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Introduction 
 
 

 

Between the end of the 19th and the beginning of the 20th century, many anatomists dedicated 

their work to the description of the main central nervous system cell types. From their observations, 

the major types of glia (astrocytes, oligodendrocytes and microglia) could be defined and some of their 

functions suggested. However, the limited amount of tools that they could use let them with only 

hypothetical answers to the question: “what is the function of glia?” (Ramón y Cajal, 1909). In the 

following decades and until the end of the 20th century, the field of neuroscience mainly focused on 

deciphering the function of the signaling units of the circuits, neurons. It is not until the beginning of 

the 21st century that technological advances allowed glial functions to be assessed more consistently. 

Seminal studies could notably demonstrate the role of glial cells in neurogenesis, cell migration, 

chemotaxis, metabolic support and insulation most of which had been suggested upon glia first 

observation (Somjen, 1988). As we have known for more than a century in the case of neurons, it is 

now becoming evident that each main population of glial cells is made of heterogeneous 

subpopulations that show functional diversity (Marques et al., 2016; Zhang et al., 2016; Li et al., 2019; 

Masuda et al., 2019; Bruggen et al., 2021).  

In the two last decades, it has been demonstrated that glial cells communicate with neurons and 

participate to their development and function throughout life. These communications are made 

through the secretion of molecular cues or directly by membrane to membrane contacts, and 

modulate neuronal survival, wiring, plasticity and activity (Marín-Teva et al., 2004; Parkhurst et al., 

2013; Squarzoni et al., 2014; Badimon et al., 2020). Lastly, growing evidence show that glial cell 

functions are also modulated by neuronal activity, and take part into the plasticity of the central 

nervous system by refinement of brain wiring with for instance, synaptic pruning or adaptive 

myelination (Schafer et al., 2012; Gibson et al., 2014). In pathological conditions, glial communications 

with neurons are disrupted and lead to neuronal dysfunctions. Recently, the development of cutting-

edge technologies allowed to demonstrate the role of neuronal activity in repair. These methods 

further give the opportunity to neuroscientists to assess how neuronal activity modulates neuroglial 

communication and promotes efficiently repair. Therefore, the study of neuroglial interactions 

through the lens of glial diversity and neuronal activity may pave the way for a better understanding 

of the central nervous system in development, homeostasis and pathology.  
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1. The nodes of Ranvier, domains alternating with myelin along the 

axon 

 

1.1  A brief history of myelinated fiber description  

 

In the mid-16th century, a physician considered as the father of the modern anatomy, Andreas 

Vesalius (1514-1564), distinguished for the first time the grey and white matter (Vesalius, 1543). In the 

beginning of the 18th century, Antoni van Leeuwenhoek (1632-1723), using the spinal nerve of a 

ruminant, discovered that nerve were made of “vessels of an indescribable fineness” with a diameter 

that is “a third larger than the canal” (van Leeuwenhoek, 1719). The description of the myelinated fiber 

was further refined by Felice Gaspar Fontana (1730-1805), who noted that elementary structures of 

the nerves were made of cylinders “endowed by an envelope in the shape of an outer sheath” 

(Fontana, 1781). In the first part of the 19th century, Christian Gottfried Ehrenberg (1795-1876) 

suggested a continuity between grey and white matter and specify for the first time that “nerve 

marrow”  strictly refer to the sheath and not the entire nerve fiber (Ehrenberg, 1833). Ehrenberg 

observations paved the way for Robert Remak (1815-1865) first description of the axon as a primitive 

band (Remak, 1836) followed by Theodor Schwann (1810-1882) who adopted Remark’s theory 

describing two types of fibers, white nervous fibers and grey fibers named organic fibers (Schwann, 

1839)(Figure 1A-B).  

In 1854, the German pathologist Rudolf Ludwig Virchow (1821-1902), proposed for the first 

time that the nervous system is comprised of an independent non-neuronal elements named neuroglia 

(Virchow, 1858). Although he did not associate it strictly to the nervous system, Virchow also coined 

the term of myelin that derives from the Greek term myelos standing for “marrow”. Only in 1872, 

Louis-Antoine Ranvier (1835-1922) using osmium based staining observed Schwann cells nuclei along 

myelin sheath (Ranvier, 1872). Later on, using carmine, Louis-Antoine Ranvier showed that axonal 

membrane was accessible at the site of regularly spaced “annular constrictions”, the nodes of Ranvier 

(Ranvier, 1878)(Figure 1C). He observed that, the internodes alternating with “annular constrictions” 

nested the nucleus of one Schwann cell per internode located at equal distance from each myelin 

interruption. Although, his initial hypothesis that myelin was “essentially a liquid material” was proved 

wrong, he postulated that the organisation of myelinated nerve could allow a “more perfect” 

transmission by acting has electrical insulation (Ranvier, 1878; see review in Lubetzki et al., 2020a). An 

hypothesis that would take several decades to be experimentally tested by Ralph Stayner Lillie (1875-

1952), using an iron wire covered by glass insulant with periodic breaks (Lillie, 1925).   

While the nodes of Ranvier had been identified by Louis Antoine Ranvier in the PNS, he 

postulated that these structures were absent from the CNS. Thus, even though constrictions were 
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observed soon after his work along myelinated axons in the spinal cord (Tourneux and Le Goff, 1875), 

the idea that nodes were also formed along myelinated axons of the CNS was accepted in the scientific 

community only after several decades when Santiago Ramon y Cajal, described nodes in the CNS 

(Ramón y Cajal, 1909)(Figure 1D). 

 

 

 

 

Figure 1: The myelinated fiber, from the first definition of the axon to the discovery of oligodendrocytes.  

(A) Drawing by Robert Remak of two myelinatied fibers with axons emerging on the right and unmyelinated fibers (“organic 

fibers”) at the bottom. (B) Original drawing from Theodor Schwann showing a nucleus in Schwann sheath of a calf nerve fiber. 

(C) Drawings of the “annular constrictions” along sciatic nerve fibers stained using silver nitrate by Louis-Antoine Ranvier. (D) 

Schematic of a peripheral internode by Santiago Ramon y Cajal. (E) The “third element”, oligodendrocytes, stainned using 

silver carbonate with fine processes that spirals around invisible myelin sheaths. Drawing by Pio del Rio Hortega. Figure 

adapted from Boullerne, 2016 and Lubetzki et al, 2020. 
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Although the worldwide known Spanish histologist Santiago Ramon y Cajal could confirm the 

neuron doctrine using improved Golgi staining techniques (Cajal, 1894), and identified astrocytes as 

the first non-neuronal cells of the central nervous system (Ramón y Cajal, 1911), he could not visualize 

what he named “the third element”. The development of new staining protocols using silver carbonate 

by Pio del Rio Hortega (1882-1945) led him to identify “the third element” unravelling not only 

microglia, but also oligodendroglia (del Río-Hortega, 1919d, 1921, 1928)(Figure 1E). Since silver 

carbonate left myelin unstained, it is only one year later that Rio-Hortega together with Wilder Penfield 

(1891-1976) postulated that oligodendroglia were the myelinating cells of the CNS (del Río-Hortega, 

1922; Penfield, 1924).  

 

In the mid-20th century, the development of electrophysiology and microscopy allowed a 

better understanding of the structure, composition and function of the myelinated nerve in the 

propagation of action potential. First, Ichiji Tasaki (1910-2009), showed using anaesthetic along 

defined portion of an isolated nerve fiber that the conduction of an electrical stimuli was blocked when 

at least three nodes were exposed. This observation led him to suggest that action potentials could 

jump from one node to another, describing for the first time the saltatory conduction along myelinated 

nerve (Tasaki, 1939). Andrew Fielding Huxley (1917-2012) one of the two fathers of modern 

electrophysiology together with Alan Lloyd Hodkins (1914-1998), further described, in a collaborative 

work with Robert Stampfli (1914-2002), the propagation of an electrical stimuli along a myelinated 

fiber. In their study, the two scientists showed, using isolated sciatic nerves from frogs, the saltatory 

conduction of an electrical stimuli from one node to the next (Huxley and Stampfli, 1949)(Figure 2A), 

a finding that was soon confirmed on intact myelinated frog fibers by Bernhard Frankenhaeuser (1915-

1994) (Frankenhaeuser, 1952).  

On the way to a better understanding of myelin organisation and structure, the development 

of electronic microscopy allowed the visualization of myelin spirals in the PNS by Betty Ben Geren 

(Geren, 1954)(Figure 2B). The observation of compacted spirals of plasma membrane in the PNS was 

followed in 1962, by the work of Mary Barlett and her husband Richard Paul Bunge that produced 

micrograph of myelin spirals around axons of the CNS (Bunge et al., 1962; Bunge, 1968)(Figure 2C-D). 

Geren observations of Schwann cells myelination further led her to hypothesize that the inner 

mesaxon of Schwann cells could wrap the axons while excluding the cytoplasm from myelin allowing 

its compaction, a mechanism that stayed debated for CNS myelination until a recent seminal work by 

Snaidero and collaborators (Snaidero et al., 2014).  
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Figure 2: Discovery of the function of myelinated fibers in conduction followed by the fine description of myelin structure. 

 (A) Original tracing of recordings obtained by Andrew Fielding Huxley and Robert Stampfli, showing the propagation of a 

stimulus along an isolated fiber of a frog sciatic nerve. (B) Original drawing by Betty Ben Geren showing a Schwann cell forming 

spirals around an axon. (C) Original micrograph of myelin sheath surrounding an axon in the CNS. (D) Bunge’s drawing, 

showing with an impressive accuracy an oligodendrocyte wrapping axons. Figure adapted from Huxley and Stampfli, 1949; 

Bunge et al, 1962 and Boullerne, 2016.  
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1.2 Organization of the myelin sheath  

 

Although glial cells enwrapping axons are shared by the clade of bilaterians (Hartline, 2011), 

the compact myelin is present only in jawed vertebrates (Zalc et al., 2008) and few invertebrate taxa 

(Hartline and Colman, 2007). Myelin is a lipid-rich structure formed by the wrapping of multiple 

compact layers of plasma membrane around axons. This evolutive innovation increasing drastically 

local radial resistance allowed the increase of action potential conduction velocity by a factor up to 50 

folds. Such a conduction speed would otherwise have required to increase drastically the size of the 

nervous fibers (Salzer and Zalc, 2016). Although the “giant axon” strategy has been selected in several 

taxa of invertebrates (e.g cephalopods and their giant axons), the development of a nervous system 

as intricately wired as, for instance in mammals, would not have been possible without myelin 

(Hartline and Colman, 2007; Zalc et al., 2008). Across the nervous system, two types of cells are 

producing myelin, the Schwann cells restricted to the PNS and the oligodendrocytes (OLs) that 

myelinate axons in the CNS. While Schwann cells myelinate only one internode of a unique fiber, 

oligodendodrocytes are able to form a range of 20 to 60 internodes along different axons in mice 

(Matthews and Duncan, 1971; Chong et al., 2012).   

  

1.2.1 Myelin architecture  

 

Owing to the tight compaction of myelin, it is thanks to the development of electronic 

microscopy that the fine structure of myelin has been described. Indeed, compact myelin shows a 

periodicity of about 12nm with an alternation of electron dense and electron light layers named 

respectively  “major dense line” and “intraperiod line” (Aggarwal et al., 2011a) (Figure 3B). The “major 

dense line” corresponds to the tight apposition of the two cytoplasmic layers of the myelin membrane 

whereas the “intraperiod line” corresponds to the apposition of the two outer layers of the membrane. 

The great compaction of myelin excludes cytoplasmic materials from the internode, leaving small 

uncompacted regions, the innermost and outermost tongues, the paranodal loops and in the PNS the 

Schmidt-Lanterman incisures (Figure 3). Myelin sheaths length often exceed 500 microns in the PNS 

(Hildebrand et al., 1994) and range from 50 to 200 microns in the CNS (Tomassy et al., 2014; 

Stedehouder et al., 2017, 2019), making uncompacted structures along internode necessary paths 

from OL cytoplasm to their sheaths. Uncompacted regions of the myelin sheath are essential for lipids 

and proteins transport along the growing internode during development. In fully myelinated fibers, 

the uncompacted regions may play an essential role in the distribution of metabolites and ions, 

providing a necessary route for the myelinating cell to metabolically support to the axon (Arroyo and 

Scherer, 2000; Simons and Nave, 2016). The visualization of the uncompacted regions of the myelin 



22 

 

sheath with a better accuracy was allowed in the last decade, by the development of high pressure 

freezing electronic microscopy (Möbius et al., 2010). The accurate measure of the myelin (including 

inner tongue) and periaxonal space thickness using this methodology was used by Cohen et al, to 

demonstrate the important contribution made by the periaxonal and paranodal submyelin spaces in 

action potential conduction along myelinated fibers (Cohen et al., 2019).  

 

 

Figure 3: Ultrastructure of the myelinated fiber.  

(A) Ultrastructure of a fresh mouse optic nerve at post-natal day 14. The asterisks show the large inner tongue at this age, 

resolved with a better accuracy using high pressure freezing electronic microscopy. (B) Higher magnification of the dense 

myelin showing its periodicity with the alternation of major dense line (MDL) and intraperiod line (IPL). (C) Cross section of 

an axon of the optic nerve showing the axolemma (filled in green), the inner tongue (filled in orange), the dense myelin (filled 

in blue) and the outer tongue (filled in purple). (D) Micrograph showing with a high magnification the paranodal loop 

(asterisk), another uncompacted structure of the myelin. (E) High pressure freezing electronic microscopy, allows the fine 

visualization of the periaxonal space an important modulator of action potential conduction. (F) In the PNS, Schmidt-

Lanterman incisures are specific structures of uncompacted myelin that allow to connect the Schwann cells cytoplasm to the 

myelin inner layers. Figure adapted from Mobius et al, 2010; Nave and Werner, 2014; Snaidero et al, 2014 and Cohen et al, 

2019.  
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1.2.2 Myelin composition 

 

The global composition of myelin was analysed following the improvement of CNS membranes 

purification methods by William Norton, which gave access to purified fraction of CNS myelin (Norton 

and Poduslo, 1973). Using purified myelin, it was found that the dry weight of myelin is made of 70 to 

85% of lipids and only 15 to 30% of proteins (Norton and Cammer, 1984) giving to myelin its insulating 

function.  

1.2.2.1 Lipid composition 

 

Myelin lipid composition is unusual compare to other membranes, with three major 

categories: cholesterol, phospholipids and glycosphingolipid with an approximate molar ratio of 2:2:1 

(O’Brien and Sampson, 1965; Norton and Poduslo, 1973), that is greatly conserved between PNS and 

CNS myelin. This ratio allows for myelin lipids a high lateral mobility, the percentage of cholesterol 

being a key parameter to modulate membrane’s fluidity (Rawlins, 1973; Demel and De Kruyff, 1976).  

   Cholesterol constitutes 25% of myelin lipids, which represent a twofold enrichment compared 

to other plasma membranes. Cholesterol, is necessary for myelin formation and constitute a limiting 

factor for myelin growth (Saher et al., 2005; Mathews et al., 2014). Interestingly, preventing 

cholesterol synthesis in OL does not entirely prevent cholesterol incorporation to myelin sheath, 

probably due to the horizontal transfer of cholesterol from astrocytes (Nave and Werner, 2014). In the 

formed myelin sheath, cholesterol limits membrane fluidity, and further interacts with major myelin 

protein to improve membranes compaction both in the PNS (Saher et al., 2009) and the CNS (Simons 

et al., 2000; Werner et al., 2013).  

 Two key phospholipids of the myelin sheath are plasmalogens and phosphoinositides. 

Although their functions are not yet fully understood, plasmalogens deficient mice produce a reduced 

amount of myelin in the CNS (Rodemer et al., 2003). Plasmalogens are also known to prevent 

oxydations of unsaturated membrane lipid (Lessig and Fuchs, 2009) and constitute the source of lipid 

mediators of inflammation (Wallner and Schmitz, 2011). Given their potential function in modulating 

inflammation, plasmalogens might be implicated in demyelinating diseases. Furthermore, the  

phosphoinositide phosphatidylinositol-(3,4,5)-triphosphate (PI(3,4,5)P3), although it represents a very 

small proportion of myelin lipids, is enriched at the leading edge of the inner tongue and regulates 

myelin growth (Snaidero et al., 2014). 

 Galactosylceramides and sulfatides, two sub-groups of glycosphingolipids, are the most 

specific lipids of myelin. Mice unable to synthetize them are able to synthetize myelin but display a 

higher proportion of myelin outfolding and vacuole formation, underlying the importance of 

glycosphingolipid in myelin structure (Coetzee et al., 1996). Moreover, these mice suffer from action 
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potential conduction defect associated with a higher accessibility of juxtaparanodal potassium 

channels indicating paranodal disruptions (Bosio et al., 1996; Coetzee et al., 1996).   

 

1.2.2.2 Protein composition 

 

As indicated above, proteins comprise a rather low fraction of myelin composition. 

Nonetheless, they are necessary to allow myelination, myelin compaction and maintenance. Even 

though the use of cutting edge mass spectrometry technologies on myelin fraction led to the 

identification of more than a thousand proteins in the PNS and CNS of mice and zebrafish (Jahn et al., 

2020; Siems et al., 2020, 2021), myelin has the particularity to be highly enriched in a relatively small 

diversity of main proteins. This section will focus on the main proteins of myelin in the CNS, the identity 

of which partially overlap with the PNS. However, two of the main PNS myelin proteins, myelin protein 

zero (P0, 50-70% of myelin protein) and peripheral myelin protein 22 (PMP-22, 2-5% of myelin protein), 

are totally absent from myelin in the CNS (Garbay et al., 1988, 1989, 2000; Snipes et al., 1992; 

Notterpek et al., 1999).  

The proteolipid protein (PLP) and its smaller splice isoform DM20 are the most abundant 

proteins of myelin in the CNS and comprise 30 to 45% of its protein content. While PLP is expressed in 

mature OLs, DM20 is expressed as early as in OPCs (Timsit et al., 1995; Spassky et al., 2001). PLP/DM-

20 deficient mice do not show a strong impairment of myelin structure with only subtle ultrastructural 

changes observed (Klugmann et al., 1997). Nonetheless, whereas PLP/DM-20 deficient mice assemble 

compact myelin, they subsequently show axonal swelling and degeneration, phenomena that were 

also observed in patients with PLP mutations. These defects highlight the importance of PLP/DM-20 in 

myelin maintenance, and their potential role in the stabilisation of axonal local support (Griffiths et al., 

1998; Garbern et al., 2002).   

The myelin basic protein (MBP) is the second most abundant protein of myelin in the CNS and 

account for 22 to 35% of myelin protein content (Jahn et al., 2009). The well-known mouse mutant 

missing functional MBP named shiverer, shows uncompacted myelin and hypomyelination throughout 

the CNS (A.Privat et al., 1979; Rosenbluth, 1980). The lack of myelin compaction results in the 

development of tremor in the second postnatal week, a typical symptom for conduction failure in the 

spinal cord. A similar phenotype is found in Evan shaker rats in which MBP is mutated (Carré et al., 

2002). MBP is localised between the intracellular layer of the plasma membrane. While self-repulsive 

in solution, MBP interaction with negatively charged membrane phospholipids neutralizes its charges 

and triggers its polymerisation (Aggarwal et al., 2013). MBP polymerisation joins together the two 

intracellular layers of the plasma membrane in a zipping like mechanism leading to membrane 

compaction and to the formation of a diffusion barrier (Aggarwal et al., 2011b, 2013).    
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2′,3′-cyclic nucleotide 3′-phosphodiesterase (CNPase) is a membrane anchored protein that 

consist of two folded domains with a lipidated tail (Myllykoski et al., 2016). Amongst the highly 

enriched myelin protein, CNPase is the only protein that localizes at the non-compacted myelin (Trapp 

et al., 1988), a property that is in line with the defect observed in CNPase deficient mice. Indeed, 

CNPase-deficient mice show a defect in the formation of the inner tongue, and a decrease in the 

amount of uncompacted myelin (Edgar et al., 2009; Snaidero et al., 2014). Conversely, CNPase 

overexpression leads to an increased formation of uncompacted myelin (Gravel et al., 1996; Yin et al., 

1997). Recent studies showed that it is actually the balance between MBP and CNPase that control 

myelin compaction (Snaidero et al., 2014, 2017). CNPase interaction with the actin cytoskeleton, is 

necessary to maintain uncompacted myelin (e.g inner tongue, paranodal loops) and allows for the 

metabolic support of axons (Snaidero et al., 2017), preventing the axonal degeneration observed in 

CNPase deficient mice (Lappe-Siefke et al., 2003; Edgar et al., 2009).  

 

Figure 4: Compaction of myelin and its component.  

(A) Model of myelin compaction showing the interactions at the extracellular and cytoplasmic side of the membrane. The 

polymerisation of MBP leads to the very close apposition of the two inner membranes whereas interactions between PLP 

extracellular domains tight outer membranes together. This organisation leads to the formation of major dense line (MDL) 

and intraperiod line (IPL). (B) Schematic of the myelin lipid bilayer showing its asymmetric composition with examples of the 

main lipids that myelin comprises. Figure adapted from Aggarwal et al, 2011 and Bakhti et al, 2014. 
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1.3 Organization of the nodal domain 

 

Since the first description of “annular constrictions” by Louis-Antoine Ranvier back in the late 

19th century, the development of electronic microscopy, electrophysiology and more recently the 

considerable progress of molecular biology has extended our knowledge about nodes of Ranvier. 

While nodes are restricted to about 1% of the length of the myelinated fiber, they are responsible for 

the rapid depolarization and repolarization of the axolemma and sustain electrical impulses thanks to 

the dense clustering of sodium and potassium channels at their level. 

  

1.3.1 Structural organization 

 

Nodes of Ranvier are small unmyelinated domains with a typical length ranging from 1 to 2 

microns with variation that can extend from 0.5 to 4 microns (Arancibia-Cárcamo et al., 2017). The 

variation of nodal length is partly explained by neuronal identity, with for instance in the neocortex, 

GABAergic neurons having shorter nodal gap than excitatory neurons independently from the axonal 

diameter (Micheva et al., 2016, 2018).  However, neuronal identity explains only partly nodal length 

variation, and nodal length varies to a factor up to 4 along individual axons (Arancibia-Cárcamo et al., 

2017). Nodes of Ranvier form along the axon periodic constrictions, where the diameter of the axon is 

reduced compared to its diameter at the internode (Landon and Williams, 1963). These constrictions 

are notably due to the reduction of both the number and the phosphorylation of neurofilaments at 

the nodes (Peters et al., 1991; Salzer, 2003). Beneath the axolemma, there is an electron dense layer 

that must correspond to the dense network of cytoskeletal scaffold that anchor nodal proteins 

(Rosenbluth, 1983). The use of freeze fracture technique has provided an estimate of sodium channels 

density of 1000 to 2000 channels/m2 at the nodes (Rosenbluth, 1976), in line with 

electrophysiological recordings which allowed to estimate a density of 1500 channels/m2 by 

measuring gating current (Chiu, 1980). The first ultrastructural observations of sodium channels at the 

node further showed that the channel distribution was not homogenous suggesting a more complex 

organisation by the cytoskeleton (Waxman and Ritchie, 1993). Recently, the use of super resolution 

light microscopy (stimulated emission depletion, STED), allowed to further describe the fine spatial 

organisation of the nodal proteins in the CNS as well as in the PNS. Intriguingly, nodal proteins showed 

a conserved 200 nm lateral periodicity with an alignment of transmembrane proteins with the actin 

cytoskeleton (D’Este et al., 2016, 2017).     

The repolarisation of the axolemma at the node requires an important amount of energy, 

which led scientists to study the localisation of mitochondria along the axons (Fabricius et al., 1993). 
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Using electronic microscopy early studies showed their presence at the nodal domain, with more 

recently the description of an enrichment of this organelle at nodal domains compared to internodes 

in the PNS (Perkins and Ellisman, 2011). In the CNS however, there is no enrichment of mitochondria 

at nodes and rather a decreased density compared to the internode (Edgar et al., 2008; Ohno et al., 

2011). In the CNS, it was further observed using live imaging that neuronal activity modulates the 

transport of mitochondria along the axons with a stabilisation of these organelles at nodal domains 

when the activity is increased (Ohno et al., 2011). The mechanism of activity dependent recruitment 

of mitochondria at nodes has been further suggested, with a major role played by Ca2+ signalling 

(Zhang et al., 2010; Ohno et al., 2011).   

 

 

 

Figure 5: Structural organization of the node of Ranvier. 

 (A) Ultrastructure of the nodal domain along the axon of a rat basal ganglion. The nodal axolemma shows a dense coating 

(highlighted with an asterisk), and is flanked by the paranodes identified thanks to the paranodal loops. (B) Freeze fracture 

of an axon from the CNS of a frog. The apparent roughness at the nodal axolemma are densities corresponding to 

intramembraneous proteins. (C) Organization of Kv7.2 and Nav channels along the node of the sciatic nerve showing a 

periodic alignment of nodal proteins visualized using STED microscopy. (C) Scale bars: 1 m. Adapted from Peter et al, 1976; 

Rosenbluth et al, 1976 and D’Este et al, 2017.  
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1.3.2 Molecular organization of the node of Ranvier  

 

The ability of the nodes of Ranvier to generate a depolarization of the axolemma followed by 

its repolarisation requires an important enrichment of ion channels at these short domains of the axon. 

The clustering of ion channels is allowed by the interaction of these channels with, a large range of cell 

adhesion molecules (CAMs), scaffolding protein anchored to the cytoskeleton and by the perinodal 

ECM. This section, focusing on the CNS of mammals, will describe each of these protein classes and 

their distribution at the node of Ranvier. 

       

1.3.2.1 Ion channels 

 

In a seminal study for which they won the Nobel prize in 1963, Andrew Fielding Huxley and 

Alan Lloyd Hodkins, demonstrated the basis for action potential in the squid giant axon (Hodgkin and 

Huxley, 1952). In their study, using voltage-clamp, they showed that the depolarisation of the 

axolemma results from a sodium current generated in a voltage dependent manner, followed by a 

potassium voltage-dependant current allowing the repolarisation of the axolemma. This description, 

made using a non-myelinated axon, paved the way for the subsequent description of the conduction 

in myelinated fibers, along which nodes of Ranvier enable action potential regeneration. While sodium 

voltage-gated channels responsible for the depolarisation of the axolemma are restricted to the nodal 

domains (Black et al., 1989; Caldwell et al., 2000), potassium channels that mediate the repolarisation 

are more diverse and localize at nodes, juxtaparanodes and more rarely at paranodes (Wang et al., 

1993; Devaux et al., 2003; Devaux, 2004; Battefeld et al., 2014; Hirono et al., 2015; Brohawn et al., 

2019; Kanda et al., 2019).   

