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CHAPTER I- THE EXPANDING CELLULAR DIVERSITY DURING CNS 

DEVELOPMENT 

 

CENTRAL NERVOUS SYSTEM: A KEY ROLE DURING EVOLUTION  

 

The nervous system is a highly complex organ coordinating perception, motor actions and 

processing transmission of electrical signals throughout the body. In mammals the nervous system is 

divided into the central (CNS, brain and spinal cord) and the peripheral (PNS, autonomic and somatic 

nervous system). Whereas the autonomic system regulates physiological processes such as heart rate, 

digestion or respiration, the somatic system voluntarily controls movements through skeletal 

muscles. The adult human brain weighs on average about 1.2–1.4 kg (2% of the total weight) but 

require roughly 20% of the total energy (Sieber et al. 1989; Magistretti et al. 1999) crucial for 

performing highly complex functions (e.g. sensory information, learning or memory). Evolutionary 

mechanisms empower an incredible diversification of neural structures (e.g. size, complexity and 

associated functions) to respond and adapt tasks to the environment (Fig. 1).   

 

 

 

 

Cnidarians have primitive neural structures considered as diffuse and simple neural networks 

without neural centralization, including a large nerve net to swim and a small one to control feeding 

and spasm response (Fig. 1a). Nevertheless, neural cell types are already diverse, including sensory 

neurons allowing chemical detection and sensory response, and intermediate neurons transmitting 

activity signals to the motor neurons for body contractions. Primitive, evolutionarily old nervous 

structures in bilaterian form appeared during the Cambrian period about 550 to 600 million years ago 

(Balavoine 2003). Bilaterians are characterized by a nerve cord and a large ganglion that is the premise 

of the brain structure. For instance, the annelid flatworm contains a primitive bilobed brain made of 

Figure 1: Illustration of the nervous systems diversity between species. Decentralized nerve net in 

cnidarians (a), nerves and radial fibers in echinoderms (b), neuronal clusters centralized in the anterior brain 
in planarians (c), a ventral nerve cord containing peripheral ganglia with clusters of nerve cell bodies 

associated to a central brain in arthropods (d), a complex brain including millions of neurons in mollusk (e), 
a CNS and a PNS in vertebrates (f). (adapted from Connie Rye et al, 2016) 
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two cerebral ganglia with clusters of nerve cells projecting sensory and motor nerve fibers (Fig. 1c). 

In vertebrae and Cephalopoda, nerve cells are centralized in the anterior region (heads), allowing 

body coordination and to perform more complex functions such as hunting or escaping from the 

predator (Fig. 1e,f). 

Vertebrates (or craniates) are characterized 

by a protection of the head by a skull, with a 

brain size correlated to the metabolism 

needs and to the complexity of the cognitive 

functions (Fig. 2). Seven million years 

separate monkeys from the first Homo 

sapiens, a slow evolution which has notably 

resulted in the increase in brain size and 

structure, marked by the expansion of the 

cerebral neocortex (about 3 times bigger 

than a chimpanzee). 

 

Several studies have examined brain differences to explain our more advanced cognitive 

abilities. Distinctions are anatomical, as the human brain has undergone more rapid expansion 

compared to the primates with about three times the size of a primate’s brain (Striedter 2006). 

Human brains are characterized by a massive prefrontal cortex controlling self-awareness and 

pronounced convolution of the cortex (Luders et al. 2008). Structural asymmetry is also an important 

characteristic, as 90% of the human left hemisphere controls language, manual skills and spatial 

attention (Corballis 2014). Other anatomical regions differ from monkeys, such as superior temporal 

sulcus (Leroy et al. 2015), a folding of the cortex related to social cognition and speech. On the other 

hand, regulation of gene expression during brain development depends on species and individuality. 

Although humans and chimps share 98.8% of DNA identity, timing and level of gene expression differs, 

particularly during embryonic brain development. Indeed, during the early period of brain formation, 

primary neurogenesis occurs allowing neuronal generation from neural progenitors, with well 

documented discrepancies in term of cell behavior (Lui, Hansen, et Kriegstein 2011; Geschwind et 

Rakic 2013; Taverna, Götz, et Huttner 2014; Suntsova et Buzdin 2020). For instance, a team recently 

demonstrated that 1 million years after species divergence, a single genetic substitution (C to a G) 

induced a lack of 55 nucleotides in ARHGAP11B and the loss of Rho guanosine triphosphatase 

Figure 2: Variability of brain size and 

external topography. Pictures illustrating 

changes in brain size between species. Scale 
bar: 5 cm. (DeFelipe 2011) 
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activating protein activity. This tiny DNA change was enough to promote basal progenitor 

amplification and to contribute to the evolutionary expansion of the human neocortex (M. Florio et 

al. 2015; Marta Florio et al. 2016; Heide et al. 2020).  

To demonstrate the crucial role 

of this gene in brain formation, a 

team made a genetic insertion 

of this human sequence in 

marmoset embryos 3 to 5 days 

after ovulation and analyzed 

brain composition after 101 

days (Fig. 3). This mutation 

increases the number of basal 

radial glia progenitors and upper 

layer neurons to enlarge the 

neocortex and its folding (Heide 

et al. 2020).  

 

Temporal regulation of genetics is also another crucial step for brain formation, particularly 

along embryogenesis during which genetic programs dynamically change to regulate neurogenesis 

and cell differentiation. Mathematical modeling of neurogenesis has shown that cell proliferation 

occurs earlier in the human cerebral cortex compared to the adult great apes, with nearly twice time 

of neurons in the adult human (Benito-Kwiecinski et al. 2021)(Benito-Kwiecinski et al. 2021)(Benito-

Kwiecinski et al. 2021). One of these temporal gene regulators is Zeb2, able to delay morphological 

transition of neuroepithelial cells, shortening cell cycle length as a “cell growth switch”. Thus, delaying 

the effects of Zeb2 in gorillas increases their brain growth, demonstrating that temporal expression 

of a gene is crucial to give a functional identity during development for a cell and to allow brain 

formation (Benito-Kwiecinski et al. 2021).  

 Amazingly, the brain originates from a restricted population of embryonic cells generating 

minutely billions of cells, particularly during the first postconceptional weeks in humans. This 

mechanism involves a succession of processes described below. 

Figure 3: ARHGAP11B increases fetal primate neocortex size and folding. (A) Generation of ARHGAP11B-
transgenic fetal marmosets. (B) Cellular changes in upper layer neurons and basal radial glia composition 

occurs between WT and ARHGAP11B-transgenic fetal marmoset. Scale bars, 1 mm.  
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NEURAL GENESIS: EXPLORING THE DEVELOPMENT OF THE CENTRAL NERVOUS 

SYSTEM 

 

Human brain development starts early after conception and continues until young adulthood 

under both genetic and environmental control. This developmental procedure requires hundreds of 

processes (e.g. proliferation, migration, differentiation, survival, vascularization, synaptogenesis, 

myelination). To better understand the basis of human CNS development, morphogenic studies of 

sectioned embryos from the Carnegie collection identified 23 distinct developmental stages. 

Processes start at the 3rd week of gestation (GW) in the 1mm embryo when the blastula made of 

bilaminar inner cell mass changes in three embryonic germ layers called “gastrula” (triploblastic 

gastrulation) (Fig. 4A). These layers include ectoderm (forming the skin, nervous system and neural 

crest), endoderm (for digestive and respiratory systems, liver and pancreas) and mesoderm (forming 

muscle, bones, connective tissue and skeletal systems). In 1924, Hans Spemann and Hilde Mangold 

using experiments of transplantation in Xenopus tadpoles, discovered that cell fate depends on the 

microenvironment, particularly on the competence to receive a signal and to respond (Spemann et 

Mangold 2001; De Robertis 2009). Then, neural induction is triggered in response to the interaction 

between the node and the surrounding embryonic tissues, spatially regulated by molecular gradients 

along the axes of the neural tube. Those gradients include Notch regulating competence, Goosecoid, 

Wingless 1 (Wnt1), Insulin Growth Factor (IGF), basic Fibroblast Growth Factor (bFGF) and retinoic 

acid (Cho et al. 1991; Y. Chen et al. 1992; Crease, Dyson, et Gurdon 1998; Ille et Sommer 2005; Revinski 

et al. 2010). Thus, the neuroepithelium contains specific cells called neuroectodermal cells responding 

to various stimuli provided by their local environment, leading to a progressive differentiation and 

maturation of neural structures (Fig. 4B).  

Primary neurulation occurs at 3-4GW with pseudo-stratification of the neuroectoderm to 

form under symmetrical divisions the neural plate and the neural tube along the neuraxis of the 

neuroepithelium (Schoenwolf et Alvarez 1989; Colas et Schoenwolf 2001). Growth on both sides of 

the neural tube give rise to the future somites (mesoderm). This processes by regulated by Fgf8 from 

the primary endoderm, Wnt along the antero posterior axis, bone morphogenetic protein (BMP), 

chordin and noggin from the node and mesendoderm, and transforming growth factor beta (TGFb) 

secreted by the lateral ectoderm (Muñoz-Sanjuán et Brivanlou 2002; Wittler et Kessel 2004; Vieira et 

al. 2010; Niehrs 2010; Leung, Kent Morest, et Li 2013; 2013). Around 3 to 4GW, closure of the lumen 

of the neural tube generate the embryonic brain vesicles forebrain (prosencephalon), midbrain 

(mesencephalon), and hindbrain (rhombencephalon) (Behrman et al. 2007). This step is followed by 

neural crest cell migration through the embryo to form the PNS (e.g. melanocytes, sympathetic 

ganglia, dorsal root, adrenal medulla…) (Loring, Barker, et Erickson 1988; Bronner 2012). Then, 
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cephalic and cervical flexures divide the forebrain into respectively telencephalon and diencephalon, 

whereas the segmentation of the caudal spinal cord creates the hindbrain (Fig. 4C) (Pombero et 

Martinez 2009).  

 

These steps of development are highly regulated through microenvironmental factors and 

genetics, and defects on these mechanisms can lead to severe defects such as CNS malformation such 

as anencephaly when the neural tubes fail to close. 

 

 

 

 

 

Figure 4:  Steps of 

development of the 

nervous system from 

the neural tube. (A) 
Early development of 

the human embryo 
occurs including 
gastrulation, followed 

by (B) neural tube 
closure and (C) 

flexions (cephalic and 
cervical) generating 
the brain and spinal 

cord structures. cc, 
Central canal; ep, 

epidermis; me, 
mesoderm; nc, 
notochord; ncp, 

notochordal plate; 
nec, neural crest; np, 

neural plate; pe, 
presumptive 
epidermis; sc, spinal 

cord; so, somites. 
(Adapted from Sanes 

DH, Reh TA, Harris 
WA, editors: Polarity 
and segmentation).  
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NEURAL STEM CELLS GENERATE NEURAL CELL DIVERSITY 

 

One of the main discoveries in neuroscience remains the identification of neural stem cells 

(NSCs) in the second half of the 19th century, with the emergence of concepts related to “multipotent 

dividing cells”. Initially, a Swiss neurologist Wilhelm His demonstrated using histological methods that 

some dividing cells close to the human ventricular surface stop to divide upon neuronal commitment 

before migrating to their final position. Later, Ramon Y Cajal identified with silver impregnation 

method in the embryonic human brain an initial bipolar neuroepithelial cells transforming into a fetal 

glioblast producing astrocytes (Fig. 5) (Choi 1981; Kolliker 2007; Breunig, Haydar, et Rakic 2011; Gil, 

Nocentini, et del RÃ-o 2014). They divide asymmetrically to generate either one daughter cell 

remaining on the ventral surface and one migrating cell producing either neurons and glial cells  

(Retzius, 1893a, 1893b).  These historical discoveries emerging from NSCs quickly bring new hope for 

therapy through cell regeneration. 

 

A century later, their observation of these cells was confirmed using electronic microscopy 

characterized by the expression of glial fibrillary acidic protein (GFAP) (Levitt et Rakic 1980). These 

cells are located in the subventricular (SVZ) walls and are highly proliferative, mitotic and pluripotent 

(Pilz et al. 2013; Malatesta et Götz 2013). They divide asymmetrically to ensure self-renewal and 

differentiation, allowing cortical expansion (Kriegstein, Noctor, et Martínez-Cerdeño 2006; Fish et al. 

2008). Following early neurogenesis, NSCs extend their processes and acquire a radial glial (RG) cell 

morphology (Aaku-Saraste et al. 1997). Indeed, they expand numerous endfeet at the pial surface 

with vessels to create the link between the apical side of the ventricle (Campbell et Götz 2002). This 

interaction is crucial for neuronal migration and for the interaction with endothelial cells (Rakic 1972; 

Mission et al. 1991). They are characterized by expression of Nestin, BLBP, Glast, Tenascin C and 

Vimentin, and are morphologically similar to GFAP+ astrocytes (Levitt et Rakic 1980; Hartfuss et al. 

2001; Morest et Silver 2003). During early embryogenesis, they divide symmetrically, amplifying the 

pool and start neurogenesis through asymmetric division generating neuronal precursors and early 

Figure 5: Identification and illustration of 
neuroglial stem cells. (A) Human embryonic 
forebrain, radial glia, migrating neurons and 
asymmetric division of the mitotic cells (Wilhelm His, 
1904). (B) Ependymal glial cells from human fetal 
cerebrum at 10 weeks old (Retzius, 1893). (C) Epithelial 
(radial glial) and neuroglial cells of the neonatal rabbit 
cortex stain with Golgi method (Ramón y Cajal, 1909). 
(D) Primordial epithelium transforms to glial cells 
morphology in the chick spinal cord embryo at 3 days 
(Ramón y Cajal, 1909). (E) Characteristic lamellate 
expansion on the radial shafts epithelial (radial glial) 
cells.  
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neurons (2-4GW). These cells migrate through the layer of the brain where they differentiate to 

perform synaptogenesis (6 months to 3 years). Then, a gliogenic switch occurs around the second 

trimester of gestation to produce the glial cells: astrocytes and oligodendrocytes precursors cells 

(OPCs) (Fig. 6) (McConnell 1995; Temple 2001; Noctor et al. 2004; Kriegstein et Alvarez-Buylla 2009).  

 

 

Since the 1960s, the capacity of adults to generate new neurons has been strongly debated. 

In the adult brain of mammals, neurogenesis was identified in two neurogenic germinal zones: the 

subgranular zone (SGZ) of the dentate gyrus in the hippocampus and the SVZ of the lateral ventricles 

(B. A. Reynolds et Weiss 1992; Richards, Kilpatrick, et Bartlett 1992; Suh, Deng, et Gage 2009). Adult 

NSCs, or Type B1 cells are considered a subpopulation of SVZ astrocytes with similar radial 

morphology and expressing GFAP (Doetsch et al. 1999; Laywell et al. 2000; Noctor et al. 2002). They 

retract their interaction with the pial surface and generate intermediate precursor cells, also called 

transiently amplifying progenitors (TAPs). They are identifiable with short-term BrdU/EdU labeling, 

and express the transcription factor Achaete-Scute Family BHLH Transcription Factor 1 (Ascl1) (Carlos 

M Parras et al. 2004) crucial for the generation of the postmitotic neuroblasts and OPCs (Carlos M 

Parras et al. 2004; C. M. Parras et al. 2007; Sugimori et al. 2007; 2008). These cells migrate along the 

rostral migratory stream into the olfactory bulb and generate olfactory interneurons (K. M. Young et 

al. 2007). Their activity is regulated by either intrinsic and extrinsic factors from the surrounding niche 

regulating their division, differentiation, maintenance, and behavior (Doetsch 2003; Alvarez-Buylla et 

Lim 2004; Moyse et al. 2008) 

Figure 6:  Schematic representation of the NSCs activity during brain development. During early 
embryogenesis, neuroepithelial cells divide symmetrically and convert into RG cells generating early 
neurons through asymmetric division. Later, RG generates glial cells (astrocytes and OPCs) and maintains a 

pool of NSCs during life (SVZ astrocytes, type B cells). IPC: intermediate progenitor cell, MA: mantle, MZ: 
marginal zone, NE: neuroepithelium, (n/o)IPC : neuronal/ oligogenic IPCS, RG : radial glia, SV: subventricular 

zone (Kriegstein et Alvarez-Buylla 2009) 
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GENETIC CHOREOGRAPHY: INTRINSIC REGULATION OF NEURAL STEM CELL ACTIVITY 

 

NSC activity depends on intrinsic mechanisms regulating their ability to proliferate, 

differentiate, and maintain their stem cell state. Pluripotent embryonic stem cell (ESC) cultures have 

demonstrated that specific gene expression programs drive the formation of distinct cell fates 

(specification), followed by their specialization and acquisition of functional identity (differentiation). 

Each cell type can be distinguished by the expression of a particular set of genes, markers, and 

functions. Despite all cells in an organism sharing the same genetic content, their unique gene 

expression profiles define their identities. Thus, intrinsic regulation of cell development relies on DNA 

expression, RNA transcription, and translation into a specific set of proteins. Genetics plays a pivotal 

role in this regulation, with genes and their associated “products” such as proteins and non-coding 

RNAs leading to a myriad of cellular processes that directly influence NSC behavior. 

The Human Genome and Its Influence: The human genome comprises 46 chromosomes (23 

pairs, versus 20 in mice), encompassing approximately 6 billion base pairs of nucleotides and about 

two meters of DNA. In total, approximately 20,000 to 25,000 protein-coding genes are responsible 

for producing proteins that carry out essential functions in the body such as growth, development, 

metabolism, and immune response. In addition to protein-coding genes, the human genome also 

includes non-coding regulatory elements (non-coding RNAs, introns) which play crucial roles in gene 

expression regulation. Non-coding elements include microRNAs (miRNAs) regulating gene expression 

post-transcriptionally, long non-coding RNAs (lncRNAs) involved in transcriptional and chromatin 

structure regulation and mRNA maturation. Together, these coding and non-coding elements form a 

complex and highly regulated system driving cell development.  

Gene expression is regulated through the activation or repression of gene sets in response to 

temporal and environmental changes. The conformation of chromatin (DNA and its associated 

proteins, including histones) is crucial in controlling this expression. Non-active DNA forms 

(heterochromatin) are condensed into a 30 nm fiber, while transcriptionally active forms 

(euchromatin) are decondensed into a more accessible 11 nm fiber. This switch in DNA compaction, 

and thus gene expression, is mediated by the activity of enzymes (writers) that induce modifications 

of histone proteins (epigenetic marks) and other proteins (readers) that bind to specific histone marks 

to induce chromatin conformation changes (chromatin remodelers). Understanding how a cell 

acquires its specific gene expression profile (transcriptome) and particular set of proteins (proteome) 

is key for establishing new therapeutic strategies in pathological contexts. 

Transcription Factors are essential proteins that bind DNA and regulate gene expression. They 

are crucial for maintaining the pluripotent state of NSCs and facilitating their differentiation into 

specific cell types within the nervous system. For instance, Sox2 is crucial for NSC proliferation and 

preventing premature differentiation (Graham et al. 2003), while Oct4 maintains the undifferentiated 
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state of NSCs (Cimadamore et al. 2011). The expression and activity of these transcription factors are 

tightly regulated to ensure a balance between proliferation and differentiation. The pioneering work 

of Yamanaka and colleagues in reprogramming somatic cells to induced pluripotent stem cells (iPSCs) 

demonstrated the importance of TF in cellular identity and plasticity.  

Signaling pathways, such as Notch, Wnt, and Hedgehog, also play significant roles in 

controlling NSC activity. These pathways relay external signals and modulate the expression of target 

genes. For example, activation of the Notch pathway promotes NSC maintenance by preventing 

differentiation (Louvi, A., & Artavanis-Tsakonas, S. 2006), whereas inhibition of this pathway allows 

for neuronal differentiation. Notch mutations can lead to abnormal NSC proliferation and 

differentiation, contributing to neurodegenerative diseases or brain tumors. 

MicroRNAs (miRNAs) are small non-coding RNAs that regulate gene expression post-

transcriptionally by targeting messenger RNAs for degradation or inhibiting their translation. MiRNAs 

are crucial for NSC regulation. For instance, miRNA-9 has been implicated in regulating NSC 

proliferation and differentiation into neurons (Zhao, C. 2009).  

Genetic variations, such as single nucleotide polymorphisms (SNPs) and mutations, can 

influence NSC activity by altering the expression or function of key regulatory genes. For example, 

mutations in the PTEN gene, which encodes a phosphatase involved in regulating cell proliferation, 

can result in uncontrolled NSC proliferation and contribute to brain tumor formation. Similarly, 

polymorphisms in genes encoding growth signal receptors can affect NSC responses to environmental 

cues, impacting their maintenance and differentiation. 

Master Regulators of Neurogenesis: One of the master regulators of vertebrate neurogenesis 

is Ascl1 (also known as Mash1). Ascl1 acts as a pioneering transcription factor that regulates neural 

progenitor cell (NPC) behavior and neurogenesis in the ventral telencephalon (Guillemot et al. 1993; 

Casarosa, Fode, et Guillemot 1999; Castro et Guillemot 2011). The transcriptional activity of Ascl1 is 

cell cycle-dependent and is repressed by cyclin-dependent kinases through its phosphorylation. It is 

also regulated by Hairy and Enhancer of Split 1 (Hes1), which oscillates in response to Notch 

Intracellular Domain (NICD)/Rbpj interaction (Kageyama et al. 2009). Overexpression of Hes1 in NSCs 

inhibits Ascl1, leading to NSC quiescence, similar to the conditional deletion of Ascl1 in adult NSCs 

(Urbán et al. 2016; Sueda et al. 2019). Ascl1 is unstable and actively degraded via polyubiquitination 

by the E3 ligase HUWE1/UREB1/MULE through the proteasome. Other regulators of quiescence 

include inhibitors of DNA-binding protein Id4 (Blomfield et al. 2019) and pathways such as PI3-kinase-

Akt-mTOR1 and cyclin D1, which promote cell cycle progression (LiCausi et Hartman 2018).  

 

While the detailed mechanisms of genetic regulation are complex, we will meticulously 

explore later the transcriptional factors involved in the oligodendrocytes development, providing a 

deeper understanding of their role in neural development. 
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EXTRINSIC REGULATIONS OF NEURAL STEM CELL ACTIVITY: INFLUENCE OF THE NICHE 

 

Balance between NSCs activation and quiescence depends on cell-mediated contacts and 

secreted ligands in the cerebrospinal fluid (CSF) from the choroid plexus, and the vasculature (such as 

the adult hippocampal neurogenesis Fig. 7). Interestingly, physical exercise promotes angiogenesis 

and neurogenesis in the hippocampus, as vessels are crucial to regulate oxygen tension influencing 

NSC activity (Van der Borght et al. 2009; K. Zhang, Zhu, et Fan 2011). Indeed, reduced cerebral oxygen 

promotes neurogenesis in the adult DG (K. Zhang, Zhu, et Fan 2011; K. Zhang et al. 2015). Changes in 

oxidative metabolism also regulate NSC behavior, and inhibition of fatty acid oxidation enzymes 

trigger NSC quiescence (Beckervordersandforth et al. 2017). 

 

 

Ligand secreted molecules: Several growth factors drive NSCs proliferation, survival and 

activity, identified through their ability to generate spontaneous NSC neurospheres in-vitro, including 

bFGF, EGF, VEGF, Wnt, Shh, and Notch (Gritti et al. 1996; Tropepe et al. 1999; Calvo et al. 2011; Pei et 

al. 2012; Martínez et al. 2013; Kristoffersen et al. 2013). Adult quiescence is regulated by Wnt, BMP, 

EGF, Shh, and its receptor Patched (Bowman et al. 2013; Qu et al. 2013; Yi Zhou et al. 2018; Urbán, 

Blomfield, et Guillemot 2019; Gonzalez-Reyes et al. 2019). Neurotransmitters also regulate 

neurogenesis, including serotonin (5HT), acetylcholine (Ach), dopamine, glutamate (Glu), N-méthyl-

D-aspartique (NMDA), norepinephrine or gamma-aminobutyric acid (GABA) (Cameron, McEwen, et 

Gould 1995; Brezun et Daszuta 1999; Abrous et al. 2002; D. D. Wang, Krueger, et Bordey 2003; Brazel 

et al. 2005; Jhaveri et al. 2010; Berg et al. 2013).   

Figure 7:  Regulation of the adult hippocampal neurogenesis by the niche. Neurogenic niche is a complex 
environment including multiple cell types, the vasculature and cues regulating proximal and distal 
communication. (Bielefeld et al. 2017) 
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Cell mediated contact: Extracellular matrix (ECM) is a scaffolding structure helping to 

maintain molecule gradients regulating NSC activity, proliferation, and differentiation. For instance, 

deletion of β1-integrin reduces neurogenesis and deplete the radial NSC population, demonstrating 

its role to support the structural integrity of the NSC niche (Brooker et al. 2016). Signaling mediated 

by cell contacts requires the interaction between the Notch receptor expressed in the apical side of 

the RGC with its ligand Jagged1 expressed in NPCs (Del Bene et al. 2008). This interaction triggers 

Notch intracellular domain (NICD) release in the cytoplasm, followed by nuclear translocation to 

complex with Rbpj and regulate NSC transcription activity. 

 

NEURAL CELL TYPES 

 

After reviewing 150 years of studies estimating the abundance of different cell types in the 

human brain, Herculano’s team found that the ratio of glia to neurons number is about 1:1, with 

roughly 86 billion neurons and 85 billion non-neuronal cells including glial and endothelial (Herculano-

Houzel 2005). Neurons are cells electrically excitable and their activity depends on their interaction 

and cooperation with blood vessels and glial cells. Indeed, in a neuro-centric vision of the brain, the 

other cell types act as support for neurons, permitting numerous processes including generation, 

migration, immunity, modulation, trophic support, saltatory propagation, synaptogenesis and 

plasticity. The concept of glial cells emerged in 1846 when Virchow identified a connective structure, 

or glue (Fig. 8). Cell type proportions depend on age, species, and region of interest, with on average 

in the human cortex being 

constituted by 42% of OLs, 40% 

of neurons, 12% of astrocytes, 

3% of microglia and 3% of OPCs 

(Pelvig et al. 2008). 

 

 

 

NEURONAL CELLS are highly diverse (Fig. 9A,B) in terms of structure (unipolar, bipolar, 

multipolar) and family (motor, sensory, interneurons). They contain a cell body (soma) with dendrites 

collecting electrical influx and sending an electrical impulse (action potential, PA) along a single axon 

Figure 8:  Scheme illustrating 

the cellular brain diversity and 

how much cells are 

interconnected (google image) 
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until the terminal axon in the synapses contacts others. Length of the axons depend on species and 

can reach several meters in the squid. Electrical transmission requires conversion of a chemical 

message into an electrical signal through opening of voltage-gated channels and vice-versa. For 

instance, at the presynaptic part, Ca2+ increases in the cytosol triggering fusion and release of vesicles 

containing neurotransmitters to the synaptic cleft (Fig. 9C) (Rusakov 2006; Curti et O’Brien 2016).  

Thus, neurotransmitters bind to the receptors on the membrane of the postsynaptic cells, followed 

by a recycling of the neurotransmitters in excess by neurons and glial cells. Binding changes ion 

permeability and membrane potential to the postsynaptic compartment, generating PA in the plasma 

membrane depending on its magnitude. Indeed, the resting potential is initially at -60m and 

depolarization will result from a net increase of 110mV to reach +50mV, followed by a rapid 

repolarization to return to the membrane resting potential value. Transient PA are very frequent 

(every 4ms), fast (until 100m/s) and depend on the presence of myelinated segments and nodes of 

Ranvier. Nodes are short unmyelinated segments regulating PA generation and propagation, flanked 

by myelin structures called paranode, juxtaparanode, and internode with distinct molecular features. 

Nodes contain a rich density of Na+ channels, juxtaparanodes are enrich in clustering of K+ channels, 

several adhesion molecules (Nrcam and Nf186), and cytoskeletal adaptor proteins (ankyrin G, spectrin 

βIV) (Poliak et Peles 2003). 

 

 

 

 

Figure 9:  Scheme of the neural cells diversity, illustrating how PA is generated inside the synapse. (A) 

Neuronal cell diversity: multipolar interneurons, motor and sensory neurons (Vedantu). (B) Pyramidal 
neurons in mouse cerebral cortex expressing green fluorescent protein (PLoS Biology).(C) Release of the 

neurotransmitter at the neuronal synaptic compartment and process of transmission (Enzo Lescure, 2020)  
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ASTROCYTES have endfeets ensheathing CNS vasculature and they also interact 

bidirectionally through thousands of process extensions with other CNS cell types, particularly 

neurons (Fig. 10). They contact nodes of Ranvier, having a role in nodal length modulation and in ionic 

buffering (Waxman 1986; Butt, Duncan, et Berry 1994; Serwanski, Jukkola, et Nishiyama 2017; 

Lubetzki, Sol-Foulon, et Desmazières 2020). They appear during the onset of synaptogenesis and 

rapidly establish contact with immature neurons helping them to initiate synapse formation in 

response to secreted thrombospondins and glypicans (N. J. Allen et Eroglu 2017). Astrocytes 

contribute to metabolic support and homeostasis, regulating bioenergetic through mitochondrial 

carbon metabolism, neurotransmitter homeostasis and redox balance (Turner et Adamson 2011; 

MacVicar et Choi 2017; Deitmer et al. 2019; Rose et al. 2020). They also promote neuronal survival 

with their antioxidant properties eliminating reactive oxygen species (ROS) through the master 

antioxidant NRF2 (nuclear factor-erythroid 2-related factor-2) (Pyka et al. 2011; Jimenez-Blasco et al. 

2015). Astrocytes also have a crucial role in maintaining BBB integrity by secreting factors and for 

endothelial cell adhesion, and are active regulators of neuroinflammation (Cabezas et al. 2014; 

Colombo et Farina 2016; Sanmarco et al. 2021). 

 

 

MICROGLIAL CELLS are highly ramified cells with a small cell body and dense branched 

processes present throughout the brain (Fig.11). They are generated from the yolk sac at early 

embryonic stages (day E7.5 in the mouse) during hematopoiesis (Tavian et Peault 2005). Under 

physiologic conditions, they constitute the primary immune surveillance of their micro environment, 

ensuring remodeling and homeostasis after injury. Indeed, they have the ability to clear debris and 

apoptotic cells by phagocytosis, regulating neuronal survival (Kierdorf et Prinz 2017). They also 

influence neurogenesis as well as synaptic pruning during maturation of the developing brain (Casano 

et Peri 2015; Reemst et al. 2016; N. J. Allen et Lyons 2018). Infections, injury and autoimmune disease 

are generally associated with increased numbers of immune cells, pro-inflammatory factors (LPS, 

tumor necrosis factor alpha, TNF or interferon gamma, IFNγ). In this context, microglial changes 
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Figure 10: Astrocyte morphology and functions. Source: Antibodies, Cusabio website 
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morphology and switches into the “proinflammatory M1 phenotype”. They secrete several pro-

inflammatory cytokines (IL-1α and β; IL-6, 12, 23; TNF-α), chemokines, stress associated molecules 

and express co-stimulation protein CD40 or MHC-II inducing N -methyl- d-aspartate (NMDA)-

mediated excitotoxicity (Colton et Wilcock 2010; Boche, Perry, et Nicoll 2013). Then, mediation is 

followed by resolution and a switch into the “M2 anti-inflammatory phenotype” associated with the 

secretion of anti-inflammatory cytokines IL4, IL10 and IL13 and several neurotrophic pro-stimulating 

factors (NGF, IGF-1, GDNF, FGF, BDNF, NT) (Jurga, Paleczna, et Kuter 2020). 

 

 

 

  

Figure 11: Microglia 

morphology and regulation 

of their phenotype during 

inflammation. Microglia  

(stained in the mouse brain 
with Iba1 staining, green) can 
activate through M1 pro-

inflammatory phenotype, and 
switch into a resolution M2 

anti-inflammatory phenotype. 
These 2 phenotypes are 

identifiable through 
expression of different 
secretory and surface markers 

having opposite functions. 
Source: antibodies, (Jurga, 

Paleczna, et Kuter 2020) 
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CHAPTER II : OLIGODENDROCYTE BIOLOGY AND GENERATION 

 

Oligodendroglial development occurs following the specification process when OPCs are 

generated from SVZ progenitors early during development, whereas differentiation arises later 

through generation of the immature OLs (iOLs) from OPCs. Finally, the last step is OL maturation and 

myelin formation mostly during postnatal life (Fig. 12). These steps are tightly regulated during 

development by different transcription factors, signaling pathways and post-translational 

modifications. During this chapter we will discuss functions of the oligodendroglial cells and the 

regulation of all of these stages. 

 

 

OLIGODENDROCYTES PRECURSORS CELLS 

 

Also called polydendrocytes based on their numerous process extensions, these cells 

represent the fourth major glial cell type, representing on average ~5% of brain cells, excluding the 

vessels (Scolding 1998; J. M. Levine, Reynolds, et Fawcett 2001; Dawson 2003). However, they are 

less dense in gray matter (2-3%) than in white matter (5 to 8%) (E. G. Hughes et al. 2013). They emerge 

from NSCs and radial glial cells under specific mechanisms (Merkle et al. 2004). OPCs express specific 

markers such as PDGFRα (platelet derived growth factor receptor α), NG2 (or chondroitin sulfate 

Figure 12: Scheme illustrating SVZ forming NSC diversity during development. (Dr. Parras, unpublished). 



31 

proteoglycan 4, CSPG4) and transcriptomic factors OLIG1, OLIG2, ASCL1 and SOX10 (Kuhlbrodt et al. 

1998; Q. R. Lu et al. 2000; Takebayashi et al. 2002; Q. Zhou et Anderson 2002; Castro et al. 2011). Sex-

associated differences have been found in terms of functions and transcriptomes associated with 

OPCs. Whereas OPCs from females proliferate more and are less sensitive to glucose deprivation, 

OPCs from males have higher capacity to differentiate and myelinate (Abi Ghanem et al. 2017; Yasuda 

et al. 2020). Interestingly, androgen levels are higher in males than females during the first 10 

postnatal days, and use of androgen receptor antagonists demonstrated their crucial role in 

masculinizing myelin (Abi Ghanem et al. 2017).  

OPCs are highly proliferative cells, with a cell cycle length depending on the stage of 

development and their location through the brain. Indeed, in mice at P21, white matter OPCs have 

an estimated cell cycle of 3 days, versus 10 days at P60, and in gray matter, timing is longer 

(particularly the early G1 phase) with 19 and 36 days at P21 and P60, respectively (Kaylene M. Young 

et al. 2013). Proliferative capacity as well as their differentiation rate declines during postnatal and 

adult life (Simon, Götz, et Dimou 2011). Indeed, they rapidly expand, migrate at embryonic stages and 

then reduce their proliferation rates during postnatal life, but remain the largest proliferating cells in 

the adult brain excluding  the SVZ (Dawson 2003).  

 

OPC FUNCTIONS  

 

 OPCs generates OLs, the myelinating cell of the CNS, but given their stable pool covering all 

the CNS and their heterogeneity, they are involved in other function, including the regulation of 

electrical activity, survival, metabolism and neuroinflammation (Fig. 13) (Dimou et Simons 2017).  

Figure 13: OPCs 

perform multiple 

functions in the 

CNS. OPCs 
differentiate to 

produce OLs. 
They also secrete 
factors regulating 

metabolism, 
inflammation, 

synaptic 
efficiency, 
myelination, cell 

survival, 
angiogenesis and 

BBB integrity. 
(Pepper et al. 
2018) 
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OPCS DERIVED CELL TYPES. OPCs are known for their ability to proliferate and differentiate into 

mature OLs with a peak between P7 and P14 in rodents (Rivers et al. 2008; S. H. Kang et al. 2010). 

Although this contribution is still debated and controversial, OPCs have been reported to generate, 

under exogenous conditions, small contributions of other cell types such as neurons in the cortex and 

hypothalamus (Belachew et al. 2003; Rivers et al. 2008; F. Guo et al. 2010; Robins et al. 2013). OPCs 

are electrically excitable and weakly express several NPCs markers (Sox2, Ascl1, Pax6, and 

doublecortin), that may switch competence for neuronal differentiation or reverse to a NPC 

phenotype in response to external signals. Those results are not consistent within research groups 

who didn’t find generation of neuronal cells when analyzing OPC progeny using a knock-in mice 

expressing Cre-inducible recombinase (CreERT) in the Pdgfra locus (S. H. Kang et al. 2010; Zhu et al. 

2011). In vitro experiments using OPCs isolated from rat optic nerve also demonstrated their ability 

to generate also astrocytes (called type 2A)  under specific medium such as fetal calf serum, BMPs 

and IFNγ (Raff, Miller, et Noble 1983; Temple et Raff 1985; Bogler et al. 1990; Tanner, Cherry, et 

Mayer-Proschel 2011). Finally, differentiation is regulated by developmental associated specific 

factors, as OPC transplantation at P7 in the mouse telencephalon generate GALC+ OLs whereas at 6-

month generates majority of GFAP+ astrocytes (Sawamura et al. 1995). In OPCs, cytoplasmic 

translocation of Olig2 as well as pre-binding of Sox3 and Sox9 to astrocyte-specific genes can lead to 

an astrocytic cell fate (J.-W. Zhao et al. 2009; Klum et al. 2018). Interestingly, deletion of Olig2 in NG2 

cells in the neocortex induce a cell fate switch into protoplasmic astrocytes, but this capacity decrease 

over the third postnatal weeks (Zuo et al. 2018). Moreover, histone deacetylase 3 (Hdac3) cooperates 

with histone acetyltransferase (p300) to prime and maintain OL identity, whereas inhibition of NFIA 

and Stat3- promote astrogliogenesis (Liguo Zhang et al. 2016). 

OPCS RESPOND AND MODULATE ELECTRICAL ACTIVITY. Neurons are known to promote 

oligodendrogenesis and myelination through the secretions of different factors, including BDNF, 

nerve growth factor NGF, Neuroligin-Neurexin (Chan et al. 2004; Scott 2013; Ramos-Cejudo et al. 

2015). Indeed, OPCs express several ion channels, including metabotropic glutamate receptors 

(mGluR) and receptors for GABA, NMDA and AMPA, allowing them to detect synaptic input from 

neurons through glutamate secreted at the synapse, thus triggering exosome secretion mediated by 

Ca2+ entry and influencing (re)myelination (Bergles et al. 2000; R. Káradóttir et Attwell 2007; Gautier 

et al. 2015; Pablo M. Paez et Lyons 2020). Moreover, optogenetic stimulation of the premotor cortex 

in awake mice demonstrated that electrical activity promoted myelination and myelin plasticity, 

improving motor function (Gibson et al. 2014). OPCs are also sensitive to histamine, glycine, 

adenosine or dopamine, increasing intracellular calcium levels (Kastritsis et McCarthy 1993; Stevens 

et al. 2002). Thus, neuronal activity is considered as a new strategy to enhance myelin repair in the 
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context of demyelinating diseases (Ortiz et al. 2019). OPCs also have the ability to modulate neuronal 

activity, suggested by NG2 immunoreactivity at the synapse junction, and associated contacts at the 

nodes of Ranvier (Ong et Levine 1999; Butt et al. 1999; Bergles et al. 2000). Moreover, monosynaptic 

tracing showed that some OPCs are able to integrate functional cortico-thalamic signals and trigger 

LTP (Mount et al. 2019). In this line, electrophysiology recording demonstrated among 232 OPCs (P7) 

that 46% have voltage-gated Na+ and K+ currents, thus able to generate spontaneous and evoked 

action potentials (Ragnhildur Káradóttir et al. 2008). Direct demonstration on presynaptic 

specialization and neuronal activity was performed after ablation of OPCs in the mice prefrontal 

cortex, leading to a reduction in glutamatergic signaling generated in pyramidal neurons inducing a 

depress-like behavior phenotype (Tanaka et al. 2009; Birey et al. 2015). Also, a recent study 

performed in the optic tectum of the larval Zebrafish has shown that OPCs rarely differentiate, control 

RGC arborizations and function of neural circuits involved in visual processing (Y. Xiao et al. 2022) 

OPCS REGULATE NEUROINFLAMMATION. OPCs are able to survey their microenvironment, 

present antigens and release immunomodulatory molecules, thus regulating neuroinflammation 

(Falcão et al. 2018; Y. Liu et Aguzzi 2020). For instance, in EAE or spinal cord injury model, OPCs located 

in peri-lesion present thicken and shorten processes extension, express CD11b with an ameboid 

morphology (Nishiyama, Chang, et Trapp 1999; Lytle, Vicini, et Wrathall 2006). In human traumatic 

spinal cord injury, OPCs express CD68, usually expressed by immune microglial and macrophage cells 

and involved in phagocytosis, to ensure myelin debris clearance (Buss et al. 2009; Falcão et al. 2018). 

OPCs attract peripheral immune cells through secretion of IL1β, CCL2 during their migration in the 

lesion site (Moyon et al. 2015). They are also responsive to inflammatory cytokines IFNγ and TNFɑ, 

inhibiting their differentiation and survival (W. Lin et al. 2006; Su et al. 2011). Importantly, stimulation 

of tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) with inflammatory cytokine (TNF-

α/IFN-γ) and/or oxygen and glucose deprivation significantly increase its expression in primary 

neurons and OPCs, leading to subsequent toxicity, thus underlying its contribution in neonatal brain 

injury (Kichev et al. 2014). In both mouse models and MS tissue, OPCs also express Toll-like receptor 

3, Serpine gene family and MHC class II (Falcão et al. 2018). In addition, conditional deletion of Low 

density lipoprotein receptor-related protein 1 (LRP1) in Olig1+ cells reduce the inflammatory response 

(CD8+ proliferation) and increase myelination in EAE and cuprizone models (Fernández-Castañeda et 

al. 2020). 
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OPC GENERATION  

 

In the developing mouse forebrain and spinal cord, OPC production occurs in three distinct 

waves to colonize the entire brain from SVZ progenitors located into the neuroepithelial zones 

surrounding ventricles (Fig. 14) (Kessaris et al. 2006; Rowitch et Kriegstein 2010; Zuo et Nishiyama 

2013; van Tilborg et al. 2018).  

The first OPC wave starts at E12.5 from Nkx2.1+ progenitors located in the ventral forebrain 

in the medial ganglionic eminence and in the anterior entopeduncular area. Ventral morphogen Shh 

signaling is important to specify cells toward an oligodendroglial lineage, through generation of 

ventral OPCs migrating to colonize the entire embryonic telencephalon, including the cerebral cortex 

(Tekki-Kessaris et al. 2001; Kessaris et al. 2006). Later in development at E15.5, a second wave of OPCs 

emerges without Shh signaling from Genetic-screened homeobox 2 (Gsh2+) progenitors located in 

the lateral and/or caudal ganglionic eminence area and migrate to the dorsal cortex (J. Cai et al. 2005; 

Vallstedt, Klos, et Ericson 2005; Klämbt 2009).Specification process is driven by FGF activating Dbx1 

and Ascl1 inhibiting BMP signal (Fogarty, Richardson, et Kessaris 2005; Sugimori et al. 2008).  

Around birth, a third wave of OPC 

production occurs from the dorsal 

germinal compartment expressing 

homeobox protein Emx1, generating 

OPCs migrating tangentially to 

colonize the cortex. Thus, OPCs 

generated from Emx1 progenitors will 

totally replace OPCs generated 

ventrally during the first wave, 

whereas similar proportions of Emx1 

and Gsh2 were found from P10 to P80 

in mice (Vallstedt, Klos, et Ericson 

2005; Kessaris et al. 2006) 

 

Figure 14 : Illustration of the different 

waves of OPC generated during 

development. OPCs originate from 
different niches during development, 

represented by different colored 
arrows (blue at E12.5, red at E15.5 and 

green at P0 (van Tilborg et al. 2018) 
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OLIGODENDROCYTES 

 

OLs are characterized by their smaller nucleus with dense chromatin and identifiable with the 

expression of myelin proteins, including CNP (2',3'-Cyclic Nucleotide 3' Phosphodiesterase), MBP 

(Myelin Basic Protein), PLP (Proteolipid Protein), MAG (Myelin Associated Glycoprotein), MOG 

(Myelin Oligodendrocyte Glycoprotein) and GalC (Galactosylceramidase). They extend numerous 

processes with large networks of microtubules of 25 nm ensuring their stability (Lunn, Baas, et Duncan 

1997). They produce many myelin segments (60 on average) ensheathing neighboring axonal 

segments in the CNS, whereas Schwann cells, the myelinating cells of the PNS, only ensheath one 

axon (Martini, Groh, et Bartsch 2010). Myelination is essential for cerebral activity to regulate 

saltatory impulse propagation, provide trophic support and respond to synaptic plasticity (Demerens 

et al. 1996; McKenzie et al. 2014; Gibson et al. 2014).  

 

SALTATORY CONDUCTION  

 

Myelin emerged in cartilaginous fish more than 500 million years ago, increasing their motor, 

sensory and cognitive capacities, particularly in the context of hunt and predation (Zalc, Goujet, et 

Colman 2008). Myelination improves electricity impulse propagation through the insulation of axons, 

accelerating nerve conduction by 20-100 fold (up to 100 m/s) compared with unmyelinated axons of 

the same diameter (Franz et Iggo 1968; Hartline et Colman 2007). Myelin is not continuous through 

axons with unmyelinated gap segments called nodes of Ranvier necessary for saltatory propagation 

(Tasaki 1939). Myelin sheath reduces the transverse capacitance through ATP-dependent Na+/K+ 

Figure 15: Oligodendrocyte biology and functions. OLs (stained for PLP in green) ensure myelination in the 

CNS (1), contribute to nodal maturation (2) and maintenance (3), modulate neurotransmission (4) and also 
provide metabolic support to neurons (5) (Pepper et al. 2018) 
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exchange, to maintain and restrict the PA to the axonal membrane (Fig.16) (Hartline et Colman 2007). 

However, a theoretical calculation of the energy balance in the optic nerve suggests that more ATP is 

used for myelin biogenesis than save (Harris et Attwell 2012). Interestingly, distribution of myelinated 

tracts along the axon is not uniform, particularly in the superficial layer with diversified profiles where 

myelinated segments are separated with long, unmyelinated tracts (Tomassy et al. 2014; Hill, Li, et 

Grutzendler 2018). 

