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Abstract

Remyelination is the regeneration of myelin sheaths following demyelination. This
regenerative process is critical for the re-establishment of axonal conduction velocity and
metabolic support to the axons. Successful remyelination in the central nervous system (CNS)
generally depends on the activation, proliferation and differentiation of oligodendrocyte
progenitor cells (OPCs). However, other cell types play critical roles in establishing where a
lesion is conducive for regeneration. In the last few years, several studies have described
beneficial and detrimental roles played by astrocytes in remyelination. This review will discuss
recent developments in the concept of astrocyte reactivity, what is known about the astrocytic

contribution to remyelination and highlight future avenues of investigation.
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Myelin and the importance of remyelination

In the CNS, myelin is generated by oligodendrocytes and is composed of lipid-rich, tightly
overlapping membranous extensions which ensheath axons. This provides the axon with an
insulating layer, increasing its resistance and decreasing its capacitance, thereby reducing radial
loss of electrical current during the propagation of action potentials along the axon. As a result,
action potentials only need to be actively regenerated at specialised high-density clusters of ion
channels between segments known as nodes of Ranvier. Therefore, myelination of axons both
greatly reduces the energy required and increases the speed with which axons can propagate
action potentials per unit distance [1]. Monocarboxylate transporters on the oligodendrocyte cell
membrane allow lactate transport to the axon, facilitating ATP production via oxidative

phosphorylation [2].

Unlike neurons, oligodendrocytes and their myelin sheaths can be regenerated following their
loss, a process known as remyelination. Remyelination occurs in both animal models of
demyelination and in humans with demyelinating diseases such as multiple sclerosis (MS) [3].
The regenerative response following demyelination often involves the generation of new
oligodendrocytes and subsequent formation of new myelin sheaths. In contrast to most other
neural cell types, new oligodendrocytes can be generated throughout life via the activation of a
pool of tissue resident adult progenitor cells known as oligodendrocyte progenitor cells (OPCs).
Upon demyelination, OPCs in the vicinity of the lesioned area become “activated” — an umbrella
term for a series of changes which allow them to migrate to and proliferate within the lesion and
differentiate into new mature oligodendrocytes. Activation of OPCs involves, inter alia, the
upregulation of transcription factors such as Sox2 and Tcf4, the former of which sustains
proliferation with the latter being critical for differentiation [4-7]. The increased expression of
growth factors within the lesion, such as fibroblast growth factor 2 (FGF2) and platelet-derived
growth factor (PDGF), promotes the proliferation of OPCs, which differentiate into
oligodendrocytes, expressing myelin genes in a manner dependent on the enhancer binding
activity of myelin regulatory factor [8, 9]. These newly formed oligodendrocytes then ensheath

demyelinated axons with new myelin [10, 11]. Although remyelination often occurs through the
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proliferation and differentiation of OPCs into oligodendrocytes, two recent studies have
indicated an alternative mechanism in which remyelination occurs via new process formation by
existing oligodendrocytes [12, 13]. Relatively little is known yet about this form of remyelination,
and in this review we will focus on the former, more thoroughly understood process of

remyelination by differentiating OPCs.

Many other cell types play key roles in regulating the process by which OPCs give rise to new
remyelinating oligodendrocytes. Activated microglia and infiltrating monocyte-derived
macrophages are essential for remyelination as they secrete important growth factors for OPC
proliferation and differentiation as well as the phagocytic removal of remyelination-inhibiting
myelin debris [14, 15]. In addition to the involvement of innate immunity, regulatory T cells,

pericytes, and axons also influence remyelination [16-18].

This article will review the recent literature examining the contribution of astrocytes to
remyelination. It will include an overview of the latest developments in astrocyte reactivity and
polarisation, a discussion of the permissive and inhibitory roles played by astrocytes during
remyelination, and highlight age-related changes in astrocyte function that may impact
remyelination. We propose a model reconciling when the detriments of astrocytes may outweigh

their benefits and outline potential therapeutic strategies to harness these cells for regeneration.

Astrocyte development and phenotypic plasticity

In mammals, astrocytes arise from radial glial cells in the ventricular zone [19]. In mice, this
differentiation occurs at approximately embryonic day 12.5 in the mouse spinal cord and
embryonic day 16 in the mouse brain in which migration and asymmetric proliferation produce
clusters of immature astrocytes [19-21]. These immature astrocytes undergo a second wave of
local symmetric proliferation to establish a mature population of astrocytes [19]. During
development, astrocytes are critical for successful myelination, secreting several growth factors
required for oligodendrogenesis [20]. In adulthood, astrocytes are regionally diverse, forming

non-overlapping tiles within the CNS and are important for many homeostatic functions such as
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synapse formation, synaptic pruning and modulation of neurotransmitters such as glutamate [22,
23]. Additionally, they contribute to the formation and maintenance of the blood-brain barrier
and provide glucose, lactate, and trophic factors to neurons [23]. They are also important for the
brain’s clearance mechanisms, such as the glymphatic system [24, 25]. Histological markers of
astrocytes include nestin, vimentin, glial fibrillary acidic protein (GFAP), the glutamate
transporter GLAST, the calcium binding protein S100b, and aldehyde dehydrogenase 1 family,
member L1 (Aldh1L1) [23]. All astrocytes express Aldh1L1, whereas only subsets of astrocytes

express the other markers [23].

Astrocyte reactivity

After injury to the CNS, astrocytes become reactive and upregulate cytoskeletal proteins such as
GFAP and vimentin [22]. These reactive astrocytes, in which greater than one thousand genes
are increased by more than twofold in mice, display cell body hypertrophy, upregulate various
cytokines and chemokines, and can proliferate [26-28]. A study conducted in mice showed that
this rapid response is transient, with most genes showing a decrease in expression within 1 week
after injury [26]. Preventing the acute formation of reactive astrocytes in a traumatic injury
mouse model results in greater axonal dieback, suggesting that the early formation of reactive
astrocytes is neuroprotective and helps limit damage, if not directly supporting axonal
regeneration [29]. The acute astrocyte response in demyelinating injuries can support myelin
regeneration. For example, reactive astrocytes in acute MS lesions, many of which show some
degree of remyelination, upregulate several remyelination-signalling factors [30]. However, in
both traumatic and demyelinating injuries, reactive astrogliosis can evolve into the formation of
a dense, complex and transcriptionally inactive astrocytic scar characterised by a dense
meshwork of astrocytic processes with significant tissue reorganization that fails to resolve [22,
30-32]. In neither traumatic nor demyelinating injury does the astrocytic scar support
regeneration, but in the case of demyelinating injury it can be seen as the consequence of

