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Abstract

Glia constitute the majority of the cells in our nervous system, yet there are currently
no drugs that target glia for the treatment of disease. Given ongoing discoveries of
the many roles of glia in numerous diseases of the nervous system, this is likely to
change in years to come. Here we focus on the possibility that targeting the
oligodendrocyte lineage to promote regeneration of myelin (remyelination)
represents a therapeutic strategy for the treatment of the demyelinating disease
multiple sclerosis, MS. We discuss how hypothesis driven studies have identified
multiple targets and pathways that can be manipulated to promote remyelination in
vivo, and how this work has led to the first ever remyelination clinical trials. We also
highlight how recent chemical discovery screens have identified a host of small
molecule compounds that promote oligodendrocyte differentiation in vitro. Some of
these compounds have also been shown to promote myelin regeneration in vivo,
with one already being trialled in humans. Promoting oligodendrocyte differentiation
and remyelination represents just one potential strategy for the treatment of MS. The
pathology of MS is complex, and its complete amelioration may require targeting
multiple biological processes in parallel. Therefore, we present an overview of new
technologies and models for phenotypic analyses and screening that can be
exploited to study complex cell-cell interactions in in vitro and in vivo systems. Such
technological platforms will provide insight into fundamental mechanisms and
increase capacities for drug-discovery of relevance to glia and currently intractable
disorders of the CNS.



Introduction

Glia represent the majority of cells in our nervous system. Although long-cited to
represent 90% of the cells in the human central nervous system (CNS), more recent
estimates suggest that this may closer to half (Bartheld, Bahney, & Herculano-
Houzel, 2016). Whatever the numerical contribution of glia cells may be, advances in
recent years have firmly established the fundamental roles of glial cells in regulating
many aspects of nervous system formation, function, and dysfunction. The myriad of
essential functions of oligodendrocyte progenitor cells (OPCs), oligodendrocytes,
astrocytes and microglia in the CNS have been extensively reviewed elsewhere
(Chung, Welsh, Barres, & Stevens, 2015; Freeman & Rowitch, 2013; Zuchero &
Barres, 2015). Highlighting the increasing awareness of glial cells as viable
therapeutic targets for the treatment of disease, Glia recently published a special
issue called “Gliotherapeutics” (Moller & Boddeke, 2016a). In that issue Moeller and
Boddeke provided an overview of the early stages of drug discovery projects, with a
focus on molecular target-driven approaches most commonly employed in the
pharmaceutical industry (Moller & Boddeke, 2016b). Additional articles focussed on
specific molecular targets and their relationship to glia for disease intervention (Dale,
Staal, Eder, & Moller, 2016; Garden & Campbell, 2016; Mdller et al., 2016; Pearse &
Hughes, 2016), and on emerging evidence that microglial play a major role in the
pathogenesis of Alzheimer’s disease (Wes, Sayed, Bard, & Gan, 2016). Here we will
focus on the concept that enhancement of the endogenous process of myelin
regeneration (remyelination) represents a promising intervention for the treatment of
multiple sclerosis (MS). Indeed, it is entirely possible that remyelination-enhancing
medicines will come to represent the first class of drugs developed specifically to
target glia, and the first to promote bona fide regeneration in the CNS. We will first
focus on how hypothesis-driven studies have provided candidate pathways that can
be manipulated to promote remyelination in vivo. We will then discuss recent
hypothesis-generating phenotypic screens of small molecule compounds that
identified novel regulators of oligodendrocyte biology and new entry-points for the
enhancement of myelin regeneration. However, the pathology of MS is complex, and
effective interventions may involve targeting multiple cell types and cell-cell
interactions, and possibly doing so differentially over disease-course. Therefore, it is
clear that integrated analyses of the role of distinct cell types and cell-cell
interactions at the tissue, organ and whole animal level will be essential for gaining a
fuller understanding of therapeutic options. As such, in the third part of this review,
we take the opportunity to focus on emerging technologies that are not yet widely
employed by glial cell biologists, but which are sure to augment both hypothesis-
driven and translational/ drug discovery research in general.

Targeting the oligodendrocyte lineage for the treatment of disease

The fact that CNS myelin is disrupted in MS has been known for over 150 years,
since the initial identification of the disease by Jean-Martin Charcot. However, in
recent years it has become clear that oligodendrocytes (the myelin-producing cells of



the CNS) are affected in numerous neurodegenerative, neurodevelopmental and
neuropsychiatric disorders. This includes disruption to oligodendrocytes and
myelinated axons in Alzheimer’s disease (Bartzokis, 2011), Huntington’s disease (B.
Huang et al., 2015), Motor Neuron disease (Kang et al., 2013), Downs syndrome
(Olmos-Serrano et al., 2016), Autism (Pacey et al., 2013), neonatal hypoxia (Buser
et al., 2012), and schizophrenia (Hercher, Chopra, & Beasley, 2014), in addition to
numerous leukodystrophies characterised by widespread disruption to the white
matter (Boespflug-Tanguy, Labauge, Fogli, & Vaurs-Barriere, 2008). Extensive
fundamental research will be required to determine to what extent oligodendrocyte
dysfunction plays primary or secondary roles in different conditions, and in which
diseases targeting of the oligodendrocyte lineage may be rational. Therefore, for the
purposes of this review, we will focus on the now rationale that enhancing the
endogenous capacity of the CNS to regenerate myelin represents a viable option for
disease intervention in MS.

The CNS exhibits an impressive endogenous capacity to regenerate myelin following
its loss (demyelination). Remyelination has in fact, long been known to occur in MS
(Prineas & Connell, 1979), and is also observed following numerous experimental
modes of demyelination (e.g. (Blakemore, 1974; M. B. Bunge, Bunge, & RIS, 1961;
Gledhill, Harrison, & McDonald, 1973; Reier & Webster, 1974)) and oligodendrocyte
ablation (Gritsch et al., 2014; Locatelli et al., 2012; Pohl et al., 2011; Traka et al.,
2010). The regeneration of CNS myelin is possible because of the existence of
oligodendrocyte progenitor cells (OPCs, also called oligodendrocyte precursor cells
or NG2 cells) that are distributed throughout the CNS (Dawson, Polito, Levine, &
Reynolds, 2003). OPCs are capable of generating mature myelin-producing
oligodendrocytes from early development well into adulthood in the healthy nervous
system (E. G. Hughes, Kang, Fukaya, & Bergles, 2013a; Yeung et al., 2014; Young
et al.,, 2013). In adults, new oligodendrocytes can be generated in response to
learning (McKenzie et al., 2014; L. Xiao et al., 2016) and, importantly, also in
response to demyelination (Tripathi, Rivers, Young, Jamen, & Richardson, 2010;
Zawadzka et al., 2010). However, the regenerative process of remyelination is
imperfect, declines in efficiency with age (Goldschmidt, Antel, Kdnig, Bruck, &
Kuhlmann, 2009; Ruckh et al., 2012), and occurs to very varying degrees between
lesions within individual MS patients and between different individuals (Hickey,
1999). Despite the complex pathologies of MS, the presence of OPCs with an
impaired ability to differentiate into myelinating oligodendrocytes characterises a
large proportion of MS lesions (A. Chang, Tourtellotte, Rudick, & Trapp, 2002;
Kuhlmann et al., 2008; Lucchinetti et al., 1999; Ozawa et al., 1994; Wolswijk, 1998).
Therefore, it is thought that interventions intended to overcome this bottleneck of
oligodendrocyte differentiation may enhance myelin regeneration. But why might
enhancing remyelination actually impact MS?

Multiple sclerosis is generally thought to be triggered by autoimmune-mediated
attack of CNS myelin (Compston & Coles, 2008). Reflecting the inflammatory trigger
of disease is the fact that essentially all currently-available frontline treatments for



MS target the adaptive immune system. Such treatments are now very effective in
reducing the number and severity of debilitating immune-mediated attacks during the
early relapsing-remitting stages of disease (Comi, Radaelli, & Soelberg Sgrensen,
2016). However, these anti-inflammatory treatments have not yet been shown
capable of preventing progression of disease beyond the relapsing-remitting stage to
the later progressive stage of disease, which is characterised by extensive axonal
degeneration (Trapp et al., 1998). There are currently no treatments available for the
progressive stages of disease, which represents a huge unmet challenge. It is now
thought that long-term demyelination contributes to the emergence of
neurodegeneration seen in progressive stages of MS. Demyelination may lead to
axonal and neuronal degeneration in multiple ways. First, demyelination leaves
axons exposed to potentially damaging signals in the microenvironment, including
those released by cells of the innate immune system (Mahad, Trapp, & Lassmann,
2015). Demyelination also leads to dysregulation of conduction (McDonald & Sears,
1969), and to the insertion of ion channels and transporters into the axonal
membrane to maintain activity (Craner, Lo, Black, & Waxman, 2003; Craner et al.,
2004; Prineas & Connell, 1979): such adaptations may inadvertently lead to large
influxes of ions, such as the import of excessive and damaging amounts of Ca2+ into
the axon (Franklin, Ffrench-Constant, Edgar, & Smith, 2012; Lassmann, van
Horssen, & Mahad, 2012; Waxman, 2006). In addition, myelin provides trophic and
metabolic support to axons (Funfschilling et al., 2012; Nave & Trapp, 2008; Saab,
Tzvetanova, & Nave, 2013), the disruption of which can in principle lead to axonal
degeneration (Y. Lee et al., 2012b), and possibly also in MS. Such key roles of
myelin in maintaining axonal health and function has led to the simple concept that
promoting myelin regeneration in MS may not only help restore optimal circuit
function, but also serve to protect axons and neurons from degeneration (Franklin et
al., 2012). Indeed, experimental studies have validated the premise that
remyelination helps restore conduction (K. J. Smith, Blakemore, & McDonald, 1979),
and is neuroprotective (Irvine & Blakemore, 2008; Mei, Lehmann-Horn, et al.,
2016a). Therefore, promotion of remyelination is considered as a promising
therapeutic strategy for the treatment of MS (Franklin & Goldman, 2015). However, it
is important to note that the pathology of MS is complex, and that promotion of
remyelination is only one possible strategy for intervention, which we discuss below.

Hypothesis driven approaches and identification of strategies to promote
myelin regeneration

In recent years, our understanding of the molecular mechanisms governing
oligodendrocyte differentiation and myelination has increased dramatically, and is
summarised in numerous reviews (Ackerman & Monk, 2015; Baraban, Mensch, &
Lyons, 2016; Bercury & Macklin, 2015; Emery & Lu, 2015; Gaesser & Fyffe-Maricich,
2016; Galloway & Moore, 2016; Nave & Werner, 2014). Interestingly, although the
contexts of developmental myelination and myelin regeneration are distinct, there is
remarkable conservation in the cellular and molecular mechanisms by which
oligodendrocytes differentiate and myelinate axons in both scenarios (Fancy, Chan,



Baranzini, & Rowitch, 2010; Franklin & Goldman, 2015). We will first focus on
hypothesis driven studies that have identified regulators of remyelination with
therapeutic potential (Table 1). See Box 1 for overview of the most commonly used
laboratory models of demyelination referred to throughout this review. It is essential
to note that no currently available animal model recapitulates the complex and
divergent pathogenesis of MS. Individual experimental systems have complementary
strengths and weaknesses in allowing dissection of specific biological processes
associated with disease, e.g. adaptive immune response against myelin, or
demyelination with subsequent remyelination (see Box 1). This means that
translation of interventions of therapeutic potential from animal models to human
represents a major challenge, as will be discussed briefly in the next section.

Lingo-1 and antibody based interventions

Myelin is inhibitory to axonal regeneration in the CNS, an effect mediated in part
through the action of myelin-expressed NogoA on the regulation of RhoA activity in
axons (Cao et al., 2010). NogoA signals through a receptor complex on the axon
containing the Nogo-Receptor, and associated factors p75 and Lingo1 (Cao et al.,
2010). Following its identification as a functional axonal receptor linking Nogo and
RhoA-mediated growth arrest of axons during regeneration (Mi et al., 2004), Lingo1
was also found to be expressed by oligodendrocytes (Mi et al., 2005). This
suggested the hypothesis that Lingo1 may also negatively regulate myelination
through RhoA signalling in oligodendrocytes. Indeed, overexpression of Lingo1
impaired myelination, whereas abrogation of Lingo1 function accelerated
oligodendrocyte differentiation in vitro. Furthermore, Lingo1 mutant mice exhibited
premature oligodendrocyte differentiation and myelination (Mi et al., 2005). Key
follow-up studies showed that antibodies directed against Lingo-1 could improve
remyelination following both inflammatory (Mi et al., 2007) and Cuprizone-mediated
(Mi et al., 2009) demyelination. In fact, humanised anti-Lingo 1 antibodies have been
shown to exhibit a good safety profile in humans and have undergone phase Il
clinical trials for the treatment of MS. To date, the results of these trials appear
inconclusive, perhaps reflecting the fact that the anti-Lingo1 trial represented the first
ever trial that aimed to directly target remyelination. Patient stratification, treatment
dosing, duration, and trial readouts remain important considerations for ongoing trial
design for those that aim to assess how a potential remyelination-enhancing
medicine might impact patients with MS (Koch, Cutter, Stys, Yong, & Metz, 2013;
Plantone, De Angelis, Doshi, & Chataway, 2016). In particular, the ability to
conclusively image remyelination in humans needs to be fully realised, either by
MRI-based or PET ligand-based modalities, and is a topic of intense investigation
(Absinta, Sati, & Reich, 2016; Bodini et al., 2016). Until we have the technologies to
quantify remyelination in humans, and to assess associated functional output, our
ability to determine the utility of remyelination-enhancing strategies will be difficult.
Therefore, a major challenge in the field is to ensure that clinical trial design keeps
pace with lab-based discoveries that generate leads of therapeutic potential.



Interestingly, antibodies against Lingo-1 are not the only ones shown to exhibit
promising effects on myelin regeneration. Indeed, disruption to NogoR itself has also
been shown to improve remyelination in a toxin-based model of demyelination
(Chong et al., 2012), and anti-Nogo antibody based therapies have undergone
phase | trials for prospective treatment of MS (Ineichen et al., 2017). The biology
surrounding the Nogo-NogoR/Lingo1 is complex, (Schwab, 2010) as expression of
Lingo1 in axons as well as oligodendrocytes can inhibit oligodendrocyte
differentiation (X. Lee et al., 2007), highlighting possible bidirectional (axon-
oligodendrocyte) signalling between Nogo (or other ligands) and the NogoR-Lingo1-
p75 receptor complex. However, Lingo1 and Nogo remain viable drug target
candidates for the treatment of disease. Indeed, in parallel Nogo/NogoR remains a
target for treatment of spinal cord injury (Zérner & Schwab, 2010), where it is
possible that the role of this signalling complex in regulating both axonal regrowth
and remyelination may serve dual beneficial effects. Interestingly, another
recombinant antibody (rHIgM22) originally derived from a patient with Waldenstrom’s
macroglobulinemia, has also been shown capable of promoting remyelination
following both toxin (Bieber et al., 2002) and inflammatory-mediated (Pirko et al.,
2004; Warrington et al., 2007) demyelination. Although the molecular mechanisms
by which this antibody, rHIgM22, functions are unclear, its promise in pre-clinical
studies has led to a phase | clinical trial for prospective treatment of MS (Kremer,
Kiry, & Dutta, 2015).

Retinoid X Receptor gamma

Focal toxin-induced demyelination of specific white matter tracts have proven very
useful for understanding the biology of remyelination in animal models, given that the
precise timing of demyelination and remyelination can be well defined (Blakemore &
Franklin, 2008). For example, the distinct phases of the response to focal
demyelination allowed Huang et al. to identify gene expression profiles that
characterised distinct periods of remyelination. They hypothesised that genes
differentially regulated between demyelinated and remyelinated lesions at specific
stages might include candidate regulators of remyelination. Huang et al., isolated
lesioned tissue at distinct stages following toxin-mediated demyelination of the rat
cerebellar caudal peduncle and carried out microarray based analyses of gene
expression. Focussing on factors most highly upregulated at the stage when
remyelination was active, they identified the nuclear hormone receptor Retinoid X
Receptor gamma as a candidate mediator of remyelination (J. K. Huang et al.,
2011). They found that RXRy was expressed in the oligodendrocyte lineage, and
underwent a change in subcellular localisation upon oligodendrocyte differentiation.
Interestingly, this nuclear to cytoplasmic localisation of RXRy was severely disrupted
in MS tissue. Additionally, chemical compounds known to inhibit RXR signalling were
found to impair oligodendrocyte differentiation in vitro, while promoting its signalling
led to increased oligodendrocyte differentiation. Most importantly, treatment with the
pan-RXR agonist, (targeting a, B and y RXR forms) 9-cis- Retinoic acid, accelerated
remyelination in aged animals (J. K. Huang et al., 2011). This highlighted the



possibility of targeting RXR to promote remyelination for the prospective treatment of
MS. Indeed, a clinical trial using another pan-RXR agonist, already approved for the
treatment of cutaneous T-cell lymphoma (Pileri, Delfino, Grandi, & Pimpinelli, 2013),
Bexarotene, is in preparation for an MS trial. Both 9-cis-Retinoic acid and
Bexarotene are non-specific with respect to agonising RXR receptors a, 3 and y, and
may have side effects that limit their long-term use, which has driven studies to
identify isoform-specific agonists of RXR subtypes (Heck et al., 2016). However, it is
possible that pan-RXR activation may actually have beneficial effects in promoting
remyelination. In addition to the possibility that its activation directly drives
oligodendrocyte differentiation through agonising RXRy, activation of RXRa in
microglia may actively promote the clearance of myelin debris that results from
demyelination (Natrajan et al., 2015). The efficient clearance of myelin debris is
thought to represent another bottleneck to optimal regeneration of myelin (Kotter, Li,
Zhao, & Franklin, 2006; Kotter, Setzu, Sim, Van Rooijen, & Franklin, 2001; Lampron
et al.,, 2015; Safaiyan et al., 2016), as discussed later, and thus promoting RXR
signalling may help to overcome two hurdles to efficient remyelination.

Wnt pathway regulation

Numerous studies have led to a working model that activation of the canonical Wnt
signalling pathway serves to inhibit oligodendrocyte differentiation, and that over-
activation of Wnt signalling may block efficient remyelination in disease (e.g. (Fancy
et al.,, 2009; 2014; 2011; Rosenberg & Chan, 2009)). Indeed, small-molecule
mediated inhibition of an enzyme (tankyrase) that stabilises a negative regulator of
the pathway (axin2), promotes remyelination following toxin-mediated demyelination
(Fancy et al., 2011). However, the roles of Wnt signalling in CNS (re)myelination are
complex and potentially divergent between distinct regions, over time, and in the
context of interactions with other cells and tissues (Guo et al., 2015; Yuen et al.,
2014). Furthermore, the Wnt pathway is central to regulation of numerous biological
processes (e.g. (Bielen & Houart, 2014; Lambert, Cisternas, & Inestrosa, 2016)) and
the consequences of its systemic targeting over prolonged periods remain unclear.
Therefore, despite the fact that numerous small molecule regulators of the Wnt
pathway are available (B. Lu, Green, Farr, Lopes, & Van Raay, 2016) and represent
viable options for life-threatening conditions (Tai et al., 2015), their utility for
treatment of a life-long condition such as MS warrants careful consideration.