 

TROPHIC SUPPORT 

 

Trophic supply plays an important role in metabolism and neuronal survival, particularly due 

to their high energy needs to maintain the activity of the Na+/K+ channels. Indeed, neurons are not 

efficient enough to produce pyruvate and ATP through glycolysis metabolism and  oxidative 

phosphorylation in the mitochondria (A. Almeida et al. 2001). To cooperate, astrocytes accumulate 

glucose as glycogen (Kasischke et al. 2004). Interestingly, activity dependent glutamate release was 

found correlated with pyruvate and lactate production in astrocytes, providing energy to the neurons 

through monocarboxylate transporters (MCT) (Lerchundi et al. 2015). OLs also express MCT1 and 

GLUT1 transporters to provide lactate and glucose respectively through the cytoplasmic channels 

toward the periaxonal space, essential for axonal transmission and survival (Rinholm et al. 2011; Y. 

Lee et al. 2012; Fünfschilling et al. 2012; Meyer et al. 2018). Indeed, in-vivo inhibition of MCT1 led to 

motor neuron death, triggering axonal injury in organotypic spinal cord slice cultures, whereas cell 

death was rescued by adding l-lactate to the culture medium. OLs also secrete different factors 

promoting cell survival such as glial cell line-derived neurotrophic factor (GDNF), brain-derived 

neurotrophic factor (BDNF), nerve growth factor (NGF), insulin-like growth factor-1 (IGF-1) or 

transforming growth factor-β (TGF-β) (Byravan et al. 1994; Strelau et Unsicker 1999; Wilkins, 

Chandran, et Compston 2001; Wilkins et al. 2003) 

Figure 16: Action 

potential conduction 

along myelinated fibers. 

Myelin increases 
transverse resistance and 
reduces axonal 

capacitance through 
clustering of voltage- 

gated sodium channels at 
the nodes of Ranvier. 
Adapted from Berne and 

Levy Physiology 6th 
edition, 2008.  
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SYNAPTIC PLASTICITY 

 

Modulation of oligodendrogenesis and myelination depend on activity and experience-driven 

mechanisms. They depend on the release of glutamate and GF from electrically active neurons, for 

motor and cognitive learning or sensory experience. Myelination can occur independently through 

physical and mechanical properties of the extracellular environment (cellular density, axonal 

diameter, ECM) (Bonetto et al. 2020). Environment is crucial for regulation of oligodendrogenesis and 

myelination. Indeed, increasing enrichment in young rats promotes OL numbers (27%-33%) in the 

occipital cortex, as well as myelinated axons in the corpus callosum (Szeligo et Leblond 1977; Juraska 

et Kopcik 1988). Social isolation or reduced experience are well known to reduce sheath numbers and 

cells (Makinodan et al. 2012; J. Liu et al. 2012; 2016). Moreover, neuronal activity correlates with 

OPCs proliferation, generation of mOLs and myelination (Scholz et al. 2009; Sampaio-Baptista et al. 

2013; R. G. Almeida et Lyons 2017). Thus, practicing piano, exercise or motor skill learning increases 

OLs number, myelination and subsequent integration of information through modifications in 

synaptic plasticity (Bengtsson et al. 2005; McKenzie et al. 2014). On the other hand, OLs express 

dendritic post synaptic proteins PSD95 and Cadm1b allowing them to respond and regulate electrical 

activity and also to regulate this process (A. N. Hughes et Appel 2019). OLs modulate axonal 

outgrowth through secretion of neurotrophic factors GDNF and BDNF crucial for longer axonal 

circuitry (Wilkins et al. 2003; Bagayogo et Dreyfus 2009). Deletion of MYRF leading to OL loss affects 

mice ability to perform complex tasks (McKenzie et al. 2014). Besides OLs, OPCs have a clear role in 

the regulation of neuronal activity, mentioned before. Blood vessels also have a role to regulate 

myelin plasticity through endothelin signaling, demonstrated with the pro-myelinating effect of 

agonist receptors, or the detrimental effect of endothelin Ednrb loss (Yuen et al. 2013).  

 

Figure 17. Axonal 

factors regulating 

myelin plasticity. 

Scheme illustrating 

activity driven 
myelination (including 

glutamate/ GF release 
and axonal activity)  
and non activity driven 

myelination  processes 
(depending on ECM, 

cell density, axonal 
diameter and GF 
release) (Bonetto et al. 

2020). 
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MULTIPLE SIGNALING PATHWAYS REGULATE OLIGODENDROGENESIS  

 

Both in humans and rodents, the neonatal period is a time of active oligodendrogenesis, 

myelination, and axonal organization in the developing subcortical white matter. Understanding the 

factors regulating oligodendrogenesis from endogenous forebrain NSCs represents a goal for 

translational strategies. Diverse secreted factors and signaling molecules produced by different CNS 

cell types regulate oligodendrogenesis through autocrine and paracrine manners (see: regulation of 

the niche). They include growth factors, hormones, cytokines, enzymes, extracellular matrix 

components and different signaling pathways (summarized Fig. 18) representing putative targets for 

manipulating oligodendrogenesis in health and disease.  

 

 

In this part we will discuss the mains transcription factors regulating oligodendrogenesis (Fig. 

19) including SOX (SRY-related HMG-box: Sox,5,6,8,9,10), Basic helix–loop–helix (bHLH: Olig1, Olig2, 

Ascl1), repressors of differentiation (Id2, Id4), and Zinc finger proteins (Znf488, Znf536) (Wegner et 

Stolt 2005; S.-Z. Wang et al. 2006; J. C. Dugas et al. 2006; Emery 2010). 

Figure 18. Illustration of the mains cellular and genetic complexity regulating oligodendrogenesis.  
Differentiation is regulated by cell intrinsic mechanisms and from other cells, particularly those involved 
during inflammation. (Dr Parras, unpublished) 
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OLIG1 AND OLIG2 (BASIC HELIX–LOOP–HELIX FAMILY, BHLH) are transcription factors binding to 

specific DNA target sites, called E-boxes. Olig1 and Olig2 are strongly expressed in the oligodendroglial 

lineage, during both OPC specification and differentiation processes (Q. R. Lu et al. 2000; Q. Zhou et 

Anderson 2002). They are induced through Sonic hedgehog signaling in the embryonic ventral neural 

tube, regulating NSC progeny through their oligodendrogenic and neurogenic role by promoting 

motor neuron (MN) generation (Q. R. Lu et al. 2000; Q. Zhou, Wang, et Anderson 2000; Q. Zhou et 

Anderson 2002; Q. R. Lu et al. 2002). This was demonstrated using Olig2 knockout mice, showing that 

Olig2 deletion drastically affects not only MN generation in the hindbrain and spinal cord but almost 

all oligodendroglial cells in the CNS (Q. Zhou et Anderson 2002; Q. R. Lu et al. 2002; Takebayashi et al. 

2002). Moreover, overexpression of Olig1 or Olig2 in the precursors (Nestin+ cells) from E8.5 to E12.5 

using a doxycycline inducible model is sufficient to promote OPCs generation in the spinal cord (Maire 

et al. 2010). Nevertheless, Olig1 is able to compensate for Olig2 loss to partially rescue OPC generation 

in the hindbrain (Q. R. Lu et al. 2002). There different Olig1 KO mice has been reported with different 

penetrance in the requirement in oligodendrogenesis, with the later study suggesting that Olig1-

deletion leads to a decrease in OPC numbers in the brain but not in the spinal cord (Rowitch et al. 

Figure 19: Illustration of the mains expression marker and regulators of the oligodendroglial lineage. 

Mains expression markers, transcription factors and proteins (up) and regulators (down) of the 

oligodendroglial lineage, with their positive (green arrows) or negative influence (red arrows). Adapted 
from Dr Marie and Parras (unpublished) 
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2002; Arnett et al. 2004; Dai et al. 2015). In the MN domain of mouse developing spinal cord, a simple 

model of Olig2 function in cell fate choices has been propose, where Olig2  phosphorylation of Olig2 

in the Serine 147 by the protein kinase A, would induce Olig2 homodimers incapable of binding DNA, 

allowing Neurog2 (Ngn2) to induce MN generation, whereas a later expression of a phosphatase 

would dephosphorylate Olig2 allowing it to heterodimerize (likely with an E-protein) to induce OPC 

generation (H. Li et al. 2011). Interestingly, at postnatal stages, gain of function of Olig2 in Sox10+ 

oligodendroglial cells is able to accelerate OL differentiation and myelination (Wegener et al. 2015). 

Conditional deletion of Olig2 restricted to the dorsal telencephalon leads to a strong dysmyelination 

suggesting an Olig2 requirement for cortical OPC differentiation into myelinating OLs (Yue et al., 

2006). Furthermore, conditional deletion of Olig2 at postnatal stages using Cnp-Cre driver (expressed 

in some OPCs and early in OLs) inhibit their differentiation and myelination process, but not when 

deleted in mature OLs using the Plp-CreERT driver, that accelerated OL maturation and 

(re)myelination, partially by upregulation of Olig1, suggesting stage dependent roles for Olig2 in 

oligodendrogenesis (F. Mei et al. 2013). During human remyelination, Olig1 is crucial for repair (Arnett 

et al. 2004). Finally, Olig2 restrain OPCs to the oligodendroglial lineage, as Olig2 conditional deletion 

using the NG2-Cre driver shifts differentiation toward astrocyte lineage (Zhu et al. 2012). 

ACHAETE-SCUTE COMPLEX-LIKE 1 (Ascl1 bHLH) is a proneural factor homolog to Acheate and Scute 

TFs with are expressed in neuroectoderm of Drosophila embryo and are required for the formation 

of NPCs from undifferentiated neuroectodermal cells (Bertrand, Castro, et Guillemot 2002). During 

neurogenesis, Ascl1 acts as a pioneer factor to open the chromatin state and regulate target genes 

involved in proliferation and differentiation of NPCs (Raposo et al. 2015).  Ascl1 knockout mice have 

a strong reduction not only of neurons but also of OPCs in the olfactory bulb at birth, suggesting a 

dual role for Ascl1 in neurogenesis and oligodendrogenesis (Carlos M Parras et al. 2004). Indeed, 

Mash1/Ascl1 is also expressed in embryonic and neonatal OPCs in both the brain (Kondo and Raff, 

2000a; Parras et al., 2004; Parras et al., 2007; Wang et al., 2001)  and spinal cord (Sugimori et al., 

2007; Sugimori et al., 2008). Furthermore, Ascl1 is expressed in embryonic OPCs at the time of their 

specification and it is required for the generation of an early population of OPCs both in the brain and 

spinal cord (Parras et al., 2007; Sugimori et al., 2007). In addition, Ascl1 function in oligodendroglial 

specification involves a genetic interaction with Olig2 since loss of a single copy of Ascl1 have no effect 

on OPC numbers, whereas combined deletion of one copy of Olig2 and Ascl1 significantly aggravates 

the mild reduction of OPC numbers found in Olig2-heterozygous animals in the telencephalon (Parras 

et al., 2007). Beyond its specification role in the ventral brain and spinal cord during embryogenesis, 

Ascl1 is also required for normal generation of OPCs from the postnatal brain, given that conditional 

Ascl1 deletion in neonatal SVZ cells strongly reduces oligodendroglia (Nakatani et al., 2013). 

Moreover, specific Ascl1 deletion in postnatal OPCs leads to a reduced OPC differentiation into OLs 
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to the benefit of an increased OPC proliferation, suggesting that in the balance between OPC 

proliferation and differentiation, Ascl1 favors differentiation and therefore myelination (Nakatani et 

al., 2013). In the context of adult brain remyelination, using a focal demyelination mouse model, it 

has been shown that Ascl1 levels are upregulated both in the adult SVZ and OPCs close to the 

demyelinated region in cells co-expressing Olig2 and Nkx2.2 suggesting that these transcription 

factors could be part of a common transcriptional code promoting remyelination (Nakatani et al., 

2013). Indeed, during OL regeneration, Ascl1 function is also important for OPC differentiation during 

remyelination as shown by the reduced OPC differentiation found when Ascl1 is specifically deleted 

in adult OPCs before inducing a brain demyelination (Nakatani et al., 2013). Interestingly, ASCL1 

expression in the human brain is found in the remyelinating area of Multiple Sclerosis chronic active 

lesions suggesting that the function of Ascl1 in remyelination is conserved between rodents and 

humans (Nakatani et al., 2013). Finally, Ascl1, Hes1, and Olig2 expression oscillate into NSCs, 

regulating NSC behavior, with a model proposing that sustained expression of these factors 

promoting, Ascl1 neurogenesis, Olig2 oligodendrogenesis and Hes1 astrogenesis (Imayoshi et al., 

2013). During differentiation, Ascl1 downregulates its expression, and conditional deletion decreases 

myelination on the postnatal brain and during remyelination of the adult (Nakatani et al., 2013).  

 

SRY-RELATED HMG-BOX (SOX) TRANSCRIPTIONAL FACTOR FAMILY such as SOXE proteins (SOX8, 

SOX9, SOX10) promote oligodendrogenesis whereas SOXD proteins (SOX5 and SOX6) inhibits 

specification and differentiation by interfering with SOXE family (Kuhlbrodt et al. 1998; C. C. Stolt 

2002; 2003; C. Claus Stolt et al. 2006; Turnescu et al. 2018). Sox9 is expressed in NSCs and glial 

precursors and deletion reduces OLs in the spinal cord at E12.5 through loss of NFIA necessary for 

activating gliogenesis (P. Kang et al. 2012). Sox10 is exclusively expressed in the oligodendroglial 

lineage, particularly in iOLs (C. C. Stolt 2002). Sox10 KO completely impairs OL differentiation and 

maturation (Stolt et al., 2002). However, Sox9 and Sox10 have partially  redundant functions in OL 

specification, as Sox9 partially compensate for OPC numbers in mice with Sox10 deletion, whereas 

Sox9/Sox10 double KO impairs OPC generation (Finzsch et al. 2008). Sox8 is required in OPC 

specification in the spinal cord as shown by a small reduction of OPCs in Sox8 KO mice only in this 

region, while in the brain the role is mainly played by Sox9 and Sox10 (C. Claus Stolt et al. 2004). On 

the contrary, in mature OLs, Sox8 and Sox10 are partially redundant, with only the compound 

Sox8/Sox10 KO presenting defects in myelin maintenance. Sox17, a member of the SoxF subfamily,  

promotes OPC expansion and OL maturation through activation of the myelin gene promoter in OPCs 

(Sohn 2006). Moreover, Notch maintains OPC maintenance through Sox17 mediated Tcf7l2 regulation 

(Li-Jin Chew et al. 2019). In the context of demyelination, Sox17 upregulates its expression in newly 

generated OLs, playing a critical role in their differentiation and repair (Moll et al. 2013). Nevertheless, 

opposite results were found about its function depending on the developmental stage, using an 
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inducible overexpression model of Sox17 in oligodendroglial cells (Ming et al., 2013; Moll et al., 2013). 

One explanation is that Sox17 switches from a negative to a positive differentiation factor at later 

stages of CNS development (Fauveau et al. 2018). SoxD proteins bind to DNA as dimers but due to the 

lack of a transactivation or repression domain cannot regulate transcription on their own (Reiprich 

and Wegner, 2015). Sox5 and Sox6 SoxD proteins were shown to be negative regulators of OPC 

specification and differentiation, antagonizing the regulatory activity of SoxE proteins by competing 

for common binding sites or interaction partners (Stolt et al., 2006). As already observed for SoxE 

proteins, SoxD proteins function in a largely redundant manner in oligodendroglia. They 

counterbalance Sox9 during OPC specification, as they were generated prematurely and in higher 

numbers from the pMN domain in the spinal cord of Sox5/Sox6-deficient mice than in WT littermates. 

Moreover, at later stages, loss of both SoxD proteins leads to altered migration of OPCs and 

premature expression of mature myelin genes such as Mbp and Plp (Stolt et al., 2006).  

G-PROTEIN COUPLED RECEPTOR. Gpr17 is specifically expressed into the oligodendroglial cells, and 

negatively regulates their differentiation and maturation through activation of Id2/Id4 protein (Ying 

Chen et al. 2009). Gpr17 downregulates its expression during the peak period of myelination, and 

deletion enhances remyelination in-vivo following LPC- mediated demyelination in the spinal cord (C. 

Lu et al. 2018). Another repressor called Gpr37 increases expression during differentiation, as deletion 

promotes OL numbers and leads to hypermyelination through Raf-MAPK-ERK1/2 pathway (H.-J. Yang 

et al. 2016). To finish, Gpr56 positively regulates OPC proliferation through RhoA activity, as well as 

OL maturation and myelination in the corpus callosum (Ackerman et al. 2015; Giera et al. 2015).  

GROWTH FACTORS PDGF interact with PDGFRα expressed at the OPC membrane, inducing their 

proliferation (Pringle et al. 1992). Indeed, PDGF overexpression induces OPC proliferation, whereas 

PDGF-KO leads to hypomyelination in the spinal cord and cerebellum and to a phenotype like tremors 

(Calver et al. 1998; Fruttiger et al. 1999). FGF maintains PDGFR expression on O2A cells (McKinnon et 

al. 1990; Armstrong et al. 2002), whereas EGF induces OPC symmetrical division and maturation 

(Sugiarto et al. 2011; Vinukonda et al. 2016). 

SMALL NON CODING RNAS  regulate post transcription during proliferation, differentiation, survival 

or stress (Stefani et Slack 2008). Dicer1 is required for myelination, whereas long non-coding RNAs 

lncOL1 affect differentiation by repressing OPC genes (Jason C. Dugas et al. 2010a; He et al. 2017). 

MicroRNAs (miR138/219/335/338) that are important regulators of OL differentiation repress 

expression of Sox6 and Hes5 to promote OL differentiation (X. Zhao et al. 2010; Jason C. Dugas et al. 

2010b). In addition, activation of miR335 and miR338 was shown to be mediated by Sox10, reducing 

Sox9 protein levels post transcriptionally (Reiprich et al. 2017). 
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EPIGENETIC transcriptional regulation mainly consist in DNA methylation, mostly 5-methyl-Cytosine 

(5mC) but also the recently described in mammal N6-methyl-Adenine (N6mA) (Wu et al., 2016), and 

histone modification by methylation, acetylation, phosphorylation and ubiquitination that modulate 

chromatin compaction and thus accessibility of TFs and RNA Pol II (Kouzarides, 2007). Epigenetics play 

an important role for cell fate specification and differentiation, involving posttranslational 

modifications and different chromatin remodeling events as histone modifications (Hsieh et Gage 

2005). Histone deacetylase (HDAC) 1 and 2 removes acetyl groups from histone lysine tails, leading to 

chromatin condensation, thus promoting OL differentiation through the induction of Olig2 and 

regulation of b-catenin translocation (Ying Chen et al. 2009). For instance, inhibitors Trichostatin-A 

(HDAC1/2) or valproic Acid (HDAC1) inhibits OPC differentiation, maturation and lead to strong 

hypomyelination in postnatal rats (Shen, Li, et Casaccia-Bonnefil 2005; Conway et al. 2012).  Histone 

methyltransferases catalyze the addition of methyl groups to histones. Methylation at H3K27 by Ezh2, 

an enzymatic factor of the Polycomb complex, plays a role in the selection of the oligodendrocyte 

lineage. Overexpression of Ezh2 in NSCs triggers oligodendrocyte fate choice, while Ezh2 silencing 

causes the opposite (Sher et al., 2008). The dynamic changes in activation and repression of promoter 

and enhancers occurring during the process of OPCs differentiation and myelination was recently 

studied by genome wide positioning (Chip-seq) of H3K4me3 and H3K27ac marks in different OL 

lineage stages: OPCs, immature oligodendrocytes and myelinating oligodendrocytes (Yu et al., 2013). 

Modulation of chromatin structure by histone modifications and ATP-dependent remodeling plays an 

important role in oligodendrogenesis. Pioneering work has recently showed that Olig2 recruits Brg1, 

the central catalytic subunit of SWI/SNF-like chromatin-modifying complexes, and that this 

recruitment is essential for initial differentiation process from OPC to establish OL identity (Yu et al., 

2013). The CHD (Chromodomain helicase DNA-binding) factors are the central catalytic subunit of 

certain chromatin remodeler complexes and they present lineage- and stage-specific expression 

patterns. In a search of Olig2, Mash1 and Brg1 targeted genes, our team identified CHD7, the main 

gene responsible for CHARGE syndrome associated with cognitive impairment (Basson and van 

Ravenswaaij-Arts, 2015), as their common target during OL development. A first study (He et al., 2016) 

showed that Chd7 is required for the onset of (re)myelination by regulating together with Sox10 a set 

of common target genes involved in myelinogenesis. Furthermore, combining Chd7/Chd8 chromatin 

binding profiles from in vivo OPCs with transcriptome and chromatin accessibility analyses of Chd7-

deleted OPCs, it was demonstrated that mechanistically, Chd7 promotes OPC survival via chromatin-

closing and transcriptional repression of p53/Trp53, while conversely, Chd7 binding is required for 

chromatin-opening and transcriptional activation of key regulators of OPC differentiation, including 

Sox10, Nkx2.2, and Gpr17 (Marie et al., 2018). Finally,  integration of genome-wide occupancy 
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repertoires and associated epigenetic signals from OL lineage cells suggests that Chd7/Chd8 

remodelers and Olig2/Sox10 TFs cooperate to activate oligodendroglia stage-specific genes (Marie et 

al., 2018). To investigate Chd8 function in oligodendrogenesis, Chd8 has been deleted using the Olig1-

Cre driver (Chd8cKO), and similar to Brg1cKO mice, Chd8cKO mice presents a severe dysmyelination, 

seizures by P14, and death by P21 (Zhao et al., 2018). Remarkably, there is an absence of 

oligodendroglial cells (Mbp+, Plp1+) in the spinal cord and cerebellum, and a reduction in the forebrain. 

The reduced OL generation in Chd8cKO also leads to a lack of axonal myelination in the optic nerve, 

spinal cord, and to a lesser extent in the corpus callosum (Zhao et al., 2018), suggesting that Chd8 

requirement depends on the CNS region. Confirming the requirement of Chd8 in OL differentiation, 

another study performing Chd8 knockdown in neonatal brain-derived NSC differentiating cultures 

found reduced (by 36%) OL differentiation without changes in OPC numbers (Marie et al., 2018). 

Together, these observations indicate a spatiotemporal specific role of Chd8 in regulating CNS 

myelination (reviewed in Parras et al., 2020, Fig. 20).  

 

 

INHIBITOR OF DNA-BINDING (ID) PROTEINS. Like all members of the HLH family Id (inhibitors of 

differentiation or inhibitors of DNA-binding) factors are able to form heterodimers with other HLH 

proteins but lacking the basic domain, Id proteins form heterodimers unable to bind DNA (Benezra et 

al., 1990; Norton et al., 1998). Initial in vitro studies have shown that Id2 and Id4 play an inhibitory 

role in the timing of OL differentiation (Kondo and Raff, 2000b; Wang et al., 2001). Furthermore, the 

capacity of BMP4 to inhibit oligodendrogenesis in culture was shown to result from Id2/4-mediated 

Figure 20: Model of regulation of oligodendrogenesis by chromatin remodelers and transcription factors. 

In red, factors function in each process. Activation is depicted with a positive circle and inhibition by a 

negative circle. Blue ellipses represent the cell nuclei highlighting the genes involved in each step of 
oligodendrogenesis. Question marks indicate a hypothetical function still not addressed. NSC, neural stem 
cell; OPC, oligodendrocyte precursor cell; OL, oligodendrocyte (Adapted from Parras et al., 2020). 
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sequestration of Olig1/2 proteins in the cytoplasm (Samanta and Kessler, 2004). Id2 and Id4 also 

repress the Notch effector Hey1, regulating oligodendrogenesis through subsequent activation of 

Olig2 (Havrda et al. 2014). For instance,  interaction between Id2 and Olig2 regulates OL 

differentiation through BMP and Gpr17. Moreover, expression of Id2 during OPC differentiation is 

regulated by Wnt and Hdac, and inhibition of OL differentiation by Id4 occurs through regulation of 

the expression of myelin proteins (Marin-Husstege et al. 2006; X.-S. Chen et al. 2012). Nevertheless, 

they are not the major regulators of differentiation during early CNS development (H. Huang et al. 

2022). 

MYELINATION  

 

Myelin (Fig.21) is a fatty lipid-rich substance composed by 40% of water versus 60% of dry 

mass (60-75% lipid with a molar ratio of approximately 2:2:1:1 for cholesterol, phospholipids, 

galactolipids, and plasmalogens respectively and 15-25% of myelin proteins (Norton et Poduslo 1973). 

Whereas myelination occurs at the postnatal stage in mice, this process occurs in humans earlier, 

during the 3rd trimester and until about 2 years of age (Hüppi et al. 1998; Inder et Huppi 2000). 

Myelination is sequentially regionalized: 

from central to peripheral, caudal to rostral, 

and dorsal to ventral (Fig. 22). T1-weighted 

MRI scans show that myelination starts in 

the brainstem (necessary for reflex 

behavior and survival), followed by 

cerebellum, basal ganglia, cerebrum until 

the frontal and temporal lobes (van Tilborg 

et al. 2018). Interestingly, myelination 

occurs earlier in females associated with 

speech areas and thus their learning 

abilities for language (Yurgelun-Todd, 

Killgore, et Young 2002; Karrass et al. 2002)  

Figure 21: Structure of the myelin sheath in the CNS. Architecture and 3D-molecular composition of the 

myelin sheath, with complex lipids (cholesterol, PLs and GLs) and most abundant proteins (PLP, MBP). 
Proteins (yellow), cholesterol (orange), PLs (pink) and glycosphingolipids (blue). (Podbielska et al. 2013) 
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. 

MAINS STEPS OF MYELINATION 

 

Myelination process is initiated by axo-glial contact, followed by ensheathment and 

compaction of myelin sheath (Fig. 23). Initial contacts are performed by OPCs to reach and select an 

axonal segment, followed by stabilization of the interaction and cell polarization (Baron et al. 2015). 

This stage trigger several molecular rearrangements such as PIP2 and PIP3 recruitment at the 

membrane, inclusion of the tyrosine-kinase FYN in the lipid-rich membrane and reduction of RhoA 

activity (Baer et al. 2009; S. Goebbels et al. 2010; Czopka, ffrench-Constant, et Lyons 2013; Snaidero 

et al. 2014; Sandra Goebbels et al. 2017). Membrane growth quickly at the rate of 5,000 μm2 per day 

through lateral and radial expansion and recruitment of myelin lipids and proteins (PLP, P0 in the PNS) 

with  high affinity for cholesterol-rich membrane microdomain (Werner et al. 2013; Saher et al. 2009). 

Maturation occurs through changes in lipid compositions from O1 galactocerebroside to O4 (Sommer 

et Schachner 1981; Bansal et al. 1989). Membranes include almost 160 layers with internodes 

intervals of 1.7 mm in the CNS (Hildebrand et al. 1993; Hildebrand, Bowe, et Remahl 1994). 

Ensheathment requires assembly of actin filaments by the Arp2/3 complex, while wrapping takes 

place during actin cytoskeleton disassembly via gelsolin and cofilin (A. Liu et al. 2003; Zuchero et al. 

2015; Schanila Nawaz et al. 2015). At the transcriptional level, Olig2 and Sox10 enhancer activity 

Figure 22: Comparison 

between humans and 

rodent myelination. 

Myelination is already 

initiated before birth and 
continues until 18 
months in humans, 

whereas this process 
occurs between P7 and 

P35 in rats. T1-weighted 
MRI scans at different 
ages representing human 

transverse sections (top), 
sagittal sections (middle). 

Myelinated of the white 
matter is manually 
colored in red. Sagittal 

sections of rats brains are 
represented at different 

ages and stained for MBP 
(bottom). Evolution of 

the myelination process 
is similar between 
humans and rodents. 

(van Tilborg et al. 2018) 
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regulate MYRF, leading to the upregulation of MBP, PLP1, MAG, CNP and MOG (Emery et al. 2009). 

Proteolipids PLP sequester cholesterol to maintain a threshold level in the secretory pathway (Werner 

et al. 2013). Then, compaction of myelin layers occurs from the abaxonal layers toward the adaxonal 

inner tongue (Hildebrand et al. 1993; Snaidero et al. 2014). To do so, MBP is recruited through its 

strong affinity to bind and neutralize negatively charged PIP2 phospholipids, leading to the fusion of 

bilayers membrane into a main dense line (Harauz et Libich 2009; S. Nawaz et al. 2009; Aggarwal et 

al. 2013).  

 

REMYELINATION 

 

Demyelination triggers massive OL, myelin and neuronal loss, associated with a pro-

inflammatory environment involving immune cell reactivity. Following demyelination, a spontaneous 

process of remyelination occurs to mediate the inflammatory environment and repair the lesion site 

(Fig. 24). First, such molecules as Semaphorin 3A induce OPCs activation, migration and proliferation 

to colonize the lesion site where they differentiate into new myelinating OLs (Prineas et al. 1989; Chari 

et Blakemore 2002; Piaton et al. 2011; Duncan et al. 2018). OPCs also have the ability to generate 

Schwann cells, normally derived from the embryonic neural crest and restricted to the PNS (Zawadzka 

et al. 2010). At the genetic level, OPCs upregulate Olig2 or Nkx2.2 but this process can be affected by 

age (Shields et al. 1999; Sim et al. 2002). Indeed, overexpression of Olig2 was shown to accelerate the 

remyelination process, and myelination at the postnatal stage (Maire et al. 2010; Wegener et al. 

Figure 23: Schematic model of the axo-glial interaction,  OPCs differentiation and myelination process. 

(Nave et Werner 2014) 
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2015). Interestingly, in both LPC induced demyelination and in MS lesions, Ascl1 is upregulated in 

OPCs and remyelinating OLs to promote differentiation and remyelination (Nakatani et al. 2013). 

Importantly, Olig1 plays a crucial role during remyelination, as KO prevents this process in both 

models of LPC and cuprizone induced demyelination (Arnett et al. 2004). Nevertheless, newly 

generated myelin sheath is thinner and remyelinated internodes segments are shorter than those in 

the normal white matter (Bunge, Bunge, et Ris 1961; K. J. Smith, Blakemore, et Mcdonald 1979; 

Karttunen et al. 2017). Prior to and during remyelination, nodal clusters regenerate to ensure correct 

saltatory conduction. However, the inflammatory environment remains the main cause of failure in 

remyelination (Kuhlmann et al. 2008; Boyd, Zhang, et Williams 2013).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 24: Schematic representation of the remyelination process. Different steps follow demyelination, 

characterized by OPC recruitment, axonal remyelination, with decreasing ability for the surviving OLs to 
remyelinate. (Franklin, Frisén, et Lyons 2021) 
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CHAPTER I II-  OLIGODENDROGLIAL AND MYELIN IMPLICATION IN 

DISEASES 

 

PRETERM BIRTH  

 

Preterm birth (PTB) is the leading cause of death and disability worldwide in children younger 

than 5 years, threatening 15 million infants yearly born before 37 GW. Overall, PTB affected 10.6% of 

all live births in 2014 depending on the country, with a rate of 13.4% in North Africa versus 8.7% in 

Europe (Blencowe et al. 2013; Chawanpaiboon et al. 2019). A classification of severity has been 

proposed depending  on the degree of prematurity, from moderate PTB (32- 36 GW) to very (28- 31 

GW) and extreme PTB (<28 GW) (Moutquin 2003). Although the level of survival increases in high-

income countries for those born at very low birth weight, more than one million die shortly after birth 

because of a lack of adequate newborn care in developing countries.  

PTB is an important public health concern as many surviving children show significant 

increased risk of morbidities, proportional to their gestational age (Glass et al. 2015). PTB affects 

cardiovascular and cerebrovascular systems, leading to hypertension, type 2 diabetes, chronic kidney 

disease, and asthma (Kajantie et al. 2010; A. B. Shah et al. 2015; Cabral et al. 2017; Naumburg et 

Söderström 2019; Harer et al. 2020; Pierrat et al. 2021). The pulmonary system is also highly 

vulnerable to PTB, with development starting very early at 4GW but the complete formation of the 

alveolar system happening before birth. In PTB, 80 % of babies born before 27GW show alteration of 

lung development and maturation with a lack of alveoli, breath, and surfactant that start normally at 

30-32 GW. Thus, they develop respiratory distress syndrome, bronchopulmonary dysplasia and 

asthma, leading to hypoxia (Landry et Menzies 2011). Therefore, hypoxia increases risk of 

neurodevelopmental disorders, associated with behavioral and psychological sequelae (detailed 

below). Beside consequences on health, PTB increases socioeconomic inequalities and represent 

important health care costs (e.g. $25.2 billion cost in US in 2016, mean cost of $64,815 per PTB)  

(Moster, Lie, et Markestad 2008; Waitzman, Jalali, et Grosse 2021).  

ORIGIN, DIAGNOSTIC AND TREATMENTS 

 

Several factors impact PTB risk, such as cesarean deliveries, extremes in maternal age, 

multiple pregnancies, short cervical length and uterine abnormalities, diabetes, hypertension and use 

of fertility drugs (Catov et al. 2008; Berghella 2012; Fuchs et Senat 2016; Leader et al. 2018; Sanders 

et al. 2021). Other environmental factors impact PTB such as nutrition, low socioeconomic status, 
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smoking and alcohol abuse (N. R. Shah et Bracken 2000; Filicori et al. 2005; Gómez et al. 2010; 

Stylianou-Riga et al. 2018; L. Li et al. 2020). In addition, hormone dysregulation, through early 

stimulation of the hypothalamic pituitary adrenal axis  and pro-inflammatory pathways is also 

responsible for the initiation of parturition (Challis et al. 2001). Geographic factors explaining 

disparities in PTB include infections, malaria, HIV, and high adolescent pregnancy rates (P.-L. Xiao et 

al. 2015; Chua et al. 2021).  

Early diagnosis can partially predict a risk of PTB through cervical length measurements (L. D. 

Levine et al. 2019), monitoring of uterine activity or vaginal bleeding, as well as detection of different 

biochemical markers such as fetal fibronectin, IL-6, estriol (McGregor et al. 1995; Foster et Shennan 

2014; Leaños-Miranda et al. 2021). Several treatments exist to delay pregnancy, such as corticosteroid 

and progesterone given to stop contractions and avoid delivery. After early delivery, synthetic 

corticosteroids dexamethasone or betamethasone improve fetal survival, intraventricular 

hemorrhage, respiratory distress syndrome and mortality (Jane Elizabeth Norman et al. 2016; Jane E. 

Norman 2020). They also improve lung function through arrest of alveolar growth and increased 

maturation (Olson 1979; Fatusić 2004). They also have a potent action to mediate inflammatory 

response through interaction with nuclear factor NFkB (Bolt et al. 2001; Bartko et al. 2016). However, 

such treatments are not able to reduce PTB severity, and overexposure is associated with low weight 

and cardiovascular disease during adult life (R. M. Reynolds 2013). Another alternative in case of early 

delivery is therapeutic hypothermia that has been shown to reduce mortality, encephalopathy and 

improves early neurologic outcome after HI injury in neonates (Montaldo et al. 2019). For instance, 

reduction by 1°C decreases cerebral energy consumption by approximately 6 to 5%, as well as the 

appearance of cerebral lesions, caused by abnormal metabolism and lack of oxygen. Hypothermia 

should be initiated within 6 hours, but significant neurologic deficits and learning disability persist 

into childhood, as cell death and inflammation are initiated before treatment. Thus, for extreme PTB 

babies, diagnosis is crucial to predict motor impairment and initiate early therapy with techniques of 

neuroimaging (cranial ultrasound abnormalities, tomography, and magnetic resonance imaging) or 

evaluation of the movements at 1 month.  

CONSEQUENCES ON BRAIN  

 

Most PTB injuries include periventricular leukomalacia (PVL) associated with white matter 

injury (PWMD), intraventricular (IVH) or intraparenchymal hemorrhage (IPH). They are characterized 

by focal cystic necrotic lesions, diffuse cerebral WM lesions, hypomyelination and abnormal synaptic 

connectivity. Factors that predispose to PVL include prematurity, hypoxia, ischemia, inflammation, 

vascular system, and more vulnerable pre-OL populations (Back et Rivkees 2004). Moreover, some 

regions are more vulnerable to injury such as the highly vascular germinal matrix eminence area and 
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the white matter around ventricles, associated with difficulties to autoregulate cerebral blood flow 

(de Vries et Groenendaal 2002). PT babies also present a smaller brain size (corpus callosum, deep 

gray structures), less-developed myelination in the posterior limb of the internal capsule, and more 

immature gyral folding than those associated with full-term birth (Walsh et al. 2014). During 

adolescence, reduction in volume and size of frontotemporal and hippocampus regions in extreme 

PTB has been correlated to defects in intelligence quotient (Bjuland et al. 2014). PVL affects 3 to 20% 

of preterm babies born at very low weight, at early prematurity and is strongly associated with motor, 

visual, preceptory, behavioral, and cognitive failure. 90% of cerebral palsy are triggered by PWMD 

characterized by focal lesions in the deep white matter and necrosis of axons, OLs, and astrocytes 

(Wood et al. 2000; Hack 2000; Blumenthal 2004). Through increases level of hypoxia and 

neuroinflammation, PTB increase risk for neurodegenerative disorders (epilepsy, autism spectrum, 

mental retardation and attention-deficit), particularly for babies born at early stage (Luu, Rehman 

Mian, et Nuyt 2017). Indeed, 43% of babies born very early (22-24 GW) has an increased risk of 

developing neurocognitive impairment: 50% with learning disabilities, 10% with spastic motor deficits 

of cerebral palsy and 2.2 to 10% with epilepsy (Back et Rivkees 2004; Vesoulis et al. 2014; Younge et 

al. 2017; on behalf of ELGAN Study Group et al. 2019). They also have a 3 to 4 fold increased risk of 

developing psychiatric disorders (Burnett et al. 2011). Thus, a  PTB behavioral phenotype is 

characterized by attention deficit hyperactivity disorder, lowering their academic achievement, social 

integration and speech development (Johnson et Marlow 2011). PT babies present an overall 35.8% 

risk of developing retinopathy of prematurity (before 28GW) (Şahin et al. 2014), 11% risk of 

developing hearing impairment (before 25GW) (McMahon, Wintermark, et Lahav 2012; Lahav et Skoe 

2014; Baldoli et al. 2015), altering cortical maturation and development of language perception area.  

 

HYPOXIA AFFECTS CNS DIVERSITY 

 

The brain accounts for 20% of total body oxygen consumption, but brain oxygen levels are 

lower than atmospheric gas (2%–5% in the cortex, 0.4% in pons, 3%–4% in hippocampus). Moreover, 

oxygen levels are lower in the fetal brain (0.076–7.6 mmHg) compared to the adult (11.4–53.2 mmHg) 

(Erecińska et Silver 2001; Mohyeldin, Garzón-Muvdi, et Quiñones-Hinojosa 2010). During injury, cell 

death and compression of the vasculature lead to an edema, stroke or subarachnoid hemorrhage 

disrupting blood flow and oxygen levels (Bader 2006; Masamoto et Tanishita 2009). The oxygen level 

is crucial for brain development during the perinatal period to regulate NSCs activity, OL maturation, 

and myelination within the developing subcortical WM (Studer et al. 2000; Morrison et al. 2000; 

Panchision 2009). Hypoxia can also induce neuronal apoptosis, autophagy and unregulated necrosis 
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in specific areas responsible for sensorimotor integration and movement control (Merrill et al. 1993; 

Mitrovic et al. 1995; Rosenberg et al. 2002; A. I. Boullerne, Nedelkoska, et Benjamins 2008). 

A potential endogenous biomarker called hypoxia-inducible factor-1α (HIF-1α) is normally degraded 

by the proteasome after hydroxylation and ubiquitination by the VHL E3 ubiquitin ligase (Groulx et 

Lee 2002). In the context of hypoxia, process of hydroxylation is inhibited, leading to the stabilization 

of HIF accumulating to modulate glycolysis enzymes allowing ATP synthesis, VEGF-mediated 

angiogenesis or modulate chromatin methylation (Batie et al. 2019). Interestingly, hypoxia induces 

erythropoietin (EPO) having a neuroprotective effect, improving cognition, neuronal progenitors 

proliferation, neuronal plasticity and long term potentiation (Shingo et al. 2001; Adamcio et al. 2008). 

Indeed, intermittent exposure (4h/day) of neonatal mice at 2000m of altitude during 3-4 weeks 

promotes phosphorylation of CREB, long term potentiation, synaptogenesis as well as spatial learning 

and memory (J.-X. Zhang et al. 2005). Nevertheless, hypoxia strongly influence NSC behavior through 

negative regulation of NPCs differentiation, repression of BMP/ Smad1/5/8 and Wnt/β-catenin, and 

activation of Hes1 (Gustafsson et al. 2005; Pistollato et al. 2007; Maiti et al. 2008; Večeřa et al. 2020).  

 

HYPOXIA AFFECTS OLIGODENDROGENESIS 

 

Initiation of OL differentiation and myelination coincide with PTB and hypoxia, making  late 

progenitors (or early immature OLs, O4+/O1+ cells) vulnerable to hypoxia (Fig. 25), whereas OPCs and 

mOLs are highly resistant. Differentiation is restricted in the white matter during the high risk period 

for PVL, explaining their selective vulnerability (Back et al. 2001).  Thus, a study using a neonatal rat 

model of hypoxic-ischemia found that diffuse lesions, characterized by injury to pre-OLs and 

deficiency of cerebral myelination, contain 72 ± 6% pre-OL cell death at this stage (Back et al. 2001; 

2002). Late progenitors (NG2+/O4+) represent a minor population between 18-27GW (9.9 ± 2.1%), 

mostly differentiating during 29-41GW (30.9 ± 2.1%). This vulnerability is dependent to oxidative 

stress increasing peroxides and radicals and leading to caspase-mediated cell death in those cells 

containing low levels of anti-oxidants and radical scavengers (Back et al. 1998; Fern et Möller 2000; 

Back et al. 2002; Fragoso et al. 2004). Inflammatory response is highly upregulated in the 

cerebrospinal fluid (CSF) from preterm babies during hypoxia, with significant upregulation of IL-1b, 

IL-2, IL-4, IL-9, IL-17A, MIP-1a, MMP8, SPP1, TGFb, and TNFb (Boardman et al. 2018). Another study 

found in post-asphyxiated CSF infants that TRAIL (tumor necrosis factor-related apoptosis inducing 

ligand), IL-6 and 8 are enrich and correlated to poor neurodevelopmental outcome (Leifsdottir et al. 

2018). In the preterm human fetus, increased levels of ROS, H2O2, nitrogen metabolites and iron-

mediated oxygen radical are also found in their periventricular white matter (Saugstad 2003; Lembo, 
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Buonocore, et Perrone 2021). Furthermore, cerebrovascular immaturity associated with a defect of 

cerebral autoregulation predispose periventricular white matter to injury, particularly in the arterial 

end and border zones (Takashima et Tanaka 1978; Nakamura, Okudera, et Hashimoto 1994). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 25: Illustration showing the coincidence of PTB vulnerability during oligodendrogenesis. OPCs 
proliferate between 15-20 GW (green) and differentiation into pre-OLs peaks between 30-40 GW 
(orange), whereas myelination is initiated before birth and occurs during the first year of life (blue). PTB 
windows affect the peak of pre-OLs (red area), leading to vulnerability (OL death), fail to differentiate and 
reduced myelination levels in WM (dashed orange and blue lines) (van Tilborg et al. 2018) 
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MULTIPLE SCLEROSIS 

 

MS is a debilitating chronic inflammatory disease of the CNS, leading to demyelination and 

diffuse neurodegeneration in the brain and spinal cord. MS was characterized in 1868 by Jean-Martin 

Charcot finding numerous glial scars (sclerae) and developing plaques in the white matter (WM) of 

the brain and spinal cord. In 2020, about 2.8 million people suffer from MS, representing 35.9 case 

prevalence per 100.000, with the highest levels in North America, Western Europe, and Australia 

(>100 cases) (Walton et al. 2020). MS is mainly diagnosed in adults between 20-40 years, and affects 

2 to 4 times more women (Jobin et al. 2010). Lesions are initiated by focal demyelination, 

inflammation and gliosis followed by axonal damage and neuronal loss (Stadelmann, Wegner, et 

Brück 2011). Depending on their location in the CNS, WM lesions can trigger muscular, 

somatosensory, or neurocognitive disabilities. For instance, lesions located in the frontal and 

temporal lobes induce cognitive and psychiatric symptoms (Denier et al. 2007). Furthermore, life 

expectancy is on average 5 to 10 years lower than the normal population. The 4 main types of MS are 

clinically isolated syndrome (CIS), relapsing-remitting MS (RRMS), secondary (SPMS) and primary 

progressive MS (PPMS) (Fig. 26). 

 

  

CIS are the first evidence of MS characterized by a single episode of MS-like symptoms during 

24h or longer. The most common type of MS (80%–85%) is RRMS with patients presenting attacks (or 

relapses) and neurological symptoms between remission periods (partial or complete recovery). 

Relapsing forms are discrete episodes of neurological dysfunction and enhanced inflammation 

followed by partial, complete, or no remission (generally associated with remyelination). When they 

are not treated, RRMS can eventually convert into SPMS. PPMS occurs in almost 10% of MS patients 

when the brain contains two or more lesions in the spinal cord associated with a high level of immune 

system activity. 