regeneration (remyelination) failure and not its cause.
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Recent studies in mice have shown that the nature of the reactive astrocyte response depends
on theinitial stimulus [26, 33]. In a model of neuroinflammation, in which the bacterial endotoxin
lipopolysaccharide (LPS) is administered, the formation of a neurotoxic astrocyte phenotype
occurs which is dependent on LPS-stimulated microglia secreting tumour necrosis factor-a,
complement component 1q (C1q), and interleukin-1a [33]. This astrocyte phenotype, which has
been termed Al (but see below discussion of controversies around this terminology), was shown
to inhibit OPC proliferation and differentiation in addition to displaying toxicity to both neurons
and oligodendrocytes. In contrast, in a model of ischemia, transcriptomic analysis demonstrates
an astrocytic signature that appears neuroprotective [26]. This distinct transcriptional state,
sometimes termed A2, is associated with the upregulation of genes encoding thrombospondins
and neurotrophic factors [33]. Although this genetic signature suggests it might be pro-
regenerative, no studies so far (to our knowledge) have provided any functional evidence that
this is the case. An in-depth proteomic analysis of the secretome would be critical to validate
these transcriptomic signatures [34]. Moreover, the ischemic cues resulting in the A2 phenotype
are not yet defined, and it is not known whether this state arises in other physiological or
pathological contexts. It is unknown what astrocytic state naturally arises following
demyelination, in which myelin debris, apoptotic cell bodies, and damage associated molecular
patterns may induce the activation of a unique astrocytic phenotype not yet described. Indeed,
there is ongoing debate as to whether the two A1/A2 astrocyte phenotypes provide a full and
accurate description of all reactive astrocytes, or whether they exist along a spectrum beyond
the two A1/A2 states already described [22]. A recent study in mice, for instance, showed that
activation of the unfolded protein response in astrocytes results in a neurotoxic state that is
distinct from the Al and A2 signatures [35]. Moreover, a study comparing the molecular
signature of astrocytes in Huntington’s disease and two mouse models of Huntington’s disease
did not find any evidence of an A1l astrocyte signature [36]. Instead, this group found a unique
astrocyte molecular signature consisting of 62 genes in both the mouse models and the human
specimens. Furthermore, as the microglia response following demyelination in mice transitions
from a pro-inflammatory to an immunoregulatory state, it is unknown whether such a transition

between states occurs in the astrocyte response to demyelination [15]. This transition in the
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murine microglia population seems to be dependent on the necroptosis of the initial wave of pro-
inflammatory cells, inviting further questions on how this sequence of events may influence the

reactive astrocyte population [37].

Astrocytes in demyelinating diseases

Astrocytes are thought to play a major role in MS and especially in neuromyelitis optica (NMO)
[38]. In MS, the astrocytic signature is dependent on the type of lesion [39]. In acute active
lesions, there is an immune cell infiltration along with hypertrophic astrocytes expressing
increased levels of GFAP and upregulation of several pro-inflammatory cytokines, chemokines as
well as remyelination-signalling molecules [30, 40]. Remyelination is observed to variable
degrees in acute active lesions, suggesting that the astrocyte response is favourable for
remyelination in these types of lesions [9]. In contrast, inactive lesions are associated with a lower
degree of inflammation with extensive demyelination and axonal loss. Astrocytes observed in
these lesions typically have small somata with long filamentous processes forming an astrocytic
scar and are transcriptionally inactive [30, 38]. NMO is another demyelinating disease
characterized by antibodies against the aquaporin 4 water channel present on astrocytes [41].
This disease is characterized by astrocyte loss, immune cell infiltration, demyelination, and axonal
degeneration. Loss of astrocytic endfeet on blood vessels leads to vascular permeability. In
addition to MS and NMO, astrocytes have also been implicated in a variety of leukodystrophies,

as has been extensively reviewed elsewhere [42].

Beneficial roles of astrocytes in remyelination

Several studies over the last three decades have explored the role astrocytes play in models of
remyelination and have shown that astrocytes can be both beneficial and detrimental to the
remyelination process (Table 1; Figure 1). One of the first studies to show a pro-remyelinating
role for astrocytes was one in which astrocytes were transplanted into an ethidium bromide-
induced model of CNS demyelination in rats characterised by loss of astrocytes and extensive
Schwann cell remyelination [43]. Following astrocyte transplantation, a significant increase in

host oligodendrocyte remyelination was observed, suggesting the ability of astrocytes to
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promote remyelination by these cells. Subsequent to this study, it was found that the astrocytic
expression of GFAP correlated with the expression of growth factors implicated in OPC
maturation. Astrocytes responding to demyelination in the rat spinal cord displayed a similar
spatial and temporal profile as platelet-derived growth factor-A, fibroblast growth factor 2,
transforming growth factor-3, and insulin-like growth factor-1 [44]. In this study, GFAP mRNA
was associated with these growth factors in the recruitment phase of remyelination, whereas at
later stages growth factor expression was coupled to areas with low GFAP mRNA expression. In
a more recent study using dietary cuprizone to induce demyelination in the mouse corpus
callosum, it was found that astrocyte-derived tissue inhibitor of metalloproteinases-1 promoted

remyelination [45].

In addition to the secretion of favourable factors for remyelination, astrocytes may also play a
role in recruiting phagocytic microglia in areas of demyelination [46]. Myelin debris inhibits
remyelination, and the clearance of myelin debris by phagocytic macrophages/microglia is
essential for remyelination to proceed efficiently [47-49]. Inactivation of astrocytes in mice led
to reduced myelin clearance following demyelination and a subsequent reduction in

remyelination efficiency [46].

Although not definitively shown in the context of remyelination, astrocytes are critical
components of cholesterol metabolism and provide cholesterol to neurons. As astrocytes are
the major source of cholesterol and its CNS carrier, apolipoprotein E, it is feasible that astrocytes
may also transfer cholesterol to maturing OPCs during a phase of remyelination where
cholesterol would be critical for myelin synthesis [50]. Indeed, a recent study in mice examining
the role of reverse cholesterol transport in macrophages/microglia implicates a role for

cholesterol mobilisation within the demyelinated lesion [51].