Manipulation of a number of other broadly expressed factors have also been shown
capable of promoting remyelination in vivo, including interaction of the cholesterol-
like molecule olesoxime with the Mitochondrial permeability transition pore (Magalon
et al.,, 2012), and the small molecule inhibitor rolipram with Phosphodiesterase-4
(Syed et al., 2013) (Table 1). The precise mechanisms of action of these compounds
on oligodendrocyte biology remain unclear, and thus whether the effects on
remyelination are direct or indirect is unknown.



G-protein coupled receptors as targets to promote remyelination

A highly desirable attribute of a druggable target is cell type-specific expression in
the target cell or tissue of interest. Cell type-specific expression of a druggable target
reduces concerns over unwanted effects of compounds, e.g. those targeting core
pathways shared across multiple cells and tissues. Therefore, goals to identify genes
with cell type-specific expression in oligodendrocytes should in principle lead to more
tractable targets for long-term manipulation of remyelination, where treatment may
be required over decades in a disease like MS.

The transcription factors olig1 and olig2 are core regulators of the specification of
oligodendrocyte lineage cells, with olig1 playing a specific and critical role in
regulating the timing of myelination and remyelination (Meijer et al., 2012). Based on
the premise that factors under the control of olig1 might identify targets that regulate
myelination and remyelination, Chen et al., carried out microarray-based profiling of
gene expression in oligl mutant mice. They found that the G-protein coupled
receptor GPR17 was downregulated in expression by over 200-fold (Chen et al.,
2009). Given that GPCRs represent excellent drug targets (Jacobson, 2015; Miao &
McCammon, 2016), the role of this candidate factor in regulating myelination was
investigated. Expression analysis indicated that GPR17 was largely restricted to the
oligodendrocyte lineage, and it was found that overexpression of GPR17 inhibited
oligodendrocyte differentiation, whereas its abrogation accelerated oligodendrocyte
differentiation and thus myelination (Chen et al., 2009). Importantly, a recent study
indicated that pharmacological inhibition of GPR17 using pranlukast accelerated
oligodendrocyte differentiation following toxin-mediated demyelination, as did genetic
abrogation of GPR17 (Ou et al., 2016). However, pranlukast does not specifically act
on GPR17 (Grossman et al.,, 1997), but identification of a specific antagonist of
GPR17 may represent a viable therapeutic option for enhancement of remyelination
in the future.

Several GPCRs are now known to regulate myelinating glial cell development
(Mogha, D'Rozario, & Monk, 2016). For example, GPR37 was recently identified as
a potent negative regulator of oligodendrocyte differentiation and myelination.
Microarray-based profiling of isolated cells identified GPR37 as strongly enriched in
the oligodendrocyte lineage. Highlighting the cell type-specific function of GPR37 in
vivo, constitutive knockout of this GPCR lead to a very specific phenotype in CNS
myelination. GPR37 mutant mice exhibit premature oligodendrocyte differentiation,
precocious myelination, and hypermyelination (H.-dJ. Yang, Vainshtein, Maik-
Rachline, & Peles, 2016). Although its role in remyelination has not yet been
reported, it is possible that modulation of GPR37 function could affect multiple
stages of myelin regeneration. In addition to regulating oligodendrocyte
differentiation, abrogation of GPR37 function could also impact the extent of
myelination itself, which as we will discuss in detail in a later section is an aspect of
remyelination that has received comparatively little attention to date. Interestingly,
GPR37 is implicated in other diseases of the CNS, including Parkinson’s disease



(Murakami et al., 2004) and Autism (Fujita-Jimbo et al., 2012; Tanabe, Fujita-Jimbo,
Momoi, & Momoi, 2015), possibly due to regulation of dopaminergic signalling in
neurons (Marazziti et al., 2007). Given its strong enrichment in expression in the
oligodendrocyte lineage, it will be interesting to determine to what extent, if any, its
functional roles in oligodendrocytes are relevant to these conditions.

GPR37 is closely related in structure to another GPCR, the endothelin receptor B
(EdnrB) (N. J. Smith, 2015). Interestingly, pharmacological activation of EdnrB
signalling can promote remyelination in an explant slice culture system, most likely
by regulating the extent of myelination by oligodendrocytes (Yuen et al., 2013).
However, antagonism of both EdnrA and EdnrB by a pan-antagonist can promote
remyelination in vivo (Hammond et al., 2014), by promoting oligodendrocyte
differentiation. It is possible that different endothelin receptors play distinct roles in
oligodendrocyte differentiation (A) and myelination (B), and that targeting with
receptor specific antagonists (A) and agonists (B) could synergistically improve
remyelination. The role of another GPCR, kappa-Opioid receptor, in regulating
remyelination will be discussed below in the context of compounds identified
following an unbiased phenotypic chemical screen that aimed to identify regulators of
GPCRs that affected myelination.

Gli1

The signalling molecule sonic hedgehog (Shh) is a major regulator of many
biological processes (Ferent & Traiffort, 2015), and activation of the hedgehog (HH)
pathway in target cells activates Gli transcription factors. Despite being a gold-
standard readout of HH pathway activity, and associated with glioma (Rossi et al.,
2011), the functional role of Gli1 in normal development and function of the nervous
system remained elusive (e.g. (H. L. Park et al., 2000)) until recently. Given that
previous studies had implicated neural stem cells (NSCs) in the sub-ventricular zone
as potential contributors to remyelination (Nait Oumesmar, Picard-Riera, Kerninon, &
Baron-Van Evercooren, 2008), Samanta et al., investigated the behaviour of HH-
responsive NSCs to demyelination. To do so they generated a reporter mouse based
on Gli activity to fate map the response of this subpopulation of NSCs to cuprizone-
induced demyelination of the corpus callosum. They found that the HH-responsive
subpopulation of NSCs responded significantly to demyelination by generating OPCs
that migrated to sites of demyelination and subsequently differentiated into
oligodendrocytes that contributed to remyelination (Samanta et al., 2015). Somewhat
surprisingly, both genetic and small molecule-mediated inhibition of Gli1 itself
promoted migration of OPCs to demyelinated axons, differentiation at lesions, and
thus remyelination. Interestingly, this role appeared specific to inhibition of Gli1 and
of a role in HH signalling, because inhibition of canonical HH signalling did not affect
remyelination by NSCs (Samanta et al., 2015). Thus, despite the generality of HH
signalling, this surprisingly specific function of Gli1 may form the basis of small
molecule-based targeted therapies to enhance remyelination. This is further
substantiated by observations that Gli1 expression may be transiently upregulated in
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MS lesions by inflammation, potentially impairing regeneration of myelin (Y. Wang,
Imitola, Rasmussen, O'Connor, & Khoury, 2008).

Phenotypic screens to discover mechanisms to promote remyelination

In parallel to the success of hypothesis driven studies in generating new targets and
compounds to promote myelin regeneration, a set of recent studies have taken an
unbiased phenotype-driven approach to identifying chemical modulators of
remyelination. Phenotypic screens are enjoying something of a renaissance in terms
of projects aimed at identifying interventions to treat diseases of the CNS (Prior et
al., 2014; Pruss, 2010). Indeed, eight studies to date have taken the broadly similar
approach of screening compound libraries for their ability to promote the
differentiation of oligodendrocytes in vitro (Deshmukh et al., 2013; Joubert et al.,
2010; Lariosa-Willingham et al., 2016; Mei et al., 2014; Mei, Mayoral, et al., 2016b;
Najm et al., 2015; Peppard et al., 2015; Porcu et al., 2015) (Table 2). The results of
these studies have already generated new compounds and targets of great promise
(see Tables 1 and 2). Here we will discuss some of the salient issues regarding
screen design and execution, and then examine in detail the hits identified in these
screens for their ability to promote remyelination in vivo.

The key technical differences between the eight in vitro-based screens published to
date can categorised into four main areas, chemical library choice, cell source and
type, assay readout, and secondary hit confirmation.

Chemical library choice

The choice of chemical library is an essential part in the design of a phenotypic
screen. This challenge is quite distinct from that of library design and selection in
more traditional drug discovery projects that focus on a specific molecular target
(Balakin, Kozintsev, Kiselyov, & Savchuk, 2006). For phenotypic screens there are
advantages to using small and well characterised libraries of compounds, including
those with drugs already approved for use in man. The compounds in such libraries
often have extensive information on their molecular target(s), meaning that one can
move towards mechanistic studies of target function more easily. Furthermore, if a
hit compound is already approved for treatment of another condition, a wealth of
information about its safety profile and function is available (Pruss, 2010).This may
allow for the rapid translation of findings into clinical trials with the aim of repurposing
compounds for the treatment of a new disease, as has been shown for one of the hit
compounds from the following set of screens (clemastine, see below). However,
such an approach is ultimately limited in scope, as the relatively small number of
such compounds means that the same compound(s) and compound classes will be
identified when interrogating any biological process of interest. Therefore, an
additional approach is to screen larger and more chemically diverse libraries to
increase the chance of identifying new hits. This approach requires screening assays
that are scalable, and robust methods for target deconvolution to identify the
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mechanistic action of hit compounds. Interestingly, despite starting with different
libraries, there has been some degree in overlap of compounds and target classes
identified in the eight phenotypic screens for oligodendrocyte differentiation carried
out so far, increasing confidence in reproducibility.

Cell-type

Of the eight in vitro cell-based studies screening for compounds that increase OPC
differentiation, four used primary rat OPCs, one used mouse epiblast stem cell-
derived OPCs and three used immortalised OPC cell lines from either rat or mouse.
Perhaps the most important difference is the use of the primary cell lines in the
Deshmukh, Mei, and Lariosa-Willingham studies, compared with immortalised lines
used by Joubert, Peppard and Porcu. It has been known for over thirty years that
primary OPCs can differentiate into oligodendrocytes in culture in the absence of
neurons, (e.g. (Knapp, Bartlett, & Skoff, 1987; Zeller, Behar, Dubois-Dalcq, &
Lazzarini, 1985)), even to the point of expressing differentiated markers of myelin
and extending myelin-like membrane sheets (Simons, Kramer, Thiele, Stoffel, &
Trotter, 2000). This default ability of oligodendrocytes to differentiate has enabled
screens using primary oligodendrocytes to be carried out with the knowledge that
such cells recapitulate many aspects of physiological development. Immortalised cell
lines have the advantage of being relatively homogenous and rapidly expandable to
quantities required for high-throughput screening, but how closely they reflect the
biology of the oligodendrocyte lineage in vivo is more questionable. For example, the
Oli-neu line (used by Joubert et al.) does not mature sufficiently to robustly express
markers of myelination (see review by (Pereira, Dobretsova, Hamdan, & Wight,
2011). Therefore, Joubert et al. quantified total actin-positive process length as a
proxy of differentiation (Joubert et al., 2010). Porcu et al. also used the Oli-neu cell
line, but in an attempt to overcome its limitations, overexpressed the transcription
factor MyRF to drive myelin gene expression (Bujalka et al., 2013; Emery et al.,
2009), prior to their screen (Porcu et al., 2015). Representing an important additional
approach for the future, human oligodendrocytes with physiologically relevant
properties can now be derived from both embryonic stem (ES) (Stacpoole et al.,
2013) and induced pluripotent stem (iPS) cells (Livesey et al., 2016) and generated
in sufficient numbers for screens. In addition, compounds showing efficacy in a
human system would represent particularly promising candidates for prioritisation.

Assay design and readout

In any chemical screen, the ability to identify true hits whilst minimising false positive
or false negative hits is of utmost importance. All screens will identify some false
positives and negatives, however, the acid test of a screen’s success is ultimately
determined by how many hits turn into viable leads with translational potential. For a
screen to be successful, it must begin with an appropriate assay design, including a
robust and minimally biased readout method. Each of the eight in vitro OPC
differentiation screens employed some form of automated analysis. Six of the eight
screens were carried out using simple oligodendrocyte-enriched 2-D cultures grown
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in multi-well plate format, with automated image acquisition (Deshmukh et al., 2013;
Joubert et al., 2010; Lariosa-Willingham et al., 2016; Najm et al., 2015; Peppard et
al., 2015; Porcu et al., 2015). Subsequent image analyses included relatively simple
quantification of DAPI-positive nuclei surrounded by MBP staining, as used by
Deshmukh et al., to serve as a proxy for oligodendrocyte differentiation. In contrast,
both Najm et al., and Lariosa-Willingham employed more complex analyses of cell
morphology to estimate myelin produced per MBP-expressing oligodendrocyte, in
addition to assessing differentiation. Finally, for the Joubert and Peppard screens,
cellular morphology alone was quantified, which in the case of the Peppard screen
led to the identification of 1636 primary hits from a library of 73,000 compounds. This
assay was performed without replicates, which together with the assay focussing on
morphology alone as a readout, led to a high rate of false positives, as reflected by
the fact that only 22 compounds ultimately demonstrated selective phenotypes on
primary OPCs (Peppard et al., 2015). Therefore, initial screen design can help to
identify meaningful hits and prevent laborious follow-up triaging studies.

The two screens carried out by Mei et al employed a unique assay to identify
changes in OPC differentiation, by exploiting the ability of oligodendrocytes to
myelinate inert objects (Bechler, Byrne, & Ffrench-Constant, 2015; S. Lee, Chong,
Tuck, Corey, & Chan, 2013; S. Lee et al., 2012a). In an elegant application of this
observation, Mei et al. created a 3D array of conical fused silica micropillars
arranged within a 96-well format, such that the micropillars acted as substrates for
rat OPCs to differentiate upon and also for oligodendrocytes to ensheath with
myelinating processes (Mei et al., 2014). By acquiring two-colour confocal sections
through the pillar array, the team were able to quantify the relative proportion of
pillars surrounded by distinct rings of MBP-positive myelin membrane compared to
PDGFRa-positive OPC processes. The relative number of pillars positive for either
MBP or PDGFRa was used to assess the effect of compounds relative to untreated
controls (e.g. more MBP rings suggests more differentiation, more PDGFRa rings
suggests higher proportion of OPCs). Thus, this two-colour fluorescence-based
assay called the Binary Indicant for Myelination using Micropillar Arrays, or BIMA
(Mei et al. 2014), allowed automated quantitation ideally suited to large-scale
screening that could readily identify and rank hits with a deceptively simple readout.

Hit confirmation and triaging:

Following hit identification from a chemical screen, the next step is to confirm and
prioritise hits for follow-up. Validating and characterising hit function within the
primary assay through increasing replicate number, performing simple concentration
series and assessing possible non-specific cytotoxicity are simple methods to triage
hits (Pruss, 2010). If hits have come from well-annotated libraries, then their with
putative molecular targets can be assessed using either genetic manipulations, or
more simply by analysing the effects of additional compounds that hit the same
target. Ultimately, to test whether compounds identified in a cell-based screen might
have therapeutic potential, validation in more complex (ideally multiple) experimental
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platforms is required. Such validation approaches were reported in the studies of
Deshmuckh, Najm and both of those by Mei et al. to the point demonstrating efficacy
on remyelination in multiple in vivo models.

Hits from phenotypic chemical screens validated in vivo to enhance
remyelination

Validating the effects of compounds identified from isolated cell culture systems in
vivo is essential to prioritise hits for translation. Of the 159 hits identified in the eight
in vitro OPC differentiation screens, 5 have been shown to improve remyelination in
vivo thus far.

Muscarinic acetylcholine receptor antagonists, benztropine and clemastine

Given the degree of overlap in libraries screened in the studies carried out to date, it
is no great surprise that they have many hit compounds and target classes in
common. Among the most consistent target class identified across all the chemical
screens were muscarinic acetylcholine receptors (MAChRs), with antagonists for
MAChRs found as hits in 4 of 7 screens (Deshmukh et al., 2013; Mei et al., 2014;
Mei, Mayoral, et al., 2016b; Najm et al., 2015). In their screen, Deshmukh et al.
identified six anti-cholinergics; benztropine, clemastine, disopyramide, trospium,
diacetyl-monoxime and homatropine, as positive regulators of OPC differentiation.
They chose to follow up benztropine due to its ability to cross the blood brain barrier
(BBB), oral bioavailability, and FDA approval. Benztropine is a drug used to manage
the symptoms of Parkinson’s disease (Friedman et al., 1997), and so a compound
whose safety profile was already well known, thus representing a promising
repurposing candidate for the treatment of MS. As with many compounds,
benztropine acts on multiple targets and is known to block dopamine re-uptake and
antagonise the H1 histamine receptor (Agoston et al., 1997; McKearney, 1982).
However, Deshmukh et. al., indicated that the pro-differentiation effect on OPCs
were likely due to antagonism of mAChRs, through a series of co-treatments with
modulators of mAChR, dopamine and H1 function. Importantly, benztropine also
improved remyelination in vivo, and increased oligodendrocyte differentiation
following cuprizone-mediated demyelination, where treatment led to significantly
increased oligodendrocyte numbers and more myelin as assessed by luxol fast blue
staining (Deshmukh et al., 2013). In addition, benztropine improved clinical outcome
in a relapsing-remitting EAE mouse model, where it also increased numbers of
mature oligodendrocytes and myelination, the latter assessed more definitively by
electron microscopy (Deshmukh et al., 2013).

In agreement, Mei et al. (2014) found that a group of mMAChR antagonists increased
the percentage of MBP-positive rings in their BIMA assay (Mei et al., 2014). This
group of hits correlated remarkably with those identified in the Deshmukh et al.
screen, with clemastine and benztropine appearing in both. Mei et. al. followed up
clemastine, an FDA approved over the counter anti-histamine with an excellent

14



toxicity profile and CNS penetrance (Nicholson, 1985). Similar to benztropine,
clemastine improved remyelination in vivo, using a lysolecithin-induced focal spinal
cord demyelination mouse model (Mei et al., 2014). A follow-up study also showed
that clemastine improved clinical score and remyelination in EAE, and, importantly,
that such remyelination was neuroprotective (Mei, Lehmann-Horn, et al., 2016a).
Furthermore, oligodendrocyte specific knockout of the M1 muscarinic receptor
phenocopied the effects of clemastine treatment in the EAE model, indicating that
clemastine mediates its effects on remyelination through this receptor (Mei,
Lehmann-Horn, et al., 2016a). In a separate study, it was shown that primary human
OPCs (hOPCs) also express the M3 muscarinic receptor, and that treatment with the
M3-selective antagonist soligenacin could increase differentiation of isolated hOPCs
(Abiraman et al., 2015). Furthermore, solifenacin appeared to increase the
differentiation of hOPCs transplanted into shiverer/ mbp mutant mice, providing
further evidence that antagonism of muscarinic receptor function may promote
remyelination (Abiraman et al., 2015). In fact, given the excellent safety profile of
clemastine, its potential for repurposing for MS is already under investigation in two
clinical trials (optic neuritis and MS, clinical trial references: NCT02040298 and
NCT02521311, respectively). Intriguingly, in another animal model study, clemastine
was found to rescue behavioural deficits and aberrant prefrontal cortex myelination
found in socially isolated mice (Liu et al., 2016), suggesting that promotion of
myelination could in principle be used for the treatment of additional disorders.