 

Voltage-gated sodium channels (Nav) 

 

 The axolemma at the node of Ranvier is highly enriched in Nav channels (see above). Owing to 

their voltage-gated activation, they critically regulate neuronal excitability and are responsible for the 

rising depolarisation phase of the action potential. Nav channels are self-inactivating with a kinetic of 

few milliseconds (William A. Catterall, 2000), and selective for sodium (Na+) with a small permeability 

to calcium ions (Hanemaaijer et al., 2020). The structural organization of this channel consist of a 

central pore-forming -subunit of 260 kDa, associated with one or more isoform of the 30 to 40 kDa 

auxiliary -subunits (Goldin et al., 2000)(Figure 6). The pore-forming -subunit is sufficient for the 

functional expression of the channel, and its association with -subunits modulates its kinetic, voltage 

dependence and membrane targeting (Namadurai et al., 2015).   
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In mammals, ten genes of the Scna family encode -subunits, Nav1.1 to Nav1.9 and one 

atypical Nax (Goldin et al., 2000; Namadurai et al., 2015). Of these ten -subunits, the main subunits 

found at the nodes in the CNS are Nav1.1, Nav1.2 and Nav1.6. The main -subunit expressed at nodes 

of Ranvier are Nav1.2 and Nav1.6. Nav1.2 is localized mainly at the immature nodal domain and is 

further replaced by Nav1.6 in mature node as myelination is completed (Boiko et al., 2001). The switch 

from Nav1.2 to Nav1.6 requires myelination to proceed and could allow nodal domains to sustain 

higher frequency of action potential as it has been described in regards to the axonal initial segment 

(Hu et al., 2009). The expression of Nav1.1 is sparser and depends on neuronal populations. Nav1.1 

was in particular detected at the nodes of Ranvier of Purkinje cells, motoneurons and GABAergic 

interneurons of the neocortex and hippocampus (Ogiwara et al., 2007; Duflocq et al., 2008; Freeman 

et al., 2015)(Figure 7A). 

There are four -subunits genes, Scn1b to Scn4b, that encode 1-4 subunits respectively. The 

primary sequence of 1-Nav and 3-Nav subunits are more closely related than the sequence of 2 

and 4. Moreover, the association with the -subunit is made through non-covalent bounds in the 

case of 1-Nav and 3-Nav whereas a disulphide covalent bound links the -subunit with whether 2-

Nav or 4-Nav (Namadurai et al., 2015; O’Malley and Isom, 2015). The -subunits belong to the 

immunoglobulin domain family of the cell-adhesion molecule (CAM) superfamily. The immunoglobulin 

domain of -subunits allow them to develop homophilic as well as heterophilic interactions (O’Malley 

and Isom, 2015). At the nodes of Ranvier, three of the four -subunits have been identified, 1, 2 and 

4-Nav (Ratcliffe et al., 2001; Chen et al., 2002; Chen, 2004; Buffington and Rasband, 2013)(Figure 6 

and 7A), and their immunoglobulin domain allow them to interact with other nodal CAMs (e.g 

contactin, neurofascin 186) and perinodal ECM through tenascin (Srinivasan et al., 1998; Ratcliffe et 

al., 2001). 1-Nav and 2-Nav subunits can further interact through their intracellular domain with 

AnkyrinG, one of the main scaffold protein of the nodal domain (Malhotra et al., 2000). These 

interactions with other nodal protein allow -subunits to control the clustering and the trafficking of 

alpha subunit at the nodes. For instance, 1-Nav and 2-Nav have been involved in the control of -

subunit density at the node (Chen et al., 2002; McEwen and Isom, 2004) and 2 is a key regulator of  

the early clustering of -subunit along axons of hippocampal GABAergic neurons (Thetiot et al., 2020).   
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Figure 6: Structural organization of voltage-gated sodium channels. 

Schematic of the ultrastructure of Nav subunits associated with Nav subunits. The Nav subunits contain four repeats 

(domains I-IV), each domain has 6 -helix transmembrane segments. 2 and 4 are linked to the  subunit by a disulphide 

bounds whereas 1 interacts with the pore loop of the domain IV. Adapted from Lai and Jan, 2006.   

 

 

Potassium channels 

 

 Potassium channels are much more diverse than sodium channels and comprise by far the 

most diverse group of mammalian ion channels, with 80 genes encoding their -subunits (Trimmer, 

2015). Early electrophysiological recordings suggested a more complex organisation of potassium 

channels than sodium channels along the myelinated fibers, with fast potassium channels covered by 

the myelin sheath and slow potassium channels exposed at the node (Waxman and Ritchie, 1993). 

Further investigation showed a large diversity of potassium channels expressed at the nodes (directly 

exposed) and, beneath the myelin sheath at the juxtaparanode and more rarely at the paranode (see 

below, 1.3.3 paranode and 1.3.4 juxtaparanode). Indeed, at nodes, several families of potassium 

channels are clustered including, voltage-gated potassium channels (Kv), constitutively open two pore 

domain potassium channels (K2P) and calcium activated potassium channel (Kca).  

Two main subtypes of Kv channels have been first identified at nodes, Kv3 and Kv7. Kv3 is a 

family of four members, one of which, Kv3.1b (splicing variant of Kv3.1) has been reported at the nodes 

of Ranvier (Devaux et al., 2003). However, its expression at nodes depends on the neuronal population 
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considered. It has been described solely in a subset of nodes in the spinal cord and the optic nerve in 

the CNS, and at even fewer nodes in the PNS (Devaux et al., 2003). Of the five Kv7 subunits, Kv7.2 and 

Kv7.3 have been reported at the nodes of several neuronal populations of the CNS (e.g Purkinje cells, 

pyramidal cortical neurons) as well as along sciatic nerve fibers in the PNS (Devaux, 2004; Pan et al., 

2006; Schwarz et al., 2006; Cooper, 2011; Battefeld et al., 2014)(Figure 7B and 9B). Kv7.2 and Kv7.3 

are partially open at the resting membrane potential and mediate a potassium outward current (M-

current) that stabilizes the resting membrane potential (Battefeld et al., 2014). The stabilization of the 

resting potential at a lower value increase Nav channel availability leading to an increase of the action 

potential amplitude (Devaux, 2004; Battefeld et al., 2014). 

The second family of nodal potassium channels, recently observed at nodes is the 

constitutively open two pore domain potassium channels (K2P). Primarily named ‘leak current’ 

because their properties resemble a mere potassium selective pore in the membrane (Enyedi and 

Czirják, 2010), recent studies have shown that their activity is regulated by diverse parameter including 

temperature, membrane stretch, pH and membrane potential (Renigunta et al., 2015). The 

development of specific antibody as well as the development of patch-clamp methods allowing a direct 

access to the node of Ranvier led to the identification of two K2P channels at the node, TRAAK and 

TREK-1 (Brohawn et al., 2019; Kanda et al., 2019) (Figure 7B and 9B). A first study by Brohawn et al, 

identified the mechanosensitive channel TRAAK as a nodal component throughout several structures 

of the CNS including the cortex, the hippocampus, the optic nerve and the spinal cord, as well as in the 

PNS along sciatic nerve fibers (Brohawn et al., 2019). This study was followed by the work of Kanda et 

al, that described the clustering of TREK-1 a temperature sensitive K2P channel at nodes of the afferent 

trigeminal nerves, motor nerve as well as myelinated fibers of the dorsal and ventral column of the 

spinal cord (Kanda et al., 2019). Assessing the functional role of TRAAK along sciatic nerves, Brohawn 

et al. observed that it accounts for 20% of the total leak current and participate in stabilizing the 

membrane resting potential (Brohawn et al., 2019). Kanda et al. further showed that TREK-1 and 

TRAAK in combination accelerate action potential repolarization phase and are required for high 

frequency saltatory conduction along afferent nerves (Kanda et al., 2019).  

 Lastly, the calcium activated potassium channel Kca3.1 has been identified at the nodes along 

Purkinje cell axons (Gründemann and Clark, 2015). Purkinje cells can securely transmit action 

potentials at a maximal frequency of about 250 Hz (Monsivais et al., 2005; Khaliq and Raman, 2006), a 

frequency that implies a fast repolarisation of the axolemma. In this context, it has been showed that 

Kca3.1 provides a repolarizing potassium current and has a key role in securing action potential 

conductance along a large range of firing frequencies (Gründemann and Clark, 2015).   
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Figure 7: Nodal channels, scaffolding proteins and CAMs expressed at the node in the CNS. 

 (A) Three examples of sodium voltage-gated channels protein expressed at the node in the spinal cord. (B) Four examples of 

potassium channels expressed at the node, Kv7.2 and Kv7.3 in the cortex, TREK-1 and TRAAK in the spinal cord. (B) Three 

examples of the main scaffolding proteins and CAMs expressed at the node in the spinal cord. On the last raw, the use of Pan 

neurofascin staining show its expression at node (Nfasc 186) and paranode (Nfasc 155). In all other images Caspr and 

PanNfasc are used to delineate the paranodal domains from the nodal domain. Adapted from Desmazières et al, 2014; Amor 

et al, 2017; Brohawn et al, 2019; Kanda et al, 2019; Dufolcq et al, 2008 ; Battefeld et al, 2014.  

 

1.3.2.2 Cell adhesion molecules  

 

Cell adhesions molecules (CAMs) are an important family of proteins modulating cell-cell 

interactions. CAMs gather a large diversity of proteins subdivided in several groups such as integrins, 

netrins, selectins, cadherins and the superfamily of immunoglobulins (Igs). At nodes, CAMs are highly 

enriched and stabilize ion channels by interacting with scaffolding proteins and ECM (Freeman et al., 

2016). 

 

L1-CAMs 

L1-CAMs is a highly enriched family in the nervous system, with NrCAM and Neurofascin 

(Nfasc) that are main components of nodal domains. The Ig domains enable homophilic and 

heterophilic interactions with various nodal components such as sodium channels subunits, ECM and 

other CAMs (Hortsch et al., 2009). 

 Amongst the nodal L1-CAMs, neurofascin possesses 4 isoforms generated through alternative 

splicing in mammals. Three of them, Nfasc 186, 180 and 140 are expressed in neurons whereas Nfasc 

155 is restricted to myelinating glia (Davis et al., 1996; Tait et al., 2000). At nodes, only Nfasc 186 and 

140 have been observed (Figure 6C) (Lambert et al., 1997; Lustig et al., 2001; Zhang et al., 2015). Nfasc 
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140 is expressed early in the development and its expression declines after the onset of myelination 

(Hassel et al., 1997; Zhang et al., 2015). At nodes, Nfasc 140 may participate to the assembly of nodal 

proteins and further stabilize nodal complex. Later in the development, its expression at nodes is 

further replaced by Nfasc 186 while myelination proceeds, with a complete loss of nodal Nfasc 140 in 

adults (Zhang et al., 2015). Nfasc 186, is expressed at nodes in the PNS as well as in the CNS along the 

course of the development and in adulthood. Nfasc 186 interacts with multiple partners (e.g Contactin, 

1Nav, NrCAM) and participate to the assembly and the stabilization of nodal proteins (Ratcliffe et al., 

2001; Sherman et al., 2005; Zonta et al., 2008; Labasque and Faivre-Sarrailh, 2010; Desmazieres et al., 

2014) (Figure 7A, C and 9B). 

Another important nodal protein of the L1-CAM family is NrCAM. NrCAM is a 200 kDa protein, 

expressed by both neurons and glia, that can be cleaved at two domains giving rise to a 170 and 140 

kDa sub-products (Grumet et al., 1991). NrCAM, once cleaved interacts with other nodal CAMs and 

with the perinodal ECM in the CNS and in the PNS (Feinberg et al., 2010; Susuki et al., 2013). Although 

it has been described in the PNS that NrCAM participates to the heminodal clustering of sodium 

channels (Feinberg et al., 2010), its function is the CNS remains elusive (Rasband and Peles, 2021).     

 

GPI-anchored CAMs  

 Glycosylphosphatidylinositol (GPI)-anchored CAMs are part of the Ig superfamily and are 

attached to the membrane through a GPI tail. An important nodal GPI-anchored CAM is contactin 

(Figure B). This protein is expressed both in glia and neurons and localizes at the nodal domains 

(Einheber et al., 1997; Koch et al., 1997; Kazarinova-Noyes et al., 2001). In the PNS contactin is 

restricted to the paranodes, but its expression in the CNS extend both to nodal and paranodal domains 

(Rios et al., 2000; Kazarinova-Noyes et al., 2001). In the CNS, mice lacking contactin display a reduction 

in the number of nodes, a decrease of Nav1.6 positive nodes and a paranodal disruption (Colakoglu et 

al., 2014). In addition to its role in node stabilization in the CNS, the study of the formation of node-

like clusters identified contactin as one of the main component modulating the initiation of nodal 

clustering along axons prior to myelination (Dubessy et al., 2019).   

1.3.2.3 Scaffolding proteins     

 

Scaffold proteins are required at the nodes of Ranvier to assemble and organize nodal 

membrane proteins and anchor them to the axonal actin cytoskeleton. Two families of scaffolding 

proteins are expressed at the nodes, ankyrins and spectrins (Bennett and Lorenzo, 2016).  
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Ankyrins 

 
The family of ankyrins (Ank) comprises three ank genes that encode AnkR (ank1), B (ank2) and 

G (ank3). Although AnkB expression is restricted to the paranode, AnkG and more sparsely AnkR are 

expressed at nodes in the CNS (Kordeli et al., 1995; Chang et al., 2014; Ho et al., 2014). In the CNS, 

AnkR is only found in a very small subset of nodes during the development and, AnkG is the only 

Ankyrin highly enriched at nodes throughout the CNS (Ho et al., 2014) (Figure 7C and 9B). In the CNS, 

several isoforms of AnkG exist, the ones clustered at node being the 270kD and 480kD isoforms 

(Kordeli et al., 1995). At nodes, AnkG interacts and anchors to the actin cytoskeleton (through its 

interaction with IV-spectrin) virtually all major nodal proteins such as  and  subunits of Nav 

channels, potassium channels Kv7 and neurofascin 186 (Davis et al., 1996; Zhang and Bennett, 1998; 

Malhotra et al., 2000, 2002; Garrido et al., 2003; Lemaillet et al., 2003; Pan et al., 2006). One exception 

to this rule might be the recently identified nodal K2P channels that are devoid of AnkG binding domain 

(Brohawn et al., 2019; Kanda et al., 2019).  In the CNS, mice depleted in AnkG show a compensatory 

mechanism by AnkR but the double knock-out AnkG/AnkR leads to a complete block of nodal clustering 

(Ho et al., 2014). Therefore, AnkG alone is not required to form nodes of Ranvier in the CNS, but it is 

only due to a compensatory mechanism that the large variety of nodal proteins can cluster in its 

absence, demonstrating the major role of ankyrins in nodal formation. 

 

Spectrins 

 
The other family of scaffolding proteins expressed at nodes of the CNS is the family of 

spectrins. Spectrins assemble in tetrameric complex, with heterodimerized  and  subunits. In 

mammals, the two subunits  and  are respectively encoded by two and five genes (Bennett and 

Lorenzo, 2016). The primary spectrin enriched at the nodes of Ranvier is IV-spectrin, where two of its 

six isoforms are clustered, IV1 and IV6 (Figure 7C and 9B) (Berghs et al., 2000; Lacas-Gervais et 

al., 2004). In mice lacking the longest isoform IV1, the architecture of the nodal structure in the 

cerebellum and the optic nerve is deeply affected (Lacas-Gervais et al., 2004). The complete knock-out 

of IV-spectrin further disrupts the architecture of the nodes in the optic nerve, suggesting an 

additional function of the IV6 isoform at the nodes (Uemoto et al., 2007). Interestingly, the deletion 

of IV-spectrin leads to an increase of I-spectrin expression and to its clustering at the nodes of the 

corpus callosum (Ho et al., 2014; Liu et al., 2020). To avoid this compensation mechanism at nodes, 

mice lacking both I and IV-spectrins have been generated. In these mice, nodes of the corpus 

callosum are formed but the clustering of Nav channel decreases with time, which demonstrates the 

necessary function of spectrins in the stabilization of nodal protein in the CNS (Liu et al., 2020).  

 



35 

 

1.3.2.4 Perinodal extracellular matrix 

 

The nodal domain is surrounded by a dense ECM, named perinodal nets. This ECM forms around nodes 

a network comprising a large diversity of component such as proteoglycan link protein 2 (HAPLN2 also 

named Bral1), tenascin-R and chondroitin sulfate proteoglycans (e.g brevican, versican and neurocan) 

(Oohashi et al., 2002; Hedstrom et al., 2007; Bekku et al., 2009; Dours-Zimmermann et al., 2009)(Figure 

8A). This dense network interacts notably with neurofascin 186 and -subunits of Nav channels 

(Srinivasan et al., 1998; Hedstrom et al., 2007)(Figure 8B). The interactions between ECM and 

neurofascin 186 participate to the stabilization of nodal proteins (Bekku et al., 2009; Susuki et al., 

2013). Once node are mature, the perinodal ECM is thought to create a “ion-sink” or diffusion barrier 

that allows for a faster conduction of the action potential (Hunter et al., 1988; Bekku et al., 2009). The 

perinodal ECM does not form in HAPLN2 deficient mice, which allowed to test perinodal ECM function 

in fiber conduction (Bekku et al., 2010).  In the white matter of these mice, there was no reduction of 

Nav channel density at nodes. However, there was a decrease in nerve conduction associated with the 

perturbation of the diffusion barrier at nodes suggesting that perinodal ECM accelerates action 

potential velocity (Bekku et al., 2010).  

 

 

Figure 8: Molecular organisation of the perinodal extracellular matrix in the CNS. 

(A) The components of the perinodal extracellular matrix (in green) localises at the nodal domain flanked on both side by 

paranodes (Caspr, red) in mouse spinal cord. The images show the following protein of the perinodal ECM: Brevican (Bcan), 

Versican V2 (Vcan), HAPLN2 and Neurocan N (Ncan). (B) Schematic representing the molecular organisation and the 

interactions at the perinodal matrix in the CNS. Adapted from Susuki et al, 2013 and Fawcett et al, 2019. 
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1.3.3 Paranodes 

 
 The node is flanked on both side by the paranodes, where tight axo-glial junctions attach the 

axolemma with the paranodal loops (Figure 5A). The axo-glial junctions restrict molecule diffusion, 

stabilize nodal components and increase the axial resistivity allowing saltatory conduction 

(Rosenbluth, 2009; Cohen et al., 2019; Rasband and Peles, 2021). These functions of the paranodes 

are intrinsically related to the tightness of the axoglial junction, with a tight apposition of the 

axolemma and glial membranes, their distance ranging from 3 to 7 nm (Salzer, 2003; Nans et al., 2011). 

To reach this proximity, a dense clustering of three major CAMs is observed at the paranode, the axonal 

Caspr (also named Caspr1 or Paranodin), contactin and the glial neurofascin 155 (Figure 9B). 

The molecular description of the septate-like junctions at the paranode, started with the study 

of similar septate junctions established by glial cells in Drosophilia (Baumgartner et al., 1996). Indeed, 

the first required component identified at these junctions neurexin IV, had close similarities with the 

mammalian protein Caspr (Peles et al., 1997a), that was soon identified at the paranodal domains 

(Einheber et al., 1997; Menegoz et al., 1997). Caspr is a glycoprotein of the neurexin family that was 

identified through its interaction with the GPI-anchored CAM, contactin (Peles et al., 1997b). Contrarily 

to contactin that is expressed both in neurons and glia, Caspr is exclusively expressed by neurons 

(Einheber et al., 1997; Menegoz et al., 1997). During the development, Caspr is expressed diffusely 

along the axons that are not yet myelinated. As myelination proceeds, Caspr clusters together with 

contactin at the junction between the myelin sheath and the axolemma (Einheber et al., 1997; Faivre-

Sarrailh et al., 2000; Bonnon et al., 2003). In Caspr deficient mice, there is an extensive disruption of 

the axoglial function, with the absence of contactin at the paranodes and Kv1 voltage-gated potassium 

channels invading the paranodal domains (Bhat et al., 2001). Consequently, in these mice a strong 

decrease of the conduction velocity is observed, that may be due to the mislocalisation of potassium 

channels (Koles and Rasminsky, 1972; Bhat et al., 2001). The localization of the Caspr/contactin 

complex at the paranodal junction need the adaptive protein 4.1B that connect the complex to the 

actin cytoskeleton through its interaction with the II-II spectrin (Gollan et al., 2002)(Figure 9B). The 

Caspr/contactin complex forms a tripartite complex with the glial Nfasc 155, by interacting with the Ig 

domains of Nfasc 155 (Tait et al., 2000; Charles et al., 2002)(Figure 9B). These interactions between 

Caspr/contactin and Nfasc 155 seal the two membranes together linking the actin cytoskeleton of the 

axon with its glial counterpart (Chang et al., 2014).  

In Purkinje cells, BK potassium channels are clustered at paranodes (Hirono et al., 2015). The 

activation of BK channels is controlled by an allosteric effect between membrane depolarisation and 

Ca2+ biding (Sausbier et al., 2006; Lorenzo-Ceballos et al., 2019). Their activation at the paranodes at 

high firing frequencies secures action potential propagation along Purkinje cell axons (Hirono et al., 

2015).    
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Figure 9: Molecular organization of the nodal domain. 

(A) Image of a teased fiber of the ventral funiculus of the spinal cord showing the nodal (Nav, in green), paranodal (Caspr, in 

red) and juxtaparanodal (Kv1.1, in blue) domains. (B) Schematics of the molecular organisation and the interactions between 

proteins at the nodal domain in the CNS. Adapted from Desmazières et al., 2014; Lubetzki et al., 2020. 
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1.3.4 Juxtaparanodes 

 

Neighbouring the paranodes are the juxtaparanodes which are localized under the compact 

myelin. Juxtaparanodes are characterized by the clustering of voltage-gated potassium channels, Kv1.1 

and 1.2 being the predominant subunits (Wang et al., 1993; Rasband et al., 1998)(Figure 9B). Although 

their function at this site is still unclear, they might shunt the depolarisation of the axolemma 

(Arancibia-Carcamo and Attwell, 2014).  Indeed, a recent study by Cohen and colleagues has suggested 

that the depolarisation at the juxtaparanode reaches about 80 mV of amplitude, which is virtually 

sufficient to transiently activate the majority of Kv1.1 and 1.2 channels (Scholle et al., 2004; Hao et al., 

2013; Cohen et al., 2019).  

The clustering of Kv channels at the juxtaparanodes relies on the paranodal junction, and the 

disruption of paranodal loops leads to the mislocalisation of the Kv channels (Bhat et al., 2001; Zonta 

et al., 2008). The juxtaparanodal Kv channels are further stabilized by the complex comprising the 

neuronal protein Caspr2 and TAG-1 (also named contactin-2) expressed by both neuron and glia (Traka 

et al., 2003)(Figure 9B). Indeed, in mice lacking TAG-1, there is no clustering of Caspr2 at the 

juxtaparanode and the accumulation of Kv channels is severely disrupted (Traka et al., 2003). This 

phenotype, is further recapitulated by the deletion of Caspr2, demonstrating that both Caspr2 and 

TAG-1 are required to properly cluster Kv channels at the juxtaparanode (Poliak et al., 2003). Similarly 

to the Caspr/contactin complex at the paranode, the Caspr2/TAG-1 complex is anchored to the axonal 

cytoskeleton through its interaction with the 4.1 adaptator and II-II spectrin (Gollan et al., 2002; 

Denisenko-Nehrbass et al., 2003; Ogawa, 2006)(Figure 9B). 

 

1.4 From oligodendrogenesis to myelin sheath formation and functions  

 

In the CNS, the myelinating cells are the OLs, each of them enwrapping several tens of axons 

(Matthews and Duncan, 1971; Chong et al., 2012). Therefore, the membrane of OLs reaches a level of 

complexity that stands above any other cell of the body (Simons and Nave, 2016). OLs originate from 

the differentiation of oligodendrocyte progenitor cells (OPCs) that proliferate, migrate and then 

differentiate into myelinating oligodendrocytes. Once differentiated in myelinating OL, these cells start 

to enwrap axons which include several steps, recognition of the axons to target, production and 

trafficking of the myelin components and ultimately myelin compaction (Nave and Werner, 2014).    

 

1.4.1 Multiple embryonic origin of the OPCs 

 

The origin of OPCs has been a long standing debate in the scientific community from the 90s 

until a seminal study by Kessaris et al, in 2006 (Richardson et al., 2000, 2006; Spassky et al., 2000). 
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Indeed, back in the 90s, there were evidences supporting a single ventral source of the OPCs (Pringle 

and Richardson, 1993). However, this result was challenged by the team of JL. Thomas and B. Zalc, 

using LacZ expression under the control of the plp promotor. Their observations suggested a plural 

origin of the oligodendroglial lineage, from restricted domains of the dorsal and ventral ventricular 

zone both in the spinal cord and forebrain (Spassky et al., 1998, 2001). The study of Kessaris et al, in 

2006 described in more details OPCs origin using a Cre-lox fate mapping approach. Using this approach, 

it was shown that OPCs are generated in three successive waves. At E12.5, a first wave of OPCs is 

generated from nkx2.1 expressing precursors localized in the medial ganglionic eminences of the 

ventral forebrain and populates the entire telencephalon. The second wave arises at E15.5 from 

precursors expressing Ghs2 in the lateral and caudal ganglionic eminences. And lastly, at birth, a third 

wave arises from Emx1 positive precursor in the ventricular zone of the cortex (Kessaris et al., 2006) 

(Figure 10A). More recent work suggested that the third wave might start as early as E17.5 (Winkler et 

al., 2018).  

In the spinal cord, OPCs are also generated from ventral as well as dorsal progenitor domains 

in two successive waves. The first wave starts at E12.5 and generates the majority of the spinal OPCs 

arising from the same ventral progenitor domain than motoneurons. The second dorsal wave, arises 

around E15 from the dorsal progenitor domains dP3, 4 and 5 and colonize the dorsal part of the spinal 

cord (Cai et al., 2005; Vallstedt et al., 2005) (Figure 10B).      

 

Figure 10: Multiple embryonic origin of OPCs in the forebrain and spinal cord. 

 (A) Schematic of the three sequential waves of OPCs in the telencephalon. The ventral wave originates from the Nkx2.1 

positive progenitor in the medial ganglionic eminences at E12.5. The second wave arises from Gsh2 expressing progenitor in 

the lateral and caudal ganglionic eminence at E15.5. The third wave was suggested to arise at birth (P0) but could start around 

E17.5. This last wave originates from the Emx1 positive progenitor of the cortical ventricular zone (VZ). (B) Schematics of the 

two sequential waves of OPCs in the cervical spinal cord. The ventral wave originates from the Nkx6 positive, Olig2 positive 

pMN progenitor domain at E12.5. The dorsal wave arises from the Pax7, Msh3 expressing dorsal progenitor domains (dP3, 

dP4 and dP5). Adapted from Richardson et al, 2006.  
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1.4.2 From OPCs to oligodendrocytes 

 

Following their generation during the embryonic development, OPCs invade the whole 

parenchyma and continue to proliferate. Although their proliferation extends to adulthood, OPCs 

undergo a maximal proliferation in the first week of postnatal development. Their differentiation into 

OLs starts in the first week of postnatal development and peaks between the second and the third 

week postnatally, simultaneously with developmental myelination (Rivers et al., 2008; Zhu et al., 2011; 

Young et al., 2013). To form OLs, OPCs undergo several steps of a continuous differentiation that have 

been recently characterize in details by the team of G. Castello-Branco using single-cell RNA 

sequencing (Marques et al., 2016)(Figure 11A). When looking at the state of cells along the 

oligodendroglial lineage, some markers are commonly used. OPCs are generally characterized by their 

expression of NG2 and PDGRF. While they start to differentiate, the expression of NG2 and PDGRF 

decreases and committed OPCs start to express sulfatide (O4) at their membrane and grow multiple 

processes (Bansal and Pfeiffer, 1989)(Figure 11B). Pursuing their differentiation, committed OPCs lose 

their proliferative capacities, grow a very complex arborization of processes and become newly formed 

OLs characterized by their expression of markers such as GalC (O1) or CNPase (Zalc et al., 1981). While 

growing their arborization, OLs starts to express myelin specific proteins (e.g Opalin, PLP/DM20, MBP) 

and are defined as myelin-forming OLs (Marques et al., 2016). Lastly, while they myelinate, OLs start 

to express the protein MOG that is commonly used to characterize the last step of mature OLs (Solly 

et al., 1996)(Figure 11B). This continuum of differentiation is highly active during the first weeks of 

postnatal development and the intermediate states of OLs differentiation persist but are rare in adult 

(Marques et al., 2016). Nevertheless, the OPCs persist in adulthood where they represent 5 to 8% of 

the total cells and keep proliferating (Chang et al., 2000; Horner et al., 2000; Dawson et al., 2003). This 

pool of OPC is widely distributed in the CNS and is thought to participate to the generation of OLs 

during remyelination (see 1.6.3)   
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Figure 11: From OPC to OL, a continuum along the oligodendroglial lineage. 

