. The cells were passaged at
least once using trypsin and used for experiments after 2-3 weeks, or collected in RNA
protect for 3’-RNA sequencing. To obtain ASTR conditioned medium (ACM), ASTRs

Oligodendrocyte progenitor cells (OPCs). OPCs were isolated from mixed glia
cultures of the non-cortex of newborn rat forebrains using a shake-off procedure as
described121,252,349. Briefly, contaminating microglia were removed from the flask by
a pre-shake at 150 rpm for 1 hour at 37°C and OPCs were obtained after a 240 rpm
overnight shake at 37°C. The detached OPCs were further purified by differential
adhesion on non-tissue dishes121. The enriched OPCs were cultured on PLL-coated
13-mm coverslips (35,000 cells/coverslip) or on ECM-coated 8-well Permanox
chamberslides (28,000 cells/chamber). For proliferation OPCs were cultured for
24 hours in defined SATO medium containing 10 ng/mL platelet-derived growth
factor-AA (PDGF-AA, Peprotech) and 10 ng/mL fibroblast growth factor-2 (FGF2,
Peprotech) in the presence or absence of ACM (diluted 1:1) or on top of ECM coatings.
For other assays, cells were cultured for 2 days in SATO medium supplemented with
PDGF-AA and FGF2, followed by differentiation upon growth factors withdrawal
were and culturing for 6 days in SATO supplemented with 0.5% FBS. Cells were
cultured in the presence or absence of ACM (diluted 1:1) or on top of ECM coatings,
after which differentiation, myelin membrane formation and metabolic activity were
determined.

were cultured for 24 hours either untreated or in the presence of 50 µg/mL TLR3
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Spinal cord cultures. Myelinating spinal cords were generated from 15-days old

To determine differentially expressed genes, an absolute logarithm of the fold change

Wistar rat embryos (Harlan) as described with minor modifications . Meninges

(LogFC) of more than 2 and an FDR<0.01 were used. Vulcano plot was made using

were removed from the dissected spinal cord, and mechanical dissociation of the

the ggplot2 package. The DAFS filtered genes were used as input to generate a signed

tissue was performed in Leibowitz L-15 medium (Sigma). Hereafter, the tissue was

network (with a soft power of 10) with the topological overlap matrix (TOM) function

enzymatically digested with a mixture of trypsin (2.5%, Sigma) and liberase DH(2.5

(TOMsimilarity). Cutting of the hierarchical clustered TOM with the function

mg/ml, Roche) for 20 minutes at 37 °C. The enzymatic reaction was stopped by

cutreeDynamic with a minimal cluster size of 100 and cutHeight 0.99 was used to

addition of Soybean trypsin inhibitor solution (0.52 mg/mL soybean trypsin inhibitor

determine the different modules. Afterwards, similar gene expression modules

(Sigma), 40 μg/mL DNase (Roche) and 3 mg/mL BSA fraction V in Leibovitz’s L15

were merged together with mergeCloseModules (cutHeight 0.25). In the end,

medium). After centrifugation for 7 minutes at 1000 rpm, cells were resuspended

userListEnrichment was used to identify possible traits of the identified modules

in plating medium consisting of 50% DMEM (1500 mg/L glucose, Gibco), 25%

where the grey lists were omitted, with enabling of the parameters: useBrainLists,

horse serum (Invitrogen), 25% HBSS with calcium and magnesium (Gibco), and 2

useBloodAtlases, useStemCellLists, useBrainRegionMarkers, usePalazzoloWang,

mM L-glutamine (Invitrogen). Cells were plated at a density of 200,000 cells/ well

useImmunePathwayLists. For Gene Ontology and Gene-Concept Network

in a 24-wells containing a 2-day-old confluent feeding layer of adult gmASTRs or

visualization, Clusterprofiler with the enrichplot package were used. All analyses

wmASTRs (120,000 cells/24 well) in 500 µl plating medium. After cells were attached,

were performed in R.

407

500 µL growth medium [DMEM (4500 mg/L glucose, Gibco) supplemented with
5 mg/mL holotransferin (Sigma), 20 mM putrescine (Sigma), 4 µM progesterone
(Sigma), 6 µM selenium (Sigma), 10 ng/mL biotin (Sigma), 50 nM hydrocortisone
(Sigma) and 10 μg/mL insulin (Sigma)] was added. Every 2-3 days, half of the medium
was replaced with new growth medium. Insulin was omitted from growth medium
after 12 days in culture and cultures were analyzed at 26-30 days in culture.

Western blotting
ASTRs were then scraped in 500 µL of lysis buffer (1% Triton X-100, 50 mM TrisHCl, 150 mM NaCl, 5 mM EDTA, and protease inhibitor cocktail (Roche), and
the total protein concentration was determined using a BSA assay according to
manufacturer’s instructions. For detection of GFAP 20 µg of protein a 7.5% or 15%
SDS-polyacrylamide gel was used. Gel electrophoresis was performed and proteins

Gene expression and WGCNA

were transferred onto polyvinylidene fluoride (PVDF) membranes (Merck Millipore,)

Cells were scraped in RNA protect (Qiagen) and mRNA was isolated using the RNeasy

by wet transfer. PVDF membranes were blocked for one hour with Odyssey blocking

Plus Micro Kit (Qiagen) according to manufacturer’s instructions, subsequently the

buffer (Li-Cor Biosciences), and incubated overnight with primary antibodies against

quality of the mRNA was assessed using a BioRad Experion Highsense RNA kit. All

GFAP (anti-GFAP (polyclonal, 1:5000, Dako, Z033430) at 4°C. After washing with

RIN-values were higher than 7.9. Gene expression analysis was performed using

PBS containing 1% Tween-20, membranes were incubated with IRDye-conjugated

Illumina Truseq reagents. Data was processed using MOLGENIS compute. Quality

secondary antibodies (Li-Cor Biosciences, Lincoln; 1:3000) for one hour. As loading

control of the data was performed on the raw fastq files with fastQC (0.11.3). Next,

control β-actin (monoclonal mouse anti-β-actin; 1:2000, Sigma, A5441) was used.

HiSat (0.1.5) was used for alignment of the sequenced reads against the Rattus

The membranes were scanned using the Odyssey Imaging System (Li-Cor), and

norvegicus genome (38.82) allowing 2 mismatches and the aligned data was sorted

GFAP was calculated relative to the amount of β-actin with densitometry using FIJI

with samtools (1.2). Finally, HTSeq (0.6.1p1) was used to quantify the data using

ImageJ (NIH).

the parameters: --stranded=no and --mode=union. High and low expressed genes
were distinguished using Data-adaptive flag method for RNA-sequencing (DAFS).
Normalization and processing of the raw reads were performed with EdgeR (3.20.9).
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Immunocytochemistry

Microscope, Leica Microsystems) using Leica Confocal Software. The percentage

imary cells. Live and fixed immunostainings were performed as described121. Live cell

of myelinated axons was calculated in ImageJ as an area in pixels in each image

immunolabelling with A2B5, an antibody against c-series gangliosides (kind gift of Dr.

occupied by both myelin and axons dived by the axonal density as described328,412. In

Thijs Lopez-Cardozo, Utrecht, the Netherlands), which are enriched at the surface of

each experiment, 5 images per coverslip and 2 coverslips per condition were analyzed.

OPCs65,66 was performed at 4 °C. Non-specific antibody binding was blocked with 4%
BSA for 10 minutes and cells were incubated with A2B5 antibody (1:5 in 4% BSA) for
30 minutes. Cells were rinsed twice with PBS and incubated with appropriate Alexaconjugated antibody (1:500, Millipore). After another two washes with PBS, cells were
fixed with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature
and incubated for 15 minutes with 1 µg/ml DAPI (Sigma) to counterstain nuclei.
For staining of internal components, PFA-fixed cells were permeabilized with icecold methanol for 10 minutes. Non-specific antibody binding was blocked with 4%
BSA for 30 minutes after which cells were incubated with either anti-KI67 (1 µg/ml;
Abcam, cat. no. ab15580) or anti-myelin basic protein (MBP, 1:250 in BSA; Serotec,
cat. no. MCA409S) antibodies at room temperature. Cells were washed three times
with PBS before the appropriate Alexa-conjugated antibodies (1:500, Millipore)
were added together with 1 µg/ml DAPI for 30 minutes at room temperature. After

Metabolic activity and cytotoxicity
Metabolic activity of OLGs in the presence of ACM was assessed by 3-(4,5-Dimethyl2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma)-reduction, while
cytotoxicity was analysed with a lactate dehydrogenase (LDH; Roche) assay. For the
MTT-reduction assay, 500 μg/ml MTT was added to each well and left to incubate
for 4 hours at 37ºC. Cells were resuspended in dimethylsulfoxide and absorption
was measured at 570nm. Data represent values relative to control. LDH assays were
performed according to manufacturer’s instructions using the medium of the cells
from the MTT-reduction assay and related to LDH in medium of lysed untreated
cells.

washing with PBS, cells were mounted with mounting medium (Dako). Cells were

Statistics

analyzed using a conventional immunofluorescence microscope (Leica DMI 6000

Data are expressed as mean ± standard error of the mean (SEM) for at least three

B) equipped with Leica Application Suite Advanced Fluorescence software. In each

independent experiments. When relative values of groups were compared to NCM

independent experiment, approximately 150–250 Ki67-positive of A2B5-positive

(Fig. 2f), no ECM (Fig. 2f,h) control ACM (Figs. 4,5) or control ECM coatings (Figs.

cells (proliferation), MBP-positive cells of DAPI-stained cells (differentiation), or

4,5), statistical analysis was performed with a one-sample t-test by setting the

the number of MBP-positive cells that form myelin membranes (‘myelination’) were

untreated control values at 1 in each independent experiment. In all cases p-values of

scored per condition.

<0.05, <0.01, and <0.001 were considered significant and indicated with *, **, and ***,
respectively. When values between two groups (Fig. 1b, Fig. 2f,h, wmACMs vs gmACM

Spinal cord cultures. Spinal cord cultures were fixed with 4%PFA for 30 minutes,
followed by blocking and permeabilization with 0.1% Triton X-100 in 4% BSA in PBS
for 45 minutes. Cells were washed thrice with PBS and incubated with anti-MBP
antibody (1:250) and anti-neurofilament (NF, polyclonal chicken anti-neurofilament,
1:5000, EnCor Biotechnology Inc., 2796-7) for 90 minutes at room temperature. After
washing twice with PBS, cultures were incubated with appropriate FITC- or TRITC-

and wmECM vs gmECM) were compared, statistical significance was assessed using
a paired two-sided t-test. Here, p-values of <0.05, <0.01, and <0.001 were considered
significant and indicated with #,

, and

##

, respectively. Statistics were performed

###

using GraphPad Prism 6.0. In heatmaps of RNAseq data FDR-values of <0.05, <0.01,
and <0.001 were considered significant and indicated with *, **, *** (Figs.1d, 2a, 3d,
Suppl. Fig. 2).

conjugated secondary antibodies (1:50, Jackson Immunolaboratories) combined with
DAPI for 45 minutes at room temperature. Coverslips were mounted using mounting
medium (Dako). Cultures were analyzed by confocal microscopy (SP8 AOBS
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Supplementary Table 1. Differentially expressed genes more abundantly expressed in wmASTRs
gene