Figure 26: Multiple Sclerosis is clinically classified depending on disease progression. 4 types of MS exist: 
clinically isolated syndrome (CIS), relapsing-remitting MS (RRMS), secondary (SPMS) and primary 

progressive MS (PPMS). 
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ORIGIN AND DIAGNOSTIC 

 

MS causes are not clearly identified, depending on genetic and environmental factors 

(alimentation, metabolism or viral infections). Sex hormonal differences (prolactin, estrogen, 

progesterone, or testosterone levels) can explain a more pronounced vulnerability for women. For 

instance, MS lesions show an increase of GPCR signaling and Sphingosine-1-phosphate receptor 2 

expression, associated with increased levels of blood vessel receptor regulating invasion of immune 

inflammatory cells (Cruz-Orengo et al. 2014). This year, a retrospective study based on 10 million 

young  US military personnel found a 32 fold time increase risk to trigger MS with Epstein-Barr herpes 

virus (Hassani et al. 2018; Bjornevik et al. 2022). Thus, EB virus present in latent B lymphocytes located 

in MS lesions is an important factor in demyelination through an immune-mediated process but not 

sufficient to trigger MS given that ~95% of the general population have been exposed to this virus 

and only les that 1% develop MS (Serafini et al. 2007). In addition, a study in 2020 identified from 73 

untreated MS cases (and 97 healthy controls) 200 single-nucleotide polymorphisms associated with 

129 distinct genes from purified immune cell types (Gresle et al. 2020) 

Evolution of MS is dependent on early diagnosis, established with evidence of inflammatory 

injury and presence of clinical symptoms (>24h).  The most important paraclinical test is magnetic 

resonance imaging (MRI) performed after intravenous injection of contrast agent gadolinium useful 

to detect active lesions, BBB breakdown and inflammation, whereas microglia activation is detected 

by two positron emission tomography imaging (PET) (Fig. 27) (Ku et al. 2018). Glutamate excitotoxicity 

is detected by magnetic resonance spectroscopy (MRS). Demyelination is characterized by 

magnetization transfer imaging (MTR), diffusion-weighted imaging (DWI) and PET scan. Measures of 

brain atrophy are performed using MTR electrophysiological tests (visual and somatosensory evoked 

potentials) to assess conduction of the visual pathways from the retina to the occipital cortex. In 

addition, CSF lumbar puncture, microbiological tests, and cytological evaluation are also used for MS 

diagnosis. Overall, these markers significantly improve clinical trials, combining the evolution of 

clinical signs, measure of BBB integrity, immune cell activity, remyelination in lesion sites (PET), 

microstructural damage for quantification of the changes in fractional anisotropy and mean diffusivity 

with MRI (Ricigliano et al. 2022).  
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INFLAMMATORY MECHANISMS 

 

BBB is the first physical barrier against neuroinflammation, preventing immune cell 

infiltration (Zlokovic 2008). Neuroinflammation is associated with BBB disruption, peripheral immune 

cells invasion and microglia activation, leading to a massive release of cytokines and chemokines 

(Bhalala, Koehler, et Kannan 2015). In RRMS, the peripheral immune system is highly activated, 

particularly on the spleen, as experiments of splenectomy reduce cell infiltration and decrease 

damage after ischemia and stroke (H. Jiang et al. 2007; A. Chauhan et al. 2018). Inflammation involves 

B and T cells, and activation of the CD8-T cells subset is sufficient to drive demyelination and neuronal 

death (Huseby et al. 2012). Indeed, activated myeloid and T cells enter the CNS to secrete IL1ß, leading 

to the activation of Th17 cells proliferating and activating microglia (Fig. 28). Thus, microglia switch 

into the M1 phenotype secreting pro-inflammatory cytokines (e.g. TNF-α, IL-1β, IL-6, INF-γ, GMCSF) 

and superoxide radicals inducing a cascade of excitotoxicity and oxidative damage (Nakajima et 

Kohsaka 2001). In addition, microglia stop secreting trophic factors IGF-1 and ciliary neurotrophic 

factor promoting OL differentiation (Mayer, Bhakoo, et Noble 1994; Pang et al. 2007). Astrocyte 

reactivity also occurs with secretion of metalloproteases and cytokines aggravating BBB disruption, 

inflammation and excitotoxicity (Ponath, Park, et Pitt 2018; Siracusa, Fusco, et Cuzzocrea 2019; Soung 

et S. Klein 2020). In brain and CSF from MS patients, increase levels in glutamate and expression of its 

receptor GluR1 are found in OLs located in active lesion borders (Pitt, Werner, et Raine 2000; Sarchielli 

et al. 2003; Newcombe et al. 2008). Excitotoxicity also increases excitatory postsynaptic currents 

Figure 27: Scheme illustrating biomarkers used for MS diagnosis. Different biomarkers are used to diagnose 
different aspects of MS pathology, including inflammation through astrocyte and microglia activation, 

demyelination, energy failure or neuro-axonal degeneration. DWI=diffusion-weighted imaging. AD=axial 
diffusivity. FA=fractional anisotropy. ODI=orientation dispersion index.  (Thompson et al. 2018) 
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during the early phase of EAE as well as levels of oxidative reactions in neurons and OLs (Centonze et 

al. 2009). Activated microglia present myelin antigen to T cells, leading to the secretion of 

inflammatory molecules (IL17, GMCSF, IFNγ and TNF), as well as ROS and NOS damaging myelin, OLs 

and neurons  (McGinley et al. 2018). Following inflammation and resolution, microglia can switch into 

the M2 anti-inflammatory phenotype allowing remodeling and repair through clearance of ROS, 

phagocytosis of debris, production of neurotrophic factor (IGF1, BDNF and NGF), and secretion of 

anti-inflammatory cytokines (IL-10, TGF-β1, IL-4) (Varnum et Ikezu 2012; Peferoen et al. 2015). 

Therefore, different strategies try to switch the M1 phenotype into an M2 pro-regenerative 

phenotype  (Kobayashi et al. 2013; Lang, Li, et Han 2021). 

 

 

At the histological level during pathogenesis, inflammation leads to myelin degradation, OL 

death, axonal dysfunction, and neurodegeneration. Alteration in OL differentiation is a major 

determinant of remyelination failure in chronic MS lesions (Kuhlmann et al. 2008; Saraswat et al. 

2021). Following demyelination, endogenous remyelination depends on the OPC ability to migrate, 

proliferate, and differentiate in the lesion site. OPC recruitment is  affected in chronically 

demyelinated lesions where 37% of the lesions fail to remyelinate increasing chemorepellent Sema3A 

(A. Williams et al. 2007; Piaton et al. 2011; Boyd, Zhang, et Williams 2013). Notch1, Wnt, Bmp and 

FGF2 signaling are enriched in OPCs from MS lesions, and their expression decreases during 

Figure 28 : Immune cell regulation in and outside the CNS during MS. During EAE and MS, BBB 
breakdown occurs, allowing activated myeloid and T cells to migrate inside the brain (1) to produce IL-17 

and IL-21 increasing Th17 cell responses (2). Thus, Th1 and Th17 cells activate resident microglia(3) 
presenting myelin antigens to T cells (4), inducing clonal expansion of Th1 and Th17 and release of 
inflammatory mediators IL-17, GM-CSF, IFN-g and TNF, ROS and NOS promoting the destruction of 

myelin, leading to demyelination, neuronal death and neurological impairment. (McGinley et al. 2018) 



58 

remyelination (Sabo et Cate 2013). Moreover, in vitro and in vivo activation of Wnt in OPCs delay 

maturation, leading to remyelination failure (Soomro, Jie, et Fu 2018). Other cues alter OPC migration 

such as growth factors (PDGF, FGF), guidance molecules (Semaphorins or Netrins), chemokines 

(CXCL1) or ECM (Jarjour et Kennedy 2004).  

SHARED OL DISRUPTION SIGNATURE UNVEILED IN DIVERSE BRAIN DISORDERS 

 

Whereas most studies highlighted the role of inflammation in neuronal and gray matter 

degeneration; recent discoveries have shed new light on WM dysfunctions or myelination process for 

their implication in a wide range of neurodegenerative disorders. Myelination is crucial for neuronal 

signaling to carry out cognitive functions such as attention, learning and memory (Fields 2005). In 

humans, this process occurs mostly until adulthood during which the maximum incidence of 

neuropsychiatric troubles arise. Altered myelination has been related to defects in dopaminergic and 

glutamatergic circuitry (Höistad 2009; N. Takahashi et al. 2011). Moreover, many genetic mutations 

or proteomic alterations found in diseases are expressed in the oligodendroglial lineage (Y. Zhang et 

al. 2014) (Fig. 29). These alterations can autonomously affect OL development, or indirectly via the 

regulation from other cell types (e.g. inflammation, neuronal degeneration). Here, we will briefly 

review recent evidence suggesting potential OLs consequences or contribution beside MS and PTB, 

including amyotrophic lateral sclerosis, schizophrenia, Alzheimer, gliomas, and Huntington.  

 

 

Figure 29 : Genes altered in neurological disorders are expressed by oligodendroglial cells. Gene 
expression detected in human neural cell types from Barres transcriptomic database (Zhang et al. 2014). 

Data shows that OLs mostly express the genes mutated or altered involved in (A) Schizophrenia (DISC1, 
DBZ/ZNF365), (B) Amyotrophic lateral sclerosis (SOD1 , TARDBP/TDP43, (C) Alzheimer disease (APP, APLP1, 
APLP2, PSEN), (D) Glioblastoma  (IDH1, TCF4, TCF12, PDGFRA). 
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AMYOTROPHIC LATERAL SCLEROSIS (ALS) is characterized by progressive motor neuron 

loss, gray matter demyelination, reactive changes of OPCs and impaired OL maturation in spinal cord 

and motor cortex from postmortem patients (S. H. Kang et al. 2013; Philips et al. 2013). Thus, the 

contribution of gray matter OLs in neuronal degeneration is still in debate, and several findings argue 

for the hypothesis of OL degeneration prior to motor neurons. Indeed, conditional depletion of OLs is 

sufficient to induce progressive motor deficits, axonal damage and tremors (Ghosh et al. 2011; Oluich 

et al. 2012). Mutation for superoxide dismutase 1 (SOD1 gene, involved in ALS) in OLs contributes to 

neuronal death associated with reduction of secreted lactate in vitro (Ferraiuolo et al. 2016; Wilkins 

et al. 2003). Alteration in metabolism play a crucial role in neurodegeneration, and deficiency in 

myelin-derived trophic support such as GDNF or IGF-1 contribute to axonal degeneration and cell 

death (Bjartmar et Trapp 2003; Wilkins, Chandran, et Compston 2001; Wilkins et al. 2003). Moreover, 

downregulation of the metabolic transporter MCT1 was found in the motor cortex of patients, and 

selective depletion in OLs induces axonal degeneration in the optic nerve (Y. Lee et al. 2012).  

SCHIZOPHRENIA patients present abnormal WM development, myelination pattern and 

defects in oligodendrogenesis (Hof et al. 2003; Tkachev et al. 2003; Flynn et al. 2003; Kubicki, 

McCarley, et Shenton 2005; Dracheva et al. 2006; N. Takahashi et al. 2011; Miyata et al. 2015; 

Tønnesen et al. 2018). In the context of schizophrenia, genetic risk factors including DISC1 (disrupted-

in-Schizophrenia-1) and DBZ (DISC1 binding zinc finger) are expressed in OLs and respectively inhibit 

or promotes OL differentiation (Miyoshi et al. 2003; Shimizu et al. 2014; Hattori et al. 2014).  

HUNTINGTON’S DISEASE (HD) patients present WM abnormalities and hypomyelination (Jin 

et al. 2015; Phillips et al. 2016; Bourbon-Teles et al. 2019). A team found the downregulation of 

several oligodendroglial TFs (NKX2.2, OLIG2, SOX10, MYRF) in bipotential glial progenitor cells derived 

from human mutant Huntingtin embryonic stem cells (Osipovitch et al. 2019). Experiment of selective 

Huntingtin knock-in (HTT, mutation involve in HD) in mouse OLs lead to progressive neurological 

symptoms with tremors, locomotor and behavioral deficits as well as a reduction of myelin sheath 

thickness in the striatum (B. Huang et al. 2015; Bardile et al. 2018).  

ALZHEIMER DISEASE (AD) is the most common cause of dementia associated with a strong 

cognitive and memory decline, characterized by deposits of amyloid plaques and tau/neurofibrillary 

tangles. Many genetic risk factors including amyloid precursor protein (APP), presenilin, and tau are 

expressed in the OL lineage (Fig. 29). An MRI study performed on 179 AD patients found correlation 

with WM lesions and hippocampal atrophy (de Leeuw, Barkhof, et Scheltens 2004). Moreover, 

amyloid ß deposit and accumulation exerts direct toxic effects in OL lineage, leading to cell death, 

inflammation and myelin alterations (Xu et al. 2001; de Leeuw, Barkhof, et Scheltens 2004; J.-T. Lee 

et al. 2004; A. D. Roth et al. 2005). To examine OL contribution in the establishment of AD, experiment 
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using triple-transgenic AD mice model (harboring APP, presenilin, tau mutation) identified region-

specific alterations in myelination patterns prior to amyloid and tau pathology (Desai et al. 2009). 

Thus, myelination defects can contribute to neuronal vulnerability, oxidation, inflammation in AD.  

GLIOMA OPCs are known to promote neovascularization in glioma and vascular remodeling 

through PDGFRα/PDGF-CC signaling axis, leading to the BBB disruption and aberrant tumor 

angiogenesis (Y. Huang et al. 2014). Gliomas are associated with disruption in signaling pathways 

involved in OPC proliferation, increasing PDGF/PDGFRα activity in up to 33% of adult GBM patients 

(Brennan et al. 2009; Ozawa et al. 2010). As a consequence, trying to inhibit OPC proliferation as well 

as promoting their differentiation into functional mOLs can be a promising strategy in this context.  

 

In summary, disruption of OL function and myelination is a shared feature across a variety of 

neurodegenerative and psychiatric disorders. Myelination is essential for efficient neuronal 

communication and cognitive functions, and disruption leads to significant neural network 

inefficiencies. The interplay between OLs and neural cells means that OL dysfunction can have 

widespread effects, exacerbated by metabolic deficits and reduced trophic support. Environmental 

factors, such as early life stress and epigenetic modifications influence OL differentiation and 

myelination, highlighting the impact of external conditions on neural health. Understanding the roles 

of OLs and the factors influencing their function is crucial for developing comprehensive and effective 

treatments for a wide range of neurological disorders. Advanced imaging techniques to visualize 

myelination patterns in vivo facilitate early diagnosis and monitoring therapeutic efficacy. In mosts 

ND, neuronal death is exacerbated and correlated with alterations in WM composition, with strong 

defects in either OL generation or myelination. For instance, in ALS, vulnerability arises particularly 

from motor neuron degeneration, as these cells are highly dependent on myelin-derived trophic 

support. Also common mechanisms, such as defects in calcium and GPCR signaling have been 

detected in AD, HD and PD (Pchitskaya, Popugaeva, et Bezprozvanny 2018). Whether it is the cause 

or the consequence, myelination defects should strengthen therapeutic approaches towards 

combinatorial treatments promoting immune regulation and repair. Therapeutic strategies enhancing 

myelination, combined with anti-inflammatory and neuroprotective approaches, offer a promising 

avenue for broad treatments. Although most current therapies target the immune system to limit 

neuronal degeneration in MS (e.g., β-interferons, natalizumab, and teriflunomide) (Haghikia et al., 

2013), they are not efficient in ensuring CNS repair (Zhang et al., 2013). This leads us to focus on 

treatment strategies and modulation of myelination as a promising perspective for addressing a broad 

spectrum of diseases related to oligodendroglial inefficiency. Therefore, in the next chapter, we will 

dissect pharmacological mechanisms and promising molecules, as well as anti-inflammatory 

molecules regulating oligodendrogenesis for promoting brain repair. 
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CHAPTER IV- FROM ESTABLISHED STRATEGIES TO 

PHARMACOGENOMIC DRUG REPURPOSING  

 

PHARMACOLOGICAL MODULATION OF OLIGODENDROCYTE SIGNALING 

 

Numerous strategies and drugs were found in the last decade to promote OL development 

and myelination in the context of MS, regulating different processes such as inflammation, cell 

survival, metabolism, and oxidation (Fig. 30). Nevertheless, few candidates are currently under clinical 

trials to evaluate their safety, tolerability or systemic adverse effects, more or less advanced during 

their clinical development stage. Among them, the anti-histaminic clemastine is a well-known 

candidate with a potent perspective to foster (re)myelination. In addition, numerous 

immunomodulatory treatments reducing inflammation and damage are already on the market for 

MS, but there are actually no remyelination-enhancing therapies approved.  

Advances in medical imaging have greatly improved clinical study protocols, because many 

clinical studies for MS were based on the evaluation of clinical signs or disease progression, without 

the ability to detect the effect of a compound on remyelination. Currently, the imaging techniques 

and biomarkers discussed above allow us to better assess  remyelination, BBB disruption and immune 

cell activity. Thus, the design of the clinical trial remains crucial to evaluate the effectiveness of certain 

treatments. For example, although clemastine has a clinical effect in improving visual evoked 

potentials (VEPs) in patients with optic neuritis (Green et al. 2017; Moghaddasi et al. 2020), the MTR 

analyses were not well designed, taking into account an average recordings from baseline and 

screening for comparison with final outcomes, instead of analyzing the effect by cubic voxels. 

Furthermore, it is necessary to use the best markers to evaluate the efficacy of a treatment, and to 

correlate this with voxel-specific analysis.  

Therefore, these new technological advances in the evaluation of treatments coupled with 

validation in preclinical animal models should make it possible in the coming years to bring to the 

market molecules capable of promoting remyelination. Finally, MS being a disease with an 

inflammatory component, a combination with an immunosuppressive treatment seems essential to 

definitively stop the relapses of the disease. In this chapter, we will review our current knowledge on 

the pharmacological modulation of oligodendrogenesis. 
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CALCIUM SIGNALING  

 

G-coupled protein receptors GPCRs are 7-transmembrane integral membrane proteins, and 

constitute the more important family of proteins, with about 1000 members crucial for cell signaling 

(Fredriksson et al. 2003). Indeed, they are able to sense a huge diversity of extracellular stimuli (ligand 

or agonist) such as neurotransmitters, hormones, chemokines, metabolites and others acting mostly 

through GPCR (B. L. Roth et Kroeze 2015; Mogha, D’Rozario, et Monk 2016; J. A. Allen et Roth 2011). 

Importantly, 40% of the actual drug regulates the GPCR signaling (R. Zhang et Xie 2012). However, 

their activation can affect several signaling pathways regulating various processes, and lead to 

secondary effects (hormonal dysregulation, cell proliferation, inflammation, or cardiovascular 

disease). Thus, modulation of GPCR should be carefully monitored in long-term studies. Briefly, ligand 

binding mediates the activation of the adenyl cyclase converting ATP into cAMP. Then cAMP activates 

its downstream effector PKA to induce cell response (Yong, Dooley, et Noble 1994).  

GPCR are usually coupled with regulation of iCa2+: AMPc increases phospholipase C activity, leading 

to the cleavage of PIP2 (phosphatidylinositol 4,5-bisphosphate) into inositol trisphosphate (IP3) and 

Figure 30: Pharmacological approaches and pathways regulating oligodendrogenesis. Mains strategies 

effective to foster OL generation and (re)myelination includes regulation of GPCR signaling, metabolism, 
inflammatory or hormonal pathways. Green arrow represents positive regulation. (Huré) 
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diacylglycerol (DAG)(Nash et al. 2001). Thus, an increase in IP3 levels activates receptors on the 

endoplasmic reticulum membrane, triggering calcium release.  

Calcium regulation is important for OL biogenesis, having a role in several processes such as 

myelin sheaths formation, stimulation of OPC migration and  differentiation (Agresti et al. 2005). For 

instance, in vivo live imaging demonstrated that myelination is also dependent on transient and local 

calcium waves (Lev-Ram et Grinvald 1987; Baraban, Koudelka, et Lyons 2018). Numerous receptors 

and signaling modulate calcium levels such as voltage gated Ca2+ channels, NMDA, AMPA, 

metabotropic glutamate, GABA, purinergic or muscarinic receptors and their expression and functions 

in the oligodendroglial lineage was reviewed recently (Pablo M. Paez et Lyons 2020). Importantly, 

90% of the L-type voltage-gated calcium channels (Cav1.2 and Cav1.3) regulate calcium exchange in 

OPCs, and KO for Cav1.2 in OPCs induced significant hypomyelination and disrupted remyelination in-

vivo (P. M. Paez et al. 2010; Cheli et al. 2016; Santiago González et al. 2017). As previously mentioned, 

OPCs established synaptic connections with neurons to collect glutamatergic and GABAergic synaptic 

input regulating calcium levels (S. Lin et Bergles 2004; Kukley, Capetillo-Zarate, et Dietrich 2007). 

Indeed, glutamate activates NMDA receptors, thus increasing intracellular Ca2+ influx in OPCs and 

mature OLs (R. Káradóttir et Attwell 2007). Moreover, subsequent activation of mGluR3,4,5 promotes 

cell survival and OPCs differentiation (Luyt et al. 2006; Niswender et Conn 2010; Spampinato et al. 

2015). At the transcriptomic level, Ca2+-dependent phosphatase calcineurin regulates the nuclear 

factor of activated T cells (NFAT) important for regulation of differentiation and myelination (Hogan 

et al. 2003). In addition, NFAT was demonstrated to cooperate with Sox10 during this process and is 

downregulated in active MS lesions (Weider et al. 2018). However, it is not clear how variations in 

calcium regulate oligodendrogenesis and how much this signaling is implicated in neurodegenerative 

disorders. As described previously, regulation of calcium signaling through GABA-R activation mediate 

glutamate induced excitotoxicity through activation of Ca2+ proteases (e.g. calpain) and induction of 

ER stress, highly contributing to OL vulnerability during PTB hypoxia, affecting cognitive development 

and myelin sheath function (Salmaso et al. 2014) (Baraban et al. 2018) (Lin & Popko 2009) (Weil et al. 

2016). While high calcium concentrations seem to be detrimental to cell survival and are implicated 

in myelin destruction, a basal threshold (or even an oscillation) seems crucial in the regulation of 

myelination. From the pharmacological modulation of GPCRs, we can stipulate that at least a 

repression of calcium signaling seems to be crucial for the differentiation process (Fig. 31). Moreover, 

neuronal death and microglial cells exacerbate calcium levels through increase in inflammation, and 

manipulating those external factors can contribute to restore physiological levels of calcium and 

benefit directly to cell survival, differentiation and myelination. 
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G-COUPLED PROTEIN RECEPTORS SIGNALING 

 

Acetylcholine (ACh) is one of the main neurotransmitters in the CNS, important for neuron-

glia interaction binding either to nicotinic and muscarinic receptors. Muscarinic receptors subunits 

M1, M3, and M4 are expressed in OPCs but downregulated during differentiation (Cohen et Almazan 

1994; Rogers et al. 2001). In several studies, subsequent activation of Ach increases iCa2+ from L-type 

voltage-dependent Ca2+ channels (Simeone, Kimball, et Mulholland 1996; Nitschke et al. 2001; 

Sharma et Vijayaraghavan 2001). Their activation promotes OPCs proliferation and survival but 

inhibits OL differentiation (De Angelis et al. 2012). This was demonstrated by the use of the antagonist 

drugs (Donepezil and Solifenacin) acting as acetylcholinesterase inhibitors. Treatment stimulates OL 

differentiation and maturation in a model of neonatal mice transplanted with human OPC, whereas 

OPC proliferation and survival are not affected (Maruyama et al. 2008).  

Serotonin (5-HT) is a monoamine neurotransmitter crucial for early neural development, and 

involved in the modulation of cognition, mood, learning and memory. 5-HT increases intracellular Ca2+ 

through L-type calcium channels (Homma et al. 2006). Receptors 1A and 2A subtypes are expressed 

along all the oligodendroglial lineages and tend to increase during differentiation, and exposure to 5-

HT in purified oligodendroglial rat cultures negatively regulated OL differentiation, leading to aberrant 

Figure 31: Pharmacological modulation of GPCR/calcium signaling is crucial for oligodendrogenesis. GPCR 

signaling is regulated through numerous receptors expressed in the oligodendroglial lineage (M: muscarinic, 
D: dopaminergic, H: histaminic, 5-HT: serotonic, GABA/NMDA: glutamatergic and opioid receptors). 

Moreover, their regulation using different agonists or antagonists brings the evidence that calcium signaling 
favors OPC proliferation and later stages of myelination, whereas higher concentration of calcium disrupts 
OL differentiation and survival. External cues  exacerbate calcium levels such as microglia/ astrocyte 

activation, neuronal death increasing inflammation through release of glutamate, kainic acid, cytokines (e.g. 
IL-1, TNF) and under COX-2 induction. Therefore, targeting inflammation indirectly may reduce calcium level 

and influence cell survival. (Huré) 
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process outgrowth and reduced MBP expression (Fan et al. 2015). Moreover, neonatal rat exposure 

with serotonin reuptake inhibitors (antidepressants) increasing 5-HT extracellular level in the synapse 

negatively impact cognitive function and social interactions, as also found in ASD patients with 

hyperserotonemia (Rodriguez-Porcel et al. 2011). Another compound, Citalopram used during 

perinatal development, negatively affects cortical network, social behavior, OL development and 

myelination of callosal axons (Simpson et al. 2011). Thus, high 5-HT levels appear to exert an inhibitory 

effect on OL differentiation and myelination. 

γ-aminobutyric acid (GABA) is the main inhibitory neurotransmitter able to hyperpolarize 

neurons. GABAA receptors are expressed in OPCs and subsequent activation increases intracellular 

calcium and subsequent depolarization (Kirchhoff et Kettenmann 1992; M.-H. Lin et al. 1994; 

Constantin et al. 2010). GABAB activation promotes OPC proliferation and migration (Luyt et al. 2007). 

Axo-glial interactions maintain their expression in mature OLs, playing a potential role in myelination 

(Arellano et al. 2016). In a murine model of neonatal hypoxia, treatment with different GABA 

transporter inhibitors (Tiagabine and Vigabatrin) reduces OPCs proliferation and promotes OL 

maturation (Zonouzi et al. 2015). Moreover, inhibition using Pentylenetetrazole promotes a 40% 

increase of myelin sheaths in the zebrafish ventral spinal cord  (Mensch et al. 2015).  

Catecholamines neurotransmitters include dopamine and norepinephrine involved in motor 

control, cognition, emotion, reward, memory processing, and endocrine modulation. Dopamine is 

synthesized from phenylalanine and tyrosine and is the direct precursor of norepinephrine. Dopamine 

regulated intracellular AMPc and dopaminergic calcium (Ghiani et al. 1999; Fischer, Scheffler, et Lohr 

2020). Dopamine is known to regulate neuronal growth and maturation through BDNF and receptors 

D2 and D3 expressed in the oligodendroglial cells (Hasbi et al. 2009). Their activation using Quinpirole 

promotes OPC proliferation instead of differentiation, whereas antagonist Haloperidol suppresses 

this effect and favors differentiation (Bongarzone et al. 1998). Moreover, stimulation of dopamine 

receptors promotes OL survival induced by glutamate and oxygen or glucose deprivation (Avenell et 

al. 1998; 1999; Rosin et al. 2005). In the context of schizophrenia, non-selective Quetiapine treatment, 

that is antagonist of either D2-R and 5HT-2A receptors promote OL differentiation, myelination and 

prevent cortical demyelination and spatial working memory impairment in the cuprizone model 

(Riedel et al. 2007; L. Xiao et al. 2008).  

Histamine is a neuro-inflammatory modulator and neurotransmitter playing a role in 

motivation, reward, cognition and memory. Histamine 3 receptors (H3R) are expressed during OPC 

differentiation, transiently upregulated in iOLs and then downregulated. Reduction of H3R levels 

through knockdown or H3R antagonists in OPCs favors OL differentiation and maturation (Yongfeng 

Chen et al. 2017). Moreover, selective HR2 deletion in differentiating OLs improves their 
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differentiation, remyelination and recovery in a model of neonatal hypoxic-ischemic white matter 

injury (L. Jiang et al. 2021). Mechanistically, histamine interacts with Axin2, up-regulates Wnt/β-

catenin signaling, and induces Ca2+ influx leading to hyperpolarization (Fioretti et al. 2009). Clemastine 

(H1 inhibitors) was found to promote OL maturation and remyelination in mouse spinal cord lesion 

models, and protect from axonal degeneration when treatment is combined with exercise (Jensen et 

al. 2018). Thus, several candidates such as GSK239512, GSK247246 (H3 inhibitors) as well as 

clemastine are currently in clinical trial (ReBUILD in 2017; ReCOVER in progress) demonstrating 

efficiency to repair myelin in a small cohort clinical study (Green et al. 2017).  

Mu-opioid receptors modulate synaptic plasticity, pain, reward, and addictive behaviors. 

Opioid receptors coupled to Gi or Go, inhibit the adenylyl cyclase and Ca2+ channels (Sese, Vega, et 

Soto 2014). These receptors are expressed in OPCs and iOLs but downregulated during maturation 

(Tryoen-Toth, Gavriaux-Ruff, et Labourdette 2000). Selective kappa opioid receptor agonists were 

found in a drug screening for its ability to promote OPC proliferation, differentiation, and myelin 

wrapping (Feng Mei et al. 2016). Other agonists Methadone and Buprenorphine increase OPC 

proliferation and early myelination during perinatal exposure of rats (Eschenroeder et al. 2012; 

Vestal-Laborde et al. 2014).  

Cyclooxygenase 2 (COX2) is an enzyme for prostaglandin synthesis essential for brain 

functions, synaptic activity, and memory. They are associated with pro-inflammatory activities and 

are induced by calcium increase in fibroblasts (Ogata et al. 2006). COX2 are express in dying OLs at 

the onset of demyelination in MS models, and overexpression in OLs increase by 8 fold the 

excitotoxicity mediated vulnerability in a model of kainate induced excitotoxic death, whereas their 

inhibition decreases demyelination (Carlson et al. 2010).  

Nitric-oxide (NO) is a cell-penetrant neurotransmitter regulating through guanylyl cyclase and 

NO synthase activity (iNOS) different functions such as metabolism, dendritic growth, long term 

potentiation (LTP), and survival (Kakizawa, Yamazawa, et Iino 2013). NO is induced by calcium 

signaling, and is enriched in inflammatory MS lesions leading to demyelination, OL and axonal injury 

via glutamate induced toxicity (Anne I. Boullerne et Benjamins 2006). In EAE models, inhibiting iNOS 

activity was found to decrease disease severity (Giovannoni et al. 1998). 

METABOLISM 

 

Defects in glucose and ATP metabolism are a contributing cause of pathogenesis, particularly 

due to a massive cell vulnerability and apoptosis. Briefly, aerobic glycolysis occurs through pyruvate 

degradation, acetyl coenzyme A and nicotinamide adenine dinucleotide hydride (NADPH) production, 

increasing ATP concentrations. This mechanism enhances the capacity for OLs to differentiate and to 
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myelinate axons. However, during MS, defect in carbohydrate metabolism and ATP synthesis was 

associated with several markers of metabolic stress affecting OL differentiation (Mathur et al. 2017; 

Rosko et al. 2019). Moreover, in vitro OPCs cultures treated with low glucose media reduce glycolytic 

activity, inhibit their differentiation but instead favor their survival (Rone et al. 2016). Metabolism of 

the cholesterol biosynthesis pathway was found to be a key mechanism promoting OL formation, 

through the accumulation of the 8,9-unsaturated sterol, whereas analogous sterols have no effects 

(Hubler et al. 2018). Thus, manipulating metabolism and oxidative processes is a key strategy to 

promote OL differentiation. 

Clean-surfaced gold nanocrystals particles of 13 nm (CNM-Au8) have been developed to 

induce NAD+ oxidation necessary for glycolysis. Thus, this approach succeeded to promote OPCs 

differentiation in purified OPCs cultures, and increased remyelination with functional motor recovery 

in the cuprizone-treated rodent model through enhancement of NAD+, ATP and lactate levels 

(Robinson et al. 2020).  

Olesoxime is a cholesterol-like neuroprotectant targeting mitochondria to decrease ROS level 

and prevent motor neuron cell death. Olesoxime accelerates OPC differentiation as well as OL 

myelination in co-cultures of OLs with dorsal root ganglion neurons, without affecting survival or 

proliferation (Martin 2010; Magalon et al. 2012). In addition, olesoxime is efficient to promote 

remyelination and repair with consequent functional improvement in the mouse model of 

demyelination (Magalon et al. 2012). Olesoxime is safe and well tolerated when co-administered with 

interferon beta (NCT01808885). 

HORMONES 

 

Thyroid hormones (triiodothyronine T3 and thyroxine T4) are produced by the thyroid gland 

and are crucial for neural cell development. T3 strongly promotes OPC cell cycle exit to differentiate 

and myelinate (Farsetti et al. 1991; Bernal 2002; Zoeller et Rovet 2004). In 2016, a pilot clinical study 

(NCT02760056) was performed in a cohort of 15 MS patients to investigate safety and tolerability, 

without showing serious adverse events. However, TH regulation on the balance between 

proliferation and differentiation should be monitored for the long term to assess potential failure to 

remyelinate, due to OPC pool depletion. Moreover, TH present potential side effects (e.g. 

cardiovascular, osteoporosis), particularly during brain development and early adulthood (Klein et 

Ojamaa 2001; Rodondi et al. 2010).  

Melatonin is an antioxidant neuro-hormone derived from tryptophan and mostly produced 

by the pineal gland (Reiter et al. 2016). Melatonin is neuroprotective against white matter damage 

and improves memory function after ischemia through the activation of ERK1/2 pathway (Olivier et 



68 

al. 2009; B. H. Chen et al. 2018). After demyelination in the EAE mouse model, melatonin promotes 

remyelination, reduces proinflammatory cytokines (IL-1β, TNF-α) and increases IL-4 and IL-10, thus 

improving clinical recovery (Ghareghani et al. 2019). A clinical trial (NCT03498131) was performed to 

assess melatonin effect in a cohort of 25 MS patients, however treatment failed to improve clinical 

and functional recovery (Roostaei et al. 2015).  

Steroid class of hormones include glucocorticoids and sex hormones (estradiol, progesterone, 

and testosterone) synthesized through the cholesterol biosynthesis pathway in the adrenal glands. 

Steroid hormones regulate reproduction, stress, metabolism, neurogenesis and gliogenesis. Steroid 

treatment is a strategy to inhibit inflammation against neuroinflammation in Alzheimer, Parkinson 

and Hypoxia brain injury. Thus, steroid danazol, allopregnanolone, and parbendazole were found to 

promote myelin repair through increase in oligodendrogenesis (Warringa et al. 1987; Faroni et 

Magnaghi 2011). Interestingly, differences between males and females in their white matter density 

have been associated to sex hormones regulating  oligodendrogenesis (van Hemmen et al. 2016; 

Abdel Mouman Ghoumari et al. 2020). Ovaries produces estrogens family interacting with receptors 

ERα, β and GPR30 express in the oligodendroglial lineage and promoting OL maturation and 

remyelination in the cuprizone model (Takao et al. 2004; Okada et al. 2008). Thus, selective 

modulation of ER using Bazedoxifene promotes oligodendrogenesis and reduces the inflammatory 

response in rat spinal cord injury (Rankin et al. 2019; Kim et al. 2021). Tamoxifen promotes OL 

maturation through the activation of PI3K/AKT/mTOR pathway (Bostner et al. 2013). Activation of 

progesterone receptors (PRα and PRβ) also stimulates  OPC proliferation, differentiation and 

myelination in organotypic slice cultures of 7-day-old rodent cerebellum (Gago et al. 2001; A. M. 

Ghoumari et al. 2003; A.M. Ghoumari, Baulieu, et Schumacher 2005). Testosterone can also influence 

proliferation and (re)myelination processes through PI3K/AKT and MAPK/ERK pathways (Hussain et 

al. 2013). Oxysterol promotes OL maturation and remyelination through cholesterol metabolism 

(Meffre et al. 2015). Moreover, non-steroidal drug Indomethacin promotes OL differentiation and 

myelination of cerebellar slice cultures, as well as remyelination after cuprizone treatment (Preisner 

et al. 2015). However, use of such treatment particularly during development should be carefully 

monitored given their wide range of action, side effects, and potential crosstalk with others during 

brain development. 

GROWTH FACTORS 

 

Insulin Growth Factor-1 (IGF-1) promotes survival of neuronal and glial cells through PI3K 

inhibition of caspase-3 (McMorris et al. 1986; Zeger et al. 2007). As previously mentioned, IGF-1 

enhances OPC proliferation, differentiation and myelination; and is an interesting candidate to treat 

MS (Chesik, Wilczak, et De Keyser 2007). IGF-1 also attenuates BBB disruption, promotes anti-
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inflammation and reduces demyelination in EAE (X. Liu, Yao, et Webster 1995; Yao et al. 1995; Cusick 

et al. 2014).  Low levels of serum IGF-1 is associated with MS susceptibility (NCT00125190), cognitive 

impairment and fatigue in MS (Shahbazi et al. 2017; Nageeb, Hashim, et Fawzy 2018). Thus, 

compensated deficiency using recombinant Human IGF-1 (rhIGF-1) was well tolerated in a small 

cohort of MS patients but did not alter the progression of the disease (Frank et al. 2002). Nevertheless, 

further studies with rhIGF-1 or in combination with other therapies are currently ongoing. 

 Prolactin is an amino acid peptide hormone important during pregnancy and regulating 

neurogenesis in the maternal mouse forebrain, as well as OPC proliferation, differentiation and 

remyelination following lysolecithin-induced demyelination of the mouse spinal cord (Gregg et al. 

2007). However, prolactin also induces a proinflammatory pathway through NFkB activation, TNFa 

and IL12 secretion (Brand et al. 2004). To tackle inflammation and keep benefits from prolactin, a 

team performed a combinatory treatment of prolactin and IFN-β, thus improving the clinical signs of 

EAE (Zhornitsky et al. 2015). Patients suffering from MS and neuromyelitis optica cohorts show 

hyperprolactinemia, particularly during relapse rather than remission (Turkoglu et al. 2016; Alwakil et 

al. 2020).  

Erythropoietin (Epo) is a growth factor produced by the kidney, stimulating NPC proliferation 

and differentiation as well as neuron survival through its anti-inflammatory, anti-excitotoxic, 

antioxidant properties. Epo promotes OL development in the context of prenatal systemic hypoxic–

ischemic brain injury, and myelination through lipid metabolism (Jantzie, Miller, et Robinson 2013; 

Gyetvai et al. 2017). A clinical trial (PENUT, NCT01378273) was perform to assess the effect of high 

dose Epo to extremely preterm infants from 1 day after birth until 32 weeks, but did not decrease the 

risk of severe neurodevelopmental impairment, or death at 2 years (Juul et al. 2020). Another clinical 

study demonstrated its inefficiency in PPMS patients (NCT01144117) as well as to improve 

neuroprotection in the visual pathways after optic neuritis (NCT01962571) (Schreiber et al. 2017; 

Lagrèze et al. 2021). 

VITAMINS 

 

Vitamin B9 (folic acid) is a coenzyme essential for cellular one-carbon metabolism and is 

crucial during pregnancy and lactation (James A Greenberg et al, 2011). Folic acid is known to play an 

important role in CNS development, promoting neuronal differentiation and axon regrowth (Iskandar 

et al. 2010). Folic acid plays a role in calcium regulation, regulating dihydrofolate reductase (DHFR) 

enzyme and AMPK to accelerate OL differentiation and myelination (Sid et al. 2015; Weng et al. 2017). 

For instance, folate receptor 1 mutations disrupt folate transport in the brain and cause white matter 

hypomyelination, as well as deficiency during rat brain development through defects in lipid 
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metabolism and methylation levels (Steinfeld et al. 2009; Silva et al. 2014). Folic acid has a potent 

anti-inflammatory role, inhibiting TNF-α, IL-1β and iNOS dependent NO in LPS activated BV-2 cell 

microglia, and dose-dependently upregulating the anti-inflammatory cytokine IL-10 through SOCS1 

and SOCS3 (Cianciulli et al. 2016). Interestingly, MS patients show a lack of folate and vitamin B12 

found in meat, fish and eggs. Combined treatment with B12 and folic acid induced a significant 

increase of MBP expression in cortical extract associated with tissue repair in cuprizone-treated mice 

(Parchizadeh et Salehi-Eskandari 2021). Combined treatment has shown promising results in a clinical 

study (IRCT2015100313678N7) performed with 50 RRMS patients, reducing their homocysteine levels 

in the plasma (contributing to MS pathology) and improved life quality of MS patients (Nozari, 

Ghavamzadeh, et Razazian 2019). However, this study did not distinguish specific contributions 

related to folic acid or Vitamin B12 use, and did not assess their remyelinating effects. In addition, a 

study including 12 patients (6: MS, 4: neuromyelitis optica, and 2: Sjogren's syndrome myelopathy) 

showed that high-dose methotrexate with leucovorin (folinic acid) rescue was safe and highly 

effective treatment leading to a rapid and near complete cessation of disease activity and a durable 

remission in the majority of the cohort (Nozari, Ghavamzadeh, et Razazian 2019). Interestingly, a 

molecule related to the folic cycle called folinic acid, also has anti-inflammatory properties in 

traumatic brain injury models, by inhibiting serum level of homocysteine, TNFα, IL-10 and HMGB1 

expression (Tommy et al. 2021). 

Vitamin C and D promote OL generation and remyelination respectively in cuprizone and LPC 

inducing demyelination models (de la Fuente et al. 2015; Y. Guo et al. 2018; Gomez-Pinedo et al. 

2020). Vitamin D3 (1,25-VitD3) is a potent neuroprotective and immune-suppressor promoting the 

anti-inflammatory phenotype (secreting IL-4 and TGF) and reducing proinflammatory levels  (IL-6, 

TNF, and MCSF). In the context of ischemic stroke, 1,25-VitD3 also reduces pro-inflammation (IL-6, IL-

1β, IL-23a, TGF-β and NADPH oxidase-2) (Evans et al. 2018). During demyelination mediated by EAE, 

activation of its receptors mediates inflammation, and also favors either neuronal and OL generation, 

survival and remyelination (Lemire et Archer 1991; Miclea et al. 2020).   

MANAGING INFLAMMATORY RESPONSES 

 

Clinical treatments used to slow down MS inflammation. They regulate immune cell function 

(Betaferon, Extavia, Avonex, Rebif, Copaxone) and are administered intramuscularly  or 

subcutaneously and do not present major long-term side effects (influenza-like syndrome and skin 

reactions) (Tintore, Vidal-Jordana, et Sastre-Garriga 2019). They promote production of 

immunosuppressive cytokines to modulate immune cells and reduce the production of pro-

inflammatory cytokines (Weber, Hohlfeld, et Zamvil 2007). They reduce the frequency of relapses by 
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30 to 50%, accumulation of new lesions, and frequency of active inflammatory lesions depending on 

the patient’s response. For instance, dimethyl fumarate (Tecfidera®) induces anti-inflammatory 

cytokines synthesis and proliferation of dendritic cells, improving neuronal protection against 

oxidative stress, and promoting apoptosis of activated T lymphocytes (Mills et al. 2018). Another 

monoclonal antibody natalizumab (Tysabri) is injected intravenously every 4 weeks reduce the 

frequency of relapses by 80 to 90%, targeting α4β1 and α4β7 integrin to block T lymphocytes entrance 

in the CNS through the BBB (Papeix et Lubetzki 2009). The other one, Gilenya restricts lymphocytes 

in the lymphatic ganglions, reducing by 70% their circulating numbers through blood patients. A new 

monoclonal antibodies Alemtuzumab (Lemtrada) and ocrelizumab are given intravenously to increase 

remissions in PPMS patient, by targeting glycoprotein CD52 expressed by a subgroups of active 

lymphocytes B CD20+, triggering cytotoxicity and cell death (Gelfand, Cree, et Hauser 2017; Brown et 

al. 2019). Finally, Teriflunomide (or Aubagio) is an immunosuppressive drug inhibiting dihydroorotate 

dehydrogenase enzyme in the mitochondria, thus stopping proliferation of activated lymphocytes 

(Malla et al. 2020). 

Several mediators of inflammation include IL-1β, TNF-α and IFNβ. For instance, IFNβ was one 

of the first treatments for MS, reducing relapse rates and delaying the onset of disability (Ebers 1998). 

IL-1β expression increases in the margin of active MS plaques, stimulating immune cells activation 

and invasion (Bona et al. 1999; Cannella et Raine 1995). Thus, IL-1 receptor antagonists (rhIL-1ra) 

were developed and able to protect against focal cerebral ischemia, rescue MBP loss and promote 

remyelination (Loddick et Rothwell 1996; Yiting Zhou et al. 2017). Thus, systemic IL-1 inhibition needs 

further studies to monitor long-term effects, particularly during relapses. TNF-α is a key mediator of 

inflammation enriched within active CNS lesions from EAE mouse model and MS patients (Iskandar 

et al. 2010). Selective inhibition of soluble brain TNF induced remyelination through activation of 

microglial phagocytosis of myelin debris but did not improve OL survival (Karamita et al. 2017). Thus, 

anti-TNF-α (XPro1595 and Etanercept) reduced peripheral immune invasion and improved functional 

outcome in the focal cerebral ischemia model (Barone et al. 1997; Clausen et al. 2014). However, 

treatment was abandoned regarding the solubility of anti-TNF-α and its ability to cross the BBB, as 

well as its side effects: lymphoma, infections, heart failure and induction of demyelination (Dogra et 

Khullar 2013; Hare et al. 2014; Kemanetzoglou et Andreadou 2017).  

Phosphodiesterases (PDE4) are enzymes involved in cAMP/cGMP elimination, leading to 

inflammation and affecting cognition in MS (Richter et al. 2013). Thus, PDE4 inhibitors such as 

Ibudilast show anti-inflammatory roles either in vitro or in vivo through their ability to rescue cAMP 

levels. Indeed, Ibudilast reduced inflammation and neuronal necrosis induced by LPS and IFN in a co-

culture with microglial cells (Mizuno et al. 2004). Moreover, treatment suppressed NO, ROS, IL1b, IL-

6, and TNFa production and increased IL-10, NGF, GDNF and NT-4 in activated microglia. Another PDE 
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inhibitor Propentofylline also increases adenosine levels to promote cell survival, and remyelination 

from either OLs and the schwann cell (Fernandes Bondan et al. 2014). In a demyelinating context 

mediated by toxins, PDE4 inhibition enhances OPC differentiation and remyelination through increase 

of MAPK signaling and cAMP (Syed et al. 2013). Thus, PDE inhibitors constitute a promising alternative 

for neurological diseases, including MS, stroke, PD and AD. A clinical studies evaluated in 2008 

Ibudilast effect in a cohort of 297 MS patients (SPRINT-MS, NCT01982942), finding neuroprotective 

effect in relapsing-remitting MS and reducing brain atrophy (by 48%) to improve disability 

progression. Even if Ibudilast did not reduce the MRI activity and the relapse rate, treatment is 

currently under phase III study (Sormani, Tur, et Barkhof 2021). 