Astrocytes and Schwann cell remyelination of the CNS
In some regenerative contexts, CNS remyelination can also be performed by Schwann cells in

addition to oligodendrocytes [52]. It was long thought that Schwann cells within CNS lesions were
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derived from the adjacent peripheral nerve roots after a loss in the integrity of the glia limitans.
However, genetic fate mapping in mice showed that the majority of remyelinating Schwann cells
are derived from OPCs residing in the CNS [11, 52]. Although Schwann cell remyelination re-
establishes conduction velocity within axons in the CNS, it is not known whether Schwann cells
can offer the metabolic support that oligodendrocytes normally provide to CNS axons [53]. Itis
also not well understood what molecular cues dictate the fate choice of OPCs. There is evidence
to suggest that astrocytes can influence whether OPCs differentiate into oligodendrocytes or
Schwann cells in the context of injury (Table 1, Figure 1). Transplantation of OPCs into X-
irradiated ethidium bromide lesions in rats that are devoid of astrocytes results in Schwann cell
remyelination [54]. When OPCs are transplanted together with astrocytes, the appearance of
Schwann cells is greatly reduced. Similarly, engraftment of OPCs overexpressing an inhibitor of
bone morphogenetic proteins (BMP) reduced Schwann cell differentiation, suggesting that
astrocytes may be influencing fate choice partially through BMP inhibition. Another study made
use of a conditional astrocyte-specific pStat3 knockout mouse to prevent the formation of
reactive astrocytes following demyelination [55]. Inactivation of reactive astrocytes resulted in
a significantly greater degree of Schwann cell remyelination, supporting the hypothesis that
astrocytes favour oligodendrocyte remyelination over Schwann cell remyelination [55].
Furthermore, it was recently shown that OPCs in proximity to the vasculature in the absence of
astrocytes are more likely to differentiate into Schwann cells [56]. This study found that
astrocytes express the dual BMP/Wnt antagonist Socstdcl and the lack thereof favours a
Schwann cell fate choice by OPCs. Revealing the molecular cues that lead to Schwann cell
remyelination and its functional significance may lead to new therapeutic strategies to harness

this cell type for CNS remyelination.

Inhibitory roles of astrocytes in remyelination

Some of the detrimental roles described for astrocytes is through secretion of inhibitory
molecules and extracellular matrix components (Table 1; Figure 1). After injury to the CNS,
several cells including reactive astrocytes, microglia/macrophages and pericytes secrete

extracellular matrix components [57]. Members of this extracellular matrix include the
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chondroitin sulphate proteoglycans, hyaluronan, tenascin-C and fibronectin, all of which have
been shown to inhibit remyelination and are present in lesions from MS patients [58]. Inhibiting
the synthesis of chondroitin sulphate proteoglycans accelerates remyelination in a mouse model
of demyelination [59]. Furthermore, a recent study conducted in both mice and rats described
that the stiffness of the CNS increases with age and that this causes decreased OPC proliferation
and differentiation [60]. In this study, when ageing OPCs were transplanted into young brains,
they proliferated to a comparable extent as neonatal OPCs, while when young OPCs were
transplanted into aged brains, their proliferation was significantly reduced. It was further found
that the mechanosensitive ion channel Piezol was a critical mediator of OPC response to
substrate stiffness: silencing of the mechanosensitive channel Piezol in ageing OPCs resulted in
the restoration of OPC proliferation and differentiation in the context of a stiffer substrate.
Importantly, this study established that the age-related decline in OPC function is highly
influenced by the extrinsic microenvironment. Although not addressed in this study, the ageing
astrocyte phenotype may be a critical contributor to the age-related increase in mechanical
stiffness. Indeed, some groups have reported an increase in astrocyte-associated extracellular
matrix molecules with ageing in nonhuman primates, rats, and mice, such as hyaluronan and
aggrecan, as well as reporting an increase in the expression of certain protease inhibitors [61-
64]. In addition to influencing the extracellular matrix, astrocytes express endothelin-1, a
molecule which has been shown to be inhibitory to remyelination through notch activation in
mice [65]. Astrocytes responding to endothelin-1 upregulate the Notchl receptor ligand, jagged

1, resulting in an inhibitory interaction between astrocytes and OPCs [65, 66].

Beneficial or detrimental?

It has been the convention to assign roles for astrocytes (and indeed other cells types) as being
either beneficial or harmful. However, this is a rather binary view of what is likely to be a much
subtler and complex reality that depends on the temporal and dynamic interplay between cells
involved in remyelination. So, is it really helpful terminology? As remyelination is a tightly
orchestrated sequence of events contingent on a multitude of cell types, astrocytes likely serve

different functions at different stages of remyelination in synchrony with the other cell types.

10
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Astrocytes potentially become detrimental when the timing and precision of this sequence of
events is knocked out of synchrony, a concept we originally proposed as the ‘dysregulation
hypothesis’ of remyelination failure (Box 1) [67]. Thus, what may appear to be detrimental may
only be so in certain contexts. One such context where this precise control of remyelination could
be dysregulated is ageing. The following section will discuss the effect of ageing on remyelination

and how the balance may be tipped towards a detrimental astrocytic phenotype.

The effect of ageing on remyelination and astrocytes

As with most other regenerative processes, remyelination efficiency declines with age [3, 68];
however, the endogenous mechanisms within glial cells which lead to this decline are still not
well understood. Failure of remyelination is characteristic of the later stages of chronic
demyelinating diseases, such as MS [69]. Indeed, lesions from chronic stages of MS often contain
cells of the oligodendrocyte lineage which have failed to differentiate [70, 71]. Depending on
age of onset, the progression of MS can involve a significant period of subclinical disease and a
subsequent relapse remitting phase characterised by bouts of symptoms followed by recovery,
reflecting the intrinsic ability of the younger brain to effectively regenerate lost myelin [69].
However, regardless of the age of onset, most patients transition to the progressive stage at 40-
45 years of age [72], which may reflect the remyelination efficiency declining below a critical
point beyond which myelin is no longer being regenerated fast enough to prevent axon

degeneration.