Enpp2

0.578109967

5.038352667

-3.132899

0.001617

4.041793

33.15569483

-3.106126

5.64E-07

Spp1

29.57460833

237.1400667

-3.075219

2.2E-12

2.74E-08

Ctss

1.108526767

8.642789833

-3.038217

0.000882

3.13E-08

Pcp4l1

1.576149683

12.3607055

-3.014688

1.02E-05

19.22741433

146.140635

-2.994464

1.52E-20
3.02E-08

average CPM gmASTRs

average CPM wmASTRs

log fold change

FDR

Lce1m

0.101738117

9.3856585

-6.435226

8.2E-09

Ttr

1.123584383

93.550536

-6.377035

Crlf1

0.083184483

6.890699167

-6.060515

Spink8

Brinp2

0.158052667

8.719618167

-5.70129

3.15E-09

Postn

Fbln2

1.74652465

80.96586833

-5.605348

5.35E-11

Slc7a8

4.3000125

32.47427

-2.978501

3.8638526

28.38517833

-2.945236

7.18E-14

0.796860333

5.947418417

-2.938707

0.000887
0.000636

Lce1l

0.144577433

7.64839

-5.58507

4.03E-06

Lbp

Cldn2

0.15719445

6.664072083

-5.317727

7.78E-06

Hopx

Mag

0.109437033

4.0319622

-4.963507

8.8E-05

C1qc

1.423902667

10.34637833

-2.902736

Mlc1

0.128351433

4.029260083

-4.868827

3.15E-05

Pf4

2.092917883

14.91612333

-2.886957

6.68E-05

Vgf

0.086746467

2.941563817

-4.810832

0.000566

Itga7

1.103074167

7.7828185

-2.864548

0.008567

0.5186097

13.8397615

-4.734135

1.05E-11

Il1rn

66.37048

445.4213667

-2.802812

9.2E-09

Des

2.378202867

56.46631967

-4.644911

4.73E-06

Ncf1

2.08102005

13.82320833

-2.787266

0.000359

Mbp

0.713433317

16.531923

-4.593174

2.1E-07

C1qb

1.234873367

8.1618015

-2.775663

0.001097

Gja5

0.9706634

22.62080633

-4.590512

1.22E-05

Cd68

1.868714

12.2760645

-2.775609

0.001743

0.628149867

14.821533

-4.581809

0.000567

Itga1

25.21286667

156.8172667

-2.695207

2.41E-17

22.441801

138.20755

-2.675918

5.8E-12

Slc30a3

2.990204083

18.09542

-2.651891

8.79E-05

Fabp7

Scx
Gas7

0.0948316

2.356635383

-4.418461

0.00365

Ppp1r14a

Vipr2

0.144577433

3.223059333

-4.328445

0.000646

Aqp4

0.200162517

3.700076333

-4.211338

0.000165

Ankrd37

1.154335633

6.666364167

-2.596803

0.004076

Nckap1l

0.342116983

5.852311

-4.109957

0.000295

Tnc

88.20596833

499.0673667

-2.575603

1.58E-10

Lmln

0.161279267

2.719429867

-4.028606

0.008623

Aif1

1.44602

8.353056167

-2.570767

0.004311

Cdh2

2.933458467

46.055135

-4.016924

3.3E-08

4.253638067

23.84202183

-2.561671

6.1E-06

Nsg2

0.332146783

5.419633583

-4.015762

0.000288

Ntm

4.1811305

23.72942167

-2.551227

0.000536

12.02772183

65.73030333

-2.512605

3.54E-07

8.786613

47.39364667

-2.47767

0.000808

RGD1306556

Fgf2

0.376029817

5.479593167

-3.88314

0.000437

Bdnf

Sox2

0.184918417

2.792356017

-3.831623

0.006652

Mmp12

Ltbp1

4.595157933

60.79899833

-3.785679

4.97E-07

Eln

70.027

372.1437833

-2.469908

8.24E-14

Laptm5

8.426002883

44.5497

-2.46143

6.41E-06
0.001376

Gldn

1.014390867

13.61433017

-3.758083

0.001448

Tf

6.665183833

83.07123833

-3.710268

2.98E-21

Pde2a

4.277801667

22.11474583

-2.451321

6.331253

33.19827333

-2.443531

1.95E-07

1.2252995

6.2935875

-2.428206

0.009543

32.30561567

164.26916

-2.406915

2.43E-07

96.092805

489.95945

-2.403241

5.62E-11

2.827125

14.3187335

-2.387428

0.000201

Esam

8.8759555

107.0577617

-3.669365

4.82E-08

Cxcl1

Ccl2

3.4946775

42.39995167

-3.661369

3.91E-09

Naaa

0.69947425

7.992513833

-3.574488

5.81E-05

Ankrd1

0.465964617

5.272229083

-3.505791

0.000672

Myh11

Tbc1d2

1.12618825

11.81039867

-3.437049

1.33E-06

Pltp

Prima1

3.804209717

38.74501833

-3.397074

7.18E-08

Il1rl2

2.3818175

11.91024033

-2.371909

0.000639

Vwa1

0.513612467

5.4290695

-3.389622

0.000106

LOC102553715

1.452341867

7.280049667

-2.369166

0.000203

Plp1

1.1922042

11.9421375

-3.3622

0.000852

Rasl12

2.706401417

13.42269983

-2.367249

9.65E-05

Mt3

1.2343055

12.33810133

-3.353828

5.95E-08

Ptgir

2.678324767

13.1378445

-2.359771

0.002253

Pllp

0.381793917

3.775660167

-3.350061

0.008732

Serpine1

1017.28235

4951.1185

-2.341041

2.1E-10

6.746900833

32.739815

-2.331961

4.47E-08

AABR07073134.1
Ntrk2

1.4485471

14.2513925

-3.348639

0.000112

Angptl4

Itga11

2.118253433

20.05798667

-3.302578

2.56E-07

Cyfip2

2.462711683

11.71950483

-2.296974

0.002504

Grem1

363.8966767

3389.739167

-3.278928

4.63E-11

Lyz2

7.309285833

34.34512833

-2.295129

0.000867

Ptgds

1.00136575

9.105572667

-3.228367

0.005384

C1qa

21.368337

99.16713833

-2.272672

1.95E-05

Osr2

1.503704667

13.35101017

-3.212522

0.001076

Rftn1

29.33699033

135.4953833

-2.263942

5.37E-07

Ccl7

2.367371833

20.46926

-3.178911

0.009257

Snx30

8.4978925

38.40816667

-2.231562

3.66E-07

2.1786152

18.81723833

-3.15339

1.78E-06

Tm6sf1

4.97981165

22.33056667

-2.224012

0.007428

Prdm16

Bhlhe22
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Matn4

4.435150667

19.91265167

-2.223862

2.05E-06

Cpxm2

11.422894

0.913918217

3.51255

Plcl1

1.705625483

7.575441333

-2.218523

0.009225

Clec2d

5.475134667

0.434006167

3.498702

0.009364

S1pr1

4.720499333

20.16027817

-2.168512

0.00365

Tenm4

17.61223083

1.504278083

3.454343

0.000809

Tgm2

22.35738983

96.42888667

-2.161999

7.46E-05

Nlrp10

14.2166

1.222072167

3.44543

0.005818

1.602295

6.8888825

-2.144334

0.006913

Ptgis

89.4881

8.3853435

3.343546

2.04E-05

5.4394882

23.03485667

-2.130154

0.000151

Ntrk3

15.21452273

1.407702183

3.321991

0.005196

15.62685567

1.466088333

3.307997

0.000171

6.657685

0.645145917

3.228416

0.000134

Relt
Mtus1
Ralgps2

1.932772817

8.07311

-2.119438

0.005224

RGD1310507

Svil

14.81890117

61.67746

-2.116774

2.44E-10

Il18

0.000219

Atp8b1

13.7965655

55.74511167

-2.071336

5.07E-07

Avpr1a

250.2217883

25.5161525

3.214687

4.67E-09

Inpp4b

2.94444965

11.89718883

-2.057261

0.006761

Dact2

6.138299833

0.622825333

3.186226

0.004795

Inhba

48.975855

195.8315667

-2.056137

5.56E-12

Ankrd29

8.658742167

0.898549417

3.153196

0.00727

Cfd

5.0870363

19.76063717

-2.054308

0.001094

Sema5a

6.640301667

0.703722167

3.101835

0.001076

27.84889833

110.4380233

-2.039196

7.3E-08

0.009538

4.104474

16.08466483

-2.035611

0.000108

Papss2

7.706111817

30.46119

-2.02672

0.00298

Il1rl1

54.65571333

212.3191333

-2.019962

1.41E-07

Nav3

3.01640135

11.8155465

-2.019896

0.00476

82.65470333

322.39345

-2.014349

8.24E-14

Foxs1
Vldlr

Hspa1b

Gfra2

4.667703667

0.51718485

3.038766

Fam109b

2.727421583

0.312685817

2.982723

0.009731

Rassf2

12.02398013

1.433117517

2.95297

0.000359

Itpr3

26.81977817

3.372736167

2.902935

5.81E-05

Efemp1

65.12273667

8.49721585

2.868082

0.000801
0.000197

Brinp1

13.262523

1.6884252

2.865149

200.409345

26.280155

2.860077

1.8E-11

Sfrp4

49.18774107

6.706583833

2.786803

0.000677

Plagl1

42.09468117

6.442735917

2.632049

0.000147

2149.794

332.1705833

2.626628

7.18E-14

Scd

90.88893667

14.13657583

2.608871

1.5E-21

Adrb2

14.74137733

2.328141183

2.573611

0.000186

Sema3d

Supplementary Table 2. Differentially expressed genes more abundantly expressed in gmASTRs
gene

average CPM gmASTRs

average CPM wmASTRs

log fold change

FDR

Tmem100

14.34831383

0.10021795

6.741042

1.59E-10

Cldn11

1844.162683

27.50461417

5.988716

1.92E-13

Rspo2

214.3976617

3.541357333

5.837835

3.05E-09

Cdh1

887.4926733

26.24795342

5.028875

5.04E-07

Necab1

8.178568833

0.24606895

4.859116

4.64E-06

Wnt16

53.48760317

2.119973833

4.561608

1.67E-06

Nxn

43.10235517

1.834186617

4.448228

0.00093

Ptgfr

7.412287167

0.30690065

4.351588

1.73E-05

Dcaf12l1

58.65887333

2.709623133

4.346584

9.66E-07

Col26a1

6.151459167

0.276805617

4.30924

4E-05

Spock3

30.98547333

1.521348183

4.252843

0.003419

Ephb2

18.47836483

0.969737167

4.132677

2.18E-07

Pcsk9

23.99161833

1.2623399

4.125506

1.16E-11

Dkk2

7.171214333

0.359036617

4.110709

0.000665

13.596095

0.7599093

4.041822

2.86E-06

Gap43
Pabpc4l

2.985809

0.155847683

4.005461

0.005894

6.439706133

0.367444183

3.943236

0.001192

Slc4a10

11.819236

0.7255066

3.903588

0.009731

March11

8.029110667

0.491214883

3.867427

0.000402

NEWGENE_68440

Mfap5

756.55855

49.23006167

3.86429

6.2E-29

Bend5

53.180321

3.5839685

3.813719

1.83E-05

Slc26a7

32.573083

2.245692667

3.775045

0.005054

124.21681

8.578236917

3.765432

5.69E-10

32.27271107

2.57108235

3.582088

0.001612

Tm4sf1
Cdh8
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Scd2

Igfbp4

165.53779

26.52194183

2.572831

0.000359

Zbtb7c

10.14351933

1.6219125

2.551035

0.000553

Col9a2
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Supplementary Figure 1. Weighted gene co-expression network analysis of adult gmASTRs and
wmASTRs. RNA from 6 biological replicate cultures of adult grey matter astrocytes (gmASTRs) and
adult white matter ASTRs (wmASTRs) was subjected to total 3’-RNA sequencing and a weighted gene
co-expression network analysis. (a) Cluster dendogram of genes modules containing genes that are
co-expressed. Each color represents a different module and each module contains genes with similar
expression patterns over all six sample sets. (b) Correlation of module eigengenes with experimental
variables: region and sample. (c) The royalblue gene module is positively correlated with gmASTRs
and negatively with wmASTRs. (d) The darkgrey gene module is positively correlated with wmASTRs
and negatively with gmASTRs.
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Supplementary Figure 2. Cholesterol biosynthesis genes are more abundantly expressed in grey matter
astrocytes. RNA from 6 biological replicate cultures of adult grey matter astrocytes (gmASTRs) and adult
white matter ASTRs (wmASTRs) is subjected to total 3’-RNA sequencing. Heatmap of identified sterol,
steroid, secondary alcohol and cholesterol related gene ontology pathways derived from weighted gene
co-expression network analysis (WGCNA, (Suppl. Fig. 1). Note that most cholesterol, steroid and sterol
related genes are more abundantly expressed in gmASTRs. (*FDR<0.05, **FDR<0.01, ***FDR<0.001).
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Abstract

Introduction

Multiple sclerosis (MS) is a chronic inflammatory disease characterized by the

Multiple sclerosis (MS) is a chronic inflammatory disease in which demyelinated

formation of demyelinated lesions in the central nervous system. At later stages

lesions are present both in the grey (GM) and white matter (WM) of the central nervous

of the disease repair in the form of remyelination often fails, which leads to

system. MS presents as a relapsing-remitting (RRMS) or progressive disease course.

axonal degeneration and neurological disability. For the regeneration of myelin,

Demyelinated axons can be remyelinated by endogenous oligodendrocyte progenitor

oligodendrocyte progenitor cells (OPCs) have to migrate, proliferate and differentiate

cells (OPCs), which involves their activation and migration to the demyelinated lesion

into remyelinating oligodendrocytes. Remyelination occurs faster and is more

where they will proliferate and mature into remyelinating oligodendrocytes (OLGs)4.

extensive in grey matter (GM) lesions than in white matter (WM) lesions. Here, we

However, remyelination capacity decreases with age5,440 and varies significantly

examined differences in neonatal OPCs from GM (gmOPCs) and WM (wmOPCs),

between patients7. Post mortem analyses of MS lesions revealed that in 30% of the

both intrinsically and in response to environmental (injury) signals. We show that

lesions remyelination fails by a malfunction in OPC recruitment, and in 70% by an

gmOPCs are less mature than wmOPCs, both on morphological and on gene-

inhibition of OPC differentiation10,37,261. Since myelin regeneration is essential for

expression level. Additionally, gmOPCs proliferate more and differentiate slower than

axonal survival, this in turn leads to secondary neurodegeneration, which is most

wmOPCs. When exposed to astrocyte-secreted signals wmOPC, but not gmOPC,

profound in progressive MS367. While there are some immunomodulatory drugs

migration decreases. In addition, wmOPCs are more sensitive to the detrimental

available that alter RRMS disease course by reducing the number and severity of

effects of IFNγ treatment on proliferation, differentiation, and process arborisation,

relapses, no effective treatments are available for progressive stages. A therapy aimed

which is potentiated by TNFα. Our results demonstrate that OPCs from GM and WM

at improving remyelination capacity might prove beneficial for MS patients. For the

differ both intrinsically and in response to their environment, which may contribute

development of such a drug, a thorough understanding of OPCs and the process of

to the difference in remyelination efficiency between GM and WM MS lesions.

remyelination is imperative.
In MS lesions37,38,441 and upon toxin-induced demyelination18, remyelination is more
efficient in the GM than in the WM. This may at least partially be due to a higher
OPC density in GM lesions37, and micro-environmental factors influencing OPC
differentiation like spatial differences in inflammatory signals39,320,442–444, extracellular
matrix composition37 and differences in the spatial and temporal expression of
growth factors19. However, local differences in remyelination efficiency might also,
be explained by regional heterogeneity in OPCs. Indeed, in vivo, OPCs in the WM
(wmOPCs) produce mature myelinating OLGs more efficiently than OPCs in the
GM (gmOPCs), which proliferate slower and produce fewer mature cells60,122,130,131.
Additionally, OPC density is higher in WM than in GM60,122, which may be a result
of the difference in proliferation rate122. When observed in their own respective
environments, the expansion phase of gmOLGs in development is much longer
compared to wmOLGs, and OLG turnover is higher in human GM than in human
WM159. When OPCs from GM (cortex) and WM (corpus callosum) are homo- and
heterotopically transplanted, wmOPCs differentiate equally well into mature OLGs
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in both healthy GM and WM upon transplantation. In contrast, gmOPCs remain

Results

more immature irrespective of the environment , indicating intrinsic differences
115

between regional OPCs.

GmOPCs are morphologically less mature than wmOPCs
To bypass the effect of differences in regional signalling factors that may obscure

Here, we aimed to address intrinsic differences in functional behaviour of gmOPCs

intrinsic differences of OPCs, OPCs from the cerebral cortex (GM, referred to as

and wmOPCs that are relevant for remyelination, including migration, proliferation,

gmOPCs) and non-cortical parts (mainly WM, referred to as wmOPCs) of neonatal

survival, differentiation and myelin membrane formation. In addition, we assessed

rat forebrains were isolated (fig. 1a) and cultured for 12 days with their respective

whether regional OPCs differentially respond to environmental signals that are

astrocytes and microglia. To maintain OPCs, i.e., to prevent differentiation, cells were

present in healthy tissue, such as factors secreted by astrocytes, and in demyelinated

cultured in the presence of PDGF-AA and FGF-2. As OPC morphology represents

(MS) lesions, such as the pro-inflammatory cytokines tumour necrosis factor-α

their maturation stage, the surface of cultured OPCs was immunolabelled with the

(TNFα) and interferon-γ (IFNγ)31. Our findings revealed that gmOPCs are less mature

anti-ganglioside antibody A2B5, an OPC-specific surface marker (fig. 1b). To examine

and wmOPCs are more susceptible to IFNγ-mediated inhibition of OPC proliferation,

the complexity of OPC morphology, cellular processes were traced and subsequently

differentiation and process arborisation. These intrinsic and functional differences

analysed using Sholl analysis, which quantifies the number of process intersections

may contribute to the observed increased remyelination efficiency of demyelinated

against the radial distance from the soma center445,446. While gmOPCs and wmOPCs

GM lesions compared to WM lesions in physiological and pathological conditions,

had a similar average process length (fig. 1c; respectively 61.3 ± 5.3 µm and 57.2 ±

i.e., MS.

2.0 µm, p=0.363), the average number of branch points was lower in gmOPCs than
in wmOPCs (fig. 1d, respectively 2.6 ± 0.7 and 4.0 ± 0.4, p=0.026). Sholl analysis
(fig. 1e,f) showed a higher maximum number in process intersections of wmOPCs
compared to gmOPCs (fig. 1g, respectively 5.2 ± 0.4 and 3.7 ± 0.3, p=0.021), while
the distance from the soma with the maximum number of intersections was similar
(fig. 1h, respectively 39.6 ± 1.5 and 30.6 ± 3.3, p=0.113). When plotting the number of
intersections against the distance of the soma, the area under the curve (AUC) was
larger for wmOPCs than for gmOPCs (fig. 1i, respectively 521.2 ± 44.3 and 377.3 ± 44.9,
p=0.004), indicating a more complex morphology of wmOPCs.
GmOPCs are less mature than wmOPCs on gene expression level
To examine whether this difference in morphological maturity is also reflected at the
gene expression level, we next determined the mRNA expression level of genes that
specify the maturation state of OPCs. The mRNA expression level of the transcription
factor Hes1, an inhibitor of myelination447 was higher in wmOPCs than in gmOPCs
(fig. 2a, 2.34 ± 0.21 fold change, p=0.008), whereas the immature OPC transcription
factor Sox9103 was lower in wmOPCs than in gmOPCs (fig. 2a, 0.47 ± 0.17 fold change,
p=0.048). The expression levels of Id2 and Hes5, transcription factors inhibiting
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maximum number of branch points (h) and area under the curve (i) of five independent experiments
(24-26 cells analysed per independent experiment). Error bars show the standard error of the mean.
Statistical analyses were performed using a paired two-sided t-test (* p<0.05, ** p<0.01). Scale bar is
50 µm.

myelination448–450, were similar between gmOPCs and wmOPCs [fig. 2a, respectively
0.86 ± 0.08 (p=0.172) and 0.69 ± 0.23 (p=0.279) fold change]. Intriguingly, the mRNA
levels of several genes that are associated with myelination were significantly higher
in wmOPCs than in gmOPCs (fig. 2b). These include the transcription factors
Tcf7l2451 (fig. 2b, 2.16 ± 0.25 fold change, p=0.020), Myrf452 (fig. 2b, 2.93 ± 0.37 fold
change, p=0.013) and Nkx6-2453 (fig. 2b, 5.03 ± 1.06 fold change, p=0.032) and the
myelin proteins Cnp449 (fig. 2b, 1.93 ± 0.23 fold change, p=0.026) and Mbp449 (fig. 2b,
4.56 ± 0.16 fold change, p=0.0002). The mRNA expression of OPC maturity markers