Monoclonal antibodies (rIgM22) are recombinant human monoclonal IgM targeting OLs and 

myelin, improving OL survival, differentiation and remyelination in a mouse model of cuprizone 

mediating demyelination (Warrington et al. 2007; Mullin et al. 2017; Cui et al. 2018). This potential 

treatment (patent WO2016073963A1) has interest for WM disease or injury in the context of MS and 

neonatal hypoxia to alleviate neurodevelopmental deficits. 

Leucine rich repeat and Immunoglobulin-like domain-containing protein 1 (LINGO1) is a 

functional component of Nogo (neurite outgrowth inhibitor) and antagonist BIIB033 has 

demonstrated a positive effect in the regulation of neuronal survival after injury (Agúndez et al. 2015). 

OLs express LINGO-1, negatively regulating their differentiation through RhoA activity (Mi et al. 2005). 

Thus, inhibition through neutralizing antibodies (LINGO-1-Fc) of cocultures with OLs and neurons 

increases axonal myelination and their integrity. A clinical study (NCT03222973) assessing 

Opicinumab (BIIB033) in RRMS patients demonstrated its safety and tolerability, but did not show a 

significant dose-linear improvement in disability (NCT01864148) (Cadavid et al. 2019).  

Semaphorin 4D belongs to the members of class IV of the semaphorin family, playing a role 

in immune regulation, neurogenesis, angiogenesis and axon guidance. They participate in multiple 

brain disorders, especially through the breakdown of BBB, microglial activation and inhibition of OPC 

migration (E. S. Smith et al. 2015). They are secreted by OLs and negatively regulate myelination, as 

demonstrated by conditional overexpression in OPCs (H.-L. Zhang, Wang, et Tang 2014). Thus, 

knockdown in OPCs in a model of spinal cord injury promotes functional recovery and BBB integrity. 

Development of antibodies neutralizing Sema4D constitutes a promising approach by reducing EAE 

severity and apoptosis, promoting OPC number, migration and remyelination in the lesion site (E. S. 

Smith et al. 2015). First clinical trial (NCT01764737) to test anti-Sema4D (VX15/2503) demonstrated 

safety and tolerability in MS patients and currently assess remyelination effects (LaGanke et al. 2017). 

Cannabinoid (Δ9-Tetrahydrocannabinol, THC) is the main bioactive compound in the plant 

Cannabis sativa, with potent neuroprotective and anti-inflammatory properties through interaction 
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with cannabinoid receptors CB2- GPCR expressed in microglial cells (Turcotte et al. 2016; Nichols et 

Kaplan 2020). THC stops OPC proliferation to promote oligodendrogenesis and myelination in the 

subcortical WM through mTORC1 pathway (Huerga-Gómez et al. 2021). Preclinical studies suggest 

that therapy combined with cannabinoids help to treat neuropathic pain in MS, although with a 

potent risk of cognitive dysfunction, thus requiring long term monitoring to assess effect on disease 

progression.  

Antibiotic minocycline is a potent candidate for neurological diseases through their anti-

inflammatory, anti-apoptotic, and neuroprotective properties demonstrated in several models of 

cerebral hemorrhage, hypoxia ischemia, spinal cord injury (Z. Cai et al. 2006; Shultz et Zhong 2017; P. 

Chauhan et al. 2021). Indeed, minocycline inhibits microglia and IL-1β  release during ischemia, and 

improves OPC proliferation as well as differentiation in preterm neonatal rats (Z. Cai et al. 2006). 

Moreover, minocycline reduces the risk of conversion from the CIC to MS patients (NCT00666887) at 

6 months, but not over 2 years (Metz et al. 2017). 

Given the high failure rate for the clinical validation of molecules promoting 

oligodendrogenesis, and the long term monitoring required to detect potential side effects, a more 

direct approach is to reprogram cells into OPCs for human transplantation. Indeed, OPCs can be 

generated through in-vitro conversion from embryonic stem cells (ESCs), induced pluripotent stem 

cells (iPSCs), and cells from patients. Thus, reprogramming is also a potential alternative avenue for 

the treatment of myelin diseases. 

REPROGRAMMING 

 

Since the identification of factors inducing reprogramming of mouse embryonic or adult 

fibroblasts into pluripotent stem cells (K. Takahashi et Yamanaka 2006), cell fate reprogramming 

rapidly expanded for therapeutic perspectives. Thus, a targeted overexpression of 3 to 8 pro-glial TFs 

including Sox10, Nkx6.2 and Olig2 is enough to drive conversion from mouse embryonic and lung 

fibroblasts into OPCs (Najm et al. 2013; Chanoumidou et al. 2021). In addition, transduction with 

Sox10 alone in NSCs is enough to generate human OPCs, having a similar bipolar morphology, gene 

expression profile and proliferative response (N. Yang et al. 2013; García-León et al. 2018). Thus, 

several protocols have been developed to produce myelinating OLs in 2D and 3D culture systems 

(Douvaras et Fossati 2015; Ehrlich et al. 2017). Experiments of neonatal engraftment in 

hypomyelination shiverer Mbpshi/shiRag-/- mice using OPCs converted from hiPSC and hESCs  

demonstrated their functionality through their ability for axonal ensheathment, to generate a 

compact myelin, and increase mice survival (S. Wang et al. 2013; Ehrlich et al. 2017). Therapeutic 
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interest of transplanted cells was demonstrated in other rodent models such as traumatic injury, 

hereditary leukodystrophies (Goldman 2011; Windrem et al. 2008). Interestingly, transplantation of 

induced neural stem cells (iNSCs) into chronically demyelinated corpus callosum ameliorates motor 

deficits (Sullivan et al. 2020). Clinical trials are currently perform (NCT03269071) to assess effect of 

neural stem cell transplantation in MS patients, whereas bone marrow hematopoietic cells has should 

be used as a second line of treatment (Soelberg Sorensen 2016; H. Lee et al. 2017). One of the major 

interests of reprogramming remains to tackle the ethical regulation around the use of ESCs However, 

this strategy remains time consuming, highly expensive and associated with a genetic instability 

generated by insertional mutagenesis mediated by AAV use.  

DRUG REPURPOSING  

 

De novo drug development is a very long process (13-15 years) with a low success rate (<10%) 

and very expensive costs of 2 Billions $ per drug (Pizzorno et al. 2019). Drug development normally 

includes five stages: discovery, preclinical research, clinical research, approval, and market/safety 

monitoring (Fig. 32). In contrast, drug repositioning, also known as ‘old drugs for new uses’, is a 

strategy highly effective (>30%), economical (with lower expenses for preclinical and phase I/II) and 

riskless with safety and tolerability well determined. Thus, development is significantly reduced (5-11 

years), with identification and validation through computational, experimental, or mixed approaches. 

In terms of regulatory considerations, intellectual property is generally limited for repositioning based 

on the possibility of engaging patents for a new repurposed medical use. 

 

Last decade, the expansion of artificial intelligence and big data, associated with massive 

transcriptomics studies and bioinformatics approaches, increased the time and rate of success of drug 

identification. This step is required to start with extraction of transcriptomic datasets from healthy or 

pathological contexts provided by publications or databases such as Gene Expression Omnibus (Edgar 

2002). Then manipulation and data analysis is mainly performed by bioinformatics interfaces using 

Figure 32 : Comparison 

between classical drug 

development and drug 

repurposing. De novo drug 
development usually costs 
2B$ and 13 to 15 years, 

whereas drug repurposing 
is more efficient with only 

0.35B$ and 5 to 11 years to 
bring a product to market. 
(Pizzorno et al. 2019) 
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Python or R-Studio to isolate, using different criteria of gene expression, a list of genes corresponding 

to a transcriptional signature of interest.  

Application of drug repurposing in screening approaches: High-throughput screening using 

libraries of chemical compounds have been performed to identify therapeutic compounds enhancing 

(re)myelination. In 2015, Tesar’s team randomly tested 727 drugs from a library (US National 

Institutes of Health Clinical Collection I and II libraries) using culture of mouse stem-cell-derived OPCs 

for their ability to accelerate OL differentiation and maturation (Najm et al. 2015). They identified in 

their in vitro screening seven efficient drugs, including Clobetasol, corticosteroids, Benztropine or 

Miconazole. They validated the efficiency of miconazole and Clobetasol to promote OL generation 

and (re)myelination using organotypic cerebellar slice cultures, models of focal demyelination and the 

EAE mouse model of chronic progressive MS. In parallel, Jonah Chan lab developed tools for high-

throughput screening based on micropillar arrays to automatically assess the ability of 1000 

compounds to promote myelination. Their ability to ensheath some artificially designed cone-like 

structures resolved on pure in-vitro culture the cell-autonomous effects (Feng Mei et al. 2014). Using 

this strategy, they identified a cluster of eight FDA-approved antimuscarinic compounds promoting 

myelination, including atropine, oxybutynin, quetiapine, benztropine and clemastine. Thus, finding 

drugs associated with similar mechanisms of action is also helpful to discover new targets regulating 

OL development. Furthermore, a common mechanism of action between clemastine, benztropine, 

miconazole and ketoconazole was found to promote OL numbers and remyelination through 

regulation of unsaturated sterols pathway (Hubler et al. 2018).  

Even if high-throughput screening strategies are effective to identify several compounds, they 

nevertheless remain untargeted and random, which limits their success when passing through 

preclinical models or in humans. Another approach is to use knowledge-driven studies using the 

transcriptional changes, or pharmacogenetic variations in response to a given treatment, a strategy 

that could provide a more rational approach in order to target a specific cell type. 

Principle of connectivity map: A consortium was created through NIH’s Library of Integrated 

Network-Based Cellular Signatures (LINCS), containing numerous tools for improving drug 

identification and their success rate. Those data have been extracted from all publicly available gene 

expression datasets to create the Connectivity Map (Cmap) interface. Cmap allows us to create and 

analyze large perturbational datasets to deepen our knowledge of the mechanisms underlying a 

cellular process, as well as to find potential drug/target interactions (Lamb et al. 2006). The principle 

is to compare transcriptomic signature of a disease, or healthy phenotype with the signature of a drug 

treatment (signature matching). This procedure gives rise to an output list with a positive and negative 

correlation between genes regulated with a drug treatment and a disease. This correlation also 
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indicates a potential drug effect to activate or reverse a subset of genes involved in a disease. The 

primary version of Cmap built in 2006 contained 6,100 differentially expressed profiles (Affymetrix 

GeneChips) obtained from 1,309 compounds tested on five different cell lines and at different 

concentrations. In 2017, a huge update and a more powerful approach for drug repurposing was 

performed, including over a 1.000-fold increase in datasets. 1.3 millions of profiles (Fig.33) were 

obtained from the gene expression profile of 25,200 ‘perturbagens’, including 19,811 small molecule 

(NIH LINCS) tested across 3 to 77 variable cell lines, shRNAs/siRNAs/GOF/LOF experiments for 5,075 

genes, and 314 biologics (including consolidating replicates) (Subramanian et al. 2017). In terms of 

technology, CMap 2 used Luminex bead arrays to test the expression of 978 “landmark” genes, with 

expression levels of another 11,350 genes inferred computationally. Similarly, users query the 

platform with gene expression signatures to obtain compounds of interest with their associated 

“connectivity score” indicating the level of connectivity between the expression profiles. Cmap was 

used and validated in several context studies. In 2016, a team identified 11 compounds to delay aging, 

and validated their ability to improve overall lifespan and healthspan in the worm C. elegans (Calvert 

et al. 2016), for oxidative stress (Ye et al. 2014). Cmap was applied in the context of lung cancer, with 

identification of 17-AAG showing anti- adenocarcinoma activity by inhibiting cell growth, promoting 

apoptosis and cell cycle arrest (G. Wang et al. 2011). Cmap was applied in the context of COVID-19 

(Mousavi, Rahmanian, et Sami 2020), breast cancer (Thillaiyampalam et al. 2017), to reduce 

inflammation in lung smokers (Vanderstocken et al. 2018), for cystic fibrosis (Malcomson et al. 2016), 

lymphoma (Luo et al. 2018), Huntington's (Smalley et al. 2016) and gastric cancer (Li Zhang et al. 

2019). 

 

 

Figure 33: Principle of connectivity map (L1000 dataset coverage, signature generation, and data 

access). (A) The database contains 25.200 unique perturbagens (19.811 compounds, 5.075 genes and 314 
biologics. (B) Modes of access to analysis tools and data. The clue.io software platform enables 
computational biologists to query using a set of DEGs genes. Then, similarities between the query and all 

signatures in CMap are computed and ranked. An output is given containing the list of perturbagens sorted 
positively (similar) and negatively (opposite), associated with their p-value/ FDR. (Subramanian et al. 2017) 
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Predict drug target interaction:  In-silico software and applications are necessary to predict changes 

in cellular processes, and to visualize interaction networks between drugs and their associated target 

genes. To do so, Pathway Studio and Cytoscape allows network modelisation (Nikitin et al. 2003; 

Shannon et al. 2003), gene ontology analysis are facilitated using Panther, Metascape, Kyoto 

(Encyclopedia of Genes and Genomes) or EnrichR (Kanehisa 2000; Thomas et al. 2006; Yingyao Zhou 

et al. 2019). Moreover, drug and disease tools including LINCS, DrugBank, ChemBank allow analysis 

of drug properties and characteristics (Wishart et al. 2006; Seiler et al. 2007; G. Williams 2012; 2013; 

Duan et al. 2014; Koleti et al. 2018). Finally, exploring connections between drugs and targets through 

these tools increases success for identifying new candidates.  
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AIM OF THE DISSERTATION 

 

OBJECTIVES: Given the main vulnerability of OLs and myelination defects in MS and PTB, and the lack 

of current treatment promoting (re)myelination in patients, identifying new strategies to foster those 

aspects remain a major focus for our laboratory. Controlling the fate of stem cells is a key therapeutic 

strategy in regenerative medicine using small molecules, without the need to introduce complex 

genetic methods. This strategy is facilitated by the neonatal period permissive for NSCs recruitment, 

activation and for the integration of newborn cells into existing cell networks. Moreover, through the 

OPC ability to differentiate and to (re)myelinate during adulthood (Azim, Berninger, et Raineteau 

2016). During this project, we applied a mixed strategy of drug repurposing, combining an in-silico 

bioinformatic analysis with an experimental procedure to identify gene networks and small bioactive 

molecules promoting oligodendrogenesis. Altogether, this multiscale analysis brings important 

knowledge on the transcriptional mechanisms regulating neural development, OL generation and 

repair through the identification of hubs genes and molecules regulating (re)myelination.  

 

I- IN-SILICO ANALYSIS: The expansion of omics technologies in recent years have enriched our 

knowledge of the genetics and proteomics mechanisms involved in oligodendrogenesis. However, 

there is no retrospective study combining these data to identify global signaling pathways involved in 

this process. A first pilot analysis identified the transcriptional network heterogeneity during 

postnatal development involved in OL specification and differentiation in the germinal region for 

connectivity map analysis (Azim et al. 2017). Therefore, those data combined with bulk and single cell 

RNA-seq performed on neural cells during CNS development should foster our knowledge about the 

transcriptional control of oligodendrogenesis, particularly through the identification and functional 

characterization of new hubs genes. We developed an in-silico approach harnessing the 

transcriptional changes associated with oligodendroglial development including their expression in 

dorsal NSC/NPCs that actively promote oligodendrogenesis at neonatal stages (1), combined with 

enriched expression in oligodendroglial cells, compared to other brain cell-types (2). Then, using 

generated gene sets (3) and a knowledge-driven curation gene sets (6), we performed a 

pharmacogenomic analysis to identify hub genes (4) and a list of 626 small bioactive molecules food 

and drug administration (FDA)-approved that could potentially foster oligodendrogenesis (5). This 

stage was achieved using bioinformatics tools (e.g. connectivity map, searchable cross-platform gene 

expression database). Given the large number of hits obtained by these approaches and in order to 

evaluate their impact in oligodendrogenesis, we introduced a knowledge-driven scoring procedure 

(6) based on functional studies demonstrating the requirement of a given gene in different aspects of 
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oligodendrogenesis (OPC specification, proliferation, migration, survival, differentiation, myelination, 

and remyelination), by curating more than 2000 publications implicating around 400 genes. 

Pharmacogenomics analysis of this curated gene set allowed us to identify 393 small molecules 

promoting different aspects of oligodendrogenesis (7), with 221 of them also regulating our larger 

oligodendroglial-enriched gene sets. Levering our scoring procedure, we ranked molecules based on 

their impact on curated target-genes in different processes of oligodendrogenesis (8) and selected 40 

novel molecules. Pharmacological analyses (pharmacokinetics/dynamics, including ability to cross 

BBB, safety, toxicity, tolerability) led us to rank and select 11 promising drugs regulating 

oligodendrogenesis (9). 

 

II- EXPERIMENTAL VALIDATION: To validate the potential of 11 drugs selected to foster 

oligodendrogenesis, we started with neonatal NSCs cultures (10) to analyze their effect in 

oligodendroglial specification, differentiation and potential side effects in other cell types. We also 

included in our study positive controls currently under clinical trials (Gingele and Stangel, 2020), such 

as thyroid hormone (T3) or the antihistaminic drug clemastine (Mei et al., 2014; Green et al., 2017) to 

compare their pro oligodendrogenic activity. We selected 6 molecules having the highest potential to 

complement our study using purified neonatal OPCs cultures (11) to assess their cell autonomous 

effect in OL differentiation. To validate the potential of such molecules requires further experimental 

procedures before translation into clinical trials. Thus, we opted for an intermediate and faster 

experimental model of cerebellar slices explants (12) taking in account cell interactions and eventual 

side effects to select 2 most promising drugs through their differentiation and myelination index. 

Finally, we selected dyclonine hydrochloride (sm5) and folinic acid (sm11), and validated their 

effect, optimal posology and administration in-vivo using neonatal chronic hypoxia (13) and adult 

de/remyelination model (14) mimicking certain aspects of PTB injury and adult demyelination in MS. 

Altogether, we successfully repurposed dyclonine and folinic acid for their ability to promote brain 

repair for next clinical studies including PTB and MS.  
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Summary of the strategy employed to identify gene networks and pro-oligodendrogenic drugs Numbers in 

gray circles indicate the different steps of the project. 
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GENERAL OVERVIEW OF THE BIOINFORMATIC STRATEGY 

 

We used recent genome-wide expression datasets, 

leveraging the power of mouse genetic tools, to generate 

oligodendroglial genes subsets. To do so, we combined 

transcriptomic datasets from NSCs and transient-amplifying-

progenitors (TAPs) with oligodendroglial enriched 

transcriptomes generated at distinct differentiation stages 

(Fig. 1). Thus, we obtained transcriptomic changes involved in 

specification and differentiation, from precursors to mOLs.  

 

DATA COLLECTION AND PROCESSING FOR OLIGODENDROGLIAL GENE-SETS ENRICHMENT 

Transcriptomic datasets were selected from single-cell and bulk-transcriptomic generated in neural 

cell types during mice development at the embryonic, postnatal and adult stages (Zhang et al., 2014; 

Marques et al., 2016; Falcão et al., 2018; Marques et al., 2018; Saunders et al., 2018; Jäkel et al., 

2019). Raw sequencing data were downloaded from GEO (https://www.ncbi.nlm.nih.gov/geo/). 

Methods table 2 summarize the information about all datasets used, the criteria for selecting DEGs, 

p-values and fold-changes used as threshold, GSE numbers and details each type of data (i.e., 

expression microarrays, bulk RNA-seq, and single cell RNA-seq). We mostly used the supplementary 

tables published to select enriched genes either differentially expressed (DEGs >= 1.5-fold change 

compared to other cell types) or showing significant enriched expression in each cell type (p-value < 

0.05). We provide below more detailed methods used in some dataset analyses.  

Transcriptional signature of postnatal dorsal NSCs and TAPs: we used data published by Raineteau’s 

lab (GSE60905). The cells of interest (neural stem cells, NSCs, and transit amplifying precursors, TAPs) 

were isolated at P4 from two regions (dorsal and lateral) of the VSZ, using transgenic mice and specific 

markers for each cell type (i.e., Hes5::GFP and prominin-1 mice for NSCs and Ascl1::GFP mice for 

TAPs). The microarray data is processed in two phases (see "dNSCs/dTAPs" script). A normalization 

phase to clean up the data and limit variation between biological replicas in order to make them 

comparable. We used the Robust Multi-array Averaging (RMA) method from the ‘affy’ package. The 

second phase corresponds to differential analysis, which is used to identify genes that are 

differentially expressed between two conditions. To do this, we performed a Limma (linear models 

Figure 1. Summary of the bio-informatic strategy identifying genes regulating oligodendrogenesis 
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for microarray data) analysis. We applied a filter (Fold change, FC ><1.2 and p<0.05) to identify the 

DEGs in TAPs and NSCs from the dorsal region, compared with those from the lateral region. 

Transcriptional signature of the OL lineage from postnatal brain cell types: we used RNA-Seq data 

published by Ben Barres' team from purified cells (GSE 52564). The aim of this analysis was to identify 

genes specific to the oligodendrocyte lineage, compared with the neuronal and astrocyte lineages 

(see "OL lineage" script). In this study, all cells were isolated from transgenic mice at early postnatal 

stages, i.e. P7 for astrocytes and neurons, P17 for oligodendrocyte lineage cells. We applied a filter 

(Fragments Per Kilobase Million, FPKM>0.5; Max FPKM of all), which enabled us to eliminate genes 

weakly expressed in the different cell types studied. A final filter was used to identify genes 

overexpressed/repressed in the oligodendrocyte lineage (FC>< 1.2 to FC>< 9.2 Max Oligo vs Max non-

Oligo). The "dNSCs/TAPs" transcriptional signature was then combined with the "OL lineage" 

transcriptional signatures to obtain lists of intersection genes ("OL specification" signature) and 

exclusion genes ("OL differentiation" signature) (see results section). 

Transcriptional signature of single cell RNA-seq oligodendroglial clusters: we used the supplemental 

table from Marques et al; 2016 presenting 50 DEGs per cluster (average expression comparing groups 

within each junction), allowing us to pool a total list of 532 genes expressed in the entire 

oligodendroglial lineage. To extract more information from their datasets, we process their raw data 

from 5072 cells with Seurat package v2 (using the following criteria: min.cells = 10; min.genes = 500; 

number of UMI >5100; max genes <200; mitochondrial percentage >0.10, analysis in 20 dimensions 

with a resolution of 0.9) identifying 1598 DEGs. These details are included in the Figure 2. 

To summarize, we enriched gene expression in the oligodendroglial cells (Fig. 3) using microarray 

sequencing generated from mouse brain cell types at P7 and 17 (Zhang et al., 2014). We identified 

3393 genes with an expression higher than 3 FPKM in oligodendroglial cells (OPC, iOLs or mOLs 

clusters); and those having a differential ratio expression higher than 1.5 compared to other cell types 

(neurons and astrocytes). We increased the stringency of expression by applying a 2.1 fold ratio of 

gene expression with other cell types to find 1998 genes; and using the top 500 of gene expression in 

oligodendroglial cell types (1500 genes). Then, we used single cell datasets generated from the 

hypothalamus (Chen, 2017) to identify 1390 genes express during OL differentiation (expression 

higher than 3 FPKM in OPCs, iOLs, mOLs; with at least 4 times higher expression compared to other 

cell types). We used single-cell datasets capturing the heterogeneity in the OL lineage to extract 532 

DEGs (Marques, 2016 #3417). We combined these datasets in a final subset of 4478 oligodendroglial-

enriched genes (subset 1). On the other hand, we also generated a list of 3519 genes express in 

neurons and astrocytes (expression >3 FPKM in neurons and astrocytes, <3 FPKM in OPCs, iOLs or 

mOLs, and a level of expression in neurons or astrocytes higher than OLs).  



84 

 

 

 

Figure 3. Data used for oligodendroglial gene enrichment. We generated 3 genesets of 1500, 1998, 3393 

oligodendroglial genes from postnatal cells types (Barres et al, 2014), combined with 1390 genes from 

scRNA seq generated in the adult hypothalamus (Chen et al, 2017) and 532 genes extracted from scRNAseq 

at postnatal stage (Marques, 2016). Finally, we generated a group of 4478 oligodendroglial genes.  

Figure 2. Main methodology and selection criteria for oligodendroglial gene set enrichment 
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We performed another approach (Fig. 4) taking in account genes expressed during mouse 

development at different stages (embryonic, postnatal and adult), including DEGs expressed by other 

cell types. We started by identifying 2368 genes expressed in oligodendroglial clusters (with P value 

< 0.01 in OPC1a,b, cyc, COP, NFOL cluster) from single-cell transcriptomic datasets generated at 

embryonic and postnatal stages (Marques, 2018 #4717). Then we reanalyzed the single-cell RNA-

Sequencing generated at the postnatal and adult stages (Marques, 2016 #3417) using the Seurat 

package to get 1598 differentially expressed genes (see data processing methods for criteria). We 

used single-cell transcriptomic analysis generated from adult mice spinal cord and brain to obtain 

1775 DEGs expressed in oligodendroglial cells (with differential expression of  1.5 with other cell 

types)(Falcão, 2018 #4785). Finally, we used transcriptomic datasets from 690.000 cells sampled from 

9 regions of the adult mouse brain (Saunders, 2018 #4711) to find 1130 genes expressed between 

OPCs and mature OLs. Thus, we obtained a total list of 4517 DEGs expressed during development. 

 

 

GENE ONTOLOGY AND CELL SPECIFIC ENRICHMENT ANALYSIS  

Cell type expression analysis was performed using the CSEA tool (Xiaoxiao Xu et al, 2014). The values 

in the tables are the Fisher's Exact p-values, followed by the Benjamini-Hochberg (BH) corrected 

values in parentheses. The bulls-eye plot size is scaled to the number of genes specific to a cell type 

at increasing levels of specificity. The FDR-adjusted hypergeometric test p-value is plotted for each 

level of specificity, with unenriched groups colored gray. Cell type bulls-eye plots are arranged by 

hierarchical distance of their specific gene expression levels. GO analysis of selected genes was 

performed using the Cluster Profiler R-package (2012), Metascape (https://metascape.org; (Zhou et 

Figure 4. Data used for the identification of genes differentially expressed during development. We 

identified 2368 oligodendroglial genes expressed from the embryonic to postnatal stage (Marques et al, 

2018), combined with 1598 differentially expressed genes from single cell RNAseq at the postnatal stage. 

Finally, we generated a group of 4478 oligodendroglial genes  
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al., 2019)), EnrichR (https://maayanlab.cloud/Enrichr) (Chen et al., 2013) and Panther 

(http://pantherdb.org) (Mi et al., 2019; Thomas et al., 2022).  

PHARMACOGENOMIC STRATEGY: EXPERT CURATION, SCORING AND VALIDATION  

We used a knowledge-driven scoring procedure through curation of more than 1000 publications 

involving functional studies and demonstrating the requirement of a given gene in different processes 

of oligodendrogenesis (OPC specification, proliferation, migration, survival, differentiation, 

myelination, and remyelination), either in physiological or pathological conditions. This curation 

implicated 430 genes scored for each process from 1-3 (low, medium, strong), either positively or 

negatively, depending on the requirement or evidence of their function in that process. To share our 

expert curation scoring strategy, we established a user-friendly platform (OligoScore; 

https://oligoscore.icm-institute.org) evaluating regulatory impact on transcriptional programs 

implicated in oligodendrogenesis and (re)myelination.  

We validated the OligoScore strategy using either genes enriched in specific oligodendroglial stages 

(gene list) or genes deregulated in OPCs upon perturbations (list of genes and their fold-changes). 

First, we queried OligoScore with genes enriched either in OPCs or in myelinating oligodendrocytes 

(mOLs), obtained from transcriptomes of purified brain cells (Zang et al., 2014, RNAseq) by sorting 

the genes by the expression ratio between OPCs and mOL respectively.  We perform a similar analysis 

using genes enriched in OPCs (genes enriched more than 0.5 log2 fold-change in OPC and cycling OPC 

clusters versus MOL1 and MOL2 clusters) versus myelinating oligodendrocytes (mOLs, genes enriched 

more than 0.5 logarithmic fold-change (logFC) in mOL1 and mOL2 clusters versus OPC and cycling OPC 

clusters) using oligodendroglial single cells transcriptomes (Marques et al., 2016, 2018). In both cases, 

we obtained similar results highlighting that, while genes enriched in OPCs are involved in several 

processes of oligodendrogenesis (specification, promoting proliferation, differentiation, and 

(re)myelination; Fig. 2 extended data 2A, C), genes enriched in mOLs are mainly promoting 

differentiation and myelination (Fig. 2 extended data 2B, D). Second, we queried OligoScore (genes 

and fold-changes) using transcriptomic comparisons of differentially expressed genes (DEGs) from 

OPCs upon genetic (genes deregulated at p-value < 0.01 upon Chd7-deletion in P7 OPCs; Marie et al., 

2018), or from OPCs upon environmental (genes deregulated at FDR < 0.05 in P10 OPCs in the systemic 

IL1β-mediated neonatal neuroinflammatory model, Schang et al., 2022) perturbation, identifying 

affected processes found in these studies, that is, reduced survival and differentiation of Chd7-iKO 

OPCs (Fig. 2 extended data 2E), and increased proliferation and reduced differentiation of OPCs at 

P10 in the IL1β-model (Fig. 2 extended data 2F). In addition, this analysis also provides mechanistic 

insights identifying genes responsible for the deregulation of each oligodendroglial process. 
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PHARMACOGENOMICS IDENTIFICATION AND SELECTION OF SMALL MOLECULES  

The transcriptional signatures obtained were used to query the CMAP 2.0 database via the wSPIED 

platform (a searchable platform-independent expression database III; http://spied.org.uk/cgi-

bin/HGNC-SPIED3.1plus.cgi; GeneHubs and CmapG function). The Broad CMAP 2.0 (CMAP2.0) 

database consists of the transcriptional profiles corresponding to the effects of small molecules at 

various concentrations and treatment times using panels (~100) of human cell lines. This enables the 

identification of therapeutic molecules capable of inducing transcriptional changes similar to those 

observed during oligodendrogenesis. The query files are simple text files (.txt files). The first column 

contains the gene IDs and the second column indicates their enrichment/repression by a value +1 or 

- 1, respectively. The output table contains the identifiers of the small therapeutic molecules 

identified (correlative and anti-correlative molecules), ranked according to their Z-score (obtained by 

Pearson-type regression analysis), and their p-value. To generate a list of hub genes, we uploaded 

gene symbols corresponding to the large oligodendroglial gene subset (3372 genes). To generate a 

list of small molecules, we uploaded gene symbols corresponding to either the large oligodendroglial 

gene sets (1898, 2099 and 3372 genes) and to the oligodendroglial curated gene sets for each process 

regulating oligodendrogenesis. The 156 compounds obtained in common between both approaches 

were scored using OligoScore and ranked by their scores in the curated target genes for each process 

of oligodendrogenesis. We also performed a systematic analysis based on gene ontology databases 

and cell specific enrichment (see methods for GO analysis) to exclude compounds showing potential 

side effects (e.g., effects onto other lineages and/or cell death). Finally, we also selected compounds 

based on their functional properties and signaling pathways modulated using publicly available drug 

repositories websites (www.DrugBank.ca/; www.genome.jp/kegg/drug/; 

http://www.genecards.org/) 

PHARMACOLOGICAL ANALYSES 

The ADMET parameters have been calculated by the ACD/Percepta software (v.2019.1.2 built 3200) 

https://www.acdlabs.com/products/percepta-platform/. Predictive models for BBB permeability are 

based on log PS (rate of brain penetration) and log BB (extent of brain penetration) constants and 

were built by using non-linear least squares regression validated by an internal validation set, and two 

other experimental external validation sets (Kalvass et al., 2007; Summerfield et al., 2008). 

Physicochemical properties like lipophilicity (Log P), the number of hydrogen bond acceptors and 

donors, the ion form fraction at pH 6.5, and McGowan volume were calculated with the ACD/Labs 

Algorithm Builder 1.8 development platform and used for the modeling. The combination of 

brain/plasma equilibration rate (Log (PS * fraction unbound, brain)) with the partitioning of 

compounds at equilibrium (Log BB) classifies compounds as either active or inactive on the CNS; the 
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model is validated using experimental data of more than 1500 compounds having a CNS activity 

(Adenot and Lahana, 2004). This software uses a human expert rules system (Kazius et al., 2005; 

Benigni and Bossa, 2006; Kazius et al., 2006) to predict mutagenicity, clastogenicity, carcinogenicity 

and reproductive toxicity. The model predicting “health effects on particular organs or organs 

systems” is based on RTECS and ESIS databases for more than 100.000 compounds. The experimental 

data have been collected from RTECS and ESIS databases, and diverse publications. Health effects 

predictions are known to be very sensitive as evidenced by the high prediction values for many of our 

molecules, we thus decided to reduce the weight of these predictions in our selection strategy for the 

11 molecules. These results are completed by a reliability index (RI) ranging from 0 to 1, where 0 is 

unreliable for the prediction and 1 is a fully reliable prediction. This RI value tends to zero in two cases: 

i) when the overall similarity between the tested compound 1 or 2 and the most similar compounds 

used for the correction of the global model is weak, because the predicted values of each of these 

compounds (obtained by bootstrapping the training set 100 times) weakly correlate with those of 1 

or 2, ii) when an inconsistent variability between the predicted and the experimental values was 

observed among the most similar compounds to the tested compound 1 or 2. The validation sets were 

used to evaluate result accuracy by computing the Root Mean Square Error (RMSE) between the 

studied parameter experimental value and its final predicted value. The results with a reliability index 

under 0.3 (cut-off value) should be discarded without any consideration to the result. 11 compounds 

were finally selected. The list can be found in supplementary table 8. 

 

SELECTED DRUGS  

 

 

 

Figure 5. Table of the drugs used and their nomenclature associated during the study  
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ANIMALS  

We used PLPGFP (Zalc et al., 2011), RjOrl:SWISS mice (Janvier) and OF1 mice (Charles Rivers; France). 

Females and males were included in the study. Mice were maintained in standard conditions with 

food and water ad libitum in the ICM animal facilities. All animal studies were conducted following 

protocols approved by local ethical committees and French regulatory authorities (#03860.07, 

Committee CELYNE APAFIS#187 & 188, APAFIS#5516-2016053017288535, APAFIS #38705-

2022092718027606). 

 

NEONATAL NEURAL PROGENITOR CULTURES  

NPC proliferating medium was prepared with DMEM/F12 GlutaMAX™ supplement (life technology, 

31331028), 0.6% glucose (Sigma, G8769), 1% penicillin/streptomycin (life technology, 15140122), 

5mM HEPES buffer (life technology, 15630056), 1% N2 supplement (life technology, 17502048), 2% 

B27 supplement (life technology, 17504044), 20µg/ml Insulin (Sigma, I6634), 20ng/ml EGF 

(Peprotech, AF-100-15) and 10ng/ml FGF-basic (Peprotech, 100-18B). Mice brains were collected 

from RjOrl:SWISS mice (Janvier) at P0-P1 and washed 3 times in PBS-1X (Invitrogen, 14080055). SVZs 

were dissected, transferred in fresh NPC medium and dissociated with pipette. Cells were amplified 

and maintained in a humidified atmosphere at 37 °C and 5% CO2. Three days later, floating 

neurospheres were collected by centrifugation at 500g for 5min, dissociated before adding 

proliferating NPC medium. After 2 passages, 30.000 cells were plated in 24 well plates adherent on 

coverslips, beforehand coated with poly-L-ornithine (sigma, P4957). Compounds were added at 

different ranges of concentration (250nM, 500nM and 750nM), including positive controls: 3,3ʹ,5-

Triiodo-L-thyronine sodium salt (Sigma, T6397) at 30mM and clemastine fumarate (Sigma, SML0445) 

at 500nM and their respective vehicle (DMSO, or PBS). Medium (including compounds or vehicle) was 

changed every 2 days. After 4 days with proliferation factors, a differentiation medium (without 

supplemented growth factors) was added for two days. Cells were washed once in PBS-1X, fixed 10 

minutes in 4% PBS-paraformaldehyde (Electron Microscopy Sciences, 50-980-495) and washed 3 

times in PBS-1X.  

 

OLIGODENDROCYTE PRECURSOR CELLS SORTING AND CULTURES 

Brains were collected from P4 mice, and cortex and corpus callosum were dissected and dissociated 

using a neural tissue dissociation kit (P) (Miltenyi biotec, 130-092-628) with gentleMACS Octo 

Dissociator (Miltenyi Biotec, 130-096-427). OPC magnetic cell sorting was performed using anti-

PDGFRα-coupled-beads (CD140a-PDGFRα MicroBead Kit, Miltenyi biotec, 130-101-502) and 

MultiMACS Cell24 Separator Plus (Miltenyi biotec, 130-095-691). 40,000 cells were plated on 
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coverslips coated with poly-L-ornithine (sigma, P4957) and amplified for two-three days in a 

proliferating medium containing DMEM High Glucose (Dutscher, L0103-500), Hamʹs Nutrient Mixture 

F12 (Merck, 51651C), L-Glutamine (Thermo, 200 mM), Hormone mix (Gritti, A., et al., 2001), 

Penicillin/Streptomycin (life technology, 15140122, 1X), 20ng/ml EGF (Peprotech, AF-100-15), 

10ng/ml FGF-basic (Peprotech, 100-18B) and 10ng/ml PDGF-AA (PeproTech, 100-13A). Successively, 

for 3 days of differentiation (without growth factors), compounds were added to the medium at 

750nM. T3 (3,3ʹ,5-Triiodo- L-thyronine sodium salt, Sigma, T6397) at 30nM or clemastine fumarate 

(Sigma, SML0445) at 500nM were used as positive controls and their respective vehicles (DMSO, PBS) 

were used as  negative controls. Cells were fixed for 10 minutes in 4% PBS-paraformaldehyde 

(Electron Microscopy Sciences, 50-980-495) and washed 3 times in PBS-1X. 

 

CEREBELLAR ORGANOTYPIC CULTURES 

We prepared cerebellar organotypic cultures from newborn (P0) RjOrl:SWISS mice as previously 

described in (Bouslama-Oueghlani et al., 2003). Briefly, cerebellar parasagittal slices (350 μm thick) 

were cut on a McIlwain tissue chopper and transferred onto 30 mm diameter Millipore culture inserts 

with 0,4 µm pores (Millicell, Millipore, PIHP03050). Slices were maintained in incubators at 37°C, 

under a humidified atmosphere containing 5% CO2 in six-well-plates containing 1 ml of slice culture 

medium, containing basal Earle's salts medium (BME, sigma, MFCD00217343), 25% Hanks' balanced 

salt solution (Sigma, H9394), 27mM glucose (Sigma, G8769), 1% penicillin/streptomycin (life 

technology, 15140122), 1mM glutamine (Sigma, 228034) and 5% horse serum (New Zealand origin, 

heat inactivated; ThermoFisher, 16050122). Medium was renewed every 2 days for 7 days, reaching 

the appropriate culture periods to study OPC differentiation and myelination. At this time point, small 

molecules were added daily for 3 days, including Sm1, Sm2, Sm5, Sm6, Sm7, Sm11 at 750nM, and 

their respective vehicle (DMSO or PBS), triiodothyronine (T3; Sigma, T6397-100MG) at 30nM or 

clemastine (SelleckChem, Houston, TX) at 500nM. Slices were collected and fixed for 1 h at RT in 4% 

PBS-paraformaldehyde (Electron Microscopy Sciences, 50-980-495) and incubated 20 min at 4°C in 

Clark's solution (95% ethanol/5% acetic acid), then washed 3 times in PBS  1X.  

 

INTRACEREBRAL INJECTION OF LYSOLECITHIN INDUCED DEMYELINATION IN ADULT MICE 

To induce recombination in adult OPCs, tamoxifen (Sigma) was orally administered (gavage to Pdgfra-

CreERT; Rosa26stop-YFP mice for five consecutive days (210 g/kg per day, dissolved in corn oil at 20 

mg/ml), 10 days before lesion induction to optimize the YFP-labelling newly-generated OLs in the 

lesion area. Before surgery, 4-month-old RjOrl:SWISS mice (Janvier) and Pdgfra-CreERT; Rosa26stop-

YFP mice were administered buprenorphine (30 mg/g) to prevent postsurgical pain. Once mice were 
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anesthetized with isoflurane (ISO-VET), an eye protector (Ocrygel, Tvm) and cream lidocaine 

(Anesderm 5%) were applied to prevent eye dryness and pain caused by the ear bars. A small incision 

was performed on the head and a few drops of liquid lidocaine were put on the site. We induced focal 

demyelinated lesions by injecting 0.5μl of a solution of 1% lysolecithin (L-a-lysophosphatidylcholine, 

Sigma L4129) diluted in 0.9% NaCl into the corpus callosum. To do so, a glass capillary connected to a 

10μl Hamilton syringe was fixed and oriented through stereotaxic apparatus (coordinates: 1 mm 

lateral, 1.3 mm rostral to Bregma, 1.7mm deep to brain surface). Animals were left to recover for a 

few hours in a warm chamber. Dyclonine/Sm5 (5 mg/kg) and Leucovorin/Sm11 (0.5 mg/kg) were 

administered daily in 5% glucose drinking water according to the reported oral administration in adult 

mice (dyclonine; Sahdeo et al; 2014; Okazaki et al; 2018) and humans (leucovorin; Frye et al., 2018; 

Rossignol and Frye, 2021). Given the reported solubility in water and half-life of these compounds, 

we dilute them in the drinking water and renew the treatment daily. Given that a 40 g mouse drinks 

approximately 6mL per day, we diluted respectively 0.2 mg of dyclonine/Sm5 (0.2 mg in 40 g = 5 

mg/kg) and 0.02 mg of leucovorin/Sm11 (0.02 mg in 40 g = 0.5 mg/kg) in 6mL, scaling these drug 

concentrations to a total volume of 200mL per bottle. We added 5% glucose to the preparation to 

increase the appetite of the mice. Importantly, we monitored the intake volume, and found no 

differences in the amount of drinking intake per day between the different treatments, as indicated 

in Fig. 7 extended data 2b, thus confirming the daily oral posology of 5mg/kg of dyclonine/Sm5 and 

0.5mg/kg of leucovorin/Sm11, per mouse. The volume of oral consumption was measured daily. Mice 

were perfused 7 dpI and 10 dpl with 25 ml of 2% PBS-paraformaldehyde freshly prepared from 32% 

PFA solution (Electron Microscopy Sciences, 50-980-495). Perfused brains were dissected out, 

dehydrated in 10% sucrose, followed by 20% sucrose overnight, and embedded in OCT (BDH) before 

freezing and sectioning (14μm thickness) in a sagittal plane with a cryostat microtome (Leica).  
 

NEONATAL HYPOXIA  

P3 OF1 mice were placed for 8 days until P11 in a hypoxic rearing chamber maintained at 10% O2 

concentration by displacement with N2 as previously described (Fagel et al., 2006). A separate group 

was maintained in a normal atmosphere (normoxic group). Compounds were administered 

intranasally according to the oral administration in adult humans of sm5 at 5 mg/kg and sm11 at 0,5 

mg/kg. Mucus was first permeabilized using type IV hyaluronidase, 790  then 10 μl of compounds 

(Sigma) were administered 3 times, 1 time a day from P11 to P13 (starting at the end of the hypoxic 

period, then every 24 hours) in sterile PBS (control). For proliferation analysis, mice were injected 

with EdU (Sigma) to label cells in an actively cycling state in S-phase, then perfused 1 hour later at 

P13. For analysis of OL maturation, mice were perfused at P19. All perfusions were performed with 

Ringer, followed by ice-cold solution of 4% paraformaldehyde (Thermo Fisher). Mice were sacrificed 

at P13 or P19 by an intraperitoneal overdose of pentobarbital followed by perfusion with Ringer’s 
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lactate solution and 4% paraformaldehyde (PFA; Sigma) dissolved in 0.1M phosphate buffer (PB; pH 

7.4). Brains were removed and post-fixed for 24 hours at 4°C in 4% PFA and sectioned in 50μm 

thick coronal serial free-floating sections.  

 

IMMUNOFLUORESCENCE STAINING  

For coated-coverslip, blocking was performed in a moist chamber for 30 min at room temperature in 

a blocking solution of 0.05% Triton X-100 and 10% normal goat serum NGS (Eurobio, CAECHVOO-OU) 

in PBS. Then, coverslips were incubated for 30 min at room temperature with the primary antibodies. 

Following 3 washing in 0.05% Triton X-100/PBS, coverslips were incubated 30 min at room 

temperature in dark with appropriate secondary antibodies conjugated with Alexa Fluor 488, 594 and 

647 (Molecular Probes or Thermo Fisher) and DAPI (Sigma-Aldrich®, D9542). Coverslip were washed 

3 times in 0.05% Triton X-100 in PBS and mounted with Fluoromount-G® (SouthernBiotech, Inc. 

15586276).  

For ex-vivo cerebellar slices, slices were incubated 20 min at 4°C in Clark's solution (95% ethanol/5% 

acetic acid) and washed 3 times in PBS. Then, sections were incubated for 1 hour in a blocking solution 

(0.2% Triton X-100, 4% bovine serum albumin, 4% donkey serum in PBS). Slices were incubated for 2 

hours with primary antibodies at room temperature. Then, slices were washed 3 times in 0.1% Triton 

X-100 in PBS and incubated in blocking solution in dark at room temperature for 2 hours with 

appropriate secondary antibodies conjugated with Alexa Fluor 488, 594 and 647 (Molecular Probes 

or Thermo Fisher) and DAPI (Sigma-Aldrich®, D9542). Finally, slices were washed 3 times in 0.1% 

Triton X-100 in PBS and mounted in Fluoromount-G® (SouthernBiotech, Inc. 15586276). For in-vivo 

cryosections (14-μm thick) of lesions, immunohistochemistry was performed after 30 min drying at 

room temperature. For MOG staining, ethanol treatment (100%) was performed for 10 min at room 

temperature. Sections were permeabilized and blocked in a blocking solution (0.05% Triton X-100, 

10% normal goat serum in PBS) for 1 hour. Then, cryosections were incubated overnight with primary 

antibodies at 4°C. Sections were washed 3 times in 0.05% Triton X-100 in PBS and incubated 1 hour 

at room temperature with appropriate secondary antibodies conjugated with Alexa Fluor 488, 594 

and 647 (Molecular Probes or Thermo Fisher) and DAPI (Sigma-Aldrich®, D9542). Sections were 

washed 3 times in 0.05% Triton X-100 in PBS and mounted with Fluoromount-G® (SouthernBiotech, 

Inc. 15586276).  