K-opioid receptor agonist (+)-U-50488

Given the previously mentioned suitability of GPCRs as drug targets, Mei et al.
carried out a second screen focusing on GPCR agonists and antagonists using their
elegant BIMA assay. From a library of 280 compounds, they identified a cluster of 12
K-opioid receptor (KOR) agonists (out of 15 hits), which promoted OPC differentiation
(Mei, Mayoral, et al., 2016b). KORs are expressed in post-mitotic oligodendrocytes
and the best KOR agonist identified in their assay, (+)-U-50488, increased the
proportion of MBP-positive cells in a purified OPC culture system, and promoted
myelination in OPC-DRG myelinating co-cultures (Mei, Mayoral, et al., 2016b). They
also showed that the (+)-U-50488 driven increase in OPC differentiation in culture
was diminished using a KOR antagonist, and in mice lacking the KOR. Importantly,
Mei and colleagues also demonstrated that (+)-U-50488 improved remyelination
following toxin-induced demyelination and that this effect on remyelination was
absent in an oligodendrocyte- specific KOR knockout mouse, providing further
evidence of a direct effect of the compound on the oligodendrocyte lineage (Mei,
Mayoral, et al., 2016b). Further emphasising the potential of targeting KOR for the
treatment of MS was the parallel observation that (+)-U-50488 could ameliorate
symptoms of EAE (Du et al., 2016).
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Glucocorticoid receptor agonist clobetasol and miconazole acting on an
unknown target

Two compounds from the Najm screen were followed up in detail, clobetasol and
miconazole, both shown to be effective at increasing oligodendrocyte differentiation
in a lysolecithin-induced mouse spinal cord demyelination model (Najm et al., 2015).
Both clobetasol and miconazole were also shown to significantly improve the clinical
outcome of mice with a form of EAE that aims to model chronic progressive MS
(Najm et al., 2015). To identify the downstream targets of these compounds and
deduce their mechanisms of action, Najm et. al. checked whether the compounds
acted on mAChRs, before checking an array of 414 kinases, but found no changes
in activity with clobetasol and miconazole treatment. Next, they performed RNA
sequencing and phospho-proteomic analysis of treated versus untreated mouse
OPC cultures. In doing so, they found that clobetasol upregulated genes
downstream of the glucocorticoid receptor. Following on from this they showed that
the glucocorticoid receptor was phosphorylated upon treatment with clobetasol, and
that clobetasol-induced OPC differentiation, could be blocked by the glucocorticoid
receptor antagonist RU486 (Najm et al., 2015). Shortly after the Najm screen was
published, Porcu et al. also identified clobetasol from their screen in Oli-neuM cells
(Porcu et al., 2015). Clobetasol, as well as a group of related glucocorticoids had
previously been shown to act as agonists for the Smoothened receptor (J. Wang et
al., 2010), and so Porcu et al. investigated whether its action in regulating HH
signalling was involved in the pro-differentiation effect of clobetasol. By co-treating
OPC cultures with clobetasol and smoothened antagonists itraconazole or
cyclopamine, they showed that the increase in clobetasol-driven OPC differentiation
in vitro was significantly reduced (Porcu et al., 2015), suggesting that this may be a
complementary mechanism to the agonism of glucocorticoid receptors. It is important
to note that clobetasol was also shown to reduce the severity of a relapsing-remitting
EAE model when administered prophylactically, with this effect attributed to its action
on T-cells (Najm et al., 2015). Therefore, clobetasol may play roles in multiple cell
types and through different targets in biological processes of relevance to MS.

The molecular profiling analysis by Najm et al. indicated that miconazole regulates
myelination by increasing phosphorylation of proteins in the mitogen-activated
protein kinase (MAPK) pathway, specifically through phosphorylation of Erk1 and
Erk2 (Najm et al., 2015). Interestingly, Erk1 and Erk2 have recently been shown to
profoundly regulate the amount of myelin generated by oligodendrocytes (reviewed
by (Gonsalvez, Ferner, Peckham, Murray, & Xiao, 2015), suggesting the possibility
that miconazole may also increase myelination per se. However, given the broad
roles of the MAPK pathway in multiple cells and tissues (Atay & Skotheim, 2017), it
is unlikely that its systemic regulation represents a viable long-term treatment option
in MS.

In summary, recent cellular-based phenotypic screens have identified numerous
compounds and targets that can promote remyelination in vivo, one of which has
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already led to a drug repurposing trial for the treatment of MS. Indeed, additional
compounds, with roles in remyelination identified in other studies, are also currently
being considered for repurposing for MS, including the anti-psychotic quetiapine (Y.
Zhang et al., 2012). Interestingly, among its many prospective targets are muscarinic
acetylcholine receptors, but the side-effects and numerous targets of quetiapine
(Garver, 2000) limits its attraction for treatment of MS. Indeed, the fact that drugs are
already approved for other conditions means, by definition, that they have effects
outwith those on the oligodendrocyte lineage. Therefore, it is hard to assess at
present how many other drugs already approved for use in humans have true
potential for repurposing to promote remyelination and long-term treatment of MS.
However, with only a small number of screens carried out so far, significant success
has been made, and new target classes have been identified. Further assessment of
current hits and identification of new hits from additional screens are sure to provide
additional options for the targeted improvement of oligodendrocyte differentiation
therapeutically. However, as we will discuss next, promoting oligodendrocyte
differentiation is just one strategy to enhance remyelination.

Additional strategies to improve remyelination

Promoting recruitment of oligodendrocyte progenitor cells to sites of
demyelination

We have focussed thus far on how promoting oligodendrocyte differentiation may
represent a potential treatment for MS. This is based on the observation that many
MS lesions contain OPCs in sufficient abundance, but that there is an apparent
failure of these cells to differentiate into oligodendrocytes (A. Chang et al., 2002;
Kuhlmann et al., 2008; Lucchinetti et al., 1999; Ozawa et al., 1994; Wolswijk, 1998).
However, many MS lesions completely lack OPCs, indicating that their recruitment to
lesions represents another bottleneck to regeneration (Boyd, Zhang, & Williams,
2013). OPCs are present in the CNS throughout life (Dawson et al., 2003) and their
number and distribution appears to be homeostatically controlled. For example, in
both the zebrafish spinal cord and mammalian cortex, individual OPCs exhibit
dynamic behaviour whereby they extend and retract processes that interact with
those of adjacent OPCs. When the processes of neighbouring OPCs interact they
withdraw from one another indicating that repulsive interactions regulate their
distribution (E. G. Hughes, Kang, Fukaya, & Bergles, 2013b; Kirby et al., 2006).
Interestingly, when a small number of OPCs are ablated, neighbouring OPCs divide
and migrate to fill the void (E. G. Hughes, Kang, Fukaya, & Bergles, 2013b; Kirby et
al., 2006). Homeostasis of OPCs can also be seen at the wider population level.
Despite impairing the proliferation of 90% of adult OPCs through genetic targeting, it
was recently observed that the remaining non-recombined cells could compensate
and proliferate such that total OPC number was maintained at the normal level
(Schneider et al., 2016). This homeostatic propensity of OPCs indicates that this cell
population is tractable for expansion and mobilisation to MS lesions where they are

17



absent. However, there are numerous environmental features that may limit OPC
recruitment to MS lesions. It has been shown that expression of semaphorins known
to regulate developmental OPC migration (Sema 3A and 3F) are differentially
upregulated in distinct MS lesions (Williams et al.,, 2007). Experimental studies
indicate that Sema 3A prevents OPC recruitment to demyelinated lesions and that
Sema 3F can attract OPCs to lesions (Piaton et al., 2011). These data indicate that
manipulation of semaphorins or their receptors may overcome impaired recruitment
of OPCs to MS lesions. Studying OPC migration in the context of demyelination for
drug discovery will, however, require more complex assays than those for
oligodendrocyte differentiation.

Regeneration of myelin sheaths of optimal size

The recently published phenotypic chemical screens described above highlight the
value of simple cell-based assays for identifying compounds that promote a singular
process i.e. oligodendrocyte differentiation. While the rationale of promoting
oligodendrocyte differentiation to enhance remyelination in MS has become the
central focus of recent strategies, it remains to be seen to what extent the
compounds and targets identified using this approach improve functional outcomes
for patients. For example, whether health and function is truly restored to
remyelinated axons in humans remains to be tested. Indeed, it is well known that
even in areas of significant remyelination, in both MS and animal models,
remyelination is imperfect, whereby the myelin sheaths formed during regeneration
are shorter and thinner than normal (Blakemore, 1974; M. B. Bunge et al., 1961;
Gledhill et al., 1973; Prineas & Connell, 1979). Given increasing evidence that
precise regulation of the number, length and thickness of myelin sheaths along
axons is likely to fine-tune neuronal circuit function (Baraban et al., 2016; Fields,
2015; Seidl, 2014), it is not unreasonable to suggest that regeneration of myelin
sheaths of normal parameters is desirable (Filley & Fields, 2016; Liebetanz &
Merkler, 2006). Indeed, it is possible that restoration of normal myelin sheaths during
remyelination might be an important goal to consider with the aim of tackling
cognitive impairments associated with MS. Given the additional trophic and
metabolic support functions of myelin (Funfschilling et al., 2012; Y. Lee et al., 2012b;
Nave, 2010; Saab et al., 2013), it is also plausible that the restoration of sheaths of
normal size may be required to reinstate these roles optimally, and perhaps to
provide best protection to axons from prospective degeneration.

Whereas oligodendrocytes have an inherent capacity to differentiate in vitro, myelin
sheath formation necessarily requires an axon, or an axon-like physical substrate
(Bechler et al., 2015; S. Lee et al., 2012a; Lubetzki et al., 1993). Therefore, the
previous screens that identified multiple pro-differentiating compounds did not
assess myelination per se. Emerging data now indicate that a combination of the
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physical size (diameter) of axons (Almeida, Czopka, Ffrench-Constant, & Lyons,
2011; Bechler et al., 2015; Goebbels et al., 2016; S. Lee et al., 2012a) and axonal
signals (e.g. (Gibson et al., 2014; Koudelka et al., 2016)), cooperate to regulate
myelin sheath number, length, and thickness along CNS axons (see (Klingseisen &
Lyons, 2017) for review). Why myelin sheaths appear to be shorter and thinner
during default remyelination remains unknown. However, the process of
remyelination can in principle restore myelin sheaths of normal thickness and length
to axons (Fyffe-Maricich, Schott, Karl, Krasno, & Miller, 2013; Mulnzel, Becker,
Becker, & Williams, 2014; Powers et al., 2013; Xing et al., 2014), suggesting that
identification of mechanisms that regulate these parameters could lead to strategies
to optimally regenerate myelin. Although we are now starting to gain insight into the
mechanisms that regulate myelin sheath growth, such studies are typically in-depth
phenotypic analyses that are not readily suited for large-scale drug discovery.
Therefore, robust and reductionist automated assays to study axon-myelin
interactions with sufficient scale are required.

Additional opportunities to treat the progressive stages of MS

The enhancement of oligodendrocyte differentiation represents one opportunity to
promote the regeneration of myelin for the treatment of MS. In addition to direct
manipulation of the oligodendrocyte lineage, it is clear that axons, neural stem cells,
microglia/ macrophages, Schwann cells, astrocytes, cells of the vasculature, as well
as additional innate and adaptive immune cells, are also likely to represent possible
therapeutic targets for the treatment of the progressive stages of MS. Consideration
of the diverse pathologies of MS and potential strategies and entry-points for its
treatment are beyond the scope of this review, but have been extensively described
and reviewed elsewhere (Barnett & Linington, 2013; Correale & Farez, 2015;
Dombrowski et al., 2017; Domingues, Portugal, Socodato, & Relvas, 2016; Franklin
& Goldman, 2015; Liddelow et al., 2017; Lloyd & Miron, 2016; Nait Oumesmar et al.,
2008; Ransohoff, Hafler, & Lucchinetti, 2015a; Ransohoff, Schafer, Vincent,
Blachére, & Bar-Or, 2015b; Waxman, 2008; Yuen et al., 2014; Zawadzka et al.,
2010). In the final section of this review we focus on emerging technologies that will
play important roles in dissecting the basic biology of disease and in providing
platforms that allow screening for drug discovery.

Cutting edge technologies to understand glial function, cell-cell interactions,
and drive drug discovery

The phenotypic cell-based assays discussed at the beginning of this review focus
entirely on oligodendrocyte lineage cells in isolation. In doing so, they lack the
fundamental physical substrate required for the process of myelination, axons, in
addition to the dynamic communication that occurs between oligodendrocytes and
their surrounding microenvironment. A number of current and emerging technologies
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are providing new possibilities for studying cell-cell interactions in vitro using
platforms that more closely resemble the in vivo environment. In the following
sections, we will discuss the expanding field of microfluidics and how miniaturisation
of liquid-delivery systems is improving the spatiotemporal control of drug delivery.
We will then consider how this technology has been integrated with co-culture and
organotypic slice culture preparations to study the processes of de- and
remyelination in vitro before focusing on recent advancements in disease modelling
and drug development using 3D organoids, and “organs-on-chip.”

Microfluidics

Microfluidics, or chip-based miniaturized fluid handling systems is a technology that
has greatly expanded over the last couple of decades. Originally developed from
fabrication technologies within the microelectronics industry, it has advanced into an
interdisciplinary field that aims to model physiological microenvironments through the
use of engineered platforms (Manz, Graber, & Widmer, 1990). At the heart of
microfluidics is the ability to manipulate the flow of fluids within engineered
microchannels. A variety of fabricated designs have been developed that enable
multiple cell types to be either cultured within a single compartment or separated
across multiple chambers inter-connected by microchannels, some of which have
been applied to the co-culture cells of the nervous system (Neto et al., 2016).

Modelling myelination with microfluidics

Multi-compartment microfluidic devices composed of separate neuronal-soma and
axon-glia compartments connected via microchannels have been fabricated to study
myelination. In one of the first designs, neurons cultured in a central soma chamber
extended axons along arrays of microchannels into separate glia compartments
containing oligodendrocytes (J. Park, Koito, Li, & Han, 2009). Although this design
only permitted a single treatment to be applied across the entire platform, more
recent systems allow independent fluid control to separate neuron and glial
compartments (Majumdar, Gao, Li, & Webb, 2011) or to multiple glial compartments
in parallel enabling the effects of compounds on specific cell types to be studied (J.
Park, Koito, Li, & Han, 2012). In these examples, cultured OPCs differentiated into
mature OLs, as assessed by MBP expression, and were shown to form sheath-like
structures resembling myelin around axons (Kerman et al., 2015; J. Park et al.,
2012).

A challenge associated with the use of microfluidics in high-throughput myelination
screening is accurately quantifying myelin sheath formation in response to chemical
treatments (Kerman et al., 2015). Previous co-culture studies have relied on manual
approaches to count or trace individual MBP+ segments of myelin following drug
treatments (I. H. Yang et al., 2012). Apart from being incredibly time-consuming and
limited to small-scale comparisons of chemical treatments, these approaches are
also inherently subjective. Therefore, the development of computational approaches
for the accurate, automated analysis of myelination are paramount. Zhang et al.
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were the first to use a computational approach based on the overlapping
fluorescence of myelin, visualised with MBP staining and axons, using Neurofilament
staining, respectively, to quantify myelination per axonal area (H. Zhang, Jarjour,
Boyd, & Williams, 2011). Using this as an index of myelination, they were able to
show that treatment with factors reported to affect myelination and re-myelination in
vivo had a similar effect in a cerebellar slice culture model (H. Zhang et al., 2011).
Taking a similar fluorescence co-localisation approach, Kerman et al. reported a
semi-automated method for myelin quantification in a microfluidic co-culture system
that could be applied to large datasets (Kerman et al., 2015).

One interesting application of microfluidic co-culture devices could be for the study of
neuronal activity-dependent regulation of myelination. In a report by Yang et al.,
applying intermittent electrical stimulation to DRG-glia microfluidic cultures (1hr/day)
induced a five-fold increase in the number of myelin segments, confirmed by EM.
This data suggests that the neuron-glia communication events that mediate activity-
dependent myelination as reported in vivo may also be conserved in vitro and could
allow for the careful dissection of neuronal versus oligodendrocyte components of
this process (Gibson et al., 2014; Hines, Ravanelli, Schwindt, Scott, & Appel, 2015;
Koudelka et al., 2016; Mensch et al., 2015; I. H. Yang et al., 2012). This finding was
further exemplified in a recent study whereby optical stimulation of neurons
expressing light-sensitive ion channels within microfluidic chambers resulted in
increased numbers of myelin sheath structures (H. U. Lee et al., 2016). While
vesicular-mediated signalling between neurons and oligodendrocytes has been
reported (Fruhbeis et al., 2013; Hines et al., 2015; Koudelka et al., 2016; Mensch et
al., 2015; Wake, Lee, & Fields, 2011; Wake et al., 2015), the exact signalling events
underlying activity-dependent regulation of myelination are still unknown. Therefore,
the accessibility of microfluidic systems to biochemical analysis of isolated tissue
(Taylor et al., 2005), electrophysiological recording (Biffi et al., 2012) and localised
delivery of neuromodulators provide an exciting platform in which this process can
be studied.

The small dimensions, low sample consumption, potential for automated analysis
and parallelisation make microfluidic devices particularly attractive for high-
throughput drug screening. While the number of reported microfluidic culture
systems for investigating neuronal and/or glial drug responses is increasing,
throughput still lags behind that of conventional multi-well cell cultures (H. S. Kim,
Jeong, Koo, Han, & Park, 2016).

Organotypic slice cultures

Isolated living slices of brain tissue provide valuable ex vivo models given that they
retain tissue architecture and circuit connectivity from their source of origin. In
addition, with most of the major cell types present, the effect of exogenous
treatments on the physiology of the tissue as a whole can be investigated. Major
improvements in preservation have meant that organotypic slice cultures can be
maintained for several weeks to months in vitro via perfusion with oxygenated
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artificial cerebrospinal fluid, enabling long-term live imaging and electrophysiological
recording (S. Cho, Wood, & Bowlby, 2007; Gogolla, Galimberti, DePaola, & Caroni,
2006). These advantages make organotypic slice cultures a useful model system in
which to investigate responses to chemical treatments.

Studying de- and re-myelination in organotypic slice cultures

While in vitro co-culture studies of myelination provide great flexibility in terms of the
genetic background of the cells used (e.g. combining mutant neurons with wildtype
oligodendrocytes and vice versa), ex vivo organotypic slice cultures largely retain the
cellular environment in which myelination occurs in vivo (for review see (Jarjour,
Zhang, Bauer, Ffrench-Constant, & Williams, 2012)). Using viral-mediated gene
delivery of fluorescent proteins to label oligodendrocytes within slice cultures, the
structural dynamics and behaviour of individual oligodendrocyte lineage cells have
been followed during their migration and maturation (Haber, Vautrin, Fry, & Murai,
2009). Over time, endogenous oligodendrocytes within these cultures form
membrane ensheathments around axons which are both positive for the myelin
marker mbp and form clear myelin sheaths (H. Zhang et al., 2011). This attribute of
organotypic slices has been exploited to investigate the processes of de- and
remyelination in vitro. Although a number of methods have been used to demyelinate
axons within slice cultures, one of the most characterised is that of treatment with the
gliotoxin lysophosphatidylcholine (LPC) (H. Zhang et al., 2011). In 2004, Birgbauer et
al were the first to demonstrate remyelination of axons following LPC treatment in a
cerebellar slice culture model (Birgbauer, Rao, & Webb, 2004). While this
manipulation does not model the inflammatory pathology of MS, the proliferation of
OPCs following demyelination and the production of thinner myelin with shorter
internodes is characteristic of that seen in vivo (H. Zhang et al., 2011). In addition,
many compounds shown to improve remyelination in vivo, have demonstrated
similar effects following LPC-induced demyelination of cerebellar or spinal cord slice
cultures validating these models for the characterisation of remyelination-enhancing
therapeutics (e.g. (J. K. Huang et al., 2011; Mei et al., 2014; Najm et al., 2015)). The
possibility to carry out focal demyelination in slice cultures may also allow ex vivo
analyses of OPC recruitment to lesions, which may provide an important
experimental platform to interrogate further mechanisms relevant to overcoming this
bottleneck to regeneration.