5
Figure 1. GmOPCs are morphologically less mature than wmOPCs. Oligodendrocyte progenitor cells
(OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal rat forebrains
were cultured in the presence of PDGF-AA and FGF-2 for 48 hours. (a) Schematic representation of
dissected areas of neonatal rat forebrains to obtain gmOPCs and wmOPCs (b) OPCs stained with
the OPC cell surface marker antibody A2B5. Representative images are shown. (c-h) Analysis of the
morphology of (b) using Sholl analysis of gmOPCs and wmOPCs of the same batch. The process
length (c), the number of branch points (d), the number of processes that intersect with the concentric
circles of the Sholl analysis as a function of the distance from the soma (f), maximum intersections
(g), distance of the soma with the maximum number of branch points (h) and area under the curve (i)
are shown. A representative image of the Sholl analysis is shown in (e). Note that while the process
length is similar, wmOPCs have more branch points, a larger maximum of intersections and total area
under the Sholl curve, indicating a more complex branched phenotype than gmOPCs. Bars represent
mean process length (c), branch points (d), maximum intersections (g), distance of the soma with the
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Figure 2. GmOPCs are less mature than wmOPCs on gene expression level. Oligodendrocyte progenitor
cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal rat forebrains
were cultured in the presence of PDGF-AA and FGF-2 for 48 hours. OPC were subjected to qPCR
analysis of markers that i) inhibit OPC differentiation (a, immature markers), ii) are associated with
myelination (b, mature markers, in ascending order of maturity) and iii) are enriched in differentiation
committed OPCs (c, COP markers). Hmbs was used as reference gene; the reference gene Eef1a1
showed similar results (data not shown). Note that the mRNA expression levels of the more mature
OPC markers are increased in wmOPCs compared to gmOPCs. Bars represent mean expression
levels relative to gmOPCs, which were set at 1 for each independent experiment (horizontal line). Error
bars show the standard error of the mean. Statistical analyses were performed using a one-sample
t-test (* p<0.05, ** p<0.01, *** p<0.001, n=4).
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Itpr242, Lpar1454 and Opalin449 did not differ significantly between gmOPCs and
wmOPCs [fig 2b, respectively 1.22 ± 0.14 (p=0.200), 2.18 ± 0.47 (p=0.086) and 4.10
± 1.65 (p=0.157) fold change]. These findings indicate that gmOPCs are less mature
than wmOPCs, while the higher levels of Hes1 in the more mature wmOPCs may
prevent wmOPC differentiation. Recently, a single cell analysis study has identified
the so-called differentiation committed oligodendrocyte progenitor cells (COPs),
which represent more mature OPCs42. To assess whether wmOPCs may resemble
COPs, we next investigated genes that are highly expressed (Neu4, Bmp4, Gpr17 and
Sox6) or downregulated (Pdgfra) in COPs. The mRNA expression level of Neu4 was
approx. 2-fold higher in wmOPCs (fig. 2c, 2.31 ± 0.27 fold change, p=0.016), while
Pdgfra mRNA levels were significantly lower in wmOPCs than in gmOPCs (fig. 2c,
0.72 ± 0.08 fold change, p=0.041). The mRNA levels of Bmp4 and Gpr17, COP-related
genes involved in keeping OPCs undifferentiated35, were also approx. 2-fold higher
in wmOPCs than in gmOPCs, albeit not significant [fig. 2c, respectively 1.77 ± 0.37
(p=0.127), and 2.36 ± 0.58 (p=0.103) fold change]. Hence, in vitro gmOPCs were less
mature than wmOPCs both morphologically and at the gene expression level of OPC
differentiation-associated genes. To assess whether these differences in maturity of
gmOPCs and wmOPCs are translated into functional differences, we next examined
cell behavioural processes that are relevant to remyelination.
GmOPCs proliferate more and differentiate slower than wmOPCs
Upon demyelination one of the first events is the migration of activated adjacent
OPCs to the lesioned area. To assess whether gmOPCs and wmOPCs differ in their
migratory capacity, gmOPCs and wmOPCs were cultured on a porous membrane,
and cellular migration towards a PDGF-AA gradient was examined. The percentage
of gmOPCs that have migrated in 4 hours across the transwell membrane was similar
to the percentage of migrated wmOPCs (fig. 3a,b, respectively 10.7 ± 1.7% and 8.8 ±
1.2%, p=0.146). In addition, OPCs have to proliferate to obtain sufficient numbers for
successful remyelination. After a 48-hour exposure to the mitogens PDGF-AA and
FGF-2, the percentage of cells positive for the proliferation marker ki67 was higher
in gmOPCs than in wmOPCs (fig. 3c,d, respectively 36.8 ± 5.6% and 28.3 ± 3.2%,
p=0.048). The final step in remyelination is the differentiation of OPCs towards mature
myelinating OLGs. Fluorescent imaging of GalCer/sulfatide by R-mAb showed that
wmOPCs that maturated into wmOLGs were larger than gmOPCs that maturated
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Figure 3. WmOPCs proliferate less and differentiate faster than gmOPCs. Oligodendrocyte progenitor
cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal rat forebrains
were cultured for 4 hours (a,b) or 48 hours in the presence of PDGF-AA and FGF-2 (c-i), followed by
differentiation for 3 (immature stage, e,f and h) or 6 days (mature stage, g-i). (a,b) OPC migration
towards a 10 ng/ml PDGF-AA gradient (4 hours) was determined using a transwell assay. Representative images of migrated DAPI-stained OPCs are shown in a; quantitative analyses of the percentage
of DAPI-stained migrated OPCs of the total number of plated cells in b (n=10), (c,d) OPC proliferation
was determined by immunocytochemistry for the proliferation marker, ki67. Representative images are
shown in c; quantitative analyses of the number of ki67-positive of total DAPI-stained cells in d (n=16,
at least 150 cells analysed per independent experiment). Note the higher percentage of proliferating
gmOPCs compared to wmOPCs. (e-i) OPC were differentiated for 3 (e,f, and h) and 6 days (g-i) and
incubated with either (e) R-mAb, recognizing GalCer/sulfatide, or (f-i) double stained for MBP (red), a
mature marker of oligodendrocytes (OLGs) and Olig2 (green), OLG lineage marker. Representative
images are shown in e, f and g; quantitative analyses of the number of MBP-positive OLGs of total
Olig2-positive cells in h (n=8 for 3 days, n=10 for 6 days, at least 150 cells analysed per independent
experiment) and the number of MBP-positive cells that elaborate myelin membranes in I (n=10, 6 days).
Note that after 3 days of differentiation wmOLGs are larger and morphologically more complex than
gmOPCs. In addition, wmOPCs show an accelerated differentiation, while the number of MBP-positive
cells bearing myelin membranes at day 6 is similar. Bars represent means. Error bars show the standard error of the mean. Statistical analyses were performed using a paired two-sided t-test (* p<0.05,
*** p<0.001). Scale bar is 50 µm.
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into gmOLGs (fig. 3e) corroborating a recent finding that OLGs show regional

extensive process networks. Next to intrinsic differences in functional behaviour, a

heterogeneity in morphology . Immunofluorescent labelling of MBP, a marker for

distinct response of gmOPCs and wmOPCs towards micro-environmental signals

mature OLGs, showed that significant more wmOPCs expressed MBP after 3 days

may also contribute to differences in (re)myelination efficiency.
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of differentiation than gmOPCs (fig. 3f,h, respectively 24.4 ± 3.0%and 15.7 ± 2.5%,
p=0.0003). However, after 6 days of differentiation the percentage of MBP-positive
cells of gmOPCs and wmOPCs was similar (fig. 3g,h, respectively 38.8 ± 4.5% and
37.8 ± 5.2%, p=0.862). A read-out parameter for ‘myelination’ in OLG monocultures
is the number of cells that elaborate MBP-positive myelin membranes of total MBPpositive cells. GmOLGs and wmOLGs hardly differed in their ability to form myelin
membranes in vitro (fig. 3g,i, respectively 39.8 ± 10.6% and 39.3 ± 9.4%, p=0.926).
As the percentage of MBP-positive cells reaches a maximum at day 6, these findings
indicate that the differentiation of wmOPCs was accelerated in vitro. Hence, in vitro
gmOPCs proliferated more, while wmOPCs differentiated faster and elaborated more

WmOPCs migrate less in response to astrocyte conditioned medium than
gmOPCs
Astrocytes are important regulators of OPC behaviour455,456. To examine whether
gmOPCs and wmOPCs respond differently to astrocyte-derived factors we exposed
gmOPCs and wmOPCs to astrocyte conditioned medium (ACM) and determined
the effect on OPC migration, proliferation and differentiation. To this end, nonconditioned medium (NCM) and ACM were added to OPCs for the duration of the
experiment. Exposing OPCs for 24 hours to ACM impairs wmOPC, but not gmOPC
migration, [fig. 4a, respectively 0.76 ± 0.4 (p=0.003) and 1.86 ± 0.97 (p=0.427) fold
change], while proliferation of gmOPCs and wmOPCs was hardly affected upon ACM
exposure [fig. 4b, respectively 1.59 ± 0.39, (p=0.181) and 1.01 ± 0.15 (p=0.952) fold
change]. Furthermore, upon ACM exposure the percentage of MBP-expressing cells
was increased after 3 days and 6 days of differentiation [respectively fig. 4c, 2.13 ±
0.35 (p=0.033) fold change and fig. 4d, 1.51 ± 0.17 (p=0.040) fold change]. The effect of
ACM exposure on gmOPC differentiation was more variable, although a similar but
not significant increase in differentiation was observed [fig. 4c, 2.22 ± 0.65 (p=0.134)

Figure 4. WmOPCs migrate less in response to astrocyte secreted factors than gmOPCs. Oligodendrocyte
progenitor cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal rat
forebrains were treated with non-conditioned medium (NCM) or cultured in the presence of astrocyte
conditioned medium (ACM) at the indicated time points for the duration of the experiment. (a) OPC
migration towards a 10 ng/ml PDGF-AA gradient (4 hours) was determined using a transwell assay
(n=5). Note that exposure to ACM decreased the migration of wmOPCs compared to NCM treatment,
while gmOPC migration tends to increase upon ACM exposure. (b) Following 24 hours in culture,
OPCs were exposed to NCM and ACM for 24 hours in the presence of PDGF-AA and FGF-2. OPC
proliferation was determined by immunocytochemistry for the proliferation marker, ki67 (n=7). (c-e)
OPCs were differentiated in NCM or ACM for 3 (c) and 6 days (d,e) and subjected to a double staining
for MBP (red), a mature marker of oligodendrocytes (OLGs) and Olig2 (green), an oligodendrocyte
(OLG) lineage marker (n=5). Note that ACM increased differentiation (c,d), while myelin membrane
formation is hardly affected (e). Bars represent mean relative to their respective NCM-treated control,
which was set at 1 for each independent experiment (horizontal line). Error bars show the standard
error of the mean. Statistical analyses were performed using a one-sample t-test (* p<0.05, ** p<0.01)
to test for differences between treatments and their respective control and an unpaired two-sided
t-test was used to test whether the response to ACM differed between gmOPCs and wmOPCs (not
significant).
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fold change and fig. 4d, 1.58 ± 0.43 (p=0.251) fold change]. This suggests that secreted
molecules in ACM per se stimulate OPC differentiation. Myelin membrane formation
in both gmOLGs and wmOLGs was hardly if at all altered upon addition of ACM [fig.
4e, respectively 1.05 ± 0.05 (p=0.352) and 1.23 ± 0.11 (p=0.093) fold change]. Hence,
wmOPCs were more receptive to astrocyte secreted signals, which alter functional
endpoints relevant for myelination, i.e. migration and differentiation. In MS lesions,
other factors like the pro-inflammatory cytokines TNFα and IFNγ may influence
remyelination capacity of OPCs31,457–462. Also, pro-inflammatory cytokines seem to play
a role in the pathology of rodent models of MS, including experimental autoimmune
encephalomyelitis and cuprizone-induced demyelination463–465. Therefore, we next
examined the effect of TNFα and IFNγ on gmOPC and wmOPC morphology and
behaviour in vitro.
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Figure 5. IFNγ increases the process length of gmOPCs and wmOPCs and reduces the number of
branch points in wmOPCs. Oligodendrocyte progenitor cells (OPCs) isolated from the cortex (gmOPCs)
and non-cortex (wmOPCs) of neonatal rat forebrains were left untreated or treated with 10 ng/ml TNFα,
500 U/ml IFNγ, or a combination of TNFα and IFNγ for 48 hours in the presence of PDGF-AA and FGF2. (a) Cell cytotoxicity as measured with an LDH assay (n=4). (b) Cell viability as measured with MTT
reduction (n=4). Note that IFNγ treatment reduces the MTT reduction in both gmOPCs and wmOPCs
compared to their respective untreated control. (c-e) OPCs stained with the OPC cell surface marker
antibody A2B5. Representative images are shown e. (c,d) Analysis of the morphology of gmOPCs and
wmOPCs of the same batch. The process length (c, n=3) and the number of branch points (d, n=3)
are shown. Note that IFNγ increases the process length of gmOPCs and wmOPCs (c) and reduces
the number of branch points in wmOPCs, but not gmOPCs (d). When IFNγ is combined with TNFα the
number of branch points is decreased in either OPC. Bars represent mean relative to their respective
untreated control, which was set at 1 for each independent experiment (horizontal line). Grey bars
represent gmOPCs, white bars represent wmOPCs. Error bars show the standard error of the mean.
Statistical analyses were performed using column statistics with a one-sample t-test (* p<0.05, **
p<0.01, *** p<0.001) to test for differences between treatments and their respective control and a oneway ANOVA with a Šidák post-test was used to test whether the response to TNFα, IFNγ andTNFα and
IFNγ combined differed between gmOPCs and wmOPCs (not significant). Scale bar is 50 µm.
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Figure 6. IFNγ decreases the maximum number of intersections in gmOPCs and wmOPCs and increases
the distance of the soma with the maximum number of intersections of gmOPCs. Oligodendrocyte
progenitor cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal
rat forebrains were left untreated or treated with 10 ng/ml TNFα, 500 U/ml IFNγ, or a combination of
TNFα and IFNγ for 48 hours in the presence of PDGF-AA and FGF-2. OPCs were stained for the OPC
cell surface marker A2B5 to visualize their morphology (see Fig. 4e). The number of processes that
intersect with the concentric circles of Sholl analysis as a function of the distance from the soma (a,b),
maximum intersections (c,e) and distance of the soma with the maximum number of branch points (d,f)
are shown. Grey bars represent gmOPCs (a,c,d), white bars represent wmOPCs (b,e,f). Error bars
show the standard error of the mean. Note that the maximum number of intersections is decreased
in wmOPCs upon treatment with IFNγ, and in both gmOPCs and wmOPCs upon treatment with IFNγ
combined with TNFα, while the distance of the soma with the maximum number of intersections is
increased upon IFNγ treatment in gmOPCs. Statistical analyses were performed using a one-way
ANOVA with a Tukey’s post-test (* p<0.05, ** p<0.01, *** p<0.001) to test for differences between
treatments and their respective control. Scale bar is 50 µm.

the number of branch points in wmOPCs

remyelination capacity. We asked whether exposure of OPCs to these cytokines in

Inflammation is a hallmark of MS, and pro-inflammatory cytokines TNFα and IFNγ

vitro might affect functional endpoints relevant for remyelination. First, to assess the

have been demonstrated to play a role in the disease462,466–468. OPCs in an MS lesion

cytotoxicity of cytokine treatments on OPCs, LDH and MTT-reduction assays were

environment have been exposed to these cytokines, which could result in an altered

performed upon 48-hour treatment. Exposure to TNFα, or IFNγ hardly if at all induced
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cytotoxicity in both gmOPC and wmOPCs [fig. 5a, respectively 0.84 ± 0.05 (p=0.059)