 (A) t-SNE plot of single cell RNAseq data showing a continuum of the oligodendroglial lineage from OPCs to mature OLs in 

mouse. This continuum is uniform in the CNS and heterogeneity arises at the mature oligodendrocyte state. The colors match 

the colors used in (B) to identify the different maturation stage. (B) Schematics of the progression along the oligodendroglial 

lineage, and expression of the classical protein markers used to identify oligodendroglial cells along their differentiation. 

Adapted from Marques et al, 2016.  

 

1.4.3 Myelin sheath formation      

 

In the CNS, there is a very restricted time window of about 1 or 2 days between the 

oligodendrocyte starting to myelinate and the generation of all the fully compacted and stable myelin 

sheaths generated by this cell (Watkins et al., 2008; Czopka et al., 2013). Within this short period of 

time, OLs need first to identify the axons to myelinate. In the zebrafish, pre-myelinating OLs, grow a 

large number of motile processes that contact various axons, and initiate myelination on a subset of 

these axons (5 hours)(Czopka et al., 2013). Along the course of myelination, about 20% of these 

processes are retracted, the other 80% being stabilized as compact myelin sheath wrapped around 

axons (1-2 days after myelination start)(Czopka et al., 2013). The mechanisms that restrain myelination 

to only a subset of axons is still not fully understood. Indeed, fixed axons or more recently, synthetic 

nanofibers have been used to demonstrate the ability of OLs to myelinate inert material without any 

other clue than their diameters (Rosenberg et al., 2008; Lee et al., 2012a). However, in the CNS, some 

axons with similar diameters are either myelinated or not, and the “diameter” rule cannot explain on 

its own myelination patterns. These results led to the hypothesis that the targeting of axons by OL 

must be driven by inhibitory cues expressed at the membrane of unmyelinated structures (soma, 

dendrites, axon initial segment, nodes of Ranvier and axons with a sufficient diameter that remain 

unmyelinated). Aiming to identify these cues, a study by the team of J. Chan described junction 

adhesion molecule 2 (JAM2) as an inhibitory signal for the myelination of the somatodendritic 

comportment of Pax2 positive interneurons in the dorsal horn of the spinal cord (Redmond et al., 

2016). However, as the expression of JAM2 is restricted to some interneurons, other cues may exist as 
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hallmarks of the myelination pattern later formed by OLs. Furthermore, a genetic screening in 

zebrafish identified that neurofascin B (predicted to encode a protein analogous to Nfasc 155) prevents 

the mistargeting of myelination to cell bodies (Klingseisen et al., 2019). However, questioning the view 

that unmyelinated portion of neurons must express inhibitory signals to prevent mistargeted 

myelination, a recent study showed that the homeostasis of myelin production is an important 

parameter for the specificity of myelination (Almeida et al., 2018). Indeed, increasing 

pharmacologically (in zebrafish) or genetically (in mice) the number of OLs or reducing the number of 

axons using kif1-binding protein (kf1bp) mutants in zebrafish led to an increased ratio of OLs over 

axons. This manipulation triggered mistargeted myelination of neuronal cell body, and suggested that 

the pattern of myelination also depends on the fine regulation of OLs production (Almeida et al., 2018). 

Thus, the balance between OL number and axonal density, might allow the specific myelination of 

axons depending on their diameter (Mayoral et al., 2018), neuronal identity (Nelson et al., 2019) or 

neuronal activity (see 3.2.2).  

 Once OLs have identified their target, they need to wrap and form compact sheath around 

them. The growth of the myelin sheath proceeds through the extension of the inner tongue 

underneath the previously wrapped membranes. The extension of the newly formed layers along the 

axon occurs simultaneously and ultimately the uncompacted edges form the paranodal loops 

(Snaidero et al., 2014)(Figure 12). The membrane layers are compacted from the outer to the inner 

layers, leaving cytoplasmic channels of uncompacted myelin to allow for the transport of myelin 

components toward the edges of the inner tongue that concentrate myelin extension (Snaidero et al., 

2014, 2017) (Figure 12). Although the compaction is triggered by the actin cytoskeleton 

depolimerization concomitantly with MBP polymerization, F-actin interacting with CNPase prevents 

the compaction at the inner tongue and along the cytoplasmic channels (Zuchero et al., 2015; Snaidero 

et al., 2017).  

Figure 12: Model of myelin wrapping around 

axon in the CNS. (A-D) Schematic of the 

developing myelin sheath along an axon in 

the CNS. The flattened configuration is 

shown to emphasize the organisation of the 

myelin sheath and the cytoplasmic channels 

along it. It shows the inner tongue where the 

membrane extends (in pink) and the 

compacted myelin (in dark violet). The 

wrapped representation shows the extension 

of myelin layers along the axon. Lastly, the 

cross-section representation highlights the    

compaction of the myelin layers while 

myelination is ongoing. Snaidero et al, 2014.      

 

Figure 12 
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1.4.4 Myelin functions in conduction and metabolic support 

      

1.4.4.1 Myelin allows fast saltatory conduction 

 

Myelin allows to increase by a factor up to 50 the conduction velocity without increasing 

axonal diameter, by increasing local radial resistance and reducing axonal membrane capacitance. 

Myelination of the axon theoretically enables to increase conduction with diameters as low as 0.2m 

(Waxman and Bennett, 1972). Experimentally, CNS axons with a diameter above (but not bellow) 

0.4m can be myelinated (Hildebrand et al., 1993). At a fixed diameter, two main parameters of the 

myelin sheath are modulating conduction velocity. First, the thickness of myelin that is often 

characterized by the g-ratio (the axonal diameter divided by the total outer diameter of the fiber). The 

g-ratio is optimal for conduction velocity between 0.75 and 0.80 in the CNS (Smith and Koles, 1970; 

Waxman and Swadlow, 1976; Chomiak and Hu, 2009). The second physical parameter of the myelin 

sheath that participates in setting conduction velocity is the internodal length (Huxley and Stampfli, 

1949). Indeed, conduction velocity increases together with the increase of the internodal length until 

a plateau at about 1000 m (Brill et al., 1977; Moore et al., 1978). In the CNS, internodes are usually 

between 50 and 150 m long (Tomassy et al., 2014; Stedehouder et al., 2017) and changes in their 

length modify conduction velocity (Etxeberria et al., 2016). Along myelinated fibers, other parameters 

and in particular nodal structure can modulate the conduction velocity (see 1.5).  

 

1.4.4.2 Myelin provides metabolic support to the axons 

 

Besides its function in action potential conduction, myelin has been recently studied for its function in 

metabolic support of the axon. Indeed, axons are very long structures that can reach their targets 

several meters away in mammals, hence metabolite diffusion from the soma cannot provide a 

sufficient source of energy. The first clues suggesting a function of myelin in metabolic support of the 

axons came along with the study of myelin specific proteins deficient mice (CNPase, PLP) (Griffiths et 

al., 1998; Edgar et al., 2008). These mice showed normal myelination but develop early axonal defects 

indicative of axonal energy deficits (Griffiths et al., 1998; Edgar et al., 2008). Further investigations, 

using mice with mitochondrial respiration deficiency, showed that lactate produced in OLs is 

transported to the axon and used for ATP production. This metabolic support is allowed by the 

monocarboxylate transporters MCT1 and MCT2 respectively expressed by OLs and axons (Fünfschilling 

et al., 2012; Lee et al., 2012b)(Figure 12). OLs are also involved in ion homeostasis underneath myelin 

sheath, with notably potassium clearance at the periaxonal space (Larson et al., 2018; Marshall-Phelps 

et al., 2020). Potassium concentration in the periaxonal space depends on neuronal activity, and its 

clearance by myelin sheaths might control the activity dependent metabolic support of myelin to the 
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axons (Hamilton et al., 2016). Indeed, potassium concentration increase in the periaxonal space could 

trigger calcium signaling (Hamilton et al., 2016), a mechanism that may also be mediated by 

oligodendroglial NMDA receptors activation  (Saab et al., 2016; Saab and Nave, 2017)(Figure 13). 

 

 

 

Figure 13: Myelin provide metabolic support to the axons of the CNS. 

Schematic showing the metabolic support provided by oligodendrocytes through the myelin sheath to the axon. The 

metabolic support is provided by the transport of lactate from the soma of OL to the myelin sheath through the cytosolic 

channels and then diffuse to the inner tongue where MCT1 transport it to the periaxonal space. Once in the periaxonal space, 

lactate is imported in axons through MCT2, and is used to produce ATP. This mechanism is further activated by ATP release 

at the axon upon neuronal activity. Potassium ions are released in the periaxonal space by the Kv1 channels at the 

juxtaparanode and subsequently cleared by OLs. This mechanism could lead to the raise of calcium concentration and 

participate together with NMDA receptor activation to the activity dependant metabolic support. Adapted from Saab and 

Nave, 2017.  
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1.5 Assembly and function of nodal domains along myelinated fibers 

 

1.5.1 Nodal domain assembly in the CNS, a multimodal mechanism.  

 

In the PNS the mechanisms responsible for the clustering of nodal protein are well established 

and rely on two complementary processes, heminodal clustering and restrictions of proteins at nodes 

by the paranodal junctions (Vabnick et al., 1996; Ching et al., 1999; Pedraza et al., 2001; Eshed et al., 

2005; Schafer et al., 2006; Feinberg et al., 2010). In the CNS, the exact mechanisms leading to the 

assembly of the nodes of Ranvier are less well understood. The loss of function strategies used to 

decipher this process showed the existence of mechanisms that can compensate with three mains 

actors, the paranodal junctions, the axonal cytoskeletal scaffold and the extracellular matrix (Susuki et 

al., 2013; Amor et al., 2017). 

 

1.5.1.1 Nodal clustering is concomitant with myelination : the classic mechanism 

 

Axoglial junction at the paranode 

 
At the onset of myelination, it has been shown in the CNS that axo-glial junctions can be 

formed prior to the clustering of Nav channels or nodal CAMs like Nfasc 186 (Rasband et al., 1999). 

The study of the optic nerve myelination in rodents, showed that this structure starts to be myelinated 

at the beginning of the second week of postnatal development (Skoff et al., 1976; Black et al., 1982). 

At P7, few axo-glial junctions are observed (identified by clusters of Caspr) in the optic nerve whereas 

nodal proteins are not clustered yet (Rasband et al., 1999). The clustering of nodal proteins such as 

Nfasc186, Nav channels and scaffold protein (IV-spectrin) was detected only after P9 at heminodes 

(Rasband et al., 1999; Susuki et al., 2013), whereas perinodal ECM was observed as late as P20 a 

timepoint at which virtually all nodal structures are flanked by myelin (Susuki et al., 2013). This 

observation suggested that the axo-glial junction formation is an early event of nodal domain assembly 

and could participate to the clustering of nodal proteins while myelination is ongoing. It was proposed 

that while the heminodes (juxtapose to myelin only on one side) are moving forward with myelination, 

the paranodal junction “pushes” nodal proteins and play the role of a diffusion barrier eventually 

restricting all the nodal proteins to the mature node (Rasband et al., 1999; Pedraza et al., 2001; Susuki 

et al., 2013). To explore further the function of paranodal junction as a diffusion barrier, several groups 

started to look at the nodal domains of mice missing proper paranodal junctions. However, in Caspr 

and Nfasc155 deficient mice that lack proper paranodal loops, Nav channels are still clustered at nodes 

suggesting that paranodal junctions participate in nodal clustering but are not required and can be 
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compensated by over mechanism in the CNS (Bhat et al., 2001; Rios et al., 2003; Zonta et al., 2008; 

Pillai et al., 2009; Susuki et al., 2013; Amor et al., 2017) (Figure 14).   

       

Perinodal ECM 

 
In the CNS, another important mechanism is the stabilization of nodal proteins by the 

perinodal ECM. Indeed, in vitro, the overexpression of perinodal ECM proteins leads to the formation 

of Nfasc 186 clusters along axons in absence of myelin (Susuki et al., 2013). Moreover, in mice lacking 

both paranodal junctions and perinodal ECM proteins, the number of nodal domains with Nav 

clustering is deeply reduced whereas this parameter is not affected in single mutant lacking whether 

paranodal junction (Caspr deficient) or perinodal ECM proteins (Versican and Brevican double knock-

out or HAPLN2 knock out) (Weber et al., 1999; Bekku et al., 2009; Dours-Zimmermann et al., 2009; 

Susuki et al., 2013; Amor et al., 2017). However, since the perinodal ECM is formed late in the 

development, when most of the nodes are formed, ECM proteins may not participate to the initiation 

of node assembly but rather take part in the stabilization of nodal domains by interacting with Nfasc 

186 and Nav subunits (Srinivasan et al., 1998; Hedstrom et al., 2007)(Figure 8, Figure 14). 

 

Nodal cytoskeletal scaffold  

 
As described previously, nodal scaffolding proteins interact with most of the nodal proteins 

and anchor them to the cytoskeleton (see section 1.3.2.3). In the optic nerve, AnkG is clustered at 

heminodes as early as P9, prior to Nav channels and Nfasc 186 (Jenkins and Bennett, 2002). 

Furthermore, Nav binding to AnkG is necessary and sufficient to cluster Nav channels (Gasser et al., 

2012; Barry et al., 2014), and the deletion of AnkG binding motif of Nfasc186 prevents its clustering to 

nodal domains (Susuki et al., 2013). Thus, AnkG (or AnkR, see 1.3.2.3) is required for the clustering of 

nodal proteins (Barry et al., 2014; Ho et al., 2014), however its connection to the axonal cytoskeleton 

through IV-spectrin is not necessary. Indeed, IV-spectrin deficient mice form nodal structures (Yang, 

2004; Yang et al., 2007; Susuki et al., 2013), and it is only upon double deletion of IV-spectrin and 

paranodal junctions or IV-spectrin and perinodal ECM that Nav clustering at nodes is affected (Susuki 

et al., 2013). Nevertheless, the nodal domains become elongated in older IV-spectrin deficient mice 

(1.5 vs 6 months), and Nav distribution as well as density seem disrupted (Lacas-Gervais et al., 2004; 

Yang, 2004; Yang et al., 2007). The anchoring to the nodal cytoskeletal scaffold is therefore involved in 

the stabilization of nodal proteins but is not directly involved in the initiation of its formation in this 

model (Figure 14). 
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Figure 14: Three mechanisms contribute to the classical process of nodal assembly in the CNS. 

 (A-C) Proportion of nodes in the optic nerve that shows Nav clustering in WT mice, in mice deficient for the paranodal 

junctions (PJ, Caspr-/-), for perinodal ECM (ECM, Bcan-/-,  Vcan-/-, Bral1-/- (also named HAPLN2)) and for the anchoring to 

the cytoskeletal scaffold (CS, IVspectrin -/-). (D) Schematic showing the main actors participating in the nodal clustering and 

its stabilization in the CNS. Paranodal junctions restrict Nav channels to the nodes while perinodal ECM and anchoring to the 

cytoskeleton stabilize Nav clusters. Adapted from Susuki et al, 2013.  
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1.5.1.2 Nodal clustering can precede myelination : an alternative mechanism 

 

In the CNS, clusters of Nav channels along unmyelinated axons were first reported in rat optic 

nerve at P10 (Waxman and Ritchie, 1993) and along axons of the ganglia of Aplysia (the CNS in this 

organism is made of fused ganglia)(Johnston et al., 1996). Moreover, although axoglial junctions have 

been described to initiate the mechanism of nodal assembly in the optic nerve, at P9-P10, 12% of the 

nodal structures were characterized by an isolated cluster of Nav channels without any paranodal 

junction at their vicinity (Rasband et al., 1999). Similarly, experiments performed by several groups in 

vitro on retinal ganglion cells (RGCs) and in vivo in the optic nerve and hippocampal GABAergic neurons 

showed that Nav channels can cluster prior to myelination and form “node-like-clusters” (Kaplan et 

al., 1997, 2001; Freeman et al., 2015; Dubessy et al., 2019; Thetiot et al., 2020). More recently, node-

like clusters were described along Purkinje cells axons, and isolated clusters of neurofascin were 

observed on commissural primary ascending and circumferential descending neurons of the zebrafish 

(Lubetzki et al., 2020a; Vagionitis et al., 2021)(Figure 15A-C). Since these clusters are formed prior to 

the formation of paranodal junctions and perinodal ECM, the observation of these structures led to 

the conclusion that other mechanisms of nodal formation may exist. The study of the formation of 

node-like clusters along unmyelinated axons led to the identification of two main mechanisms that are 

required for their formation. First the oligodendroglial secreted factors and second the involvement of 

the scaffolding proteins and 2-Nav subunits (Kaplan et al., 1997; Freeman et al., 2015; Dubessy et al., 

2019; Thetiot et al., 2020).     

 The mechanism leading to Nav clustering prior to myelination could be addressed using RGCs 

culture (Meyer-Franke et al., 1995). Indeed, culture of isolated RGCs failed to cluster Nav channels 

along axons except at the axon initial segment (AIS). However, the same culture, with all glia from the 

optic nerve or over a conditioning layer of isolated OLs induced Nav channels clustering whereas co-

culture with isolated astrocytes failed to induce Nav channels clustering (Kaplan et al., 1997). This first 

experiment led to the conclusion that OLs might secrete factors that induce the clustering of Nav 

channels along unmyelinated RGC axons (Kaplan et al., 1997). These secreted factors were shown to 

lose their clustering activity following a treatment with high temperatures or protease leading to the 

conclusion that the clustering factor was at least partially a protein (Kaplan et al., 1997). The same 

group headed by B. Barres, further described the mechanism leading to node-like clustering. They 

could show that the disruption of actin cytoskeleton, protein synthesis or vesicular trafficking in 

neurons led to the inhibition of Nav clustering (Kaplan et al., 2001). In this study, the authors could not 

identified precisely the protein(s) secreted responsible for the clustering activity but suggested its 

approximate size to be between 30 and 50 kDa (Kaplan et al., 2001). Whereas studies on node 

assembly focused on the role of paranodal junctions for the next fifteen years following Rasband and 
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colleagues’ seminal work in 1999, it is only in 2015 that Freeman et al. showed node-like clustering 

along unmyelinated axons of the hippocampus both in vitro and in vivo (Freeman et al., 2015)(Figure 

15A-B). This study showed that hippocampal neurons form node-like clusters along their unmyelinated 

axons and confirmed that oligodendroglial conditioned medium (OCM) is required for the clustering 

(Figure 15A). Investigating further the identity of node-like cluster forming neurons, they could show 

that node-like clusters are restricted to GABAergic hippocampal neurons, the vast majority being 

parvalbumin (PV) and/or somatostatin (SST) positive. Contrarily to GABAergic neurons, pyramidal 

neurons from the hippocampus failed to form any node-like cluster suggesting that this mechanism is 

restricted to some of the neuronal sub-populations of the CNS (Freeman et al., 2015; Lubetzki et al., 

2020a). Node-like clusters along axons showed a clustering of -Nav1.1 and 1.2 channels together with 

AnkG and 2-Nav, followed later by the clustering of other nodal CAMs and Nav1.6 channels (Freeman 

et al., 2015; Thetiot et al., 2020)(Figure 15D). The study demonstrated that  AnkG is required for node-

like clustering whereas Nfasc 186 is not necessary for this assembly (Freeman et al., 2015). 

Furthermore, 2-Nav knockdown was shown to induce a 2-fold inhibition of node-like cluster 

formation (Thetiot et al., 2020). Altogether these results shed light on nodal proteins clustering, 

establishing that node-like clustering is an alternative mechanism of early assembly, distinct from the 

“classical” mechanism in which Nfasc 186 together with paranodal junctions are required to form 

nodal clusters (Rasband et al., 1999; Susuki et al., 2013; Amor et al., 2017). Using a live imaging 

approach, Thetiot et al showed that  proteins expressed at node like clusters can pre-assemble and are 

partially co-transported along the axon (Thetiot et al., 2020), with a key role of molecular motors KIF5A 

and C (kinesin-1 family) and dynein/dynactine-1 (Thetiot et al., 2020). Lastly, Dubessy et al, identified, 

using a proteomic approach that contactin (released by oligodendrocytes and therefore present in 

OCM) was accounting for a large part of OCM clustering activity (Dubessy et al., 2019). They further 

showed the involvement of the ECM in Nav clustering, identifying Tenascin-R and phosphacan as 

critical partner of contactin for node-like clustering (Dubessy et al., 2019). 

 Very recently, clusters of Nav channels were observed prior to myelination in the PNS, raising 

the possibility that this alternative mechanism in which nodal proteins are clustered prior to the 

formation of paranodal junctions and to myelination could be extended in some cases to the PNS 

(Malavasi et al., 2021). 
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Figure 15: Node-like clusters are assembled along various populations of neurons in the CNS in mouse and zebrafish. 

 (A-C) Images of unmyelinated axons with node-like clusters along them. (A) In cultures of purified hippocampal neurons 

treated with OCM, GABAergic neurons (GAD+, in red) form node-like clusters (Nav, in green) along their axon showing that 

secreted factors from OLs are required for node-like clustering. (B) In vivo, in P12 mouse hippocampus, node-like clusters 

(AnkG, in red, arrowheads) can be observed prior to myelination (PLP, in grey), and their formation does not require 

paranodal junction (Caspr, in green, arrow). (C) In zebrafish, in vivo, neurofascin A (in red) forms node-like clusters along 

unmyelinated segment of axons (in cyan, arrowhead). (D) In vitro, in mixed hippocampal culture Nav, AnkG and 2-Nav are 

first clustered and later on, other nodal CAMs are recruited at node-like clusters and participate to the restriction of these 

domains. Scale bars: (A) 25m, (B) 20m; (C) 10m. Adapted from Freeman et al, 2015; Vagionitis et al, 2021; Thetiot et al, 

2020.   
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1.5.2 Functions of nodal domains along the axons 

 

Axonal Nav channels are responsible for the regeneration of the action potential along the 

axon, and their organization in clusters at nodal domains allow fast saltatory conduction. Therefore by 

regulating the action potential arrival, nodal structure distribution, length and composition tune the 

function of neuronal circuits (Pajevic et al., 2014; Ford et al., 2015). 

    

1.5.2.1 Function of node-like-clusters along unmyelinated axons 

 

The role of node-like clusters along axons is still unclear, but some evidence suggested two 

potential functions so far. First, the presence of node-like clusters along axons has been correlated 

with a higher conduction velocity (Freeman et al., 2015), and second they may guide myelination 

initiation as well as define hallmarks for the future pattern of myelination (Thetiot et al., 2020; 

Vagionitis et al., 2021). 

Concerning their role on conduction velocity, Freeman et al. were able to assess through 

simultaneous recordings of the soma and the axon distally the conduction speed along the axons. 

Using an immunostaining of Nfasc on live hippocampal neurons in culture, enabling to distinguish 

neurons on the presence or absence of node-like clusters along their axons, they showed that node-

like clusters are associated with an approximate 2 fold increase of action potential conduction velocity 

(Freeman et al., 2015)(Figure 16A-B). 

Regarding the fate of node-like clusters as well as their potential role in myelination, a study 

using co-culture of rat hippocampal neurons with murine OLs (Thetiot et al., 2020), and another work 

performed in vivo in zebrafish (Vagionitis et al., 2021), showed that the majority of node-like clusters 

either participate to the heminodal assembly or to mature nodes (in zebrafish). Thetiot et al. further 

showed that pre-myelinating OLs can contact node-like clusters and start to myelinate at their vicinity 

suggesting that these structures might guide myelination (Thetiot et al., 2020). In zebrafish, there are 

two neurofascin encoding loci, neurofascin a that localizes at the nodes of Ranvier and neurofascin b 

that is predicted to be analogous to mammalian neurofascin 155 (Auer et al., 2018; Klingseisen et al., 

2019). Vagionitis and colleagues followed isolated clusters of neurofascin A throughout the 

myelination process using live-imaging on zebrafish. They found that one third of these clusters 

remained at the same position after myelination becoming either mature node or stable heminode. 

When using neurofascin A mutants, they further showed that the pattern of myelination was altered 

with an increased variability of intermodal length in mutant compared to WT animals. This result led 

them to the hypothesis that node-like clusters may prefigure mature nodes of Ranvier position along 

the axons to be myelinated (Vagionitis et al., 2021). Of note, the space between clusters is usually 
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almost twice shorter than the internodal space, meaning that some of the clusters (about a half), are 

overlayed by myelin sheath or become heminodes and move with myelination, the former 

phenomenon being observed in both (rodents and zebrafish) live imaging studies (Thetiot et al., 2020; 

Vagionitis et al., 2021)(Figure 16C-F).             

 

Figure 16: Node-like clusters are associated with modulations of the conduction velocity and myelination. 

(A) Image of a live immunostaining with an antibody against the extracellular domain of Nfasc (in grey) showing axons without 

(above) or with node-like clusters (arrowhead, below). Spontaneous activity was recorded simultaneously from the soma 

(blue coloured pipette) and from the axon distally (green coloured pipette). (B) The conduction velocity calculated from the 

simultaneous recordings, show that the conduction velocity is higher along axons with node-like clusters compared to axons 

without cluster. (C) Live-imaging in mixed hippocampal cultures from rat co-cultured with PLP-GFP OLs, showing the initiation 

of myelination (GFP positive process, in green) at the direct vicinity of a node-like cluster (Nfasc, in red, arrowhead). (D) Live-

imaging in vivo in zebrafish, showing node-like clusters (Nfasc, in red, arrow) at day post fertilization 4 that keep their position 

once the axon is fully myelinated (MBP, in grey) at day post fertilization 5 (stars). (E) Possible fates of node like clusters in 

zebrafish in vivo. Most of node-like clusters either stay stable to form a nodal structure or form a heminode and later move 

along the axon as myelination proceeds. About a third of the node-like clusters disappear. (F) Schematics of the possible fate 

of node-like clusters when they take part to nodal domain formation. Scale bars: (A) 25m, (C) 15m and zoom 10m (E) 

10m. Adapted from Freeman et al, 2015; Thetiot et al, 2020; Vagionitis et al, 2021. 
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1.5.2.2 Function of mature nodes of Ranvier along myelinated axons 

 

Along myelinated fibers, the conduction velocity is not exclusively modulated by myelin 

pattern and structure (see 1.4.4.1). The structure and the molecular composition of nodes also affect 

conduction velocity. First, the identity of Nav channels expressed at nodes can modulate the firing 

pattern and the conduction velocity. For instance, Nav1.2 expressed at nodes during development 

have a higher threshold of activation than Nav1.6 and inactivate at high frequency (20-100 Hz)(Rush 

et al., 2005; Hu et al., 2009). The higher threshold of inactivation together with the smaller currents 

triggered by Nav1.2 compare to Nav1.6 may increase the amount of time necessary to depolarize nodal 

membrane hence slowdown action potential conduction velocity (Rush et al., 2005; Hu et al., 

2009)(Figure 17A). 