Mouse and rat studies have shown that both OPC proliferation and differentiation become less
efficient with age [73-75]. However, enhancing proliferation of OPCs does not lead to increased
remyelination of lesions [76]. This led to the suggestion that the main bottleneck for OPCs in the
remyelination response of the aged brain is their impaired ability to differentiate into functional
oligodendrocytes [3]. Indeed, this reduced capacity of OPCs to differentiate and produce myelin
is also observed during normal ageing [77, 78]. But non-cell autonomous mechanisms are also
involved. For example, macrophages exhibit an age-dependent decline in their ability to

effectively clear myelin debris, both via phagocytosis [79, 80] and lysosomal degradation [81],

11
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and ageing macrophages and microglia exhibit defective cytokine secretion following

demyelinating injury [82].

There are currently no studies (to our knowledge) which have directly investigated the ageing
astrocyte response in the context of demyelination and remyelination. However, several studies
examining tissue from rodents, rhesus macaques, and humans have assessed the effects of
normal ageing on the astrocyte population. Most notably, ageing astrocytes appear more
reactive, displaying an upregulation in cytoskeletal proteins associated with astrocytes
responding to injury, in addition to displaying hypertrophic cell bodies with shorter processes
[83-86]. In addition to these studies, recent investigations in mice have used RNA sequencing to
examine the genetic changes that occur in astrocytes with ageing [87, 88]. Corroborating the
morphological studies, these gene expression studies also show a shift in the astrocyte signature
to a more reactive state, albeit with heterogeneity dependent on the CNS region analysed [87,
88]. In addition to an upregulation in cytoskeletal protein genes such as GFAP, these studies
noted an increase in genes associated with the complement components C3 and C4b. These
complement components are important for processes such as synapse elimination and have
been implicated in age-related neuronal loss and several neurodegenerative diseases [89].
Ageing astrocytes were also found to have a decrease in transcripts encoding cholesterol
synthesis enzymes [87, 88] (Figure 2). Given that cholesterol is important for myelin synthesis
during remyelination, the decrease in enzymes regulating cholesterol synthesis would be
predicted to have a negative effect during this regenerative process. Overall, these studies
suggest that like ageing microglia, ageing astrocytes may become more inflammatory, a state
that has been termed “inflammaging” [82]. As mentioned above, however, future studies should
examine the astrocyte secretome over the lifespan of the organism to validate many of the
transcriptomic changes identified in these studies. As astrocytes significantly modulate the
various niches they occupy within the CNS through the secretion of various classes of molecules,
identifying how these secreted products change with age will undoubtedly uncover new targets
that might be harnessed to provide new therapeutic avenues. Future studies using models of

demyelination and remyelination are required to directly examine how the ageing astrocyte

12
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response influences this regenerative process. Given that ageing microglia are primed to be more
pro-inflammatory after demyelination, it seems plausible that astrocytes may undergo a similar

process, potentially contributing to greater tissue injury and reduced repair.

Harnessing astrocytes to promote remyelination

Several groups have conducted drug screens to identify clinically-approved medications that can
directly enhance OPC differentiation to promote remyelination [90-92]. Although such screens
have resulted in several promising compounds, the approach does not take into account the
inhibitory nature of the lesion microenvironment or the effect of ageing. In fact, when several of
these medications are added to ageing OPCs or to OPCs plated on CSPGS, they are unable to
enhance OPC maturation [59, 74]. It is, therefore, critical to take the ageing microenvironment
into account when attempting to enhance remyelination. As astrocytes are essential
components of the lesion microenvironment, therapeutic strategies which target astrocyte
function offer additional opportunities to promote remyelination. Since astrocytes are secretory
cells, one approach may be to target various aspects of the astrocytic secretome. For instance,
pharmacological inhibition of CSPG synthesis accelerated remyelination in a focal demyelination
model in young adult mice [59]. Another approach is to neutralise the effect of astrocyte-derived
endothlin-1 by administering a pharmacological antagonist against the endothelin receptor [65].
This strategy also resulted in accelerated remyelination in young adult mice subject to lysolecithin
demyelination. As Stat3 signalling in astrocytes promotes trophic support, targeting this pathway
may be a feasible approach in the ageing context, where it was shown in rats a delay in growth
factor production [22, 68, 93]. A deeper understanding of the ageing astrocyte response in

remyelination will most likely reveal further therapeutic targets to enhance remyelination.

Concluding remarks

Astrocytes play a critical role in supporting remyelination. Activated astrocytes secrete several
growth factors important for OPC proliferation and differentiation, and they signal to microglia
to clear myelin debris. As astrocytes provide cholesterol to neurons, they may also be an

important source of cholesterol for maturing OPCs. Despite these benefits, astrocytes have also
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been associated with the secretion of factors which inhibit remyelination such as several
extracellular matrix molecules. As remyelination is a tightly regulated process influenced by
several cell types, astrocytes likely serve different roles at different stages to allow remyelination
to proceed efficiently. Dysregulation of this sequence of events leads to remyelination failure
and is likely influenced by an astrocyte phenotype that is more detrimental than beneficial. The
ageing CNS is an example where remyelination becomes dysregulated. Addressing how the
ageing astrocyte responds to demyelination may reveal new therapeutic targets to enhance

remyelination in this context (see Outstanding Questions).

Box 1 — Reconciling the differing roles of astrocytes in remyelination

Astrocytes have been shown to be both beneficial and detrimental in remyelination. What
determines when these cells are permissive or inhibitory? One hypothesis is the ‘dysregulation
hypothesis’ [67]. As remyelination proceeds efficiently in the young CNS, reactive astrocytes are
presumably beneficial to the process through the secretion of both permissive and inhibitory
factors at different stages in a tightly regulated sequence of events. Moreover, the timely
interaction of reactive astrocytes with other cells such as microglia and infiltrating macrophages
is critical in establishing a microenvironment that is conducive for OPC proliferation and
differentiation. As remyelination starts with the sufficient proliferation of OPCs to provide
enough oligodendrocytes for myelin regeneration, it is important that mitogens and
differentiation inhibitors would be upregulated in this first stage. Indeed, reactive astrocytes and
macrophages/microglia are a major source of these molecules. Once enough OPCs have
proliferated to allow for a sufficient number of oligodendrocytes to be produced, differentiation
inhibitors are suppressed and instead molecules that promote differentiation are upregulated.
An example of such a factor is activin-A, a molecule secreted by immunoregulatory microglia at
the onset of differentiation following the initial peak of pro-inflammatory cells [15].
Furthermore, as both pro- and anti-inflammatory microglial factors such as tumour necrosis
factor-a,, complement component 1q (Clq), interleukin-1a, nitric oxide, extracellular vesicles,