WmOPCs are more sensitive to TNFα- and IFNγ-mediated inhibition of

and 0.91 ± 0.05 (p=0.191) fold change]. However, IFNγ treatment significantly reduced

proliferation than gmOPCs

MTT-reduction of wmOPCs (fig. 5b, 0.62 ± 0.03 fold change, p=0.001), an effect

To examine the effect of pro-inflammatory cytokines on cell behaviour aspects that

which is less pronounced and not significant in gmOPCs (fig. 5b, 0.70 ± 0.31 fold

are relevant to OPC recruitment, we next examined the effect of TNFα and IFNγ

change, p=0.105), indicating reduced metabolic activity in IFNγ-treated wmOPCs.
Consecutively, morphological assays were performed. IFNγ treatment markedly
increased the process length of both gmOPCs and wmOPCs [fig. 5c, respectively
1.64 ± 0.03 (p=0.002) and 1.64 ± 0.10 (p=0.025) fold change], whereas exposure to
TNFα did not affect process length [fig. 5c, respectively 0.95 ± 0.05 (p=0.454) and
0.91 ± 0.10 (p=0.439) fold change]. TNFα and IFNγ together significantly increased
gmOPC process length to a similar extent as IFNγ treatment (fig. 5c, 1.67 ± 0.10 fold
change, p=0.023). As shown in figure 5d, upon IFNγ exposure the number of branch
points decreased significantly in wmOPCs (0.50 ± 0.05 fold change, p=0.010), but
not in gmOPCs (0.85 ± 0.06 fold change, p=0.139). Remarkably, the effect of IFNγ
on wmOPCs was potentiated upon combined treatment with TNFα (fig. 5d, 0.30 ±
0.04 fold change, p=0.004), while exposure to TNFα was seemingly ineffective both
in gmOPCs and wmOPCs [fig. 5d, respectively 1.12 ± 0.15 (p=0.501) and 1.32 ± 0.26
(p=0.340) fold change]. Sholl analysis further revealed that IFNγ treatment reduced
the maximum number of process intersections in wmOPCs compared to untreated
wmOPCs (fig. 6b,e, respectively 3.49 ± 0.29 and 5.16 ± 0.42, p=0.004), but not in
gmOPCs (fig. 6a,c, respectively 3.37 ± 0.29 and 3.84 ± 0.34, p=0.786). However, in
gmOPCs the maximum number of intersections shifted towards a higher distance
from the soma upon exposure to IFNγ (fig. 6a,d, respectively 66.0 ± 4.6 and 30.6
± 3.3, p=0.0003), which was not evident in wmOPCs (fig. 6b,f, respectively 59.0 ±
13.2 and 39.6 ± 1.5, p=0.152). Remarkably, combined treatment of IFNγ with TNFα
counteracted the effect of IFNγ in gmOPCs, i.e., the distance of the soma with the
maximum number of intersections was similar to untreated control and TNFαtreated gmOPCs (fig. 6a,d, 30.6 ± 3.3 and 36.0 ± 3.5, p=0.270). Hence, these findings
indicate that IFNγ treatment reduces OPC process arborisation, i.e., OPCs appear
morphologically less mature upon IFNγ treatment, which was more pronounced in
wmOPCs than gmOPCs.
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Figure 7. WmOPCs are more sensitive to TNFα- and IFNγ-mediated inhibition of proliferation than
gmOPCs. Oligodendrocyte progenitor cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex
(wmOPCs) of neonatal rat forebrains were left untreated or treated with 10 ng/ml TNFα, 500 U/ml IFNγ,
or a combination of TNFα and IFNγ for 48 hours in the presence of PDGF-AA and FGF-2. (a,c) OPC
proliferation was determined by immunocytochemistry for the proliferation marker, ki67. Representative
images are shown in a; quantitative analysis of the number of ki67-positive of total DAPI-stained cells
in c (n=4, at least 150 cells analysed per independent experiment). (b) OPC migration towards a 10
ng/ml PDGF-AA gradient (4 hours) was determined using a transwell assay (n=5). Grey bars represent
gmOPCs white bars represent wmOPCs (b,c). Note that both exposure to TNFα and IFNγ decreased
wmOPC proliferation, while IFNγ, but not TNFα, decreased gmOPC proliferation. (d) mRNA expression
levels of Tnfrs1a, Tnfrs1b, Ifngr1 and Ifngr2. Hmbs was used as reference gene; the reference gene
Eef1a1 showed similar results (data not shown). Note that Ifngr1 expression levels are elevated in
wmOPCs compared to gmOPCS. Bars represent mean relative to their respective untreated control,
which was set at 1 for each independent experiment (horizontal line). Error bars show the standard
error of the mean. Statistical analyses were performed using a one-sample t-test (* p<0.05) to test
for differences between treatments and their respective control and a one-way ANOVA with a Šidák
post-test was used to test whether the response to TNFα, IFNγ and TNFα and IFNγ combined differed
between gmOPCs and wmOPCs (not significant). Scale bar is 50 µm.
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on gmOPC and wmOPC migration and proliferation compared to their respective

0.14 (p=0.009) and 0.10 ± 0.06 (p=0.001) fold change]. At 6 days of differentiation

untreated control OPCs. Upon exposure of TNFα, IFNγ or a combination of TNFα

the decrease in gmOPC differentiation upon treatment with IFNγ was diminished

and IFNγ, the number of migrating cells was similar in gmOPCs [fig. 7b, respectively,

(fig. 8a,c, 0.94 ± 0.24 fold change, p=0.818), while a slight but not significant decrease

0.81 ± 0.09 (p=0.100), 0.90 ± 0.11 (p=0.418) and 0.86 ± 0.12 (p=0.334) fold change] and

in wmOPC differentiation was still apparent upon TNFα and IFNγ exposure (fig.

wmOPCs [fig. 7b, respectively, 0.98 ± 0.12 (p=0.904), 1.12 ± 0.08 (p=0.202) and 1.12 ±

8a,c, 0.47 ± 0.17 fold change, p=0.055). The percentage of MBP-positive OLGs that

0.08 (p=0.202) fold change]. Exposure to TNFα resulted in a decrease in proliferation

form myelin membranes at 6 days of differentiation was hardly affected when

in wmOPCs (fig. 7a,c, 0.84 ± 0.04 fold change, p=0.021), but not in gmOPCs (fig. 7a,c,
1.01 ± 0.12 fold change, p=0.945). Similarly, exposure to IFNγ significantly decreased
wmOPC, but not gmOPC proliferation [fig. 7a,c, respectively 0.46 ± 0.12 (p=0.017)
and 0.74 ± 0.08 (p=0.051) fold change]. Combined treatment of TNFα and IFNγ
synergized in wmOPCs, resulting in a further decrease of proliferation (fig. 7a,c, 0.35
± 0.16 fold change, p=0.028). GmOPC proliferation also decreased upon exposure to
both TNFα and IFNγ (fig. 7a,c, 0.60 ± 0.07 fold change, p=0.013). Hence, these data
indicate that wmOPCs were more sensitive to TNFα- and IFNγ-mediated inhibition of
proliferation than gmOPCs. To examine whether the increased sensitivity of wmOPCs
was mediated via an increased expression of the TNFα and/or IFNγ receptor, qPCR
analysis was performed. The mRNA level of the IFNγ receptor Ifngr1, but not Ifngr2,
was higher in wmOPCs than in gmOPCs [fig. 7d, respectively 1.85 ± 0.28 (p=0.038)
and 1.40 ± 0.24 (p=0.163) fold change]. The mRNA levels of the receptors for TNFα
(Tnfrsf1a and Tnfrsf1b) did not significantly differ between wmOPCs and gmOPCs
[fig. 7d, respectively 1.50 ± 0.26 (p=0.123) and 1.35 ± 0.39 (p=0.421) fold change].
IFNγ delays wmOPC, but not gmOPC differentiation
Upon toxin-induced demyelination, and likely also in MS lesions, OPCs are only
transiently exposed to pro-inflammatory cytokines. To mimic the effect of this
transient exposure to inflammatory signals, OPCs were treated with TNFα, IFNγ
or a combination of TNFα and IFNγ for 48 hours, after which OPCs were allowed
to differentiate in the absence of cytokines. Upon 3 days of differentiation, a brief
exposure to IFNγ at the OPC stage decreased the percentage of MBP-positive
wmOLGs, but not of gmOLGs [fig. 8a,b, respectively 0.44 ± 0.16 (p=0.039) and 1.61
± 0.76 (p=0.477) fold change]. In contrast, TNFα hardly if at all changed gmOPC
and wmOPC differentiation [fig. 8a,b, respectively 1.83 ± 1.44 (p=0.604) and 1.61 ±
0.79 (p=0.502) fold change]. Remarkably, exposure to both TNFα and IFNγ drastically
decreased both gmOPC and wmOPC differentiation [fig. 8a,b, respectively 0.19 ±
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Figure 8. Exposure to IFNγ delays wmOPC, but not gmOPC differentiation. Oligodendrocyte progenitor
cells (OPCs) isolated from the cortex (gmOPCs) and non-cortex (wmOPCs) of neonatal rat forebrains
were left untreated or treated with 10 ng/ml TNFα, 500 U/ml IFNγ, or a combination of TNFα and IFNγ
for 48 hours in the presence of PDGF-AA and FGF-2, followed by differentiation in the absence of
cytokines. (a-d) OPC differentiation was determined at 3 (b) and 6 days (a,c,d) of differentiation using
double staining for MBP (red), a mature marker of oligodendrocytes (OLGs) and Olig2 (green), an
OLG lineage marker. Representative images at 6 days of differentiation are shown in a; quantitative
analyses of the number of MBP-positive cells of total Olig2-positive cells in b (3 days, n=4) and c (6
days, n=4) and the number of MBP-positive cells that elaborate myelin membranes in d (6 days, n=4).
Note that brief exposure to IFNγ at the OPC stage delays the differentiation of wmOPCs, but not of
gmOPCs, while combined treatment with TNFα and IFNγ inhibited differentiation of either OPC. Grey
bars represent gmOPCs, white bars represent wmOPCs (b,c,d). Error bars show the standard error
of the mean. Bars represent mean relative to their respective untreated control, which was set at 1
for each independent experiment (horizontal line). Statistical analyses were performed using a onesample t-test (* p<0.05) to test for differences between treatments and their respective control and
a one-way ANOVA with a Šidák post-test was used to test whether the response to TNFα, IFNγ and
TNFα and IFNγ combined differed between gmOPCs and wmOPCs (not significant) Scale bar is 50 µm.
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gmOPCs and wmOPCs were transiently exposed to the pro-inflammatory cytokines

Discussion

[fig. 8a,d, respectively 1.95 ± 0.64 (p=0.232) and 1.07 ± 0.06 (p=0.351) fold change

Remyelination at physiological conditions and in MS is more extensive in GM

upon TNFα exposure; 1.46 ± 0.96 (p=0.663) and 1.24 ± 0.27 (p=0.432) fold change

lesions than in lesions of the WM18,37,38,441. Here, we aimed to unravel whether

upon IFNγ exposure; 1.40 ± 0.86 (p=0.675) and 0.41 ± 0.24 (p=0.090) fold change

inherent differences in gmOPC and wmOPC behaviour, including their response to

upon combined TNFα and IFNγ exposure]. Note that after 6 days of differentiation

environmental (injury) signals, contribute to regional differences in remyelination

wmOLGs produced more elaborate myelin membranes than gmOLGs, consistent

efficiency. Our in vitro findings -based on morphology, proliferation and migration

with the more elaborated network at day 3 of differentiation (fig. 8a cf fig. 3e).

capacity, differentiation kinetics and expression of myelination-associated genes-

Hence, brief exposure to IFNγ at the OPC stage delays wmOPC, but not gmOPC

revealed that neonatal gmOPCs are less mature than neonatal wmOPCs. In addition,

differentiation in vitro and transient exposure to a combination of TNFα and IFNγ

wmOPCs were less migratory upon addition of astrocyte secreted factors than gmOPCs,

may perturb wmOPC differentiation.

and wmOPCs were also more sensitive to IFNγ-mediated inhibition of proliferation
and differentiation than gmOPCs, an effect that was potentiated by TNFα. Given
that OPCs revert to a more immature stage upon demyelination86, gmOPCs may have
evolved to be better equipped for remyelination than wmOPCs, i.e., gm OPCs are
more proliferative, less mature, and less responsive to astrocyte-derived factors that
affect recruitment and less susceptible to inflammatory mediators than wmOPCs.
The more matured stage of wmOPCs may provide an advantage in developmental
myelination and myelin remodelling.
Remarkably, most in vitro studies have been performed with GM (cortical) OPCs,
whereas remyelination and myelination in vivo is usually examined in WM areas.
Our detailed in vitro comparison between neonatal gmOPCs and wmOPCs allowed
us to characterize inherent differences between and responsiveness of regional OPCs
without the interference of spatial and interacting environmental cues. In vitro,
gmOPCs were less branched and had a higher capacity to proliferate in response to
PDGF-AA and FGF-2 than wmOPCs. Indeed, relatively more OPCs are present in GM
MS lesions, while endogenous remyelination in WM MS lesions is hampered by the
recruitment of OPCs to the lesion site37,38,61. The in vitro differentiation of wmOPCs
was accelerated compared to gmOPC differentiation. Previous fate mapping studies
during CNS development showed that wmOPCs produce more mature myelinating
OLGs, while gmOPCs remain immature122. Similarly, gmOPC, but not wmOPC
maturation is retained when transplanted to either a healthy GM or WM area of
the adult mouse brain115. Hence, while gmOPCs differentiate in vitro eventually
to a similar extent as wmOPCs, in vivo gmOPCs remain immature irrespective of
their environment. The relative maturity of wmOPCs, as evident by a more complex
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morphology and an increase in the level of genes that are associated with OPC

wmOPCs.

maturation may underlie the accelerated maturation of wmOPCs in vitro. In the adult
brain a continuum from OPCs to mature OLGs exists, and using a selection of genes,
including genes that mark the so-called COPs, i.e., differentiation committed more
mature OPCs, we show here that wmOPCs in vitro may resemble COPs more than
gmOPCs. Indeed, COPs are hardly present in the GM sensory cortex, but abundantly
present in the corpus callosum (WM)42. This indicates that OPCs in vivo are also
more mature in the WM than in the GM, and wmOPCs may have started to exit the
cell cycle and progressed to these committed OPCs. Of interest in this respect is that
the mRNA level of the transcription factor Hes1, a negative regulator of myelination
was higher in wmOPCs than in gmOPCs, which may keep the more mature and
less proliferative wmOPCs undifferentiated in the presence of PDGF-AA and FGF2. Indeed, it has been reported that combined exposure to these mitogens induces
Hes1 expression in OPCs , which may be more potent in wmOPCs. Also, wmOPCs
447

have reduced Pdgfra mRNA levels compared to gmOPCs, which may explain why
wmOPCs proliferated less in response to PDGF-AA and FGF-2 than gmOPCs.
OPC migration, proliferation and differentiation are critical for successful
remyelination. While the immaturity and the slower differentiation kinetics of
gmOPCs seem disadvantageous to remyelination, the opposite may be true. Adult
OPCs that are activated upon demyelination return first to a more immature,
neonatal-like state and this ‘dedifferentiation’ enhances their migratory capacities in
vitro86. Also, upon chronic cuprizone-induced demyelination remyelination is faster
in the cerebral cortex than in the corpus callosum18. In contrast, a recent genetic fate
mapping study demonstrate that OPC maturation upon acute cuprizone-mediated
demyelination occurs slower in the cingulate cortex and hippocampus than in
the corpus callosum224, indicating that also within GM areas OPC maturation and
remyelination efficiency are heterogeneous. OPCs in the GM and WM are surrounded
by different cellular and molecular environments and therefore influenced by distinct
regional cues that may orchestrate OPC maturity. In addition, the origin of OPCs
may signify functional differences in OPCs in GM and WM. The brain is populated by
three sequential OPC waves that are generated from different regions of the forebrain
ventricular zone73. At postnatal day 2 the third wave has populated the cortex, but not
yet WM areas. This may account for intrinsic differences in neonatal gmOPCs and
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Differences in maturation stage of gmOPCs and wmOPCs may also explain their
differential responsiveness to secreted factors from normal astrocytes. In response to
ACM, wmOPC migration was decreased and wmOPC differentiation was increased
compared to NCM-exposed control wmOPCs, while gmOPCs were less responsive to
ACM than wmOPCs. It should be noted that in the present study, ACM was derived
from non-activated astrocytes, while in MS lesions astrocytes become reactive. Of
interest, two distinct subsets of reactive astrocytes have been described, neurotoxic
A1 and neurotrophic A2 astrocytes21. In contrast to the conditioned medium of normal
astrocytes, neurotoxic A1 astrocytes inhibit gmOPC proliferation and differentiation21,
while ACM of LPS-activated astrocytes also inhibit gmOPC differentiation via secreted
TNFα469. Whether secreted factors from reactive astrocytes in the inflammatory MS
lesion environment differentially affect gmOPC and wmOPC behaviour and whether
this is of relevance to remyelination (failure) remains to be determined.
Upon demyelination OPCs face and respond to inflammatory mediators. The
transient expression of the pro-inflammatory cytokines TNFα and IFNγ coincides
with demyelination465,470,471, while their accumulation in MS lesions is suggested to
associate with OLG cell death31,466. Although TNFα and IFNγ have been described
to be cytotoxic to gmOPCs458,465,472, in the present study no increase in gmOPC
and wmOPC cytotoxicity was found at defined treatment conditions. Remarkably,
while TNFα was seemingly ineffective, in IFNγ-treated wmOPCs a decrease in
MTT reduction and proliferation was observed, consistent with previous findings
in gmOPCs473. In addition, upon IFNγ exposure an increase in process length was
noticed in both gmOPCs and wmOPCs, while a decrease in process ramification
and decelerated differentiation was observed in wmOPCs only. Strikingly, brief and
transient exposure of OPCs to IFNγ is sufficient to delay wmOPC differentiation, an
effect that was potentiated by TNFα. One of the few in vitro studies with wmOPCs
shows that continuous exposure to IFNγ perturbs differentiation, while in the current
study transient exposure of wmOPCs to IFNγ had a long-term effect on differentiation.
Hence, while retaining their ability to differentiate, brief exposure to IFNγ or IFNγ
and TNFα of resident OPCs in WM MS lesions may delay their differentiation, which
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is evidently of relevance for the development of therapeutic strategies aimed at