 In addition to Nav channel identity, several structural parameters of nodes have been shown 

to modulate the conduction velocity: the density of Nav channels at the node, the nodal length and 

the nodal diameter (Ford et al., 2015; Arancibia-Cárcamo et al., 2017). Although the density of Nav 

channels at nodes seems rather constant, it has been shown experimentally that both the length and 

the diameter of the nodal domains can vary along myelinated axons (Rios et al., 2003; Ford et al., 2015; 

Arancibia-Cárcamo et al., 2017; Stange-Marten et al., 2017). The modulations of the conduction 

velocity by the nodal length and nodal diameters are both related to the modifications of membrane 

capacitance, axial resistance and number of nodal Nav channels. Indeed, an increase in nodal length 

or diameter increase the surface of membrane at node hence increasing the capacitance and the 

number of nodal Nav channels. Furthermore, an increase of nodal length increases the intracellular 

axial resistance of the node whereas an increase of the nodal diameter decreases it (Figure 17B-C). As 

a consequence, although a higher resistance or capacitance tend to decrease conduction velocity 

whereas the increase of the number of Nav channels increases conduction, experimentally there is no 

simple correlation between one of these parameters and the conduction velocity. It is rather the 

combination of these three parameters that modulates conduction and can optimize it depending on 

the other properties of the myelinated fiber (Ford et al., 2015; Arancibia-Cárcamo et al., 2017). 

Experimentally, it has been shown in gerbil that the variation of nodal diameter in the auditory system 

ensure a precisely timed arrival of action potentials at the calyx of Held (Ford et al., 2015). In the cortex 

and optic nerve the variation in nodal length could result in a modulation of action potential 

conduction velocity by 20% (Arancibia-Cárcamo et al., 2017). This range of modulation is equivalent to 

the modulations induced by a change in the myelin thickness or internodal length but nodal 

modifications are more efficient regarding their energy cost (Arancibia-Cárcamo et al., 2017). Lastly, 

changes in nodes of Ranvier morphology could be relatively fast, and might adapt the conduction 
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velocity dynamically which is believed to profoundly affect neural circuits processing (Pajevic et al., 

2014; Dutta et al., 2018; Cullen et al., 2021).  

Although the mechanisms leading to modulation of nodal structure remain to be further 

described, astrocytes and neuronal activity have been suggested to modulate nodal length (Dutta et 

al., 2018; Cullen et al., 2021). Astrocytes have been shown to release the thrombine-protease 

inhibitors SERPINE2 that prevents the detachment of paranodal loops and maintain nodal length 

(Dutta et al., 2018). The inhibition of astrocytic exocytosis led to inhibition of  SERPINE2 release and 

correlated with a nodal lengthening and a decrease of conduction speed (Dutta et al., 2018). Moreover, 

the modulation of neuronal activity using repetitive transcranial magnetic stimulations induced a 

decrease of nodal length (Cullen et al., 2021). This modulation is further reversible, since the mean 

nodal length one week after the stimulation is similar to the mean nodal length of unstimulated 

animals (Cullen et al., 2021).      

 

 

Figure 17: Modulations of nodal molecular composition and structure modulate action potential conduction. 

(A) The identity of nodal Nav channels modulates the activation threshold and current flow at the node. Nav1.2 has a higher 

threshold and trigger lower current than Nav1.6. The properties of Nav1.6 channels may lead to a higher conduction velocity 

than Nav1.2. (B) The lengthening of the node increases axial resistance (Axial R) and capacitance. At a constant number of 

channels, it would slow down conduction velocity. However, concomitantly with nodal length increase there is an increase 

of the number of Nav channels at the node that also modulates conduction, leading to a complex modulation of the 

conduction taking into account the three parameters. (C) The increase of the nodal diameter increases nodal capacitance, 

decreases axial resistance and increases the number of nodal Nav channels. This leads to the same complex modulation of 

conduction velocity than nodal lengthening. Adapted from Lubetzki et al, 2020.  
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1.6 Disruption and repair of the myelinated fibers in pathological conditions; focus on multiple 

sclerosis 

    

1.6.1 Multiple sclerosis and its experimental models 

 

 

1.6.1.1 Multiple sclerosis, an inflammatory demyelinating disease of the CNS 

 

Disseminated lesions of white matter were described almost simultaneously between 1835 

and 1838 by Jean Cruveilhier (1791-1874) and Robert Carswell (1793-1857). However, the link between 

the clinical symptoms and the anatomical lesions was made in 1868 by the famous neurologist Jean-

Martin Charcot (1825-1893) that named this pathology, multiple sclerosis. Using this name, he referred 

to the anatomical features of the disease, characterized by multifocal demyelinated plaques in the CNS 

(Charcot, 1868)(Figure 18A). MS is an inflammatory demyelinating and neuro-degenerative disease of 

the CNS characterized by focal areas of demyelination distributed throughout the CNS in both white 

and grey matter. Spontaneous remyelination can occur and are identified as shadow plaques using 

myelin staining, but the remyelination is incomplete in most cases, and further decreases with time, 

which leads to axonal degeneration (Chang et al., 2002; Frischer et al., 2015; Lubetzki et al., 2020b). 

Worldwide, MS as a prevalence of 300 to 500 cases per 100 000 individuals, with a ratio male/female 

of 1/3 (Thompson et al., 2018). The diagnosis is typically made in young adult with patient suffering 

from blurred vision, vertigo, loss of balance and sensitive or motor defects among other symptoms. In 

the relapsing-remitting phase of the disease, these symptoms usually last few weeks before recovery 

(Waxman, 2006). However, some patients (about 15%), do not recover from the first deficit and show 

accumulation of disability from the onset of the disease, which is commonly described as a primary 

progressive form of MS (Thompson et al., 2018). Along the course of the disease, patients will either 

remain in a relapsing-remitting form of the disease or develop a secondary progressive form of the 

disease in which they stop to recover from the symptoms. Lastly, some patients recover but not 

completely from the onset of the disease and develop a progressive-relapsing form of MS (Lublin and 

Reingold, 1996; Thompson et al., 2018)(Figure 18B). Although the causes of MS are still unclear, several 

parameters have been identified, genetic, epigenetic and environmental, with ongoing studies on their 

relative weight in MS etiology (Thompson et al., 2018; Factor et al., 2020).  
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Figure 18: Anatomical lesions and clinical course of MS patients. 

 (A) Image of a forebrain section from a MS patient stained with luxol fast blue showing two different types of lesions found 

in MS patients with demyelinated regions (green arrows) and remyelinated lesions named shadow plaques (red arrows). (B) 

Schematics representing the progression of the disease along the course of the different form of MS. Adapted from Franklin, 

2002 and Lublin and reingold, 1996.   

 

 
MS is considered to be an autoimmune disease, with an adaptive immune response 

characterized by the invasion of the CNS by T and B lymphocytes. Even if the identification of a specific 

antigen has failed so far, T and B cells are suggested to be directed against CNS antigens driving the 

pathogenesis (Lubetzki et al., 2020b). The innate immune system is also at play in MS and might be 

particularly involved in disability progression (Dendrou et al., 2015). So far, most of the available 

treatments for MS act on the inflammatory component of the disease. If this strategy has proved very 

efficient to reduce the symptoms of the relapsing-remitting phase of MS, efficient treatment to stop 

the progression of the disease are still are unmet need (Feinstein et al., 2015). Furthermore, while 

inflammation is also an important component of the progressive phase of the disease, it has been 

suggested that tissue damage could expend independently of the inflammatory component (Trapp and 

Nave, 2008; Cree et al., 2019). Indeed, demyelinated axons may become more vulnerable leading to 

neurodegeneration. In particular, demyelinated axons display a redistribution of sodium channels 

along axons, a defect in potassium clearance and a lack of metabolic support from the OLs (Craner et 

al., 2004b; Waxman et al., 2004; Friese et al., 2014; Schirmer et al., 2014). These results highlight the 

importance of a better understanding of the neurodegenerative process, and the need for 

identification of mechanisms that would allow to promote remyelination and neuroprotection.  
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1.6.1.2  Development of animal models: toward a better understanding of MS 

 

Animal models have been of major value towards a better understanding of MS and allowed 

to identify key parameters that could promote recovery in MS patients. Although animal models are 

not perfect, they allow to study the de- and remyelination mechanisms taking into account the 

existence or absence of inflammatory component (Lassmann and Bradl, 2017). Three main models of 

remyelination exist, experimental autoimmune encephalomyelitis (EAE) mainly based on 

inflammation, toxin-based model that are useful to study the mechanism of de and remyelination and 

viral models that recapitulate some aspects of the disease but are very complex and make the 

pathological process difficult to study. 

EAE is an autoimmune disease induced in the animal by immunization with myelin 

components. EAE is usually triggered by injecting a specific myelin peptide to sensitize the animal 

together with an adjuvant used as a massive immune stimulant (Kabat et al., 1951; Mendel et al., 

1995). Depending on the myelin peptide used, different features of MS can be mimicked, the most 

extensively used peptide being MOG35-55 in mice (Lassmann and Bradl, 2017). This peptide, allow to 

induce a reliable chronic or acute EAE mainly restricted to the spinal cord. However, it shows a primary 

axonal injury mediated by auto-reactive MHC class II T CD4+ cells with only sparse primary 

demyelination restricted to the spinal cord (Soulika et al., 2009; Nikić et al., 2011). In other species, 

like rats or guinea pigs, the peptide MOG1-125 can overcome this issue and triggers large plaques of 

primary demyelination similar to what is seen in MS (Lassmann, 1979; Storch et al., 1998). One major 

limitation of EAE models is their difficulty to reproduce the complexity of immune cells at play in MS 

(Lassmann and Bradl, 2017). Nonetheless, EAE is a largely used model notably to test the efficiency of 

immunomodulatory treatments and to validate pro-remyelinating strategies in animal models.   

 Another strategy largely applied to study more precisely the mechanisms of de- and 

remyelination is toxin-induced demyelination. These models generally mimic the primary 

demyelination seen in MS, but largely lack the inflammatory component. The most extensively used is 

cuprizone which induces a large depletion of OLs and demyelination, predominantly in the corpus 

callosum, but that can extent to the cortex with longer treatment duration. In this model, spontaneous 

remyelination occurs after the removal of cuprizone diet (Blakemore, 1972, 1973). Moreover, if the 

diet is maintained for several months, a model of chronic demyelination is established (Ludwin, 1980), 

which allows to mimic partially the characteristics of MS lesions diversity. Remyelination in the 

cuprizone model is very efficient and starts soon after the demyelination is complete (Matsushima and 

Morell, 2006). Although this model is largely devoid of inflammatory component, demyelination with 

cuprizone activates microglia and triggers astrogliosis which allows to study along the myelination 

processes, the glial interactions during de- and remyelination (Skripuletz et al., 2013; Gudi et al., 2014).  
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Another strategy is the injection of lysophosphatidylcholine (LPC) in the white matter track of 

adult rodents. Typically injected in the corpus callosum, cerebellum or spinal tracks, LPC induces a focal 

demyelination due to the primary effect of detergent on the lipid-rich membrane of myelin (Hall, 1972; 

Jeffery and Blakemore, 1995). The demyelination is rapidly followed by spontaneous remyelination 

and the timeline of repair is well described allowing to precisely follow the mechanisms of 

remyelination (Jeffery and Blakemore, 1995; Woodruff and Franklin, 1999). This model like the 

cuprizone, induces an astrogliosis and microglia activation but also exhibit some infiltration from the 

bone marrow (monocytes derived macrophages and brief influx of T cells) (Ousman and David, 2000; 

Ghasemlou et al., 2007; Plemel et al., 2020). It can also be used ex vivo on organotypic slices, which 

allows to access the tissue more easily, performing for instance pharmacological tests or live-imaging 

(Birgbauer et al., 2004; Thetiot et al., 2019).    

 

1.6.2 Disruption of nodal domains upon demyelination 

 

In MS tissues and its experimental models, demyelination triggers deep alterations of nodal 

domains. These alterations lead to nodal clusters disruption and participates in conduction failure of 

the action potential, that are directly causing disabilities in patients (McDonald and Sears, 1970; 

Bostock and Sears, 1978; Felts et al., 1997; Craner et al., 2004b; Coman et al., 2006; Crawford et al., 

2009). At nodes several forms of alteration have been described, i.e mislocalization of ions channels 

at nodes, changes in Nav channel identity and a decrease of channel density up to a complete loss of 

ion channels clusters.  

It was shown using a cuprizone model that most of the Nav clusters along axons were lost upon 

demyelination (Dupree et al., 2004). Similarly, in EAE it was observed in the optic nerve and spinal cord 

that demyelination triggers a strong decrease of Nav clusters associated with a diffused distribution of 

Nav channels along demyelinated axons (Craner et al., 2003, 2004a). In post-morterm tissue of MS 

patients, there is also a diffusion of Nav channels with few Nav aggregates remaining in demyelinated 

lesions (Craner et al., 2004b; Coman et al., 2006). Following demyelination, the loss of Nav clustering 

go along with changes in the -Nav subunits expressed at nodes. Indeed, in various models of 

demyelination as well as in tissue from MS patients, a reduced expression of Nav1.6 was reported, 

with fewer Nav1.6 positive nodes. Conversely, Nav1.2 channels, typically found at immature nodes 

during the development or along unmyelinated axons (Boiko et al., 2001), are detected in higher 

proportion at nodal domains following demyelination (Craner et al., 2003, 2004b; Rasband et al., 2003; 

Pfeiffer et al., 2019). Investigating the origin of the increase of Nav1.2 positive nodes, it was shown in 

EAE that demyelination triggers de novo expression of Nav1.2 channels associated with an increase in 

the level of Nav1.2 mRNA (Craner et al., 2003). In Purkinje cells, following EAE induction, the expression 
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of -Nav subunits was disturbed with an ectopic expression of Nav1.8 channels, an -Nav subunit that 

is usually absent from these neurons (Black et al., 2000). In grey matter, the distribution of Nav 

channels following cuprizone demyelination is also affected, with a lower number of nodal regions 

expressing Nav1.6 channels and a lengthening of the remaining Nav1.6 clusters (Hamada and Kole, 

2015). This redistribution of Nav channels together with a diffusion of Kv7 channels along the axons 

induce a strong decrease of conduction speed along the main branch of the axon and the generation 

of ectopic action potentials (Hamada and Kole, 2015). Investing further the arborization of the axons 

and its physiological properties, Hamada and colleagues showed that demyelination also lead to 

frequency-dependent conduction failure in axons collaterals (Hamada et al., 2017). Thus, the 

perturbations of circuits functions are not only due to lesions in the white matter but also arise from 

demyelination of the grey matter (Kutzelnigg et al., 2005; Rinaldi et al., 2010; Hamada and Kole, 2015).    

A disruption of paranodal junctions prior to demyelination has been reported as an early event 

in demyelinating models such as EAE and cuprizone (Howell et al., 2010; Zoupi et al., 2013). The 

disruption of paranodal junctions has a dramatic effect since it leads to a mislocalization of Kv1.1 and 

1.2 channels at the paranode (Jukkola et al., 2012; Bagchi et al., 2014). Indeed, Kv1.1 and 1.2 channels 

adjacent to Nav have been reported in EAE mice and this mislocalization induces a stronger activation 

upon action potential that participates to conduction defects (Arancibia-Carcamo and Attwell, 2014) 

(Figure 19).  

 

Figure 19: Disruption of nodal domain upon demyelination. 

 (A-C) Schematics showing the nodal disruptions following demyelination. (A) Diagram of the node in control conditions. (B) 

The node of Ranvier is enlarged and the paranodal junction are detached leading to a decrease of conduction velocity and 

conduction failure. (C) When the myelin sheaths are completely lost, the nodal proteins diffuse along the axons which blocks 

saltatory conduction. Adapted from Arancibia-Carcamo and Attwell, 2014.    
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1.6.3 Remyelination of the CNS and reclustering of nodal domains 

 

 Remyelination can occur spontaneously in the CNS, restoring the conduction of action 

potential along axons as well as metabolic support. In 1961, it was observed that myelin can be 

regenerated after the induction of demyelination in cat spinal cord, with detection by electron 

microscopy of new myelin sheaths enwrapping axons (Bunge et al., 1961). The main differences 

between developmental myelin and regenerative myelin are the reduced thickness and the shorter 

myelin sheaths (Blakemore, 1974; Prineas et al., 1993). Although remyelination was described as early 

as in the 60s, the demonstration that it promotes axonal survival is rather recent with the work of 

Irvine and Blakemore. They demonstrated using a model of cuprizone that the inhibition of 

remyelination with X-irradiation led to the increase of axonal degeneration, which was partially 

restored by exogenous myelinating cells (Irvine and Blakemore, 2008). This seminal result supporting 

the causal link between remyelination and axonal survival was further confirmed, in particular by Mei 

et al. using a conditional knock-out of Chrm1 (muscarinic acetylcholine receptor subtype 1)(Mei et al., 

2016). Indeed, Chrm1 is a potent inhibitor of OPC differentiation into OL and its genetic inactivation or 

pharmacological inhibition (with clemastine) promotes remyelination and prevents axonal loss with 

no effect on inflammation (Mei et al., 2016). In addition to the enwrapping of denuded axons by 

myelin, the remyelination process is also characterized by a reclustering of nodal proteins, and notably 

ion channels, that are required to restore saltatory conduction (Dupree et al., 2004; Coman et al., 

2006). 

 

1.6.3.1 Remyelination mechanism: cell of origin and restoration of myelin pattern        

 

It was considered as established that remyelination was made by newly generated OLs. This 

hypothesis was based on several studies in experimental model of MS, showing that first the OPCs are 

recruited in the area of remyelination, and then differentiate in remyelinating OLs (Carroll and 

Jennings, 1994; Franklin et al., 1997; Gensert and Goldman, 1997; Carroll, 1998). This hypothesis was 

further strengthened by the use of cell fate mapping in transgenic mice expressing YFP following an 

inducible recombination under the control of OPCs specific promotor PDGRF and NG2 (Tripathi et al., 

2010; Zawadzka et al., 2010). Using this method, it was showed that OPC following a demyelination 

were able to proliferate and differentiate into remyelinating OLs. Following demyelination there is an 

activation of OPCs that induces their proliferation and the expression of genes involved in OPCs 

differentiation (Arnett, 2004; Fancy et al., 2004; Watanabe et al., 2004; Shen et al., 2008). Several 

pathways have been described to either promote or inhibit OPCs differentiation leading to a 

modulation of remyelination efficiency. For instance, Wnt pathway (Dai et al., 2014), Notch signaling 
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(Mathieu et al., 2019) and fibrinogen (Petersen et al., 2017) have been described to inhibit OPCs 

differentiation and limit remyelination efficiency. In contrast, the activation of retinoid X receptor 

(Huang et al., 2011) or the use of thyroid hormones (Hartley et al., 2019) allow to promote 

differentiation and remyelination in toxin induced demyelination model. In addition to the control of 

proliferation and differentiation some factors have been described to guide OPC migration toward 

demyelinating lesions. For instance, class 3 semaphorins have been involved in the recruitment of 

OPCs at demyelinated lesions (Williams et al., 2007; Piaton et al., 2011). 

Although remyelination is thought to rely on the generation of new OLs, the question of the 

cell responsible for remyelination and the relative involvement of surviving OLs in repair has been a 

long standing debate that is still ongoing in the field (Franklin et al., 2020). Recently, a study using the 

quantification of C14 (from atomic bomb tests in the mid 1950s of the last century) for birthdating brain 

cells, gave new insight into this question by analysis of OLs ages in normal appearing white matter and 

remyelinated lesions of post-mortem tissue from MS patients (Yeung et al., 2019). These measures 

gave access to the dynamic of OL generation, and a very low rate of renewal that was further decreased 

in shadow plaques was found leading to the hypothesis that remyelination in MS patients is primarily 

made by surviving OLs (Yeung et al., 2019). The generation of myelin sheath by surviving OLs during 

repair was further observed in animal model of demyelination to a variable extent between animal 

species and demyelination models (Duncan et al., 2018; Bacmeister et al., 2020; Neely et al., 2020). 

However, surviving OLs although they seem to participate to remyelination have been shown to make 

a low number of new sheaths compared to newly generated OLs. Furthermore, using live-imaging in 

vivo, it was shown that the surviving OLs had a higher probability to make mistargeted myelin, e.g 

myelin on a domain that should not be myelinated (Neely et al., 2020). The participation of both 

surviving as well as newly generated OLs to remyelination is now the current view, but the topic is still 

debated (Franklin et al., 2020). However, the relative balance between these two mechanisms remains 

unknown and may constitute one of the main difference between remyelination in human and large 

animals (species with a long life expectancy and insufficient remyelination) compared to small animal 

models (species with short lifespan and robust remyelination) (Franklin et al., 2020).       

The development of in vivo live imaging recently allowed the assessment of the ability of 

remyelination to restore preceding pattern of myelination. A study using the cuprizone model coupled 

to longitudinal imaging of the cerebral cortex could show that following demyelination the pattern of 

remyelination was deeply changed compared to the preexisting one (Orthmann-Murphy et al., 2020). 

There was after remyelination about 50% of the preexisting sheaths that were replaced whereas about 

half of the newly formed internode were mistargeted to previously unmyelinated segments 

(Orthmann-Murphy et al., 2020). Investigation using either cuprizone model or single cell laser ablation 

further showed that the remyelination pattern was more reliably regenerated along axons that were 
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fully myelinated than axons displaying a discontinuous pattern of myelination prior to demyelination. 

This result suggests that the signals guiding discontinuous myelination are not preserved upon 

demyelination (Orthmann-Murphy et al., 2020; Snaidero et al., 2020). Lastly, using the cuprizone 

model, the capacity to regenerate an accurate pattern of remyelination was tested depending on the 

neuronal population remyelinated. The authors showed that whereas the pattern of myelination was 

changed along a single axon, the global amount of axonal length covered by myelin was conserved 

between neuronal populations (Call and Bergles, 2021). Thus, it suggests that the pattern of myelin is 

changed upon remyelination but that the amount of myelinated axons amongst each neuronal 

population can be restored (Call and Bergles, 2021). However, although the amount of myelin wrapped 

along each neuronal population is preserved after demyelination, promoting globally remyelination 

might fail to restore completely neural functions owing to the modifications of myelin pattern along 

individual axons.           

 

 

 

 

Figure 20: From demyelination to remyelination. 

(A-D) Schematics showing the different steps from demyelination to remyelination and the different actors of remyelination 

mechanisms. Adapted from Franklin and Ffrench-Constant, 2008.  
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1.6.3.2 Nodal reclustering 

 

Another important parameter to restore the function of the circuits is the clustering of nodal 

protein along remyelinated axons. Investigating nodal protein distribution in post mortem tissues of 

MS patients, Coman et al. showed that remyelination process is associated with a reclustering of 

proteins at nodal domains, with Nav at nodes, Caspr at the paranode and Kv channels and Caspr2 at 

juxtaparanodes (Coman et al., 2006). Intriguingly, it was shown that isolated clusters of Nav channels 

and independent clusters of Caspr are found along axons lacking myelin staining. Furthermore, the 

quantification of these isolated clusters in periplaques and partially remyelinated plaques showed that 

whereas isolated Caspr clusters were found in the same proportion, the density of Nav isolated clusters 

was deeply increased in partially remyelinated plaques. This result suggested that Nav clustering is an 

early event in remyelination that could precede the formation of paranodal junctions and the 

clustering of paranodal proteins (Coman et al., 2006). It further corroborated results obtain in the PNS, 

showing that saltatory conduction could appear prior to remyelination due to foci of inward current at 

what was named -nodes (Smith L et al., 1982). These isolated clusters of Nav channels formed prior 

remyelination may represent the counterpart of node-like clusters formed along axons prior to 

myelination (Kaplan et al., 1997; Freeman et al., 2015; Bonetto et al., 2019; Dubessy et al., 2019; 

Thetiot et al., 2020; Vagionitis et al., 2021). In contrast with the early clustering of nodal and paranodal 

proteins, isolated clusters of Kv channels were virtually absent along unmyelinated axons, which 

suggest that clusters at juxtaparanode are formed only once remyelination has started (Coman et al., 

2006). In a cuprizone model of demyelination, it was found that after a chronic demyelination, 

component of the cytoskeleton (IV-spectrin) remained clustered along demyelinated axons 

(Orthmann-Murphy et al., 2020). Furthermore, when the remyelination occurred along portions of 

axons previously myelinated, the positions of nodal domains were frequently kept. This observation 

suggested that the axonal cytoskeleton might keep landmarks used to guide the pattern of 

remyelination (Orthmann-Murphy et al., 2020).  

The function of persistent cytoskeleton landmarks as well as isolated Nav clusters formed prior 

to remyelination remain to be resolved. The description of the mechanisms leading to their formation 

and how these structures could modulate remyelination is of great interest to further allow the 

development of pro-remyelinating strategies.      
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2. Microglia shape the CNS in development, homeostasis 

and pathological conditions  
 

 

Microglia have been described as an independent cell type in 1919 by Pio del Rio-Hortega. 

Using silver staining method Rio-Hortega hypothesized a mesodermic origin of microglia, and 

described their ability to phagocyte debris (del Río-Hortega, 1919a, 1919c, 1919d, 1939; Sierra et al., 

2016). His observation of tissue in development led him to suggest that microglia could phagocyte 

neuronal debris including soma of neurons and fine neuronal processes (del Río-Hortega, 1919d). 

Lastly, studying pathological tissue, he observed that microglia could proliferate and undergo 

morphological changes only several hours after injury (del Río-Hortega, 1919b; Sierra et al., 2016). The 

colonization of the brain by microglia was studied in humans, when John Kershman observed their 

infiltration in the developing CNS during embryonic development (Kershman, 1939). After these initial 

discoveries, the field of microglia has been largely neglected for two decades. It was not until the late 

60s that the group of Goerg Kreutzberg studied microglia in the facial nucleus following facial nerve 

lesions. Using this model, his group showed that microglia were involved in the reorganization of the 

neuronal circuits in the facial nucleus playing a role in the removal of synaptic terminals on 

motoneurons (Blinzinger and Kreutzberg, 1968). The establishment of microglial culture in the late 80s 

allowed the first functional studies of these cells (Giulian and Baker, 1986). Using cell culture, it became 

evident that microglial cells had a prominent role in the release of cytokines like IL1- or TNF- in 

pathological conditions, hence regulating neuroinflammation (Hetier et al., 1988; Sawada et al., 1989). 

Electrophysiology applied to isolated microglia further allowed to differentiate them from peripheral 

macrophages, with notably specific properties of potassium currents (Kettenmann et al., 1990). Until 

the beginning of the 21st century, most of the studies were restricted to isolated microglia. The 

development of in vivo live-imaging led to the observation of the striking dynamics of microglia in the 

brain parenchyma in homeostatic conditions (Davalos et al., 2005; Nimmerjahn et al., 2005). These 

two seminal studies launched a growing interest in the scientific community for microglial cells, 

interest that have been constantly growing since then with the demonstration of the involvement of 

microglia in development, homeostasis and pathological conditions. This chapter will describe 

microglia function in the CNS, their role in shaping circuits from development to adulthood in 

homeostatic condition. It will further focus on the functional impact of microglia on myelination and 

remyelination in pathological conditions.    
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2.1 Microglia, a sensor of the CNS 

 

2.1.1 Ontogeny of microglia 

 
When Pio Del Rio-Hortega first identified microglia, he hypothesized that they were from a 

mesodermic origin contrary to neurons and macroglia (comprising astrocytes and oligodendroglia) that 

were from neuroectodermic origin (del Río-Hortega, 1919c, 1932, 1939). Microglia origin was then 

debated for many decades with the majority of the scientists that joined the mesodermic hypothesis 

based on the morphologic similarities and the expression of common antigen (Murabe and Sano, 1982, 

1983; Hume et al., 1983; Perry et al., 1985). The other hypothesis was supporting a neuroectodermic 

origin of microglia that would differentiate from the same tissue than the other cells of the brain 

(Kitamura et al., 1984; Hao et al., 1991; Fedoroff et al., 1997).  The dominant hypothesis until recently 

was that microglia arose from the embryonic and perinatal wave of hematopoietic cells that would 

invade the CNS and differentiate in the parenchyma. The observation that the developing brain already 

contain apparent microglia at E9.5 in mice suggested that the primitive hematopoiesis occurring at 

E8.5 participated to microglia formation that would originate from the yolk sac (Alliot et al., 1991, 

1999). Indeed, the definitive hematopoiesis occurs at E10.5, a time that was incompatible with 

microglia colonizing the brain at E9.5 (Bertrand et al., 2005; Cumano and Godin, 2007; Prinz et al., 

2019). Between 2010 and 2013, three studies firmly demonstrated the yolk sac origin of microglia using 

cell fate mapping (Ginhoux et al., 2010; Schulz et al., 2012; Kierdorf et al., 2013)(Figure 21). By labelling 

primitive macrophages between E6.5 and E10.5, Ginhoux and colleagues demonstrated that labeled 

primitive macrophage were produced between E6.5 and E8.5, and persisted in the CNS into adulthood 

(Ginhoux et al., 2010). Although the ontogeny of microglia seem to differ between species and in 

particular in zebrafish (Xu et al., 2015; Ferrero et al., 2018; Sharma et al., 2021), recent single cell RNA 

sequencing approach in human tissue suggested a yolk sac origin for microglia similarly to what has 

been described in mice (Bian et al., 2020).  