and other molecules influence astrocyte polarization as well as survival, it is conceivable that the
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astrocytic phenotypic state may change as a consequence of microglia polarization [33, 94-98].
Remyelination likely fails when this tightly regulated process and intercellular interaction
becomes dysregulated. Such an instance where this occurs is during ageing, where several cells
in the microenvironment become senescent and dysfunctional. The age-related delay in
macrophage/microglia recruitment, growth factor secretion, and phagocytosis not only delays
the OPC response, but also likely alters the reactive astrocyte response [48, 80, 93, 99, 100].
Furthermore, as ageing microglia have a propensity to be more pro-inflammatory, they likely also
promote a reactive astrocyte phenotype that is more pro-inflammatory, tipping the balance of
when astrocytes are toxic rather than regenerative [87, 101]. According to the dysregulation
hypothesis, it is in this context when normal permissive or inhibitory cues important for efficient
remyelination become unsynchronised, resulting in cells appearing more detrimental than

beneficial.

Acknowledgements

The authors’ laboratory is supported by funding from the UK Multiple Sclerosis Society (MS50),
The Adelson Medical Research Foundation, and a core support grant from the Wellcome and
MRC to the Wellcome-Medical Research Council Cambridge Stem Cell Institute (203151/Z/16/2).

KSR is supported by a postdoctoral fellowship from the Multiple Sclerosis Society of Canada.

15



411
412

413
414
415
416
417
418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444
445
446
447
448
449
450
451
452

References

1. Simons, M. and Nave, K.-A. (2016) Oligodendrocytes: Myelination and Axonal Support. Cold
Spring Harbor Perspectives in Biology 8 (1), a020479.

2. Saab, A.S. and Nave, K.A. (2017) Myelin dynamics: protecting and shaping neuronal functions.
Curr Opin Neurobiol 47, 104-112.

3. Franklin, R.J.M. and Ffrench-Constant, C. (2017) Regenerating CNS myelin — from
mechanisms to experimental medicines. Nature Reviews Neuroscience 18 (12), 753-769.

4. Fancy, S.P. et al. (2009) Dysregulation of the Wnt pathway inhibits timely myelination and
remyelination in the mammalian CNS. Genes Dev 23 (13), 1571-85.

5. Zhao, C. et al. (2015) Sox2 Sustains Recruitment of Oligodendrocyte Progenitor Cells
following CNS Demyelination and Primes Them for Differentiation during Remyelination. J
Neurosci 35 (33), 11482-99.

6. Hammond, E. et al. (2015) The Wnt effector transcription factor 7-like 2 positively regulates
oligodendrocyte differentiation in a manner independent of Wnt/beta-catenin signaling. J
Neurosci 35 (12), 5007-22.

7. Zhao, C. et al. (2016) Dual regulatory switch through interactions of Tcf712/Tcf4 with stage-
specific partners propels oligodendroglial maturation. Nat Commun 7, 10883.

8. Duncan, G.J. et al. (2017) Myelin regulatory factor drives remyelination in multiple sclerosis.
Acta Neuropathol 134 (3), 403-422.

9. Franklin, R.J.M. and Ffrench-Constant, C. (2017) Regenerating CNS myelin - from mechanisms
to experimental medicines. Nat Rev Neurosci 18 (12), 753-769.

10. Tripathi, R.B. et al. (2010) NG2 glia generate new oligodendrocytes but few astrocytes in a
murine experimental autoimmune encephalomyelitis model of demyelinating disease. J
Neurosci 30 (48), 16383-90.

11. Zawadzka, M. et al. (2010) CNS-resident glial progenitor/stem cells produce Schwann cells
as well as oligodendrocytes during repair of CNS demyelination. Cell Stem Cell 6 (6), 578-90.

12. Duncan, I.D. et al. (2018) The adult oligodendrocyte can participate in remyelination.
Proceedings of the National Academy of Sciences 115 (50), E11807-E11816.

13. Yeung, M.S.Y. et al. (2019) Dynamics of oligodendrocyte generation in multiple sclerosis.
Nature 566 (7745), 538-542.

14. Rawiji, K.S. et al. (2016) Regenerative Capacity of Macrophages for Remyelination. Front Cell
Dev Biol 4, 47.

15. Miron, V.E. et al. (2013) M2 microglia and macrophages drive oligodendrocyte
differentiation during CNS remyelination. Nat Neurosci 16 (9), 1211-8.

16. Dombrowski, Y. et al. (2017) Regulatory T cells promote myelin regeneration in the central
nervous system. Nat Neurosci 20 (5), 674-680.

17. De La Fuente, A.G. et al. (2017) Pericytes Stimulate Oligodendrocyte Progenitor Cell
Differentiation during CNS Remyelination. Cell Rep 20 (8), 1755-1764.

18. Gautier, H.O. et al. (2015) Neuronal activity regulates remyelination via glutamate signalling
to oligodendrocyte progenitors. Nat Commun 6, 8518.

19. Akdemir, E.S. et al. (2020) Astrocytogenesis: where, when, and how. F1000Res 9.

16



453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496

20. Molina-Gonzalez, I. and Miron, V.E. (2019) Astrocytes in myelination and remyelination.
Neurosci Lett 713, 134532.

21. Molofsky, A.V. and Deneen, B. (2015) Astrocyte development: A Guide for the Perplexed.
Glia 63 (8), 1320-9.

22. Liddelow, S.A. and Barres, B.A. (2017) Reactive Astrocytes: Production, Function, and
Therapeutic Potential. Immunity 46 (6), 957-967.

23. Khakh, B.S. and Deneen, B. (2019) The Emerging Nature of Astrocyte Diversity. Annu Rev
Neurosci 42, 187-207.

24. Jessen, N.A. et al. (2015) The Glymphatic System: A Beginner's Guide. Neurochem Res 40
(12), 2583-99.

25. lliff, J.J. et al. (2012) A paravascular pathway facilitates CSF flow through the brain
parenchyma and the clearance of interstitial solutes, including amyloid beta. Sci Transl Med 4
(147), 147ral11.

26. Zamanian, J.L. et al. (2012) Genomic analysis of reactive astrogliosis. ] Neurosci 32 (18),
6391-410.

27. Frik, J. et al. (2018) Cross-talk between monocyte invasion and astrocyte proliferation
regulates scarring in brain injury. EMBO Rep 19 (5).