Methods

restoring remyelination.
Primary cell cultures
Taken together, neonatal gmOPCs and wmOPCs display their own distinct identity
in vitro, as, among others, reflected by differences in morphology, maturity
and responses to environmental (injury) signals, including pro-inflammatory
cytokines. Unravelling the underlying molecular mechanisms is not only crucial
for understanding OPC heterogeneity, but also for the development of therapeutic
interventions, as distinct strategies may be needed to restore remyelination in GM or
WM MS lesions.

Oligodendrocyte progenitor cells (OPCs)
Animal protocols were approved by the Institutional Animal Care and Use Committee
of the University of Groningen (the Netherlands). All methods were carried out in
accordance with national and local experimental animal guidelines and regulations.
OPCs were isolated from the neonatal cortex (fig. 1a, referred to as gmOPCs) and
neonatal non-cortical parts (WM tracts including corpus callosum, mixed GM and
WM tracts, including hippocampus and thalamus, and deep GM parts, including
basal ganglia, fig. 1a, referred to as wmOPCs) of rat forebrains using a shake-off
procedure as described previously258,349. A detailed description of the method is
provided in the supplementary information. The enriched OPC fraction contained
95-97% OPCs (Olig2-positive), less than 1% microglia (IB4-positive), 1-3% astrocytes
(GFAP-positive) and less than 1% neurons (TuJ1-positive) for both gmOPCs and
wmOPC cultures. OPCs were cultured on 13-mm poly-L-lysine (PLL, 5 µg/ml)-coated
glass slides in 24-well plates unless stated otherwise. With the exception of migration
and adhesion assays, cells were plated at a density of 30.000 (GM) or 40.000 (WM)
cells per well in defined Sato medium258 (see supplementary information). OPCs
were synchronized to the bipolar early OPC stage by addition of 10 ng/ml plateletderived growth factor-AA (PDGF-AA; Peprotech, cat. no. 100-13A) and 10 ng/ml
human fibroblast growth factor-2 (FGF-2; Peprotech, cat. no. 100-18B) 1 hour after
plating. Where indicated, 1 hour after plating cells were exposed for 48 hours to
cytokines TNFα (10 ng/ml) and/or IFNγ (500 U/ml). After 2 days OPCs were allowed
to differentiate in Sato medium supplemented with 0.5% fetal bovine serum (FBS)
for 3 (immature oligodendrocytes (OLGs)) or 6 days (mature OLGs).
Astrocytes
Remaining astrocytes of the mixed glia cell culture flasks (see supplementary
information) were passaged once by trypsinization and transferred to 162cm2
flasks and cultured in astrocyte medium (100U penicillin and streptomycin, 4mM
L-glutamine, 10% heat-inactivated FBS (Bodinco, cat. no. 4005-BDC-0814) in DMEM).
The enriched astrocyte fraction yielded a highly pure >97% astrocyte population.
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Upon reaching confluency, cells were trypsinised and plated in 6-well plates at 1*106

Briefly, A2B5-immunolabeled OPCs were photographed using a conventional

cells per well in astrocyte medium. After one day cells were washed with PBS and

immunofluorescence microscope (Leica DMI 6000 B), with 20x objective and photos

cultured for 24 hours in Sato medium. ACM was collected, filtered using a 0.45 µM

were converted to 8-bit TIFF files. TIFF files were loaded in FIJI477 and cellular processes

filter and stored at -20˚C until further use. OPCs were cultured in ACM with a 1:1 ratio

were traced using the NeuronJ plugin478. Traces were converted to SWC files by the

with Sato supplemented with 0.5% FCS where indicated.

Bonfire-program written for MATLAB446. SWC files were adapted in NeuronStudio479
after which Sholl-analysis and measurements of other morphological endpoints were

Immunocytochemistry
Live cell mmunolabelling of Ranscht-mAb (R-mAb; recognizing GalCer/sulfatide474,
a kind gift of Dr. Guus Wolswijk, NIN, Amsterdam, the Netherlands) and A2B5, an

performed by drawing concentric circles around the cell body with an incrementing
radius of 6µm. In each independent experiment 24-26 cells were analysed per
condition. Mean values of each independent experiment were taken and plotted.

antibody against c-series gangliosides (kind gift of Dr. Thijs Lopez-Cardozo, Utrecht,
the Netherlands), which are enriched at the surface of OPCs475,476 was performed at

Survival assay

4ºC. Non-specific antibody binding was blocked with 4% bovine serum albumin (BSA)

OPCs were plated in PLL-coated 24-well plates (Nunc; Thermo Fisher Scientific,

for 10 minutes and cells were incubated with A2B5 (1:5 in 4% BSA) for 30 minutes.

cat. no. 144530) in triplicate. OPC survival upon cytokine exposure was assessed by

Cells were rinsed twice with PBS and incubated with appropriate FITC-conjugated

3-(4,5-Dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT; Sigma-

antibody (1:50, Jackson ImmunoResearch). After washing twice with PBS, cells were

Aldrich, cat. no. M2128)-reduction and lactate dehydrogenase (LDH; Roche, cat. no.

fixed with 4% paraformaldehyde (PFA) in PBS for 20 minutes at room temperature

11644793001) assays. For the MTT-reduction assay, 500 μg/ml MTT was added to each

(RT) and incubated for 15 minutes with 1 µg/ml DAPI (Sigma-Aldrich, cat. no. 32670)

well and left to incubate for 4 hours at 37ºC. Cells were resuspended in dimethyl

for nuclear counterstaining. For staining of internal components, PFA-fixed cells

sulfoxide and absorption was measured at 570nm. LDH assays were performed

were permeabilized with 0.1% Triton X-100 (ki67, Olig2) for 30 minutes or ice-cold

according to manufacturer’s instructions on medium of cells analysed in the MTT-

methanol (MBP) for 10 minutes. Non-specific antibody binding was blocked with

reduction assay and related to medium of lysed untreated cells.

4% BSA for 30 minutes after which cells were incubated with either anti-ki67 (1 µg/
ml; Abcam, cat. no. ab15580), anti-myelin basic protein (MBP, 1:250 in BSA; Serotec,
cat. no. MCA409S) and/or anti-Olig2 (OLG lineage marker, 1:100 in BSA; Millipore,
cat. no. AB9610) antibodies at RT. Cells were washed 3 times with PBS before the
appropriate FITC-/TRITC-conjugated antibodies (1:50) were added together with 1
µg/ml DAPI for 30 minutes at RT. After washing with PBS, coverslips were mounted
using Dako mounting medium (Dako, cat. no. S3025). Samples were analysed using
a conventional immunofluorescence microscope (Leica DMI 6000 B with Leica
Application Suite Advanced Fluorescence software) equipped with a 40x objective. In
each independent experiment, approximately 150-250 cells were scored per condition.

Migration assay
OPCs were plated at a density of 1 x 105 on a PLL-coated porous membrane of a transwell
insert with a pore size of 8 μm (Falcon, cat. no. 734-0053). A chemoattractive gradient
was created by the addition of PDGF-AA (10 ng/ml) under the transwell insert. OPCs
were allowed to migrate for 4 hours after which cells were fixed for 20 minutes in
ice cold 5% acetic acid in ethanol. Cells were washed once with PBS. Cells on top of
the transwell membrane were removed using a cotton swab, and nuclei of migrated
cells were stained with 1 µg/ml DAPI. After washing thrice with PBS the membranes
were cut from the transwell insert and mounted in Dako mounting medium under
a glass coverslip. Fluorescent images of the whole membrane were taken with the

Morphology

TissueFAXS fluorescent microscope. The average number of migrated cells per mm2

Morphological analysis was performed as described by Langhammer and colleagues446.

was calculated using Tissuequest 4.0 software. Total number of migrated cells was
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calculated from the total surface of the membrane and related to total plated cells
after correction for non-adhering cells via the adhesion assay.

Table 1. Primer sequences used for RT-qPCR.
Gene

NCBI reference
sequence

Forward primer

Reverse primer

TGAGGGATCTTTACCGGCTC

CTCCAGATGTTCTTCGTGATGG

Bmp4

NM_012827.2

Adhesion assay

Cnp

NM_012809.2

CAACAGGATGTGGTGAGGAG

CCTGCTCATTAAGCACCACC

Cells were plated at density of 1 x 105 in PLL-coated wells in triplicate on a 96-well

Eef1a1

NM_175838.1

GATGGCCCCAAATTCTTGAAG

GGACCATGTCAACAATTGCAG

plate (Nunc; Thermo Fisher Scientific, cat. no. 167008) in 50 μl Sato medium. After

Gpr17

NM_001071777.1

CTTCTCTGGCAATCACTGGC

ACTTGACTGGGTGCACAATG

Hes1

NM_024360.3

GAAAGATAGCTCCCGGCATTC

GTACTTCCCCAACACGCTC

Hes5

NM_024383.1

TGAAGCACAGCAAAGCCTTC

ACGAGTAACCCTCGCTGTAG

Hmbs

NM_013168.2

CCGAGCCAAGCACCAGGAT

CTCCTTCCAGGTGCCTCAGA

Id2

NM_013060.3

CCAGAGACCTGGACAGAACC

GAATTCAGACGCCTGCAAGGAC

Ifngr1

NM_053783.1

CTAAGTCCTTGCTCTCTGTGG

GTCACTGTGGACAAGTGCTC

Ifngr2

NM_001108313.1

TACAGCTACGTCGATGGCTC

GCGCAGGAAGACTGTGTATG

Itpr2

NM_031046.3

GCTACACAACAACCGCAAAC

TAGTCCAGAAACCTCGGCTC

Lpar1

NM_053936.3

TGCCCTTTGGCCAGGCTTTC

AGTTTGGAGCGATGAAGAGGC

Mbp

NM_001025289.1

AGAACTACCCACTACGGCTC

GGTGTACGAGGTGTCACAATG

one hour, PDGF-AA was added. After 4 hours, cells were fixed with ice cold methanol
for 10 minutes. Cells were washed with PBS after which 0.2% crystal violet solution in
ethanol was added for 10 minutes. Wells were then washed thrice with water and cells
were dissolved in 1% sodium dodecyl sulphate. Absorption was measured at 570nm
after 30 minutes. Adhesion of gmOPCs was set to 1 for further analysis.
qPCR analysis
For OPC maturation markers OPCs were plated at a density of 106 cells in PLL-coated
Petri dishes (Nunc; Thermo Fisher Scientific, cat. no. 172958). After 2 days, cells were
gently scraped in PBS. For IFNγ/TNFα receptors mRNA was immediately isolated
after shake-off, corresponding with the time point at which they were exposed to

Myrf

NM_001170487.1

AGCCCTCCAATATAGACACCAG

TCAGGGAAGCAGAGGTCAG

Neu4

NM_001108234.1

CTATTGCTTTACGCTCCCTGG

CGGTTCTCTTGGGAACATGC

Nkx6-2

NM_001107558.2

AGAGCCAGGTGAAGGTGTG

TCTTTTTAGCCGACGCCATC

Opalin

NM_001017386.1

TGAGCCCATCGAGGAGACTG

TGTGACCTTCTTGAGCACCTC

TNFα and/or IFNγ. mRNA was isolated using an mRNA-isolation kit (Isolate II RNA

Pdgfra

NM_012802.1

AAGATGCTCAAACCCACAGC

ACAATGTTCAGATGCGGTCC

Micro Kit; Bioline, cat. no. BIO-52075) according to manufacturer’s instructions. 0.1

Sox6

NM_001024751.1

ATGCCTCCGCTCATGATCCC

GGGGTAGTTATCACCTGGCTTG

μg total RNA was reverse transcribed in the presence of oligo(dT)12–18 (Invitrogen,

Sox9

NM_080403.1

CAAGCTCTGGAGACTGCTG

GCCCATTCTTCACCGACTTC

cat. no. 18418012) and dNTPs (Invitrogen, cat. no. 10297018) with M-MLV reverse

Tcf7l2

NM_001191052.1

CATTTTCAATCCGGCAGCAC

CTTCCTGCTTGGACATCGAG

transcriptase (Invitrogen, cat. no. 28025013) according to manufacturer’s instructions.