While these experiments highlight the value of slice culture models for drug
screening, the throughput of such systems is invariably low compared with that of
cell-based assays. This is in part due to the practical limitations of the slice
preparation in addition to the lack of standardised perfusion systems for the local and
stable application of drugs to slices. For these reasons, slice culture models have
mostly been used as secondary assays to pre-select promising therapeutics for
further in vivo analysis. Recently, organotypic slice cultures have been integrated
within microfluidic systems enabling greater control over drug delivery and the
potential for increased scalability.
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Combining microfluidics with organotypic slice cultures

In 2009, Berdichevsky et al, published one of the first compartmented culture
devices that allowed organotypic slice cultures to be maintained within a microfluidic
platform. In this system, individual slices cultured within separate, fluidically-isolated
compartments extended axons along connecting microchannels to form synaptic
connections with axons from the neighbouring slice. Using slice cultures from the
entorhinal cortex and hippocampus, functional synapses were reported to form
between the two brain regions enabling synchronization of network activity across
the two-slice network. Additionally, selective pharmacological modulation to block
spontaneous activity within one slice could be applied without affecting the activity of
the other (Berdichevsky, Sabolek, Levine, Staley, & Yarmush, 2009). While this
study demonstrated the potential of microfluidic slice culture systems for
investigating circuit-specific effects following chemical treatments, it was limited in
throughput to one chemical treatment per slice. Recently, a microfluidic system
allowing multiple drug responses to be assessed in parallel was reported (T. C.
Chang et al., 2014). Using a spatially-defined network of microchannels, multiple
compounds were delivered simultaneously to pre-defined locations within a single
mouse brain slice. Treatment with a concentration series of the cytotoxic agent STS
demonstrated significant cell death selectively in STS-treated areas, which increased
in a dose-dependent manner (T. C. Chang et al., 2014). Intended primarily for
assaying chemotherapeutics, the benefits of this system could be applied to the
cytotoxicity profiling of compounds, more generally providing a means by which
small libraries of compounds could be assayed relatively quickly for unwanted side
effects.

While these rodent-based models provide valuable model systems, the possibility of
studying a patient's own tissue may give unprecedented insight into disease
development and the effects of potential therapeutics, a possibility that is currently
being realised with 3D organoid technology.

Studying the CNS microenvironment using 3D organoids

As previously highlighted, the complexity of the CNS can be defined not only by the
diverse array of cell types and extensive communications that occurs between them
but also by the highly organised arrangement of these cells within the 3D
environment. A recent approach to mimic this environment in vitro through the use of
3D organoid cultures has created new possibilities to model CNS physiology and
disease with remarkable fidelity (Shamir & Ewald, 2014). 3D organoids have been
generated using a variety of different protocols, however, they generally rely either
on external patterning growth factors to direct formation of specific brain regions or
utilise self-patterning and self-organisation principles in an effort to mimic those used
by the brain during embryonic development (Eiraku et al., 2011). Initially generated
using rodent embryonic stem cells (Eiraku et al., 2008), recent advancements in
human stem cell culture have enabled the generation of 3D organoids from
pluripotent human embryonic stem cells, multipotent somatic stem cells and induced-
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pluripotent stem cells (iPSCs) allowing expansion directly from patient tissue
(Lancaster et al., 2013). In addition, strategies for re-programming iPSC cells into all
major cell types of the nervous system including neurons (Hunsberger et al., 2015),
oligodendrocytes (Prasad et al., 2016), astrocytes (Jiang et al., 2016; Zhou et al.,
2016), and microglia (Muffat et al., 2016) have been developed providing an
invaluable resource for studying human neurological disease. Using these
techniques, protocols for the generation of human brain-like cerebral (Lancaster et
al.,, 2013), cerebellar (Muguruma, Nishiyama, Kawakami, Hashimoto, & Sasai,
2015), forebrain (Qian et al., 2016) and mid-brain (Jo et al., 2016; Monzel et al.,
2017) organoids have been reported.

3D organoids for disease modelling

A small number of studies have already begun to investigate the potential of patient
iPSC-derived 3D organoid cultures to model disease (Lancaster et al., 2013; Raja et
al., 2016) (Lancaster et al. 2013; Raja et al. 2016). Lancaster et al., showed that iPS
cells derived from a patient with severe microcephaly formed 3D cerebral organoids
with smaller neural tissues and progenitor zones reflective of the reduced brain size
of the patient (Lancaster et al., 2013). Similarly, iPS cells generated from patients
with familial AD were reported to recapitulate many AD-like pathologies, such as -
amyloid aggregation, hyper-phosphorylated tau protein and endosome abnormalities
that are commonly missing from 2D cultures (Raja et al., 2016). One concern with
using 3D organoid models is that their size may reduce compound penetration.
However, in the latter study, treatment with 3- and y- secretase inhibitors was shown
to reduce both the number of p-amyloid aggregates and level of pTau
immunoreactivity suggesting that these model systems could be a potential avenue
for drug testing (Raja et al., 2016). While many features of the human brain such as
the 3D stereotypical cytoarchitecture and electrophysiological properties have been
recapitulated in these models, at least in part (Lancaster et al., 2013; Monzel et al.,
2017; Muguruma et al., 2015), the presence and function of glial cell types remains
understudied. However, a recent study describing the development of a 3D midbrain-
like organoid for the analysis of Parkinson’s disease (PD), reported expression of
S100B and CNP-positive cells, indicative of astrocytes and oligodendrocytes within
mature organoids (Monzel et al., 2017). In addition, 3D immuno-reconstructions
revealed areas of CNP-positive staining that appeared to ensheath neurites
suggesting that differentiated oligodendrocytes may functionally myelinate axons in
3D culture. Although further work will be required to fully characterise glial cell types
within these models, if they do recapitulate cell function in vivo, 3D organoids may
provide a means to investigate the mechanisms of myelin dysregulation using
patient-derived cells. In addition, this creates new opportunities for phenotypic and
mechanistic drug screening in complex human disease models.

While it is clear that the 3D complexity and relative ease with which 3D organoids
can be generated represent significant advantages, do they represent useful models
for high-throughput drug screening? In the following sections, we will suggest that
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the recent integration of 3D organoids within miniaturised chips, termed ‘organ-on-
chip’ technology has the potential to become a powerful tool for drug discovery and
development.

Organs-on-chips

Integration of cutting edge innovations in microfluidics, 3D cell culture, vasculature
modelling and micro sensors for electrophysiological and biochemical analyses are
transforming the way in which we study basic physiology and drug development.
These new in vitro models, termed “organs-on-chips” may not necessarily mimic the
function of an entire organ, but rather recapitulate specific aspects of its function on
a single mm-sized device. Through reproducing organ-specific 3D structure,
microenvironment and physiology, a number of devices have been generated to
mimic the lung, heart, kidney, liver, intestine and brain (Agarwal, Goss, Cho, McCain,
& Parker, 2013; Choucha Snouber et al., 2013; Huh et al., 2010; H. J. Kim & Ingber,
2013; Schwartz et al.,, 2015). These platforms not only allow visualisation of
dynamic, organ-level responses that cannot normally be observed in conventional
2D cell culture modes, but can also be used to facilitate drug development. Many hit
compounds fail during clinical testing due to poor efficacy, unexpected adverse drug
effects and poor blood brain barrier (BBB) permeability leading to costly withdrawals
(Esch, Bahinski, & Huh, 2015). Therefore, improving the effectiveness of preclinical
testing to better predict human drug responses is of critical importance.

Improving drug development with organs-on-chips

One recent use of organ-on-chip systems is in preclinical pharmacokinetic (PK) and
pharmacodynamic (PD) modelling of drugs. Determining how much of a compound
will reach its physiological target in vivo, and the final pharmacological effect is a vital
stage in drug development and is normally carried out through mathematical
modelling. However, for these models to be predictive, they require accurate in vitro
data on drug metabolism and physiology (J. B. Lee & Sung, 2013). Conventional 2D
cell cultures are unable to capture the dynamic complexity of human drug responses
often resulting in model predictions that are wholly inaccurate when tested in
humans. Through using organ-on-chip technology, whereby multiple fluidic
compartments each holding a single biomimetic organ can be inter-connected,
physiologically-relevant data on model multi-organ interactions can be obtained (J.
B. Lee & Sung, 2013). In addition, organ-on-chip technology could reduce the need
for whole animal testing. Generally, safety and toxicity testing are carried out in
whole animals prior to clinical testing in humans. However, these experiments are
slow, costly, require significant amounts of compounds and cross-species
differences can often result in false positives. Therefore, using human-derived cells
on 3D microplatforms may be one method by which the validity of toxicity testing can
be improved, while minimising animal usage, cost and reagent volumes (Crofton et
al., 2011).
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Modelling the BBB with organ-on-chip technology

Dysfunction of the BBB is at the centre of a number of diseases including MS. An
early event in relapsing-remitting forms of MS is hyperpermeability of the BBB
resulting in increased migration of peripheral immune cells into the CNS which both
increases inflammation and exacerbates BBB dysfunction (Larochelle, Alvarez, &
Prat, 2011). Given the role of BBB dysfunction in MS, finding compounds that
improve the integrity of the BBB or restrict migration of immune cells into the brain
therefore represent important clinical targets. For example, Natalizumab (Tysabri), a
humanized recombinant monoclonal antibody that inhibits leukocyte migration into
the brain has been shown to reduce inflammation, occurrence of active lesions and
relapse rates in relapsing-remitting MS (Hutchinson, 2007). In addition to directly
targeting the BBB to prevent the entry of inflammatory cells or pathogens during
disease, enabling the delivery of therapeutics to their sites of action within the brain
is also critical. Many therapeutic compounds shown to improve functional outputs in
vitro, often fail during clinical testing due to incomplete BBB penetrance. This
highlights that the bottleneck in drug discovery is often not due to a lack of
candidates but rather a lack of understanding of BBB physiology and suitable in vitro
and in vivo tests of drug permeability. The reasons why many in vitro models fail to
replicate the BBB faithfully in vitro is 1) they lack fluid flow and 2) they focus primarily
on replicating the unique barrier function while neglecting the dynamic cell-to-cell
communications that occurs between cells of the NGVU (Brown et al., 2015). By
combining microfluidics with 3D multi-compartment cell culture, a number of BBB-on-
chip devices have been generated that more closely mimic the NGVU environment
(Achyuta et al., 2013; Brown et al., 2015).

In a study by Achyuta et al., a multi-layered device was developed in which the top
layer was populated by endothelial cells to mimic the vasculature, while a separate
neural compartment containing neurons, astrocytes and microglia sat below
separated by a porous membrane barrier. This layered set-up enabled the perfusion
of fluid or pharmacological agents to be controlled separately to each compartment
(Achyuta et al., 2013). Using this system, they were able to show that application of
an inflammatory stimulus (TNF-a) to the vascular side of the device led to increased
hyperpermeability of the endothelial barrier along with increased numbers of
microglia and astrocytes displaying activated phenotypes as would be expected from
in vivo data (Achyuta et al., 2013). This data indicates that models like this one may
be useful for studying the influence of neuro-inflammation in disease. However,
limitations of this assay include the use of rodent tissue rather than human, a lack of
pericytes that would normally surround endothelial cells and a lack of fluid flow to
mimic shear stress. An optimised model was recently reported that utilised human-
derived cells to create separate neural and vascular chambers, which included
cultured pericytes (Brown et al., 2015). Importantly, adjustable flow channels were
used to perfuse fluid across endothelial cells to re-create the effect of shear stress in
vitro. This resulted in a model system that mimicked many of the parameters of the
BBB in vivo including expression of tight junction proteins, flow-orientated endothelial
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cell polarity and functional passive and active transport mechanisms (Brown et al.,
2015). The models discussed here could serve two important functions. Firstly, they
could be used to study the physiology of the BBB under normal conditions and in
CNS disorders where permeability is compromised, and secondly, they could be
applied to the process of drug development as useful assays of drug permeability
and toxicity.

While fabrication of these devices requires specialised equipment and expertise not
available in most laboratories, companies are now developing cost-effective
microfluidic platforms that are compatible with multi-well plate formats for cell culture
and high-content screening (Tsui, Lee, Pun, Kim, & Kim, 2013; Volpatti & Yetisen,
2014). In addition, recent improvement in 3D cell culture is reducing tissue
heterogeneity and increasing production efficiency enabling the development of
standardised platforms for high-throughput compound screening, drug testing and
disease modelling (Qian et al., 2016).

Whole-organism chemical screening

Although organ-on-chip technology has been heralded as the replacement to
traditional in vivo models, whole animal testing is still the gold standard for drug
discovery and development. Generally, this has involved the use of rodent models,
but the low-throughput and high cost in terms of animals, time and money present
significant drawbacks to their continued use. Small model organisms such as the
zebrafish Danio Rerio, nematode Caenorhabditis elegans, fruit fly Drosophila
melanogaster and African clawed frog Xenopus are providing attractive alternatives
for drug screening due to their genetic amenability, low maintenance costs and fast
development times. The advantages of such models for screening was realised early
on and led to a number of influential large-scale genetic screens being carried out in
c. elegans, Drosophila and zebrafish (Brenner, 1974; Nusslein-Volhard, 2012;
Nusslein-Volhard & Wieschaus, 1980). More recently these model organisms have
also been employed for chemical screening approaches (Strange, 2016). Unlike flies
and worms, which do not have myelinated axons, the vertebrate zebrafish and
Xenopus models share a number of attributes that make them particularly suited for
the study of myelination in vivo (Bin & Lyons, 2016). To date, zebrafish have been
employed for both chemical screens and studies of myelination to a greater extent
than Xenopus.

Zebrafish

Over the last couple of decades, zebrafish have emerged as a powerful and versatile
model organism for the study of developmental biology in vivo and, more recently,
for small-molecule drug discovery. Their rapid external development and
transparency during larval stages allows non-invasive live imaging of glial
development and myelination (Czopka, Ffrench-Constant, & Lyons, 2013; Nawaz et
al., 2015; Snaidero et al., 2014). Furthermore, discovery screens and targeted gene
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analyses have revealed novel mechanisms of myelination and conservation with
mammals (e.g. (Kazakova et al., 2006; Lyons, Naylor, Scholze, & Talbot, 2009;
Monk et al., 2009; H. C. Park, Mehta, Richardson, & Appel, 2002; Pogoda et al.,
2006; Snyder, Kearns, & Appel, 2012)). It could be argued that zebrafish are also
uniquely suited for high-throughput chemical screening. Zebrafish larvae are only a
few millimetres in length making them particularly amenable to treatment within
multi-well plates and the ease with which large numbers of larvae can be generated
(a single pair mating can produce several hundred offspring) provides a fast and
expandable source of embryos. A key advantage of using zebrafish for chemical
screening is their ability to absorb small molecules directly from the surrounding
media making delivery of compounds relatively straightforward and flexible in terms
of treatment dosage or timing. In this way, phenotypic changes in response to
chemical treatments can be quickly and easily screened in the context of a whole,
developing animal. Additionally, this quality endows zebrafish with a built-in means to
assess drug specificity, efficacy and toxicity, parameters which are often hard or
impossible to measure in cell-based assays and are often the reason why
compounds fail during in vivo testing.

Chemical screens in zebrafish to identify therapeutics for MS

Since the first published zebrafish chemical screen in 2000, there have been over 65
small-molecule screens using zebrafish reported in the literature (R. T. Peterson,
Link, Dowling, & Schreiber, 2000; Rennekamp & Peterson, 2015). During this period,
advances in phenotypic characterisation, data collection and analyses have led to
the identification of a number of potential therapeutic compounds, with a handful
currently under investigation in clinical trials (Rennekamp & Peterson, 2015). The
success of zebrafish as a model organism for drug discovery can in part be
attributed to their high degree of homology to humans. Following completion of the
zebrafish genome sequencing project in 2013, over 70% of human genes are now
believed to have at least one obvious orthologue in zebrafish (Howe et al., 2013).
This high degree of conservation is also evident in their pharmacology with an ever-
increasing number of compounds tested in humans having similar effects in
zebrafish (Milan, Peterson, Ruskin, Peterson, & MacRae, 2003; Rennekamp &
Peterson, 2015). These similarities have made the zebrafish a popular model
organism in which to study the processes of glial cell development and function.

Despite the clear advantages to using zebrafish to study glial development and
myelination, few chemical screens have been published in this area. In 2010,
Buckley et al,. published a drug reprofiling chemical screen in zebrafish to identify
compounds with potential pro-myelinating properties (Buckley et al., 2010). Using the
Tg(Olig2:GFP) transgenic line to identify alterations in oligodendrocyte lineage
migration, proliferation and differentiation, treatment with a library of over 1000
compounds identified ~2% of compounds that altered oligodendrocyte number in the
fish (Buckley et al., 2010). Secondary screening for alterations in myelination was
carried out using real-time PCR for myelin basic protein, which identified three
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compounds with specific effects, including a src family kinase inhibitor known to
affect myelination in mammals (Osterhout, Wolven, Wolf, Resh, & Chao, 1999).
Taking a complementary strategy to find therapeutic compounds for the inflammatory
aspects of MS, Cusick et al., developed a screen to identify suppressors of T cell
activation, a central feature in the immunopathogenesis of MS. Using a transgenic
line to label T cells, Lenaldekar was identified as a novel inhibitor of activated T cell
proliferation (Cusick, Libbey, Trede, Eckels, & Fujinami, 2012). In addition, treatment
with Lenaldekar in an experimental autoimmune encephalomyelitis (EAE) rodent
model of MS inhibited relapse severity, highlighting conservation in function across
species (Cusick et al., 2012). In a similar vein, Vibsanin B, a novel macrocyclic
diterpenoid was identified in a zebrafish chemical screen for inhibitors of leukocyte
migration (Ye et al., 2015). Acting preferentially through heat shock protein
(HSP)90B, Vibsanin B was shown to ameliorate CNS inflammation and
demyelination in EAE mice through inhibiting leukocyte infiltration into the CNS (Ye
et al., 2015).