The early invasion of the brain by microglia, before the differentiation of neurons and other 

glial cell types allow them to regulate many processes of the CNS development such as neurogenesis, 

neuronal migration, circuit wiring and later synaptogenesis, oligodendrogenesis and myelination (see 

2.2 and 2.3) (Figure 22). Furthermore, microglial cells persist into adulthood through their proliferation 

within the CNS and self-renew, thus maintaining a constant density without any contribution of the 

peripheral circulating monocytes (Askew et al., 2017; Réu et al., 2017; Tay et al., 2017).  
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Figure 21: Ontogeny of microglia in mouse. 

 Schematics showing the developmental origin of microglia. Microglia start to invade the developing CNS as early as E9.5-

E10.5. Adapted from Saijo and Glass, 2011.   

 

 

 

 

Figure 22: Developmental processes of the CNS and microglia invasion. 

Schematics showing the timeline of microglia development in mice and the other main developmental processes occurring 

in the CNS that are modulated by microglia cells. From Thion and Garel, 2017.  
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2.1.2 Microglia sense their environment dynamically  

 

2.1.2.1 Microglia motility, a parameter set by the environment 

 
The development of in vivo live imaging using two photon microscopy (Svoboda et al., 1997; 

Grutzendler et al., 2002) and microglia reporter mice (CX3CR1GFP)(Jung et al., 2000) allowed to assess 

the dynamics of microglial cells in the parenchyma (Davalos et al., 2005; Nimmerjahn et al., 

2005)(Figure 23A). In this context, two seminal studies described that homeostatic microglia are very 

dynamic cells extending and retracting their process at about 1.5 m/min (Davalos et al., 2005; 

Nimmerjahn et al., 2005). Moreover, in homeostatic condition each microglial cell has a non-

overlapping territory in the brain, and their density is maintained from postnatal development 

throughout life due to a spatial and temporal balance between proliferation and apoptosis 

(Nimmerjahn et al., 2005; Jinno et al., 2007; Askew et al., 2017). Although the soma of microglia are 

rather stable, it has been shown that 10% of the microglial somata move daily in the somatosensory 

cortex which increases at a long temporal scale the volume of tissue explored (Eyo et al., 2018). 

Furthermore, additionally to their main dynamic processes described initially, it has been recently 

shown that microglia display filopodia (Bolasco et al., 2018; Bernier et al., 2019). These actin-

dependent structures allow the screening of microglia direct environment with a faster time scale, 

their extension and retraction velocity being on average about 8 m/min (Bernier et al., 2019). This 

strategy of space screening with different time and space scales (fast scanning of the direct 

environment and slower scanning distally) is a highly efficient behavior used by other immune cell 

types to monitor and sense their environment (Viswanathan et al., 1999; Shlesinger, 2006; Harris et 

al., 2012). 

The tissue screening by microglia is further modulated by several environmental parameters 

that regulate their morphology and dynamics. It has been recently shown that the resting potential of 

microglia, modulated by the tonic active potassium channel Thik-1 (TWIK-related halothane-inhibited 

K+ channel 1), regulates microglia morphology and process dynamics (Madry et al., 2018b, 2018a). 

Consequently, a depolarization of microglia membrane by Thik-1 inhibition or by raising K+ 

extracellular concentration induces a diminution of microglia motility and ramification in both rodents 

an human tissue (Madry et al., 2018b, 2018a; Izquierdo et al., 2021b)(Figure 23B). Interestingly, in the 

substantia nigra pars reticulata, microglia show a more hyperpolarized resting membrane potential 

than microglia elsewhere in the basal ganglia, which correlate with their more complex morphology 

(De Biase et al., 2017). Microglia monitoring of the tissue is also modulated by cyclic AMP (cAMP) 

intracellular concentration and compartmentalization. The increase of intracellular cAMP 

concentration induces an increase of microglial filopodia and a retraction of the microglial processes 

(Bernier et al., 2019)(Figure 23B). Conversely, reduction of cAMP concentration results in collapse of 
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filopodia and tends to promote large microglial processes extension (Bernier et al., 2019). As a result, 

several microglial G protein-coupled receptors induce respectively an increase (Gs-coupled) or a 

decrease (Gi-coupled) of intracellular cAMP concentration modulating microglial dynamics and 

ramification (Kalla et al., 2003; Haynes et al., 2006; Liang et al., 2009; Orr et al., 2009; Gyoneva and 

Traynelis, 2013; Gyoneva et al., 2014; Sipe et al., 2016). One of the Gi receptors highly expressed by 

homeostatic microglia is the P2Y12 receptor (Sasaki et al., 2003). Its activation by ATP release following 

damage in the CNS induces microglial process extension towards the injured site (Davalos et al., 2005; 

Haynes et al., 2006). In addition to the inhibition of cAMP production by the adenylyl cyclase, P2Y12 

receptor activation also potentiate Thik-1 channels that trigger an hyperpolarization of the membrane 

potential (Madry et al., 2018b). These modulations both lead to an increase of process extension 

together with a retraction of microglial filopodia (Haynes et al., 2006; Fontainhas et al., 2011; Madry 

et al., 2018b; Bernier et al., 2019). Other Gi-coupled receptors are expressed by microglia and have 

been shown to modulate microglial dynamics. P2Y13 is an adrenergic receptor highly similar to P2Y12 

(Pérez-Sen et al., 2017), its deficiency in mice induces a decreased of microglia dynamics and 

ramification, most probably due to an increase in basal cAMP level in microglia (Kyrargyri et al., 2019). 

Similarly, in mice deficient for the Gi-coupled receptor CX3CR1 receptor, a reduced screening behavior 

and a decrease of microglial morphological complexity has been described (Liang et al., 2009; Pagani 

et al., 2015)(Figure 23B). Lastly, tyrosine kinase receptors have been suggested to promote microglia 

dynamics in vivo. Indeed, in mice with specific microglial deficiency of TAM tyrosine kinase receptors 

Axl and Mer, there is a decreased microglia dynamics (Fourgeaud et al., 2016), that might be due to 

the regulation of Thik-1 activity by tyrosine phosphorylation (Gierten et al., 2008)(Figure 23B).  
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Figure 23: Microglia dynamics and morphology are modulated by the environment. 

(A) Live imaging of microglia showing its morphology and dynamics. The overlap highlight extending processes (in magenta) 

and retracting processes (in cyan). (B) Schematics showing the parameters that set microglia morphology and dynamics. Ion 

channels set the membrane potential that is responsible for the modulation of surveillance and morphology of microglia. 

Primarily the tonic active channel Thik-1 is responsible for the regulation of membrane potential. Other ion channels might 

be involved in setting microglia membrane potential, Cl- channels and depolarizing cation channels like TRP. Gi-coupled 

proteins like CX3CR1, P2Y12 and P2Y13 when activated induce a low concentration of cAMP and promote ramification and 

surveillance. The Mer and Axl TAM tyrosine kinase receptors promote surveillance and ramification of microglia through a 

mechanism that may involve Thik-1 phosphorylations. Scale bar: 10m. Adapted from Izquierdo et al, 2019.     
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2.1.2.2 Microglia chemotaxis, an oriented motility toward the damaged environment 

 
 

Microglial cells survey the CNS parenchyma and adapt their dynamics to the local environment. 

This primary function of sensing the brain is fundamentally related to their capacity to react as a first 

line to prevent or restrain brain injuries and dysfunctions. Following damage, microglia can rapidly 

extend processes specifically toward the lesion in order to restrict it (Davalos et al., 2005; Haynes et 

al., 2006)(Figure 24A). This process while also modulating global microglial surveillance, is regulated 

differently by chemotaxis and is mainly modulated by purinergic receptors (Haynes et al., 2006; 

Kurpius et al., 2007; Sipe et al., 2016; Madry et al., 2018b). Amongst purinergic receptors, two main 

categories are expressed by microglia, the ionotropic P2X and the metabotropic P2Y receptors. These 

purinergic receptors are directly activated by ATP (P2X4, P2X7) or by the quickly produced byproduct 

ADP (P2Y12, P2Y13) (Madry and Attwell, 2015). As a result of brain injury, the main nucleotide released 

is ATP. The main purinergic receptor involved in ATP/ADP guided chemotaxis is P2Y12, that is 

expressed at the surface of microglia with an enrichment at the tip of the extending process during 

chemotaxis (Honda et al., 2001; Davalos et al., 2005; Haynes et al., 2006; Dissing-Olesen et al., 

2014a)(Figure 24B). Following its activation, P2Y12 induces process extension toward the ADP gradient 

and increases the expression of -integrin that interacts with the ECM and participates in process 

extension (Ohsawa et al., 2010; Meller et al., 2017)(Figure 24B). The stimulation of the integrin 

receptor CD11b/CD18 is also involved in microglial chemotaxis. Its activation by fibrinogen released 

upon blood brain barrier destabilization in EAE, leads to microglial process extension followed by 

microglia clustering at the site of release (Davalos et al., 2012). Other receptors like CX3CR1 and TAM 

tyrosine kinase have also been described to participate in chemotaxis (Figure 24B). In mice deficient 

for these receptors, there is a slowdown of process extension toward laser-induced injury or local ATP 

release (Liang et al., 2009; Pagani et al., 2015; Fourgeaud et al., 2016). 

Other microglial receptors participate in sensing the environment but do not directly modulate 

microglia dynamics. These other signaling pathways are in particular involved in microglia activation 

and regulation of phagocytosis. These signaling are at play in the regulation of neurogenesis, 

oligodendrogenesis and brain wiring (see 2.2 and 2.3) and in pathological conditions, following 

demyelination for instance  (see 2.4).   
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Figure 24: Microglia chemotaxis and the receptors involved in its modulation. 

(A) Images of live imaging of microglia showing process extension toward the site of ATP release. The overlap highlights 

extending processes that converge toward the site of ATP release (in cyan). (B) Schematics showing the receptors that 

modulate chemotaxis. The right part of the schematics highlights the molecular mechanisms responsible for process 

outgrowth following P2Y12 activation. Adapted from Madry et al, 2018 and Izquierdo et al, 2019.  
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2.2 Microglia contact neurons and shape circuits in homeostasis 

 
The modulations of neuronal function by microglia are made directly by contact (Li et al., 2012; 

Schafer et al., 2012; Cserép et al., 2020) as well as by secretion of soluble factors (Parkhurst et al., 

2013; Eyo et al., 2014; Badimon et al., 2020), or indirectly through intermediate glial cells (Pascual et 

al., 2012; Liddelow et al., 2017). Through these interactions microglia modulate neuronal fate and 

shape circuits with growing evidence of microglia control of neuronal functions.  

   

2.2.1 Microglia contact directly every neuronal compartments  

 
Neurons have a very complex morphology, with functions that are restricted to specific 

compartments of their elaborated structure (Matsuda et al., 2009; Bolam and Pissadaki, 2012; Donato 

et al., 2019). As a consequence, to monitor the homeostatic brain functions and further modulate 

them, microglial cells contact directly each of their functional units (Cserép et al., 2021a). 

The most studied contact between microglia and neurons is the one established by microglia at 

synapses with both the pre- and postsynaptic compartments (Wake et al., 2009; Tremblay et al., 2010) 

(Figure 25A-C). In the CA1 region of the hippocampus in mice and in the forebrain of rats, about 3% of 

the dendritic spines were found to be contacted by microglia (Sogn et al., 2013; Weinhard et al., 2018). 

Complementary to light microscopy, correlative light and electron microscopy further confirmed the 

direct interaction for more than 80% of the contacts observed using light microscopy (Weinhard et al., 

2018). Although not focusing their work of microglia-synapses interaction Cserep et al. observed in the 

cortical layer II and III of the cortex in mouse, using neurotransmitter specific markers, that both 

glutamatergic and GABAergic synapses were in close contact with microglial processes in similar 

proportions (Cserép et al., 2020). A proportion of 3% of contacted synapses might appear low but 

these contacts are not long lasting. In the somatosensory and visual cortex on average the apposition 

was shown to last about 5 minutes with about one contact per hour on a given dendritic spine (Wake 

et al., 2009). Therefore, the proportion of synapses contacted over time might be much larger (Uweru 

and Eyo, 2019). Taking into account the stability and frequency of contact on synapse from Wake et 

al., a rough estimate would for instance lead to 35% of the synapses contacted over one hour (Wake 

et al., 2009). Several molecular mechanisms have been involved in the modulation of microglia-neuron 

contact at synapses and are mainly involved in synaptic pruning (see below 2.2.2.2). However, synapse 

pruning is modulated by direct contact as well as by diffusive factors secreted in the extracellular 

medium (Paolicelli et al., 2011; Hoshiko et al., 2012; Vainchtein et al., 2018). So far, two molecular 

signalings, the complement components C3 that interact with the complement receptor CR3, and 

SIRP activation by CD47, have been shown to control synapse pruning by direct contact between 

microglia and synapses (Schafer et al., 2012; Lehrman et al., 2018).  
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Figure 25: Microglia interact directly with every compartment of neurons. 

 (A-E) Schematics showing the different types of contacts established directly on neurons by microglia. The potential functions 

of these direct interactions with microglia are shown on the right of the figure. (A) Example of a close apposition between a 

dendritic spine (in green) and a microglial process (in red). The two structures are apparently in contact, but the correlated 

electronic microscopy shows that there is no direct contact between the two structures highlighting the importance of 

electron microscopy to show membrane to membrane appositions. (B) Example of a transmission electron micrograph from 

a mouse cerebral cortex showing a microglial cell (m, dark precipitate) interacting with the pre and post-synaptic 

compartment of a glutamatergic synapse (the asymmetric densities allow to identify the glutamatergic nature of the 

synapse). (C) Confocal images showing that microglial processes (in yellow) are closely apposed to both GABAergic (Vgat 

presynaptic and gephyrin postsynaptic) and glutamatergic (vGluT1 presynaptic and Homer1 postsynaptic) specific markers of 

synapses. Transmission electron micrograph showing a close contact between a microglial process (m, dark precipitate) and 

a presynaptic bouton (filled with cyan, b) of a glutamatergic synapse. (The figure legend continues on the next page) 
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(D) 3D reconstruction of a confocal volume scan showing microglia (in yellow) contacting the soma of a neuron (in magenta). 

The insert shows the 3D electron tomographic reconstruction of a microglial contact with a neuronal cell body and highlight 

the close apposition of the microglia membrane (yellow) with the membrane of the neuron (magenta). On the right, an 

electron microscopy micrograph shows a direct contact of microglial process (filled with yellow, mic) in direct contact with 

the membrane of a neuronal soma (filled with magenta, neu). (E) Confocal image showing a microglial process (P2Y12R, in 

yellow) that contact the axon initial segment (AnkG, in red) of a neuron. On the right the transmission electron micrograph 

shows the direct contact established by a microglial process (filled in yellow) on the axonal initial segment (filled in red). 

Figure from Cserep et al, 2021a.    

 

 

Direct contacts between the soma of neurons and microglia were observed in pathological 

conditions, in particular in the striping of cell body from axon terminals following microglia activation 

(Blinzinger and Kreutzberg, 1968; Trapp et al., 2007).  Later on, microglial contacts with the neuronal 

soma have been observed in various areas of the developing and homeostatic CNS in zebrafish, rodents 

and human tissues (Li et al., 2012; Stowell et al., 2018; Cserép et al., 2020, 2021b; Hughes and Appel, 

2020) (Figure 25D). In the developing optic tectum of the zebrafish and neocortical area of the mouse, 

the direct contact of microglia with the soma of neurons has been characterized using electronic 

microscopy (Li et al., 2012; Cserép et al., 2020). The use of live imaging allowed the observation of long 

lasting direct contact during the development and in adulthood which suggested a role of microglia in 

monitoring neuronal state throughout lifetime (Li et al., 2012; Cserép et al., 2020, 2021b). In the 

mouse, it has been shown that about 90% of neuronal somata are contacted by microglia in cortical 

layer II and III (Cserép et al., 2020). These contacts are established by microglia at sites of Kv2.1/2.2 

clustering on soma membrane and are stabilized with on average a lifetime of 25 minutes (Cserép et 

al., 2020). The inhibition of P2Y12 receptors abolishes the stabilization of this interaction and inhibits 

the formation of additional junctions upon neuronal activity stimulation, showing the involvement of 

this receptor in the direct somatic contact establish by microglia (Cserép et al., 2020). 

Microglia directly contact the axolemma of neurons. During the postnatal development of the 

mouse cortex, the layer V neurons promote microglia accumulation along their subcortical projections. 

This accumulation supports neuronal survival and is mediated by the membrane GPI-anchored netrin-

G1 expressed by neurons that interacts with the transmembrane protein NGL1 expressed by microglia 

(Fujita et al., 2020). During the embryonic development of the dopaminergic axons microglia have 

been shown to interact directly with these axons and limit their growth (Squarzoni et al., 2014). The 

microglial receptor CX3CR1 is involved in this mechanism, however its implication in the signals 

mediating the direct contact between microglia and axons remains unknown (Squarzoni et al., 2014).    

Direct contacts between microglia and the highly specialized membrane of the axon initial segment 

have been described in mouse, rats and non-human primates (Baalman et al., 2015; Cserép et al., 
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2021a) (Figure 25E). These contacts are established early in the postnatal development and remain 

into adulthood with a preferential interaction with axon initial segments of non-GABAergic neurons 

(Baalman et al., 2015). Lastly, microglia in the corpus callosum have been shown to contact the nodes 

of Ranvier, excitable domains with a similar molecular composition than the axonal initial segment 

(Zhang et al., 2019). However, the contact in the corpus callosum were shown at the node and on the 

myelin sheath but not quantified. Thus, considering the very high density of nodal structures in this 

area, nodes of Ranvier might be contacted randomly by microglial cells while they are screening their 

environment (Zhang et al., 2019). Therefore, the mechanism mediating direct contact between 

microglia and the excitable domains of the axons remain unknown, and the specificity of these 

contacts, particularly in the case of nodes of Ranvier, remains to be deciphered.   

 

 

2.2.2 Microglia sculpt neuronal circuits during pre and postnatal development 

 

2.2.2.1 Microglial control of neurogenesis  

 
The first studies of neuron-microglia interactions and capacity of microglia to modulate neuronal 

survival used ex vivo models. In the retina of the chicken embryo, there is a process of cell death 

occurring in the normal development (Martín-Partido et al., 1988). However, when the retina was 

separated from the surrounding tissue prior to microglia invasion of the developing CNS, there was a 

reduction by a factor of 60% of cell death, that was further restored by adding isolated microglia to 

the explant (Frade and Barde, 1998). In a different system, consisting of organotypic culture of 

cerebellar slices, it was further shown that the depletion of microglia using clodronate loaded 

liposomes increases Purkinje cells survival (Marín-Teva et al., 2004). The authors also showed that 

microglia produce superoxide ions directly responsible for the induction of Purkinje cells death (Marín-

Teva et al., 2004). In the hippocampus it was shown that microglial integrin CD11b and the 

immunoreceptor DAP12 trigger superoxide ions production that induces developmental neuronal 

death (Wakselman et al., 2008)(Figure 26A).  Later on, Cunningham et al. showed that depletion of 

microglia in utero leads to an increase of the number of neural progenitors in the developing cerebral 

cortex. Conversely over-activated microglia, following maternal immune activation, induce a reduction 

of the neural progenitor (Cunningham et al., 2013). These results further supported the role of 

microglia in regulating developmental neurogenesis. Microglia are not only involved in promoting 

neuronal death but can also promote neuronal survival (Ueno et al., 2013; Fujita et al., 2020). For 

instance, in the cortex, layer V and to a lesser extent layer II- IV neurons survival is promoted by 

microglia secretion of IGF1 in a CX3CR1 dependent mechanism (Ueno et al., 2013)(Figure 26D). 

 



77 

 

 

 

 

 

 

Figure 26: Microglia shape neuronal circuits during development. 

(A-E) Schematics showing the different types of microglial functions that participate in shaping neuronal circuits in the pre 

and postnatal development. In each panel microglia are in green and their target in purple. (A) Microglia modulate 

neurogenesis by promoting apoptosis and phacytosis of progenitor or differentiated neurons. (B) Microglia control the 

growth and the fasciculation of axonal tracts. (C) Microglia can regulate migration of interneurons in the somatosensory 

cortex. (D) Microglia in the subcortical white matter release IGF-1 and promote pyramidal neuron survival. (E) In postnatal 

development, microglia are involved in promoting dendritic spine formation and participate to synaptic pruning. Synaptic 

pruning by microglia can be further promoted by astrocytic release of IL-33. Figure adapted from Thion et al, 2018.   
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2.2.2.2 Microglia are active players in brain wiring  

 
The control of neuronal circuits by microglia is not restricted to their modulation of neuronal 

death and survival. Indeed, microglia have been shown to modulate axonal tracts formation and 

synapse elimination by synaptic pruning, taking part to the wiring and refinement of neuronal circuits 

during development (Paolicelli et al., 2011; Hoshiko et al., 2012; Schafer et al., 2012; Pont-Lezica et al., 

2014; Squarzoni et al., 2014). 

First, during development, microglia regulate the formation of axonal tracts and neuronal 

migration (Pont-Lezica et al., 2014; Squarzoni et al., 2014). At E14.5 of the mouse embryonic 

development, the association of microglia with the growing dopaminergic axons restricts their 

extension in the striatum. This mechanism is disrupted in mice deficient for the CX3CR1 receptor with 

an abnormal expansion of the axons in the subpallium, showing that this receptor is involved in the 

control of axonal tract formation (Squarzoni et al., 2014)(Figure 26B). In the same study, Squarzoni et 

al. showed that the migration of Lhx6-positive interneurons, that in particular gives rise to 

somatostatin and parvalbumin interneurons (Liodis et al., 2007), is controlled by microglial cells 

(Squarzoni et al., 2014). Indeed, by depleting microglia they showed that microglia depletion disrupts 

parvabulmin interneurons distribution embryonically, and that the disruption remains postnatally. 

Using mice deficient for CX3CR1 or DAP12, it was further shown that these two receptors are involved 

in the control of interneurons migration by microglia (Squarzoni et al., 2014)(Figure 26C). DAP12 has 

been further involved in the development of the corpus callosum, DAP12 inactivation leading to axonal 

defasciculation (Pont-Lezica et al., 2014)(Figure 26B).  

   In addition to the regulation of axonal tracts formation by microglia, it has also been shown 

that microglia control brain wiring during the postnatal development by removing synaptic elements 

by synaptic pruning (Paolicelli et al., 2011; Schafer et al., 2012). This mechanism has been well 

characterized in the development of the retinogeniculate system. Postnatally between P10 and P30 in 

the dorsal lateral geniculate nucleus (dLGN), there is a segregation between the synaptic input of 

retinal ganglion cells from the ipsilateral and the contralateral eye (Rakic, 1976; Levay et al., 1978; 

Hooks and Chen, 2006). This segregation is made by the pruning of mistargeted synapses by microglia. 

This mechanism depends on the expression of C3 at presynaptic boutons and CR3 in microglial cells 

(Schafer et al., 2012). The disruption of either C3 or CR3 leads to sustained deficits in the segregation 

of the connections coming from the ipsilateral vs contralateral eye (Schafer et al., 2012). In the same 

paradigm, it has been shown by Beth Stevens’ laboratory that the transmembrane immunoglobulin 

protein CD47 by activating SIRP on microglia acts as an opposite mechanism that prevent an 

excessive synaptic pruning during the refinement of the dLGN circuits (Lehrman et al., 2018). In 

addition to these modulations by direct contacts, the signaling between the chemokine fractalkine 
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CX3CL1 secreted by neurons and the receptor CX3CR1 also modulates microglial synaptic pruning. In 

mice deficient for CX3CR1, there is a disruption of microglial dendritic spine engulfment in the 

hippocampus and a delayed maturation of thalamocortical synapses (Paolicelli et al., 2011; Hoshiko et 

al., 2012). Recently, it was further shown that mice deficient for Thik-1 receptor have a decreased 

synaptic pruning activity in the hippocampus, that could be partly due to the important reduction of 

microglia ramification and dynamics in these mice (Izquierdo et al., 2021a).  Synaptic pruning by 

microglia has also been shown to depend on TREM2 receptor in the hippocampus (Filipello et al., 

2018), and on the IL-33 released by astrocytes in the thalamus and spinal cord (Vainchtein et al., 

2018)(Figure 26E). Very recently, it was shown that a subpopulation of microglia expressing GABAB 

receptors are involved in the specific synaptic pruning of inhibitory synapses during the development 

of the mouse somatosensory cortex (Favuzzi et al., 2021). This seminal work demonstrated for the first 

time that subpopulations of microglial cells may be responsible for the refinement of specific circuits 

(Favuzzi et al., 2021). Lastly, in addition to synaptic pruning, microglia have also been suggested to 

promote directly the formation of dendritic spine, however the molecular signaling involved in this 

mechanism remains elusive (Miyamoto et al., 2016; Weinhard et al., 2018)(Figure 26E).  

 

2.2.3 Microglia modulate CNS plasticity 

 

The involvement of microglia in neuronal circuits function is not restricted to the development 

and extends into adult CNS where microglia are active players in the control of plasticity (Roumier et 

al., 2004; Parkhurst et al., 2013; Cantaut-Belarif et al., 2017; Nguyen et al., 2020; Wang et al., 2020a). 

  In adult mice, although neurogenesis is continuous and provides new neurons throughout 

adulthood, only a small proportion of these neurons are eventually integrated to neuronal circuits (Ma 

et al., 2009). In the subgranular zone of the dentate gyrus, an active area of adult neurogenesis in mice, 

microglia phagocyte up to 90% of the apoptotic cells (Sierra et al., 2010). In mice deficient for the 

microglial Mer and Axl TAM receptors, there is an accumulation of apoptotic cells in the adult 

neurogenic niches. The phagocytosis of apoptotic cells is induced by the microglial TAM tyrosine kinase 

receptors activation by Gas6 and Protein S (Fourgeaud et al., 2016). The neuronal secretion of IL-33 

has also been involved in the modulation of adult neurogenesis in the dentate gyrus (Nguyen et al., 

2020). This modulation is suggested to act through the activation of the microglial receptor of IL-33, 

IL1RL1, that may control microglia engulfment of newly generated neurons (Nguyen et al., 2020).  