Tnfrsf1a

NM_013091.1

TGTCCCCAGGGAAAGTATGC

CCAAGTAGGTTCCTTTGTGGC

Gene expression levels were measured by real-time quantitative RT-PCR using

Tnfrsf1b

NM_130426.4

ATTGAACCAAGCATCACGGG

GCAGGAGGGCTTCTTTTTCC

5

ABsolute QPCR SYBR Green Master Mix (Westburg, cat. no. AB-1163) in a StepOne Plus Real-Time PCR machine (Applied Biosystems). Each measurement was

Statistical analysis

performed in triplicate and amplification data was processed using the LinRegPCR

Data are expressed as mean ± standard error of the mean (SEM) for at least three

method413,414. Primer sequences are shown in table 1. Relative expression to 2
housekeeping genes (Eef1a1 and Hmbs) was calculated.

independent experiments. When absolute values between two groups were
compared (i.e., gmOPCs vs wmOPCs) statistical significance was assessed using a
paired two-sided t-test and when more than two groups were compared a one-way
ANOVA followed by a Tukey’s post-test was used. Statistical analysis was performed
with a one-sample t-test when relative values of groups were compared by setting the
untreated control values at 1 at each independent experiment. When relative values
of two conditions were compared between gmOPCs and wmOPCs an unpaired two-
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sided t-test was used. When relative values of multiple treatment conditions were

Data availability

compared between gmOPCs and wmOPCs a one-way ANOVA with a Šidák post-test

All data generated during and/or analysed during the current study are available

was used. Statistics were performed using GraphPad Prism 6.0. In all cases p-values

from the corresponding author on reasonable request.

of <0.05, <0.01, and <0.001 were considered significant and indicated with *, **, ***
respectively.
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Supplementary information

Primary cell cultures
The forebrains of 1-2 day old male and female Wistar rats were collected and cerebral
hemispheres were separated. Olfactory bulbs were removed. The neonatal cortex

Grey matter OPCs are less mature and less sensitive

[referred to as grey matter oligodendrocyte progenitor cells (gmOPCs)] and neonatal

to IFNγ than white matter OPCs: consequences for

including hippocampus and thalamus, and deep GM parts, including basal ganglia,
referred to as white matter OPCs (wmOPCs)] of the forebrain were separated and

remyelination

meninges were removed. Cortices and non-cortices were minced and incubated with
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1,‡

1,‡

1

Baron1,#
1

non-cortical parts [WM tracts including corpus callosum, mixed GM and WM tracts,

Department of Cell Biology, University Medical Center Groningen, University

of Groningen, A. Deusinglaan 1, 9713 AV, the Netherlands

papain digestion mix [240 µg/ml L-cysteine (Sigma-Aldrich, cat. no. C7477), 40 µg/
ml DNase I (Roche, cat. no. 10104159001), 30U papain from papaya latex (SigmaAldrich, cat. no. P3125) in MEM (Life Technologies, cat.no. 31095)] for 50 minutes at
37ºC. Enzymatic digestion was stopped by the addition of OVO [40 µg/ml DNase I
(Sigma-Aldrich, cat. no. 10104159001), 1 mg/ml trypsin inhibitor (Sigma-Aldrich, cat.
no. T6522), 50 µg/ml BSA (Sigma-Aldrich, cat. no. A4919) in L15 medium (SigmaAldrich, cat. no. L4386)] twice for three minutes. After gentle resuspension, the

‡

contributed equally to this work

single cell suspension was plated onto poly-L-lysine (PLL; 5 µl/ml; Sigma-Aldrich,
cat. no. P2636) coated flasks (Nunc T75; Thermo Fisher Scientific, cat. no. 153732) at

#
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the Netherlands, tel.: +31 503616116, fax: +31 503616190, email: w.baron@
umcg.nl

a density of 1.25-1.5 cortices or 3-3.5 non-cortices per flask containing O2A medium
[100U/ml penicillin and streptomycin (Invitrogen, cat. no. 15140), 4mM L-glutamine
(Invitrogen, cat. no. 25030), 10% (v/v) foetal bovine serum (FBS, Capricorn Scientific,
cat. no. FBS-12A) in DMEM (Life Technologies, 41965] and cultured for 12-14 days at
37ºC and 7.5% CO2. Flasks were shaken for 1 hour at 150 rpm on an orbital shaker (New
Brunswich Scientific, Innova 4000) after which detached microglia were removed.
Flasks were then shaken overnight at 240 rpm and detached OPCs were collected
and placed onto Petri dishes (Greiner Bio-One, cat. no. 633102) and incubated for
15 minutes at 37ºC for further purification via differential adhesion of microglia and
astrocytes but not OPCs. The enriched OPC fraction contained 95-97% OPCs (Olig2positive), less than 1% microglia (IB4-positive), 1-3% astrocytes (GFAP-positive) and
less than 1% neurons (TuJ1-positive). An additional overnight shake at 240 rpm
yielded an enriched (>97%) astrocyte population.
Sato medium
DMEM containing 5 µg/ml bovine insulin (Sigma, cat. no. I1882), 50 µg/ml human
holo-transferrin (Sigma-Aldrich, cat. no. T0665), 100 µg/ml bovine serum albumin
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fraction V (Sigma-Aldrich, cat. no. A3311), 62 ng/ml progesterone (Sigma-Aldrich,
cat. no. P8783), 16 µg/ml putrescine (Sigma-Aldrich, cat. no. P5780), 5 ng/ml sodium
selenite (Sigma-Aldrich, cat. no. S5261), 400 ng/ml T3 (Sigma-Aldrich, cat. no.
T6397), 400 ng/ml T4 (Sigma-Aldrich, cat. no. T1775), 4 mM L-glutamine, 100U/ml
penicillin and streptomycin and 27.5 µM 2-mercaptoethanol (BME; Sigma-Aldrich,
cat. no. 21985).
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Summary

its failure in MS are discussed. While OPCs appear transcriptionally relatively

Macroglia in the central nervous system (CNS) consist of astrocytes (ASTRs)

homogeneous12,13,42, clear morphological and functional differences between gmOPCs

and oligodendroglial lineage cells. Oligodendrocytes (OLGs) maturate from

and wmOPCs have been reported60,84,125–127,85,116–122. Upon demyelinating injury, OPCs

oligodendrocyte progenitor cells (OPCs) and are the myelinating cells of the CNS.

become heterogeneous at the transcriptional levels in experimental models86, but in

Myelin, a stack of several lipid-bilayers wrapped around axons, facilitates saltatory

MS few transcriptional alterations are observed in OPCs12,13. Mature OLGs do form a

condition and provides metabolic axonal support1,2,368. ASTRs support oligodendroglial

transcriptionally heterogeneous group of cells12,13,41,42. The abundance of some mature

lineage cell functioning and myelin membrane formation during development

OLG populations are reduced in MS12, whereas others express immune-related

among others by the supply of fatty acids and cholesterol47,48,371. Both myelin and

proteins41. While gmASTRs and wmASTRs are also morphologically, functionally and

OLGs are lost in multiple sclerosis (MS), resulting in demyelination accompanied

transcriptionally different, adult ASTRs appear less heterogeneous than mature OLGs

by inflammation and neurodegeneration, which leads to neurological disability51,53.

on their transcriptional profile. ASTRs rather display a high functional plasticity and

The regeneration of new myelin sheaths, a process called remyelination, is essential

adapt to the specific local functional needs43,44 and injury responses, which differ

for neuronal survival and recovery of neuronal function and halting further disease

between demyelinating injury in GM and WM37,39,319,323,363. Therefore, macroglia

progression11. ASTRs play a major role in orchestrating remyelination by transient

heterogeneity and distinct local injury responses toward demyelination may add to

signaling, among others, by extracellular matrix (ECM) remodelling46,249,396. In MS,

the difference in remyelination efficiency in GM and WM, as observed experimental

remyelination is often insufficient at a later phase during the disease4,77. Currently,

models and MS.

only disease-modifying immunosuppressive or immune-modulating treatments are
available for MS.

In MS lesions, the ECM protein fibronectin assembles into extracellular aggregates
that impair remyelination46. Chapter 2 addresses the underlying mechanism of

Remyelination is more robust in grey matter (GM) areas than in white matter

fibronectin aggregate formation by ASTRs and potential differences in fibronectin

(WM) areas. This is observed both in MS37,38 as well as in experimental models of

aggregate formation between wmASTRs and gmASTRs. Using primary ASTRs,

remyelination17,18. This difference in regional remyelination efficiency may originate

our findings revealed a double-hit model for fibronectin aggregation involving

from intrinsic differences in OPCs differentiating into new OLGs and/or differences

an initial activation in response to pro-inflammatory cytokines (first hit), which

in extrinsic signals derived from ASTRs. Indeed, macroglia form diverse populations

interferes with alternative fibronectin splicing (Fig. 1-3), followed by a response to

within the CNS12,41,42,207,286, which will affect the response to injury and recovery, and

a Toll-like receptor 3 (TLR3) agonist (second hit) that decreases integrin affinity

contribute to pathology. Therefore, the aim of this work was to explore potential

(Fig. 1-4), resulting in release of fibronectin fibrils from the cell surface. While the

differences between macroglia in GM and WM and if so, whether and how these

order of magnitude of aggregation induced by TLR3 agonist Poly(I:C) was similar in

differences affect OPC behavior and in vitro myelination. This knowledge may open

gmASTRs and wmASTRs, the absolute levels of fibronectin aggregates formed were

therapeutic avenues to reinvigorate the endogenous remyelination process in MS and

higher by wmASTRs than by gmASTRs. A similar diversity in alternative fibronectin

other demyelinating diseases.

splicing was observed between human post-mortem-derived control wmASTRs and
MS wmASTRs. Thus, research into factors that interfere with alternative fibronectin

In chapter 1, a comprehensive overview on the current knowledge on the diversity
in macroglia from the GM and WM, as well as their interplay in health is given. In
addition, the implications of regional diversity for remyelination and in light of
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splicing and TLR3-mediated signaling, and/or factors that prevent the decreased
fibronectin-integrin binding aid to proper fibril formation, thereby precluding
aggregation, are potential targets to aid remyelination in MS.
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Figure 1. Graphical abstract of the key findings in this thesis. (1) Grey matter (GM) astrocytes
(gmASTRs) have a protoplasmic morphology and express more genes related to the A2-ASTR
subype than white matter (WM) ASTRs, whereas wmASTRs have a more stellate morphology, are
more reactive and express more abundantly A1-ASTR-related genes. (2) Neonatal gmASTRs support
differentiation of both GM oligodendrocyte progenitor cells (gmOPCs) and wmOPCs, while wmASTRs
solely support differentiation of gmOPCs, but not wmOPCs via secreted factors. In contrast, adult
wmASTRs inhibit myelin membrane formation by wmOPCs. (3) Pro-inflammatory cytokines enhance
the relative ratio of fibronectin domains alternatively spliced domains EIIIA and EIIIB, which makes
fibronectin more prone to form aggregates. (4) wmASTRs form more fibronectin aggregates than
gmASTRs. Fibronectin aggregation is induced by Poly(I:C), a Toll-like receptor 3 (TLR3) agonist, which
decreases integrin affinity for fibronectin, thereby releasing fibronectin multimers from the cell surface
and promoting their fibronectin aggregation. (5) gmASTRs secrete more cholesterol than wmASTRs
and cholesterol enhance OPC differentiation. (6) Cholesterol efflux is inhibited by pro-inflammatory
cytokines via an ABCA1-mediated mechanism. Moreover, pro-inflammatory cytokines induced
secretion of soluble factors by gmASTRs which inhibited myelin membrane formation by differentiated
wmOPCs. (7) Unexpectedly, blocking committed cholesterol biosynthesis via a knockdown of SQS in
wmASTRs enhance in vitro myelination, likely via enhanced biosynthesis of unsaturated fatty acids and
non-sterol isoprenoids, likely resulting in increased isoprenylation and as a consequence a decrease of
IL1β secretion. (8) Treatment with TLR4 agonist LPS of either type of adult ASTRs results in secretion
of soluble factors that inhibit myelin membrane formation by differentiated OPCs. (9) gmOPCs are less
mature than wmOPCs, proliferate more in response to mitogens, while wmOPCs differentiate faster,
and are more sensitive to the detrimental effects of IFNγ. (10) Description of the used elements and
symbols. Green indicates a net positive effect on OPC differentiation and/or myelin membrane formation.
Red indicates a net negative effect on OPC differentiation and/or myelin membrane formation.

likely by enhanced synthesis of non-sterol isoprenoids, and increased mRNA
levels of Srebf1c, a transcription factor involved in unsaturated fatty acid synthesis,
both pathways upstream of committed cholesterol synthesis, masked the effect of
reduced levels of wmASTR-derived cholesterol. Cholesterol efflux from either ASTR
was reduced upon exposure to MS-relevant pro-inflammatory cytokines (Fig. 1-6),
Cholesterol is an essential, major integral membrane lipid component of myelin47,

which was mediated via the cholesterol transporter ABCA1. Therefore, interference

and is during development, and likely also upon remyelination48,372,480, supplied by

with non-sterol isoprenoid synthesis in ASTRs without interfering with cholesterol

ASTRs to developing OLGs and incorporated into myelin membranes48. In chapter

biosynthesis, may be a novel strategy to promote remyelination in WM MS lesions.

3 we aimed to address whether differences in remyelination in GM and WM may
relate to differences in cholesterol supply by gmASTRs and wmASTRs. In vitro,

In both chapter 2 and 3, neonatal rat ASTRs were studied and the findings

wmASTRs and gmASTRs retained their morphological different phenotype (Fig.

revealed that gmASTRs and wmASTRs were functionally diverse in modulating (re)

1-1). We demonstrated that gmASTRs exported more cholesterol (Fig. 1-5) and were

myelination; with gmASTRs being more beneficial and wmASTRs more detrimental.

more supportive to in vitro myelination than wmASTRs (Fig. 1-2), but that specific

In chapter 4 diversity of adult gmASTRs and wmASTRs was studied. Our findings

inhibition of cholesterol biosynthesis in wmASTRs was beneficial for wmASTR-

demonstrated that cultured adult gmASTRs and adult wmASTRs were heterogeneous

mediated modulation of in vitro myelination (Fig. 1-7). Reduced secretion of IL1β,
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cells, showed diversity at the transcriptional level, in their ability to modulate in

de- and remyelination often focus on white matter areas, such as the corpus callosum.

vitro myelination and in their response to TLR3 agonist Poly(I:C). More specifically,

This ignorance of macroglial diversity may lead to conflicting results obtained

whereas wmASTRs were more reactive, and had higher amounts of transcripts

by in vitro and in vivo studies. Hence, for MS research and the development of a

relevant for ECM production and modification, gmASTRs more abundantly express

remyelination promoting therapy it is essential to consider differential effects in GM

genes involved in sterol biosynthesis. In vitro analysis demonstrated that wmASTR

and WM lesions and that potential different strategies to promote remyelination in

were less supportive for in vitro myelination likely by secretion of factors that perturb

both regions may be required.

myelin membrane formation. Secreted factors from adult gmASTRs enhanced OLG
metabolic activity and ECM coatings from gmASTRs enhanced OPC proliferation.
When exposed to TLR4 agonist LPS, secreted factors from both gmASTRs and
wmASTRs inhibited myelin membrane formation (Fig. 1-8), while TLR3 agonist
Poly(I:C) elicited distinct responses. This diversity in gmASTRs and wmASTRs may
contribute to more efficient remyelination in GM lesions than in WM lesions17–19,37,441.
In addition to ASTR diversity, diversity in OPCs may contribute to regional differences
in remyelination. In chapter 5, potential differences between gmOPCs and wmOPCs
were studied. Our findings showed that neonatal gmOPCs and wmOPCs displayed
their own distinct properties in vitro, as reflected by differences in morphology,
maturity and responses to environmental (injury) signals, including pro-inflammatory
cytokines. Primary gmOPCs were morphological less complex and proliferated more
in response to mitogens than wmOPCs, while wmOPCs were more mature at the
gene expression level and differentiate faster than gmOPCs (Fig. 1-9). WmOPCs
were more sensitive to IFNγ-mediated inhibition of proliferation and differentiation
than gmOPCs, an effect that was potentiated by TNFα. Given that OPCs revert to a
more immature state upon demyelination86, gmOPCs may have evolved to be better
equipped for remyelination than wmOPCs, i.e. being more responsive to factors
related to recruitment and less susceptible to inflammatory mediators, while the
more matured stage provides wmOPCs an advantage in developmental myelination

6

and myelin remodeling.
Taken together, the studies described in this thesis show that upon demyelination
gmASTRs and gmOPCs may form an environment that is more permissive for
remyelination than wmASTRs and wmOPCs. Of importance, many in vitro studies
use macroglia derived from the cortex, a GM area, while experimental models for
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Concluding remarks and future perspectives

and fatty acids371,403, which have been shown to enhance OPC differentiation and
remyelination. Our unpublished data uncovered with the use of fractionation of

The work described in this thesis provided insight on macroglia diversity in GM
and WM and its relevance for in vitro myelination and will assist in uncovering new
therapeutic approaches aimed at enhancing endogenous remyelination in either
area. A therapy that specifically aims to enhance remyelination in MS is currently
lacking, although the anti-inflammatory activity of some medication used to treat
relapsing-remitting MS, including fingolimod315, dimethylfumarate481 and IFNβ482,

astrocyte-conditioned medium that both gmASTRs and wmASTRs secrete a soluble
factor larger than 30 kDa that inhibits myelin membrane formation. On the other
hand, the extent of OPC differentiation in MS lesions may not solely rely on the
type of OPC, the amount of cholesterol effluxed from ASTRs, nor the presence of
fibronectin aggregates, but also depend on the presence and availability of local
injury signals which are different in GM and WM lesions37,276,277,282,319,320,363.

have been shown to act on ASTRs. In the following paragraphs, overall consequences
of the findings described in this thesis for macroglia diversity on GM and WM

Consequences of inflammation for grey and white matter astrocyte modulation of

remyelination, for inflammatory mediators on gmASTR and wmASTR behavior and

myelination

for MS will be discussed, as well as future perspectives of therapeutic avenues for MS.