The availability of new reporters that allow assessment of myelinating cell number
and extent of myelination (Almeida et al., 2011) directly in vivo will allow screens to
be carried out with a greater focus on myelination per se. In addition, the variety of
reporter lines labelling different populations of cells, such as neurons (Sato,
Takahoko, & Okamoto, 2006), Schwann cells (Gilmour, Maischein, & Nusslein-
Volhard, 2002), microglia/macrophages (Ellett, Pase, Hayman, Andrianopoulos, &
Lieschke, 2011; Peri & Nusslein-Volhard, 2008; Sieger & Peri, 2013) and cells of the
vasculature (Jin et al., 2007) expands the type and nature of chemical screens that
can be carried out in zebrafish. Furthermore, the availability of zebrafish models of
human disease generated by gene targeting or identification through gene discovery
allows for chemical rescue screens and studies to be carried out that modify
disease-related phenotypes. For example, it was recently shown that clemastine
treatment could rescue hypomyelination in mct8 mutant zebrafish (Zada, Tovin,
Lerer-Goldshtein, & Appelbaum, 2016). In addition, as with humans and rodents,
zebrafish possess a BBB which begins to form from just 3dpf in the larvae (Xie,
Farage, Sugimoto, & Anand-Apte, 2010), allowing one to study the breakdown of
barrier permeability, central to conditions such as MS, or to screen for therapeutic
compounds capable of crossing the BBB in vivo. Given the promise of using
zebrafish for chemical screening, significant effort is currently being invested in
automating various aspects of the screening pipeline from mass embryo production
systems, automated handling and positioning of embryos (T.-Y. Chang, Pardo-
Martin, Allalou, Wahlby, & Yanik, 2012; Pardo-Martin et al., 2013; 2010; Pulak,
2016), high-speed imaging, and automated analyses (G. Wang et al., 2015; White et
al., 2016). Advances in these areas will help ensure that zebrafish also contribute to
identifying and developing novel and disease-relevant therapeutics.
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Conclusions

Glial cells are now known to regulate many aspects of nervous system formation,
function and health. Their disruption is prevalent in arguably all diseases of the CNS,
whether representing primary causation or secondary consequence of disease. In
any case, manipulation of glia may represent therapeutic options for many disease
states. Here we have focussed on the working model that promoting the endogenous
capacity of our CNS to regenerate myelin may be an important means by which to
treat MS. MS is a complex disease, and it is entirely likely that its life-long
management will require multiple integrated strategies. Targeting the adaptive
immune system will remain core to the treatment of the early stages of disease and
possibly also later stages. However, we expect that this will be augmented by
interventions that promote remyelination. The recent success of hypothesis driven
studies and phenotypic screening studies indicate that medicines to enhance
oligodendrocyte differentiation may soon be on the horizon. It is possible that they
will be followed by interventions that target other cell types and cell-cell interactions
to allow or enhance remyelination. Drug development focussed studies surrounding
the roles of additional cell types and their interactions currently lag behind those
aiming to promote oligodendrocyte differentiation, but are feasible. Here we also
aimed to provide an overview of at least some technologies that could be employed
to study cells of the nervous system and their interactions with therapeutic agents in
more detail and at greater scale. Such approaches are obviously in no way restricted
to analyses of remyelination and we anticipate that they will play key roles in the
continued establishment of glial cells as generally relevant targets for the treatment
of disease.

30



References

Abiraman, K., Pol, S. U., O'Bara, M. A., Chen, G.-D., Khaku, Z. M., Wang, J., Thorn, D., et
al. (2015). Anti-muscarinic adjunct therapy accelerates functional human
oligodendrocyte repair. Journal of Neuroscience, 35(8), 3676-3688.

Absinta, M., Sati, P., & Reich, D. S. (2016). Advanced MRI and staging of multiple
sclerosis lesions. Nat Rev Neurol, 12(6), 358-368.

Achyuta, A. K. H., Conway, A. J., Crouse, R. B., Bannister, E. C., Lee, R. N., Katnik, C. P.,
Behensky, A. A., et al. (2013). A modular approach to create a neurovascular unit-on-
a-chip. Lab on a Chip, 13(4), 542-553.

Ackerman, S. D., & Monk, K. R. (2015). The scales and tales of myelination: using zebra.
Brain research, 1-13. Elsevier.

Agarwal, A., Goss, J. A., Cho, A., McCain, M. L., & Parker, K. K. (2013). Microfluidic heart
on a chip for higher throughput pharmacological studies. Lab on a Chip, 13(18), 3599—
3608.

Agoston, G. E., Wu, J. H., Izenwasser, S., George, C., Katz, J., Kline, R. H., & Newman,
A. H. (1997). Novel N-substituted 3 alpha-[bis(4'-fluorophenyl)methoxy]tropane
analogues: selective ligands for the dopamine transporter. Journal of Medicinal
Chemistry, 40(26), 4329-4339.

Almeida, R. G., Czopka, T., Ffrench-Constant, C., & Lyons, D. A. (2011). Individual axons
regulate the myelinating potential of single oligodendrocytes in vivo. Development
(Cambridge, England), 138(20), 4443—4450.

Atay, O., & Skotheim, J. M. (2017). Spatial and temporal signal processing and decision
making by MAPK pathways. The Journal of Cell Biology, 216(2), 317-330.

Balakin, K. V., Kozintsev, A. V., Kiselyov, A. S., & Savchuk, N. P. (2006). Rational design
approaches to chemical libraries for hit identification. Current drug discovery
technologies, 3(1), 49-65.

Baraban, M., Mensch, S., & Lyons, D. A. (2016). Adaptive myelination from fish to man.
Brain research, 1641(Pt A), 149-161.

Barnett, S. C., & Linington, C. (2013). Myelination: do astrocytes play a role? The
Neuroscientist : a review journal bringing neurobiology, neurology and psychiatry,
19(5), 442-450.

Bartheld, von, C. S., Bahney, J., & Herculano-Houzel, S. (2016). The search for true
numbers of neurons and glial cells in the human brain: A review of 150 years of cell
counting. The Journal of Comparative Neurology, 524(18), 3865-3895.

Bartzokis, G. (2011). Alzheimer's disease as homeostatic responses to age-related myelin
breakdown. Neurobiology of aging, 32(8), 1341-1371.

Bechler, M. E., Byrne, L., & Ffrench-Constant, C. (2015). CNS Myelin Sheath Lengths Are
an Intrinsic Property of Oligodendrocytes. Current biology : CB, 25(18), 2411-2416.

Bercury, K. K., & Macklin, W. B. (2015). Dynamics and Mechanisms of CNS Myelination.
DEVCEL, 32(4), 447-458. Elsevier Inc.

Berdichevsky, Y., Sabolek, H., Levine, J. B., Staley, K. J., & Yarmush, M. L. (2009).
Microfluidics and multielectrode array-compatible organotypic slice culture method. J
Neurosci Methods, 178(1), 59-64.

Bieber, A. J., Warrington, A., Asakura, K., Ciric, B., Kaveri, S. V., Pease, L. R., &
Rodriguez, M. (2002). Human antibodies accelerate the rate of remyelination following
lysolecithin-induced demyelination in mice. Glia, 37(3), 241-249.

Bielen, H., & Houart, C. (2014). The Wnt cries many: Wnt regulation of neurogenesis
through tissue patterning, proliferation, and asymmetric cell division. Developmental
neurobiology, 74(8), 772—780.

Biffi, E., Piraino, F., Pedrocchi, A., Fiore, G. B., Ferrigno, G., Redaelli, A., Menegon, A., et
al. (2012). A microfluidic platform for controlled biochemical stimulation of twin

31



neuronal networks. Biomicrofluidics, 6(2), 24106—2410610.

Bin, J. M., & Lyons, D. A. (2016). Imaging Myelination In Vivo Using Transparent Animal
Models. (B. Zalc, Ed.)Brain Plasticity, 2(1), 3—-29.

Birgbauer, E., Rao, T. S., & Webb, M. (2004). Lysolecithin induces demyelination in vitro in
a cerebellar slice culture system. Journal of Neuroscience Research, 78(2), 157—166.

Blakemore, W. F. (1974). Pattern of remyelination in the CNS. Nature, 249(457), 577-578.

Blakemore, W. F., & Franklin, R. J. M. (2008). Remyelination in experimental models of
toxin-induced demyelination. Current topics in microbiology and immunology, 318,
193-212.

Bodini, B., Veronese, M., Garcia-Lorenzo, D., Battaglini, M., Poirion, E., Chardain, A.,
Freeman, L., et al. (2016). Dynamic imaging of individual remyelination profiles in
multiple sclerosis. Annals of Neurology.

Boespflug-Tanguy, O., Labauge, P., Fogli, A., & Vaurs-Barriere, C. (2008). Genes involved
in leukodystrophies: a glance at glial functions. Current neurology and neuroscience
reports, 8(3), 217-229.

Boyd, A., Zhang, H., & Williams, A. (2013). Insufficient OPC migration into demyelinated
lesions is a cause of poor remyelination in MS and mouse models. Acta
neuropathologica, 125(6), 841-859.

Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics, 77(1), 71-94.

Brown, J. A., Pensabene, V., Markov, D. A., Allwardt, V., Neely, M. D., Shi, M., Britt, C. M.,
et al. (2015). Recreating blood-brain barrier physiology and structure on chip: A novel
neurovascular microfluidic bioreactor. Biomicrofluidics, 9(5), 054124.

Buckley, C. E., Marguerie, A., Roach, A. G., Goldsmith, P., Fleming, A., Alderton, W. K., &
Franklin, R. J. (2010). Drug reprofiling using zebrafish identifies novel compounds with
potential pro-myelination effects. Neuropharmacology, 59(3), 149-159.

Bujalka, H., Koenning, M., Jackson, S., Perreau, V. M., Pope, B., Hay, C. M., Mitew, S., et
al. (2013). MYRF is a membrane-associated transcription factor that autoproteolytically
cleaves to directly activate myelin genes. PLoS Biology, 11(8), e1001625.

Bunge, M. B, Bunge, R. P., & RIS, H. (1961). Ultrastructural study of remyelination in an
experimental lesion in adult cat spinal cord. The Journal of biophysical and
biochemical cytology, 10, 67-94.

Buser, J. R., Maire, J., Riddle, A., Gong, X., Nguyen, T., Nelson, K., Luo, N. L., et al.
(2012). Arrested preoligodendrocyte maturation contributes to myelination failure in
premature infants. Annals of Neurology, 71(1), 93—109.

Cao, Z., Gao, Y., Deng, K., Williams, G., Doherty, P., & Walsh, F. S. (2010). Receptors for
myelin inhibitors: Structures and therapeutic opportunities. Mol Cell Neurosci, 43(1), 1—
14.

Chang, A., Tourtellotte, W. W., Rudick, R., & Trapp, B. D. (2002). Premyelinating
oligodendrocytes in chronic lesions of multiple sclerosis. The New England journal of
medicine, 346(3), 165-173.

Chang, T. C., Mikheev, A. M., Huynh, W., Monnat, R. J., Rostomily, R. C., & Folch, A.
(2014). Parallel microfluidic chemosensitivity testing on individual slice cultures. Lab on
a Chip, 14(23), 4540-4551.

Chang, T.-Y., Pardo-Martin, C., Allalou, A., Wahlby, C., & Yanik, M. F. (2012). Fully
automated cellular-resolution vertebrate screening platform with parallel animal
processing. Lab on a Chip, 12(4), 711.

Chen, Y., Wu, H., Wang, S., Koito, H., Li, J., Ye, F., Hoang, J., et al. (2009). The
oligodendrocyte-specific G protein-coupled receptor GPR17 is a cell-intrinsic timer of
myelination. Nature Neuroscience, 12(11), 1398—1406.

Cho, S., Wood, A., & Bowlby, M. R. (2007). Brain slices as models for neurodegenerative
disease and screening platforms to identify novel therapeutics. Current
neuropharmacology, 5(1), 19-33.

32



Chong, S. Y. C., Rosenberg, S. S., Fancy, S. P. J., Zhao, C., Shen, Y.-A. A,, Hahn, A. T.,
McGee, A. W., et al. (2012). Neurite outgrowth inhibitor Nogo-A establishes spatial
segregation and extent of oligodendrocyte myelination. PNAS, 109(4), 1299-1304.

Choucha Snouber, L., Bunescu, A., Naudot, M., Legallais, C., Brochot, C., Dumas, M. E.,
Elena-Herrmann, B., et al. (2013). Metabolomics-on-a-chip of hepatotoxicity induced
by anticancer drug flutamide and Its active metabolite hydroxyflutamide using
HepG2/C3a microfluidic biochips. Toxicological sciences : an official journal of the
Society of Toxicology, 132(1), 8-20.

Chung, W.-S., Welsh, C. A., Barres, B. A., & Stevens, B. (2015). Do glia drive synaptic and
cognitive impairment in disease? Nature Neuroscience, 18(11), 1539-1545.

Comi, G., Radaelli, M., & Soelberg Sarensen, P. (2016). Evolving concepts in the
treatment of relapsing multiple sclerosis. Lancet.

Compston, A., & Coles, A. (2008). Multiple sclerosis. Lancet, 372(9648), 1502—1517.

Correale, J., & Farez, M. F. (2015). The Role of Astrocytes in Multiple Sclerosis
Progression. Frontiers in neurology, 6, 180.

Craner, M. J., Lo, A. C., Black, J. A., & Waxman, S. G. (2003). Abnormal sodium channel
distribution in optic nerve axons in a model of inflammatory demyelination. Brain,
126(Pt 7), 1552—-1561.

Craner, M. J., Newcombe, J., Black, J. A., Hartle, C., Cuzner, M. L., & Waxman, S. G.
(2004). Molecular changes in neurons in multiple sclerosis: altered axonal expression
of Nav1.2 and Nav1.6 sodium channels and Na+/Ca2+ exchanger. Proc Natl Acad Sci
USA, 101(21), 8168-8173.

Crofton, K. M., Mundy, W. R,, Lein, P. J., Bal-Price, A., Coecke, S., Seiler, A. E. M., Knaut,
H., et al. (2011). Developmental neurotoxicity testing: recommendations for developing
alternative methods for the screening and prioritization of chemicals. ALTEX, 28(1), 9—
15.

Cusick, M. F., Libbey, J. E., Trede, N. S., Eckels, D. D., & Fujinami, R. S. (2012). Human T
cell expansion and experimental autoimmune encephalomyelitis inhibited by
Lenaldekar, a small molecule discovered in a zebrafish screen. J Neuroimmunol,
244(1-2), 35-44.

Czopka, T., Ffrench-Constant, C., & Lyons, D. A. (2013). Individual oligodendrocytes have
only a few hours in which to generate new myelin sheaths in vivo. Developmental Cell,
25(6), 599-609.

Dale, E., Staal, R. G. W., Eder, C., & Mdller, T. (2016). K Ca3.1-a microglial target ready
for drug repurposing? Glia, 64(10), 1733—-1741.

Dawson, M. R. L., Polito, A., Levine, J. M., & Reynolds, R. (2003). NG2-expressing glial
progenitor cells: an abundant and widespread population of cycling cells in the adult rat
CNS. Mol Cell Neurosci, 24(2), 476—488.

Deshmukh, V. A., Tardif, V., Lyssiotis, C. A., Green, C. C., Kerman, B., Kim, H. J.,
Padmanabhan, K., et al. (2013). A regenerative approach to the treatment of multiple
sclerosis. Nature, 502(7471), 327-332.

Dombrowski, Y., O'Hagan, T., Dittmer, M., Penalva, R., Mayoral, S. R., Bankhead, P.,
Fleville, S., et al. (2017). Regulatory T cells promote myelin regeneration in the central
nervous system. Nature Neuroscience.

Domingues, H. S., Portugal, C. C., Socodato, R., & Relvas, J. B. (2016). Oligodendrocyte,
Astrocyte, and Microglia Crosstalk in Myelin Development, Damage, and Repair.
Frontiers in cell and developmental biology, 4, 71.

Du, C., Duan, Y., Wei, W., Cai, Y., Chai, H., Lv, J., Du, X,, et al. (2016). Kappa opioid
receptor activation alleviates experimental autoimmune encephalomyelitis and
promotes oligodendrocyte-mediated remyelination. Nature communications, 7, 11120.

Eiraku, M., Takata, N., Ishibashi, H., Kawada, M., Sakakura, E., Okuda, S., Sekiguchi, K.,
et al. (2011). Self-organizing optic-cup morphogenesis in three-dimensional culture.

33



Nature Publishing Group, 472(7341), 51-56.

Eiraku, M., Watanabe, K., Matsuo-Takasaki, M., Kawada, M., Yonemura, S., Matsumura,
M., Wataya, T., et al. (2008). Self-organized formation of polarized cortical tissues from
ESCs and its active manipulation by extrinsic signals. Cell Stem Cell, 3(5), 519-532.

Ellett, F., Pase, L., Hayman, J. W., Andrianopoulos, A., & Lieschke, G. J. (2011). mpeg1
promoter transgenes direct macrophage-lineage expression in zebrafish. Blood,
117(4), e49—-e56.

Emery, B., & Lu, Q. R. (2015). Transcriptional and Epigenetic Regulation of
Oligodendrocyte Development and Myelination in the Central Nervous System. Cold
Spring Harbor Perspectives in Biology, 7(9), a020461.

Emery, B., Agalliu, D., Cahoy, J. D., Watkins, T. A., Dugas, J. C., Mulinyawe, S. B.,
Ibrahim, A., et al. (2009). Myelin gene regulatory factor is a critical transcriptional
regulator required for CNS myelination. Cell, 138(1), 172-185.

Esch, E. W., Bahinski, A., & Huh, D. (2015). Organs-on-chips at the frontiers of drug
discovery. Nature reviews. Drug discovery, 14(4), 248—-260.

Fancy, S. P. J., Baranzini, S. E., Zhao, C., Yuk, D.-1., Irvine, K.-A., Kaing, S., Sanai, N., et
al. (2009). Dysregulation of the Wnt pathway inhibits timely myelination and
remyelination in the mammalian CNS. Genes & Development, 23(13), 1571-1585.

Fancy, S. P. J., Chan, J. R,, Baranzini, S. E., & Rowitch, D. H. (2010). Myelin
Regeneration: A Recapitulation of Development? Annu Rev Neurosci, 34(1),
110301101035033.

Fancy, S. P. J., Harrington, E. P., Baranzini, S. E., Silbereis, J. C., Shiow, L. R., Yuen, T.
J., Huang, E. J., et al. (2014). Parallel states of pathological Wnt signaling in neonatal
brain injury and colon cancer. Nature Publishing Group, 17(4), 506-512.

Fancy, S. P. J., Harrington, E. P., Yuen, T. J., Silbereis, J. C., Zhao, C., Baranzini, S. E.,
Bruce, C. C., et al. (2011). Axin2 as regulatory and therapeutic target in newborn brain
injury and remyelination. Nature Neuroscience, 14(8), 1009—-1016.

Ferent, J., & Traiffort, E. (2015). Hedgehog: Multiple Paths for Multiple Roles in Shaping
the Brain and Spinal Cord. The Neuroscientist : a review journal bringing neurobiology,
neurology and psychiatry, 21(4), 356-371.

Fields, R. D. (2015). A new mechanism ofnervous system plasticity: activity-dependent
myelination. Nature Reviews Neuroscience, 16(12), 756—767. Nature Publishing
Group.

Filley, C. M., & Fields, R. D. (2016). White matter and cognition: making the connection.
Journal of Neurophysiology, 116(5), 2093—2104.

Franklin, R. J. M., & Goldman, S. A. (2015). Glia Disease and Repair-Remyelination. Cold
Spring Harbor Perspectives in Biology, 7(7), a020594.

Franklin, R. J. M., Ffrench-Constant, C., Edgar, J. M., & Smith, K. J. (2012).
Neuroprotection and repair in multiple sclerosis. Nat Rev Neurol, 8(11), 624—634.
Freeman, M. R., & Rowitch, D. H. (2013). Perspective. Neuron, 80(3), 613-623. Elsevier

Inc.

Friedman, J. H., Koller, W. C., Lannon, M. C., Busenbark, K., Swanson-Hyland, E., &
Smith, D. (1997). Benztropine versus clozapine for the treatment of tremor in
Parkinson's disease. Neurology, 48(4), 1077-1081.