For forebrain sections following neonatal hypoxia, 50µm coronal sections in free floating were 

collected. Antigen retrieval was performed for 20 min in citrate buffer (pH 6.0) at 80°C, then cooled 

for 20 min at room temperature and washed in 0.1M PB. Sections were incubated with primary 

antibodies overnight at 4°C with gentle shaking. Blocking was performed in a TNB buffer (0.1 M PB; 
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0.05% Casein; 0.25% Bovine Serum Albumin; 0.25% TopBlock) with 0.4% triton-X (TNB-Tx). Sections 

were incubated overnight at 4°C with gentle shaking. Following extensive washing in 0.1 M PB with 

0.4% triton-X (PB-Tx), sections were incubated with appropriate secondary antibodies conjugated 

with Alexa Fluor 488 or 555 (1:500; Jackson or Invitrogen) for 2 hours at room temperature. Sections 

were washed and counterstained with Dapi (1:5000 from working solution at 5mg/ml; Life 

Technologies; D1306). Revelation of EdU was done using Click-itTM, EdU cell proliferation Kit for 

imaging, Alexa fluorTM 647 dye (Thermo Fisher scientific). The list of primary and secondary 

antibodies used can be found in Methods table 4 and 5.  

``  

 

 

IMAGE ACQUISITION AND ANALYSIS  

Visualization and acquisitions for cryosections and ICC was performed using Zeiss® Axio Imager M2 

microscope with Zeiss® Apotome system at 20X/0.8 NA dry objective (Plan-apochromat, including 

deconvolution and Z-stack. Acquisition for cerebellar slices was done using a confocal SP8 X white 

light laser (Leica, Nanterre, France), at ×40 magnification with a range of 10–15 μm (z axis), four fields 

(1024 × 1024) before merging them into a mosaic. For in vivo sections of neonatal hypoxia, 

Quantifications were performed on coronal sections by automatic quantifications of Olig2 signal, into 

manually defined corpus callosum and cortex (based on DAPI counterstaining), using QuPath software 

(V0.3.0). Analysis was performed using ZEN (Zeiss) and ImageJ (Fiji) software packages, with macros 

for ex vivo experiments to determine myelination and differentiation index (methods previously 

described in (Baudouin et al., 2021). Quantifications were performed on coronal sections by counting 

the number of cells from z stack confocal images on ImageJ-Win-64. Quantifications were performed 

on coronal sections by automatic quantifications of Olig2 signal, into manually defined corpus 

callosum and cortex (based on DAPI counterstaining), using QPath software (V0.3.0). In vivo images 

Figure 6. List of primary and secondary antibodies used during the study  
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of lesions were quantified in a double-blinded manner. Illustrations were performed using Illustrator 

and Adobe Photoshop (Adobe System, Inc). 

 

ELECTRON MICROSCOPY AND ANALYSIS 

Mice were perfused with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer 0.1M pH 7.4 (Caco 

buffer). After dissection, brains were left for one night in the fixative at 4°C. After rinsing in Caco 

buffer, brains were sliced at 1mm thickness. Sections were selected and washed 3 times. It was then 

post-fixed with 2% osmium tetroxide in Caco buffer for 1h at room temperature. After an extensive 

wash (3x10 min) with distilled water they were incubated overnight in 2% aqueous uranyl acetate. 

They were then dehydrated in a graded series of ethanol solutions (2x5min each): 30%, 50%, 70%, 

80%, 90%, and 100% (X3). Final dehydration was performed twice in 100% acetone for 20 min. 

Samples were then progressively infiltrated with an epoxy resin, Epon 812® (EMS, Souffelweyersheim, 

France): 2 nights in 50% resin 50%acetone at 4°C in an airtight container. Then twice 2h in pure fresh 

resin at RT. They were embedded in molds and put at 56°C for 48h in a dry oven for polymerization 

of the resin. Blocks were cut with an UC7 ultramicrotome (Leica, Leica 29 Microsystemes SAS, 

Nanterre, France). Semi-thin sections (0.5μm thick) were stained with 1% toluidine blue in 1% borax. 

Ultra-thin sections (70nm thick) of the region were recovered on copper grids (200 mesh, EMS, 

Souffelweyersheim, France) and contrasted with Reynold’s lead citrate (Reynolds, ES (1963)). 

Ultrathin sections were observed with a Hitachi HT7700 electron microscope (Milexiaé,Verrière-le-

Buisson, France) operating at 100 kV. Pictures (2048x2048 pixels) were taken with an AMT41B 

camera. Axons were quantified using Fiji software packages. Plot visualizations and statistics were 

performed in R. Script use are available on demand. 

 

STATISTICS AND REPRESENTATIONS 

All analyses were done using GraphPad Prism 6.00 (San Diego California, www.graphpad.com). Data 

distribution was assumed to be normal, but this was not formally tested. Statistical significance was 

determined using one-way ANOVA by multiple comparisons, pairwise comparisons following 

Dunnett’s post-hoc test, or unpaired t tests. Data are presented as Mean ± SEM. Significance was set 

as * for p-value < 0.05, ** for p-value < 0.01, and *** p-value < 0.001 and **** p-value < 0.0001. A 

summary of tests used, number of replicates and p-values can be found in Methods table 3.  
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Figure 7. Statistic table 
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ADDITIONAL METHODS FOR IN-SILICO ANALYSIS 

 

1- VALIDATION GENE AND CELL TYPE ENRICHMENT ANALYSIS 

 

 

 

Genes subset 1 (4478 genes) are highly enriched into the oligodendroglial lineage and 

particularly into OPCs (Fig. 1A). Residual gene expression is also shared with astrocytes and neurons, 

mostly related to precursor/ stem cells, crucial for either neuronal and glial cell development (e.g. cell 

cycle, quiescence, cell fate lineage). Cell types associated with this gene subset (Fig. 1C) are OPCs 

(Cortex/Pdgfra+, FDR:4.661e-26), OLs (Cerebellum/Cnp+, FDR:3.609e-32 and Cortex/Cnp+, 

FDR:4.099e-32) and neurons (Cortex/Etv1+, FDR:2.813e-10). List of 4517 genes is less enriched in the 

oligodendroglial lineage, with numerous genes expressed in neurons and astrocytes (Fig. 1B), mostly 

expressed during CNS development at the embryonic stage in precursor cells and crucial for regulating 

OPC specification. Surprisingly, cell expression enrichment analysis shows more restricted cell 

specificity to OLs compared to the first strategy (Fig. 1D), with clusters enriched in OPCs 

(Cortex/Pdgfra+, FDR: 1.984e-18) and OLs (Cerebellum/Cnp+, FDR: 5.960e-31; Cortex/Cnp+, FDR: 

5.069e-31). 

Figure 1: Validation of the gene enrichment based on the genes expressed in neural cell types. 
(A) Oligodendroglial enrichment obtained in the subset of 4478 genes and (B) 4517 genes, represented using 
a log2 fold-change heat map representation from the expression of a neural cell type database (Zhang et al, 
2014). Each bar represent a gene highly express (red) or not (blue) in neural cell types, including 
oligodendroglial cells (OPCs, iOls and mOLs), neurons and astrocytes. (C) Cell type-specific expression 
analysis (CSEA) perform in the group of 4478 and (D) 4517 gene set. The bulls-eye plot size is scaled to the 
number of genes specific to a cell type at increasing levels of specificity (Xu et al., 2014). The FDR-adjusted 
hypergeometric test p-value is plotted for each level of specificity, with unenriched groups colored gray. Cell 
type bulls-eye plots are arranged by hierarchical distance of their specific gene expression levels.  
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2- COMPARISON GO PROCESSES REGULATED DURING EMBRYONIC, POSTNATAL AND ADULT 

STAGES  

 

 

 

Comparison of oligodendroglial genes-set expressed during development (4517 genes) shows  

1099, 574 and 1297 stages-specific genes respectively expressed during embryonic, postnatal and 

adult stages (Fig. 2). In total, 1547/6455 genes shared common expression. Particularly, 391 genes 

that are expressed between all stages, involved in oligodendrogenesis (e.g. Klf9, Rnd2, Gjc3, Mal, 

Adam22, Olig2, Fez1, Olig1, Serinc5, Rictor, Mog, Bcas1, Pdgfra, Nfasc, Ugt8a, Pllp, Cyfip2, Fa2h, 

Cd200, Sox10, Kcnj10, Aatk, Smad7, Cadm1, Ptprz1, Mobp, Tcf7l2, Cyp51, Bmp4, Plp1, Omg, Mag, 

Sulf2, Fyn, Chd7, Sox6, Gipc1, Smarca2, Enpp6, Arhgap5, Gsn, Tnfrsf21, Cldn11, Myrf, Cnp, Dusp15, 

Sox8, Gpr17, Tns3, Cntn1, Tyro3, Marck, Ccnd1, Acox1, Gria, Tppp, Cspg4, Cadm2, Adamts4, Mbp). 

Gene restricted to the embryogenesis stage are associated with regulation of specification (e.g. 

Pou3f3, Pbx1, Cdk2, Sox9, Ncor2, Gmnn, Nfix, Gli3, Hey1, Hes5, Ascl1, Id2, Zic1, Vegfa), cell 

proliferation (e.g. Mki67 Mcm6, Dusp6, Cdk1, Cdk2, Fn1, Mapk3, Id2), embryogenesis and regulation 

of neurogenesis. Postnatal stage is associated with gliogenesis, OL differentiation and myelination 

(e.g. Cxcl12, Dnmt3a, Myt1l, Cdk5, Ctnnb1, Ctgf, Sptbn1,Wnk1, Sox4, Rhoa, Gnas, Acaca, Vamp2, 

Fgfr1). At the adult stages: majority of the processes enriched are involved in synaptic transmission, 

behavior, migration, metabolism, sterols and immunity.  

Figure 2: Expression in the oligodendroglial gene subset at different stages (4517 genes) correlates with  

processes associated during brain development. Venn-diagram showing how differential expression during 

development affects gene ontology (GO) processes (Panther) regulating oligodendrogenesis from the 
embryonic, postnatal and adult stages (subset of 4517 genes) 
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3- METHODOLOGY DEVELOPED TO ANALYZE OLIGODENDROGLIAL ENRICHMENT 

 

 

 

Although GO processes can be informative for fast interrogation, they are not sufficiently 

resolutive and accurate for applying our strategy (particularly using lists >2000 genes), with defects 

in their relevance (including housekeeping genes). Thus, we established a strategy of gene curation 

to determine relevancy of gene enrichment in a given process regulating oligodendrogenesis (OPC 

specification, proliferation, migration, survival, differentiation and (re)myelination) (Fig. 3). To do so, 

we curated more than 2.000 publications involving functional studies demonstrating the requirement 

of a given gene in a physiological or pathological context. This curation implicated about 400 genes 

scored for each process from 1-3 (low, medium, strong), either positively or negatively, depending on 

the requirement or evidence of their function in that process. Thus, we found 51 regulating 

specification, 75 for proliferation, 24 for migration, 61 for survival, 166 for differentiation, 160 for 

myelination and 49 for remyelination. These genes are not necessarily expressed in the OL lineage, 

taking into account oligodendroglial regulation from other cells (NPCs, neurons, astrocytes, 

endothelial or microglial cells). Most of the genes studied are linked to the process of differentiation 

and (re) myelination, highlighting the fact that most of the research strategies focus on identifying 

new targets to promote OL differentiation. 

 

Figure 3. Curation strategy established to determine the impact of a gene subset in a given oligodendroglial 

process. 1-Table exemplifying few genes scored for their positive (green) or negative (red) implication in 

different processes regulating oligodendrogenesis, obtained from the bibliographic curation of functional 
studies. 2- Graphic representation of the number of genes promoting (green) or inhibiting (red) 

oligodendrogenesis.   



99 

4-APPLICATION OF THE SCORING TO COMPARE OLIGODENDROGLIAL GENE SET 

 

 

 

Using two independent approaches (Fig. 4), we obtained a group of 4478 genes (including 

198 curated genes) and 4517 genes (including 153 curated genes), representing 6803 genes in total 

and almost 1/3 of genes in common (2192 genes, including 215 curated genes). Most of the 

oligodendroglial curated genes are expressed in the intersection (215 in total), validating our strategy 

for data selection and gene-sets enrichment. Thus, all the oligodendroglial processes are highly 

represented in both complementary strategies (between 50% to 80% identified) without major 

differences. However, using lists of genes of this order of magnitude is not possible for the next steps 

of the project, especially for querying the SPIED/ Connectivity map platform (generating a list of hubs 

genes and small molecules), which does not give results beyond 4000 genes, so we refined these lists 

from these intersections based on their expression as well as the curated genes. 

 

 

 

Figure 4. Application of the curated gene scoring to compare oligodendroglial gene subsets. Venn-diagram 
comparing the number of oligodendroglial genes shared between the 2 lists of 4478 and 4517 genes and 
their associated number of curated genes (in green). Number of oligodendroglial curated genes are 
represented in green.Each processes regulating oligodendrogenesis are represented with histograms 
showing percent of processes, including the number of oligodendroglial curated genes regulating these 
processes.  
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5-STRATEGY TO COMPARE, REFINE AND VALIDATE GENE LIST FOR SPIED ANALYSIS 

 

 

Figure 5. Strategy to compare, refine and validate gene list of 3372 genes for SPIED analysis 

(A) Heat map representation performed on the lists of 2286, 2192, 2325, 528, 630 and the refined subset of 

3372 genes, represented as a log2 fold-change gene expression from the expression of neural cell type 
database (Zhang et al, 2014). Each bar represents a gene highly expressed (red) or not (blue) in 
oligodendroglial cells (OPCs, iOls and mOLs), neurons and astrocytes. In green are represented the number of 

oligodendroglial curated genes included in the lists. Bioinformatics criteria based on gene expression are also 
indicated. (B) Cell type enrichment obtained in the subset of 3372 genes using top 500 of gene expression 

from brain cell type database (Zhang et al, 2014) *Pval 0.05 **; Pval: 0.01 ;*** Pval 0.001; Pval: 0.0001. Blue: 
<30%, Red:>80% specificity enrichment). (C) Cell type-specific expression analysis (CSEA). The bulls-eye plot 

size is scaled to the number of genes specific to a cell type at increasing levels of specificity (Xu et al., 2014). 
The FDR-adjusted hypergeometric test p-value is plotted for each level of specificity, with unenriched groups 
colored gray. Cell type bulls-eye plots are arranged by hierarchical distance of their specific gene expression 

levels. (D) GO enrichment analysis: Dot plot represents functional pathways involved In OL biology (q-adjusted 
two-sided hypergeometric test, Padj < 0.05) sorted by Count levels. Gene ratio dot size represents the percent 

of genes for each GO term differentially expressed and the color represents the corrected p-value (p.adjust). 
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In order to manipulate reasonable gene lists for connectivity map analysis (Fig. 5A), we 

refined genes subsets (exclusion 2286 and 2325 genes) using combination of curated genes scoring, 

heatmaps, gene ontology analysis and different criteria of gene expression (expression higher than 

10 or 3FPKM; and 3 or 1.2 times higher than in neurons or astrocytes, respectively for the list of 2286 

and 2325 genes). Note that we mostly enriched gene expression in the OPCs cell type using this 

criteria. From these exclusions, we obtained 528 and 630 genes highly expressed into the 

oligodendroglial lineage to make an intermediate list of 3372 oligodendroglial genes (including 208 

curated genes) manipulable for connectivity map analysis. The subset of 3372 genes is enriched in 

genes expressed in oligodendroglial cells (Fig. 5B), when comparing the Top500 of gene expression by 

cell types (established from the Zhang database). Moreover, cells type significatively enriched (Fig. 

5.C) are OPCs (Cortex/Pdgfra+, FDR: 5.200e-24) and OLs (Cerebellum/Cnp+, FDR: 1.985e-38, 

Cortex/Cnp+, FDR: 5.583e-38). Finally, GO processes associated with the group of 3372 genes (Fig. 

6D) are associated with glial cell development, gliogenesis and OL differentiation. Moreover, 

processes related to axonal development and synapse organization are highly enriched, and those 

processes obtained can be also considered as an indirect consequence of the oligodendroglial activity. 

We have now generated an intermediate cluster of 3372 genes with high enrichment in 

oligodendroglial expression that can be used to query the SPIED platform. We will also use 

oligodendroglial lineage data (Azim et al, 2016) to identify which of our oligodendroglial gene are 

expressed dorsally in precursors and which are expressed later in the post-mitotic stages of cell 

differentiation and maturation. 
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6- IDENTIFY GENES EXPRESS IN PRECURSORS / POSTMITOTIC CELLS DURING 

OLIGODENDROGENESIS 

 

 

 

 

 

 

 

 

 

 

 

 

For lineage enrichment (Fig 6), we crossed genes expressed in progenitors generating 

oligodendroglia with transcriptomes of dorsal and lateral progenitors (dNPCs: NSCs, TAPs) of the 

neonatal dorsal SVZ (P.val< 0.05, FC > 1.2) {Azim, 2015 #3226;Azim, 2017 #4169}. Thus, we found 3354 

genes expressed in dNPCs supposed to promote gliogenesis, versus 3458 genes expressed in lateral 

NSCs & TAPs (lNPCs). By crossing our lists of 4462 and 4629 genes with those express into dNPCs, we 

obtained respectively 1898 regulated genes (1311 and 1468 genes respectively for OL strategy 1 & 2), 

whereas we found 4905 oligodendroglial genes that are not regulated into NPCs (with 3167 and 3049 

genes from oligodendroglial gene subsets). This procedure allowed us to delineate 1919 genes 

enriched in dorsal SVZ progenitors versus 2139 that were not, likely corresponding to postmitotic 

oligodendroglial cells. 

Figure 6. Strategy applied to delimitate genes expressed in precursors and postmitotic cells during 

oligodendrogenesis. Oligodendroglial gene subsets of 4478 and 4517 genes were compared with 
transcriptomes from dorsal precursors, NSCs and TAPs, representing a list of 3354 genes (Azim et al, 2016). 

Thus, we obtained 1898 oligodendroglial genes regulated dorsally, whereas 2092 are not regulated and 
regulated post mitotically during OL differentiation, maturation and myelination. 
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7- OLIGODENDROCYTES GENES REGULATED INTO DORSAL NPCS 

 

Figure 7. Analysis of oligodendroglial gene expression regulated into dorsal NPCs. (A) Oligodendroglial 

gene enrichment analysis obtained from the lists of 430, 881, 587 and 1898 genes, represented using a log2 
fold-change heat map representation from the expression of the neural cell type database (Zhang et al, 

2014). Each bar represents a gene highly expressed (red) or not (blue) in neural cell types, including 
oligodendroglial cells (OPCs, iOls and mOLs), neurons and astrocytes. In green are represented the number 
of oligodendroglial curated genes included. (B) Percent of the oligodendroglial curated processes in the list 

of 1898 genes (C) GO enrichment analysis generated using Cluster Profiler and (D) network associated 
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We generated heatmaps for each oligodendroglial gene subsets regulated dorsally into dNPCs 

(Fig. 7.A). As expected, intersection containing 881 genes is highly expressed in oligodendroglial 

lineage (particularly in OPCs) with a low expression in neuron/ astrocytes (N/A) cell types. Whereas 

the strategy to generate the group 4478 genes is mostly restricted to the oligodendroglial lineage 

Figure 7”. Reconstruction of gene networks involved in dorsal specification of oligodendrogenesis.  

(A) Key regulatory genes sorted by their local connectivity using Pathway studio (Elsevier). The genes framed 

in red are those known to regulate oligodendrogenesis, while the blue arrows indicate some of them that are 
not really characterized. (B) Gene network associated with the group of 1898 genes. In green and red are 

represented respectively a positive or negative regulation/ interaction between genes. We highlighted in 
yellow key regulatory genes that are known to regulate oligodendrogenesis, whereas those in blue are not 
really characterized. 
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(with 430 excluded genes expressed in OPCs), the second approach indentifying 4517 genes 

predominantly expressed precursors genes expression in N/A (list of 587 genes), expressed during 

embryonic development for cell fate specification process. In this group of 1898 genes, 130 curated 

genes are involved in the process of oligodendrogenesis: specification (Bmp7, Bmpr1a, Cav1, Gem, 

Gli3, Gsx2, Ncor1, Ncor2, Nfib, Nfic, Nfix, Pdgfra, Pou3f3, Sox9, Sulf2), specification and differentiation 

(Ascl1, Bmp4, Chd7, Cspg4, Ctnnb1, Cxcl12, Fgfr3, Gpr17, Mbp, Notch1, Olig1, Olig2, Sox10, Sox8, 

Tcf7l2) and differentiation (Aatk, Adam22, Afap1l2, Apc, Arhgap35, Axin2, Bcas1, Cacna1d, Cdkn1c, 

Cntn1, Creb3l2, Ctgf, Cthrc1, Cyfip2, Cyp51, Daam2, Dab1, Dnmt3a, Dusp15, Ednrb, Egfr, Enpp6, Fgfr1, 

Fyn, Gnas, Gpr37, Gsn, Id2, Ilk, Klf9, Lingo1, Myt1, Nfatc1, Nfatc2, Nkx2-2, Pde4b, Ptn, Ptpn11, Ptprj, 

Ptprz1, Rest, Sirt2, Smarca2, Sox6, Tgfb2, Tns3, Tyro3). Interestingly, genes express in dNPCs (Fig. 7B) 

are not restricted to the specification process (70%) and genes involved in re-myelination are also 

highly expressed in precursors cells. An example that we found is MBP involved in later process of 

maturation/ myelination), but its pattern of expression does not following its timing of expression 

with high level of expression in OPCs. GO processes are enriched in gliogenesis, OL differentiation, 

axonogenesis or synapse organisation, and associated with a negative regulation of neurogenesis, 

suggesting that genes that we selected are involve in cell fate specification choice (Fig. 7C,D). Thus, 

based on the OL expression enrichment and representativity (OL curated and processes associated), 

we selected the entire group of 1898 genes expressed dorsally into NPCs for further analysis.  

We next interrogated Pathway Studio (Elsevier) to reconstruct gene networks and identify 

potential hub genes based on their level of connectivity (Fig. 7”). We found among the most 

connected entities (Fig. 7”A,B) numerous regulators of oligodendrogenesis (e.g. Egfr, Notch1, Bmp4, 

Sox9, Ascl1, Olig2, Fyn, Mbp, Zeb1, Pdgfra…), and some of them highly connected but not well known 

regarding their role in the regulation of oligodendrogenesis (e.g. App, Mmp2, Cav1, Vcam1, Prkcd, 

F2r, Sod1, Ftrk2…). 
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8-OLIGODENDROGLIAL GENES THAT ARE NOT REGULATED INTO DORSAL NPCS 

  

 



107 

 

 

 

Figure 8. Analysis of oligodendroglial gene expression not regulated into dorsal NPCs  

(A) Oligodendroglial gene enrichment analysis obtained from the lists of 1856, 407, 1311, 1738, 374 and 2092 

genes, represented using a log2 fold-change heat map representation from the expression of neural cell type 
database (Zhang et al, 2014). Each bar represents a gene highly expressed (red) or not (blue) in neural cell 
types, including oligodendroglial cells (OPCs, iOls and mOLs), neurons and astrocytes. In green are represented 

the number of oligodendroglial curated genes included in the different lists. (B) Percent of the oligodendroglial 
curated processes represented in the list of 2092 genes (C) GO enrichment analysis generated using Cluster 

Profiler and (D) GO network associated 

Figure 8”. Reconstruction of gene network involved during postmitotic OL generation  
(A) Key regulatory genes sorted by local connectivity using Pathway studio (Elsevier). The genes framed in 
blue are those known to regulate oligodendrogenesis.(B) Gene network associated with the group of 2092 
genes. In green and red are represented respectively a positive or negative interaction between genes. We 
highlighted in yellow key regulatory genes that are known to regulate oligodendrogenesis 
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Given the important size of oligodendroglial gene subset (4905 genes) that make impossible further 

analysis, we refined this list. Only 1311 genes are common in both strategies (30%) and highly 

expressed in the oligodendroglial lineage. Using different criteria of gene expression (1856 genes: 

expression higher than 10 FPKM, 1738 genes: expression higher than 3 FPKM, as well as a ratio of 

expression respectively 3 and 2 fold time compared to N/A expression), we obtained 407 and 374 

genes respectively. These lists (Fig. 8B) contain genes associated with OL development (e.g. Bcam, 

Bmp6, Gad2, Pak2, Rara, Slit1, Casp3, Cdk2, Chd5, Enpp5, Emx2, Gas6, Gsk3b, Nkx6.2, Pak3, Prox1, 

Thra, Tsc1, Tsc2, Vangl1, Vangl2). The final list contain 2092 genes, with 121 OL curated genes 

involved in oligodendrogenesis, specification (e.g. Gmnn, Nampt, Nkx6-2, Pbx1, Rbpj, Rcor2, Shh, 

Sulf1), either specification and differentiation (e.g. Cdk2, Cx3cr1, Fgfr2, Hdac3, Sox4, Sox5, Zfp488) 

and differentiation (e.g. Adora1, Aspa, Cdk5, Ctsd, Cxcl1, Cxcr7, Dnmt1, Dusp10, Edn1, Ednra, Fez1, 

Gas6, Hdac11, Hes5, Hmgb1, Lig1, Mapk3, Mcoln1, Myrf, Myt1l, Neat1, Nf1, Opalin, Padi2, Pak1, 

Rhoa, Rictor, Rnd2, Rxrg, Smad7, Smurf1, Sox2, Sp7, Tcfeb, Tfeb, Tgfb1, Thap1, Thra, Tlr2, Tnf, 

Tnfrsf21, Tnr, Wnk1, Wnt7a, Wnt7b, Zeb2). Most of the processes associated (Fig. 8C,D) are related 

to cell cycle, mitosis, DNA replication migration and cell survival. Moreover, some process are 

associated with Akt, Ras signaling (regulating OL development), (L.-J. Chew et al. 2010). Interestingly, 

gene enrichment is also associated with significant enrichment in Alzheimer disease and oxidative 

phosphorylation. 

We next interrogated Pathway Studio (Elsevier) to reconstruct gene networks and identify 

potential hub genes based on their level of connectivity (Fig. 8”A,B). We found among the most 

connected entities (Fig. 8”A,B) some regulators of oligodendrogenesis (e.g. Tgfb1, Tnf, Edn1, Nrg1, 

Itgb1, Tlr2, Pak1…). 

Therefore, we finally refined oligodendroglial gene subsets into more handy gene sets of 

3372, 1898 and 2092 genes for interrogating the SPIED database. This intermediate group of 3372 

genes contain 221 OL curated genes whereas the refined subsets contained 251 OL curated genes 

(difference include Adam17 Afap1l2 Arhgap5 Asah1 Ash1l B4galt6 Cacna1d Cdkn1c Ckap5 Creb3l2 

Csf1r Csnk2a1 Cx3cr1 Dcaf12l1 Dnmt3a Eif1b Fa2h Gem Myt1l P2rx7 Pde4b Pou3f3 Ppargc1a Qk Rest 

S1pr5 Sema4a Tcf7l2 Ttr Ugt8a Unc5b Wnt7a Wnt7b).  
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9-GENERATE A LIST OF KEY GENES HUBS REGULATING OLIGODENDROGENESIS  

 

 

 

The correlated genes are highly express in oligodendrocyte lineage, with 367 hub genes 

include in our oligodendroglial lists, associated with oligodendroglial development, myelination, and 

axonal ensheatment (Fig. 9A). Corelated hub genes include numerous oligodendroglial curated genes 

(e.g. Aatk, App, Arhgap5, Ash1l, Cadm2, Cdk1, Cdk4, Ckap5, Ckb, Cldn11, Cnp, Cntn1, Cntn2, Daam2, 

Dnmt1, Ednrb, Enpp6, Etv5, Fez1, Gmnn, Gpr17, Gpr37, Gria1, Gria2, Gria3, Kcnj10, Klf9, Lig1, Mag, 

Mbp, Mcm2, Mcm3, Mcm5, Mcm6, Mcm7, Mki67, Mobp, Mog, Myrf, Nfib, Nkx2-2, Nkx6-2, Olig1, 

Olig2, Opalin, Plp1, Ppargc1a, Psap, Ptprz1, Rest, Rhoa, Rictor, Sox10, Sox2, Sox8, Sptbn1, Stat1, Tnr, 

Figure 9: Generate a list of key regulators oligodendroglial hub genes using SPIED  

(A) Hub genes regulating oligodendrogenesis, obtained from the SPIED platform, including correlated (up) 
and anti-correlated (down) genes. Heatmap representation (log2 fold-change) of the 632 hub genes 
correlated (top) or anticorrelated (down), established from the expression of a neural cell type database 

(Zhang et al, 2014). Each bar represents a gene highly expressed (red) or not (blue) in neural cell types, 
including oligodendroglial cells (OPCs, iOls and mOLs), neurons and astrocytes, microglia and endothelial 

cells. Analysis was complemented with GO enrichment analysis using Cluster Profiler.  
(B) An example of unknown correlated hub genes (e.g. Plekhb1, Scl44a1 and Aplp1), including their 
expression in brain cell types (Zhang et al, 2014) and their hypothetical regulation of oligodendrogenesis. 
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Tppp). On the other hand, the anticorrelated genes are interestingly expressed in microglial cells (only 

76 genes are include in the down gene hubs, including Arhgap5, Ash1l, Rest, Ppargc1a, Stat1, Rictor, 

Klf9). Interestingly, they are associated with inflammatory mechanisms and immune cell activation 

(IL12, IFNg, ROS production). Remarkably, most hub genes promoting oligodendrogenesis have 

enriched-expression in oligodendroglia, while those inhibiting it are enriched in microglia (and less 

importantly in astrocyte and endothelial cells). GO processes are associated with T cell receptor 

signaling pathway (including Vav1, Cd8a, Zap70, Cd3g, Cd3e, Lcp2, Grap2, Cd3d, Ptpn6, Icos, Lat, 

Cd8b1, Ptprc, Lck, Cblb, Raf1, Il4, Akt1, Map2k7, Mapk13, Mapk14, Map2k1, Cdk4, Rhoa, Il10, Csf2, 

Mapk9, Grb2, Map3k14, Nfkbia, Fos, Pak2, Gsk3b, Cd4, Nfkbie, Map3k8, Tnf, Rela, Chuk, Hras, Ctla4, 

Cd28, Pdcd1, Prkcq, Pik3ca, Il2, Nras, Nfkb1, Bcl10, Ppp3r2, Pik3r3, Kras, Nfkbib, Pak1, Cd40lg, Ikbkb, 

Pik3r2, Pik3cb, Vav3, Map3k7, Il5, mCG_125315, Pak7, Malt1, Mapk3, Ppp3ca, Cdc42, Pik3r1, Vav2, 

Ifng, Dlg1, Mapk1, Sos1, Tec, Nfatc2, Ppp3cc, Card11, Nck2, Mapk11, Mapk12, Pak6, Fyn, Plcg1, 

Rasgrp1, Ppp3r1, Pdpk1, Pik3cd, Jun, Akt2, Itk, Nfatc3, Akt3, Mapk8, Mapk10, Pak3, Ikbkg, Nck1, 

Map2k2, Cd247, Ppp3cb, Nfatc1, Sos2). Interestingly, this list contain expression of IFN-induced genes 

(Adar Bst2 Egr1 Gbp2 Hla-A Hla-B Hla-C Hla-E Hla-F Hla-G Ifi27 Ifi35 Ifi6 Ifit1 Ifit2 Ifit3 Ifit5 Ifitm1 Ifitm2 

Ifitm3 Ip6K2 Irf1 Irf2 Irf3 Irf4 Irf5 Irf6 Irf7 Irf8 Irf9 Isg15 Isg20 Mx1 Mx2 Oas1 Oas2 Oas3 Oasl Psmb8 

Rnasel Rsad2 Samhd1 Stat1 Stat2 Xaf1).  

Thus, these unknown hub genes provide new avenues for functional characterization. We 

analyzed their potential through their gene expression in mouse and human cells using different 

transcriptomic databases, as well as their related properties (literature associated). We found as an 

example 3 genes (Fig. 9B) showing potential for gene characterization: Aplp1, Slc44a1, Plekhb1. 

Aplp1 is a member of the highly conserved amyloid precursor protein gene family. The 

encoded protein is a membrane-associated glycoprotein cleaved by secretases in a manner similar to 

amyloid beta A4 precursor protein. This cleavage liberates an intracellular cytoplasmic fragment that 

may act as a transcriptional activator, and also to play a role in synaptic maturation during cortical 

development. Given its specificity of expression during OL differentiation, particularly at the mature 

stage, Aplp1 may have a role in differentiation and myelination. Moreover, this marker should 

represent a marker of OL differentiation. 

Slc44a1 (Solute Carrier Family 44 Member 1) is a choline transporter (CTL1) involve in 

membrane synthesis and myelin production, and is associated with the onset of neurodegeneration 

through its role in metabolism and phospholipase D signaling pathway (Fagerberg et al. 2020). Slc44a1 

is associated with some diseases such as papillary glioneuronal tumors and schizophrenia. This gene 

encodes a member of the high-affinity glutamate transporters, and plays an essential role in 

transporting glutamate across plasma membranes and terminating the postsynaptic action, thus 
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representing an interesting candidate for pharmacological modulation (Hu et al. 2020). Slc44a1 is 

strongly expressed in iOLs cell types, and LOF could potentially affect OL maturation and myelination.  

Plekhb1 (Pleckstrin Homology Domain containing B1) is present in various proteins domains 

(intracellular signaling and cytoskeleton), able to bind and recruit phosphatidylinositol lipids to 

interact with other components of the signal transduction pathways (Mapk and Nfkb inflammatory 

pathway). Thus, Plekhb1 should be a mediator of calcium signaling, having a role in 

oligodendrogenesis detailed in chapter 4. Moreover, Plekhb1 is activated in an additive manner by 

SOX9 and SOX10 (Klum et al. 2018). Diseases associated include Wallerian Degeneration and ALS. 

Finally, a close member of its family Plekha1 /Tapp1 is known to inhibit OPC differentiation through 

suppression of the Mek/Erk pathway (Yidan Chen et al. 2015). In this paper, Plekha1 /Tapp1 was found 

selectively expressed in differentiating OPCs and its knockdown promoted OL differentiation and 

myelin gene expression in culture. Conversely, its over-expression in immature OPCs suppressed their 

differentiation. Thus, based on these data, Plekhb1 may have a role in regulation of differentiation 

and survival. 

Crossing lists of anti-correlated genes (associated with inflammatory processes) with those 

regulated in the context of MS can help to identify new targets negatively regulating 

oligodendrogenesis. For example, a study identified single-nucleotide polymorphisms (SNPs) 

associated with MS risk, expressed in monocytes, natural killer, B cells, CD4 and CD8 lymphocytes 

(Gresle et al. 2020). Comparison with those anti-correlated genes identified CCDC88B, IKZF1, CD6, 

AVIL, CD37, SP140, TNFRSF14, CD5, SLC9A8, AGBL2. (W.-H. Lee et al. 2001; Okamura et al. 2009; 

Kennedy et al. 2014; Karaky et al. 2018). Thus, those genes that are expressed in microglia/ 

macrophages (Y. Zhang et al. 2014) could negatively affect oligodendrogenesis in the context of MS. 
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10-PROPERTIES OF THE SELECTED SMALL MOLECULES 

 

 

 

Meticrane (Sm1)  is a diuretic medication marketed in Japan under the trade name Arresten 

and is used to lower blood pressure. Meticrane is also a sulfonamide-derivative with thiazide-like 

diuretic activity. Meticrane inhibits sodium and chloride ion reabsorption in the distal convoluted 

tubule. There is no informations related to medicine, but we knows that inhibition of Na+, Ca2+ and 

K+ improves EAE disease animal model of MS, thus representing putative targets for MS by increasing 

neuronal survival, inhibiting ion channels on T cells, which may provide immunomodulation (Cherchi 

et al. 2021). Pharmacogenetic score found using the target genes of meticrane is 69, with significant 

stimulation of genes involved in differentiation and myelination. GO processes are enriched in OL 

differentiation. 
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Figure 10: Summary of the 11 selected drugs in the literature. This table includes properties of the selected 
drugs, including their current application or potential in patients, their associated properties, mains targets, 
and pharmacogenetic scoring that we established. We also listed potential implications in 

oligodendrogenesis (evidence in the literature, also about their family members having a close 
pharmacological structure). We also listed their food and drug approval and patent associated. Note that this 

table was updated throughout the project. The table is described below. 
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Heptaminol (Sm2) is an amino alcohol classified as a cardiac stimulant (positive inotropic 

action) as a doping substance. Heptaminol is a vasodilator used in the treatment of low blood pressure 

as a potent positive inotrope (improving cardiac contraction). Effects of heptaminol may result from 

alterations in cell membrane properties and possibly from an increase in intracellular free calcium ion 

concentration. This regulation of calcium signaling can contribute to promote OL maturation and 

remyelination after demyelinating episodes in the brain (Peineau et al. 1992). Heptamino is a general 

antagonist to catecholamine release and uptake that also raises intracellular free calcium levels 

(Grobecker et Grobecker 1976). Moreover, heptaminol inhibits skin inflammation in an NO-

dependent manner (Chung et al. 2016). Pharmacogenetic score found using the target genes of 

heptaminol is 70, with significant regulation of genes involved in differentiation. GO processes are 

enriched in gliogenesis and myelination. 

 

Melatonin (Sm3) is a treatment used in various conditions, such as mental retardation, 

autism, cerebral palsy, primary insomnia, anxiety, prostate cancer or solid tumors. Melatonin is safe 

for administration during pregnancy or for the newborn, and can reduce WM brain injury under 

conditions of chronic fetal hypoxia (Yawno et al. 2017). Melatonin is a neuroprotective agent, with 

potent antioxidant, anti-apoptotic and anti-inflammatory properties (Esposito et Cuzzocrea 2010; J. 

G. Lee et al. 2019). Melatonin acts as an agonist of melatonin receptor type 1A and 1B, through 

nuclear receptor ROR-beta, and is an antagonist of estrogen receptor alpha, interacting with calretinin 

and calmodulin. Pharmacogenetic score found using the target genes of melatonin is 37, with 

significant stimulation of genes involved in differentiation and myelination. GO are enriched in 

gliogenesis. 

 

Naringenin (Sm4) is a potential treatment for Alzheimer's disease, cancer, and depression. 

Naringenin improves memory and reduces amyloid / tau proteins in a mouse model of Alzheimer's 

disease (Ghofrani et al. 2015; Meng et al. 2021). Naringenin are flavonoids with neuroprotective and 

-10 0 10 20 30 40 50 60 70 80

Specif

Prolif

Migrat

Survival

Differ

Myelin

Total

Effect of heptaminol

0 5 10 15 20 25 30 35 40

Specif

Prolif

Migrat

Survival

Differ

Myelin

Total

Effect of melatonin



114 

anti-oxydatories properties (Raza et al. 2013). These effects occur through its action on non-selective 

opioid receptor antagonism, glutamate receptor, acetylcholinergic system, amyloid β metabolism, tau 

hyperphosphorylation, and may also involve MAPK/P38 pathway. Naringenin has a beneficial role 

during remyelination after spinal cord injury (Rong et al. 2017) Naringenin also increases production 

of BDNF-dependent antidepressant-like effects in mice (Yi et al. 2014). Pharmacogenetic score found 

using the target genes of naringenin is 42. GO processes are enriched in myelination. 

 

Dyclonine Hydrochloride/ Prestwick-674 (Sm5) is a local oral anesthetic used for 50 years, 

associated with antimicrobial, anticancer, and neuroprotective properties. Recommended doses in 

humans are 2-3mg/kg/2h preventing neurodegeneration and neuronal loss (associated with protein 

misfolding/ aggregation). Dyclonine reversibly binds and inhibits voltage-dependent Na channels on 

the neuronal membrane, modulating calcium signaling through potent inhibition of transient receptor 

potential channels vanilloid-3 TRPV (Q. Liu et al. 2021). TRPV are widely expressed in glial cells and 

considered as potential therapeutic targets in brain disorders (Cornillot, Giacco, et Hamilton 2019). 

Whereas TRPV3 is not describe in oligodendrogenesis, TRPV4 Inhibition improve myelination and 

reduced glial reactivity, and inflammation through the NF-κB signaling pathway in a cuprizone-

induced mouse model of demyelination (M. Liu et al. 2018). Dyclonine is a potent treatment for 

Friedreich’s ataxia, by increasing frataxin levels and thus through rescue of frataxin deficiency (Sahdeo 

et al. 2014; Clark et al. 2018). Moreover, dyclonine protects against diamide-induced oxidative stress 

and improves motor coordination in mice through the Nrf2-ARE pathway activating antioxidant 

responsive elements (Rufini et al. 2022). NRF2 function has been shown to be suppressed in 

mitochondria-related disorders, leading to defects in the respiratory electron transport chain. Thus, 

dyclonine rescued the NRF2 defect and enhanced synaptic activity in cultured hippocampal neurons 

(Varkuti et al. 2020). Pharmacogenetic score found using the target genes of dyclonine is 57, with 

significant stimulation of genes and processes involved in OL differentiation. 
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Ginkgolide A (Sm6) was isolated from the leaves of the Ginkgo biloba tree. They are highly 

active antagonists of platelet-activating factor (PAF) promoting cell death in cultured astrocytes and 

OLs through upregulation of caspase-3 (Hostettler, Knapp, et Carlson 2002). Ginkgolide A shows 

potential in a wide variety of inflammatory disorders, inhibiting NOS production and protecting BBB 

integrity (Sarkar et al. 2020). Their neuroprotective effects modulate excitotoxicity, inflammation, 

oxidation, metabolism or apoptosis. Indeed, bilobalide suppressed caspase 3 cleavage through 

PI3K/Akt signaling pathway (Shi et al. 2010) Finally, another member of GK family (GkB) was found to 

promote generation of NG2 OPCs, reducing TLR4, NF-κB, iNOS, IL-1β, and TNF-α, whereas increasing 

Arg-1 and neurotrophic factors production (Yin et al. 2020). Pharmacogenetic score found using the 

target genes of ginkgolideA is 79, with significant stimulation of genes and processes involved in OL 

differentiation and gliogenesis. 

 

Levonorgestrel (Sm7) is a synthetic progestogen used in contraception and hormone therapy, 

initially FDA approved in 1982. Levonorgestrel is a modulator of progesterone receptor, estrogen 

receptor alpha, glucocorticoid receptor inhibitor of alpha-steroid 4-dehydrogenase 1, that may have 

a direct role in oligodendrogenesis and neuroinflammation (Jure, De Nicola, et Labombarda 2019). 

Pharmacogenetic score found using the target genes of levonorgestrel is 66, with significant 

stimulation of genes and processes involved in OL gliogenesis and GPCR. 

 

Medrysone (Sm8) is a corticosteroid used in ophthalmology, binding glucocorticoid receptor 

in the cytosol and activating phospholipase A2 inhibitory proteins (lipocortins) with neuroprotective 

and anti-inflammatory role (Y. Yang et al. 1997; Minghetti et al. 1999). Indeed, lipocortin controls 

biosynthesis of potent mediators of inflammation such as prostaglandins and leukotrienes by 

inhibiting arachidonic acid release by phospholipase A2. Corticoids inhibit phagocytic migration of the 

acute inflammatory response, as well as macrophage differentiation toward pro-inflammatory 
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phenotype (Xie et al. 2019). Pharmacogenetic score found using the target genes of medrysone is 75, 

with significant stimulation of genes and processes involved in gliogenesis and myelination. 

 

Thioperamide (Sm9) is a potent histamine receptor antagonist (selective HRH1,3,4 subunits), 

and protects against PTZ-induced seizures in mice. Thioperamide increases histamine, promoting 

neuronal protection through reduction of oxidative damage in a rat model of neonatal hypoxic-

ischemic encephalopathy, acting in combination with postsynaptic H1 receptors (Jia et al. 2013). 

Thioperamide protects primary neurons against OGD-induced injury and promotes the proliferation 

of NSCs in DG and SVZ regions through CREB/BDNF pathways, thereby improving cognitive deficit (N. 

Wang et al. 2020). Pharmacogenetic score found using the target genes of thioperamide is 58, with 

significant stimulation of genes and processes involved in OL differentiation, and myelination.

 

Trihexyphenidyl (Sm10) is used to treat the symptoms of Parkinson's disease and is an 

anticonvulsant treatment against seizures capable of terminating seizure activity (Shih, Duniho, et 

McDonough 2003). Sm10 is a potent antimuscarinic agent (subunits M1, M2, M3, M4, M5), with 

antihistaminic, anticholinergics effects. Pharmacogenetic score found using the target genes of 

thioperamide is 54, with significant stimulation of genes and processes involved in OL differentiation, 

and myelination. 

 

Folinic acid/ Calcium folinate/ Leucovorin (Sm11) is a medication used in the treatment of 

various cancers in combination with 5-FU, used as an antidote to folic acid antagonists such as 

methotrexate. Folinic acid is different from folic acid (folates, vitamin B9), playing a role as a coenzyme 
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for cellular one-carbon metabolism of amino acids (homocysteine, methionine and glycine) essential 

for DNA synthesis. Folinic acid has an anti-inflammatory role described in traumatic brain injury 

models, by inhibiting serum levels of homocysteine (increase in MS patients), TNFα, IL-10 and HMGB1 

expression (Tommy et al. 2021). There is almost no information related to folinic acid, whereas folic 

acid is a well-known agent used in several applications. Given their similar structures, we wondered 

whether there is a process of enzymatic conversion between these molecules. 

 

 

 

We did not found an enzymatic transformation between folinic acid and folic acid. They converge into 

5,10-CH2-THF but it is not clear if they have effects by the same pathway and/or parallel pathway. 