Intrinsic differences between gmASTRs and wmASTRs may differently modulate
remyelination by responding in a region-specific manner to demyelinating injury

Consequences of grey white matter diversity for remyelination
Our findings show that regionally distinct ASTRs and oligodendroglial lineage cells
likely contribute to the more robust remyelination in GM lesions than in WM lesions.
For example, both neonatal and adult gmASTRs were more supportive towards in
vitro myelination efficiency than wmASTRs (chapter 3, 4). While wmASTRs produce
more fibronectin aggregates that inhibit OPC differentiation (chapter 2), gmASTRs
secrete more cholesterol, which enhances OPC differentiation (chapter 3). Moreover,
adult wmASTRs appeared more reactive than gmASTRs and secreted soluble factors
that inhibited myelin membrane formation (chapter 4). In addition, gmOPCs appear
better equipped for remyelination due to their more immature phenotype86,115, being
more responsive to recruitment factors than wmOPCs (chapter 5), and increased
differentiation towards secreted factors from neonatal gmASTRs (chapters 2,5). On
the other hand, wmOPC were more susceptible to the detrimental effects of proinflammatory cytokines than gmOPCs (chapter 2), while wmOPC differentiation
was not enhanced in response to secreted factors from wmACM (chapter 4). Hence
gmASTRs and gmOPCs may together provide an environment more permissive
towards remyelination than wmASTRs and wmOPCs. Therefore, elucidation of
which secreted factors from ASTRs promote or inhibit OPC differentiation and/or
myelin membrane formation will lead to identification of putative new targets to
enhance remyelination. For example, these may include 8,9-unsaturated sterols483
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dependent on the local inflammatory environment. This inflammatory environment
may include (1) TLR3 agonists, such as stathmin present in myelin debris, which
induced fibronectin aggregate formation by neonatal ASTRs (chapter 2), (2) TLR4
agonists, such as Hsp70s or Tenascin-C in vivo484, which induced the secretion of soluble
factors by adult ASTRs that inhibit myelin membrane formation by differentiated
wmOPCs (chapter 4), and/or (3) pro-inflammatory cytokines TNFα, IFNγ and IL1β,
which alter fibronectin splicing thereby potentiation the aggregation potential of
the molecule (chapter 2), decreased ABCA1 expression in gmASTRs and reduced
cholesterol efflux from both gmASTRs and wmASTRS381,398–400, and decreased genes
encoding for enzymes involved in unsaturated fatty acids biosynthesis in gmASTRs
(chapter 3). Notably, more myelin debris is present in WM lesions, and inflammation
is more pronounced in WM MS lesions compared to GM MS lesions37,38,319. Hence,
myelin debris and inflammation may play a more prominent role in MS pathology
of WM lesions. Moreover, wmASTRs were by default more reactive, both in vitro
(chapter 4) and in vivo13, and expressed genes that relate to a neurotoxic A1-ASTR
subtype (chapter 4) more abundantly, which are also present in WM MS lesions21.
A2-ASTRs, considered to be more neuroprotective21,240, have not been studied in
the context of MS yet. As our findings demonstrate that more transcripts related
to A2-ASTRs were present in adult gmASTRs and gmASTRs were more supportive
for myelination (chapter 4), it would be interesting to investigate whether A2ASTRs may be present in GM MS lesions, are indeed beneficial for myelination and
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contribute to the more efficient remyelination in GM lesions. In vitro, A2-ASTRs

may prove beneficial for MS.

are induced by TGFβ, myelin debris and TLR3 agonist Poly(I:C), while A1-ASTRs are
induced by microglia-derived IL1α, TNFα and C1q21. As the abundance of A1-ASTRs
increases with aging114 and are present in WM MS lesions21, research in means on
how to convert A1-ASTRs into A2-ASTRs in WM MS lesions may be beneficial for
overcoming remyelination failure.

Therapeutic avenues for multiple sclerosis
Our findings showed that selective interference with lipid biosynthesis in ASTRs, i.e.,
cholesterol, unsaturated fatty acids and non-sterol isoprenoids may be a novel strategy
to promote remyelination in WM MS lesions. Both in MS and EAE, an animal model
for MS, genes encoding for enzymes involved in cholesterol biosynthesis, including

Consequences for multiple sclerosis

Hmcgs1, Fdps and Fdft1, are downregulated in ASTRs286. Of interest, statins, which

Most of the studies described in this thesis are performed with rat-derived ASTRs.

are prescribed as cholesterol lowering drugs, have shown to be beneficial for MS,

As human ASTRs are up to three-fold larger and morphologically more diverse, it

by an immuno-regulatory effect likely via a decreased isoprenylation in peripheral

remains to be determined whether these findings are directly transferable to MS. Our

immune cells391,486–488, but may actually be detrimental for OPC differentiation and

studies show that human post-mortem-derived MS wmASTRs form remyelination-

remyelination due to a decrease in biosynthesis of cholesterol405,406, an essential

inhibiting fibronectin aggregates46 in the absence of cytokines and TLR3 agonists

component of myelin, and 8,9-unsaturated sterol cholesterol precursors483. Hence,

(Chapter 2). The ability of MS wmASTRs to form fibronectin aggregates in vitro

therapeutics that aim to control inflammatory response specifically in ASTRS

may depend on inflammatory mediators they have encountered in vivo. These may

via enhancement of isoprenylation without affecting cholesterol efflux and lipid

include pro-inflammatory cytokines

as well as endogenous available TLR3

biogenesis may therefore benefit remyelination in MS. The interaction between

. Alternatively, MS ASTRs may intrinsically be more

the secretion of inflammatory mediators, cholesterol transport and unsaturated

prone to form aggregates. However, this is difficult to determine as ASTRs obtained

fatty acid synthesis is tightly regulated. Inflammatory mediators are less present

from post-mortem MS brain tissue have encountered a diseased environment. To

in GM MS lesions compared to WM MS lesions37,38, and consequently may support

address this, ASTRs generated from induced pluripotent stem cells (iASTRs) obtained

the efflux of cholesterol more. In chapter 3, the main lipid studied was cholesterol.

from MS patients and healthy subjects, could be used as a model to study fibronectin

However, chapter 3 revealed that next to cholesterol, unsaturated fatty acids and

aggregation in injury-naïve normal and MS iASTRs. Rat-derived gmASTRs form less

non-sterol isoprenoids, by means of isoprenylation of signaling molecules, likely

fibronectin aggregates than wmASTRs (Chapter 2), but the presence of (aggregated)

also play an important role in ASTR-mediated support of myelination. Cholesterol

fibronectin in GM MS lesions is not well-studied yet. As the lesion environment

and other lipids can be released from ASTRs within different particles; high- and

between GM and WM lesions is different with regard to their inflammatory

low-density lipoprotein (HDL and LDL) particles contain high levels of cholesterol,

profile

, studying fibronectin splicing and aggregation in MS gmASTRs will be

but also exosomes have an enhanced cholesterol content compared to the cell

of relevance. A recent study describes the generation of distinct GM-like and WM-

plasma membrane489,490. Exosomes are extracellular vesicles released from multi-

like iASTRs485. Hence, also here iASTRs will be of use to study fibronectin aggregation

vesicular bodies that fuse with the plasma membrane. Of special interest is that

by naïve MS gmASTRs. Preventing fibronectin aggregate formation by interfering

LDL particles induce a pro-inflammatory response, while HDL particles induce an

with fibronectin splicing and TLR3-mediated signaling may prove beneficial as an

anti-inflammatory response491,492. Hence, an in-depth study of the type lipid-particles

approach for enhancing remyelination in MS. On the other hand, if MS ASTRs are

released by ASTRs, as well as the support of HDL particle formation and secretion

intrinsically more prone to form aggregates, means to degrade fibronectin with

could reveal new information on the supply of ASTR components to OPCs and OLGs.

319,468

agonists such as stathmin

34,347

319,320,444

for example metalloproteinase 7 (MMP7) , or means to overcome inhibition of
301

remyelination in the presence of fibronectin with for example ganglioside GD1a328,
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Chapter 6

Summary, conluding remarks and future perspectives

It has been suggested that MS is not a disease of the immune system, nor a primary
neurodegenerating disease, but actually a defect of the lipid metabolism. According
to Corthals493 MS is comparable to atherosclerosis; a dysregulation of the lipid
metabolism which in arteries causes atherosclerosis. In the brain, a dysregulation
of the lipid metabolism could contribute to MS, but the underlying etiology would
be the same as in atherosclerosis. In favor with this reasoning, the lipid composition
in myelin of MS normal appearing white matter (NAWM) is changed compared to
control myelin494, and an altered lipid composition is observed in cerebrospinal fluid
of MS patients compared to control495. Both lipid homeostasis (chapter 3 and 4) as
well as fibrotic scarring (chapter 2 and 4) play a role in atherosclerosis, as in MS.
One of the major risk factors for a disruption of lipid homeostasis is LDL cholesterol,
which correlates with an increased dietary intake of animal fats and sugar. Under
physiologically conditions, cholesterol and other lipids are locally produced within
the brain mostly by ASTRs and not taken up from the periphery into the brain377.
The removal of myelin debris is essential for remyelination and is initiated by
ASTRs15. However, similar as in atherosclerosis, an overload of myelin debris-derived
cholesterol forms crystals in myeloid cells in the brain which hampers remyelination.
An increase of cholesterol efflux out of the cells is required to resolve these cholesterol
crystals and for remyelination to take place378. Of importance, cholesterol efflux in
ASTRs is inhibited by pro-inflammatory cytokines (chapter 3). Hence, resolution of
inflammation may be required for sufficient cholesterol efflux from both ASTRs and
myeloid cells in MS. On the other hand, in an experimental model of demyelination
in which the blood-brain-barrier is compromised, lipids including cholesterol and
unsaturated fatty acids are imported into the brain via dietary uptake and contribute to
remyelination by OLGs372,373, thus being less dependent on ASTR-derived cholesterol.
Hence, observing MS as a disease of lipid homeostasis comparable to atherosclerosis
may yield new insights into the mechanism underlying MS remyelination pathology.

6

Taken together, the development of a therapy for MS, which enhances isoprenylation
and unsaturated fatty acid production, without affecting cholesterol biosynthesis
and secretion, may prove beneficial for MS.
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Onze hersenen zijn meer dan een kluwen zenuwcellen die de rest van het lichaam
aanstuurt. Naast de zenuwcellen (neuronen) bevinden zich in het brein nog
een aantal celtypen, waaronder microglia, de immuuncellen van het brein; en
macroglia, een groep van verschillende cel-soorten welke onder andere de functie
van zenuwcellen ondersteunt. Macroglia bestaan uit astrocyten, vernoemd naar
hun stervormige (aster) uiterlijk, en oligodendroglia. De oligodendroglia bestaan uit
een aantal populaties cellen met dezelfde oorsprong die zich in een verschillende
fase van ontwikkeling bevinden; er zijn oligodendrocyt-voorlopercellen (OPCs) die
zich ontwikkelen via onvolwassen naar uiteindelijk volwassen oligodendrocyten.
Oligodendrocyten maken myelineschedes, opgebouwd uit vetachtige stoffen, om
zenuwuitlopers (Fig. 1.1). Deze schedes vormen een pakking die feitelijk bestaan
uit een opeenstapeling of windingen van meerdere membranen. Deze windingen
zorgen voor isolatie van de zenuwuitlopers, ondersteunt de metabole activiteit
van de zenuwcellen en maakt sprongsgewijze signaaloverdracht mogelijk1,2,368. De
astrocyten ondersteunen de ontwikkeling van de oligodendrocyten, alsook het
functioneren van de oligodendrocyten en zenuwcellen. Tijdens de ontwikkeling
van OPCs naar de volwassen oligodendrocyten leveren astrocyten onder andere
vetzuren en cholesterol aan47,48,371; de bouwstenen voor myeline. Multipele sclerosis
(MS) is een ziekte van het centrale zenuwstelsel, bestaande uit de hersenen en het
ruggenmerg. Bij mensen met MS gaan oligodendrocyten en myeline verloren en
ontstaan aangetaste gebieden waarin de myeline verdwijnt; dat wordt ‘demyelinisatie’
genoemd en in vaktermen spreekt men dan van een ‘laesie’ (Fig. 1.2). MS wordt gezien
als een auto-immuunziekte, wat inhoudt dat het immuunsysteem de lichaamseigen
oligodendrocyten en myeline aanvalt. Dit gaat gepaard met ontstekingen en leidt tot
neurologische klachten51,53. Er is een natuurlijk herstelproces, genaamd remyelinisatie,
waarin nieuwe myeline wordt gevormd (Fig. 1.3-4). Remyelinisatie is een vereiste
voor het behouden van de zenuwcellen, voor het herstel van zenuwfuncties en voor
het stoppen van het ziekteverloop van MS11. In experimentele (dier)modellen wordt
remyelinisatie uitgevoerd door nieuwe volwassen oligodendrocyten die gevormd
worden vanuit de OPCs4 (Fig. 1.4). Dit proces wordt onder meer aangestuurd door
astrocyten die bijvoorbeeld de leefomgeving van cellen veranderen, wetenschappelijk
heet deze omgeving de extracellulaire matrix (ECM)46,249,396. Astrocyten reageren op
schade zoals demyelinisatie en kunnen daarbij verschillende profielen aannemen:
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Figuur 1. Schematisch overzicht van de- en remyelinisatie. Zenuwcellen in het brein worden omhuld
door myeline gemaakt door oligodendrocyten (1) en dat verloren gaat tijdens demyelinisatie (2). Tijdens
remyelinisatie, wat vereist is voor functioneel herstel van de zenuwcellen, kan nieuw myeline gemaakt
worden door nieuwe oligodendrocyten (3) die zich ontwikkelen vanuit oligodendrocyt-voorlopercellen
(4).

ontstekingsstimulerend (A1) of ontstekingsremmend (A2), waarbij A1-astrocyten
een negatief effect hebben op remyelinisatie, terwijl er wordt aangenomen dat A2astrocyten juist bevorderend zijn voor herstel21. Remyelinisatie vindt ook plaats bij
mensen met MS, maar is vaak onvoldoende in latere fases van de ziekte4,77. Momenteel
is er geen medicatie beschikbaar die gericht is op het bevorderen van remyelinisatie bij
mensen met MS; wel zijn er medicijnen die de ontsteking verminderen of tegengaan.
In de Nederlandse taal spreekt men wel over ‘de grijze massa’ wanneer we praten
over de hersenen. In werkelijkheid bestaan de hersenen zowel uit witte als grijze stof.
Ruw genomen bevindt de grijze stof zich aan de buitenzijde van het brein en de witte
stof in het midden. In de witte stof bevinden zich voornamelijk veel uitlopers van
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zenuwcellen, terwijl de eigenlijk cel (het cellichaam) zich in de grijze stof bevindt.

minder heterogeen op basis van genexpressie dan volwassen oligodendrocyten.

In beide gebieden is myeline aanwezig. Er is meer myeline in de witte stof en door

Astrocyten lijken met name functioneel gezien erg flexibel en passen zich aan de

de vetachtige eigenschappen van de myeline leidt dit tot de wittere kleur en daarmee

functionele vereisten van de lokale omgeving aan43,44. Ook reageren astrocyten uit de

de naamgeving van dit gebied. MS-laesies kunnen ontstaan in zowel de witte als

grijze en witte stof anders op schade en signalen van het afweersysteem. Deze signalen

de grijze stof. Opvallend is dat remyelinisatie sneller en efficiënter verloopt in de

zijn ook anders in aangetaste gebieden in de grijze stof dan aangetaste gebieden in

grijze stof dan in de witte stof. Dit gebeurt ook in het geval van MS

en tevens

de witte stof37,39,319,323,363. De heterogeniteit in macroglia en hun diversiteit in lokale

in experimentele modellen van remyelinisatie17,18. Verschillen in het remyelinisatie

reacties op de afbraak van myeline kunnen hierdoor bijdragen aan het verschil in de

proces kunnen worden veroorzaakt door een regionaal verschil in OPCs en mogelijk

efficiëntie van het remyelinisatie proces in de grijze en witte stof, zoals gevonden in

ook door de aanwezigheid van verschillende typen astrocyten en verschillende

experimentele modellen en MS.