Frahbeis, C., Frohlich, D., Kuo, W. P., Amphornrat, J., Thilemann, S., Saab, A. S.,
Kirchhoff, F., et al. (2013). Neurotransmitter-triggered transfer of exosomes mediates
oligodendrocyte-neuron communication. PLoS Biology, 11(7), €1001604.

Fujita-Jimbo, E., Yu, Z.-L., Li, H., Yamagata, T., Mori, M., Momoi, T., & Momoi, M. Y.
(2012). Mutation in Parkinson disease-associated, G-protein-coupled receptor 37
(GPR37/PaelR) is related to autism spectrum disorder. PLoS ONE, 7(12), e51155.

Flnfschilling, U., Supplie, L. M., Mahad, D., Boretius, S., Saab, A. S., Edgar, J.,
Brinkmann, B. G., et al. (2012). Glycolytic oligodendrocytes maintain myelin and long-

34



term axonal integrity. Nature, 485(7399), 517-521.

Fyffe-Maricich, S. L., Schott, A., Karl, M., Krasno, J., & Miller, R. H. (2013). Signaling
through ERK1/2 controls myelin thickness during myelin repair in the adult central
nervous system. Journal of Neuroscience, 33(47), 18402—-18408.

Gaesser, J. M., & Fyffe-Maricich, S. L. (2016). Intracellular signaling pathway regulation of
myelination and remyelination in the CNS. Experimental Neurology, 283(Pt B), 501—
511.

Galloway, D. A., & Moore, C. S. (2016). miRNAs As Emerging Regulators of
Oligodendrocyte Development and Differentiation. Frontiers in cell and developmental
biology, 4, 59.

Garden, G. A., & Campbell, B. M. (2016). Glial biomarkers in human central nervous
system disease. Glia, 64(10), 1755-1771.

Garver, D. L. (2000). Review of quetiapine side effects. The Journal of clinical psychiatry,
61 Suppl 8, 31—-3— discussion 34-5.

Gibson, E. M., Purger, D., Mount, C. W., Goldstein, A. K., Lin, G. L., Wood, L. S., Inema,
l., et al. (2014). Neuronal activity promotes oligodendrogenesis and adaptive
myelination in the mammalian brain. Science, 344(6183), 1252304.

Gilmour, D. T., Maischein, H. M., & Nusslein-Volhard, C. (2002). Migration and function of
a glial subtype in the vertebrate peripheral nervous system. Neuron, 34(4), 577-588.

Gledhill, R. F., Harrison, B. M., & McDonald, W. I. (1973). Pattern of remyelination in the
CNS. Nature, 244(5416), 443—-444.

Goebbels, S., Wieser, G. L., Pieper, A., Spitzer, S., Weege, B., Yan, K., Edgar, J. M., et al.
(2016). A neuronal PI(3,4,5)P3-dependent program of oligodendrocyte precursor
recruitment and myelination. Nature Neuroscience.

Gogolla, N., Galimberti, |., DePaola, V., & Caroni, P. (2006). Long-term live imaging of
neuronal circuits in organotypic hippocampal slice cultures. Nat Protoc, 1(3), 1223—
1226.

Goldschmidt, T., Antel, J., Konig, F. B., Bruck, W., & Kuhimann, T. (2009). Remyelination
capacity of the MS brain decreases with disease chronicity. Neurology, 72(22), 1914—
1921.

Gonsalvez, D., Ferner, A. H., Peckham, H., Murray, S. S., & Xiao, J. (2015). The roles of
extracellular related-kinases 1 and 2 signaling in CNS myelination.
Neuropharmacology.

Gritsch, S., Lu, J., Thilemann, S., Woértge, S., Mdbius, W., Bruttger, J., Karram, K., et al.
(2014). Oligodendrocyte ablation triggers central pain independently of innate or
adaptive immune responses in mice. Nature communications, 5, 5472.

Grossman, J., Faiferman, |., Dubb, J. W., Tompson, D. J., Busse, W., Bronsky, E.,
Montanaro, A., et al. (1997). Results of the first U.S. double-blind, placebo-controlled,
multicenter clinical study in asthma with pranlukast, a novel leukotriene receptor
antagonist. The Journal of asthma : official journal of the Association for the Care of
Asthma, 34(4), 321-328.

Guo, F., Lang, J., Sohn, J., Hammond, E., Chang, M., & Pleasure, D. (2015). Canonical
Whnt signaling in the oligodendroglial lineage--puzzles remain. Glia, 63(10), 1671—
1693.

Haber, M., Vautrin, S., Fry, E. J., & Murai, K. K. (2009). Subtype-specific oligodendrocyte
dynamics in organotypic culture. Glia, 57(9), 1000-1013.

Hammond, T. R., Gadea, A., Dupree, J., Kerninon, C., Nait Oumesmar, B., Aguirre, A., &
Gallo, V. (2014). Astrocyte-derived endothelin-1 inhibits remyelination through notch
activation. Neuron, 81(3), 588-602.

Heck, M. C., Wagner, C. E., Shahani, P. H., MacNeill, M., Grozic, A., Darwaiz, T.,
Shimabuku, M., et al. (2016). Modeling, Synthesis, and Biological Evaluation of
Potential Retinoid X Receptor (RXR)-Selective Agonists: Analogues of 4-[1-(3,5,5,8,8-

35



Pentamethyl-5,6,7,8-tetrahydro-2-naphthyl)ethynyllbenzoic Acid (Bexarotene) and 6-
(Ethyl(5,5,8,8-tetrahydronaphthalen-2-yl)amino)nicotinic Acid (NEt-TMN). Journal of
Medicinal Chemistry, 59(19), 8924—-8940.

Hercher, C., Chopra, V., & Beasley, C. L. (2014). Evidence for morphological alterations in
prefrontal white matter glia in schizophrenia and bipolar disorder. Journal of psychiatry
& neuroscience : JPN, 39(6), 376—385.

Hickey, W. F. (1999). The pathology of multiple sclerosis: a historical perspective. J
Neuroimmunol, 98(1), 37—-44.

Hines, J. H., Ravanelli, A. M., Schwindt, R., Scott, E. K., & Appel, B. (2015). Neuronal
activity biases axon selection for myelination in vivo. Nature Neuroscience, 18(5), 683—
689.

Howe, K., Clark, M. D., Torroja, C. F., Torrance, J., Berthelot, C., Muffato, M., Collins, J.
E., et al. (2013). The zebrafish reference genome sequence and its relationship to the
human genome. Nature, 496(7446), 498-503. Nature Publishing Group.

Huang, B., Wei, W., Wang, G., Gaertig, M. A., Feng, Y., Wang, W., Li, X.-J., et al. (2015).
Mutant Huntingtin Downregulates Myelin Regulatory Factor-Mediated Myelin Gene
Expression and Affects Mature Oligodendrocytes. Neuron, 85(6), 1212-1226. Elsevier
Inc.

Huang, J. K., Jarjour, A. A., Nait Oumesmar, B., Kerninon, C., Williams, A., Krezel, W.,
Kagechika, H., et al. (2011). Retinoid X receptor gamma signaling accelerates CNS
remyelination. Nature Neuroscience, 14(1), 45-53.

Hughes, E. G., Kang, S. H., Fukaya, M., & Bergles, D. E. (2013a). Oligodendrocyte
progenitors balance growth with self-repulsion to achieve homeostasis in the adult
brain. Nature Neuroscience, 1-11. Nature Publishing Group.

Hughes, E. G., Kang, S. H., Fukaya, M., & Bergles, D. E. (2013b). Oligodendrocyte
progenitors balance growth with self-repulsion to achieve homeostasis in the adult
brain. Nature Neuroscience, 16(6), 668—676. Nature Publishing Group.

Huh, D., Matthews, B. D., Mammoto, A., Montoya-Zavala, M., Hsin, H. Y., & Ingber, D. E.
(2010). Reconstituting organ-level lung functions on a chip. Science, 328(5986), 1662—
1668.

Hunsberger, J. G., Efthymiou, A. G., Malik, N., Behl, M., Mead, I. L., Zeng, X., Simeonov,
A., et al. (2015). Induced Pluripotent Stem Cell Models to Enable In Vitro Models for
Screening in the Central Nervous System. Stem Cells Dev, 24(16), 1852—1864.

Hutchinson, M. (2007). Natalizumab: A new treatment for relapsing remitting multiple
sclerosis. Therapeutics and clinical risk management, 3(2), 259-268.

Ineichen, B. V., Plattner, P. S., Good, N., Martin, R., Linnebank, M., & Schwab, M. E.
(2017). Nogo-A Antibodies for Progressive Multiple Sclerosis. CNS drugs.

Irvine, K. A., & Blakemore, W. F. (2008). Remyelination protects axons from
demyelination-associated axon degeneration. Brain, 131(Pt 6), 1464—1477.

Jacobson, K. A. (2015). New paradigms in GPCR drug discovery. Biochem Pharmacol,
98(4), 541-555.

Jarjour, A. A., Zhang, H., Bauer, N., Ffrench-Constant, C., & Williams, A. (2012). In vitro
modeling of central nervous system myelination and remyelination. Glia, 60(1), 1-12.

Jiang, P., Chen, C., Liu, X.-B., Pleasure, D. E., Liu, Y., & Deng, W. (2016). Human iPSC-
Derived Immature Astroglia Promote Oligodendrogenesis by Increasing TIMP-1
Secretion. CellReports, 15(6), 1303-1315.

Jin, S.-W., Herzog, W., Santoro, M. M., Mitchell, T. S., Frantsve, J., Jungblut, B., Beis, D.,
et al. (2007). A transgene-assisted genetic screen identifies essential regulators of
vascular development in vertebrate embryos. Developmental biology, 307(1), 29—42.

Jo, J., Xiao, Y., Sun, A. X., Cukuroglu, E., Tran, H.-D., Goke, J., Tan, Z. Y., et al. (2016).
Midbrain-like Organoids from Human Pluripotent Stem Cells Contain Functional
Dopaminergic and Neuromelanin-Producing Neurons. Cell Stem Cell, 19(2), 248-257.

36



Joubert, L., Foucault, I., Sagot, Y., Bernasconi, L., Duval, F., Alliod, C., Frossard, M.-J., et
al. (2010). Chemical inducers and transcriptional markers of oligodendrocyte
differentiation. Journal of Neuroscience Research, 88(12), 25462557 .

Kang, S. H., Li, Y., Fukaya, M., Lorenzini, I., Cleveland, D. W., Ostrow, L. W., Rothstein, J.
D., et al. (2013). Degeneration and impaired regeneration of gray matter
oligodendrocytes in amyotrophic lateral sclerosis. Nature Neuroscience, 16(5), 571—
579. Nature Publishing Group.

Kazakova, N., Li, H., Mora, A., Jessen, K. R., Mirsky, R., Richardson, W. D., & Smith, H.
K. (2006). A screen for mutations in zebrafish that affect myelin gene expression in
Schwann cells and oligodendrocytes. Developmental biology, 297(1), 1-13.

Kerman, B. E., Kim, H. J., Padmanabhan, K., Mei, A., Georges, S., Joens, M. S,
Fitzpatrick, J. A. J., et al. (2015). In vitro myelin formation using embryonic stem cells.
Development (Cambridge, England).

Kim, H. J., & Ingber, D. E. (2013). Gut-on-a-Chip microenvironment induces human
intestinal cells to undergo villus differentiation. Integrative biology : quantitative
biosciences from nano to macro, 5(9), 1130-1140.

Kim, H. S., Jeong, S., Koo, C., Han, A., & Park, J. (2016). A Microchip for High-throughput
Axon Growth Drug Screening. Micromachines, 7(7).

Kirby, B. B., Takada, N., Latimer, A. J., Shin, J., Carney, T. J., Kelsh, R. N., & Appel, B.
(2006). In vivo time-lapse imaging shows dynamic oligodendrocyte progenitor behavior
during zebrafish development. Nature Neuroscience, 9(12), 1506—-1511.

Klingseisen, A., & Lyons, D. A. (2017). Axonal Regulation of Central Nervous System
Myelination: Structure and Function. The Neuroscientist : a review journal bringing
neurobiology, neurology and psychiatry, 1073858417703030.

Knapp, P. E., Bartlett, W. P., & Skoff, R. P. (1987). Cultured oligodendrocytes mimic in
vivo phenotypic characteristics: cell shape, expression of myelin-specific antigens, and
membrane production. Developmental biology, 120(2), 356—365.

Koch, M. W., Cutter, G., Stys, P. K., Yong, V. W., & Metz, L. M. (2013). Treatment trials in
progressive MS--current challenges and future directions. Nat Rev Neurol, 9(9), 496—
503.

Kotter, M. R, Li, W.-W., Zhao, C., & Franklin, R. J. M. (2006). Myelin impairs CNS
remyelination by inhibiting oligodendrocyte precursor cell differentiation. Journal of
Neuroscience, 26(1), 328-332.

Kotter, M. R., Setzu, A., Sim, F. J., Van Rooijen, N., & Franklin, R. J. (2001). Macrophage
depletion impairs oligodendrocyte remyelination following lysolecithin-induced
demyelination. Glia, 35(3), 204-212.

Koudelka, S., Voas, M. G., Almeida, R. G., Baraban, M., Soetaert, J., Meyer, M. P., Talbot,
W. S, et al. (2016). Individual Neuronal Subtypes Exhibit Diversity in CNS Myelination
Mediated by Synaptic Vesicle Release. Current Biology, 1-11. The Authors.

Kremer, D., Kury, P., & Dutta, R. (2015). Promoting remyelination in multiple sclerosis:
current drugs and future prospects. Multiple Sclerosis Journal, 21(5), 541-549.

Kuhlmann, T., Miron, V., Cuo, Q., Wegner, C., Antel, J., & Bruck, W. (2008). Differentiation
block of oligodendroglial progenitor cells as a cause for remyelination failure in chronic
multiple sclerosis. Brain, 131(7), 1749—-1758.

Lambert, C., Cisternas, P., & Inestrosa, N. C. (2016). Role of Wnt Signaling in Central
Nervous System Injury. Molecular Neurobiology, 53(4), 2297-2311.

Lampron, A., Larochelle, A., Laflamme, N., Préfontaine, P., Plante, M.-M., Sanchez, M. G.,
Yong, V. W., et al. (2015). Inefficient clearance of myelin debris by microglia impairs
remyelinating processes. The Journal of experimental medicine, 212(4), 481-495.

Lancaster, M. A., Renner, M., Martin, C.-A., Wenzel, D., Bicknell, L. S., Hurles, M. E.,
Homfray, T., et al. (2013). Cerebral organoids model human brain development and
microcephaly. Nature, 501(7467), 373—-379. Nature Publishing Group.

37



Lariosa-Willingham, K. D., Rosler, E. S., Tung, J. S., Dugas, J. C., Collins, T. L., &
Leonoudakis, D. (2016). A high throughput drug screening assay to identify
compounds that promote oligodendrocyte differentiation using acutely dissociated and
purified oligodendrocyte precursor cells. BMC Research Notes, 9(1), 419.

Larochelle, C., Alvarez, J. |., & Prat, A. (2011). How do immune cells overcome the blood-
brain barrier in multiple sclerosis? FEBS letters, 5685(23), 3770-3780.

Lassmann, H., van Horssen, J., & Mahad, D. (2012). Progressive multiple sclerosis:
pathology and pathogenesis. Nature Publishing Group, 8(11), 647-656. Nature
Publishing Group.

Lee, H. U., Nag, S., Blasiak, A., Jin, Y., Thakor, N., & Yang, |. H. (2016). Subcellular
Optogenetic Stimulation for Activity-Dependent Myelination of Axons in a Novel
Microfluidic Compartmentalized Platform. ACS chemical neuroscience, 7(10), 1317—
1324.

Lee, J. B., & Sung, J. H. (2013). Organ-on-a-chip technology and microfluidic whole-body
models for pharmacokinetic drug toxicity screening. Biotechnology journal, 8(11),
1258-1266.

Lee, S., Chong, S. Y. C., Tuck, S. J., Corey, J. M., & Chan, J. R. (2013). A rapid and
reproducible assay for modeling myelination by oligodendrocytes using engineered
nanofibers. Nat Protoc, 8(4), 771-782.

Lee, S., Leach, M. K., Redmond, S. A., Chong, S. Y. C., Mellon, S. H., Tuck, S. J., Feng,
Z.-Q., et al. (2012a). A culture system to study oligodendrocyte myelination processes
using engineered nanofibers. Nature Methods, 9(9), 917-922.

Lee, X., Yang, Z., Shao, Z., Rosenberg, S. S., Levesque, M., Pepinsky, R. B., Qiu, M., et
al. (2007). NGF regulates the expression of axonal LINGO-1 to inhibit oligodendrocyte
differentiation and myelination. Journal of Neuroscience, 27(1), 220-225.

Lee, Y., Morrison, B. M., Li, Y., Lengacher, S., Farah, M. H., Hoffman, P. N., Liu, Y., et al.
(2012b). Oligodendroglia metabolically support axons and contribute to
neurodegeneration. Nature, 487(7408), 443—448.

Liddelow, S. A., Guttenplan, K. A., Clarke, L. E., Bennett, F. C., Bohlen, C. J., Schirmer, L.,
Bennett, M. L., et al. (2017). Neurotoxic reactive astrocytes are induced by activated
microglia. Nature Publishing Group, 541(7638), 481-487. Nature Publishing Group.

Liebetanz, D., & Merkler, D. (2006). Effects of commissural de- and remyelination on
motor skill behaviour in the cuprizone mouse model of multiple sclerosis. Experimental
Neurology, 202(1), 217-224.

Liu, J., Dupree, J. L., Gacias, M., Frawley, R., Sikder, T., Naik, P., & Casaccia, P. (2016).
Clemastine Enhances Myelination in the Prefrontal Cortex and Rescues Behavioral
Changes in Socially Isolated Mice. Journal of Neuroscience, 36(3), 957-962.

Livesey, M. R., Magnani, D., Cleary, E. M., Vasistha, N. A., James, O. T., Selvaraj, B. T.,
Burr, K., et al. (2016). Maturation and electrophysiological properties of human
pluripotent stem cell-derived oligodendrocytes. Stem cells (Dayton, Ohio).

Lloyd, A. F., & Miron, V. E. (2016). Cellular and Molecular Mechanisms Underpinning
Macrophage Activation during Remyelination. Frontiers in cell and developmental
biology, 4, 60.

Locatelli, G., Wértge, S., Buch, T., Ingold, B., Frommer, F., Sobottka, B., Krtger, M., et al.
(2012). Primary oligodendrocyte death does not elicit anti-CNS immunity. Nature
Neuroscience, 15(4), 543-550.

Lu, B., Green, B. A, Farr, J. M., Lopes, F. C. M., & Van Raay, T. J. (2016). Wnt Drug
Discovery: Weaving Through the Screens, Patents and Clinical Trials. Cancers, 8(9).

Lubetzki, C., Demerens, C., Anglade, P., Villarroya, H., Frankfurter, A., Lee, V. M., & Zalc,
B. (1993). Even in culture, oligodendrocytes myelinate solely axons. Proc Natl Acad
SciU S A, 90(14), 6820-6824.

Lucchinetti, C., Bruck, W., Parisi, J., Scheithauer, B., Rodriguez, M., & Lassmann, H.