28. Heimann, G. et al. (2017) Changes in the Proliferative Program Limit Astrocyte Homeostasis
in the Aged Post-Traumatic Murine Cerebral Cortex. Cereb Cortex 27 (8), 4213-4228.

29. Anderson, M.A. et al. (2016) Astrocyte scar formation aids central nervous system axon
regeneration. Nature 532 (7598), 195-200.

30. Franklin, R.J. and Goldman, S.A. (2015) Glia Disease and Repair-Remyelination. Cold Spring
Harb Perspect Biol 7 (7), a020594.

31. Adams, K.L. and Gallo, V. (2018) The diversity and disparity of the glial scar. Nat Neurosci 21
(1), 9-15.

32. Bradbury, E.J. and Burnside, E.R. (2019) Moving beyond the glial scar for spinal cord repair.
Nat Commun 10 (1), 3879.

33. Liddelow, S.A. et al. (2017) Neurotoxic reactive astrocytes are induced by activated
microglia. Nature 541 (7638), 481-487.

34. Jha, M.K. et al. (2018) Functional dissection of astrocyte-secreted proteins: Implications in
brain health and diseases. Prog Neurobiol 162, 37-69.

35. Smith, H.L. et al. (2020) Astrocyte Unfolded Protein Response Induces a Specific Reactivity
State that Causes Non-Cell-Autonomous Neuronal Degeneration. Neuron.

36. Diaz-Castro, B. et al. (2019) Astrocyte molecular signatures in Huntington's disease. Sci
Transl Med 11 (514).

37. Lloyd, A.F. et al. (2019) Central nervous system regeneration is driven by microglia
necroptosis and repopulation. Nat Neurosci 22 (7), 1046-1052.

38. Ludwin, S.K. et al. (2016) Astrocytes in multiple sclerosis. Mult Scler 22 (9), 1114-24.

39. Rao, V.T.S. et al. (2019) Astrocytes in the Pathogenesis of Multiple Sclerosis: An In Situ
MicroRNA Study. J Neuropathol Exp Neurol 78 (12), 1130-1146.

40. Williams, A. et al. (2007) Astrocytes--friends or foes in multiple sclerosis? Glia 55 (13), 1300-
12.

41. Papadopoulos, M.C. et al. (2014) Treatment of neuromyelitis optica: state-of-the-art and
emerging therapies. Nat Rev Neurol 10 (9), 493-506.

17



497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539

42. Lanciotti, A. et al. (2013) Astrocytes: Emerging Stars in Leukodystrophy Pathogenesis. Transl|
Neurosci 4 (2).

43. Franklin, R.J. et al. (1991) Transplanted type-1 astrocytes facilitate repair of demyelinating
lesions by host oligodendrocytes in adult rat spinal cord. J Neurocytol 20 (5), 420-30.

44. Hinks, G.L. and Franklin, R.J. (1999) Distinctive patterns of PDGF-A, FGF-2, IGF-I, and TGF-
betal gene expression during remyelination of experimentally-induced spinal cord
demyelination. Mol Cell Neurosci 14 (2), 153-68.

45. Houben, E. et al. (2020) Oncostatin M-induced astrocytic tissue inhibitor of
metalloproteinases-1 drives remyelination. Proc Natl Acad Sci U S A 117 (9), 5028-5038.

46. Skripuletz, T. et al. (2013) Astrocytes regulate myelin clearance through recruitment of
microglia during cuprizone-induced demyelination. Brain 136 (Pt 1), 147-67.

47. Kotter, M.R. et al. (2006) Myelin impairs CNS remyelination by inhibiting oligodendrocyte
precursor cell differentiation. J Neurosci 26 (1), 328-32.

48. Natrajan, M.S. et al. (2015) Retinoid X receptor activation reverses age-related deficiencies
in myelin debris phagocytosis and remyelination. Brain 138 (Pt 12), 3581-97.

49. Rawiji, K.S. et al. (2020) Niacin-mediated rejuvenation of macrophage/microglia enhances
remyelination of the aging central nervous system. Acta Neuropathol 139 (5), 893-909.

50. Boyles, J.K. et al. (1985) Apolipoprotein E associated with astrocytic glia of the central
nervous system and with nonmyelinating glia of the peripheral nervous system. J Clin Invest 76
(4), 1501-13.

51. Cantuti-Castelvetri, L. et al. (2018) Defective cholesterol clearance limits remyelination in
the aged central nervous system. Science 359 (6376), 684-688.

52. Franklin, R.J. and Blakemore, W.F. (1993) Requirements for Schwann cell migration within
CNS environments: a viewpoint. Int J Dev Neurosci 11 (5), 641-9.

53. Smith, K.J. et al. (1979) Central remyelination restores secure conduction. Nature 280
(5721), 395-6.

54. Talbott, J.F. et al. (2006) Schwann cell-like differentiation by adult oligodendrocyte
precursor cells following engraftment into the demyelinated spinal cord is BMP-dependent. Glia
54 (3), 147-59.

55. Monteiro de Castro, G. et al. (2015) Astrocyte Activation via Stat3 Signaling Determines the
Balance of Oligodendrocyte versus Schwann Cell Remyelination. Am J Pathol 185 (9), 2431-40.
56. Ulanska-Poutanen, J. et al. (2018) Injury-induced perivascular niche supports alternative
differentiation of adult rodent CNS progenitor cells. Elife 7.

57. Pu, A. et al. (2018) The extracellular matrix: Focus on oligodendrocyte biology and targeting
CSPGs for remyelination therapies. Glia.

58. Lau, L.W. et al. (2013) Pathophysiology of the brain extracellular matrix: a new target for
remyelination. Nat Rev Neurosci 14 (10), 722-9.

59. Keough, M.B. et al. (2016) An inhibitor of chondroitin sulfate proteoglycan synthesis
promotes central nervous system remyelination. Nat Commun 7, 11312.

60. Segel, M. et al. (2019) Niche stiffness underlies the ageing of central nervous system
progenitor cells. Nature 573 (7772), 130-134.

61. Cargill, R. et al. (2012) Astrocytes in aged nonhuman primate brain gray matter synthesize
excess hyaluronan. Neurobiol Aging 33 (4), 830 e13-24.