Folinic acid can either be immediately available for metabolic processes or be converted into 5,10-

methylene-THF consecutive activities of MTHF synthetase and MTHF-dehydrogenase (Scaglione et 

Panzavolta 2014). During the conversion of 5-MTHF to THF, a methyl group is released. This group is 

used for the homocysteine remethylation leading to methionine which is the precursor of S-adenosyl-

Figure 11: Comparison of the pharmacological structure and action in the metabolism pathway. 
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methionine (SAM), the universal one-carbon donor involved in the methylation of DNA, RNA, lipids, 

proteins and neurotransmitters. Pharmacogenetic score found using the target genes of calcium 

folinate is 59, with significant stimulation of genes and processes involved in gliogenesis, GPCR 

signaling, and OL differentiation. 

 

 

11- GENERATE DRUGS USING CORRELATED AND ANTI-CORRELATED GENE HUBS: 

 

 

 

We previously found that correlated genes hubs are associated with promotion of 

oligodendrogenesis, synapse organization, OL differentiation, neurogenesis, contrary to the anti-

correlated genes repressing oligodendrogenesis, associated with inflammation, Tcell activation, 

immune response, IFNg and IL12 production.  

We interrogated independently SPIED platform using those list of 632 correlated and anti-

correlated hubs genes with a positive or negative input coefficient respectively. Interestingly, we 

found that drugs that we selected also regulates these hub genes (including calcium folinate, 

ginkgolide A, heptaminol, levonorgestrel, medrysone, meticrane, naringenin, Prestwick-674, 

thioperamide). Therefore, by also regulating negatively the anti-correlated genes hubs, we are 

expecting to repress indirectly inflammatory associated processes. This is consistent with the fact that 
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Figure 12: Interrogation of the SPIED platform to obtain drugs regulating hub genes. 
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the drugs are mostly also anti-inflammatory based on their target genes. Ass example, Sm11 regulates 

genes involve in immune system (including regulation of Calm3, Capzb, Cblb, Cd3g, Cd8a, Cd8b, Cd81, 

Cdc20, Ap2m1, Cyba, Klc1, Kif22, Cd99, Psmb3, Psmd1, Psmd2, Ubc, Ube2b, Ube3a, Ywhab, Zbtb16, 

Vamp8, Ube2l6, Grap2, Kif23, Tuba1b, Tubb3, Tubb4b, Kif2c, Ube2c, Ubr2, Ptpn22, Treml2, Trim9, 

Tubb2b, Sae1, Ambp, Cnot4, Usp2, Ubd, Oga, Cela2a, Sumo2, Klhl24, Cdca3) And T Cell Activation (E.G 

Cblb, Cd3g, Cd8a, Cd8b, Ddost, Dpp4, Lcp1, Rora, Rorc, Ebi3, Ptpn22, Stoml2, Il23a, Treml2, Actb, Cd81, 

F2, Hrg, Kars1, Slamf1, Ikzf1, Ubd, Hpx, Ighm, Igkc, Iglc1, Vamp8, Ikbke, Colec11, Hcls1, Ptprz1, Top2a, 

Zbtb16, Ncapg2). Thus, we can expect that our selected drugs will also have the potential to regulate 

inflammation. 

 

12- FOLINIC ACID AND DYCLONINE REGULATE OLIGODENDROGENESIS THROUGH CALCIUM 

SIGNALING 

 

 

 

 

By analyzing target genes regulated by folinic acid and dyclonine (KEGG analysis), we suggest that 

those drugs promote oligodendrogenesis through one of the mechanisms regulating calcium 

signaling. Indeed, respective and common target genes are all related to this regulation, which can 

help to understand their mechanism of action through probably GPCR, in addition to our on-going 

transcriptomic study (see perspectives). 

Figure 13: Comparison of the pathways regulated in common between folinic acid and dyclonine. 
KEGG (Kyoto Encyclopedia of Genes and Genomes) analysis of the common target genes regulated by folinic 
acid and dyclonine shows that drugs share a potent calcium signaling pathway regulation 
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Abstract	

Oligodendrocytes are the myelin-forming cells of the central nervous system (CNS), 

with oligodendroglial pathologies leading to strong disabilities, from early preterm-birth 

brain injury (PBI) to adult multiple sclerosis (MS). No medication presenting 

convincing repair capacity in humans has been approved for these pathologies so far. 

Here, we present a pharmacogenomic approach leading to the identification of small 

bioactive molecules with a large pro-oligodendrogenic activity, selected through an 

expert curation scoring strategy (OligoScore) of their large impact on transcriptional 

programs controlling oligodendrogenesis and (re)myelination. We demonstrate the 

pro-oligodendrogenic activity of these compounds in vitro, using neural and 

oligodendrocyte progenitor cell (OPC) cultures, as well as ex vivo, using organotypic 

cerebellar explant cultures. Focusing on the two most promising molecules, i.e. 

leucovorin and dyclonine, we tested their therapeutic efficacy using a mouse model 

of neonatal chronic hypoxia, which faithfully mimics aspects of PBI. In this model, both 

compounds promoted proliferation and oligodendroglial fate acquisition from neural 

stem/progenitor cells, with leucovorin also promoting their differentiation. We 

extended these findings to an adult focal de/remyelination mouse MS model, in which 

both compounds improved lesion repair by promoting OPC differentiation while 

maintaining the pool of OPCs, and in parallel, by accelerating the transition from pro-

inflammatory to pro-regenerative microglial profiles and myelin debris clearance. This 

study paves the way for clinical trials aimed at repurposing these FDA-approved 

compounds to treat myelin pathologies such as PBI and MS. 
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	Introduction	

 

Preterm birth brain injury (PBI) is the most common cause of death and 

disability in children under 5 years, affecting 15 million infants yearly born before 37 

gestational weeks. Rates of PBI are increasing in developing countries (e.g., 7% in 

France and the UK, 13% in the US), and are associated with a high level of morbidity 

and neonatal encephalopathies, leading to persistent cognitive and neuropsychiatric 

deficits (such as autism spectrum, attention-deficit disorders, and epilepsy) (Harrison 

and Goldenberg, 2016; Luu et al., 2017; Walani, 2020). Alterations of oxygen 

concentrations and perinatal neuroinflammation of PBI dramatically affect the survival 

and maturation of oligodendrocyte precursor cells (OPCs) (Back et al., 2001; Volpe, 

2009), resulting in hypomyelination, abnormal connectivity, and synaptopathies. 

Indeed, in both humans and rodents, the perinatal period is a time of active 

oligodendrogenesis, myelination, and axonal growth within the developing subcortical 

white matter (Fletcher et al., 2021). Given the severity of long-term consequences and 

the absence of current treatment, there is an urgent need to develop novel therapeutic 

approaches for promoting perinatal brain repair through oligodendrocyte (OL) 

regeneration. 

Another myelin pathology affecting many adults (3 million people) is multiple 

sclerosis (MS), a chronic autoimmune-mediated disease characterized by focal 

demyelinated lesions of the central nervous system (CNS) (Lassmann, 2018; Reich 

et al., 2018). Although current immunomodulatory therapies can reduce the frequency 

and severity of relapses, they show limited impact on disease progression and are 

inefficient in lesion repair (Hauser and Cree, 2020). Therefore, complementary 

strategies to protect OLs and induce the generation of new remyelinating OLs are 

urgently needed to promote repair and eventually end and even reverse MS 

progression. Accordingly, animal models have demonstrated that remyelination can 

reestablish fast saltatory conduction velocity (Smith et al., 1979), prevent axonal loss, 

and exert neuroprotection (Irvine and Blakemore, 2008), resulting in functional clinical 

recovery (Jeffery and Blakemore, 1997; Duncan et al., 2009). Brain remyelination is 

thought to result mainly from differentiation of parenchymal OPCs, in regions close to 

the lateral ventricles, also from adult SVZ-NSC derived OPCs (Xing et al., 2014; 

Samanta et al., 2015), and to a lesser extent from mature OLs (Duncan et al., 2018; 

Yeung et al., 2019; Bacmeister et al., 2020; Mzydlo et al., 2023). The incomplete 
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remyelination in MS patients (Bodini et al., 2016) is attributed to a variety of 

oligodendroglia-associated intrinsic as well as lesion-environment-related extrinsic 

factors (Galloway et al., 2020), and the extent of remyelination differs considerably 

between individual patients and lesion location, declining with disease progression 

(Patrikios et al., 2006). Despite some factors and small molecules (compounds) being 

shown to improve myelination in cell cultures, as well as remyelination in animal 

models, so far, no medication presenting convincing remyelinating capacity in humans 

has been approved for MS patients so far, with clemastine and analogs of thyroid 

hormone still having to complete phase III clinical trials (Rodriguez-Pena, 1999; 

Schoonover et al., 2004; Mei et al., 2014; Liu et al., 2016). Thus, enhancing 

(re)myelination remains an unmet medical need both in the context of preterm birth 

brain injury and MS patients. 

Owing to their diverse etiologies, onset ages and potential repair mechanisms, 

the discovery of new treatments for treating myelin pathologies should aim at globally 

stimulating endogenous oligodendrogenesis, known to spontaneously increase 

following injury, at multiple levels, i.e. from the specification of new OPCs from neural 

progenitor cells (NPCs), to the maturation of pre-existing ones within the parenchyma. 

A promising drug discovery strategy is to use connectivity maps to identify compounds 

able to induce transcriptional signatures similar to those observed in a given cell 

lineage. This approach lies behind the connectivity-map initiative, which has been 

extensively used in various tissues [reviewed in (Lamb, 2007)]. This strategy has 

resulted in successful drug repurposing in several contexts [e.g., dietary restriction 

(Calvert et al., 2016); aging and oxidative stress (Ye et al., 2014; Ziehm et al., 2017)], 

also allowing to discover new modes of actions for compounds, as well as predicting 

off-target or side effects. 

While most previous studies have followed a gene/pathway candidate 

approach, we aimed here at using a more comprehensive strategy (Fig. 1 extended 

data 1). To this end, we developed an in-silico approach combining both unbiased 

identification of transcriptional signatures associated with oligodendroglial formation 

(i.e., transcriptomes) and knowledge- driven curation of transcriptional changes 

associated with oligodendrogenesis (i.e., OligoScore). We then conducted a 

pharmacogenomics analysis to identify small bioactive molecules (compounds) 

capable of globally mimicking this transcriptional signature. Using a scoring strategy 

based on genes involved in oligodendrogenesis as well as 
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pharmacogenetics/pharmacokinetics criteria, we ranked and selected the most 

promising compounds. Finally, after validating their pro-oligodendrogenic activity in 

vitro and ex vivo, we selected the top two compounds, leucovorin and dyclonine, and 

demonstrated their capacity to promote oligodendrogenesis and myelin repair in vivo, 

using both neonatal and adult murine models of myelin pathologies. 

 

Results 

 

GENERATION OF A TRANSCRIPTIONAL SIGNATURE AND ASSOCIATED “HUB

 GENES” DEFINING OLIGODENDROGENESIS 

We first set out to generate a broad transcriptional signature of oligodendrocyte 

lineage cells (Supplementary Table 1) by comparing the transcriptome of these cells 

at different developmental stages, using recently published single cell- and bulk-

transcriptomic datasets from mouse brain cells (Zhang et al., 2014; Marques et al., 

2016; Falcão et al., 2018; Marques et al., 2018; Saunders et al., 2018; Jäkel et al., 

2019). Given that oligodendroglial cells are robustly generated in mice from the dorsal 

aspect of the ventricular-subventricular zone (V- SVZ) at neonatal stages (Suzuki and 

Goldman, 2003; Kessaris et al., 2006), we integrated the transcriptional signature 

obtained by comparing dorsal vs. lateral neonatal subventricular progenitors 

(Supplementary Table 2) (Azim et al., 2015; Azim et al., 2017) to include the 

transcriptional changes contributing to OL specification from NPCs. Using this 

strategy, we obtained oligodendroglial transcriptional signatures (Supplementary 

Table 3) enriched either in progenitor cells (1898 genes) or in more mature stages 

(2099 genes), which we refined to 3372 genes (Supplementary Table 4) using further 

selection criteria (Methods). This oligodendroglial signature was indeed enriched in 

oligodendroglia compared to other neural cells, as illustrated by its expression profile 

in postnatal brain cells (Fig. 1b) and its enrichment in gene ontology (GO) terms 

related to OL differentiation, gliogenesis, and glial cell differentiation (Fig. 1c, 

Supplementary Table 4), together with processes linked to neuronal development, 

synaptic and dendritic organization, known to be modulated by oligodendroglial-

dependent brain plasticity and adaptive myelination (Foster et al., 2019; Buchanan et 

al., 2021; Pease-Raissi and Chan, 2021; Xiao et al., 2022). 
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To identify “hub genes” involved in oligodendrogenesis, we used our 

oligodendroglial signature to query the SPIED platform (Fig. 1d), which provides fast 

and simple quantitative interrogation of publicly available gene expression datasets 

(Williams, 2013). This analysis resulted in the identification of hub genes correlated 

(632 genes) and anticorrelated (623 genes) with our oligodendroglial transcriptional 

signature (Supplementary Tables 5 and 6). Correlated hub genes contained 

numerous key regulators of oligodendrogenesis (including Olig1, Olig2, Sox8, Sox10, 

Nkx2-2), as well as commonly used oligodendroglial markers (such as Cnp, Mag, 

Mbp, Mobp, Mog, Opalin, Plp1; Supplementary Table 5). Their expression pattern was 

enriched in oligodendroglia compared to other brain cells (Fig. 1e) and their 

associated biological processes enriched in gliogenesis, CNS myelination, and OL 

differentiation (Supplementary Table 5), thus validating the efficiency of our strategy. 

Notably, while many correlated hub genes (367/632 genes) were included in our 

oligodendroglial signature, only a few anti-correlated ones (71/623) were present (Fig. 

1e). Interestingly, a large fraction of anti-correlated hub genes (150/632) was 

expressed in microglia (Fig. 1f) and enriched in GO terms associated with 

inflammation and immune cell activation (such as IL12, IFNγ or ROS production; 

Supplementary Table 6), known to inhibit OL generation. Altogether, these results 

indicate that this methodology constitutes an efficient approach to identify a large 

oligodendroglial transcriptional signature, and to infer hub genes positively or 

negatively associated with oligodendrogenesis. 

IDENTIFICATION AND EXPERT CURATION OF COMPOUNDS ACTING ON OLIGODENDROGLIAL-

ASSOCIATED GENES 

We then queried SPIED with our oligodendroglial signature to obtain small 

bioactive molecules (compounds) inducing similar transcriptional changes and found 

a large number (449) of positively associated compounds. To rank them by the impact 

of genes involved in oligodendrogenesis, we introduced a knowledge-driven scoring 

procedure that we named OligoScore (here provided for the community as a resource; 

Fig. 2 extended data 1; https://oligoscore.icm-institute.org). This curation strategy 

included more than 430 genes for which loss-of-function and gain-of-function studies 

have demonstrated their requirement in the main processes of oligodendrogenesis 

(that we categorized in specification, proliferation, migration, survival, differentiation, 

myelination, and remyelination). Genes were scored in each process from 1 to 3 (low, 

medium, strong) either positively or negatively (promoting or inhibiting, respectively), 
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depending on the severity of gain- or loss-of-function phenotypes. For example, Olig2 

and Sox10, key regulators of oligodendrogenesis (Lu et al., 2002; Stolt et al., 2002; 

Stolt and Wegner, 2010; Yu et al., 2013), have the highest positive values in 

specification and differentiation, respectively, while Tnf (Nakazawa et al., 2006; 

Minchenberg et al., 2015) or Tlr2 (Sloane et al., 2010) have negative values in 

processes such as survival and differentiation (Fig. 2a). We validated the efficacy of 

the OligoScore strategy by querying it with genes differentially expressed in OPCs 

upon either a genetic (Chd7 specific deletion in OPCs, Marie et al., 2018) or 

environmental perturbation (systemic injection of the pro- inflammatory cytokine IL1β, 

Schang et al, 2022). Our analysis confirmed that OligoScore accurately predicted the 

deregulation of oligodendrogenesis-related processes identified in these studies (Fig. 

2 extended data 2, and Methods). Then, using these curated gene sets involved in 

oligodendrogenesis (Fig. 2b), we interrogated SPIED, finding a large number (393) of 

positively associated compounds, with 156 in common with those obtained using our 

broad oligodendroglial signature (Fig. 2c). Focusing on these common 156 

compounds, we next used OligoScore to rank them by their total scores (sum of each 

process’ score, defined as pharmacogenomic score) thus selecting those with broader 

pro-oligodendrogenic activities (Fig. 2d-f; Supplementary Table 7). Validating the 

pertinence of our strategy, among the top- ranked compounds, we found molecules 

reported to promote oligodendrogenesis, including liothyronine (thyroid hormone), 

clemastine (Mei et al., 2014; Green et al., 2017), clomipramine (Faissner et al., 2017), 

piperidolate (Abiraman et al., 2015), luteolin (Barbierato et al., 2015), ifenprodil 

(Hubler et al., 2018), and propafenone (Najm et al., 2015). For further analyses, we 

selected the top 40 compounds ranked by their pharmacogenomic scores and 

therefore by their broader putative pro-oligodendrogenic activities, excluding those 

already known for their implication in oligodendrogenesis. After studying their 

pharmacological properties (summarized in Method Table 8), we then selected the 

top 11 compounds (Sm1- Sm11; Methods Table 1) for having high pharmacogenomic 

scores (Fig. 2d), the ability to cross the BBB, and low potential toxicity (Fig. 2g, h) 

PRO-OLIGODENDROGENIC ACTIVITY OF SELECTED COMPOUNDS IN NEONATAL NEURAL 

PROGENITOR CELLS 

To evaluate the activity of selected pro-oligodendrogenic compounds in the 

context of different neural cell types, we first used mixed neural progenitor cell (NPC) 

cultures obtained from the neonatal V-SVZ (postnatal day 0 to 1, P0-P1) and amplified 
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using the neurosphere protocol (Reynolds and Weiss, 1992; Parras et al., 2004) (Fig. 

3a). We assessed the dose effect of selected compounds to promote NPC 

differentiation into Sox10+ oligodendroglia using three different concentrations 

(250nM, 500nM, and 750nM) based on the previous reports (Mei et al., 2014; Najm 

et al., 2015; Eleuteri et al., 2017). Automatic quantification of Sox10+ cells indicated 

that all selected compounds presented the strongest effects to promote Sox10+ 

oligodendroglia at 750nM (Fig. 3 extended data 1). We thus used this concentration 

for the following in vitro studies. To assess the capacity of compounds to promote 

NPC differentiation into oligodendroglia, compounds were supplemented in both 

proliferation and differentiation media, and clemastine and thyroid hormone were 

included as positive controls for comparison, given their demonstrated activities on 

OPC differentiation and myelin formation (Rodriguez-Pena, 1999; Schoonover et al., 

2004; Mei et al., 2014; Liu et al., 2016). Remarkably, immunofluorescence labeling of 

neurons (β-III-tubulin), astrocytes (GFAP), and oligodendroglia (combining PDGFRα 

and CNP) showed that all 11 selected compounds increased by ~1.5-fold the number 

of oligodendroglial cells compared to vehicle (DMSO or PBS, Methods), as illustrated 

for Sm11 (Fig. 3b, c). In contrast, this increase in oligodendroglia was not found with 

T3 or clemastine treatment (Fig. 3c), known to only promote OPC differentiation 

(Barres et al., 1994; Bernal, 2002; Mei et al., 2014). Remarkably, the increased 

number of oligodendroglial cells fostered by our selected compounds was not 

accompanied by reductions in the number of neurons and astrocytes, nor by changes 

in overall cell density (Fig. 3d-f). It was rather paralleled by a reduction of 

undifferentiated NPCs (i.e. unlabeled cells; marker negative cells, Fig. 3g), suggesting 

that selected compounds foster NPC differentiation towards the oligodendroglial fate, 

with Sm9 and Sm11 also showing a positive effect on neurogenesis (Fig. 3e). To 

determine their effect on OL differentiation, we quantified the number of immature OLs 

(iOLs, Sox10high cells being PDGFRα� and MBP�), and found a ~2-fold increase in 

iOLs (Sox10high cells) for T3 and all the selected compounds at 750nM, as illustrated 

for Sm5 (Fig. 3h, i and Fig. 3 extended data 1). Altogether, these results confirm that 

our selected compounds have a pro-oligodendrogenic effect in NPC differentiation 

cultures, without negative impacts on the number of neurons and astrocytes. 

CELL-AUTONOMOUS EFFECT OF SELECTED COMPOUNDS IN OPC DIFFERENTIATION 

Given that NPC cultures include several neural cell types, and thus do not allow 

the evaluation of the direct, cell-autonomous effects, of the compounds on OL 
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differentiation/maturation, we turned to primary OPC cultures purified from neonatal 

(P4) mouse cortices through magnetic cell sorting (MACS). We treated OPCs for three 

days in the presence of six compounds, for which we did not find any evidence for on-

going research related to oligodendrogenesis (Fig. 4a). Interestingly, automatic 

quantifications of total cells in each culture (Figure 4 extended data 1) showed that, 

while no significant changes were seen in the variable density of PDGFRα+ OPCs 

(Fig. 4b, c), except for Sm7, both T3, clemastine, and all tested compounds (Sm1, 

Sm2, Sm5, Sm6, and Sm11) increased the number of MBP+ OLs compared to 

vehicle-treated controls (Fig. 4b, d). These results demonstrate the capacity of most 

selected compounds to cell-autonomously foster OPC differentiation. 

 

SELECTED COMPOUNDS PROMOTE OLIGODENDROCYTE DIFFERENTIATION AND 

MYELINATION EX VIVO IN CEREBELLAR EXPLANT CULTURES 

Validation of these compounds as a potential treatment for (re)myelination 

requires further proof of concept before translation into pre-clinical animal models. To 

this end, we used cerebellar slices (Baudouin et al., 2021) to identify the best 

compounds having pro- oligodendrogenic and pro-myelinating activities ex vivo. This 

model allowed us to better assess the effect of the selected compounds on OL 

maturation, myelination, and cytotoxicity in a richer cellular system, also containing 

immune cells (microglia/macrophages) that are known to influence 

oligodendrogenesis and (re)myelination (Miron et al., 2013; Hagemeyer et al., 2017; 

Kirby et al., 2019; Lloyd et al., 2019; Hughes and Appel, 2020; Nemes-Baran et al., 

2020; Shen et al., 2021). The onset of myelination in this model takes place after 7 

days in culture (Fig. 5a). Therefore, we incubated the cerebellar explants for three 

days (7-10 days in vitro, DIV) in the presence of the six compounds showing the 

highest pro-oligodendrogenic activity in culture (Sm1, Sm2, Sm5, Sm6, Sm7, Sm11), 

as well as two positive controls (T3 and clemastine), and their associated negative 

control (vehicle). We analyzed the effect on OL numbers (CC1+/Sox10+ cells) and 

myelination (CaBP+ Purkinje cell axons co-labeled with MBP), by immunodetection of 

all four markers in the same sections. A ‘differentiation index’ was calculated as the 

ratio of Sox10+ cells being CC1+, and the ‘myelination index’ as the ratio of CaBP+ 

axons being MBP+ (Baudouin et al., 2021; Fig. 5 extended data 1b). Remarkably, all 

compounds presented an increased differentiation index compared to their negative 
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controls, but only Sm1, Sm2, Sm5, Sm11, and clemastine reached statistical 

significance (Fig. 5b, c). Moreover, Sm2, Sm5, and Sm11 also induced a robust 

increase in the myelination index, comparable to the effect of T3 (Fig. 5d, e). 

Therefore, these results show the pro-oligodendrogenic and pro-myelinating activities 

of Sm2, Sm5, and Sm11 in cerebellar explant cultures, and together with previous 

results, demonstrate the pro-oligodendrogenic capacity of these compounds, in 

different brain regions (cerebral cortex and cerebellum). Altogether, based on the 

global effects of these molecules combining our in vitro and ex vivo experiments 

(summarized in Fig. 5 extended data 1a), and their intended clinical application, we 

selected Sm5 (dyclonine) and Sm11 (leucovorin) as the best candidates to test their 

efficiency to promote oligodendrogenesis in pre-clinical models of myelin pathologies 

DYCLONINE AND LEUCOVORIN PROMOTE OLIGODENDROGLIAL REGENERATION IN A MOUSE 

MODEL OF PRETERM BIRTH BRAIN INJURY 

Chronic hypoxia is a well-established clinically relevant model of very early 

preterm birth (Jablonska et al., 2012; Scafidi et al., 2013; Salmaso et al., 2014). It is 

induced by subjecting pups to a low (i.e. 10%) oxygen environment from P3 to P11 

(Fig. 6a), which results in diffuse grey and white matter brain injuries, albeit without 

eliciting a drastic inflammatory response. This period of chronic neonatal hypoxia 

induces marginal cell death of both neuronal and glial cells along with a delay of OL 

maturation that persists into adulthood (Scafidi et al., 2009). We assessed the effects 

of dyclonine (Sm5) and leucovorin (Sm11), as pro-oligodendroglial treatments, by 

performing intranasal administration of these compounds immediately following the 

period of hypoxia (i.e. from P11 to P13, see Methods; Fig. 6a and Fig. 6 extended 

data 1a). This strategy represents a very promising noninvasive technique for drug 

administration, that was already demonstrated to impact brain cell behavior and 

eventually their proliferation (Scafidi et., 2013; Azim et al., 2017). To examine the 

impact of dyclonine and leucovorin on proliferation, brains were analyzed at P13, 

corresponding to the end of the treatment period, after EdU administration one hour 

before sacrifice to label cells in S-phase. Quantification of EdU+ cell density within the 

dorsal V-SVZ revealed an overall increase in proliferation following hypoxia, with no 

marked additive effects of the treatment (Fig. 6b, c). Notably, the proportion of Olig2+ 

cells labeled with EdU was significantly increased upon dyclonine and leucovorin 

treatment (Fig. 6d, e), suggesting an increase in the proliferation of oligodendroglial 

committed progenitors. Furthermore, the proportion of EdU+ cells expressing Olig2 



132 

was increased by dyclonine and leucovorin treatment (Fig. 6h), suggesting that these 

compounds also promote the oligodendroglial fate acquisition from NPCs, in line with 

their pro-oligodendrogenic activity in neonatal NPC cultures (Fig.3). We then 

investigated the capacity of dyclonine and leucovorin to rescue the reduction in OL 

differentiation and maturation induced by hypoxia (Scafidi et al., 2013). To this end, 

OL density and maturation were analyzed within the cortex six days following the end 

of the treatment, at P19, when the rate of cortical OL maturation and myelination is 

highest. While the density of oligodendroglial cells (Olig2+ cells) was similar between 

normoxic (Nx; control condition) and hypoxic groups, with no major effects attributable 

to compounds administration (Fig. 6 extended data 1b, c), their differentiation into 

CC1+/Olig2+ OLs was impaired by hypoxia but rescued by both dyclonine and 

leucovorin treatments (Fig. 6g, h). We next assessed the effect of hypoxia and 

treatments on the number of myelinating OLs (mOLs), identified as Olig2+ cells 

expressing GSTπ, a marker restricted to mOLs [(Zhou et al., 2021); Fig. 6i, j, and Fig. 

6 extended data 1d, e]. Quantification of Olig2+/GSTπ+ cell density revealed a 

marked effect of hypoxia on OL maturation that was fully rescued by leucovorin 

treatment, while dyclonine showed more mitigated effects. In order to substantiate 

these observations, we extended this analysis by automatically quantifying 

Olig2+/GSTπ+ cells to other forebrain regions. At this age, mOLs showed the highest 

density in ventral brain regions such as the thalamus and hypothalamus when 

compared to dorsal regions such as the isocortex (Fig. 6k). Further, normalized 

Olig2+/GSTπ+ cell densities on Nx mice (Fig. 6l) revealed a stronger effect of hypoxia 

on OL maturation in ventral brain regions. We confirmed these qualitative 

observations by performing a manual quantification within the hypothalamus (Fig. 6I). 

Those confirmed a stronger effect of hypoxia on OL maturation in the hypothalamic 

lateral zone, compared to cortical region, as well as a full rescue by leucovorin 

treatment (Fig. 6i-l). In contrast, in this region again, dyclonine treatment did not 

increase Olig2+/GSTπ+ cells density when compared to hypoxic mice (Fig. 6k, l). We 

finally investigated the effect of treatments on MBP immunoreactivity within this 

ventral region (Fig. 6k). Whereas MBP levels have been shown to be reduced 

following hypoxia at P11 in several brain regions (Foucault et al., 2024; Chourrout et 

al., 2022), our results show a return to baseline by P19 in the hypothalamus (Fig. 6 

extended data 1f, g). Analyses of MBP optical density and Olig2+/GSTπ+ cell 

densities suggest an increase of MBP expression per mOL following dyclonine 

treatment, while the MBP/mOLs ratio was back to normal in leucovorin-treated 
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animals (Fig. 6m). These results, in line with our previous in vitro and ex vivo results, 

confirm the therapeutic capacity of dyclonine and leucovorin to promote 

oligodendrogenesis in a model of preterm birth brain injury, validate the intranasal 

approach to administer these compounds and their capacity to cross the blood- brain 

barrier (BBB). Further, our results show superior capacity of leucovorin to promote OL 

maturation restoring normal myelinating OL numbers following injury. 

DYCLONINE AND LEUCOVORIN PROMOTE OPC DIFFERENTIATION WHILE MAINTAINING THE 

OPC POOL IN A MOUSE MODEL OF ADULT DEMYELINATION 

To further assess the pro-oligodendrogenic capacity of dyclonine (Sm5) and 

leucovorin (Sm11) in vivo in the context of myelin pathologies occurring later in life, 

we used the mouse model of adult focal de/remyelination induced by lysolecithin 

(LPC) injection into the corpus callosum (Fig. 7a). Compounds were administered via 

drinking water (see Methods section), in line with oral administration protocols 

previously used in adult mice and humans (Sahdeo et al., 2014; Frye et al., 2018; 

Okazaki et al., 2018; Rossignol and Frye, 2021). Notably, no alterations in the drinking 

behavior of treated mice were observed, ensuring the expected intake of compounds 

(Fig. 7 extended data 1b). We first analyzed the lesions at 7 days post-lesion (7 dpl) 

induction, when newly formed OLs have started to remyelinate the lesion (Nait-

Oumesmar et al., 1999; Nakatani et al., 2013). The lesion area was identified by the 

high cellular density (DAPI staining), abundance of microglia/macrophages (Iba1+ 

cells), and reduction of myelin content (using myelin oligodendrocyte glycoprotein, 

MOG) (Fig. 1 extended data 1c). We determined the effect of the compounds to 

promote oligodendrogenesis at the lesion site by combinatory immunodetection of 

Olig2, CC1, and Olig1, allowing to distinguish OPCs (Olig2high/CC1-/Olig1nuclear-

cyto cells) and three stages in OL differentiation (Nakatani et al., 2013; Marie et al., 

2018): immature OL (iOL) 1 (iOL1, Olig2high/CC1high/Olig1- cells), iOL2 

(Olig2high/CC1high/Olig1high-cyto cells), and mOL (Olig2low/CC1low/Olig1low cells; 

Fig. 7b, c). First, we found that dyclonine, and to a greater extent, leucovorin, 

increased the number of oligodendroglial cells (Olig2+ cells) in and around the lesion 

(Fig. 7c-e1, f). Quantification of oligodendroglial stages showed that while the 

administration of these compounds did not change the density of OPCs 

(Olig2high/CC1-/Olig1nuclear-cyto cells) within the lesion area (Fig. 7g), both 

compounds increased the number of immature OLs. Specifically, leucovorin 

increased the number of iOL1s (Fig. 7c, h), while both leucovorin and dyclonine 
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increased iOL2s (Fig. 7c, i). Given that both compounds increased the number of 

differentiating OLs without diminishing the pool of OPCs in the lesion area, we looked 

at the proliferative status of OPCs, using Mcm2 proliferation marker (Fig. 7i-l), and 

found that both compounds promote a two-fold increase in the density of proliferative 

OPCs (Fig. 7m). Finally, calculation of the differentiation ratio (number of iOL2 per 

OPC) showed that whereas this ratio was 1 OL for 4 OPCs in the vehicle-treated 

lesions, it increased by 2-fold in dyclonine-treated (2 OLs for 4 OPCs) and by more 

than 3-fold in leucovorin-treated (3 OLs for 4 OPCs) lesions (Fig. 7n). We then 

performed an additional experiment to assess for possible improved effects using 

higher doses of the compounds (10-fold for leucovorin and 2-fold for dyclonine) and 

to compare their efficacy with that of clemastine, a pro-myelinating compound (Mei et 

al., 2014). At either dose, we observed a similar increase in oligodendroglial (Olig2+ 

cells) and immature OL (iOL1 and iOL2) densities, suggesting that we had reached 

an optimal dose for eliciting the pro- oligodendrogenic effects of our compounds in 

this model (Fig. 7 extended data 1d-h). Moreover, while clemastine induced an 

increase in iOL2 density similar to dyclonine and leucovorin (Fig. 7 extended data 1h), 

both leucovorin and dyclonine additionally increased the density of proliferating OPCs 

(Fig. 7m, o), an effect that was absent for clemastine (Fig. 7o). 

DYCLONINE AND LEUCOVORIN ACCELERATE OLIGODENDROCYTE FORMATION AND 

REMYELINATION IN A MOUSE MODEL OF ADULT DEMYELINATION 

To obtain further proof that the increase in newly formed OLs contributes to 

accelerated remyelination, we fluorescently labeled adult OPCs and their progeny 

(OPCs and OLs) by administering tamoxifen to Pdgfra-CreERT; Rosa26stop-YFP 

mice for five consecutive days before inducing the LPC lesion (Fig 8a), and quantified 

at 10 dpl the number of YFP+ oligodendroglia expressing GSTπ, a marker restricted 

to myelinating OLs (Zhou et al., 2021). This analysis showed that, similar to 

clemastine, dyclonine and leucovorin increased more than 2-fold the number of newly 

formed myelinating OLs (YFP+/GSTπ+ cells) in the lesion area (Fig. 8b, d) without 

significant reduction of the lesion volume at this time point likely due to lesion 

variability (Fig 8c). Performing electron microscopy imaging, we confirmed by 

ultrastructural analysis the increase in myelinating OLs (identified by their round- or 

oval-shape nucleus having densely packed chromatin and processes wrapping 

around myelinated axons) in animals treated with leucovorin, dyclonine, and 

clemastine compared to vehicle-treated animals (Fig. 8e). Moreover, quantification of 
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myelinated axons in the lesion area showed a tendency to decrease the g-ratio of 

axons in leucovorin-, dyclonine-, and clemastine-treated animals compared to vehicle-

treated controls, suggesting an increased remyelination (more wrapping) induced by 

the compound treatment, that reach significance in the case of leucovorin treatment 

on axons larger than 1 �m (Fig. 8f, g). Altogether, these results show that, similar to 

clemastine, leucovorin and dyclonine promote OL differentiation and remyelination in 

vivo in the context of adult brain demyelination, with leucovorin showing the strongest 

effect. Moreover, the increased number of oligodendroglial cells in the lesion area 

together with the increase in OPC proliferation indicate that in the context of adult 

demyelinating lesions, these compounds are capable of promoting OL differentiation 

while maintaining the pool of OPCs by fostering their proliferation, an effect not found 

with clemastine (Fig. 7o). 

DYCLONINE AND LEUCOVORIN ACCELERATE MYELIN CLEARANCE AND MICROGLIAL 

TRANSITION FROM PRO- INFLAMMATORY TO PRO-REGENERATIVE PROFILES IN A MOUSE 

MODEL OF ADULT DEMYELINATION 

Finally, given the recognized pro-remyelinating properties of microglia (Lloyd 

and Miron, 2019) and the capacity of our compounds to repress inflammatory genes 

such as Interferon gamma (Fig. 2d), we investigated their potential anti-inflammatory 

and pro-regenerative activity mediated by microglia/macrophages (Iba1+ cells). We 

assessed various microglial profiles, including phagocytic (CD68+/Iba1+ cells), pro-

inflammatory (Cox2+ and iNOS+ cells), and pro-regenerative (Arg1+/Iba1+ cells) 

microglia, known to follow the dynamics of lesion repair in this model (Miron et al., 

2013; Lloyd et al., 2019). Interestingly, within the lesion area at 7 dpl, there was a 

reduction in the fraction of phagocytic microglia/macrophages (CD68+ cells; Fig. 9a, 

c) and a reduction in the area of myelin debris labeled by dMBP (Shen et al., 2021) 

accompanied by an increased proportion of the dMBP phagocyted by CD68+ cells 

(Fig. 9a, d, e), suggesting faster myelin clearance. Furthermore, we found a decrease 

in Cox2+ and iNOS+ pro-inflammatory microglial profiles (Fig. 9f-h), paralleled by a 

strong increase in pro- regenerative microglial phenotype (Arg1+ cells; Fig. 9i, j), 

suggesting that both dyclonine and leucovorin promote an earlier transition between 

these microglia/macrophage profiles. 

In summary, these results demonstrate that in the context of adult brain 

de/remyelination, oral administration of dyclonine and leucovorin promotes the 
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generation of newly formed OLs while preserving the OPC pool size. Furthermore, in 

addition to their direct effects on OLs, these compounds also appear to improve lesion 

repair by accelerating myelin clearance and promoting the transition from pro-

inflammatory to pro-regenerative microglial profiles. 

 

Discussion 

To date, no medication demonstrating convincing remyelination efficacy in 

humans has been approved for treating myelin pathologies, including preterm-birth 

brain injuries (PBI) and multiple sclerosis (MS). While most previous studies have 

followed a gene/pathway candidate approach, here we used a more comprehensive 

strategy to fill this gap. Leveraging transcriptomic datasets through a 

pharmacogenomics analysis and developing an expert curation of genes previously 

involved in oligodendroglial biology (provided as a resource for the scientific 

community: OligoScore, https://oligoscore.icm-institute.org), we identified and ranked 

novel small bioactive molecules (compounds) fostering transcriptional programs 

associated with various aspects of oligodendrogenesis, including OPC proliferation, 

differentiation, and (re)myelination. We then demonstrated the pro-oligodendrogenic 

activity of some of these compounds in mice using several approaches: i.e. (1) in vitro, 

in cultures of neural progenitor cells and primary oligodendroglial progenitors, (2) ex 

vivo, in cerebellar explant cultures, and (3) in vivo, using both a model of perinatal 

chronic hypoxia and a model of adult focal demyelination with spontaneous 

remyelination. Compounds repurposed to promote remyelination in MS currently in 

phase III clinical trials, such as clemastine and thyroid hormone analogs (Mei et al., 

2014; Green et al., 2017; Gingele and Stangel, 2020), generate OLs at the expense 

of OPCs, thus potentially depleting OPCs in the long term. Remarkably, the 

compounds we identified here, leucovorin and dyclonine, promote the generation of 

new OLs while maintaining stable the pool of OPCs by inducing their concomitant 

proliferation and differentiation, an effect not found using clemastine (figure 7). The 

dual capacity of leucovorin and dyclonine to promote at the same time OPC 

proliferation and differentiation in the context of adult remyelination, is supported by 

our pharmacogenomics analysis predicting that both leucovorin and dyclonine induce 

the expression of Olig2, Ascl1, Sox2, and Myt1 (Supplemental Tables S7, S11, S12), 

key transcription factors promoting both proliferation and differentiation programs 
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(Nielsen et al., 2004; Ligon et al., 2007; Nakatani et al., 2013; Zhang et al., 2018; Vue 

et al., 2020). Finally, in the context of an adult demyelination model, leucovorin and 

dyclonine also improve lesion repair by promoting in parallel a microglia-mediated 

myelin debris clearance, and a faster transition from pro-inflammatory to pro-

regenerative microglial profiles. Therefore, these compounds represent promising 

candidates for a more comprehensive and sustained regenerative response in various 

oligodendroglial pathologies, with leucovorin showing the largest beneficial effects in 

all conditions tested here. 

Selected for their broad transcriptional effects, leucovorin and dyclonine may 

increase oligodendrogenesis and (re)myelination by targeting multiple cell types and 

mechanisms. Concerning targeted cell types, our results obtained in neonatal neural 

progenitor cultures and in the neonatal hypoxia model in vivo, indicate that leucovorin 

and dyclonine act onto neural progenitor cells to promote their differentiation into 

oligodendroglial cells. Second, using purified OPC primary cultures, we demonstrate 

that they can act cell-autonomously in OPCs to promote their 

differentiation/maturation, in agreement with a recent study showing that folic acid, 

also involved in folate metabolism, can enhance oligodendrocyte differentiation 

(Weng et al., 2017). Third, in the in vivo context of a neonatal hypoxia model of PBI, 

both compounds can promote oligodendroglial proliferation, with only leucovorin 

efficiently restoring the number of myelinating OLs (figure 6). It is interesting to note 

that whereas dyclonine did not recover normal myelinating OL density, myelination 

however returned to baseline as revealed by optical density measurement of MBP 

expression. This suggests that dyclonine did not impede compensatory myelin 

production by the remaining OLs. The long-term consequences of this incomplete 

recovery and the possible increase in myelination capacity of individual OLs upon 

dyclonine treatment would need further investigation. Fourth, in the in vivo model of 

adult focal demyelination with spontaneous remyelination, both leucovorin and 

dyclonine accelerate the generation of newly formed and remyelinating OLs, while 

maintaining the pool of OPCs by increasing their proliferation (figures 7 and 8). This 

capacity to maintain the pool of adult OPCs, not found using clemastine, has important 

implications for the long-term treatment of MS patients, whose remyelination capacity 

decreases with age and disease progression (Neumann et al., 2019a; Neumann et 

al., 2019b). Finally, leucovorin and dyclonine also target microglia/macrophages, 

accelerating their phagocytosis of myelin debris and their transition from pro-
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inflammatory (Cox2+ and iNOS+ cells) to pro-regenerative (Arg1+/Iba1+ cells) 

profiles. These effects, which have been have also been described in clemastine 

treatments (Apolloni et al., 2016; Su et al., 2018)., are known to favor OPC 

differentiation and remyelination in this model (Miron et al., 2013; Hagemeyer et al., 

2017; Kirby et al., 2019; Lloyd et al., 2019; Van Steenwinckel et al., 2019; Hughes 

and Appel, 2020; Nemes-Baran et al., 2020; Shen et al., 2021). 

Dyclonine and leucovorin have been approved by the FDA in 1955 and 1952, 

respectively. Dyclonine has been used as an oral anesthetic administered in throat 

lozenges and is known to inhibit Nav1.8, a voltage-dependent Na channel primarily 

expressed on small, unmyelinated peripheral sensory neurons, most of which are 

nociceptors (Akopian et al., 1996). Recent findings identified dyclonine’s ability to 

enhance synaptic activity in cultured hippocampal mouse neurons, with chronic 

treatment of mice over several months in their drinking water leading to increased 

respiration and ATP production in brain mitochondria (Varkuti et al., 2020). In a study 

of drug repositioning in the context of Friedreich Ataxia, dyclonine was found to confer 

protection against diamide-induced oxidative stress through binding to the 

transcription factor NRF2 (nuclear respiratory factor 2) and activation of the NRF2 

pathway (Rufini et al., 2022). Finally, dyclonine may also mediate pro-

oligodendrogenic effects through its suggested regulation of different hormones, 

including estrogen receptors, thyroid hormone receptor β, and the androgen receptor 

(Varkuti et al., 2020) which represent possible therapeutic targets in MS (Zahaf et al., 

2023). 

Leucovorin (aka folinic acid or folinate), is a naturally occurring folate (from 

Latin folia, foliage), a general term designing molecularly-related metabolites 

participating in the folate cycle, a metabolic pathway that depending on cell 

requirements can lead to nucleotide synthesis, mitochondrial tRNA modification, or 

methylation, respectively impacting proliferation, mitochondrial respiration, and 

epigenetic regulation (Zheng and Cantley, 2018). Abnormal folate metabolism has 

been causally linked to a myriad of diseases, but it is often unclear which biochemical 

processes and cellular functions are affected in each disease (Zheng and Cantley, 

2018). Molecularly different from folic acid, a synthetic folate, leucovorin has a 

different entrance and metabolism in the folate cycle. Both leucovorin and folic acid 

can be transformed by different enzymes into 5-methyl-tetrahydro-folate, which 

efficiently crosses the BBB using the folate receptor alpha (FRα) transporter, and is 
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thought to be the main active folate in the CNS (Scaglione and Panzavolta, 2014). 

Leucovorin has the advantage over folic acid of using other transporters present in 

the choroid plexus to get into the CNS, i.e., the proton-coupled folate transporter 

(PCFT) and the reduced folate carrier (RFC) (Mafi et al., 2020). Moreover, folic acid 

must be metabolized by dihydrofolate reductase (DHFR) to enter the folate cycle, with 

this reaction being slow and easily reaching saturation, thus limiting the therapeutic 

use of high doses of folic acid (Scaglione and Panzavolta, 2014; Menezo et al., 2022). 

For these reasons, leucovorin has been used to treat epileptic patients having 

mutations in the folate receptor alpha gene, FOLR1 (Mafi et al., 2020), as well as in 

the context of cancer chemotherapy to decrease the toxic effects of methotrexate, an 

inhibitor of the DHFR. Our results showing that leucovorin increases 

oligodendrogenesis and (re)myelination both in vitro and in vivo suggest that it 

promotes these processes at least in part by fostering high levels of folate metabolism. 

Moreover, the current clinical administration of leucovorin to adults for large periods 

guarantees its long-term administration to MS patients without major side effects. 

Finally, some studies point out that molecules involved in the folate cycle can reduce 

the inflammatory response by either inhibiting TNFα, IL-1β, or iNOS-dependent NO 

production (Cianciulli et al., 2016; Tommy et al., 2021). These anti-inflammatory 

effects parallel our pharmacogenomics strategy indicating that leucovorin 

downregulates the gene coding for Interferon gamma (IFNG), a key inflammatory 

cytokine, and our results in adult remyelinating lesions indicating that leucovorin acts 

in microglia/macrophages accelerating the transition from pro-inflammatory to pro-

regenerative profiles. Altogether, our current understanding of dyclonine and 

leucovorin activities warrants the broad pro-regenerative activities found in our mouse 

models of myelin pathologies, with superior effects of leucovorin. Nevertheless, future 

studies will be required to elucidate the specific mechanisms of action of these 

compounds in oligodendroglial development, remyelination, and lesion repair. 