38



(1999). A quantitative analysis of oligodendrocytes in multiple sclerosis lesions. A
study of 113 cases. Brain, 122 ( Pt 12), 2279-2295.

Lyons, D. A., Naylor, S. G., Scholze, A., & Talbot, W. S. (2009). Kif1b is essential for
MRNA localization in oligodendrocytes and development of myelinated axons. Nature
genetics, 41(7), 854-858.

Magalon, K., Zimmer, C., Cayre, M., Khaldi, J., Bourbon, C., Robles, I., Tardif, G., et al.
(2012). Olesoxime accelerates myelination and promotes repair in models of
demyelination. Annals of Neurology, 71(2), 213—-226.

Mahad, D. H., Trapp, B. D., & Lassmann, H. (2015). Pathological mechanisms in
progressive multiple sclerosis. Lancet neurology, 14(2), 183—-193.

Majumdar, D., Gao, Y., Li, D., & Webb, D. J. (2011). Co-culture of neurons and glia in a
novel microfluidic platform. J Neurosci Methods, 196(1), 38—44.

Manz, A., Graber, N., & Widmer, H. M. (1990). Miniaturized total chemical analysis
systems: a Novel Concept for Chemical Sensing. Sensors and Actuators, 244—-248.
Marazziti, D., Mandillo, S., Di Pietro, C., Golini, E., Matteoni, R., & Tocchini-Valentini, G. P.

(2007). GPR37 associates with the dopamine transporter to modulate dopamine
uptake and behavioral responses to dopaminergic drugs. Proc Natl Acad Sci U S A,
104(23), 9846—-9851. National Acad Sciences.

McDonald, W. |., & Sears, T. A. (1969). Effect of demyelination on conduction in the
central nervous system. Nature, 221(5176), 182—-183.

McKearney, J. W. (1982). Stimulant actions of histamine H1 antagonists on operant
behavior in the squirrel monkey. Psychopharmacology, 77(2), 156—158.

McKenzie, I. A., Ohayon, D., Li, H., Paes de Faria, J., Emery, B., Tohyama, K., &
Richardson, W. D. (2014). Motor skill learning requires active central myelination.
Science, 346(6207), 318-322.

Mei, F., Fancy, S. P. J., Shen, Y.-A. A, Niu, J., Zhao, C., Presley, B., Miao, E., et al.
(2014). Micropillar arrays as a high-throughput screening platform for therapeutics in
multiple sclerosis. Nature Medicine, 1-8. Nature Publishing Group.

Mei, F., Lehmann-Horn, K., Shen, Y.-A. A., Rankin, K. A., Stebbins, K. J., Lorrain, D. S.,
Pekarek, K., et al. (2016a). Accelerated remyelination during inflammatory
demyelination prevents axonal loss and improves functional recovery. eLife, 5.

Mei, F., Mayoral, S. R., Nobuta, H., Wang, F., Desponts, C., Lorrain, D. S., Xiao, L., et al.
(2016b). Identification of the Kappa-Opioid Receptor as a Therapeutic Target for
Oligodendrocyte Remyelination. Journal of Neuroscience, 36(30), 7925—-7935.

Meijer, D. H., Kane, M. F., Mehta, S., Liu, H., Harrington, E., Taylor, C. M., Stiles, C. D., et
al. (2012). Separated at birth? The functional and molecular divergence of OLIG1 and
OLIG2, 1-13. Nature Publishing Group.

Mensch, S., Baraban, M., Aimeida, R., Czopka, T., Ausborn, J., Manira, El, A., & Lyons, D.
A. (2015). Synaptic vesicle release regulates myelin sheath number of individual
oligodendrocytes in vivo. Nature Neuroscience, 18(5), 628—630.

Mi, S., Hu, B., Hahm, K., Luo, Y., Kam Hui, E. S., Yuan, Q., Wong, W. M., et al. (2007).
LINGO-1 antagonist promotes spinal cord remyelination and axonal integrity in MOG-
induced experimental autoimmune encephalomyelitis. Nature Medicine, 13(10), 1228—
1233.

Mi, S., Lee, X., Shao, Z., Thill, G., Ji, B., Relton, J., Levesque, M., et al. (2004). LINGO-1
is a component of the Nogo-66 receptor/p75 signaling complex. Nature Neuroscience,
7(3), 221-228.

Mi, S., Miller, R. H., Lee, X., Scott, M. L., Shulag-Morskaya, S., Shao, Z., Chang, J., et al.
(2005). LINGO-1 negatively regulates myelination by oligodendrocytes. Nature
Neuroscience, 8(6), 745-751.

Mi, S., Miller, R. H., Tang, W., Lee, X., Hu, B., Wu, W., Zhang, Y., et al. (2009). Promotion
of central nervous system remyelination by induced differentiation of oligodendrocyte

39



precursor cells. Annals of Neurology, 65(3), 304—-315.

Miao, Y., & McCammon, J. A. (2016). G-protein coupled receptors: advances in simulation
and drug discovery. Current opinion in structural biology, 41, 83—89.

Milan, D. J., Peterson, T. A., Ruskin, J. N., Peterson, R. T., & MacRae, C. A. (2003). Drugs
that induce repolarization abnormalities cause bradycardia in zebrafish. Circulation,
107(10), 1355-1358.

Mogha, A., D'Rozario, M., & Monk, K. R. (2016). G Protein-Coupled Receptors in
Myelinating Glia. Trends in Pharmacological Sciences, 37(11), 977-987.

Monk, K. R., Naylor, S. G., Glenn, T. D., Mercurio, S., Perlin, J. R., Dominguez, C., Moens,
C. B, et al. (2009). A G protein-coupled receptor is essential for Schwann cells to
initiate myelination. Science, 325(5946), 1402-1405.

Monzel, A. S., Smits, L. M., Hemmer, K., Hachi, S., Moreno, E. L., van Wuellen, T., et al.
(2017). Derivation of Human Midbrain-Specific Organoids from Neuroepithelial
Stem Cells. Stem Cell Reports.

Moller, T., & Boddeke, H. W. G. M. (2016a). GLIA Special Issue: Gliotherapeutics. Glia,
64(10), 1608—-1608.

Moller, T., & Boddeke, H. W. G. M. (2016b). Glial cells as drug targets: What does it take?
Glia, 64(10), 1742-1754.

Moller, T., Bard, F., Bhattacharya, A., Biber, K., Campbell, B., Dale, E., Eder, C., et al.
(2016). Critical data-based re-evaluation of minocycline as a putative specific microglia
inhibitor. Glia, 64(10), 1788—-1794.

Muffat, J., Li, Y., Yuan, B., Mitalipova, M., Omer, A., Corcoran, S., Bakiasi, G., et al.
(2016). Efficient derivation of microglia-like cells from human pluripotent stem cells.
Nature Medicine, 22(11), 1358—-1367.

Muguruma, K., Nishiyama, A., Kawakami, H., Hashimoto, K., & Sasai, Y. (2015). Self-
organization of polarized cerebellar tissue in 3D culture of human pluripotent stem
cells. CellReports, 10(4), 537-550.

Murakami, T., Shoji, M., Imai, Y., Inoue, H., Kawarabayashi, T., Matsubara, E., Harigaya,
Y., et al. (2004). Pael-R is accumulated in Lewy bodies of Parkinson's disease. Annals
of Neurology, 55(3), 439-442.

Munzel, E. J., Becker, C. G., Becker, T., & Williams, A. (2014). Zebrafish regenerate full
thickness optic nerve myelin after demyelination, but this fails with increasing age. Acta
neuropathologica communications, 2, 77.

Nait Oumesmar, B., Picard-Riera, N., Kerninon, C., & Baron-Van Evercooren, A. (2008).
The role of SVZ-derived neural precursors in demyelinating diseases: from animal
models to multiple sclerosis. J Neurol Sci, 265(1-2), 26-31.

Najm, F. J., Madhavan, M., Zaremba, A., Shick, E., Karl, R. T., Factor, D. C., Miller, T. E.,
et al. (2015). Drug-based modulation of endogenous stem cells promotes functional
remyelination in vivo. Nature, 522(7555), 216-220.

Natrajan, M. S., la Fuente, de, A. G., Crawford, A. H., Linehan, E., Nufiez, V., Johnson, K.
R., Wu, T., et al. (2015). Retinoid X receptor activation reverses age-related
deficiencies in myelin debris phagocytosis and remyelination. Brain, 138(Pt 12), 3581—
3597.

Nave, K. A., & Trapp, B. D. (2008). Axon-glial signaling and the glial support of axon
function. Annu Rev Neurosci, 31, 535-561.

Nave, K.-A. (2010). Myelination and the trophic support of long axons. Nature Reviews
Neuroscience, 11(4), 275-283. Nature Publishing Group.

Nave, K.-A., & Werner, H. B. (2014). Myelination of the Nervous System: Mechanisms and
Functions. Annual Review of Cell and Developmental Biology, 30(1), 503—-533.

Nawaz, S., Sanchez, P., Schmitt, S., Snaidero, N., Mitkovski, M., Velte, C., Brickner, B.
R., et al. (2015). Actin filament turnover drives leading edge growth during myelin
sheath formation in the central nervous system. Developmental Cell, 34(2), 139-151.

40



Neto, E., Leitdo, L., Sousa, D. M., Alves, C. J., Alencastre, |. S., Aguiar, P., & Lamghari, M.
(2016). Compartmentalized Microfluidic Platforms: The Unrivaled Breakthrough of In
Vitro Tools for Neurobiological Research. Journal of Neuroscience, 36(46), 11573—
11584.

Nicholson, A. N. (1985). Central effects of H1 and H2 antihistamines. Aviation, space, and
environmental medicine, 56(4), 293—-298.

Nusslein-Volhard, C. (2012). The zebrafish issue of Development. Development
(Cambridge, England), 139(22), 4099—4103.

Nusslein-Volhard, C., & Wieschaus, E. (1980). Mutations affecting segment number and
polarity in Drosophila. Nature, 287(5785), 795-801.

Olmos-Serrano, J. L., Kang, H. J., Tyler, W. A., Silbereis, J. C., Cheng, F., Zhu, Y.,
Pletikos, M., et al. (2016). Down Syndrome Developmental Brain Transcriptome
Reveals Defective Oligodendrocyte Differentiation and Myelination, 1-16. Elsevier Ltd.

Osterhout, D. J., Wolven, A., Wolf, R. M., Resh, M. D., & Chao, M. V. (1999).
Morphological differentiation of oligodendrocytes requires activation of Fyn tyrosine
kinase. JCB, 145(6), 1209-1218.

Ou, Z., Sun, Y, Lin, L., You, N., Liu, X,, Li, H., Ma, Y., et al. (2016). Olig2-Targeted G-
Protein-Coupled Receptor Gpr17 Regulates Oligodendrocyte Survival in Response to
Lysolecithin-Induced Demyelination. Journal of Neuroscience, 36(41), 10560—-10573.

Ozawa, K., Suchanek, G., Breitschopf, H., Bruck, W., Budka, H., Jellinger, K., &
Lassmann, H. (1994). Patterns of oligodendroglia pathology in multiple sclerosis.
Brain, 117 ( Pt 6), 1311-1322.

Pacey, L. K. K., Xuan, I. C. Y., Guan, S., Sussman, D., Henkelman, R. M., Chen, Y.,
Thomsen, C., et al. (2013). Delayed myelination in a mouse model of fragile X
syndrome. Hum Mol Genet, 22(19), 3920-3930.

Pardo-Martin, C., Allalou, A., Medina, J., Eimon, P. M., Wahlby, C., & Fatih Yanik, M.
(2013). High-throughput hyperdimensional vertebrate phenotyping. Nature
communications, 4, 1467.

Pardo-Martin, C., Chang, T.-Y., Koo, B. K., Gilleland, C. L., Wasserman, S. C., & Yanik, M.
F. (2010). High-throughput in vivo vertebrate screening. Nature Methods, 7(8), 634—
636. Nature Publishing Group.

Park, H. C., Mehta, A., Richardson, J. S., & Appel, B. (2002). olig2 is required for zebrafish
primary motor neuron and oligodendrocyte development. Developmental biology,
248(2), 356-368.

Park, H. L., Bai, C., Platt, K. A., Matise, M. P., Beeghly, A., Hui, C. C., Nakashima, M., et
al. (2000). Mouse Gli1 mutants are viable but have defects in SHH signaling in
combination with a Gli2 mutation. Development (Cambridge, England), 127(8), 1593—
1605.

Park, J., Koito, H., Li, J., & Han, A. (2009). Microfluidic compartmentalized co-culture
platform for CNS axon myelination research. Biomedical Microdevices, 11(6), 1145—
1153.

Park, J., Koito, H., Li, J., & Han, A. (2012). Multi-compartment neuron—glia co-culture
platform for localized CNS axon—glia interaction study. Lab on a Chip, 12(18), 3296.

Pearse, D. D., & Hughes, Z. A. (2016). PDE4B as a microglia target to reduce
neuroinflammation. Glia, 64(10), 1698-17009.

Peppard, J. V., Rugg, C. A., Smicker, M. A., Powers, E., Harnish, E., Prisco, J., Cirovic, D.,
et al. (2015). High-content phenotypic screening and triaging strategy to identify small
molecules driving oligodendrocyte progenitor cell differentiation. Journal of
biomolecular screening, 20(3), 382—-390.

Pereira, G. B., Dobretsova, A., Hamdan, H., & Wight, P. A. (2011). Expression of myelin
genes: comparative analysis of Oli-neu and N20.1 oligodendroglial cell lines. Journal of
Neuroscience Research, 89(7), 1070-1078.

41



Peri, F., & Nusslein-Volhard, C. (2008). Live imaging of neuronal degradation by microglia
reveals a role for vO-ATPase a1 in phagosomal fusion in vivo. Cell, 133(5), 916-927.

Peterson, R. T, Link, B. A., Dowling, J. E., & Schreiber, S. L. (2000). Small molecule
developmental screens reveal the logic and timing of vertebrate development. Proc
Natl Acad Sci U S A, 97(24), 12965-12969.

Piaton, G., Aigrot, M.-S., Williams, A., Moyon, S., Tepavcevic, V., Moutkine, I., Gras, J., et
al. (2011). Class 3 semaphorins influence oligodendrocyte precursor recruitment and
remyelination in adult central nervous system. Brain, 134(Pt 4), 1156-1167.

Pileri, A., Delfino, C., Grandi, V., & Pimpinelli, N. (2013). Role of bexarotene in the
treatment of cutaneous T-cell lymphoma: the clinical and immunological sides.
Immunotherapy, 5(4), 427—433.

Pirko, I., Ciric, B., Gamez, J., Bieber, A. J., Warrington, A. E., Johnson, A. J., Hanson, D.
P., et al. (2004). A human antibody that promotes remyelination enters the CNS and
decreases lesion load as detected by T2-weighted spinal cord MRI in a virus-induced
murine model of MS. The FASEB journal : official publication of the Federation of
American Societies for Experimental Biology, 18(13), 1577-1579.

Plantone, D., De Angelis, F., Doshi, A., & Chataway, J. (2016). Secondary Progressive
Multiple Sclerosis: Definition and Measurement. CNS drugs, 30(6), 517-526.

Pogoda, H.-M., Sternheim, N., Lyons, D. A., Diamond, B., Hawkins, T. A., Woods, I. G.,
Bhatt, D. H., et al. (2006). A genetic screen identifies genes essential for development
of myelinated axons in zebrafish. Developmental biology, 298(1), 118—131.

Pohl, H. B. F., Porcheri, C., Mueggler, T., Bachmann, L. C., Martino, G., Riethmacher, D.,
Franklin, R. J. M., et al. (2011). Genetically Induced Adult Oligodendrocyte Cell Death
Is Associated with Poor Myelin Clearance, Reduced Remyelination, and Axonal
Damage. Journal of Neuroscience, 31(3), 1069—1080.

Porcu, G., Serone, E., De Nardis, V., Di Giandomenico, D., Lucisano, G., Scardapane, M.,
Poma, A., et al. (2015). Clobetasol and Halcinonide Act as Smoothened Agonists to
Promote Myelin Gene Expression and RxRy Receptor Activation. (F. de Castro,
Ed.)PLoS ONE, 10(12), e0144550.

Powers, B. E., Sellers, D. L., Lovelett, E. A., Cheung, W., Aalami, S. P., Zapertov, N.,
Maris, D. O., et al. (2013). Remyelination reporter reveals prolonged refinement of
spontaneously regenerated myelin. PNAS, 110(10), 4075-4080.

Prasad, A., Manivannan, J., Loong, D. T. B., Chua, S. M., Gharibani, P. M., & All, A. H.
(2016). A review of induced pluripotent stem cell, direct conversion by trans-
differentiation, direct reprogramming and oligodendrocyte differentiation. Regenerative
medicine, 11(2), 181-191.

Prineas, J. W., & Connell, F. (1979). Remyelination in multiple sclerosis. Annals of
Neurology, 5(1), 22-31.

Prior, M., Chiruta, C., Currais, A., Goldberg, J., Ramsey, J., Dargusch, R., Maher, P. A., et
al. (2014). Back to the future with phenotypic screening. ACS chemical neuroscience,
5(7), 503-513.

Pruss, R. M. (2010). Phenotypic screening strategies for neurodegenerative diseases: a
pathway to discover novel drug candidates and potential disease targets or
mechanisms. CNS & neurological disorders drug targets, 9(6), 693—700.

Pulak, R. (2016). Tools for automating the imaging of zebrafish larvae. Methods, 96, 118—
126.

Qian, X., Nguyen, H. N., Song, M. M., Hadiono, C., Ogden, S. C., Hammack, C., Yao, B.,
et al. (2016). Brain-Region-Specific Organoids Using Mini-bioreactors for Modeling
ZIKV Exposure. Cell, 165(5), 1238-1254.

Raja, W. K., Mungenast, A. E., Lin, Y.-T., Ko, T., Abdurrob, F., Seo, J., & Tsai, L.-H.
(2016). Self-Organizing 3D Human Neural Tissue Derived from Induced Pluripotent
Stem Cells Recapitulate Alzheimer's Disease Phenotypes. PLoS ONE, 11(9),

42



e0161969.

Ransohoff, R. M., Hafler, D. A., & Lucchinetti, C. F. (2015a). Multiple sclerosis-a quiet
revolution. Nat Rev Neurol, 11(3), 134-142.

Ransohoff, R. M., Schafer, D., Vincent, A., Blacheére, N. E., & Bar-Or, A. (2015b).
Neuroinflammation: Ways in Which the Immune System Affects the Brain.
Neurotherapeutics : the journal of the American Society for Experimental
NeuroTherapeutics, 12(4), 896-909. Springer US.

Reier, P. J., & Webster, H. F. (1974). Regeneration and remyelination of Xenopus tadpole
optic nerve fibres following transection or crush. J Neurocytol, 3(5), 591-618.

Rennekamp, A. J., & Peterson, R. T. (2015). 15 years of zebrafish chemical screening.
Current opinion in chemical biology, 24, 58—70.

Rosenberg, S. S., & Chan, J. R. (2009). Modulating myelination: knowing when to say
Wnt. Genes & Development, 23(13), 1487—1493.

Rossi, M., Magnoni, L., Miracco, C., Mori, E., Tosi, P., Pirtoli, L., Tini, P., et al. (2011). B-
catenin and Gli1 are prognostic markers in glioblastoma. Cancer biology & therapy,
11(8), 753-761.