37,38

signalen afkomstig van het afweersysteem in de aangedane omgeving. Macroglia
zijn inderdaad verschillend in de grijze stof in vergelijking met de witte stof12,41,42,207,286
en reageren daardoor mogelijk verschillend op schade, handelen eventueel anders
tijdens herstel en dragen daardoor waarschijnlijk bij aan het ziekteverloop. Het
doel van het werk beschreven in dit proefschrift was om mogelijke verschillen
tussen macroglia van de grijze en witte stof te ontrafelen en te onderzoeken of deze
verschillen invloed hebben op het gedrag van OPCs en de vorming van myeline in
een kweekschaal in een voor MS relevante, experimentele omgeving.

In de aangetaste gebieden bij MS vormt het ECM-eiwit fibronectine extracellulaire
klonten, welke het remyelinisatie proces remmen46. In hoofdstuk 2 werd het
mechanisme van fibronectine-klontering door astrocyten onderzocht. Daarnaast
werd ook gekeken of er een verschil is tussen fibronectine-klontering door grijze en
witte stof astrocyten. Met behulp van gekweekte astrocyten hebben we een dubbel-hit
model voor de klontering van fibronectine gevonden. In dit model worden astrocyten
eerst geactiveerd door ontstekingsstimulerende signalen, welke de samenstelling van
het fibronectine mRNA beïnvloeden. Het blijkt dat de verhouding van de hoeveelheid

In hoofdstuk 1 wordt een overzicht van de huidige kennis van macroglia

van het EIIIA-domein ten opzichte van het EIIIB-domein in het mRNA van

diversiteit gegeven. Daarnaast worden de gevolgen van regionale cel diversiteit voor

fibronectine werd verhoogd (Fig. 2.3), wat uiteindelijk invloed heeft op de opbouw

remyelinisatie en het falen hiervan in MS, besproken. Het blijkt dat ondanks dat

van het fibronectine-eiwit. Deze eerste hit wordt gevolgd door een tweede hit met een

OPCs op basis van expressie een relatief homogene populatie vormen

, er wel

signaalstof die de Toll-like receptor 3 (TLR3) activeert. Hierdoor wordt de affiniteit

degelijk uiterlijke en functionele verschillen bestaan tussen grijze en witte stof

van integrine, de receptor voor fibronectine, vermindert wat resulteert in het loslaten

OPCs

. Tijdens gentranscriptie worden genen in het DNA afgelezen

van fibronectine-fibrillen van het celoppervlak, gevolgd door fibronectine klontering

en wordt er zogenaamd mRNA gemaakt, wat vervolgens weer wordt vertaald in

(Fig. 2.4). Hoewel de omvang van klontering geïnduceerd door de TLR3-signaalstof

eiwit. Een hogere genexpressie betekent dat er meer mRNA transcripten zijn

gelijk is voor grijze en witte stof astrocyten, vormen witte stof astrocyten een hogere

gevormd. In een experimenteel model verandert de genexpressie in OPCs tijdens

absolute hoeveelheid aan fibronectine-klonten. Het verschil in de samenstelling

demyelinisatie, waardoor er andere, ongelijksoortige groepen OPCs ontstaan . Bij

van fibronectine na activering van de astrocyten met ontstekingsstimulerende

mensen met MS blijven OPCs op transcriptieniveau echter relatief onveranderd

12,13

.

signalen is ook aanwezig in astrocyten afkomstig uit het hersenweefsel van overleden

Volwassen oligodendrocyten vormen op basis van genexpressie wel een heterogene

mensen met MS in vergelijking met astrocyten, afkomstig uit hersenweefsel van

groep van cellen

. Mensen met MS missen bepaalde populaties volwassen

overleden mensen zonder MS. Dit betekent dat onderzoek naar middelen welke de

oligodendrocyten, terwijl andere oligodendrocyt populaties immuun-gerelateerde

samenstelling van fibronectine mRNA en TLR3 signalering kunnen beïnvloeden, en/

eiwitten tot expressie brengen . Astrocyten uit de grijze en witte stof verschillen van

of middelen die fibrilformatie en dus klontering voorkomen, potentiële doelwitten

elkaar op basis van uiterlijke kenmerken, functie en genexpressie. Toch zijn astrocyten

zijn om remyelinisatie bij mensen met MS te bevorderen.

12,13,42

60,84,85,116–122,125–127

86

12,13,41,42

41
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voor een verlaagde affiniteit van de integrine-receptor voor fibronectine, waardoor het fibronectinemolecuul wordt losgelaten van het celoppervlak en fibronectine klontert. (5) Grijze stof astrocyten
scheiden meer cholesterol, een van de belangrijkste bouwstenen van de myeline, uit dan witte stof
astrocyten, wat de uitrijping van OPCs bevordert. (6) De uitscheiding van cholesterol wordt geremd
door ontstekingsstimulerende signalen via een mechanisme waarbij de cholesterol-transporter ABCA1
betrokken is. (7) Tegen onze verwachting in zorgde een specifieke remming van de aanmaak van
cholesterol in witte stof astrocyten voor een verhoging van myelinevorming in kweek. Door de remming
van de aanmaak van cholesterol wordt er waarschijnlijk minder van het ontstekingsstimulerende
signaal IL1β uitgescheiden door de witte stof astrocyten en vindt er een verhoogde productie plaats
van Srebf1c mRNA, een essentiële transcriptiefactor voor de aanmaak van onverzadigde vetzuren,
eveneens belangrijke bouwblokken van de vetten in myeline. (8) De behandeling van astrocyten
met een TLR4 signaalstof zorgt ervoor dat astrocyten oplosbare factoren uitscheiden, welke de
vorming van myelinemembranen door ontwikkelende OPCs remt. (9) Grijze stof OPCs blijken minder
volwassen dan witte stof OPCs en vermenigvuldigen zich meer in reactie op mitogenen. Aan de
andere kant ontwikkelen witte stof OPCs zich sneller, maar zijn ze ook gevoeliger voor de negatieve
effecten van ontstekingsstimulerende signaal IFNγ. (10) Omschrijving van gebruikte elementen en
symbolen. Een groene kleur geeft aan wat een netto positief effect heeft op OPC-ontwikkeling en/
of myelinemembraanvorming. Een rode kleur geeft aan wat een netto negatief effect heeft op OPContwikkeling en/of myelinemembraamvorming.

Een van de belangrijkste en ook essentiële onderdelen van het myelinemembraan
is cholesterol47. Tijdens de vroege ontwikkeling - en waarschijnlijk ook tijdens
remyelinisatie48,372,480- wordt cholesterol onder andere aangeleverd door astrocyten
aan oligodendrocyten en opgenomen in het myelinemembraan48. In hoofdstuk 3
hebben we onderzocht of het verschil in de efficiëntie van het remyelinisatie proces
tussen grijze en witte stof laesies te maken zou kunnen hebben met een verschil in
cholesterol afgifte door grijze en witte stof astrocyten. Het blijkt dat in celkweken
van grijze en witte stof astrocyten, de cellen hun verschil in uiterlijke kenmerken
behouden (Fig. 2.1). Daarnaast laten we zien dat grijze stof astrocyten meer cholesterol
Figuur 2. Grafische weergave van de belangrijkste bevindingen uit dit proefschrift. (1) Grijze stof
astrocyten hebben een protoplasmatisch uiterlijk en brengen meer genen van ontstekingsremmende
A2-astrocyten tot expressie. Daartegenover hebben witte stof astrocyten een meer vezelachtig uiterlijk,
zijn ze meer reactief en brengen meer genen van ontstekingsstimulerende A1-astrocyten tot expressie.
(2) Jonge grijze stof astrocyten ondersteunen de ontwikkeling van grijze en witte stof oligodendrocytvoorlopercellen (OPCs). Daarentegen ondersteunen jonge witte stof astrocyten enkel de ontwikkeling
van OPCs uit de grijze, maar niet uit de witte stof. Volwassen witte stof astrocyten daarentegen
remmen zelfs de vorming van myelineschedes door witte stof OPCs. (3) Ontstekingsstimulerende
signalen verhogen de verhouding van de hoeveelheid van het EIIIA-domein ten opzichte van de
hoeveelheid van het EIIIB-domein in het fibronectine mRNA, wat uiteindelijk het fibronectine-eiwit
meer gevoelig maakt voor klontering. (4) Witte stof astrocyten vormen meer fibronectine-klonten dan
grijze stof astrocyten. Fibronectine-klontering wordt geïnduceerd door TLR3-signaalstoffen, wat zorgt
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uitscheiden (Fig. 2.5) en de vorming van myeline in celkweken meer ondersteunen
dan witte stof astrocyten (Fig. 2.2). Maar in tegenstelling tot onze verwachtingen
blijkt dat de specifieke remming van de aanmaak van cholesterol in witte stof
astrocyten de vorming van myeline juist bevordert (Fig. 2.7). Dit is vermoedelijk een
gevolg van het feit dat door de remming van de aanmaak van cholesterol er minder
van het ontstekingsstimulerende signaal IL1β wordt uitgescheiden door de witte
stof astrocyten, waarschijnlijk doordat er meer non-sterol isoprenoïden worden
aangemaakt. Daarnaast was er ook een verhoogde productie van Srebf1c mRNA,
een essentiële transcriptiefactor voor de aanmaak van niet-verzadigde vetzuren. De
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vorming en uitscheiding van IL1β en de mRNA-productie van Srebf1c zijn allebei

een ongelijk effect had op de manier waarop grijze en witte stof astrocyten het gedrag

een alternatieve uitkomst in de productieroute van cholesterol. De verminderde

van OPCs moduleren. Deze verschillen in heterogeniteit en modeleerbaarheid

uitscheiding van IL1β en een verhoogde productie van Srebf1c mRNA maskeerden

van grijze en witte stof astrocyten kunnen daardoor bijdragen aan een efficiënter

dus waarschijnlijk het effect van een verminderde cholesterol uitscheiding door witte

remyelinisatie proces in aangetaste gebieden in de grijze dan in de witte stof.

stof astrocyten. Ontstekingsstimulerende signalen, welke ook aanwezig zijn in de
aangetaste gebieden bij MS, zorgden tevens voor een verminderde uitscheiding van
cholesterol door grijze en witte stof astrocyten (Fig. 2.6) via een mechanisme waarbij
de cholesterol transporter ABCA1 betrokken is. Op basis van deze bevindingen
blijkt dat het aansturen van de vorming van niet-sterol isoprenoïden in astrocyten,
zonder de cholesterolsynthese te beïnvloeden, een mogelijk nieuwe strategie is om
remyelinisatie in witte stof MS-laesies te stimuleren.

Naast diversiteit in astrocyten, kan diversiteit in OPCs ook bijdragen aan regionale
verschillen in remyelinisatie. In hoofdstuk 5 werden potentiële verschillen tussen
grijze en witte stof OPCs onderzocht. Onze bevindingen laten zien dat gekweekte
grijze en witte stof OPCs hun eigen specifieke eigenschappen hebben. Dit werd onder
andere zichtbaar in een verschil in uiterlijke kenmerken, mate van uitrijping en in de
reactie op ontstekingsstimulerende signalen. Grijze stof OPCs waren uiterlijk gezien
minder complex en vermeerderen zich meer in reactie op mitogene stoffen dan witte

In hoofdstuk 2 en 3 werden gekweekte jonge astrocyten bestudeerd waarbij

stof OPCs. Aan de andere kant waren witte stof OPCs uiterlijk meer volwassen en

gevonden werd dat grijze en witte stof astrocyten functioneel van elkaar verschillen

op basis van genexpressie rijpen ze sneller uit dan grijze stof OPCs (Fig. 2.9). Witte

en myelinevorming anders beïnvloeden: Grijze stof astrocyten bleken de vorming

stof OPCs bleken meer gevoelig voor het ontstekingsstimulerende signaal IFNγ met

van myeline beter te ondersteunen dan witte stof astrocyten. In hoofdstuk 4

betrekking tot hun vermogen om zich te vermeerderen en te ontwikkelen tot myeline

is de diversiteit van volwassen grijze en witte stof astrocyten bestudeerd. We

vormende oligodendrocyten dan grijze stof OPCs, een effect wat versterkt werd door

laten zien dat gekweekte volwassen grijze en witte stof astrocyten verschillende

de ontstekingsstimulerende signaal TNFα. In reactie op demyelinisatie keren OPCs

populaties van cellen zijn op basis van gentranscriptie, hoe ze myelinevorming in

zich terug naar een minder uitgerijpte staat86. Doordat grijze stof OPCs van nature

celkweken moduleren, en hoe ze reageren op een signaalstof die TLR3 activeert. Zo

al minder uitgerijpt zijn dan witte stof OPCs kan het zijn dat grijze stof OPCs beter

bleek dat witte stof astrocyten meer geactiveerd zijn en meer genen bezitten die

in staat zijn om zenuwcellen opnieuw van myeline te voorzien, doordat ze beter

karakteristiek zijn voor A1-astrocyten dan grijze stof astrocyten, die meer genen

reageren op signalen gerelateerd aan het vermenigvuldigen van de cellen en juist

bevatten die overeenkomen met A2-astrocyten. Verder hebben volwassen witte stof

minder op remmende ontstekingsstimulerende signalen. De meer uitgerijpte status

astrocyten meer gentranscripten voor eiwitten welke relevant zijn voor de vorming

van witte stof OPCs kan juist weer een voordeel zijn tijdens de vroege ontwikkeling

en modulatie van het ECM. Daartegenover hebben volwassen grijze stof astrocyten

van myeline.

een hogere transcriptie van genen welke coderen voor enzymen die betrokken zijn
bij de biosynthese van sterolen, waaronder cholesterol. Daarnaast kwam naar voren
dat ook volwassen witte stof astrocyten de vorming van myeline in kweek minder
ondersteunen dan volwassen grijze stof astrocyten. Volwassen witte stof astrocyten
scheidden oplosbare factoren uit welke de vorming van myeline membranen
verminderen. Daarnaast zet een laag van ECM-eiwitten, uitgescheiden door grijze stof
astrocyten, OPCs aan om zich te vermeerderen. De vorming van myelinemembranen
werd geremd door oplosbare factoren van beide typen astrocyten in reactie op een
signaalstof die TLR4 activeert (Fig. 2.8), terwijl een signaalstof voor TLR3 activering
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Samengevat wijzen de studies in dit proefschrift erop dat in reactie op afbraak van
myeline astrocyten en OPCs in de grijze stof wellicht samen een omgeving vormen
welke beter geschikt is voor het herstel van myeline dan astrocyten en OPCs in de witte
stof. Belangrijk is dat vele celkweekstudies gebruikmaken van grijze stof cellen uit de
cortex, terwijl experimentele modellen voor de- en remyelinisatie vaak de focus leggen
op witte stof gebieden zoals het corpus callosum. Het niet overwegen van verschillen
tussen macroglia in de witte versus de grijze stof kan leiden tot het verkrijgen van
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verschillende resultaten in een kweekschaal in vergelijking tot resultaten behaald
met een experimenteel (dier)model. Het onderzoek naar het falen van remyelinisatie
bij MS zou er zeer bij gebaat zijn regionale verschillen tussen (cellen uit de) grijze en
witte stof in acht te nemen. Dit besef zal bijdragen aan een verbeterd inzicht in het
ziekteverloop van MS. Het biedt uitdagende mogelijkheden tot de ontwikkeling van
specifieker en daardoor efficiëntie verhogende medicatie in de behandeling van MS,
gericht op het bevorderen van herstel van myeline in aangetaste gebieden.
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