In conclusion, our study underscores pharmacogenomic analysis as an 

efficient and low-cost approach to identify pro-oligodendrogenic compounds. By 

developing a scoring system for genes implicated in oligodendrogenesis (OligoScore), 

we could rank the most promising compounds to demonstrate their pro-

oligodendrogenic and pro-myelinating activities using both in vitro and ex vivo murine 

culture systems. This resulted in the selection of leucovorin and dyclonine, two FDA-

approved compounds, which we demonstrated to have brain repair and pro-
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oligodendrogenic activities in both preterm birth brain injury and adult demyelination 

mouse models, with leucovorin demonstrating broader beneficial effects. This work 

paves the way to clinical trials repurposing these compounds to promote brain repair 

in the context of both early- and late-life-onset myelin pathologies such as PBI and 

MS.  

Limitations of the study 

Despite the cellular (neural precursor cells, oligodendroglia, and microglia) and 

molecular mechanisms (folate cycle and anti-oxidative stress metabolism) underlying 

the beneficial effects of leucovorin and dyclonine in oligodendrogenesis and myelin 

repair shown here, follow up studies are crucial to unravel the particular mechanisms 

underlying the effects of each compound in each pathological context, and in cell 

types, including neurons and astrocytes. For clinical translation in treating preterm 

birth brain injuries, the capacities of leucovorin and dyclonine to rescue other aspects 

of preterm birth brain injury, such as inflammation and malnutrition, will need further 

investigation. Also, the increase in OPC proliferation and numbers mediated by 

dyclonine in the hypoxia model do not rescue the density of myelinating OLs, 

contrasting with its effects in adult brain de/remyelination, calling for a better 

understanding of the environmental differences of each pathological model, such as 

microglial involvement. The proposed increased myelination capacity per OL (e.g. 

increased number of internodes) mediated by dyclonine treatment in the hypoxia 

model will require direct experimental evidence. Finally, further studies are needed to 

explore the capacity of leucovorin and dyclonine to induce myelin repair in the context 

of the aging brain, which is only obtained with clemastine or T3 treatment when 

combined with metformin (Neumann et al., 2019a). Thus, considering the possible 

synergy between leucovorin and dyclonine with metformin in the context of the aging 

brain constitutes an essential follow-up pre-clinical research before starting clinical 

trials in the context of MS lesion repair. 
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Methods	

	

Data processing and oligodendroglial gene enrichment 

Transcriptomic datasets were selected from single-cell and bulk-transcriptomic 

generated in neural cell types during mice development at the embryonic, postnatal, 

and adult stages (Zhang et al., 2014; Marques et al., 2016; Falcão et al., 2018; 

Marques et al., 2018; Saunders et al., 2018; Jäkel et al., 2019). Methods Table 2 

summarizes the information about all datasets used, the criteria for selecting DEGs, 

p-values, and fold-changes used as a threshold, GSE numbers, and details of the 

data used (i.e., expression microarrays, bulk RNA-seq, and single- cell RNA-seq). For 

most of the datasets, the supplementary tables provided in the publication were used 

to select enriched genes that are either differentially expressed (DEGs >= 1.5-fold 

change compared to other cell types) or showing enriched expression in each cell 

type (p- value < 0.05). We provide below more detailed methods used in some dataset 

analyses. 

 

Transcriptional signature of postnatal dorsal NSCs and TAPs: we used data 

previously generated and published by Raineteau’s lab (GSE60905). The cells of 

interest (neural stem cells, NSCs, and transit amplifying precursors, TAPs) were 

isolated at P4 from two regions (dorsal and lateral) of the SVZ, using transgenic mice 

and specific markers for each cell type (i.e., Hes5::GFP and prominin-1 mice for NSCs 

and Ascl1::GFP mice for TAPs). The microarray data is processed in two phases (see 

‘dNSCs/TAPs’ script). Using R, we set a normalization phase to clean up the data and 

limit variation between biological replicas to make them comparable. We used the 

Robust Multiarray Averaging (RMA) method (Irizarry et al., 2003). from the ‘affy’ 

package. The second phase corresponds to differential analysis, which is used to 

identify genes that are differentially expressed between two conditions. To do this, we 

performed a Limma (linear models for microarray data) analysis (Ritchie et al., 2015). 

We applied a filter (Fold change, FC ><1.2 and p<0.05) to identify the DEGs in TAPs 

and NSCs from the dorsal region, compared to those from the lateral region. 

Transcriptional signature of the OL lineage from postnatal brain cell types: we used 

data previously generated and published by Ben Barres' team, obtained by RNA 

sequencing (RNA- Seq) from purified cells (GSE52564). This analysis aimed at 



142 

identifying genes specific to the oligodendrocyte lineage, compared to the neuronal 

and astrocyte lineages (see "OL lineage" script). In this study, all cells were isolated 

from transgenic mice at early postnatal stages, i.e. P7 for astrocytes and neurons, 

and P17 for oligodendrocyte lineage cells. We applied a filter (Fragments Per Kilobase 

Million, FPKM>0.5; Max FPKM of all), which enabled us to eliminate genes weakly 

expressed in the different cell types studied. A final filter was used to identify genes 

overexpressed/repressed in the oligodendrocyte lineage (FC>< 1.2 to FC>< 9.2 Max 

Oligo vs Max non-Oligo). The ‘dNSCs/TAPs’ transcriptional signature was then 

combined with the ‘OL lineage’ transcriptional signatures to obtain lists of intersection 

genes (‘OL specification’ signature) and exclusion genes (‘OL differentiation’ 

signature) (see results section). 

Transcriptional signature of single-cell RNA-seq oligodendroglial clusters: We used 

the supplemental table from Marques et al; 2016 presenting 50 DEGs per cluster 

(average expression per cluster of cell types when comparing groups within each 

junction), allowing us to pool a total list of 532 genes expressed in the entire 

oligodendroglial lineage. To extract more information from their datasets, we process 

their raw data from 5072 cells with Seurat package v2 (Stuart et al., 2019) (using the 

following criteria: min.cells = 10; min.genes = 500; number of UMI >5100; max genes 

<200; mitochondrial percentage >0.10, analysis in 20 dimensions with a resolution of 

0.9) identifying 1598 DEGs. These details have been added to the Methods Table 2. 

Pharmacogenomics using SPIED platform 

The transcriptional signatures obtained were used to query the CMAP 2.0 database 

via the wSPIED platform. The Broad CMAP 2.0 (CMAP2.0) database consists of the 

transcriptional profiles corresponding to the effects of small molecules at various 

concentrations and treatment times using panels (~100) of human cell lines. This 

enables the identification of therapeutic molecules capable of inducing transcriptional 

changes similar to those observed during oligodendrogenesis. The query files are 

simple text files (.txt files). The first column contains the gene IDs and the second 

column indicates their enrichment/repression by a value +1 or - 1, respectively. The 

output table contains the identifiers of the small therapeutic molecules identified 

(correlative and anti-correlative molecules), ranked according to their Z- score 

(obtained by Pearson-type regression analysis), and their p-value. 

 

Gene ontology and cell-specific enrichment analysis 
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GO analysis of selected genes was performed using the Cluster Profiler R-package 

(2012), Metascape (https://metascape.org; (Zhou et al., 2019)), EnrichR 

(https://maayanlab.cloud/Enrichr) (Chen et al., 2013) , and Panther 

(http://pantherdb.org) (Mi et al., 2019; Thomas et al., 2022). 

 

Expert curation and scoring of genes regulating oligodendrogenesis 

We used a knowledge-driven scoring procedure through the curation of more than 

1000 publications involving functional studies and demonstrating the requirement of 

a given gene in different processes of oligodendrogenesis (OPC specification, 

proliferation, migration, survival, differentiation, myelination, and remyelination), either 

in physiological or pathological conditions. This curation implicated 430 genes scored 

for each process from 1 to 3 (low, medium, strong), either positively or negatively, 

depending on the requirement or evidence of their function in that process. To share 

our expert curation scoring strategy, we established a user-friendly platform 

(OligoScore; https://oligoscore.icm-institute.org) evaluating the regulatory impact on 

transcriptional programs implicated in oligodendrogenesis and (re)myelination. 

  

Validation of OligoScore strategy 

We validated the OligoScore strategy using (1) genes enriched in specific 

oligodendroglial stages (gene list) and (2) genes deregulated in OPCs upon 

perturbations (list of genes with their logarithmic fold-changes, logFC). First, we 

queried OligoScore with top 2000 genes enriched in OPCs and in myelinating 

oligodendrocytes (mOLs), obtained by comparing their transcriptomes from purified 

brain cells (Zhang et al., 2014, RNAseq) and sorting them by their expression ratio 

between OPCs and mOL respectively. Using oligodendroglial single cell 

transcriptomes (Marques et al., 2016, 2018), we performed a similar analysis using 

genes enriched in OPCs (723 genes, logFC bigger than 0.5 [logFC > 0.5] in OPC and 

cycling OPC clusters versus MOL1 and MOL2 clusters) and in mOLs (1428 genes, 

logFC > 0.5 in MOL1 and MOL2 clusters versus OPC and cycling OPC clusters). In 

both cases, results confirm the expectations, highlighting that, genes enriched in 

OPCs are involved in several processes of oligodendrogenesis (specification, 

proliferation, differentiation, and (re)myelination; Fig. 2 extended data 2a, c), while 

genes enriched in mOLs are mainly involved in differentiation and myelination (Fig. 2 

extended data 2b, d). Second, we queried OligoScore with genes differentially 
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expressed (gene and logFC) in OPCs upon a genetic (P7 Chd7-deleted OPCs, p- 

value < 0.01; Marie et al., 2018), or an environmental perturbation (P10 OPCs in the 

systemic IL1β-mediated neonatal neuroinflammatory model, FDR < 0.05; Schang et 

al., 2022), identifying the affected processes found in these studies, that is, reduced 

survival and differentiation of Chd7-iKO OPCs (Fig. 2 extended data 2e), and 

increased proliferation and reduced differentiation of P10 OPCs in the IL1β-model 

(Fig. 2 extended data 2f). In addition, this analysis also provides mechanistic insights 

identifying genes responsible for the deregulation of each oligodendroglial process.’ 

Gene sets to query OligoScore and obtain the full set of results are provided in the 

Excel file named ‘OligoScore validation tables’. 

 

Hub genes and small molecules list generation 

To obtain either hub genes or small molecules, we interrogated SPIED3 version (a 

searchable platform-independent expression database III; http://spied.org.uk/cgi-

bin/HGNC- SPIED3.1plus.cgi; GeneHubs and CmapG function). To interrogate 

SPIED3 for generating a list of hub genes, we uploaded gene symbols corresponding 

to the large oligodendroglial gene subset (3372 genes). To generate a list of small 

molecules, we uploaded gene symbols corresponding to either the large 

oligodendroglial gene sets (1898, 2099 and 3372 genes) and to oligodendroglial 

curated gene sets for each process regulating oligodendrogenesis (with their positive 

or negative score attributed for their respective influence in each process). Output for 

a hub gene or a compound contains either a similarity score (correlation score with 

the query) and a statistical significance of the similarity score, associated with a 

probability of finding the same genetic association. 

 

Pharmacogenomic analysis 

The 156 compounds obtained in common between both approaches were scored 

using OligoScore and ranked by their scores in the curated target genes for each 

process of oligodendrogenesis. We also performed a systematic analysis based on 

gene ontology databases and cell-specific enrichment (see methods for GO analysis) 

to exclude compounds showing potential side effects (e.g., effects onto other lineages 

and/or cell death). Finally, we also selected compounds based on their functional 

properties and signaling pathways modulated using publicly available drug repository 

websites (www.DrugBank.ca /; www.genome.jp/kegg/drug/ ; 

http://www.genecards.org/ ). 
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Pharmacological analyses 

The ADMET parameters have been calculated by the ACD/Percepta software 

(v.2019.1.2 built 3200) https://www.acdlabs.com/products/percepta-platform/. 

Predictive models for BBB permeability are based on log PS (rate of brain penetration) 

and log BB (extent of brain penetration) constants and were built by using non-linear 

least squares regression validated by an internal validation set, and two other 

experimental external validation sets (Kalvass et al., 2007; Summerfield et al., 2008). 

Physicochemical properties like lipophilicity (Log P), the number of hydrogen bond 

acceptors and donors, the ion form fraction at pH 6.5, and McGowan volume were 

calculated with the ACD/Labs Algorithm Builder 1.8 development platform and used 

for the modeling. The combination of brain/plasma equilibration rate (Log (PS * 

fraction unbound, brain)) with the partitioning of compounds at equilibrium (Log BB) 

classifies compounds as either active or inactive on the CNS; the model is validated 

using experimental data of more than 1500 compounds having a CNS activity (Adenot 

and Lahana, 2004). This software uses a human expert rules system (Kazius et al., 

2005; Benigni and Bossa, 2006; Kazius et al., 2006) to predict mutagenicity, 

clastogenicity, carcinogenicity, and reproductive toxicity. The model predicting “health 

effects on particular organs or organs systems” is based on RTECS and ESIS 

databases for more than 100.000 compounds. The experimental data have been 

collected from RTECS and ESIS databases, and diverse publications. Health effects 

predictions are known to be very sensitive as evidenced by the high prediction values 

for many of our molecules, we thus decided to reduce the weight of these predictions 

in our selection strategy for the 11 molecules. These results are completed by a 

reliability index (RI) ranging from 0 to 1, where 0 is unreliable for the prediction and 1 

is a fully reliable prediction. This RI value tends to zero in two cases: i) when the 

overall similarity between the tested compound 1 or 2 and the most similar compounds 

used for the correction of the global model is weak, because the predicted values of 

each of these compounds (obtained by bootstrapping the training set 100 times) 

weakly correlate with those of 1 or 2, ii) when an inconsistent variability between the 

predicted and the experimental values was observed among the most similar 

compounds to the tested compound 1 or 2. The validation sets were used to evaluate 

result accuracy by computing the Root Mean Square Error (RMSE) between the 

studied parameter experimental value and its final predicted value. The results with a 

reliability index under 0.3 (cut-off value) should be discarded without any 



146 

consideration of the result. 11 compounds were finally selected. The list can be found 

in supplementary Table 8. 

 

Animals 

We used RjOrl:SWISS mice (Janvier), OF1 mice (Charles Rivers; France) and Pdgfra-

CreERT ; Rosa26stop-floxed-YFP mice (RRID:IMSR_JAX:018280; 

RRID:IMSR_JAX:006148). Females and males were included in the study. Mice were 

maintained in standard conditions with food and water ad libitum in the ICM animal 

facilities. All animal studies were conducted following protocols approved by local 

ethical committees and French regulatory authorities (#03860.07, Committee 

CELYNE APAFIS#187 & 188, APAFIS#5516-2016053017288535, APAFIS #38705- 

2022092718027606). 

 

Neonatal neural progenitor cultures 

NPC proliferating medium was prepared with DMEM/F12 GlutaMAX™ supplement 

(life technology, 31331028), 0.6% glucose (Sigma, G8769), 1% 

penicillin/streptomycin (life technology, 15140122), 5mM HEPES buffer (life 

technology, 15630056), 1% N2 supplement (life technology, 17502048), 2% B27 

supplement (life technology, 17504044), 20µg/ml Insulin (Sigma, I6634), 20ng/ml 

EGF (Peprotech, AF-100-15) and 10ng/ml FGF-basic (Peprotech, 100- 18B). Mice 

brains were collected from RjOrl:SWISS mice (Janvier) at P0-P1 and washed 3 times 

in PBS-1X (Invitrogen, 14080055). SVZs were dissected, transferred in fresh NPC 

medium and dissociated with pipette. Cells were amplified and maintained in a 

humidified atmosphere at 37 °C and 5% CO2. Three days later, floating neurospheres 

were collected by centrifugation at 500g for 5minutes, and dissociated before adding 

proliferating NPC medium. After 2 passages, 30.000 cells were plated in 24 well plates 

adherent on coverslips, beforehand coated with poly-L-ornithine (sigma, P4957). 

Compounds were added at different ranges of concentration (250nM, 500nM and 

750nM), including positive controls: 3,3′,5-Triiodo-L-thyronine sodium salt (Sigma, 

T6397) at 30mM and clemastine fumarate (Sigma, SML0445) at 500nM and their 

respective vehicle (DMSO, or PBS). Medium (including compounds or vehicles) was 

changed every 2 days. After 4 days with proliferation factors, a differentiation medium 

(without supplemented growth factors) was added for two days. Cells were washed 

once in PBS-1X, fixed for 10 minutes in 4% PBS-paraformaldehyde (Electron 

Microscopy Sciences, 50-980- 495), and washed 3 times in PBS-1X. 
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Oligodendrocyte precursor cell sorting and cultures 

Brains were collected from P4 mice, and cortex and corpus callosum were dissected 

and dissociated using a neural tissue dissociation kit (P) (Miltenyi biotec, 130-092-

628) with gentleMACS Octo Dissociator (Miltenyi Biotec, 130-096-427). OPC 

magnetic cell sorting was performed using anti-PDGFRα-coupled-beads (CD140a-

PDGFRα MicroBead Kit, Miltenyi biotec, 130-101-502) and MultiMACS Cell24 

Separator Plus (Miltenyi biotec, 130-095-691). 40,000 cells were plated on coverslips 

coated with poly-L-ornithine (sigma, P4957) and amplified for two-three days in a 

proliferating medium containing DMEM High Glucose (Dutscher, L0103-500), Ham′s 

Nutrient Mixture F12 (Merck, 51651C), L-Glutamine (Thermo, 200 mM), Hormone mix 

(Gritti, A., et al., 2001), Penicillin/Streptomycin (life technology, 15140122, 1X), 

20ng/ml EGF (Peprotech, AF-100-15), 10ng/ml FGF-basic (Peprotech, 100-18B) and 

10ng/ml PDGF-AA (PeproTech, 100-13A). Successively, for 3 days of differentiation 

(without growth factors), compounds were added to the medium at 750nM. T3 (3,3′,5-

Triiodo- L-thyronine sodium salt, Sigma, T6397) at 30nM or clemastine fumarate 

(Sigma, SML0445) at 500nM were used as positive controls and their respective 

vehicles (DMSO, PBS) were used as negative controls. Cells were fixed for 10 

minutes in 4% PBS-paraformaldehyde (Electron Microscopy Sciences, 50-980-495) 

and washed 3 times in PBS-1X. 

 
 

Cerebellar organotypic cultures 

We prepared cerebellar organotypic cultures from newborn (P0) RjOrl:SWISS mice 

as previously described (Bouslama-Oueghlani et al., 2003). Briefly, cerebellar 

parasagittal slices (350 μm thick) were cut on a McIlwain tissue chopper and 

transferred onto 30 mm diameter Millipore culture inserts with 0,4 µm pores (Millicell, 

Millipore, PIHP03050). Slices were maintained in incubators at 37°C, under a 

humidified atmosphere containing 5% CO2 in six- well-plates containing 1 ml of slice 

culture medium, containing basal Earle's salts medium (BME, sigma, 

MFCD00217343), 25% Hanks' balanced salt solution (Sigma, H9394), 27mM glucose 

(Sigma, G8769), 1% penicillin/streptomycin (life technology, 15140122), 1mM 

glutamine (Sigma, 228034) and 5% horse serum (New Zealand origin, heat 

inactivated; ThermoFisher, 16050122). Medium was renewed every 2 days to 7 days, 

reaching the appropriate culture periods to study OPC differentiation and myelination. 

At this time point, small molecules were added daily for 3 days, including Sm1, Sm2, 
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Sm5, Sm6, Sm7, and Sm11 at 750nM, and their respective vehicle (DMSO or PBS), 

triiodothyronine (T3; Sigma, T6397- 100MG) at 30nM or clemastine (SelleckChem, 

Houston, TX) at 500nM. Slices were collected and fixed for 1 hour at RT in 4% PBS-

paraformaldehyde (Electron Microscopy Sciences, 50- 980-495) and incubated for 20 

minutes at 4°C in Clark's solution (95% ethanol/5% acetic acid), then washed 3 times 

in PBS 1X. 

 

Compounds nomenclature 

Small molecule (Sm) 

  

 

 

 

 

 

 

 

 

 
 

 

Neonatal hypoxia 

P3 OF1 mice were placed for 8 days until P11 in a hypoxic rearing chamber 

maintained at 10% O2 concentration by displacement with N2 as previously described 

(Fagel et al., 2006). A separate group was maintained in a normal atmosphere 

(normoxic group). Compounds were administered intranasally according to the oral 

administration in adult humans of sm5 at 5 mg/kg and sm11 at 0,5 mg/kg. Mucus was 

first permeabilized using type IV hyaluronidase, then 10 μl of compounds (Sigma) 

were administered 3 times, 1 time a day from P11 to P13 (starting at the end of the 

hypoxic period, then every 24 hours) in sterile PBS (control). For proliferation analysis, 

mice were injected with EdU (Sigma) to label cells in an actively cycling state in S-

phase, then perfused 1 hour later at P13. For analysis of OL maturation, mice were 

perfused at P19. All perfusions were performed with Ringer, followed by ice-cold 

solution of 4% paraformaldehyde (Thermo Fisher). Mice were sacrificed at P13 or P19 

by an intraperitoneal overdose of pentobarbital followed by perfusion with Ringer’s 

Nomenclature Compound 

Sm1 Meticrane (Arresten) 

Sm2 Heptaminol 

Sm3 melatonin 

Sm4 Naringenin 

Sm5 Prestwick-674 (Dyclonine HCl) 

Sm6 Ginkgolide A 

Sm7 Levonorgestrel 

Sm8 Medrysone 

Sm9 Thioperamide 

Sm10 Trihexyphenidyl 

Sm11 Calcium folinate 
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lactate solution and 4% paraformaldehyde (PFA; Sigma) dissolved in 0.1M phosphate 

buffer (PB; pH 7.4). Brains were removed and post-fixed for 24 hours at 4°C in 4% 

PFA and sectioned in 50µm thick coronal serial free-floating sections. 

 

Intracerebral injections of lysolecithin in the adult mouse 

To induce recombination in adult OPCs, tamoxifen (Sigma) was orally administered 

(gavage) to Pdgfra-CreERT; Rosa26stop-YFP mice for five consecutive days (210 

g/kg per day, dissolved in corn oil at 20 mg/ml), 10 days before lesion induction to 

optimize the YFP-labelling newly- generated OLs in the lesion area. Before surgery, 

4-month-old RjOrl:SWISS mice (Janvier) and Pdgfra-CreERT; Rosa26stop-YFP mice 

were administered buprenorphine (30 mg/g) to prevent postsurgical pain. Once mice 

were anesthetized with isoflurane (ISO-VET), an eye protector (Ocrygel, Tvm) and 

cream lidocaine (Anesderm 5%) were applied to prevent eye dryness and pain caused 

by the ear bars. A small incision was performed on the head and a few drops of liquid 

lidocaine were put on the site. We induced focal demyelinated lesions by injecting 

0.5μl of a solution of 1% lysolecithin (L-a-lysophosphatidylcholine, Sigma L4129) 

diluted in 0.9% NaCl into the corpus callosum. To do so, a glass capillary connected 

to a 10μl Hamilton syringe was fixed and oriented through stereotaxic apparatus 

(coordinates: 1 mm lateral, 1.3 mm rostral to Bregma, 1.7mm deep to brain surface). 

Animals were left to recover for a few hours in a warm chamber. Dyclonine/Sm5 (5 

mg/kg) and Leucovorin/Sm11 (0.5 mg/kg) were administered daily in 5% glucose 

drinking water according to the reported oral administration in adult mice (dyclonine; 

Sahdeo et al; 2014; Okazaki et al; 2018) and humans (leucovorin; Frye et al., 2018; 

Rossignol and Frye, 2021). Given the reported solubility in water and half-life of these 

compounds, we dilute them in the drinking water and renew the treatment daily. Given 

that a 40 g mouse drinks approximately 6mL per day, we diluted respectively 0.2 mg 

of dyclonine/Sm5 (0.2 mg in 40 g = 5 mg/kg) and 0.02 mg of leucovorin/Sm11 (0.02 

mg in 40 g = 0.5 mg/kg) in 6mL, scaling these drug concentrations to a total volume 

of 200mL per bottle. We added 5% glucose to the preparation to increase the 

appetetite of the mice. Importantly, we monitored the intake volume, and found no 

differences in the amount of drinking intake per day between the different treatments, 

as indicated in Fig. 7 extended data 2b, thus confirming the daily oral posology of 

5mg/kg of dyclonine/Sm5 and 0.5mg/kg of leucovorin/Sm11, per mouse. The volume 

of oral consumption was measured daily. Mice were perfused 7 dpI and 10 dpl with 

25 ml of 2% PBS-paraformaldehyde freshly prepared from 32% PFA solution 
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(Electron Microscopy Sciences, 50-980-495). Perfused brains were dissected out, 

dehydrated in 10% sucrose, followed by 20% sucrose overnight, and embedded in 

OCT (BDH) before freezing and sectioning (14µm thickness) in a sagittal plane with a 

cryostat microtome (Leica). 

 

Immunofluorescence staining 

For coated-coverslips, blocking was performed in a moist chamber for 30 min at room 

temperature in a blocking solution of 0.05% Triton X-100 and 10% normal goat serum 

NGS (Eurobio, CAECHVOO-OU) in PBS. Then, coverslips were incubated for 30 min 

at room temperature with the primary antibodies. Following 3 washes in 0.05% Triton 

X-100/PBS, coverslips were incubated for 30 min at room temperature in the dark with 

appropriate secondary antibodies conjugated with Alexa Fluor 488, 594, and 647 

(Molecular Probes or Thermo Fisher) and DAPI (Sigma-Aldrich®, D9542). Coverslips 

were washed 3 times in 0.05% Triton X-100 in PBS and mounted with Fluoromount-

G® (SouthernBiotech, Inc. 15586276). 

For ex vivo cerebellar slices, slices were incubated for 20 min at 4°C in Clark's solution 

(95% ethanol/5% acetic acid) and washed 3 times in PBS. Then, sections were 

incubated for 1 hour in a blocking solution (0.2% Triton X-100, 4% bovine serum 

albumin, and 4% donkey serum in PBS). Slices were incubated for 2 hours with 

primary antibodies at room temperature. Then, they were washed 3 times in 0.1% 

Triton X-100 in PBS and incubated in blocking solution in the dark at room 

temperature for 2 hours with appropriate secondary antibodies conjugated with Alexa 

Fluor 488, 594 and 647 (Molecular Probes or Thermo Fisher) and DAPI (Sigma-

Aldrich®, D9542). Finally, slices were washed 3 times in 0.1% Triton X-100 in PBS 

and mounted in Fluoromount-G® (SouthernBiotech, Inc. 15586276). 

For in vivo cryosections (14-μm thick) of lesions, immunohistochemistry was 

performed after 30 min drying at room temperature. For MOG staining, ethanol 

treatment (100%) was performed for 10 minutes at room temperature. Sections were 

permeabilized and blocked in a blocking solution (0.05% Triton X-100, 10% normal 

goat serum in PBS) for 1 hour. Then, cryosections were incubated overnight with 

primary antibodies at 4°C. Sections were washed 3 times in 0.05% Triton X-100 in 

PBS and incubated 1 hour at room temperature with appropriate secondary antibodies 

conjugated with Alexa Fluor 488, 594, and 647 (Molecular Probes or Thermo Fisher) 

and DAPI (Sigma-Aldrich®, D9542). Sections were washed 3 times in 0.05% Triton 

X-100 in PBS and mounted with Fluoromount-G® (SouthernBiotech, Inc. 15586276). 
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For forebrain sections following neonatal hypoxia, 50µm free-floating coronal sections 

were collected. Antigen retrieval was performed for 20 minutes in citrate buffer (pH 

6.0) at 80°C, then cooled for 20 minutes at room temperature and washed in 0.1M 

PB. Blocking was performed in a TNB buffer (0.1 M PB; 0.05% Casein; 0.25% Bovine 

Serum Albumin; 0.25% TopBlock) with 0.4% triton-X (TNB-Tx). Sections were 

incubated with primary antibodies overnight at 4°C under constant agitation. Following 

extensive washing in 0.1 M PB with 0.4% triton-X (PB-Tx), sections were incubated 

with appropriate secondary antibodies conjugated with Alexa Fluor 488 or 555 (1:500; 

Jackson or Invitrogen) for 2 hours at room temperature. Sections were washed and 

counterstained with DAPI (1:5000 from working solution at 5mg/ml; Life Technologies; 

D1306). Revelation of EdU was done using Click-it, EdU cell proliferation Kit for 

imaging, Alexa Fluor 647 dye (Thermo Fisher scientific). The list of primary and 

secondary antibodies used can be found in Methods Tables 4 and 5. 

 

Image acquisition and analysis 

Visualization and acquisitions for cryosections and ICC were performed using Zeiss® 

Axio Imager M2 microscope with Zeiss® Apotome system at 20X/0.8 NA dry objective 

(Plan- apochromat), including deconvolution and Z-stack. Acquisition for cerebellar 

slices was done using a confocal SP8 X white light laser (Leica, Nanterre, France), at 

×40 magnification with a range of 10–15 μm (z axis), four fields (1024 × 1024) before 

merging them into a mosaic. For in vivo sections of neonatal hypoxia, quantifications 

were performed on coronal sections by automatic quantifications of Olig2 signal, into 

manually defined corpus callosum and cortex (based on DAPI counterstaining), using 

QuPath software (V0.3.0). Analysis was performed using ZEN (Zeiss) and ImageJ 

(Fiji) software packages, with macros for ex vivo experiments to determine myelination 

and differentiation index (methods previously described in (Baudouin et al., 2021). 

Quantifications were performed on coronal sections by counting the number of cells 

from z-stack confocal images on ImageJ-Win-64. For section wide quantifications of 

Olig2/GSTπ positive cells , Olig2+ cell detections were performed on five equally 

spaced coronal sections (50 µm, 250 µm apart) by automatic detection of Olig2+ cells. 

Next, a classifier was used to detect Olig2+ cells expressing the mOL marker GSTπ 

positive cells into manually defined regions covering the entire forebrain, i.e. Isocortex, 

Olfactory areas, Striatum, Fiber tracts, Cortical subplate, Thalamus, Hypothalamus, 

as defined by the Allen adult mouse brain reference atlas (CCF v3). Subsequently, 

manual quantification was done on z-stack confocal images acquired from the 
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hypothalamic lateral zone, using ImageJ-Win-64. In vivo, images of lesions were 

quantified in a double-blinded manner. Illustrations were performed using Illustrator 

and Adobe Photoshop (Adobe System, Inc). 

 

Electron microscopy and analysis 

Mice were perfused with 2.5% glutaraldehyde in 0.1M sodium cacodylate buffer 0.1M 

pH 7.4 (Caco buffer). After dissection, brains were left for one night in the fixative at 

4°C. After rinsing in Caco buffer, brains were sliced at 1mm thickness. Sections were 

selected and washed 3 times. It was then post-fixed with 2% osmium tetroxide in Caco 

buffer for 1h at room temperature. After an extensive wash (3x10 min) with distilled 

water they were incubated overnight in 2% aqueous uranyl acetate. They were then 

dehydrated in a graded series of ethanol solutions (2x5min each): 30%, 50%, 70%, 

80%, 90%, and 100% (X3). Final dehydration was performed twice in 100% acetone 

for 20 min. Samples were then progressively infiltrated with an epoxy resin, Epon 

812® (EMS, Souffelweyersheim, France): 2 nights in 50%resin 50%acetone at 4°C in 

an airtight container. Then twice 2h in pure fresh resin at room temperature. They 

were embedded in molds and put at 56°C for 48h in a dry oven for polymerization of 

the resin. Blocks were cut with an UC7 ultramicrotome (Leica, Leica Microsystems 

SAS, Nanterre, France). Semi-thin sections (0.5μm thick) were stained with 1% 

toluidine blue in 1% borax. Ultra-thin sections (70nm thick) of the region were 

recovered on copper grids (200 mesh, EMS, Souffelweyersheim, France) and 

contrasted with Reynold’s lead citrate (Reynolds, ES (1963)). Ultrathin sections were 

observed with a Hitachi HT7700 electron microscope (Milexiaé,Verrière-le-Buisson, 

France) operating at 100 kV. Pictures (2048x2048 pixels) were taken with an AMT41B 

camera. Axons were quantified using Fiji software packages. Plot visualizations and 

statistics were performed in R. Script use are available on demand. 

 

Statistics and representations 

All analyses were done using GraphPad Prism 6.00 (San Diego California, 

www.graphpad.com). Data distribution was assumed to be normal, but this was not 

formally tested. Statistical significance was determined using one-way ANOVA by 

multiple comparisons, pairwise comparisons following Dunnett’s post-hoc test, or 

unpaired t-tests. Data are presented as Mean ± SEM. Significance was set as * for p-

value < 0.05, ** for p-value < 0.01, *** p-value < 0.001, and **** p-value < 0.0001. A 
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summary of tests used, number of replicates, and p-values can be found in Methods 

Table 3. 
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Graphical abstract 

	

Pharmacogenomic	screening	identifies	and	repurposes	dyclonine	and	leucovorin	as	pro-	

oligodendrogenic	 and	 pro-myelinating	 compounds.	 Schematics	 of	 the	 pharmacogenomic	

approach	leading	to	the	identification	of	small	bioactive	molecules	(compounds)	with	potential	

pro-	oligodendrogenic	activity,	followed	by	the	in	vitro	validation	of	the	top	compounds	using	

neural	 and	 oligodendrocyte	 progenitor	 cell	 (OPC)	 cultures	 as	well	 as	 organotypic	 cerebellar	

explants.	The	 therapeutic	 efficacy	of	 the	 top	 two	 compounds,	 leucovorin	 and	dyclonine,	 both	

approved	by	the	Food	and	Drug	Administration	(FDA),	was	assessed	in	vivo	using	two	clinically	

relevant	mouse	models	of	myelin	pathologies.	In	the	neonatal	hypoxia	mouse	model,	mimicking	

some	aspects	of	preterm	brain	injury,	both	leucovorin	and	dyclonine	promoted	neural	stem	cell	

(NSC)	differentiation	into	OPCs	and	OPC	proliferation,	with	leucovorin	additionally	restoring	the	

density	of	myelinating	OLs	 found	 in	normoxic	 conditions.	 In	 an	 adult	 focal	 de/remyelination	

mouse	model	of	multiple	sclerosis,	both	compounds	significantly	improved	lesion	repair	in	adult	

mice	by	promoting	OPC	differentiation	while	preserving	the	pool	of	OPCs,	and	by	accelerating	

myelin	 debris	 clearance	 and	 shifting	 microglia	 from	 pro-inflammatory	 to	 pro-regenerative	

profiles.	

	

	



162 

	

Figure	1.	In-silico	strategy	to	generate	oligodendroglial-enriched	gene	sets	and	their	use	

in	pharmacogenomics	to	identify	new	hub	genes.	(a)	Use	of	both	bulk	and	single-cell	RNA-seq	

datasets	from	different	brain	cell	types	and	oligodendroglial	stages,	together	with	transcriptomic	

comparison	 of	 dorsal	 (gliogenic)	 vs.	 ventral	 (neurogenic)	 neonatal	 forebrain	 progenitors	 to	

identify	gene	sets	enriched	either	in	progenitors,	more	mature	cells,	or	both,	depicted	as	circles	

indicating	the	number	of	genes.	(b)	Heat	map	showing	the	differential	expression	of	the	3372	

gene	set	in	different	neural	cell	types.	(c)	Top	gene	ontology	biological	processes	related	to	the	

3372	genes.	(d)	Schematics	representing	the	interrogation	of	the	SPIED	platform	with	the	3372	

genes	 to	 identify	 hub	 genes	 correlated	 (positive	 hub	 genes)	 or	 anti-correlated	 (negative	 hub	

genes).	Note	that	most	of	the	positively	correlated	hub	genes	are	included	in	the	3372	gene	set,	

whereas	only	a	few	of	the	anti-	correlated	ones.	(e,	f)	Heatmap	visualization	of	the	expression	of	

correlated-	(e)	and	anticorrelated-	hub	genes	(f)	in	different	brain	cells	indicates	that	most	of	the	

correlated	 genes	 are	 expressed	 in	 oligodendroglia	 while	many	 anticorrelated	 hub	 genes	 are	

enriched	in	microglia,	astrocytes,	and	endothelial	cells.	
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Figure 1 extended data 1. Summary scheme of the screening strategy and compound 

selection process. Schematics representing the in-silico (top) and wet-lab (bottom) 

strategies. In-silico bioinformatic strategy allowed the generation of a large oligodendroglial 

transcriptional signature (steps 1-3) and gene hubs of the oligodendroglial gene-networks 

(step 4) used to generate a list of compounds with putative pro-oligodendrogenic and 

(re)myelinating activities (step 5). Compounds were ranked by their large pro-

oligodendrogenic activities through expert curation of their regulated target genes (steps 6-

8), and then by their pharmacological properties (step 9), with a final selection of the top 11 

compounds. Wet-lab strategy to assess the pro-oligodendrogenic activity of the selected 

compounds in the culture of neural progenitor cells (step 10) and OPCs (step 11), resulting in 

6 compounds being selected for further activity assessment in ex vivo cerebellar explant 

cultures (step 12). Finally, the top two compounds were used in vivo in a model of preterm 

birth injury (neonatal hypoxia, step 13) and a model of adult de/remyelination (step 14). 

Numbers in grey circles indicate the different steps of the project as detailed in the main text.	
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Figure 2. Expert curation ranking and selection of small molecules. (a) Table illustrating 

the scoring of selected genes for their regulation in different oligodendrogenesis processes 

(positive in green or negative in red), based on bibliographic curation of functional studies. (b) 

Curated genes subsets promoting (green) or inhibiting (red) each oligodendrogenesis 

process. (c) Using both curated and oligodendroglial-enriched gene sets to interrogate the 

SPIED platform and generate a list of small molecules /compounds regulating their 

expression. Shared compounds were then ranked by the scoring of their curated gene 

signatures, in order to select 40 compounds with novel pro- oligodendrogenic transcriptional 

activity. (d) Table listing the top 11 small molecules (Sm) alongside two positive controls (T3 

and clemastine) exemplifying some of their curated gene targets and their corresponding 

scoring values (green: positive, red: negative) for each oligodendrogenesis process. (e, f) 

Barplots illustrating the score of selected compounds in the differentiation (e) and myelination 

(f) processes, respectively. (g) Table and (h) schematics illustrating the pharmacological 

filtering criteria (BBB permeability, mutagenicity, reprotoxicity, cardiotoxicity, etc.) used to 

select the top 11 compounds. Green to red gradient highlights the probability values from 

positive to negative activity on each pharmacological parameter. BBB: Blood-Brain-Barrier, 

hERG: ether-a-go-go related gene potassium channel. 
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Figure 2 extended data 1. OligoScore, a new web resource to evaluate gene sets for 

their involvement in oligodendrogenesis. Schematics illustrating the OligoScore resource, 

a curation strategy currently encompassing over 430 genes and 1000 publications that report 

the functional implication (either by loss-of-function or gain-of-function experiments) of a given 

gene in each aspect (process) of oligodendrogenesis (i.e., specification, proliferation, 

migration, survival, differentiation, myelination, and remyelination). Detailed statistics 

obtained either from queries using either (1) a gene set (i.e, list of genes) or (2) a list of 

deregulated genes (i.e, genes and logarithmic fold-changes, logFC) are provided as barplots. 
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Figure 2 extended data 2. OligoScore validation using expression and deregulated 

transcriptional signatures. (a-d) Querying of OligoScore with genes enriched in OPC vs. 

myelinating OLs (mOLs), and vice versa, using either (a) postnatal purified brain cell 

transcriptomes (Zhang et al., 2024) or (c) oligodendroglial single-cells transcriptomes 

(Marques et al., 2016, 2018; see also Methods and OligoScore_validation_tables file). In both 

cases, OligoScore highlights that while OPC gene programs are involved in several processes 

of oligodendrogenesis, including specification, proliferation, migration, differentiation, and 

myelination (a, c), mOL-enriched genes are mainly involved in differentiation and myelination 

(b, d). (e, f) Querying OligoScore (genes and fold-changes) with genes dysregulated in OPCs 

upon a genetic (postnatal day 7 OPCs with an induced knockout for Chd7, compared to 

controls; Marie et al., 2018), or an environmental (P10 OPCs in the systemic IL1β- mediated 

neonatal neuroinflammatory model, Schang et al., 2022) perturbation. This analysis highlights 

the deregulated processes identified in these studies, such as reduced survival, and 

differentiation of Chd7 iKO OPCs (e), and increased proliferation and reduced differentiation 

of OPCs in the IL1β-model (f). 
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Figure 3. Pro-oligodendrogenic activity of small molecules in neonatal neural 

progenitor cultures. (a) Schematics representing the protocol of neurosphere-derived neural 

progenitor cell cultures and small molecule administration. (b) Representative images 

illustrating the immunodetection of neurons (ß- III-tubulin+ cells, red), astrocytes (GFAP+ 

cells, blue), and oligodendroglia (PDGFRα+ OPCs and CNP+ OLs, green) in vehicle vs. Sm11 

treated cultures after 2 days of differentiation. Note the increase of oligodendroglial cells in 

the Sm11-treated condition. (c-g) Quantifications showing the increase of oligodendroglial 

cells (PDGFRα+ and CNP+ cells) in cultures treated with each of the selected compounds, 

but not upon T3 and clemastine treatment (c), no changes in the number of astrocytes 

(GFAP+ cells) (d), neuronal cells (β-III-tubulin+ cells, e), or in cell density (f), with an increase 

in cell differentiation (more cells labeled by any of the markers and less DAPI-only cells) for 

most selected compounds (g). (h) Representative images of the immunofluorescence for 

Sox10high (iOLs, green) and DAPI (blue) illustrating the increase in treated cultures (Sm5) 

compared to vehicle cultures after 2 days differentiation. (i) Quantification showing the 

increase of Sox10high cells in most compound-treated cultures, including T3. Data are 

presented as mean ±SEM of fold change normalized to vehicle. N> 5 replicates. *p < 0.05; 

**p < 0.01; ***p < 0.001. Statistical analysis used linear mixed-effects models followed by 

Type II Wald chi-square tests (ANOVA). Scale bars: b, 20 μm; h, 50 μm. 
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Figure 3 extended data 1. Dose effect of compounds’ pro-oligodendrogenic activity in 

neonatal neural progenitor cultures. Quantifications of Sox10high cells (iOLs) in cultures 

treated with compounds at 250nM (N=4), 500nM (N=3) and 750nM (N=6), showing the best 

effect at 750nM. Data are presented as mean ± SEM of fold change normalized to vehicle. *p 

< 0.05; **p < 0.01; ***p < 0.001. Statistical analysis used linear mixed-effects models followed 

by Type II Wald chi-square tests (ANOVA). 

 

 

 

 

 

 

 



173 

 



174 

Figure 4. Cell-autonomous effect of selected compounds in OPC differentiation. (a) 

Schematic representing the protocol of OPC purification, culture, and compound treatment. 

(b) Representative images illustrating the immunodetection of OPCs (PDGFRα+ cells, 

magenta) and differentiating OLs (MBP+ cells, green). (c, d) Quantification of the number of 

OPCs (PDGFRα+ cells, c) and number of OLs (MBP+ cells, d) per mm2 in different treated 

conditions, showing that most compounds present a significant increase in the number of 

differentiating OLs compared to the vehicle treatment. Data are presented as mean +/- SEM 

from 3 independent experiments. * p <0.05, ** p <0.01. ANOVA with Dunnett’s post hoc test. 

Scale bars: 20 μm. 
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Figure 4 extended data 1. Automatic quantification of OPC differentiation cultures. (a) 

Representative image illustrating the immunodetection of OPCs (PDGFRα+ cells, magenta) 

and differentiating OLs (MBP+ cells, green) together with nuclear DAPI staining (grey) from 

OPC differentiation cultures, used to illustrate automatic segmentation and quantification 

shown in following panels. (b) Image illustrating with yellow masks the segmentation of DAPI 

nuclei (grey) used for automatic quantification. (c-h) Images illustrating with cyan masks the 

automatic identification of OPCs, DAPI nuclei having PDGFRα labeling (magenta), and with 

orange marks the identification of OLs, DAPI nuclei having MBP labeling (green), shown with 

(c, e, g) or without the DAPI channel (d, f, h), and showing PDGFRα and MBP labeling 

together (c, d) or as separate channels (e-h) to facilitate mask visualization. 
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Figure 5. Selected compounds promote oligodendrocyte differentiation and 

myelination ex vivo in cerebellar explant cultures. (a) Schematic illustrating the protocol 

of the cerebellar explant culture model and timing of compound administration. (b) Images of 

explants illustrating effects of compounds (Sm5, Sm11, and T3) on oligodendrocyte 

differentiation by immunodetection of Sox10+ oligodendroglia (red) and CC1+ OLs (blue). (c) 

Quantification of the differentiation index (SOX10+CC1+/SOX10+ cells) showing an increase 

following treatment with Sm1, Sm2, Sm5, Sm11, and clemastine compounds. (d) 

Immunofluorescence of explants illustrating compound effects (Sm5, Sm11, and T3) on 

myelination of Purkinje axons by immunodetection of CaBP+ axons/cells (green) and MBP 

(pink). (e) Quantification of the myelination index (surface MBP+ CaBP+/ surface CaBP+) 

showing an increase following treatment with Sm2, Sm5, Sm11, and T3 compounds. Data 

are presented as mean ± SEM. N= 5 independent experiments (1-3 confocal acquisitions for 

each cerebellum). *p < 0.05; **p < 0.01; ***p < 0.001. Statistical unpaired bilateral Wilcoxon 

Mann Whitney test. Scale bars: 100μm. 
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Figure 5 extended data 1. Automatic quantification of differentiation and myelination 

index in ex vivo cerebellar cultures, with a ranking of selected drugs for their pro-

oligodendrogenic effects. (a) Illustration images of the automatic quantification approach to 

obtain the myelinating index (as optimized in Baudouin et al., 2021). (b) High magnification 

images illustrating the overlap between myelin, MBP immunodetection (magenta), and 

Purkinje neuronal axon immunodetected with CaBP antibody (green). Examples of 

myelinated- (blue arrows) and non-myelinated (yellow arrowheads) axonal segments are 

indicated in the lower panel. (c) Table integrating and ranking the effects of selected 

compounds on oligodendrogenesis. Biological effects of the small molecules and positive 

controls (T3, clem) determined through in vitro and ex vivo systems allow ranking them for 

their pro- oligodendrogenic activity to select the top two candidates for in vivo analysis. Data 

are presented as fold change compared to their respective vehicle. diff: differentiation; NA: 

not assessed; Clem, clemastine. 
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Figure 6. Dyclonine and leucovorin promote oligodendroglial regeneration in a mouse 

model of preterm birth brain injury. (a) Schematic illustrating the workflow used to assess 

the capacity of dyclonine and leucovorin to promote OPC proliferation and rescue OL 

maturation following neonatal chronic hypoxia. (b) Images of dorsal SVZ at P13, delimited by 

DAPI counterstaining, showing Olig2 and EdU immunodetection in brain sections of control 

animals (i.e., normoxic) and following hypoxia and dyclonine treatment. (c) Quantification of 

EdU+ cell density (i.e., proliferative cells) in the dorsal SVZ at P13, illustrating the increase in 

proliferation observed following hypoxia with or without treatment. (d-f) Olig2/EdU 

immunodetection and corresponding quantifications showing that dyclonine and leucovorin 

increase (d) the ratio of proliferative OPCs (Olig2+EdU+ cells) and (f) the OL fate of EdU+ 

cells in the dorsal SVZ at P13. (g) Olig2 and CC1 immunodetection and quantification (h) 

showing that dyclonine and leucovorin rescue OL differentiation (CC1+ cells) following 

neonatal chronic hypoxia within the cortex at P19. (i) Olig2 and GSTπ immunodetection and 

quantification (j) showing that only leucovorin rescues the density of myelinating OLs (GSTπ+ 

cells) following hypoxia within the cortex at P19. (k) Heatmap representations depicting 

quantifications of Olig2+/GSTπ+ cell density in distinct regions of P19 coronal brain sections. 