In mice deficient for TNF receptor or TNF, CD200 and CX3CR1, alterations of synaptic 

plasticity have been described but could indirectly result from a modulation of microglia activation 

following gene inactivation (Stellwagen and Malenka, 2006; Costello et al., 2011; Rogers et al., 2011). 

More recently, several mechanisms by which microglia can modulate synaptic plasticity in an 
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homeostatic state have been described (Parkhurst et al., 2013; Nguyen et al., 2020; Wang et al., 

2020a). Since synaptic plasticity is fundamentally dependent on neural activity and allows neural 

system to adapt permanently (Turrigiano, 2012; Kandel et al., 2014; Nicoll, 2017), these results suggest 

that microglia could also modulate plasticity depending on neuronal activity (see 3.1.2.2).  

 

 

2.3 Microglia modulate oligodendrogenesis and myelination 

 
In addition to its role in modulating neurogenesis, brain wiring, and brain plasticity in homeostatic 

conditions, microglia also control the development of the myelinating cells of the CNS and shape 

myelination (Shigemoto-Mogami et al., 2014a; Hagemeyer et al., 2017; Wlodarczyk et al., 2017; Giera 

et al., 2018; Hughes and Appel, 2020; Nemes-baran et al., 2020; Djannatian et al., 2021).   

 

2.3.1 Microglia modulate the proliferation and differentiation of OPCs 

 
In the first week of post-natal development, there is an accumulation of microglia in the corpus 

callosum first reported as the “fountain of microglia” (Imamoto and Leblond, 1978; Ling, 1979). This 

enrichment in microglia has been further investigated and it has been shown that microglia with an 

amoeboid morphology proliferate and accumulate transiently in the corpus callosum and in the white 

matter of the cerebellum (Hagemeyer et al., 2017). This transient population of microglia has been 

described consistently as a very specific subpopulation characterized by the expression of CD11c, Spp1, 

IGF1 and Clec7a markers (Hagemeyer et al., 2017; Wlodarczyk et al., 2017; Hammond et al., 2019; Li 

et al., 2019). Interestingly these markers are usually expressed by microglia in the context of injury, 

and correlate with both detrimental and pro-regenerative function (Krasemann et al., 2017; Hammond 

et al., 2019; Lloyd et al., 2019; Masuda et al., 2019). Since the presence of this specific population of 

microglia in white matter structures correlated with the onset of their myelination (Barres et al., 1992; 

Trapp et al., 1997), several groups assessed the role of this subpopulation of microglia in myelination. 

First by using minocycline, Shigemoto-Mogami et al. showed that the disruption of microglial 

activation in the first postnatal week leads to a decrease of oligodendrocyte density suggesting that 

microglia modulate oligodendrogenesis (Shigemoto-Mogami et al., 2014a). The depletion of microglia 

in the first week of postnatal development supported this hypothesis, showing a drastic reduction of 

OPC numbers. Further investigation at P20 showed that microglia depletion leads to a decrease of OL 

number and a reduced percentage of myelinated axons in the corpus callosum and cerebellar white 

matter tracts (Hagemeyer et al., 2017). Amoeboid microglia are usually associated with a phagocytic 

state of microglia (Ling and Wong, 1993). Consequently, the phagocytic activity of this subpopulation 

of microglial cells was assessed, and it was shown that they actively phagocyte newly formed 

oligodendrocyte regulating oligodendrogenesis in white matter tracts (Li et al., 2019)(Figure 27). Mice 
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deficient for the CX3CR1 receptor display a decreased engulfment of newly generated OLs and an 

increase of OLs density in the corpus callosum at P7 (Nemes-baran et al., 2020). Thus, the phagocytosis 

of newly generated oligodendrocytes depends on CX3CR1 receptor and is a key mechanism in OL 

homeostasis during early postnatal development.  

 

 

 

 

 

 

 

Figure 27: Microglia control oligodendrogenesis and myelination. 

 Schematics showing the different types of microglial functions that participate in regulating oligodendrogenesis and 

myelination. Microglia release factors that promote OPCs proliferation (1), and support OPC differentiation into OLs (2). 

Microglia during myelination phagocyte newly formed OLs (3) and eliminate misfolded myelin and myelin fragments during 

myelin biogenesis and throughout life (4). Drawings adapted from Ronzano et al, 2020.      
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Several factors secreted by microglia modulate oligodendrogenesis (Figure 27). First, it has 

been consistently found that microglia associated to white matter in postnatal development express 

high level of IFG-1 (Wlodarczyk et al., 2017; Hammond et al., 2019; Li et al., 2019), a factor that is 

involved in promoting OPC proliferation and differentiation in vitro and in vivo (Butovsky et al., 2006a; 

Zeger et al., 2007). Furthermore, the secretion of transglutaminase-2 (TG2) by microglia has been 

found to participate in oligodendrogenesis by activating the adhesion G protein-coupled receptor 

ADGRG1 (Giera et al., 2018). Indeed, the inactivation of TG2 specifically in microglia led to the decrease 

of OL density in the corpus callosum (Giera et al., 2018). The decrease of OL density originates from a 

lack of OPCs proliferation, that is normally activated by TG2 together with the ECM protein laminin-

111 (Giera et al., 2018). The disruption of microglia activation by minocycline injection during the first 

week of postnatal development has been shown to trigger the downregulation of IL-1 and Il-6 

(Shigemoto-Mogami et al., 2014a). Although these factors have not been shown to directly control 

oligodendrogenesis in this study, in vitro experiments have shown their involvement in the modulation 

of OPC proliferation and differentiation (Valerio et al., 2002; Vela et al., 2002). Microglia are also 

thought to be the main supplier of iron in the CNS, which is critical to promote OPC proliferation 

(Connor and Menzies, 1996; Cheepsunthorn et al., 1998; Zhang et al., 2006; Todorich et al., 2009). 

Interestingly, iron management proteins such as Ferritin, are enriched in amoeboid microglia that 

localizes at the white matter tracts characterized by a highly active oligodendrogenesis 

(Cheepsunthorn et al., 1998).  

 

 

2.3.2 Microglia modulate myelination pattern and structure 

 

 
Microglia have also been involved in the regulation of myelination by oligodendrocyte. 

Through the release of growth factors and by phagocyting myelin, microglia modulate myelin sheath 

thickness, myelin pattern and structure (Wlodarczyk et al., 2017; Hughes and Appel, 2020; 

Marschallinger et al., 2020; Nemes-baran et al., 2020; Djannatian et al., 2021).  

First, CD11c positive microglia in the first postnatal week of development were shown to be 

involved in the regulation of the thickness of myelin sheaths (Hagemeyer et al., 2017; Wlodarczyk et 

al., 2017; Nemes-baran et al., 2020). Indeed, the ablation of microglia in the first week of postnatal 

development results in the thinning of myelin sheaths in the corpus callosum (Hagemeyer et al., 2017). 

Furthermore, based on the fact that CD11c microglial cells highly express IFG-1 previously involved  in 

oligodendrogenesis (Zeger et al., 2007), Wlodarczyk and colleagues inactivated IGF1 expression 

specifically in CD11c positive cells (Wlodarczyk et al., 2017). This inactivation, induced a 

hypomyelination of the corpus callosum together with the thinning of myelin sheaths at P21 
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(Wlodarczyk et al., 2017). Thus, IGF-1 released by microglia at this stage not only promotes neuronal 

cell survival but also foster myelination (Ueno et al., 2013; Wlodarczyk et al., 2017)(Figure 27). A 

thinning of myelin sheath in the corpus callosum has also been reported at P30 in mice deficient for 

the CX3CR1 receptor (Nemes-baran et al., 2020). However, this latter effect might be due to an indirect 

consequence of CX3CR1 inactivation that may impact microglia activation.  

 In the zebrafish, it has been shown that microglia survey axon tracts during myelination and 

contact closely myelin sheaths in the optic tectum (Hughes and Appel, 2020). Furthermore, the 

depletion of microglia, resulted in the development of a higher number of sheaths per OL, which on 

average were shorter. Some models of microglia depletion also triggered a higher proportion of 

mistargeted myelination, with OLs wrapping neuronal somata, a feature also observed when the ratio 

OL/axon number was disrupted (see 1.4.3, (Almeida et al., 2018)). It was suggested using live-imaging 

that the modulation by microglia was triggered by a direct phagocytosis of growing myelin sheaths 

rather than by a modulation of myelin sheaths retraction during myelination (Hughes and Appel, 2020). 

A very recent study identified that myelination is associated with the production of small misfolded 

membrane structures that are subsequently removed by microglia phagocytosis in mouse and 

zebrafish (Djannatian et al., 2021)(Figure 27). Microglia phagocytosis of these structures depends on 

the expression of phosphatidyl-serine, a well described “eat-me” signal (Takahashi et al., 2005), at the 

outer leaflet of myelin membrane (Djannatian et al., 2021). Therefore, microglia is suggested to control 

developmental myelination pattern (Hughes and Appel, 2020), and finely regulate myelin structure 

(Wlodarczyk et al., 2017; Djannatian et al., 2021), which is expected to play an important role in action 

potential conduction and circuit functions (Pajevic et al., 2014).   

 Microglia functions related to myelin are not restricted to developmental myelination and can 

extend to adulthood and aging brain (Safaiyan et al., 2016; Hill et al., 2018). Indeed, in aging mice (24 

months), there is an increase of abnormal multilamelllar myelin fragments in the white matter 

(Safaiyan et al., 2016). Microglia at this stage appear to have internalized myelin protein suggesting 

that they participate to abnormal myelin fragments removal through lifetime. Moreover, in mice with 

specific deficiency in microglial lysosomal functions, there is an accumulation of myelin fragments 

earlier in aging and a higher proportion of microglia containing myelin fragments. These results 

support the hypothesis that microglia is responsible for the removal of aberrant myelin structures 

throughout life, leading to the accumulation of lysosomal inclusions in microglia and to immune 

dysfunction in aging (Safaiyan et al., 2016). Lastly, it is now widely accepted that myelin sheaths are 

added in the CNS of adult mice and take part to the mechanism of adaptive myelination (see 3.2.3). In 

this context, microglia activation has been shown to impact adaptive myelination (Geraghty et al., 

2019). Furthermore, one of the identified molecular mechanisms promoting adaptive myelination is 

the neuronal release of BDNF (Geraghty et al., 2019). Although the involvement of microglial BDNF in 
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this mechanism has not been assessed, it is possible that microglial secretion of BDNF also support 

adaptive myelination (Parkhurst et al., 2013; Hughes, 2021).        

 

 

2.4 Microglia modulate remyelination : focus on MS and its experimental models  

 
In the last decade it has become evident that microglia are key modulators in neurodegenerative 

diseases like Alzheimer, Parkinson, amyotrophic lateral sclerosis and MS (Butovsky and Weiner, 2018; 

Hickman et al., 2018). In these pathologies, there are common changes that are observed in microglia 

with in particular, the loss of expression of their homeostatic markers along with the acquisition of a 

pro-inflammatory signature  (Holtman et al., 2015; Krasemann et al., 2017; Zrzavy et al., 2017; Jordão 

et al., 2019; Masuda et al., 2019). However, MS differs from the other pathologies by a process of 

neurodegeneration which partly results from demyelination and by its important regenerative 

component (Franklin and Ffrench-Constant, 2008). Consequently, following demyelination microglia 

have a dual role, promoting damage and repair. At first they promote inflammation, and then switch 

to a pro-regenerative phenotype in which microglia promote OL differentiation and remyelination 

(Miron et al., 2013; Locatelli et al., 2018; Lloyd and Miron, 2019). However, if microglial cells adopt a 

chronic inflammatory signature, this leads to the inhibition of remyelination and to neuronal damages 

(Franklin and Ffrench-Constant, 2008; Miron et al., 2013; Lloyd et al., 2019).  

         

2.4.1 Microglia activation and early event of the disease 

 

2.4.1.1 Microglia activation 

 
Upon demyelination microglia are activated, proliferate and retract their processes to adopt 

an amoeboid morphology (Bö et al., 1994; Rinner et al., 1995; Zhang et al., 2001; Foote and Blakemore, 

2005; Plemel et al., 2020). At a transcriptomic level microglia lose or downregulate strongly their 

homeostatic markers such as P2Y12 receptor, CX3CR1 or Tmem119 and start to express transcripts of 

chemokines (e.g Ccl2, Ccl4), phagocytes markers (e.g CD68) and apolipoprotein E (ApoE) (Holtman et 

al., 2015; Krasemann et al., 2017; Hammond et al., 2019; Jordão et al., 2019; Masuda et al., 

2019)(Figure 28). The homeostatic signature specific to microglia is regulated by TGF-, the expression 

of which is dramatically decreased following microglial activation (Butovsky et al., 2014; Gosselin et 

al., 2014; Krasemann et al., 2017). The regulation of this switch from homeostatic to activated 

microglia has been shown to depend on TREM-2 which activates ApoE signaling responsible for the 

induction of the activation (Krasemann et al., 2017; Mazaheri et al., 2017). TREM2 is a phospholipid 

sensing receptor, activated upon demyelination by myelin debris (Poliani et al., 2015). In mice deficient 

for TREM2, there is a defect in the activation of microglial cells that prevents the development of a 
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phagocytic phenotype and maintains the homeostatic signature (Poliani et al., 2015; Krasemann et al., 

2017; Cignarella et al., 2020). This inhibition prevents microglia to clear myelin debris (see 2.4.2.1) and 

also disrupt their pro-inflammatory functions. Indeed, following demyelination, activated microglia 

initially start to secrete pro-inflammatory cytokines like TNF-, IL-1 and to express the inducible nitric 

oxidase synthetase (iNOS) (Arnett et al., 2001; Miron et al., 2013; Locatelli et al., 2018; Cunha et al., 

2020). Subsequently, microglia shift toward a pro-regenerative phenotype at the onset of OL 

differentiation and remyelination and express factors like IGF1, Arg1 and TGF- receptor (Butovsky et 

al., 2006a; Miron et al., 2013; Krasemann et al., 2017). The inhibition of the emergence of this second 

population of activated microglia leads to the disruption of remyelination (Miron et al., 2013; Lloyd et 

al., 2019). Traditionally categorized between the wide categories M1 (pro-inflammatory) and M2 (pro-

regenerative), it has been shown that these M1 and M2 markers are sometimes express within the 

same cells (Morganti et al., 2016; El Behi et al., 2017; Locatelli et al., 2018). Furthermore, recent 

transcriptomic studies have demonstrated that upon demyelination several phenotypes of microglia 

emerge and form subpopulations with various signatures (Ransohoff, 2016; Hammond et al., 2019; 

Jordão et al., 2019; Masuda et al., 2019)(Figure 28C). Although the function of each of these clusters 

remains unknown, these data raise the necessity to use microglia markers in relation with their 

function in a specific paradigm more than as a marker for a global microglial status. A better 

understanding of each microglial signature following demyelination may further pave the way for a 

better understanding of their function in repair (Butovsky and Weiner, 2018).         
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Figure 28: Microglia populations upon activation and modulation of their phenotype. 

 (A) t-SNE plots, showing the suppression of P2Y12 receptor and the downregulation of Tmem119 in activated microglia 

(highlighted by the red dotted line) following EAE induction. (B) Plot showing the decrease of the mRNA quantity of P2Y12 

receptor and Tmem119 in microglial cells following acute demyelination in EAE. The amount of mRNA transcripts for 

homeostatic genes is upregulated at the time point of remyelination. In chronic inflammation, homeostatic genes tend to be 

downregulated compared to remyelination conditions. (C) Transcriptomic profile of the 3 clusters of activated microglia 

detected in EAE. The lists of genes, display the up- and downregulated genes in each cluster. A group of genes allows to define 

each cluster, and none of them can alone identify a single cluster. Moreover, none of the cluster corresponds to the initial 

definition of M1 and M2 activated microglia. These data are extracted from demyelinating models in mice. The results were 

largely reproduced in single RNAseq data from post-mortem tissue of MS patients. Adapted from Jordão et al., 2019 and 

Krasemann et al., 2017.   
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2.4.1.2 Identification of activated microglia vs monocyte derived macrophages 

 

Following demyelination, blood monocytes are recruited to the CNS, and differentiate into 

monocyte derived macrophages (MDMs). There is a large recruitment in MS and although it is rather 

limited in toxin based model of demyelination, all the main demyelination models (EAE, LPC, 

Cuprizone) are characterized by the invasion of MDMs (Ousman and David, 2000; McMahon et al., 

2002; Remington et al., 2007; Yamasaki et al., 2014; Plemel et al., 2020). Therefore, it is of critical 

importance to be able to distinguish these two populations to understand their distinct functions. 

However, upon activation it is impossible to differentiate microglia from MDMs based on their 

morphology, or classical markers commonly used like CX3CR1 or Iba1 which are expressed in both 

microglia and MDMs (Ito et al., 1998; Jung et al., 2000; Saederup et al., 2010; Bennett et al., 2016). 

Furthermore, the specific markers of microglia Tmem119, and P2Y12 receptor enriched in microglia, 

are both downregulated upon demyelination and are impossible to use to distinguish specifically 

microglia (at least in mice) (Butovsky et al., 2014; Bennett et al., 2016; Zrzavy et al., 2017; Hammond 

et al., 2019; Masuda et al., 2019)(Figure 28A-B).  

Therefore, only few approaches have so far been used to successfully differentiate microglia 

from MDM following demyelination. The first one is the use of FACS to sort MDMs with CD45 that is 

10 fold higher in MDMs compared to microglia (Yamasaki et al., 2014; O’Koren et al., 2016). This 

strategy have been used even in human tissue, in which MDMs have been distinguished from microglia 

by mass spectrometry using CD45 expression (Böttcher et al., 2019). However, this strategy suffers 

from two major limitations. First, CNS-associated macrophages, specific macrophage populations 

present at the CNS boarder (Kierdorf et al., 2019), express low level of CD45 and cannot be 

distinguished from microglia using this technic alone (Mrdjen et al., 2018). And second, this technic 

loses spatial localization. Two other strategies based on transgenic reporters have overcome this later 

limitation for studies in mice. The first one uses the specific expression of the transgenic reporter CCR2 

in MDMs (Saederup et al., 2010; Yamasaki et al., 2014). However, with time there is a downregulation 

of CCR2 expression in MDMs limiting the duration of the study. The second strategy uses the inducible 

Cre recombinase under the control of CX3CR1. Upon induction microglia and monocyte are labelled, 

but due to the short life time of monocytes, the labelled monocytes disappear almost completely after 

a month and only microglia remain labelled (Goldmann et al., 2013; Plemel et al., 2020). However, 

CNS-associated macrophages also expresses CX3CR1, have a long lifetime and self-renew making them 

indistinguishable from microglia using this latter strategy (Goldmann et al., 2016). Recently models of 

Hexb-TdTomato mice and inducible Cre recombinase expression under the promotor of Hexb have 

been developed (Masuda et al., 2020). These two mouse lines are supposed to override the latter 
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limitation with CNS-associated macrophages, since Hexb is exclusively expressed in microglia and is 

not downregulated upon microglia activation (Masuda et al., 2020).       

The capacity to distinguish microglia from MDMs is critical to understand the different 

functions of these two populations in remyelination. One recent example illustrates this need of 

distinction. Plemel and colleagues, using inducible Cre recombinase under the control of CX3CR1 could 

show that microglia restrict spatially the infiltration of MDM at the center of the lesion and limit their 

toxicity in a model of LPC induced focal demyelination (Plemel et al., 2020). Moreover, the distinction 

between MDMs and microglia is of primary importance for therapeutic strategies. Indeed, depending 

on the cells to target, drug design could for instance focus on molecules able to cross the blood brain 

barrier (to target microglia) or not (targeting MDMs) (see 2.4.4, (Lloyd and Miron, 2019)).       

 

2.4.1.3 Microglia activation and inflammation may drive early neuronal damages  

 
In the inflammatory environment, microglia and MDMs have been involved in neuronal 

damages prior to a significant demyelination. Several neuronal compartments appear to be particularly 

sensitive to the inflammatory environment, like synapses, axon initial segments and nodes of Ranvier 

(Howell et al., 2010; Nikić et al., 2011; Yamasaki et al., 2014; Clark et al., 2016; Werneburg et al., 2019; 

Gallego-Delgado et al., 2020). In MS tissue, in normal appearing white matter (NAWM) and in various 

model of EAE in marmoset and mice, there is an increase of complement component C3 expression 

associated with an abnormal synaptic pruning of microglia (Ramaglia et al., 2012; Werneburg et al., 

2019). In EAE model, the expression of C3 component has been further characterized and localizes at 

synapses prior to significant demyelination. The overexpression of Crry, a complement inhibitor, leads 

to the inhibition of synaptic pruning by microglia and restore cognitive defect in EAE (Werneburg et 

al., 2019). These results show that a synaptic loss is mediated by microglial prior to demyelination in 

an inflammatory environment. Furthermore, microglia contact axon initial segments (AISs) in both 

homeostatic (Baalman et al., 2015) and inflammatory conditions (Clark et al., 2016). These contacts 

are further increased following demyelination in EAE and after cuprizone diet (Clark et al., 2016). 

However, in a model of EAE there is a disruption of AIS that is not present in the cuprizone model. 

Consequently, this work suggest that the disruption of AISs is the result of the inflammation and does 

not correlate with the demyelination itself (Clark et al., 2016).  

Another excitable domain of the myelinated axon, the node of Ranvier is disrupted by 

inflammation prior to demyelination. A live imaging study of the spinal cord of EAE mice has suggested 

that the initial disruption of axonal integrity is often occurring at nodes and correlates with activated 

microglia/MDM contacts (Nikić et al., 2011)(Figure 29A). Furthermore, in the normal appearing white 

matter (NAWM) in MS tissue and in a model of EAE in mice, it was further shown that microglia/MDMs 
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inflammatory profile precedes significant demyelination and correlates with the disruption of nodal 

and paranodal domains (Howell et al., 2010; Gallego-Delgado et al., 2020). The disruption of the 

paranodal domains, characterized by the lengthening of Caspr and Nfasc 155 clusters, was associated 

with a paranodal invasion of the potassium channels normally restricted at juxtaparanodes (Howell et 

al., 2010; Gallego-Delgado et al., 2020). At the nodal domain the clustering of Nav1.6 was lost at some 

nodes both in NAWM and EAE, and in EAE up to a two-fold increase of nodal structures without Nav1.6 

clustering was evidenced (Howell et al., 2010). These abnormalities at nodes before demyelination 

were predicted to alter action potential conduction (Gallego-Delgado et al., 2020). The inhibition of 

microglia/MDMs activation by minocycline injections in rodents following EAE induction, decreased 

nodal disruption suggesting a role of microglia and/or MDMs activation in the initiation of axonal 

disruption at nodes (Howell et al., 2010). At the onset of demyelination Yamasaki and colleagues found 

that preceding demyelination MDMs induced a nodal pathology by invading about 10% of the nodes 

of Ranvier in the mouse EAE spinal cord (Yamasaki et al., 2014)(Figure 29B-C). However, microglia were 

not involved in this nodal pathology and did not seem at play in this early pathological mechanism 

(Yamasaki et al, 2014). These findings have identified the nodes of Ranvier as an early target of innate 

immune cells, and more presumably of MDMs but not of microglia, in inflammatory conditions (Figure 

29).         

 
Figure 29: MDM invasion of the node of Ranvier precedes demyelination and induces nodal pathology. 

(A) Images extracted from a live imaging performed in the spinal cord of an EAE mouse. They show an axon (in white) first 

break (red arrowhead) happening near a putative node of Ranvier with a small swelling (yellow arrowhead). An activated 

microglial cell or MDM (in magenta, third line), contacts the axon at the initial break point where the putative node of Ranvier 

could be observed earlier. This event is followed by the fragmentation of the axon (grey arrowhead). The time is shown as 

h:min. Scale bar: 25 m. (B) Images of serial micrographs showing a MDM (filled in red) invading a node of Ranvier 

(interruption of the myelin sheaths, depicted in blue). The area filled in yellow correspond to the MDM nucleus. (C) 3D 

reconstruction of the MDM invasion of the node. MDM is filled in red, with its nucleus in yellow. Myelin is filled in blue. The 

two arrows show MDM microvillus invading the paranodes. Adapted from Nikić et al, 2011 and Yamasaki et al, 2014. 
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2.4.2 Microglia clear myelin debris following demyelination 

 

 
One critical function of microglia following demyelination is the clearance of myelin debris 

which inhibit OPCs recruitment and production of newly generated OLs (Graca and Blakemore, 1986; 

Gilson and Blakemore, 1993; Ousman and David, 2000; Shields et al., 2000; Kotter et al., 2005, 2006; 

Cantuti-Castelvetri et al., 2018; Cignarella et al., 2020; Cunha et al., 2020). One of the receptors highly 

expressed by microglia, CX3CR1, has been involved in this mechanism. In CX3CR1 global knockout, 

there is an alteration of myelin debris clearance (Lampron et al., 2015)(Figure 30). However, this effect 

could be indirect in these mice characterized by an altered activation and a decrease of TREM2 

expression, a key receptor modulating myelin debris removal (Cantoni et al., 2015; Lampron et al., 

2015)(Figure 30). Indeed, in TREM2 deficient mice, there is a lack of myelin debris clearance that leads 

to a decreased number of oligodendrocytes, a persistent demyelination and an axonal dystrophy 

(Cantoni et al., 2015; Poliani et al., 2015). Conversely, the activation of TREM2 with an agonistic 

antibody promotes myelin debris clearance (Cignarella et al., 2020). Moreover, TREM2 signaling 

upregulates the expression of Axl receptor involved in myelin debris phagocytosis. It further 

upregulates the expression of proteins involved in lipid transport and metabolism like Apo E and 

lipoprotein lipase (LPL), which facilitates myelin debris clearance (Hoehn et al., 2008; Krasemann et al., 

2017; Bruce et al., 2018; Hammond et al., 2019). Toll like receptors (TLRs), expressed by both microglia 

and MDMs have also been involved in promoting myelin debris removal (Church et al., 2016; Cunha et 

al., 2020). Indeed, in zebrafish and mice deficient for MyD88, an adapter protein required for the 

induction of downstream inflammatory cytokine of almost all TLRs (except TLR3, (Kawai and Akira, 

2007)), myelin debris phagocytosis is impaired (Cunha et al., 2020). Other microglial receptors involved 

in myelin debris removal have been identified, such as the retinoid X receptor- and the protein 

tyrosine kinase MER which represent potential therapeutical targets (see 2.4.4, (Natrajan et al., 2015; 

Healy et al., 2016)). In addition to their direct modulation of myelin debris clearance receptors like 

TREM2 and TLRs also trigger the secretion of pro-inflammatory factors that promote remyelination 

(Krasemann et al., 2017; Cunha et al., 2020).      
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Figure 30: Pro-remyelinating functions of microglia following demyelination. 

Schematics showing the microglial regulation of the different steps of remyelination following demyelination. Microglia drive 

remyelination by clearing myelin debris which facilitates OPCs recruitment. Microglia secrete factors that promote the 

recruitment, proliferation and differentiation of OPCs in OLs. Lastly, by recycling and releasing cholesterol, microglia increase 

cholesterol availability and promote myelin synthesis by OLs. Adapted from Lloyd et al, 2019.  

 

 

2.4.3 Microglia a key player to promote remyelination  

 

2.4.3.1 Microglia promote oligodendrogenesis and remyelination 

 
Following demyelination, activated microglia start to secrete pro-inflammatory factors (Foote 

and Blakemore, 2005; Butovsky et al., 2006a; Miron et al., 2013; Cunha et al., 2020). The induction of 

this inflammatory phase is essential to promote oligodendrogenesis (Foote and Blakemore, 2005). 