18



540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566
567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583

62. Tanaka, Y. and Mizoguchi, K. (2009) Influence of aging on chondroitin sulfate proteoglycan
expression and neural stem/progenitor cells in rat brain and improving effects of a herbal
medicine, yokukansan. Neuroscience 164 (3), 1224-34.

63. Reed, M.J. et al. (2018) The Effects of Normal Aging on Regional Accumulation of
Hyaluronan and Chondroitin Sulfate Proteoglycans in the Mouse Brain. J Histochem Cytochem
66 (10), 697-707.

64. Pan, J. et al. (2020) Transcriptomic profiling of microglia and astrocytes throughout aging. J
Neuroinflammation 17 (1), 97.

65. Hammond, T.R. et al. (2014) Astrocyte-Derived Endothelin-1 Inhibits Remyelination through
Notch Activation. Neuron 81 (6), 1442.

66. Hammond, T.R. et al. (2015) Endothelin-B Receptor Activation in Astrocytes Regulates the
Rate of Oligodendrocyte Regeneration during Remyelination. Cell Rep 13 (10), 2090-7.

67. Franklin, R.J. et al. (2002) Ageing and CNS remyelination. Neuroreport 13 (7), 923-8.

68. Shields, S.A. et al. (1999) Remyelination occurs as extensively but more slowly in old rats
compared to young rats following gliotoxin-induced CNS demyelination. Glia 28 (1), 77-83.

69. Baecher-Allan, C. et al. (2018) Multiple Sclerosis: Mechanisms and Immunotherapy. Neuron
97 (4), 742-768.

70. Kuhlmann, T. et al. (2008) Differentiation block of oligodendroglial progenitor cells as a
cause for remyelination failure in chronic multiple sclerosis. Brain 131 (7), 1749-1758.

71. Wolswijk, G. (1998) Chronic Stage Multiple Sclerosis Lesions Contain a Relatively Quiescent
Population of Oligodendrocyte Precursor Cells. The Journal of Neuroscience 18 (2), 601.

72. Confavreux, C. and Vukusic, S. (2006) Age at disability milestones in multiple sclerosis. Brain
129 (Pt 3), 595-605.

73.Sim, F.J. et al. (2002) The Age-Related Decrease in CNS Remyelination Efficiency Is
Attributable to an Impairment of Both Oligodendrocyte Progenitor Recruitment and
Differentiation. The Journal of Neuroscience 22 (7), 2451-2459.

74. Neumann, B. et al. (2019) Metformin Restores CNS Remyelination Capacity by Rejuvenating
Aged Stem Cells. Cell Stem Cell 25 (4), 473-485 e8.

75. Segel, M. et al. (2019) Niche stiffness underlies the ageing of central nervous system
progenitor cells. Nature.

76. Woodruff, R.H. et al. (2004) Platelet-derived growth factor regulates oligodendrocyte
progenitor numbers in adult CNS and their response following CNS demyelination. Mol Cell
Neurosci 25 (2), 252-62.

77. Wang, F. et al. (2020) Myelin degeneration and diminished myelin renewal contribute to
age-related deficits in memory. Nat Neurosci 23 (4), 481-486.

78. Hill, R.A. et al. (2018) Lifelong cortical myelin plasticity and age-related degeneration in the
live mammalian brain. Nat Neurosci 21 (5), 683-695.

79. Natrajan, M.S. et al. (2015) Retinoid X receptor activation reverses age-related deficiencies
in myelin debris phagocytosis and remyelination. Brain 138 (12), 3581-3597.

80. Rawiji, K.S. et al. (2018) Deficient Surveillance and Phagocytic Activity of Myeloid Cells
Within Demyelinated Lesions in Aging Mice Visualized by Ex Vivo Live Multiphoton Imaging. J
Neurosci 38 (8), 1973-1988.

81. Safaiyan, S. et al. (2016) Age-related myelin degradation burdens the clearance function of
microglia during aging. Nature Neuroscience 19 (8), 995-998.

19



584
585
586
587
588
589
590
591
592
593
594
595
596
597
598
599
600
601
602
603
604
605
606
607
608
609
610
611
612
613
614
615
616
617
618
619
620
621
622
623
624
625
626
627

82. Rawiji, K.S. et al. (2016) Immunosenescence of microglia and macrophages: impact on the
ageing central nervous system. Brain 139 (3), 653-661.

83. Kanaan, N.M. et al. (2010) Age-related changes in glial cells of dopamine midbrain
subregions in rhesus monkeys. Neurobiol Aging 31 (6), 937-52.

84. Cerbai, F. et al. (2012) The neuron-astrocyte-microglia triad in normal brain ageing and in a
model of neuroinflammation in the rat hippocampus. PLoS One 7 (9), e45250.

85. Jyothi, H.J. et al. (2015) Aging causes morphological alterations in astrocytes and microglia
in human substantia nigra pars compacta. Neurobiol Aging 36 (12), 3321-3333.

86. Robillard, K.N. et al. (2016) Glial cell morphological and density changes through the
lifespan of rhesus macaques. Brain Behav Immun 55, 60-69.

87. Clarke, L.E. et al. (2018) Normal aging induces Al-like astrocyte reactivity. Proc Natl Acad Sci
USA115 (8), E1896-E1905.

88. Boisvert, M.M. et al. (2018) The Aging Astrocyte Transcriptome from Multiple Regions of
the Mouse Brain. Cell Rep 22 (1), 269-285.

89. Hammond, T.R. et al. (2019) Immune Signaling in Neurodegeneration. Immunity 50 (4), 955-
974.

90. Deshmukh, V.A. et al. (2013) A regenerative approach to the treatment of multiple sclerosis.
Nature 502 (7471), 327-32.

91. Mei, F. et al. (2014) Micropillar arrays as a high-throughput screening platform for
therapeutics in multiple sclerosis. Nat Med 20 (8), 954-60.

92. Najm, F.J. et al. (2015) Drug-based modulation of endogenous stem cells promotes
functional remyelination in vivo. Nature 522 (7555), 216-20.

93. Hinks, G.L. and Franklin, R.J. (2000) Delayed changes in growth factor gene expression
during slow remyelination in the CNS of aged rats. Mol Cell Neurosci 16 (5), 542-56.

94. Shinozaki, Y. et al. (2017) Transformation of Astrocytes to a Neuroprotective Phenotype by
Microglia via P2Y1 Receptor Downregulation. Cell Rep 19 (6), 1151-1164.