Note the reduced density induced by hypoxia (Hx) in most brain regions with a pronounced 

effect in the thalamus and hypothalamus, compared to normoxic (Nx) control brains, and the 

rescue of Olig2+/GSTπ+ cell density following leucovorin (Hx + Leuc.) but not dyclonine (Hx 

+ Dycl.) treatment. (l) Quantification of Olig2+GSTπ+ cells in the hypothalamic lateral zone of 

P19 animals confirming that leucovorin, but not dyclonine, treatment rescues the reduced 

density of hypoxic animals. (m) Quantification of the ratio between MBP immunodetection 

(shown in Fig. 6 extended data f, g) and GSTπ+ cell density showing an increased myelination 

per mOL in dyclonine- treated animals. Dyc., dyclonine; Leuc., leucovorin; Data are presented 

as Mean ± SEM. *p < 0.05; **p< 0.01; ***p < 0.001, n.s., non-significant; scale bars: 100 µm 

in b, 10 µm in e; 20 µm in g and i. 
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Figure 6 extended data 1: Dyclonine and leucovorin promote oligodendroglial 

regeneration in a mouse model of preterm birth brain injury. (a) Schematic illustrating the 

workflow used to assess the capacity of dyclonine and leucovorin to promote OPC 

proliferation and rescue OLs maturation following neonatal chronic hypoxia. (b, c) Olig2 

immunodetection and quantification showing that the density of OLs is not changed by 

hypoxia nor by treatment within the cortex at P19 (c). Quantification was performed via 

automated detections (QPath) as illustrated by the mask used for cellular segmentation in the 

third illustration (mask). (d, e) Illustrations validating the use of CC1 and GSTπ markers to 

identify OLs and mature/myelinating OLs respectively. Note that during OL differentiation, 

immature OLs (labeled with GFP) present a stellar morphology and are positive for CC1 but 

not for GSTπ (d), while mature/myelinating OLs having myelin segments co-express CC1 and 

GSTπ (e). (f, g) Representative images illustrating myelination by MBP immunodetection in 

the hypothalamic lateral zone, showing no difference between groups at P19 (f) and 

quantification of MBP immunofluorescence in this zone is represented in arbitrary units (A.U.) 

(g). N≥ 4; Data are presented as Mean ± SEM. Scale bars: 100 µm in b left panel, 20 µm in b 

right panel, and f; e; 4 µm in d and e. 
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Figure 7. Dyclonine and leucovorin promote both OPC proliferation and differentiation 

in a mouse model of adult demyelination. (a) Schematics illustrating the protocol for LPC 

demyelination in the corpus callosum, the timing of compound administration in drinking water 

and analysis. (b) Images illustrating the 4 oligodendroglial stages obtained combining 

Olig2/CC1/Olig1 immunofluorescence: OPCs (Olig2high/Olig1high), iOL1 (Olig2high 

/CC1high), iOL2 (Olig2high/CC1high/Olig1high) and mOLs (Olig2low/CC1low/Olig1low). (c-

e1) Representative images of Olig2/CC1/Olig1 immunofluorescence in the lesion site 

(depicted by the high cellularity with DAPI) in control mice (c,c1, N=13), dyclonine-treated 

(d,d1, N=14), and leucovorin-treated (e,e1, N=9) representative of the quantifications shown 

in f-i. (f-i) Quantification showing the increase in the density of Olig2+ oligodendroglia in 

dyclonine- and leucovorin-treated lesions (f), no changes in OPC density (g), the increase in 

iOL1 density only in leucovorin treated lesions (h), and the increased iOL2 density in 

dyclonine- and leucovorin-treated lesions (i). (j-l) Representative images showing the increase 

in proliferation (Mcm2+ cells, green) of OPCs (PDGFRα+ cells, red) in the lesion area in 

dyclonine-treated (k) and leucovorin-treated (l) compared to vehicle controls (j) (N=5 per 

group). White arrow indicates proliferating OPCs (PDGFRα+/Mcm2+ cells). (m) Quantification 

of the proliferating OPC density showing a 2-fold increase in the compound treated groups. 

(n) Quantification of the OL differentiation ratio showing 2 to 3 times differentiation increase 

in dyclonine- and leucovorin-treated lesions respectively. (o) Quantification of proliferating 

OPC density in a replicated experiment comparing with clemastine, showing that contrary to 

clemastine, both dyclonine and leucovorin increase the OPC proliferation density in the lesion. 

Dycl., dyclonine; Leuc., leucovorin; Clem., clemastine. Data are presented as Mean ± SEM. 

*p < 0.05; **p < 0.01; ***p < 0.001. One-way ANOVA statistical test. Scale bars: 20 μm. 
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Figure 7 Extended data 1. Dyclonine and leucovorin promote both OPC proliferation and 

differentiation in a mouse model of adult demyelination. (a) Schematics illustrating the 

protocol for LPC demyelination in the corpus callosum, the timing of compound administration 

in drinking water and analysis. (b) Quantification of drinking intake per day (ml) during 

treatment showing no difference between groups and thus confirming expected compound 

dose administration. (c) Single channel panels for the immunofluorescence in the lesion site 

identified by cell density (DAPI), microglia/macrophages (Iba1+ cells, red) and their 

phagocytic profile (CD68+ cells, green), and the reduction in myelin immunodetection (MOG, 

blue) in different treatment conditions. (d) Schematics illustrating the protocol of a replicated 

experiment to compare different doses of leucovorin and dyclonine, and clemastine as a pro-

oligodendrogenic positive control. (e-h). Quantification of Olig2+ oligodendroglial density (e), 

OPC density (f), iOL1 density (g) and iOL2 density (h) showing a similar increase at both 

doses tested of leucovorin and dyclonine in the density of oligodendroglia (Olig2+ cells), iOL1s 

(only increased by leucovorin treatment), and iOL2s. Note that clemastine induces a similar 

effect to dyclonine, with only leucovorin increasing the density of iOL1s. Dycl., dyclonine; 

Leuc., leucovorin; 2X Dycl. 2-fold dyclonine dose; 10X Leuc., 10-fold leucovorin dose; Clem., 

clemastine. Scale bars: 20 μm. 
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Figure 8. Leucovorin and dyclonine accelerate oligodendrocyte formation and remyelination 

in a mouse model of adult demyelination. (a) Schematics illustrating the protocol used for 

tracing OPCs and newly formed OLs by YFP-reporter induction prior to LPC demyelination by 

tamoxifen mediated Cre-recombination of a stop cassette in Pdgfra-CreERT; Rosa26stop-

YFP mice, followed by compounds’ administration in the drinking water and analysis at 10 

days post-lesion (dpl). (b) Quantification of the density of newly formed (GFP+) myelinating 

OLs (GST�+), showing that dyclonine and leucovorin, alike clemastine, increase the 

generation of remyelinating OLs compared to vehicle. (c) Quantification of the lesion volume 

indicating no major reduction at 10 dpl in treated animals. (d) Representative images of adult 

generated YFP+ immature OLs (Bcas1+ cells, blue) or myelinating OLs (GST�+ cells, red). 

(e) Electron microscopy images at 10 dpl illustrating the increase in mOLs (red arrows) 

identified by their typical ultrastructural traits (round- or oval-shape nucleus having densely 

packed chromatin and processes wrapping around) in compounds’ treated lesions compared 

to controls (Vehicle). Note that leucovorin-treated lesions have more frequent iOLs 

(arrowheads) in the lesion area, characterized by showing less densely packed chromatin. (f) 

Representative micrographs illustrating remyelinated axons in the lesion area in different 

treatments. (g) Scatter plot representing the quantification of myelin sheath thickness (g-ratio) 

per axon diameter in the lesion area of vehicle- (light grey), clemastine- (grey), dyclonine- 

(light blue), and leucovorin-treated (blue) animals indicating a tendency to increase myelin 

thickness (lower g-ratios) in compound-treated animals compared to vehicle, with leucovorin-

treated animals showing the strongest effect. (h) Violin plots quantifications of g-ratios in 

axons with different thicknesses indicating a significant decrease in g-ratio (thicker myelin) of 

axons above one micrometer in the lesion area of leucovorin-treated animals. A, astrocytes. 

V, vessel. Clem., clemastine; Dycl., dyclonine; Leuc., leucovorin. Data are presented as Mean 

± SEM. *p <0.05; **p<0.01; ***p < 0.001. One-way ANOVA statistical test. Scale bars: 20 μm. 
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Figure 9. Leucovorin and dyclonine accelerate myelin clearance and microglial transition from 

pro- inflammatory to a pro-regenerative profiles in a mouse model of adult demyelination. (a) 

Representative images of the lesion territory immunodetecting myelin debris with MBP 

(dMBP, red) and phagocytic microglia with CD68 (green), showing increased dMBP signal 

inside CD68+ cells in dyclonine- and leucovorin-treated lesions (yellow dots) and vs. more 

dMBP outside CD68+ cells (red dots) in vehicle-treated lesions at 7 days post-lesion (dpl). 

Right panel illustrate the mask of automatic quantification for CD68 and dMBP colocalization 

(red labels). Bottom panel are higher magnification images for dMBP dot visualization in 

different treated lesions. (b-e) Barplots and dotplots representing the quantification in the 

lesion of Iba1+ microglial area (b), CD68+ phagocytic area (c), myelin debris as percentage 

of dMBP area (d), and phagocyted myelin debris as the percentage of dMBP area inside 

CD68+ cells from the total dMBP area (e). Note the strong increase of phagocyted myelin 

debris within dyclonine- and leucovorin-treated lesions. (f) Representative pictures showing 

immunodetection of microglia/macrophages (CD68+ cells, green) in the lesion area 

expressing inflammatory markers (Cox2 in red, and iNOS in blue). (g-h) Quantification of the 

percentage of lesion area labeled by Cox2 (g) and iNOS (h) immunofluorescence, in 

dyclonine-treated (N=5) and leucovorin-treated (N=4) mice compared to vehicle (N=5). Note 

the decrease in the pro-inflammatory profiles of microglia in leucovorin and dyclonine-treated 

conditions. (i) Representative pictures showing immunodetection of microglia/macrophages 

(Iba1+ cells, red) in the lesion area presenting phagocytic (CD68+ cells, blue) and pro-

regenerative (Arg1+ cells, green) profiles. Note the increase in the pro-regenerative profiles 

of microglia in leucovorin and dyclonine-treated conditions. (j) Histograms representing the 

density of pro-regenerative microglia, in dyclonine-treated and leucovorin-treated mice 

compared to vehicle. Data are presented as Mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001. 

One-way ANOVA statistical test. Scale bars: 20 μm. 
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DISCUSSION 

 
 
Note that the global discussion of the manuscript below complements the one presented in 
the paper, avoiding redundancy. 

 

Bioinformatic identification of gene networks involved in oligodendrogenesis  
 

We successfully identified gene-sets involved in oligodendrogenesis through the selection of 

robust transcriptomic datasets generated on CNS cell types by different laboratories (Ben Barres, 

Gonzalo Castelo-Branco, Olivier Raineteau). We performed gene enrichment based on their level of 

expression, combined with differential expression from other brain cell types, which are also involved 

for OL development. Complementarity of those datasets is crucial, including different developmental 

stages and areas from germinal regions generating OLs. Nevertheless, this gene enrichment presents 

some limits and aspects that can be improved. First, the intermediate subset of 3372 genes was 

refined based on the CNS cell types expression (Y. Zhang et al. 2014), probably eliminating some 

transcripts differentially expressed in other cell types enriched during the second strategy. Thus, we 

also kept for further analysis the oligodendroglial lists of 1898 and 2092 genes, respectively expressed 

in precursors and postmitotic cells. Contrary to what one could have expected, the function of 

oligodendroglial genes expressed in precursors cannot be restricted to the specification process, 

because many genes involved during differentiation are already expressed on these cells, and seem 

upregulated at early stages to prepare for later processes. Secondly, we did not include datasets from 

humans or in the pathological context, due to difficulties in accessing neonatal tissue and lack of 

transcriptomic data at this stage and thus focusing on mammalian OL development. Thirdly, we did 

not performed meta-analysis by combining our data with genome wide oligodendroglia-specific 

binding (ChIP-seq) of key regulators (e.g Olig2, Brg1, Ascl1, Sox10 and Chd7) and their epigenetic 

marks (H3K27ac, H3K4me1, H3K4me3). Nevertheless, given the successful enrichment that we obtain, 

the idea to transpose this strategy for identifying genes expressed during neurogenesis seems 

promising, for repurposing treatments promoting neuroblast differentiation, or elicit quiescent NSC 

activation toward neuronal lineage in the context of neurodegeneration.  

  

Increase success rate of drug repurposing  

 

This work was facilitated using different user-friendly but expensive software (such as 

Pathway Studio, Elsevier), allowing generation and modelization of gene regulatory networks, study 
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of drug/gene interactions, obtention of hubs genes /small molecules catalogs, and gene ontology 

processes. However, these tools are mainly based on text mining, requiring in addition our knowledge 

on genetics and oligodendrogenesis to draw solid conclusions and decisions. For instance, we started 

our analysis using Pathway Studio (Elsevier), allowing us to build gene networks based on the 

literature through the known interactions between entities, but also constituting a bias for identifying 

new hub genes (e.g. APP was on top of the list because this gene is highly studied in the most common 

neurodegenerative disease). Concerning drug discovery, almost all of the queried drugs obtained 

using Pathway Studio were unknown, and did not permit integrating them in gene networks and 

concluding on their influence on a given gene network. On the contrary, we did not find this bias using 

co-expression datasets provided by the SPIED approach. However, this last type of data may include 

co-expression of genes involved in ubiquitous processes (e.g housekeeping β-actin, β-tubulin Gapdh, 

or cyclin family) that are essential for general cell development and not informative for identifying 

new candidates promoting oligodendrogenesis. The gene ontology (GO) analysis that we primarily 

used (e.g Metascape, Panther, EnrichR) were useful for investigating the the processes related in the 

obtained gene sets, but one need to be careful about the genes reported for each category, which 

are sometimes ubiquitous and not informative for a particular process (e.g Sox10 and Mbp are given 

involve in neurogenesis process). Moreover, GO tools are also updated through text mining and not 

often manually curated, and queries are mostly limited to 2000 genes, which are not enough for the 

main genes expressed by a cell. We found that EnrichR was one of the most useful tools, providing 

enrichment in gene ontologies (processes/ molecular pathways, cell types or diseases) and various 

sets of similarly expressed data associated with the queried gene-set (co-expression in GEO datasets, 

in cell types, in diseases, etc.). To evaluate the strength of our selected datasets, and to select the 

most promising drugs based on their regulated target genes, we established a strategy of gene 

curation of genes involved by loss-of-function (LOF) or gain-of-function (GOF) published studies in the 

different aspects of oligodendrocyte biology. Thus, we obtained a list of more than 400 genes 

regulating the different processes of oligodendrogenesis that we subdivided in specification, 

proliferation, migration, survival, differentiation, myelination, and remyelination. We are currently 

developing a Web-based interface for quick queries for the community. By using this tool, evaluating 

the functional implication of a given drug or a gene set in oligodendrogenesis becomes an easy task 

through the known aspects already reported by reliable studies. 
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Discover new hubs genes regulating oligodendrogenesis 
 

We identified a list of novel hub genes of significant interest for future functional discovery 

of new direct or indirect regulators of oligodendrogenesis. Particularly genes that are negatively 

correlated mostly expressed by microglial cells and related to the inflammatory processes, containing 

only 7 oligodendroglial curated genes out of 623 (e.g Arhgap5, Ash1l, Rest, Ppargc1a, Stat1, Rictor, 

Klf9). To identify new targets and regulators of inflammation, crossing the anti-correlated hubs genes 

that we identified with genes expressed in immune cells and contributing to MS pathology can bring 

new targets and regulators of oligodendrogenesis, in order to slow down OL vulnerability and myelin 

attack. In line with this approach, a study identified 200 single-nucleotide polymorphisms (SNPs) 

enriched in MS, particularly in B/ T cells, macrophages and natural killer cells involved during disease 

(Gresle et al. 2020). Interestingly, some of them are included among our anti-correlated genes list 

(e.g. SLC9A8, AVIL, AGBL2, IKZF1, CD37, TNFRSF14, SP140, CD5, CD6, CCDC88B). In the context of EAE 

(Falcão et al. 2018), 16 genes are expressed among the list of MHC susceptibility genes in microglia 

(e.g. RHOH, IRF8, AFF1, RREB1, CBLB, LPP, SLC9A8, CD48, ZC3HAV1, GRAP2, ATXN1, IKZF1, CD37, 

NLRC5, LCK, CCDC88B). Thus, inhibition of the anti-correlated genes SLC9A8 or CD37 may positively 

affect oligodendrogenesis in the context of inflammation. One of the weaknesses of the SPIED 

platform is that there are no indications about the strength of their regulation, even if they are 

statistically regulated. In our lab, we aim to focus on those lists of unknown correlated genes (54 

major known oligodendroglial curated genes are included inside the list of correlated hubs genes). To 

do so, we scored their potential through their level of expression, signaling regulated or diseases 

associated using different interfaces and databases (Castelo-Branco Lab, Linnarsson Lab, Zhang Lab, 

Genecards, Pubmed). Thus, we found a list of genes and regulators expressed in the oligodendroglial 

lineage potentially providing a list of new specific markers (such as Plekhb1 selectively and highly 

expressed during OL differentiation).   

  

Discover new small molecules promoting oligodendrogenesis 
 

Strategy to identify new drugs using SPIED is effective and validated for different applications, 

including a previous study from our collaborators (Azim et al. 2017). Moreover, most drugs that we 

found are related to CNS disorders (Parkinson, Alzheimer, epilepsy, neuro-inflammation), with 20% 

of them already identified to promote OL differentiation (e.g clemastine, thyroid hormone/ 

liothyronine, and quetiapine). However, the interface to understand how these drugs or hub genes 

are generated is very limited, particularly the algorithms behind levels of correlation obtained, which 

was the reason that we did not consider it as the most important parameter to select molecules, and 

gave priority to their target genes.  Unfortunately, we restricted our queries using SPIED to the drugs 
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provided by the connectivity map, which was the only interface providing regulated target genes. As 

previously described, our curated scoring strategy for target genes allowed us to select drugs by 

favoring genes associated with the differentiation process However, it is necessary to note that the 

interpretation of these target genes provided from SPIEDs is made on the basis of molecules tested 

from various cell types (human or animal) and not representative of the potential direct activity in 

oligodendroglia. We can nevertheless find a logic in the genetic response, through the activation of a 

set of oligodendrogenic processes (activation of a set of genes involved in myelination or 

differentiation). For this reason, we are currently evaluating the direct transcriptomic changes 

induced by the molecules directly in acute purified oligodendroglial cells (see perspectives). We will 

then be able to validate the majority of the signatures predicted by SPIED, and possibly provide new 

mechanisms or pathways regulating oligodendrogenesis.  

In order to select the most interesting molecules, our collaboration with pharmacologists 

allowed us to analyze their pharmacokinetic and pharmacodynamic properties, also including their 

capacity to enter the CNS through the BBB, their potential side effects and toxicity risks. We 

systematically eliminated those already known to promote any aspect of oligodendrogenesis, or 

having evidence of toxicity. Despite the fact that some of them are poorly documented in the 

literature (e.g. heptaminol, meticrane, folinic acid), we found molecules mostly regulate 

oligodendrogenic pathways described chapter 4 (e.g muscarinic, histamine receptors), and also shows 

neuroprotective and anti-inflammatory properties. These molecules may therefore be of differential 

interest depending on the context, but the possibility that a molecule combine pro-oligodendrogenic 

and anti-inflammatory properties will increase their attractiveness and success rate for application in 

MS or PTB. One of the closely related molecules of the calcium folinate that we selected is folic acid, 

with several evidence of its action on oligodendrogenesis. Indeed, folic acid deficiency correlates with 

myelination defects and MS pathology, and regulation of folate metabolism was found to regulate 

oligodendrogenesis  (Weng et al. 2017). In spite of closely related molecular structures, there is no 

enzymatic conversion between folic acid and calcium folinate, being a non-natural active form. Given 

the strong capacity of this molecule to promote oligodendrogenesis that we found with our models, 

we can wonder ourselves what is the contribution of supplemented calcium in the formulation of 

leucovorin, given the involvement of calcium signaling in oligodendrogenesis (discussed in chapter 4). 

Indeed, it has been shown that specific deletion of calcium-sensing receptors induces a significant 

decrease in myelin basic protein levels in the cerebellum during mouse development. 
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Validation of the pro-oligodendrogenic activity using in-vitro and ex-vivo 

models 
 

To directly assess the pro-oligodendrogenic activity of these selected small molecules, we use 

different systems allowing us to evaluate at different levels of cellular complexity their efficiency. 

Using neonatal cultures of NSCs, we found that most of the drugs promote oligodendrogenesis 

without affecting the generation of neurons and astrocytes, a crucial step of selection taking into 

account interaction between these neural cell types and oligodendrogenesis, and that the neonatal 

period is still very active in the generation of the three neural cell types. In contrast, we found drugs 

decrease NSCs numbers while in parallel increase the number of differentiating cells 

In contrast, we found drugs decrease NSCs numbers while in parallel increasing the number 

of differentiating cells. Therefore, we suggest that drugs may increase NPC activation and promote 

cell cycle exit to differentiate. Another possibility is that drugs increase proliferation of neuroblasts 

or OPCs, thus increasing CNS numbers. Thus, to verify this hypothesis, we can test if drugs regulate 

their quiescent state through detection of EGFR signaling, demonstrated to be sufficient to stimulate 

qNSC cell cycle entry, or to use NSCs expressing a GFP reporter for Nestin (Cochard et al. 2021). 

Interestingly, we found that thioperamide (sm9) and folinic acid (sm11) also promote neurogenesis, 

which increases the number of neuronal cells, but we did not have time to study this in more detail. 

In agreement with our results, thioperamide has been recently reported to increase the amount of 

neuroblast in a dose-dependent manner, both in the subventricular and subgranular zone, and to 

have neuroprotective properties (Liao et al. 2019; N. Wang et al. 2020). Therefore, these molecules 

potentially present a double interest by promoting both neurogenesis and oligodendrogenesis. The 

comparison between their target genes can provide new understanding on the genetic mechanisms 

involved in the genesis of these neural cell types.  

One of the major problems that we met using this in vitro system, despite the efforts to 

standardize our protocol, was the variability. Indeed, several parameters change the development of 

the cell such as cell density, batches in the media used, edge effects, incubator, or mouse litter. 

Moreover, we had to limit the number of replicates analyzed due to its time-consuming methodology 

and impossibility to perform automatic quantification on these cell types (manual quantification of 

the 3 cell types including up to 5 fields per condition, 1000 cells). We therefore adapted the statistical 

analyses with the advice from statisticians, by applying a respective contrast matrix to the vehicles, 

taking into account the repeated effects of a measure within each independent experiment, before 

applying an ANOVA analysis.  

To explore compound effects, we roughly examined dose response relationship with 

compounds using a drug concentration range (250nM, 500nM, and 750nM) usually apply on the other 
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drug screenings, and to avoid possible drug cytotoxicity (Feng Mei et al. 2014; Najm et al. 2015; 

Eleuteri et al. 2017). However, we may have ruled out an optimal effect at higher concentrations, or 

on the contrary saturated our system with compounds effective at few nM that can alter another 

process regulating oligodendrogenesis (e.g survival, morphology). This is the case for clemastine or 

benztropine, effective at 500nM but promoting differentiation as low as 10 nM (Feng Mei et al. 2014).  

Finally, we excluded some molecules because they were reported to be patented for a similar 

application: thioperamide (sm9; US 10493080 B2; US 2003/0113309 A1), melatonin (sm3; WO 

2019/246262 A2; EP 2691086 B1; (Ghareghani et al. 2017), trihexyphenidyl (sm10, US 2019/0336490 

A1), naringenin (sm4, US 2015/0037263 A1; US 2006/0025337 A1), hydroxyprogesterone (sm8, 

medrysone, US 9446051 B2; US 2014/0011791 A1). Thus, we considered those molecules as positive 

controls for in-vitro NPCs experiments, confirming our strategy and preliminary results obtained. We 

analyzed their effect specifically into the oligodendroglial lineage, particularly on the maturation 

process using purified cultures of OPCs, and we found a clear increase in their morphology, suggesting 

their effect on OL maturation, at a similar or higher level compared to thyroid hormone (excepted for 

sm7, levonorgestrel). Nevertheless, this direct contribution on OPC purified cultures does not rule out 

the possibility of also indirectly impacting oligodendrogenesis through stimulation from other cell 

types (found using NSCs). We did not restrict our analysis to these limited in-vitro models in the study 

of cellular interactions, especially to assess changes in immune cells activity in response to the 

molecules.  

To reduce the risk of translational failure in humans, we have complexified our level of 

analyses by using an ex-vivo model of organotypic neonatal cerebellar slices, convenient to examine 

the pro-myelination activity of this molecules, also taking in account the influence of microglia, even 

though we did not look for their activity here. Therefore, this model allowed us to restrict our 

selection to two molecules, dyclonine hydrochloride and calcium folinate having higher effects in the 

differentiation and myelination indexes. Heptaminol is also of great interest to promote 

oligodendrogenesis, but restricted ourselves to these two compounds for in vivo experiments. 

 

Validation of the pro-oligodendrogenic activity of the drugs in the pathological 

context 
 

We next analyzed dyclonine hydrochloride and calcium folinate effects in-vivo through the 

induction of demyelination in adults and chronic neonatal hypoxia. We rule out potential side effects 

and predicted concentration based on literature, pharmacological datasets and from a limited range 

of experimental analysis. Nevertheless, not knowing the half-life of these molecules, we have limited 

this risk by adding daily-resuspended molecules in the medium of the cells, or in the drinking water 
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of the animals. First, this in-vivo system allowed us to validate the potential of these molecules to 

cross the blood-brain barrier. In spite of a clear variability in the size of the lesions, we were able to 

quantify the impact of the molecules on the OL lineage in the context of lesions. It was not possible 

to quantify differences in remyelination at 7 days post-lesion through the measurement of MOG, a 

process that can be quantified over longer periods. From 10 days onwards, we could have detected 

an initiation of these changes, but the effect on differentiation and detection of the iOL2 population 

would have been less detectable, as the majority of new immature OLs will become mature, joining 

those that have survived to the demyelination.  

Interestingly, unlike the majority of actual candidates (e.g clemastine or T3), we found that 

dyclonine and calcium folinate promote OL differentiation and maintain OPC proliferation in lesions, 

that may correlate with regulation of targeted genes involved during proliferation (Sm5: Gria1, Sox2, 

Mki67, Cdk1, Klf9, Mcm7; Sm11: Olig2, Mcm5, Gria1, Mki67, Mcm3). We can note that major 

receptors involved in OPC proliferation including PDGFRa or EGFR� are not regulated, maybe also 

explaining their effect on keeping the balance between proliferation and differentiation. In 

comparison with T3, only proliferation genes OLIG2 and SOX2 are regulated, and their inhibition may 

explain the negative effect on proliferation (or absence of promotion). On the other hand, their pro-

oligodendrogenic effect that we found in this model of adult myelin insult is consistent with those 

obtained by our collaborators using the chronic neonatal hypoxia model. This model, mimicking 

changes of oxygen concentration faced by the preterm births, induces a partial but significant deficit 

in OL differentiation. Remarkably, Sm5 allows beyond normoxia to promote OL differentiation, this 

period of development being more favorable and reactive to differentiation signals. However, 

compared to our adult model of demyelination, there are differences in their ability to regulate the 

number of oligodendroglial cells at this stage through the proliferation. Indeed, the hypoxia model 

does not detect changes in Olig2 cell numbers, although assays combining proliferation (EdU) are 

under quantification. Differences in oligodendroglial cell numbers may suggest a different capacity to 

respond to the molecules depending on the stage. These differences can be explained at 3 weeks in 

mice by a preponderant pro-differentiation signaling. Indeed, this model induces a small activation of 

these cells, currently being characterized by our collaborators, accompanied by changes in their 

morphology. Interestingly, we detected variations in the immune populations (microglia and 

macrophages) and a reduction in the population of active phagocytic cells, suggesting an acceleration 

of the repair process, which is currently under characterization (see perspectives). Contrary to the 

lysolecithin induced demyelination, the EAE model is more adapted to study drug effects in the 

context of inflammatory levels found in MS.  
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Through this study, we were able to identify a catalog of compounds potentially promoting 

oligodendrogenesis, as we had to restrict our study to 11 molecules, while many others sur as 

heptaminol could also produce similar or higher effects found with sm5 and sm11, particularly for 

combined anti-inflammatory and pro-regenerative regulation in the pathologic context. We have now 

been able to repurpose two FDA-approved molecules as candidates for myelin diseases, while waiting 

to be able to characterize the effect of heptaminol in these models as well, and to complete our study 

with other approaches (see perspectives). 

 

Regulation of the molecules on the oligodendroglial lineage  

 

         Contrary to the majority of the most promising molecules identified for  promoting 

(re)myelination (e.g. clemastine or T3), there are actually very few treatments able to promote both 

aspects. Among those discussed in the pharmacological section, stimulation of kappa opioid receptors 

(e.g. Methadone and Buprenorphine), progesterone, testosterone, IGF, erythropoietin or prolactin 

are for instance able to promote differentiation, maturation as well as proliferation (or without 

negatively affecting this process). Thus, T3 and clemastine do not maintain a pool of precursors 

necessary for the maintenance of oligodendrocyte lineage during life. Given the significant side 

effects identified with T3, in particular an increased risk of hormonal dysregulation in pediatric use, 

combination with T3 is not preferable with one of our molecules for further clinical examination. Thus, 

the ability of Sm5 and Sm11 to promote these myelinating and proliferative aspects do not require a 

combined use. 

Sm5 and Sm11 present a dual effect on oligodendroglial proliferation and differentiation, 

depending on the developmental context, particularly at the adult stage in the context of 

demyelination. While the neonatal hypoxia model does not detect an increase in OPCs proliferation 

levels in response to Sm5 and Sm11 treatments at 3 weeks of development, we observe a significant 

increase in the proportion of proliferative OPCs in the context of adult lesions. Therefore, the 

response to pro-differentiation signals is predominant over differentiation signals at 3 weeks of 

development. In the adult and in the context of lesions, the recruitment of OPCs combined with the 

induction of their proliferation and maturation defect can explain an increased response and 

sensitivity to proliferative signals. Moreover, the effect on OPC proliferation observed in-vivo in adults 

could be indirectly regulated via stimulation from other cell types (e.g neuroprotective effect and 

release of BDNF or IGF1).  In our in-vitro purified neonatal OPC cultures, the regulation maturation is 

direct in response to Sm5 and Sm11, but we did not find any changes in the proportion of OPCs in 

response to drug treatment. Although we quantified an increase in oligodendroglial specification from 



201 

our NPC culture, we did not distinguish precursors from mature cells. Thus, potential effect of Sm5 

and Sm11 on proliferation status should be determined by quantifying the number of PDGFR⍺+ cells 

expressing the proliferative marker MCM2. At the transcriptional level, we have selected molecules 

promoting genes involved and expressed during OL differentiation. Thus, the direct effect of the 

molecules must therefore be perceived and validated at the transcriptional level (see perspectives).  

 

Interest of drug repurposing 

 

With Neorepair, funded by the French National Research Agency (ANR), we propose new 

therapeutic candidates promoting brain repair in the context of PTB and MS (technology readiness 

level, TRL 1). This project has a potential positive impact on health, society (reinforce integration of 

patients) and on the economy (cost reduction of healthcare services). These molecules that we 

identified using an in-silico pharmacogenetic approach (TRL 2) were functionally validated for their 

pro-oligodendrogenic potential in various experimental conditions and models (in-vitro and ex-vivo, 

TRL 3). After having validated the TRL 4 phase (experimental proof of concept demonstrated in-vivo 

on two pathological contexts), we filed a European patent and accelerated these technology transfer 

steps thanks to the iPEPs incubator of the institute, with the objective of accelerating the setting up 

of a clinical study (TRL 6). Indeed, the pre-clinical evaluation phase (TRL 5) of the compounds was 

carried out to evaluate and demonstrate the absence of toxicity and major side effects of dyclonine 

and folinic acid (compounds already FDA approved). Thus, if the two molecules are successful, we 

could expect a significant reduction in costs and delays in the level of technological advancement with 

an approximate duration of 4 to 5 years until the marketing phase and market introduction. This 

project has required, through our expertise and collaborations, many key activities: in-silico 

computational analysis, research and development, molecule repositioning, pharmacology, 

experimentation, molecule screening, intellectual property (patent and publications), 

communication. Therefore, their potential could allow to establish a licensing agreement with the 

pharmaceutical industry. 
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PERSPECTIVES  

 

Identify mechanistics through signaling pathways and targets genes regulated 

by dyclonine hydrochloride and calcium folinate 

Since these molecules have not been manufactured to target a defined process (receptor, 

molecule), understanding their mode of action is crucial. Given the fact that those two molecules are 

not well described in the literature, particularly their mechanisms explaining the regulation of 

oligodendrogenesis, understanding their mode of action and signaling regulation is crucial. Firstly, 

applying a reverse approach from the therapeutic to the fundamental can help us to understand how 

physiological development occurs in cells. Secondly, to predict possible side effects through 

dysregulation in signaling essential to the functioning of other cell types (e.g detrimental activity 

associated with trophic factors production such as GDNF could affect neuronal biology). Thirdly, we 

aim to validate the transcriptomic effect of these molecules predicted by SPIED, particularly the 

regulation of the pro-oligodendrogenic and pro-myelinating genes detected in other cell types. Thus, 

examination of their differentially expressed genes is currently on-going through RNA-sequencing 

performed in MACs purified OPCs cultures treated with calcium folinate and dyclonine during 2 days 

of differentiation. We will examine the ability of these compounds to regulate pathways involved 

during oxidation, survival, inflammation, and metabolism.  

Validation of drug targets and activity 

Given the role of folinic acid in the dihydrofolate (DHF) metabolic pathway, it would be 

important to validate the activity of the molecule on this pathway. The exogenous contribution of this 

molecule does not guarantee transcriptional changes associated with this target, and it would be 

more reasonable to validate drug effect at the proteomic scale by western blot performed on brain 

lysate. Another target activated downstream of this pathway is THF (tetrahydrofolate) also activated 

by folinic acid. Concerning dyclonine, the activation of the Nrf2 pathway and antioxidant responsive 

elements has been identified (Alessandra Rufini et al, 2022), as well as its inhibitory role on TRPV3 

channel (Qiang Liu et al, 2021). Thus, detection of the protein expression levels of Nrf2 and TRPV3 

would validate the biological activity of SM5.  

Examine the anti-inflammatory role of dyclonine hydrochloride and calcium 

folinate   
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Another main point that remains unexplored is drug anti-inflammatory activity, currently 

assumed from the regulation of inflammatory target genes, literature, and their ability to regulate 

microglial and macrophagic populations (Iba1/CD68). To investigate a potential anti-inflammatory 

role, we are currently evaluating astrocyte reactivity (GFAP+), microglial pro-inflammation (iNOS+), 

pro-regeneration (Arg1+), phagocytosis (CD68+) activity combine with Iba1 at 7 dpl. This effect should 

also be studied at other time points to follow the dynamic of the immune cell process in response to 

drug treatment (such a 3 and 10 dpI). On the other hand, LPC demyelination does not reflect MS 

disease state involving immune-mediation (Bieber, Kerr, et Rodriguez 2003), without behavioral 

phenotype and a lack of functional deficit that can be reversed by therapeutics as in the EAE-model. 

Thus, evaluating the efficiency of folinic acid and dyclonine hydrochloride in the context of EAE 

present a real interest for applications in MS, particularly for the ability to reverse severity and 

improve their clinical score. Finally, drug combination is something that we also have to consider in 

case of moderate or in the absence of anti-inflammatory effect, in order to combine drugs promoting 

oligodendrogenesis and anti-inflammatory processes (Bulusu et al. 2016). 

Complement our study in other animal models mimicking PTB alterations 

Our current model of chronic neonatal hypoxia mimics an aspect of PTB, particularly inducing 

defects in OL numbers and differentiation processes. Thus, through collaboration with the laboratory 

of Pierre Gressens and Olivier Raineateau, we will assess efficiency of the drugs in complementary 

mouse models resulting in dysmyelination but through distinct mechanisms involving inflammation 

or metabolic perturbation (intrauterine growth restriction), reproducing all histopathological features 

of the equivalent human conditions. Indeed, myelination and brain function are significantly altered 

in the model of fetal growth restriction, where pregnant dams are fed in an isocaloric 9% protein diet 

during their complete gestational period, thus affecting inflammation and cell cycle in both 

oligodendroglia and microglia (Novais et al, 2016). Moreover, a mouse model of perinatal systemic 

inflammation was optimized by Pierre Gressens laboratory, generated through repetitive 

intraperitoneal injections of recombinant IL-1� from P1-P5 in mouse pups, also inducing defects in OL 

differentiation and myelination, induced by microglia-mediated inflammation and caused by reduced 

Wnt-signaling in these cells (Steenwinckel et al, 2019). Thus, we will explore the capacity of the drugs 

to promote oligodendrogenesis through distinct mechanisms (proliferation versus maturation) and 

investigate their potential side effects on the other cell types (neurons and astrocytes) as well as on 

the long-term germinal activity of the forebrain.  

Validate drug activity on human cells 

We must also take into account that many treatments fail during the human clinical phase. 

This success is unpredictable, depending on the translational capacity between animal and human 
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models. Thus, to reduce the risk of failure in humans, we will provide the proof of concept that drugs 

have similar activities in human cells, using 3D cultures (i.e. forebrain organoids/assembloids) favoring 

human iPSCs differentiation into ventral and dorsal forebrain promoting oligodendroglia and myelin 

formation. Indeed, expertise in 2D and 3D NPC cultures mimicking human neocortical development 

have been optimized in our institute for generating brain organoids or assembloid by merging 

dorsalized (cortical, mostly glutamatergic neurogenesis) and ventralized area (providing interneurons 

and oligodendroglia). In order to assess the effects of sm5 and sm11 administration in 

oligodendrogenesis and myelin formation on human forebrain assembloids, drugs will be added to 

the medium from day 24 at the assembloid stage, continuously until the date of analysis (45 and 90 

days in culture). Organoids will be cryoprotected and cryosectioned to perform immunofluorescence 

for SOX10, MBP, and CNP to label respectively oligodendroglial lineage cells (SOX10), myelin sheaths 

(MBP, CNP), the cell body (CNP) and processes of mature oligodendrocytes (CNP, MBP). We will 

measure the proportion of oligodendroglial cells (SOX10+/DAPI ratio) versus the proportion of mature 

oligodendroglial cells (MBP+CNP+/SOX10+ ratio) at both stages at 45 and 90 days in myelination 

medium. Myelin thickness and the structural organization of myelinated axons into discrete 

subdomains can be used to assess the maturity of myelinated axons. Thus, we will assess myelinated 

axon organization by immunofluorescence analyses with CASPR/CLAUDIN-11 labeling the paranodes 

together with MBP to label the myelin (internodes). Increase in myelin volume will be assessed at the 

cell and organoid levels using MBP/CNP 3D reconstructions using BDNF as a positive control to foster 

myelin formation. DMSO (vehicle), BDNF and Clemastine (positive controls), and the two FDA-

approved drugs will be tested in parallel. Possible side effects of the treatment on other neural 

lineages will be addressed by immunostaining with cell-type specific markers (GFAP/S100�/Aldh1L1 for 

astroglia and Dcx/NeuN for neurons). We will also investigate drug effect at the transcriptomic level through 

single-cell RNA sequencing performed on cells dissociated from organoids at 7 and 14 days post-drug 

administration. Thus, we will study the different biological processes and molecular pathways 

impacted, as well as the kinetics of these changes. 

Translation in humans  

Although we are not yet in the stage to start a clinical study, the next steps mentioned above 

could lead quickly to this stage. The tolerability and toxicity evaluation steps having been completed 

for these two FDA approved drugs, we can now think about what a clinical study in humans would 

look like. Clinical trials of remyelination should preferably be performed on subjects in the early 

remitting and active phase and thus require stratification of patients according to their remyelination 

potential to test compounds in similar inflammatory conditions and reduce variability. Since the costs 

associated with a conventional study require highly expensive costs and numerous patients, thus a 

recruitment of 30 patients for each arm (placebo and treated) may be more reasonable. In addition, 
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the doses of administration and efficacy in humans have been determined, reducing the margin of 

error when choosing the treatment concentration. The evaluation of this study would make it possible 

by combining the evolution of clinical signs with quantification of remyelination in lesion sites using 

two positron emission tomography imaging. Several radiotracers can be used to detect myelin in 

imaging, including thioflavin [11C]-PIB identifiable within a short time window during remyelination. 

To detect an effect, the correlation between remyelinating voxels and clinical scales is an argument 

for the neuroprotective effect induced by remyelination in vivo (Ricigliano et al. 2022). Indeed, 

detection with magnetic resonance imaging to follow microstructural damage allows quantification 

of the changes in fractional anisotropy and mean diffusivity. In addition, several markers should be 

used to monitor BBB integrity and the activity of immune cells. Among them, TSPO including [18F]DPA 

is a macromolecular complex localized in the outer mitochondrial membrane mainly expressed by 

activated innate immune cells allowing their individual mapping.  
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RESUMÉ EN FRANÇAIS 

 

Les oligodendrocytes sont les cellules myélinisantes du système nerveux central, jouant un 

rôle crucial dans la régulation de la conduction saltatoire du potentiel d’action, le support trophique 

ainsi que dans le processus de plasticité neuronale. La (re)-myélinisation est perturbée chez les 

enfants prématurés et les patients atteints de sclérose en plaques, entraînant de graves incapacités. 

À ce jour, aucun médicament présentant une capacité de réparation convaincante chez l’homme n’a 

été approuvé pour ces pathologies. 

 

Dans ce contexte, nous présentons une stratégie d’identification pharmacogénomique de 

petites molécules bioactives ayant une large activité pro-oligodendrogénique, sélectionnées grâce à 

une stratégie d’évaluation de molécules candidates en fonction de leur impact sur les programmes 

transcriptionnels contrôlant l’oligodendrogenèse et la (re)myélinisation (OligoScore). Nous avons 

démontré l’activité pro-oligodendrogénique de ces composés in vitro, en utilisant des cultures de 

cellules progénitrices neurales et oligodendrocytaires purifiées, ainsi qu’ex vivo, en utilisant des 

cultures d’explants organotypiques de cervelet. 

 

Les deux molécules les plus prometteuses, l’acide folinique (leucovorine) et la dyclonine 

hydrochloride, ont été testées pour leur efficacité thérapeutique en utilisant un modèle murin 

d’hypoxie chronique néonatale, qui reproduit fidèlement certains aspects de la lésion cérébrale des 

prématurés. Dans ce modèle, les deux composés ont favorisé la prolifération et l’acquisition du destin 

oligodendroglial à partir des cellules souches/progénitrices neurales, avec la leucovorine promouvant 

également leur différenciation. Ces résultats ont été étendus à un modèle adulte de 

démyélinisation/remyélinisation focale de sclérose en plaques, dans lequel les deux composés ont 

amélioré la réparation des lésions en favorisant la différenciation des précurseurs oligodendrocytaire 

tout en maintenant le pool de ces cellules, et parallèlement, en accélérant la transition des profils 

microgliaux du statut pro-inflammatoires à pro-régénératifs et le nettoyage des débris de myéline. 

 

En conclusion, ces travaux ont permis de comprendre davantage les mécanismes 

fondamentaux du développement des oligodendrocytes à travers l'identification de nouveaux 

réseaux et de gènes clés, qui constituent de nouveaux candidats pour des études fonctionelles. 

D’autre part, le repositionnement in silico de la dyclonine hydrochloride et de l’acide folinique 

(leucovorine), toutes deux approuvées par la FDA et sélectionnées pour leurs propriétés 

pharmacogénomiques, associé à une validation expérimentale, constitue une stratégie prometteuse 

et une avancée significative dans la promotion de la réparation cérébrale au sein de diverses 

pathologies liées à la myéline, telles que la lésion cérébrale des prématurés et la sclérose en plaques.  