Ruckh, J. M., Zhao, J.-W., Shadrach, J. L., van Wijngaarden, P., Rao, T. N., Wagers, A. J.,
& Franklin, R. J. M. (2012). Rejuvenation of regeneration in the aging central nervous
system. Cell Stem Cell, 10(1), 96—103.

Saab, A. S., Tzvetanova, I. D., & Nave, K.-A. (2013). The role of myelin and
oligodendrocytes in axonal energy metabolism. Current Opinion in Neurobiology,
23(6), 1065-1072.

Safaiyan, S., Kannaiyan, N., Snaidero, N., Brioschi, S., Biber, K., Yona, S., Edinger, A. L.,
et al. (2016). Age-related myelin degradation burdens the clearance function of
microglia during aging. Nature Neuroscience, 19(8), 995-998.

Samanta, J., Grund, E. M., Silva, H. M., Lafaille, J. J., Fishell, G., & Salzer, J. L. (2015).
Inhibition of Gli1 mobilizes endogenous neural stem cells for remyelination. Nature,
526(7573), 448-452.

Sato, T., Takahoko, M., & Okamoto, H. (2006). HuC:Kaede, a useful tool to label neural
morphologies in networks in vivo. Genesis, 44(3), 136—142.

Schneider, S., Gruart, A., Grade, S., Zhang, Y., Krdger, S., Kirchhoff, F., Eichele, G., et al.
(2016). Decrease in newly generated oligodendrocytes leads to motor dysfunctions
and changed myelin structures that can be rescued by transplanted cells. Glia, 64(12),
2201-2218.

Schwab, M. E. (2010). Functions of Nogo proteins and their receptors in the nervous
system. Nature Reviews Neuroscience, 11(12), 799-811.

Schwartz, M. P., Hou, Z., Propson, N. E., Zhang, J., Engstrom, C. J., Santos Costa, V.,
Jiang, P., et al. (2015). Human pluripotent stem cell-derived neural constructs for
predicting neural toxicity. PNAS, 112(40), 12516-12521.

Seidl, A. H. (2014). Regulation of conduction time along axons. Neuroscience, 276, 126—
134.

Shamir, E. R., & Ewald, A. J. (2014). Three-dimensional organotypic culture: experimental
models of mammalian biology and disease. Nature Reviews Molecular Cell Biology,
15(10), 647-664.

Sieger, D., & Peri, F. (2013). Animal models for studying microglia: the first, the popular,
and the new. Glia, 61(1), 3-9.

Simons, M., Kramer, E. M., Thiele, C., Stoffel, W., & Trotter, J. (2000). Assembly of myelin
by association of proteolipid protein with cholesterol- and galactosylceramide-rich
membrane domains. JCB, 151(1), 143—-154.

Smith, K. J., Blakemore, W. F., & McDonald, W. I. (1979). Central remyelination restores
secure conduction. Nature, 280(5721), 395-396.

Smith, N. J. (2015). Drug Discovery Opportunities at the Endothelin B Receptor-Related

43



Orphan G Protein-Coupled Receptors, GPR37 and GPR37L1. Frontiers in
pharmacology, 6, 275.

Snaidero, N., Mdbius, W., Czopka, T., Hekking, L. H. P., Mathisen, C., Verkleij, D.,
Goebbels, S., et al. (2014). Myelin Membrane Wrapping of CNS Axons by PI(3,4,5)P3-
Dependent Polarized Growth at the Inner Tongue. Cell, 156(1-2), 277-290. Elsevier.

Snyder, J. L., Kearns, C. A., & Appel, B. (2012). Fbxw7 regulates Notch to control
specification of neural precursors for oligodendrocyte fate. Neural Development, 7, 15.

Stacpoole, S. R. L., Spitzer, S., Bilican, B., Compston, A., Karadaéttir, R., Chandran, S., &
Franklin, R. J. M. (2013). High yields of oligodendrocyte lineage cells from human
embryonic stem cells at physiological oxygen tensions for evaluation of translational
biology. Stem cell reports, 1(5), 437—-450.

Strange, K. (2016). Drug Discovery in Fish, Flies, and Worms. ILAR journal, 57(2), 133—
143.

Syed, Y. A, Baer, A., Hofer, M. P., Gonzalez, G. A., Rundle, J., Myrta, S., Huang, J. K., et
al. (2013). Inhibition of phosphodiesterase-4 promotes oligodendrocyte precursor cell
differentiation and enhances CNS remyelination. EMBO molecular medicine, 5(12),
1918-1934.

Tai, D., Wells, K., Arcaroli, J., Vanderbilt, C., Aisner, D. L., Messersmith, W. A., & Lieu, C.
H. (2015). Targeting the WNT Signaling Pathway in Cancer Therapeutics. The
oncologist, 20(10), 1189-1198.

Tanabe, Y., Fujita-Jimbo, E., Momoi, M. Y., & Momoi, T. (2015). CASPR2 forms a complex
with GPR37 via MUPP1 but not with GPR37(R558Q), an autism spectrum disorder-
related mutation. Journal of Neurochemistry, 134(4), 783—793.

Taylor, A. M., Blurton-Jones, M., Rhee, S. W., Cribbs, D. H., Cotman, C. W., & Jeon, N. L.
(2005). A microfluidic culture platform for CNS axonal injury, regeneration and
transport. Nature Methods, 2(8), 599-605.

Traka, M., Arasi, K., Avila, R. L., Podojil, J. R., Christakos, A., Miller, S. D., Soliven, B., et
al. (2010). A genetic mouse model of adult-onset, pervasive central nervous system
demyelination with robust remyelination. Brain, 133(10), 3017-3029.

Trapp, B. D., Peterson, J., Ransohoff, R. M., Rudick, R., Mérk, S., & Bo, L. (1998). Axonal
transection in the lesions of multiple sclerosis. The New England journal of medicine,
338(5), 278-285.

Tripathi, R. B., Rivers, L. E., Young, K. M., Jamen, F., & Richardson, W. D. (2010). NG2
glia generate new oligodendrocytes but few astrocytes in a murine experimental
autoimmune encephalomyelitis model of demyelinating disease. Journal of
Neuroscience, 30(48), 16383-16390.

Tsui, J. H., Lee, W., Pun, S. H., Kim, J., & Kim, D.-H. (2013). Microfluidics-assisted in vitro
drug screening and carrier production. Advanced Drug Delivery Reviews, 65(11-12),
1575-1588.

Volpatti, L. R., & Yetisen, A. K. (2014). Commercialization of microfluidic devices. Trends
in biotechnology, 32(7), 347-350.

Wake, H., Lee, P. R., & Fields, R. D. (2011). Control of Local Protein Synthesis and Initial
Events in Myelination by Action Potentials. Science, 333(6049), 1647—1651.

Wake, H., Ortiz, F. C., Woo, D. H., Lee, P. R., Angulo, M. C., & Fields, R. D. (2015).
Nonsynaptic junctions on myelinating glia promote preferential myelination of
electrically active axons. Nature communications, 6, 7844.

Wang, G., Rajpurohit, S. K., Delaspre, F., Walker, S. L., White, D. T., Ceasrine, A.,
Kuruvilla, R., et al. (2015). First quantitative high-throughput screen in zebrafish
identifies novel pathways for increasing pancreatic B-cell mass. eLife, 4.

Wang, J., Lu, J., Bond, M. C., Chen, M., Ren, X.-R., Lyerly, H. K., Barak, L. S., et al.
(2010). Identification of select glucocorticoids as Smoothened agonists: potential utility
for regenerative medicine. PNAS, 107(20), 9323-9328.

44



Wang, Y., Imitola, J., Rasmussen, S., O'Connor, K. C., & Khoury, S. J. (2008). Paradoxical
dysregulation of the neural stem cell pathway sonic hedgehog-Gli1 in autoimmune
encephalomyelitis and multiple sclerosis. Annals of Neurology, 64(4), 417-427.

Warrington, A. E., Bieber, A. J., Ciric, B., Pease, L. R., Van Keulen, V., & Rodriguez, M.
(2007). A recombinant human IgM promotes myelin repair after a single, very low
dose. Journal of Neuroscience Research, 85(5), 967-976.

Waxman, S. G. (2006). Axonal conduction and injury in multiple sclerosis: the role of
sodium channels. Nature Reviews Neuroscience, 7(12), 932-941.

Waxman, S. G. (2008). Mechanisms of disease: sodium channels and neuroprotection in
multiple sclerosis-current status. Nature clinical practice. Neurology, 4(3), 159-169.

Wes, P. D., Sayed, F. A., Bard, F., & Gan, L. (2016). Targeting microglia for the treatment
of Alzheimer's Disease. Glia, 64(10), 1710-1732.

White, D. T., Eroglu, A. U., Wang, G., Zhang, L., Sengupta, S., Ding, D., Rajpurohit, S. K.,
et al. (2016). ARQIiv-HTS, a versatile whole-organism screening platform enabling in
vivo drug discovery athigh-throughput rates. Nat Protoc, 11(12), 2432—2453. Nature
Publishing Group.

Williams, A., Piaton, G., Aigrot, M.-S., Belhadi, A., Théaudin, M., Petermann, F., Thomas,
J.-L., et al. (2007). Semaphorin 3A and 3F: key players in myelin repair in multiple
sclerosis? Brain, 130(Pt 10), 2554—-2565.

Wolswijk, G. (1998). Chronic stage multiple sclerosis lesions contain a relatively quiescent
population of oligodendrocyte precursor cells. J Neurosci, 18(2), 601-609.

Xiao, L., Ohayon, D., McKenzie, I. A., Sinclair-Wilson, A., Wright, J. L., Fudge, A. D., Ben
Emery, et al. (2016). Rapid production of new oligodendrocytes is required in the
earliest stages of motor-skill learning. Nature Neuroscience, 1-9. Nature Publishing
Group.

Xie, J., Farage, E., Sugimoto, M., & Anand-Apte, B. (2010). A novel transgenic zebrafish
model for blood-brain and blood-retinal barrier development. BMC Dev Biol, 10, 76.

Xing, Y. L., Réth, P. T., Stratton, J. A. S., Chuang, B. H. A,, Danne, J., Ellis, S. L., Ng, S.
W., et al. (2014). Adult neural precursor cells from the subventricular zone contribute
significantly to oligodendrocyte regeneration and remyelination. Journal of
Neuroscience, 34(42), 14128-14146.

Yang, H.-J., Vainshtein, A., Maik-Rachline, G., & Peles, E. (2016). G protein-coupled
receptor 37 is a negative regulator of oligodendrocyte differentiation and myelination.
Nature communications, 7, 10884.

Yang, I. H., Gary, D., Malone, M., Dria, S., Houdayer, T., Belegu, V., McDonald, J. W., et
al. (2012). Axon Myelination and Electrical Stimulation in a Microfluidic,
Compartmentalized Cell Culture Platform. Neuromolecular medicine, 14(2), 112—-118.

Ye, B.-X,, Deng, X., Shao, L.-D., Lu, Y., Xiao, R., Liu, Y.-J., Jin, Y., et al. (2015). Vibsanin
B preferentially targets HSP90p, inhibits interstitial leukocyte migration, and
ameliorates experimental autoimmune encephalomyelitis. Journal of immunology
(Baltimore, Md. : 1950), 194(9), 4489-4497.

Yeung, M. S. Y., Zdunek, S., Bergmann, O., Bernard, S., Salehpour, M., Alkass, K., Perl,
S., etal. (2014). Dynamics of Oligodendrocyte Generation and Myelination in the
Human Brain. Cell, 159(4), 766—774. Elsevier Inc.

Young, K. M., Psachoulia, K., Tripathi, R. B., Dunn, S.-J., Cossell, L., Attwell, D.,
Tohyama, K., et al. (2013). Oligodendrocyte Dynamics in the Healthy Adult CNS:
Evidence for Myelin Remodeling. Neuron, 77(5), 873-885. Elsevier Inc.

Yuen, T. J., Johnson, K. R., Miron, V. E., Zhao, C., Quandt, J., Harrisingh, M. C., Swire,
M., et al. (2013). Identification of endothelin 2 as an inflammatory factor that promotes
central nervous system remyelination. Brain.

Yuen, T. J., Silbereis, J. C., Griveau, A., Chang, S. M., Daneman, R., Fancy, S. P. J.,
Zahed, H., et al. (2014). Oligodendrocyte-Encoded HIF Function Couples Postnatal

45



Myelinationand White Matter Angiogenesis. Cell, 158(2), 383—-396. Elsevier Inc.

Zada, D., Tovin, A., Lerer-Goldshtein, T., & Appelbaum, L. (2016). Pharmacological
treatment and BBB-targeted genetic therapy for MCT8-dependent hypomyelination in
zebrafish. Dis Model Mech, 9(11), 1339-1348.

Zawadzka, M., Rivers, L. E., Fancy, S. P. J., Zhao, C., Tripathi, R., Jamen, F., Young, K.,
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—
590.

Zeller, N. K., Behar, T. N., Dubois-Dalcq, M. E., & Lazzarini, R. A. (1985). The timely
expression of myelin basic protein gene in cultured rat brain oligodendrocytes is
independent of continuous neuronal influences. J Neurosci, 5(11), 2955-2962.

Zhang, H., Jarjour, A. A., Boyd, A., & Williams, A. (2011). Central nervous system
remyelination in culture--a tool for multiple sclerosis research. Experimental Neurology,
230(1), 138-148.

Zhang, Y., Zhang, H., Wang, L., Jiang, W., Xu, H., Xiao, L., Bi, X., et al. (2012). Quetiapine
enhances oligodendrocyte regeneration and myelin repair after cuprizone-induced
demyelination. Schizophrenia Research, 138(1), 8-17.

Zhou, S., Szczesna, K., Ochalek, A., Kobolak, J., Varga, E., Nemes, C., Chandrasekaran,
A., et al. (2016). Neurosphere Based Differentiation of Human iPSC Improves
Astrocyte Differentiation. Stem cells international, 2016, 4937689.

Zorner, B., & Schwab, M. E. (2010). Anti-Nogo on the go: from animal models to a clinical
trial. Ann N Y Acad Sci, 1198 Suppl 1, E22-34.

Zuchero, J. B., & Barres, B. A. (2015). Glia in mammalian development and disease.
Development (Cambridge, England), 142(22), 3805-3809.

46



Target

Manipulation

Proposed effect on remyelination

Therapeutic translation

Identified from target driven strategies

Blocks signals inhibitory to

Lingo 1 Anti-lingo1 antibody differentiation Phase Il trial completed
. . Blocks signals inhibitory to . .
Nogo-A Anti-Nogo-A antibody differentiation Second Phase | trial on-going
Unknown rHIgM22 antibody Unknown Phase | trial on-going
Bexarotene (pan RXR
agonist) .
RxR Promotes oligodendrocyte Trial in recruitment phase

Selective agonists in
development

differentiation

Wnt pathway

Tankyrase Inhibitor

Blocking signals inhibitory to

Not yet pursued-affects many cell

(XAV939) differentiation types
Mltoqhondrlal permeability Olesoxime Unknown Phase Ib trial completed, well
transition pore tolerated
. - . Poorly tolerated in previous trials-
Phosphodiesterase-4 Inhibitor (Rolipram) Unknown

affects many cell types

Gpr17

Pranlukast (non-selective
antagonist)

Promotes oligodendrocyte
differentiation

Not yet pursued

Endothelin receptor

PD142,893 (pan-
antagonist)

BQ3080 (EDNRB agonist)

Promotes oligodendrocyte
differentiation and myelination

Not yet pursued

Gli1

Gant61

Blocking signals inhibitory to OPC
recruitment

Not yet pursued




Benztropine (Antagonist) Not yet pursued
K} Muscarinic acetylcholine Clemastine (Antagonist) P.romote.s gllgodendrocyte Phase Il trial completed
m receptor differentiation
)
% S Solifenacin (Antagonist) Not yet pursued
o o
z 3 «-opioid receptor (+)-U-50488 (KOR Promotes oligodendrocyte Not vet bursued
g 2 P P agonist) differentiation and survival yetp
£ 5
T o e . P tes oligodendrocyte
o O romotes olig y
£ §, Glucocorticoid receptor Clobetasol (Agonist) differentiation Not yet pursued
c
@
'U .
- Unknown acting on MAPK Miconazole (Unknown) P.romote.s gllgodendrocyte . Not yet pursued

differentiation and myelination

Table 1. Summary of candidates and compounds that promote remyelination in vivo that have therapeutic potential




Joubert et Deshmukh Mei et al. Mei et al. Najm et al. Peppard Porcu et al. Lariosa-
al. et al. (2013) (2014) (2016) (2015) et al. (2015) (2015) Willingham
(2010) et al. (2016)
Library In house, Not specified | SelleckChem SelleckChem NCC-I/lI Sanofi Prestwick NCC-I/lI
LOPAC and Known GPCR Library Collection chemical
NINDS Bioactives Subset library
Compounds 3000 ~100000 1000 ~250 727 ~73000 1200 727
Concentration 3,300r 1.5uM 1uM 1uM 5uM 3uM 1,10 & 20f10,2,04
60uM 25uM or 0.08uM
Organism Mouse Rat Rat Rat Mouse Rat Mouse Rat
Cell Type Oli-neu cell | Primary OPCs Primary Primary OPCs | EpiSC-derived | CG-4 cell line | Oli-neu line Primary
line OPCs OPCs expressing unpassaged
MRF OPCs
Readout Process % MBP+ve Relative %MBP vs PDGFRA Process Length | Morphological | Mean MBP MBP+ve
length (actin cells +ve rings surrounding [/ MBP+ve cells analysis expression signal /
staining) micropillars MBP+ve cells
Hits 10in 3 54in 19 18 15 14 22 23 26
classes classes
Hit Repeat, Not specified Not specified Not specified Orthogonal Repeat EC50 EC50 EC50,
Confirmation EC50, assay, EC50, ex additional OL
Primary cell vivo slice markers
assay, MBP cultures
mRNA +
Protein
analysis
Hits followed N/A Benztropine Clemastine (+)-U-50488 Clobetasol and N/A N/A N/A
up in vivo Miconazole
In vivo None Cuprizone and Focal Focal Focal and EAE- None None None
validation EAE- induced | demyelination | demyelination induced

demyelination

demyelination

Table 2. Summary of phenotypic screens that identified compounds promoting oligodendrocyte differentiation




Box 1 - In vivo models of demyelination:

There are several commonly used animal models of demyelination, each with their own advantages and disadvantages.
1. Experimental autoimmune encephalomyelitis (EAE):

Animal is sensitised to spinal cord homogenate, myelin protein or peptide fragment

T-Cell mediated demyelination

Blood brain barrier compromised

Many variants of model exist

Demyelination is somewhat variable in localisation and extent and occurs concomitantly with axonal injury

2. Focal gliotoxin-induced demyelination:

e Chemical induced demyelination

e Several treatments used, including: ethidium bromide, calcium ionophores, anti-galactocerebroside antibodies and, most commonly,
lysolecithin (lysophosphatidylcholine)

e High degree of spatial and temporal control of demyelination

e No T-cell mediated inflammation

e Single episode of demyelination allows study of timing of regenerative remyelination

3. Systemic demyelination using cuprizone:

Global treatment with copper chelating agent

Reversible following treatment cessation

No T-cell mediated inflammation

Demyelination largely studied in the corpus callosum

Co-treatment with rapamycin gives more extensive and prolonged demyelination