Several factors released by microglia have been identified. TNF, a pro-inflammatory cytokine is 

upregulated in microglia following demyelination (Arnett et al., 2001; Voss et al., 2012; Miron et al., 

2013; Cunha et al., 2020). TNF has two receptors, TNFR1 and TNFR2 with different functions. 

Whereas TNFR1 is mainly though to mediate cell death, TNFR2 also promotes cell proliferation 

(Declercq et al., 1998; Locksley et al., 2001). Inducing a model of cuprizone dependent demyelination 

in mice knockout for TNFR1 or TNFR2 respectively, it has been shown that TNFR2 activated by TNF 

promotes OPCs proliferation and production of new OLs (Arnett et al., 2001). Furthermore, in microglia 

inactivated for MyD88, adaptor protein of TLRs, following an LPC induced demyelination there is a 

reduction of TNF secretion (Cunha et al., 2020). TNF secretion by microglia in this model has been 

shown to promote the generation of premyelinating OLs, which allows a more efficient remyelination 

(Cunha et al., 2020). The pro-inflammatory cytokine IL-1 is mainly expressed in activated microglia 

and MDMs following demyelination (Bauer et al., 1993; Mason et al., 2001), and its expression by 

microglia is regulated by THIK-1 (Madry et al., 2018b). In vitro, it has been shown that IL-1 inhibits 

OPC proliferation and promote their differentiation into OLs (Vela et al., 2002). In vivo, mice deficient 
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for IL-1 show a defect of OL differentiation that leads to remyelination defects (Mason et al., 2001). 

In IL-1 deficient mice, there is an alteration of IGF-1 upregulation following demyelination that might 

cause OL differentiation defects (Mason et al., 2001). Therefore, IL-1 may modulate the 

oligodendroglial lineage via the activation of IGF-1 expression. 

Once microglia switch toward a more pro-regenerative phenotype, they start to express 

various factors that promote OPC differentiation and remyelination. Activin A, a member of the TGF 

surperfamily is expressed in microglia with a pro-regenerative signature (Miron et al., 2013; Yu et al., 

2015).  The treatment of demyelinated organotypic cerebellar slices with Activing A at the onset of 

remyelination has been shown to promote OL production (Miron et al., 2013). Conversely, the 

inhibition of Activing A receptor following demyelination prevented efficient remyelination (Dillenburg 

et al., 2018). Thus, Activin A expressed by microglia displaying a pro-regenerative phenotype, 

promotes OPC differentiation and allows an efficient remyelination. Microglia, as they switch towards 

a pro-regenerative signature also start to express IGF1 (Miron et al., 2013; Wlodarczyk et al., 2015). 

This factor has been found to promote remyelination and OLs survival (Mason et al., 2000; Hlavica et 

al., 2017). Although IGF-1 effect in remyelination has not been studied in details, its secretion by 

microglia could promote oligodendrogenesis and myelin production in repair as it has been reported 

during developmental myelination (Butovsky et al., 2006b; Zeger et al., 2007; Wlodarczyk et al., 2017). 

As for IGF1, the microglial secretion of transglutaminase-2 (TG2) is involved in both developmental 

myelination and remyelination (Giera et al., 2018). Its expression in microglia is maintain after EAE 

induction in mice (Wlodarczyk et al., 2017; Giera et al., 2018). Furthermore, TG2 knockout mice exhibit 

an impaired remyelination following cuprizone diet, and the treatment ex vivo of demyelinated slices 

with recombinant TG2 further promote remyelination (Van Strien et al., 2011; Giera et al., 2018). 

Therefore, microglia secretion of TG2 by promoting OPC proliferation and differentiation enhances 

remyelination (Van Strien et al., 2011; Giera et al., 2018).     

Galectin-3, a receptor that recognize glycan, is expressed by microglia following cuprizone 

induced demyelination (Hoyos et al., 2014). In galectin-3 deficient mice, there is an inhibition of OL 

differentiation and defects in remyelination capacities (Pasquini et al., 2011; Hoyos et al., 2014). 

However, this effect may be indirectly due to the disruption of microglia activation following 

demyelination in galectin-3 deficient mice. Indeed, in these mice, it has been shown that microglia do 

not activate normally, with phagocytic defects and a lack of TREM-2 upregulation following 

demyelination (Hoyos et al., 2014). Therefore, since TREM2 modulates microglia activation, debris 

clearance and is required to promote an efficient remyelination, the defects observed in galectin-3 

deficient mice could be rather indirect (see 2.4.2, (Poliani et al., 2015; Krasemann et al., 2017; Mazaheri 

et al., 2017; Cignarella et al., 2020)).          
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2.4.3.2 The microglial switch is required to promote an efficient remyelination  

 
Following a first phase of activation with a pro-inflammatory phenotype, the switch of the 

microglial cell population towards a pro-regenerative phenotype is necessary to promote an efficient 

remyelination (Miron et al., 2013; El Behi et al., 2017; Lloyd et al., 2019). In MDMs, a live imaging study 

in the spinal cord of EAE mice showed that individual cell can switch from one state to another 

gradually forming a spectrum of activation from iNOS positive exclusively to Arginase-1 positive only 

MDMs (Locatelli et al., 2018). However, the mechanism by which microglia adopt a pro-regenerative 

phenotype is more elusive (Lloyd and Miron, 2019). In mice with EAE induction, the microglial 

expression of the ionotropic purinergic receptor P2X4 is upregulated at the peak and later during 

recovery (Zabala et al., 2018). In mice treated with a P2X4 receptor antagonist, there are defects in 

myelin debris removal and oligodendrocyte differentiation. Furthermore, the inhibition of P2X4 

receptor maintains microglia in a pro-inflammatory state and inhibits the microglial expression of pre-

regenerative factors. Potentiating pharmacologically P2X4 receptors activation further ameliorates the 

course of the disease and promotes in vitro the expression of pro-regenerative markers while inhibiting 

pro-inflammatory signature (Zabala et al., 2018). Therefore, P2X4 receptor activation could participate 

in the microglial switch necessary to promote efficiently remyelination. Following myelin phagocytosis, 

it has been shown that microglia start to synthetize desmosterol which activate microglial liver X 

receptor (LXR) (Berghoff et al., 2021). Preventing either desmosterol synthesis or transport in microglia 

and MDMs enhanced the pro-inflammatory signature of microglia/MDMs and disrupted the induction 

of a pro-regenerative signature. Moreover, the administration of exogenous squalene that can be 

converted in desmosterol in mice deficient for desmosterol synthesis, suppressed the inhibition of the 

microglial/MDM switch and promoted remyelination. Thus the synthesis of post-squalene-sterol 

following microglia phagocytosis of myelin debris may guide the microglial switch towards pro-

regenerative signature through the activation of LXR signaling in microglia (Berghoff et al., 2021). 

Furthermore, this study suggested that microglia recycle cholesterol and release it to promote directly 

myelin production by remyelinating OLs (Berghoff et al., 2021)(Figure 30). The adaptive immune 

system has also been described to modulate microglial switch (El Behi et al., 2017). Using supernatant 

of human lymphocytes in culture, it was shown that lymphocytes from MS patients secrete factors 

that increase OPCs proliferation but fail to induce their differentiation into OLs (El Behi et al., 2017). 

Lastly, using a model of focal demyelination, the group of Veronique Miron demonstrated that the 

pro-inflammatory microglia go through necroptosis at the onset of remyelination, followed by a 

repopulation of pro-regenerative microglia (Lloyd et al., 2019). The authors have shown that inhibiting 

necroptosis delays the switch towards pro-regenerative microglia and impairs remyelination (Lloyd et 
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al., 2019). Thus, several mechanisms could be at play to promote the subsequent switch from pro-

inflammatory to pro-regenerative microglia after myelin debris removal and may require a 

replacement of a subpopulation of microglia.              

 

2.4.4 Microglia a potential therapeutical target to promote remyelination in MS  

 
Currently there is a lack of efficient drug to promote remyelination, and although there are 

several drugs being tested to promote OPC differentiation into remyelinating OLs none of these drugs 

are specifically targeting microglia (Stangel et al., 2017; Lubetzki et al., 2020b). However, some 

experimental studies showed that the efficiency of some molecules may be due to off target beneficial 

effect on microglial cells (Lloyd and Miron, 2019; Lubetzki et al., 2020b).  For instance, the bexarotene 

that is a retinoid X receptor (RXR) agonist has been recently studied (Brown et al., 2021). Although its 

tolerance by MS patients is weak, partially positive results on MRI and electrophysiological parameters,  

suggestive of increased remyelination was provided by the recently published phase 2 study in MS 

patients (Brown et al., 2021). In experimental model, it has been found that the activation of RXR led 

to a better clearance of myelin debris by macrophages derived from MS patients (Natrajan et al., 2015), 

which could partly account for the biological effect of RXR agonists. Clemastine, which is an anti-

muscarinic drug has been identified to promote remyelination in a large drug screening in vitro and its 

pro-remyelinating effect further confirmed in different models of neurogenerative pathologies in mice 

(Mei et al., 2014, 2016; Chen et al., 2021). A clinical phase 2 trial, in patients suffering from chronic 

optic neuritis, showed that a treatment with clemastine fumarate could improve remyelination, 

evaluated by the latency of visual evoked potentials (Green et al., 2017). Although the primary target 

of clemastine is the oligodendroglial lineage (Mei et al., 2016), it has been shown in vitro and in vivo in 

a mouse model of amyotrophic lateral sclerosis that clemastine treatment also induces an anti-

inflammatory phenotype of microglia (Apolloni et al., 2016). Thus, clemastine treatment could also 

modulate microglial activation status as an off-target effect. As a last example, another family of 

molecules tested by several pharmaceutical groups and currently in phase 3, target the inhibition of 

Bruton’s tyrosine kinase (BTK) (Montalban et al., 2019; Dolgin, 2021; Reich et al., 2021). These 

inhibitors could modulate both the adaptive and the innate immune system, and ongoing works 

suggest that BTK inhibitors can modulate microglial behavior and favor remyelination in experimental 

model of demyelination (Dolgin, 2021; Albrecht et al, submitted).     
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3. Neuronal activity modulates microglia and 

oligodendroglial functions 
 

The activity of neurons regulates the formation of neural circuits and controls their plasticity 

throughout life. The formation of neuronal circuits during development starts as a diffuse mechanism 

and is further refined depending on neuronal activity (Shatz, 1990; Katz and Shatz, 1996; Martini et al., 

2021). In early brain development, neuronal activity modulates a broad range of processes from 

neurogenesis and neuronal migration to synapse formation and elimination (Komuro and Rakic, 1993; 

Crair and Malenka, 1995; Penn et al., 1998; Hanson and Landmesser, 2004; Berg et al., 2011; Chang et 

al., 2021). Adaptive changes in neuronal circuits are later on continuously ongoing, and their 

modulation is greatly dependent on neuronal activity in adulthood (Bliss and Lømo, 1973; Hawkins et 

al., 1983; Turrigiano et al., 1998; Abbott and Nelson, 2000). In the last two decades, it became evident 

that glial cells sense neuronal activity expressing a broad range of receptors to neurotransmitters and 

neuromodulators (Bergles et al., 2000; Lin and Bergles, 2004; Davalos et al., 2005; Káradóttir et al., 

2008; Fontainhas et al., 2011; Zhang et al., 2014; Spitzer et al., 2019). Furthermore, glia not only sense 

but also respond to neuronal activity. Indeed, It was in particular shown that glia takes part to neuronal 

activity dependent mechanisms modulating synapse elimination, synapse plasticity, circuits synchrony, 

developmental and adaptive myelination (Demerens et al., 1996; Stevens et al., 2002; Tremblay et al., 

2010; Schafer et al., 2012; Parkhurst et al., 2013; Gibson et al., 2014; McKenzie et al., 2014; Nguyen et 

al., 2020). Very recently, it was further demonstrated that glia takes part to the direct modulation of 

neuronal activity, thus impacting animal behaviors (Mu et al., 2019; Badimon et al., 2020; Steadman 

et al., 2020). 

In pathological conditions glial cells are important modulators of recovery processes. In this 

context, their physiology is impacted and the modulation of neuronal activity directly or by sensory 

stimulations has emerged in experimental models as an efficient strategy to promote repair (Iaccarino 

et al., 2016; Jensen et al., 2018; Adaikkan et al., 2019; Andoh et al., 2019; Martorell et al., 2019; Ortiz 

et al., 2019; Bacmeister et al., 2020). This pro-regenerative effect of neuronal activity is notably 

promising to improve remyelination in MS patients, and clinical trials are currently ongoing to test the 

effect of visual stimulation on the treatment of optic neuritis (Lubetzki et al., 2020b). Therefore, the 

detailed description of the impact of neuronal activity on glial cells is of primary importance to better 

understand how neuroglial communications could be manipulated to potentiate recovery.  

This chapter will focus on the effect of neuronal activity on the oligodendroglial lineage and 

microglia in homeostatic conditions, and describe further how neuronal activity modulations could be 

used in a pathological context to promote repair.            
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3.1 Effect of neuronal activity on the oligodendrocyte lineage and myelination in 

development, homeostasis and pathological conditions  

 
The role of neuronal activity in myelination was first suggested in the optic nerve of mouse by 

the fact that sensory deprivation leads to alteration of myelination (Gyllensten and Malmfors, 1963). 

Later on, pharmacological agents modulating neuronal activity and electrophysiological stimulations 

were used in vitro and in vivo to show that OPCs proliferation, differentiation and myelination are 

modulated by neuronal activity (Barres and Raff, 1993; Demerens et al., 1996; Stevens et al., 2002). 

More recently, the role of neuronal activity in developmental myelination has been described more 

precisely and some cellular and molecular mechanisms underlying these regulations have been 

identified (Gibson et al., 2014; Hines et al., 2015; Mensch et al., 2015; Wake et al., 2015; Etxeberria et 

al., 2016; Krasnow et al., 2018; Almeida et al., 2021; Swire et al., 2021). Furthermore, in the last decade 

the concept of adaptive myelination has emerged. Whereas myelin was previously seen as a rather 

static structure after the end of postnatal myelination in juvenile animals, new evidence showed that 

myelin is continuously added to the CNS in adulthood and its regulation by neuronal activity 

participates in some neuronal circuits functions (Rivers et al., 2008; Gibson et al., 2014; McKenzie et 

al., 2014; Geraghty et al., 2019; Pan et al., 2020; Steadman et al., 2020; Wang et al., 2020b).      

 

3.1.1 Oligodendrocyte progenitor cells sense neuronal activity in developmental 

myelination          

 

 
The study of the electrophysiological properties of OPCs uncovered their expression of 

functional receptors to neurotransmitters such as glutamate receptors (AMPA, NMDA, Kainate) and 

GABA receptors (Gilbert et al., 1984; Barres et al., 1990; Steinhäser et al., 1994; Gallo et al., 1996; 

Káradóttir et al., 2005; Salter and Fern, 2005; Kukley and Dietrich, 2009). The expression of these 

receptors is modulated along the oligodendroglial lineage and within OPC populations depending on 

their proliferative or quiescent status (De Biase et al., 2010; Spitzer et al., 2019). Furthermore, OPCs 

are the only glial cells that have been described to form bona fide synapses with neurons in both rodent 

and human tissues (Bergles et al., 2000; Lin and Bergles, 2004; Gallo et al., 2008)(Figure 32). At these 

synapses AMPA and early after GABA receptors have been described but NMDA and Kainate receptors 

have never been found at these structures so far (Bergles et al., 2000; Lin and Bergles, 2004). The 

synapses formed on OPCs have been described in several region of the CNS such as the corpus 

callosum, cerebral cortex and hippocampus (Bergles et al., 2000; Chittajallu et al., 2004; Lin and 

Bergles, 2004; Lin et al., 2005; Kukley et al., 2007; Ziskin et al., 2007; Orduz et al., 2015; Zonouzi et al., 

2015). Recently the use of retrograde monosynaptic tracing of neuron-OPC synapses allowed to 

describe anatomically the connectivity between neurons and OPCs. Using this method, the group of 
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M.Monje determined that these neuron-OPC synapses are widespread in the brain, and that neurons 

make synapses on OPCs in the regions where they functionally project (Mount et al., 2019). 

Functionally, glutamatergic synapses on OPCs have been suggested to slow down their 

proliferation (Mangin et al., 2012). However, OPCs receiving glutamatergic input keep proliferating 

(Kukley et al., 2008) and mice deficient for AMPA receptor subunits in OPC do not show any defect in 

their proliferation (Kougioumtzidou et al., 2017). Thus, the exact functions of glutamatergic synapses 

on OPCs are still debated and remain to be clarified. GABAergic synapses on OPCs trigger their 

depolarization and increases intracellular calcium concentration through voltage-gated calcium 

channels activation (Lin and Bergles, 2004; Tanaka et al., 2009; Velez-Fort et al., 2010). However, 

although calcium signaling in OPCs have been described to modulate their fate (Wake et al., 2011, 

2015; Marisca et al., 2020), the specific role of GABAergic synaptic inputs in calcium signaling is unclear 

(Balia et al., 2017). The inactivation of the 2 subunit of GABAA receptors inhibits synaptic inputs 

receive by OPCs from fast spiking interneurons in the somatosensory cortex and allows to assess 

specifically the role of synaptic GABAergic inputs in this area (Orduz et al., 2015). Surprisingly, mice 

deficient for this receptor in the oligodendroglial lineage display no disruption of OPC proliferation and 

differentiation and only show a decreased survival of OPCs (Balia et al., 2017)(Figure 31). Further 

investigations on these mice, showed that the physiological and morphological properties of fast-

spiking interneurons are modified, as well as their myelination pattern and nodes of Ranvier length 

leading to cognitive defects (Benamer et al., 2020). Thus, GABAergic synapses of interneurons on OPCs 

are critical for circuits functions, at least in the somato-sensory cortex (Benamer et al., 2020).             

OPC-neuron synapses are eliminated while OPCs differentiate into OLs and correlates with the 

downregulations of AMPA expression in mature OLs (De Biase et al., 2010; Kukley et al., 2010). 

Following the first weeks of postnatal development, synaptic GABAergic signaling on OPC is deeply 

decreased (Velez-Fort et al., 2010). However, non-synaptic mode of communications are also involved 

in neuron-OPC communications and modulate their fate (Wake et al., 2015)(Figure 31). Although 

AMPA expression is downregulated while OPCs differentiate, NMDA receptors are expressed along the 

oligodendroglial lineage and have been involved in the control of neuronal activity dependent OPC 

proliferation and differentiation (Káradóttir et al., 2005; Micu et al., 2006; Lundgaard et al., 2013). 

Furthermore, OPCs respond to neuronal activity in a pattern dependent manner (Nagy et al., 2017). 

Indeed, in mouse, electrical stimulations of the corpus callosum in vivo at 5Hz promoted OPCs 

differentiation into pre-myelinating OLs whereas stimulation at higher frequency (25 Hz) mainly 

promoted their proliferation (Nagy et al., 2017).             
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Figure 31: Neuronal activity modulates developmental myelination. 

Schematics showing the different steps of developmental myelination and their modulation by neuronal activity. Neuronal 

activity is sensed by OPC, and modulation of OPCs proliferation (2) and differentiation (3) is modulated by synaptic signals at 

GABAergic as well as glutamatergic synapses. Non/Extra-synaptic release, is also modulating the faith of OPC depending on 

neuronal activity. Neuronal activity also modulates myelin sheath growth and stability (4&4’). Activity triggers synaptic 

vesicles exocytosis with an enrichment at heminode. Calcium transients in newly forming myelin sheaths are partly driven by 

neuronal activity. Fast frequent calcium transients promote myelin sheath stability and growth whereas high amplitude long-

lasting calcium transients facilitate sheath retractions. Drawings adapted from Ronzano et al., 2020.        

 

 

3.1.2 Neuronal activity modulates developmental myelination 

 
During developmental myelination, there is a fast selection of the axonal domains to be 

myelinated, and myelin sheaths remain stable later on (Watkins et al., 2008; Czopka et al., 2013). 

Amongst the signals that have been described to influence axonal choice for myelination targeting is 

neuronal activity, together with axonal morphology and neuronal identity (see 1.4.3). Early works on 

the effects of neuronal activity on oligodendroglial lineage, showed a modulation of myelin biogenesis 

by neuronal activity (Demerens et al., 1996; Stevens et al., 2002). More recently, expressing the 

tetanus toxin (TeNT) in neurons of zebrafish which inhibit synaptic vesicle release, two different groups 

showed that the amount of myelinated axons was reduced specifically on axons expressing TeNT, with 

a decreased number of myelin sheath per OL (Hines et al., 2015; Mensch et al., 2015)(Figure 31). 

Furthermore, on TeNT expressing neurons there was a higher rate of myelin sheath retraction than on 

non-inhibited neurons (Hines et al., 2015). Using pharmacological agents, it was found that a global 

increase of neuronal activity led to an increased number of myelin sheaths per OL, that are on average 

slightly shorter (Hines et al., 2015; Mensch et al., 2015). These results suggested that neuronal activity 
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modulates specifically myelin deposition on activated axons, the number of myelin sheaths per OL and 

their length. The inhibition of synaptic release along a subpopulation of dorsal root ganglion neurons 

from rodents in vitro showed that axons that were not inhibited were preferentially myelinated, 

supporting the role of neuronal activity on axon selection during myelination (Wake et al., 2015). 

Furthermore, the inhibition of glutamate synaptic release in the retinal ganglion cells using a 

conditional knock-out of vGLUT2 led to the shortening of internode length in the optic nerve 

(Etxeberria et al., 2016), extending to rodents this result initially obtained in zebrafish. Recently, using 

a reporter with a pH dependent fluorescence in synaptic vesicle (SypHy, (Zhu et al., 2009)), the group 

of D. Lyons visualized in vivo in zebrafish, the exocytosis of synaptic vesicles along the axons while 

myelination was ongoing (Almeida et al., 2021). Using this approach, it was shown that vesicle release 

coincides with the onset of myelination. Moreover, it was found that the exocytosis of vesicles is highly 

enriched at the unmyelinated part of the axons with a further enrichment at heminodes. The inhibition 

of vesicles fusion decreased the growth speed of the myelin sheath and increased the proportion of 

retraction, which confirmed previous results. Lastly, using a chemogenetic approach, it was shown that 

an increase of neuronal activity promotes vesicle release and myelin sheath growth along axons 

(Almeida et al., 2021). Thus, this last result allowed to describe the direct link between neuronal 

activity, vesicles release and modulation of the myelination process. However, although glutamate is 

a good candidate, the molecule loaded in the vesicle remain unknown. ATP, that is loaded in synaptic 

vesicle with other neurotransmitters such as glutamate and GABA (Pankratov et al., 2006), and has 

been described to promote myelination in vitro (Stevens et al., 2002), might also participate in this 

process (Figure 31). 

Downstream of this mechanism, it has been described in the zebrafish in vivo that the stability 

and growth of the newly forming sheaths on axons depend on their transient calcium activity (Baraban 

et al., 2018; Krasnow et al., 2018)(Figure 31). Pre-myelinating and myelinating OLs show transient 

calcium activity that decline with OLs maturation (Krasnow et al., 2018). Using electrical stimulation at 

50Hz and inhibition of neuronal activity using TTX, it was shown that the calcium transients in the 

myelin sheaths and neuronal activity were correlated, with about 50% of calcium transients that were 

activity dependent (Krasnow et al., 2018). Furthermore, the growth of the myelin sheath was 

correlated with calcium activity (Baraban et al., 2018; Krasnow et al., 2018). It was further shown that 

high-amplitude long-duration calcium transients mediated sheath retractions (Baraban et al., 2018; 

Krasnow et al., 2018). However, the involvement of neuronal activity in this latter type of calcium 

transients was not tested and it remains unknown whether for instance, a neuronal hyperactivity could 

trigger myelin sheath retraction. So far, together these results showed that neuronal activity promotes 

myelin sheath growth through vesicular release, by modulating calcium activity in newly forming 

sheaths. Intriguingly, half of the calcium transients were independent of neuronal activity and could in 
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some populations be completely uncorrelated to neuronal activity as observed in the mouse cortex 

(Battefeld et al., 2019). Therefore, other mechanisms might be at play to modulate myelination and in 

particular activity independent processes (see 1.4.3). Indeed, it must be noted that myelination of 

some neuronal populations is not activity dependent. For instance, zebrafish commissural primary 

ascending neurons do not regulate their myelination by neuronal activity (Koudelka et al., 2016; 

Almeida et al., 2021). Indeed, these neurons are myelinated during the early development while they 

are largely silent (Auer, 2019), and do not modulate their myelination through vesicular synaptic 

release (Koudelka et al., 2016).                      

 

 

3.1.3 Oligodendroglial cells participate in CNS plasticity: adaptive myelination 

 
In adult mice, OPCs account for 3 to 10% of the cells of the adult brain (von Bartheld et al., 

2016). Furthermore, they keep proliferating and differentiating in OLs, with 5 to 20% of OLs produced 

in adulthood (Rivers et al., 2008; Kang et al., 2010; Simon et al., 2011; Young et al., 2013). 

Consequently, since it has been described that the turnover of OLs is very slow with at 8 month a 

survival rate of about 90%, the production of new OLs in adult mice may rather participates in the 

production of new myelin sheaths (Tripathi et al., 2017). Indeed, longitudinal studies of cortical 

myelination in mice, showed that oligodendrocytes accumulate in adulthood and add new myelin 

sheaths on unmyelinated or partially myelinated axons (Hill et al., 2018; Hughes et al., 2018). 

Myelination in adult has been shown to depend on neuronal activity that regulates the progression of 

the olidendroglial lineage, OLs survival and the production of new myelin sheaths, giving rise to the 

concept of adaptive myelination (Gibson et al., 2014; McKenzie et al., 2014; Hughes et al., 2018; 

Steadman et al., 2020). 

  

3.1.3.1 Neuronal activity modulates oligodendrocyte production 

  

The role of neuronal activity in activating OPCs proliferation and differentiation into OLs is not 

restricted to the postnatal development and extends to adulthood (Sampaio-Baptista et al., 2013; 

Gibson et al., 2014; McKenzie et al., 2014; Xiao et al., 2016; Mitew et al., 2018)(Figure 32A). In two 

seminal studies using motor training and direct optogenetic stimulation of neuronal activity, it was 

shown that neuronal activity promotes OPCs proliferation and differentiation into OLs (Gibson et al., 

2014; McKenzie et al., 2014). Genetically blocking oligodendrogenesis prior to motor training further 

disrupted motor learning, showing for the first time that adaptive myelination participate in learning 

(McKenzie et al., 2014). Furthermore, these results were reproduced in various paradigms modulating 

neuronal activity either directly by chemogenetic or optogenetic, or indirectly through different 
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behavioral tasks (Hughes et al., 2018; Geraghty et al., 2019; Bacmeister et al., 2020; Pan et al., 2020; 

Steadman et al., 2020). Conversely, it was shown in two different paradigms that promoting 

oligodendrogenesis either genetically or by treatment with clemastine improves memory (Pan et al., 

2020; Wang et al., 2020b). Therefore, the production of new OLs in adaptive myelination participates 

in mechanisms of memory and learning in adult mice.    

  

3.1.3.2 Neuronal activity regulates myelin patterns 

 
Neuronal activity promotes the production of new OLs allowing the production of new myelin 

sheaths that remain stable along time (Hughes et al., 2018)(Figure 32A). Indeed, in mice sensory 

enrichment has been shown to increase the number of mature OLs that are integrated stably in cortical 

circuits. Moreover, memory tasks induce an increase in the proportion of myelinated axons in the 

prefrontal cortex (Pan et al., 2020) and the corpus callosum (Steadman et al., 2020). In the corpus 

callosum of mice, it was further shown that a direct stimulation of neuronal activity in a subpopulation 

of neurons by chemogenetic increases specifically their myelination compared to the non-activated 

axons (Mitew et al., 2018). Thus, neuronal activity in adult not only promotes globally myelination but 

also guides adaptive myelination specifically to activated axons (Mitew et al., 2018).  