95. Quintas, C. et al. (2014) Microglia P2Y(6) receptors mediate nitric oxide release and
astrocyte apoptosis. J Neuroinflammation 11, 141.

96. Rothhammer, V. et al. (2018) Microglial control of astrocytes in response to microbial
metabolites. Nature 557 (7707), 724-728.

97. Fan, H. et al. (2016) Reactive astrocytes undergo M1 microglia/macrohpages-induced
necroptosis in spinal cord injury. Mol Neurodegener 11, 14.

98. Lombardi, M. et al. (2019) Detrimental and protective action of microglial extracellular
vesicles on myelin lesions: astrocyte involvement in remyelination failure. Acta Neuropathol
138 (6), 987-1012.

99. Zhao, C. et al. (2006) Differences in the early inflammatory responses to toxin-induced
demyelination are associated with the age-related decline in CNS remyelination. Neurobiol
Aging 27 (9), 1298-307.

100. Ruckh, J.M. et al. (2012) Rejuvenation of regeneration in the aging central nervous system.
Cell Stem Cell 10 (1), 96-103.

101. Rawiji, K.S. et al. (2016) Immunosenescence of microglia and macrophages: impact on the
ageing central nervous system. Brain 139 (Pt 3), 653-61.

102. Stoffels, J.M. et al. (2013) Fibronectin aggregation in multiple sclerosis lesions impairs
remyelination. Brain 136 (Pt 1), 116-31.

20



628
629
630

631

103. Back, S.A. et al. (2005) Hyaluronan accumulates in demyelinated lesions and inhibits
oligodendrocyte progenitor maturation. Nat Med 11 (9), 966-72.

21



632
633
634
635
636
637
638
639
640
641
642
643
644
645
646
647
648
649
650
651
652
653
654
655
656
657
658
659

Figure Legends

Figure 1. Astrocytes secrete several factors that either promote or inhibit remyelination.
Astrocytes have been characterized to secrete several factors that are important for the
proliferation of oligodendrocyte progenitor cells (OPCs), including the growth factors platelet-
derived growth factor-AA (PDGF-AA) and fibroblast growth factor 2 (FGF2), as well as the
cytokines interleukin-1f (IL-1p) and tumor necrosis factor (TNF). Astrocytes also promote OPC
differentiation by producing ciliary neurotrophic factor (CNTF), brain-derived neurotrophic factor
(BDNF), leukemia inhibitory factor (LIF), insulin-like growth factor-1 (IGF-1), CXCL1, and tissue
inhibitor of metalloprotese-1 (TIMP-1). Astrocytes are known to be involved in cholesterol
metabolism of neurons and other CNS cell types, but it remains to be tested whether astrocytic
production of cholesterol positively impacts myelin synthesis in remyelinating oligodendrocytes.
Astrocytes also produce inhibitory molecules such as chondroitin sulphate proteoglycans
(CSPGs), hyaluronan, endothelin-1 (ET-1), fibronectin, tenascin-c, and jagged-1. Furthermore,
astrocytes suppress Schwann cell differentiation from OPCs through the production of Socstdc1.
Astrocytes also recruit monocytes through the production of CCL2 and microglia through the

secretion of CXCL10.

Figure 2. Ageing modulates the astrocyte phenotype and may contribute to the age-related
decrease in remyelination efficiency. Ageing has been shown to modulate the astrocyte
phenotype in various ways. Ageing astrocytes display an altered morphology (top schematic).
Genomic analyses of ageing astrocytes display an upregulation of several markers characteristic
of a pro-inflammatory astrocyte phenotype, including glial fibrillary acidic protein (GFAP), serine
protease inhibitor 3n (Serpina3n), complement components C3 and C4b, the chemokine Cxcl10,
and molecules involved in antigen presentation (H2-D1, H2-K1). Ageing astrocytes display a
downregulation of genes associated with mitochondrial function and energy production (Ucp2,
Cox8b, Atp5g1), antioxidant defence-related genes (Gpx8, Atox1), as well as cholesterol synthesis

genes (Hmgcr). Furthermore, ageing decreases the efficiency of remyelination, and it is possible
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660 that a detrimental ageing astrocyte phenotype contributes to this reduction in remyelination

661  capacity.
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Permissive roles of astrocytes in remyelination

are toxic to oligodendrocytes

stimulated by LPS-activated microglia

Function Experiment Reference
Provide a conducive Transplantation of astrocytes into ethidium [43]
microenvironment for bromide-induced lesions in the rat spinal cord
oligodendrocyte
remyelination
Source of PDGF-A, FGF-2, Spatial and temporal examination of mRNA [44]
TGF-B, and IGF-1 to expression of growth factors following focal
promote OPC maturation lysolecithin demyelination in the rat spinal cord
Recruit microglia to clear Astrocyte ablation using GFAP-TK mice in [46]
inhibitory myelin debris cuprizone-induced demyelination of the corpus
callosum
Source of TIMP-1 to promote | TIMP-1 KO mice in cuprizone-induced [45]
remyelination demyelination of the corpus callosum
Inhibitory roles of astrocytes in remyelination
Function Experiment Reference
Source of ET-1 to inhibit Astrocyte-specific knockout of ET-1 in the [65]
remyelination spinal cord of mice injected with lysolecithin
Secretion of inhibitory Pharmacological inhibition of CSPG synthesis | [59]
CSPGs in lysolecithin-induced demyelination of the
mouse spinal cord
Production of fibronectin Injection of astrocyte-derived fibronectin [102]
aggregates aggregates into lysolecithin-induced lesions of
the rat
Source of inhibitory HMW Injection of HMW hyaluronan into [103]
hyaluronan lysolecithin-induced lesions of the mouse
corpus callosum
Secretion of molecules which | Conditioned media taken from astrocytes [33]

Abbreviations: PDGF-A, platelet-derived growth factor-A; FGF-2, fibroblast growth factor-2;
TGF-B, transforming growth factor-B; IGF-1, insulin-like growth factor-1; GFAP, glial
fibrillary acidic protein; TK, thymidine kinase; TIMP-1, tissue inhibitor of metalloproteinases-
1; KO, knock-out; ET-1, endothelin-1; CSPGs, chondroitin sulphate proteoglycans; HMW,
high molecular weight; LPS, lipopolysaccharide

Table 1. Permissive and inhibitory roles of astrocytes in remyelination
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