Furthermore, adaptive myelination changes are not restricted to the production of new myelin 

sheaths, and several parameters of the myelinated fibers that contribute to the conduction velocity of 

action potential are also modulated (see 1.4.4.1 and 1.5.2.2), such as myelin thickness, internodal 

length, periaxonal space size and nodal length (Liu et al., 2012; Gibson et al., 2014; Mitew et al., 2018; 

Geraghty et al., 2019; Bacmeister et al., 2020; Yang et al., 2020; Cullen et al., 2021)(Figure 32B). The 

first demonstration of myelin sheath plasticity in adult mice has been reported following social 

isolation (Liu et al., 2012). In these mice, there was a thinning of myelin sheath and transcriptional 

changes in OLs specifically in the prefrontal cortex (Liu et al., 2012). Conversely, the activation of 

neuronal activity by optogenetic in the motor cortex (Gibson et al., 2014; Geraghty et al., 2019), and 

by chemogenetic in the corpus callosum induced an increase of the g-ratio, specifically along activated 

axons (Mitew et al., 2018). Modulation of another important parameter along myelin fiber, internodal 

length, has been observed upon specific experience (Bacmeister et al., 2020, 2021; Yang et al., 2020). 

Motor training as well as monocular deprivation induced dynamic length changes in preexisting 

internode in the motor and visual cortex respectively (Bacmeister et al., 2020; Yang et al., 2020). It has 

been further found in the visual cortex that the dynamic changes of intermodal length were neuron 

populations specific (Yang et al., 2020).  Following monocular deprivation, dynamic changes of myelin 

sheaths’ length were observed along parvalbumin interneuron axons, whereas internodes on 

excitatory callosal projection neurons remained unchanged (Yang et al., 2020). Lastly, it has been 
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recently reported that spatial learning and transcranial magnetic stimulation modulate nodes’ of 

Ranvier length and the size of the periaxonal space which leads together to conduction velocity 

modulations (Cullen et al., 2021). 

In humans, it has been shown by several imaging studies that motor and memory tasks trigger 

white matter structural changes that may account for myelin addition (Scholz et al., 2009; Takeuchi et 

al., 2010). Nevertheless, owing to the limitations of diffusion imaging, these changes might also result 

from axonal remodeling and might not reflect myelination per se (Zatorre et al., 2012). Furthermore, 

in human, the origin of the newly produced myelin sheaths is still debated. Indeed, although there is 

evidence of OPC proliferation in the adult human brain (Geha et al., 2010), recent data suggest that 

this mechanism may be limited (Yeung et al., 2014). Thus, to which extend adaptive myelination stems 

from the production of new OLs or from new myelin sheaths synthetized by pre-existing OLs remains 

unknown.      

 

3.1.3.3 Functions of adaptive myelination 

 

The encoding of learning and memory tasks depends on the fine temporal control of inputs’ 

arrival on the post synaptic structures, and involves coordinated neuronal activities between different 

areas of the CNS (Hawkins et al., 1983; Siapas and Wilson, 1998; Feldman, 2012; Maingret et al., 2016). 

Thus, adaptive myelination was hypothesized to impact these mechanisms (Pajevic et al., 2014). Later 

on, it was shown that inhibiting adaptive myelination by blocking oligodendrogenesis prior to training, 

disrupts activity of the prefrontal cortex (Pan et al., 2020), and its coordination with hippocampus 

activity (Steadman et al., 2020)(Figure 32C). Consequently, it was shown that the disruption or the 

inhibition of adaptive myelination lead to various memory and learning impairments (McKenzie et al., 

2014; Geraghty et al., 2019; Pan et al., 2020; Steadman et al., 2020). Thus, adaptive myelination is an 

activity dependent mechanism that participates in central nervous plasticity and is required to achieve 

some behavioral tasks. However, adaptive myelination when disrupted by pathological patterns of 

activity such as epileptic crisis, may be maladaptive and by synchronizing the activity may disrupt 

further the function of neuronal circuits leading to a worsening of the pathology (Knowles et al., 2020).  

Another potential function of adaptive myelination would be to provide metabolic support to 

the active axons, a mechanism that further depend on neuronal activity (Fünfschilling et al., 2012; Lee 

et al., 2012b; Saab et al., 2016; Meyer et al., 2018). Indeed, high level of activity requires more energy 

from the axons to maintain its membrane potential, and metabolic support from the myelin sheath 

might be necessary for some neuronal population such as fast-spiking interneurons and neurons of the 

auditory system (Micheva et al., 2016; Moore et al., 2020).   
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Figure 32: Adaptive myelination induced by neuronal activity changes participates in CNS plasticity. 

(A) Schematics showing the different steps of adaptive myelination modulated by neuronal activity. (B) Schematics showing 

the different modulation of myelin sheaths that allow adaptive myelination to regulate action potential conduction. (C) Model 

showing how adaptive myelination coordinates neuronal circuits activity to consolidate spatial memory. Following training, 

there is an activation of oligodendrogenesis and adaptive myelination that induces a higher coupling between the prefrontal 

cortex (mPFC) and the hippocampus. This mechanism reinforces the connexions used to memorise a task of spatial memory 

and allows later on a better localization of the target (white circle). The density map illustrates the probability of presence of 

the mouse in space from very low (blue) to high (red). Adapted from Pease-Raissi et al, 2021 and Steadman et al, 2020.  
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3.1.4 Neuronal activity also drives remyelination processes in pathological conditions 

 
Owing to the effect of neuronal activity on developmental and adaptive myelination, the 

possibility to improve remyelination using neuronal activity stimulation has been explored recently. 

The involvement of neuronal activity in remyelination efficiency was first shown in a model of focal 

demyelination in the caudal cerebellar peduncle of rats (Gautier et al., 2015). It was shown following 

demyelination that functional glutamatergic synapses were formed de novo by demyelinated axons on 

OPCs. Although the specific function of these synapses in remyelination could not be tested, it was 

further shown on human tissues from MS patients that synaptic boutons were more densely 

distributed in lesions with some of them apposed on OPCs. In rats, Gautier and colleagues showed that 

the infusion of blockers of neuronal activity, synaptic release or AMPA receptors locally in the 

demyelinated lesion decreased the efficiency of remyelination. Furthermore, the inhibition of 

neuronal activity following TTX infusion triggered an inhibition of the oligodendrogenesis, and a 

thinning of the myelin sheath. Lastly, it was shown that the inhibition of neuronal activity had an effect 

on remyelination when it was applied during the phase of oligodendrogenesis but not afterwards, once 

OLs had been produced (Gautier et al., 2015). Although this study suggested for the first time the 

involvement of neuronal activity in remyelination, the pharmacological agents used may have also 

altered more directly the oligodendroglial lineage that express the targets of the different molecules 

used (Spitzer et al., 2019). The use of optogenetic stimulation allowed to specifically activate neuronal 

activity and demonstrated its potential in promoting remyelination (Ortiz et al., 2019). In mice with a 

focal demyelination in the corpus callosum, a single protocol of stimulation at 20Hz at the onset of 

OPCs differentiation is sufficient to increase OPCs proliferation one hour after the stimulation. 

However, it was shown that daily stimulations along the period of OPCs differentiation into 

oligodendrocytes were necessary to promote OPCs differentiation and increase the OLs population in 

the lesion. This increase was further associated with a global increase of remyelination. Interestingly, 

the recording of compound action potentials from the corpus callosum demonstrated that the 

repeated stimulations induced a better functional recovery, with a mean conduction velocity that was 

similar to the one in the normal appearing white matter (Ortiz et al., 2019). These data showed that 

the activation of neuronal activity may represent a valuable strategy to improve remyelination and 

help to decipher the protocol of stimulation that could promote repair efficiently.  

In two other studies, the efficiency of remyelination was assessed following motor learning or 

physical activity (Jensen et al., 2018; Bacmeister et al., 2020). Following a demyelination triggered by 

cuprizone diet, it was shown that motor learning promotes oligodendrogenesis in a time-dependent 

manner (Bacmeister et al., 2020). In the early phase following cuprizone diet, there is a spontaneous  
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neuronal hyperactivity and motor learning during this period does not improve oligodendrogenesis 

and even delays the production of new OLs. However, a delayed motor training after the period of 

neuronal hyperactivity due to the demyelination leads to an increase of OLs production and a higher 

number of myelin sheaths produced. Furthermore, it was shown that the delayed motor training also 

promoted remyelination by surviving OLs, with a higher proportion of surviving OLs that added new 

myelin sheaths. Intriguingly, following motor training the surviving OLs were suggested to remyelinate 

more efficiently segments that were previously myelinated and added a lower proportion of myelin 

sheaths on previously unmyelinated axons compared to newly generated OLs. Overall, the delayed 

motor training induced a better remyelination and a higher pattern conservation than remyelination 

in untrained mice (Bacmeister et al., 2020). A second study, using focal demyelination of the spinal 

cord by LPC injection, showed that physical exercise following demyelination promotes 

oligodendrogenesis, increases the density of remyelinated axons and the thickness of the sheath 

produced during remyelination (Jensen et al., 2018). These effects were further associated with effects 

on innate immune cells (see 3.1.4) and had an additive effect with a treatment by clemastine (Jensen 

et al., 2018).           

In human, several strategies exist to promote neuronal activity. The first one that is currently 

under clinical trial is the transorbital electrical stimulation (Lubetzki et al., 2020b). This technic 

performed on patients with recent optic neuritis allows to access a clear readout of the remyelination 

efficiency by measuring visual evoked potentials. However, this latter method is restricted to the optic 

nerve and more global stimulation of neuronal activity may be necessary to efficiently enhance 

remyelination in MS patients. For instance, repetitive transcranial magnetic stimulations (TMS) are 

used to treat neuropsychiatric diseases with light side effects (Brunoni et al., 2017), and have been 

shown to trigger myelin plasticity in mice (Cullen et al., 2021). However, none of these TMS strategy 

has shown a positive effect on remyelination in MS. Trials are in their early phases and further 

investigations are necessary to define the type of protocols and the strategies that may give the most 

efficient results with minimal invasion for patients. Furthermore, additional investigations are 

necessary to decipher the exact role of the different types of cells at play in repair, in particular 

oligodendroglial and microglial cells that are influenced by neuronal activity and modulate directly or 

indirectly myelin production.  
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3.2 Neuronal activity modulates microglia functions  

 

3.2.1 Microglia motility and morphology are modulated by neuronal activity  

 
The first description in vivo of microglia surveillance showed that process extensions were 

mediated by ATP upon laser induced lesions (Davalos et al., 2005; Haynes et al., 2006). Since ATP was 

known to be co-released with other neurotransmitters at synapses or following the activation of 

receptor to neurotransmitter, these first results on microglia dynamics suggested that microglial 

processes may be oriented by ATP release upon neuronal activity (Dıáz-Hernández et al., 2002; Fujii et 

al., 2002; Jo and Role, 2002). However, the use of TTX application to inhibit neuronal activity failed to 

show any modulation of microglia motility (Nimmerjahn et al., 2005). This apparent lack of modulation 

may have arisen from the isoflurane mediated anesthesia that was used for this experiment, and later 

on was shown to inhibit drastically microglia dynamics (Madry et al., 2018b). Supporting a modulation 

of microglia motility by neuronal activity, treatments with GABA antagonists, agonists of glutamate 

inotropic receptors or electrophysiological induction of high frequency firing induced a modulation of 

microglia morphology and dynamics (Nimmerjahn et al., 2005; Fontainhas et al., 2011; Pfeiffer et al., 

2016). The modulation of sensory experience in the retina led to microglia motility modulations 

supporting these latter results (Tremblay et al., 2010). However, these approaches were rather global 

and none of the molecular mechanism at play were described.  

NMDA receptors were also involved in the control of microglial process outgrowth that was 

shown to be indirectly triggered by ATP release following NMDA activation (Dissing-Olesen et al., 

2014b). Recently the use of live imaging in vivo in awake mice versus mice that where anesthetized 

has allowed to confirm the importance of neuronal activity in microglia dynamics (Liu et al., 2019; 

Stowell et al., 2019; Umpierre et al., 2020). Two of these last studies could identify the role of locus 

coeruleus (LC) activity in the modulation of microglia surveillance. The release of norepinephrine by 

neurons from the LC was shown to activate 2-adrenergic receptor, highly expressed by microglia 

(Zhang et al., 2014), leading to a decrease of microglia motility (Liu et al., 2019; Stowell et al., 2019). 

These last results further confirmed the involvement of adrenergic receptor in microglia motility 

previously suggested in acute slice (Gyoneva and Traynelis, 2013), and showed the importance of 

studying microglia dynamics in vivo in awake mice to preserve microglia motility. However, the 

downstream signaling that link 2-adrenergic receptor activation to the reduction of microglia motility 

remains hypothetical. This control may rely on their function of Gs-coupled receptors, that act as a 

counterpart of the Gi-coupled protein receptors such as P2Y12 (Gyoneva and Traynelis, 2013). The 

modulation of K+ concentration in the extracellular space upon high frequency firing might also 

modulate microglia surveillance via Thik-1 activity modulation (Madry et al., 2018b, 2018a). Indeed, it 

was shown that an important increase of K+ concentration in the extracellular medium of 20 to 25mM, 
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has a direct effect on microglia motility via Thik-1 activity (Madry et al., 2018a). Although physiologic 

range of K+ variation have not been tested, K+ released locally may modulate microglia motility in a 

neuronal activity dependent manner. Furthermore, upon high frequency firing, for instance following 

epileptic crisis or spreading depolarization, the important increase of extracellular K+ up to 60mM (Lux 

and Heinemann, 1978; Lauritzen et al., 2011) is expected to reduce microglia ramifications and 

motility. Supporting this hypothesis, it was shown that following spreading depolarization the number 

of microglial main processes was decreased by 20% (Varga et al., 2020). Furthermore, the decrease of 

microglia motility by about 30%, observed by Badimon et al. in the striatum following neuronal 

stimulation by chemogenetic, might be partly due to the K+ extracellular concentration elevation 

following the global hyperactivity induced by the stimulation (Badimon et al., 2020).   

 

 

3.2.2 Microglial modulations of CNS circuits depend on neuronal activity  

 

3.2.2.1 Synapse elimination by microglia is modulated by neuronal activity 

 
The two seminal studies demonstrating that microglia contact synapses in vivo further showed, 

using either pharmacological inhibition or sensory deprivation, that microglia synapse interaction 

depends on neuronal activity (Wake et al., 2009; Tremblay et al., 2010). During the first phase of 

maturation of the dorsal lateral geniculate nucleus (dLGN), the synaptic pruning by microglia depends 

on a balance between the expression of the complement component C3 (that activates CR3) and C47 

(activating SIRP) at synaptic boutons (see 2.2.2.2). This first phase depends on the spontaneous 

activity of the retina and not on the sensory experience (Hooks and Chen, 2006). It has been shown 

that the inhibition of the spontaneous neuronal activity of retinal ganglion cells leads to a preferential 

synaptic pruning of microglia at terminal that have been inhibited (Schafer et al., 2012). Moreover, the 

expression of CD47 at these terminal is modulated by spontaneous activity, with a decrease of its 

expression specifically at the terminals of retinal ganglion cell blocked with TTX (Lehrman et al., 2018). 

Thus, in combination, these two signals allow the activity dependent synaptic pruning by microglia 

during the first phase of dLGN maturation (Figure 33A). Later in the development of dLGN, there is a 

further refinement of synaptic connections that depends on sensory experience (Hooks and Chen, 

2006). In this second phase, it has been recently shown that the expression of the TNF family cytokine 

TWEAK by microglia, depends on neuronal activity triggered by visual experience (Cheadle et al., 

2020)(Figure 33B). The fixation of TWEAK to its receptor FN14 expressed at the post-synaptic 

compartment, promotes its elimination and allow to further mature circuits of the dLGN (Cheadle et 

al., 2020). Thus, microglia participate in brain wiring in the dLGN throughout both phases of postnatal 

refinement with a control by neuronal activity (Lehrman et al., 2018; Cheadle et al., 2020).      
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Figure 33: Microglia modulation of CNS circuits depends on neuronal activity. 

 Schematics showing the different types of neuronal activity dependent regulation mediated by microglia at synapses in 

mouse CNS, and the molecular mechanisms involved. (A) In the first phase of maturation of the dorsal lateral geniculate 

nucleus (dLGN) spontaneous neuronal activity modulates the expression of CD47 at synaptic boutons. CD47 activates the 

microglial receptor SIRP and acts as a “don’t eat me” signal. The expression at other synapses of C3 and C1q activates CR3 

microglial receptor and lead to synaptic pruning. (B) In a second phase of maturation of the dLGN, microglial expression of 

TWEAK is modulated by the neuronal activity triggered by sensory experience. TWEAK released by microglia binds the 

receptor FN14 and promotes the elimination of the dendritic spine in a non-phagocytic mechanism. (C) In the adult 

hippocampus of mouse, the activity dependant secretion of IL-33 by neurons, activates IL1RL1 receptors on microglia and 

promotes the engulfment of ECM. The engulfment of the ECM by microglia facilitates structural plasticity of dendrites and 

activates dendritic spine formation. Adapted from Ferro et al, 2021. 
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3.2.2.2 Neuronal activity drives microglia modulations of CNS plasticity 

 
Microglia modulate CNS plasticity and in particular it was shown that microglia modulate 

synaptic plasticity (see 2.2.3, (Roumier et al., 2004; Parkhurst et al., 2013; Cantaut-Belarif et al., 2017; 

Nguyen et al., 2020; Wang et al., 2020a)). For instance, the inactivation of DAP12 in mice led to the 

observation that long-term potentiation was disrupted and associated with an alteration of the BDNF 

signaling (Roumier et al., 2004). The involvement of BDNF specifically released by microglia in spine 

plasticity was further confirmed using a conditional knockout CX3CR1creER/+ crossed with BDNFfl/fl mice 

(Parkhurst et al., 2013). Indeed, preventing BDNF expression specifically in microglia triggered an 

inhibition of spine formation upon training, a modulation of NMDA receptor subunits expression and 

a disruption in motor learning (Parkhurst et al., 2013). Thus, these results suggested that microglia 

control synaptic plasticity by its facilitation, however there was no direct modulation of microglia 

behavior by neuronal activity.  

It is only recently that neuronal activity was shown to directly modulate microglia behavior 

resulting in modulations of synaptic plasticity. In the hippocampus of mice the neuronal expression of 

IL-33 is neuronal activity dependent (Nguyen et al., 2020). Moreover, the obligatory receptor of IL-33, 

IL1RL1 is mainly expressed by microglia in the hippocampus and its specific inactivation in microglia 

leads to the reduction of dendritic spine formation. Investigating further this mechanism, the authors 

showed that the dendritic spines formation was promoted by microglia by engulfment of the 

presynaptic extracellular matrix (Nguyen et al., 2020). Thus, in this mechanism, microglia are the 

sensor of an activity dependent signaling and promote dendritic spine formation (Figure 33C). It was 

further shown in this study that the activity dependent secretion of IL-33 promotes adult neurogenesis 

in the dentate gyrus. Therefore, microglia that are the main cell expressing IL-33 receptor might also 

participate to the mechanism of activity dependent integration of new neurons to circuits in adult mice 

(Nguyen et al., 2020).  
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3.2.3 Microglia regulate neuronal hyperactivity 

 
Several studies recently showed that the activation of neuronal activity leads to reinforced 

interaction between microglia processes and neurons and further results in the regulation of neuronal 

activity by microglia (Li et al., 2012; Eyo et al., 2014; Kato et al., 2016; Akiyoshi et al., 2018; Peng et al., 

2019; Badimon et al., 2020; Merlini et al., 2021)(Figure 34A). In zebrafish, neuronal activity promotes 

microglial processes interaction with neuron somata in the optic tectum (Li et al., 2012; Hughes and 

Appel, 2020). It was shown that the contact of the microglial processes downregulates the activity of 

the contacted neuron (Li et al., 2012). This result, showed for the first time a reciprocal regulation 

between neuronal activity and microglial contacts (Li et al., 2012). A similar mechanism has been 

suggested in mouse (Eyo et al., 2014; Cserép et al., 2020; Merlini et al., 2021). In adult mice, it was 

shown that a chemogenetic activation of neuronal activity using the DREADD receptor hM3Dq (Roth, 

2016), increases the area of neuron somata covered by microglial processes (Cserép et al., 2020). 

Furthermore, the same group showed that this contact is strengthened following spreading 

depolarization, a wave of depolarization invading the grey matter and silencing neuronal activity 

(Varga et al., 2020). In mice with microglia depletion, the amplitude of stimulation to trigger a 

spreading depolarization is lower than in control, and trigger a higher increase of extracellular K+, 

suggesting that microglia-neuron interactions at neuronal soma may modulate neuronal excitability 

(Varga et al., 2020). Similarly to what was shown by chemogenetic stimulation, following whisker 

stimulations, it was observed in the barrel cortex of mice in vivo that microglial cells contact 

preferentially the soma of neurons that have been specifically activated by the stimulation (Merlini et 

al., 2021). The inhibition of microglial processes recruitment at activated neuron somata further led to 

a higher synchronization and an hyperactivity in the barrel cortex of mice following whisker stimulation 

(Merlini et al., 2021). These later results suggest that microglial processes prevent neuronal 

hyperactivity through their interaction with neuron somata.   

The regulation of neuronal hyperactivity by microglia was also observed along the axon (Kato 

et al., 2016). Following the stimulation of single pyramidal neurons of the cortex with a train of action 

potentials on acute slices, microglial processes were recruited specifically along the axon of the 

stimulated neuron. Furthermore, the stimulation triggered a long lasting depolarization of the 

membrane that was further increased by blocking microglial process recruitment at the axon (Kato et 

al., 2016). Thus, these results suggest that the recruitment of microglial process at axons can dampen 

the effect of hyperactivity specifically along hyperactive neurons.  

In both interactions along axons as well as at neuron somata, ATP release and the purinergic 

receptor P2Y12 were involved in the activity dependent recruitment of the microglial processes (Li et 

al., 2012; Eyo et al., 2014; Kato et al., 2016; Cserép et al., 2020; Varga et al., 2020). Interestingly, the 
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inhibition of the downstream signaling of Gi coupled proteins (such as P2Y12 receptor) specifically in 

microglia, showed an inhibition of microglial recruitment by neuronal activity but for the fewer 

neurons that were contacted by microglia the aberrant activity was still reduced. Thus, the Gi signaling 

and in particular P2Y12 is required for the recruitment of microglial processes at the neuron soma but 

the activity dampening of microglial cells may not depend on it (Merlini et al., 2021).   

Hence, the molecular mechanism resulting in the microglial dampening of neuronal 

hyperactivity at neuronal somata and axons remain unknown. A clarification of this molecular 

mechanism may arise from the seminal study by Badimon and colleagues that showed the molecular 

signaling involved in the neuronal activity dampening following microglial processes recruitment at 

synapses  (Badimon et al., 2020). In the striatum of mice, following an activation of neuronal activity 

using DREADDs, microglial processes are recruited by ATP release at synapses through the activation 

of P2Y12 receptors. The recruitment at synapses put microglial processes expressing CD39 at their 

surface, in close apposition to synapses. CD39 is an ATP/ADP-hydrolysing enzyme that catalyzes ATP 

hydrolysis in AMP and is expressed mostly by microglia in the brain. The AMP is further converted to 

adenosine and activates the protein Gi/o coupled adenosine A1 receptor that dampen D1 neurons 

response in the striatum (Figure 34B). Consequently, the genetic inactivation or pharmacological 

inhibition of P2Y12 receptor, the microglia inactivation of CD39 and the inactivation or 

pharmacological inhibition of the adenosine receptor A1, all led to an increased susceptibility of mice 

to seizure following a treatment with D1 agonist. The effect of P2Y12 and CD39 inactivation or 

inhibition was further reversed by a treatment with adenosine A1 receptor agonist supporting the 

involvement of this molecular mechanism (Badimon et al., 2020). This molecular mechanism described 

in the striatum at synapses on D1 neurons may also be at play in the microglia dependent dampening 

of neuron activity described above at neuron somata and axons. Indeed, A1 receptor expression has 

been observed broadly in the CNS, at the pre and postsynaptic compartments, apical dendrites, axon 

initial segment and soma of neurons (Ochiishi et al., 1999; Hackett, 2018). Furthermore, this 

mechanism is compatible with the observation that P2Y12 receptor is not involved in the dampening 

of neuronal activity but mediates solely the recruitment of microglial processes.           
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Figure 34: Microglia dampen neuronal hyperactivity. 

(A) Schematics showing microglia (blue) contacts on neuronal compartments (grey), soma (1), axon (2) and synapses (3) at 

which they are recruited upon hyperactivity. At each of these compartments, microglia are involved in activity dampening 

following hyperactivity. (B) Molecular mechanism described for the dampening of neuronal activity by microglia at the 

synapse in the striatum. ATP is released by the pre-synaptic compartment (and astrocytes, (Pascual et al., 2005; Corkrum et 

al., 2020)), hydrolysed into ADP and then AMP by CD39 expressed by microglia and further converted in adenosine by CD73 

and TNAP. Adenosine activates A1 adenosine receptors expressed at the pre- and postsynaptic compartment and dampened 

the neuronal excitability. This molecular mechanism may be involved at the other compartments of neuron (soma and axon) 

that are contacted by microglial cells upon activation of neuronal activity. Adapted from Pfeiffer and Attwell, 2020.     
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3.2.4 Neuronal activity modulates activated microglia behavior in pathology  

 
In pathological conditions, microglial cells are activated and downregulate the expression of 

multiple markers. Among them P2Y12, CD39 and CX3CR1 (Krasemann et al., 2017; Hammond et al., 

2019; Jordão et al., 2019; Badimon et al., 2020) are involved in the neuronal activity dependent 

modulation of microglial cells (see 3.2.2 and 3.2.3). Therefore, some of the mechanisms described 

above that depend on microglial sensing of neuronal activity might be deficient following microglia 

activation in pathological conditions. However, it has been shown that the state of activation of 

microglial cells can be modulated by neuronal activity, suggesting that they still sense neuronal activity. 

In a mouse model of Alzheimer disease (5XFAD), the optogenetic stimulation of neurons at 40 Hz in 

the hippocampus or in the visual and auditory cortex by sensory stimulation increases the phagocytosis 

of A peptide by microglia (Iaccarino et al., 2016; Martorell et al., 2019). It was further shown in the 

same model of Alzheimer disease in mice that optogenetic stimulation at 40 Hz in the hippocampus, 

modulates the expression of several genes involved in the phagocytic activity of microglia such as CD68 

(Iaccarino et al., 2016). In two other mouse models of Alzheimer disease, CK-p25 and P301S, auditory 

stimulations triggering gamma oscillations in the auditory cortex modified microglial signature related 

to immune response, antigen presentation and interferon response (Adaikkan et al., 2019).  

Following demyelinating lesions, activity dependent modulations of phagocytic capacity and 

regulations of inflammation may promote remyelination. However, so far most of the studies that 

triggered neuronal activity to promote remyelination focused on the modulations of the 

oligodendroglial lineage and on the efficiency of remyelination (see 3.1.4, (Gautier et al., 2015; Ortiz 

et al., 2019; Bacmeister et al., 2020)). Although not focusing only on microglia, a study using local 

demyelination of the ventral column of the spinal cord with LPC, has shown some effect of physical 

exercise on microglia/MDMs activation (Jensen et al., 2018). Using CD16/32 and CD206 markers to 

segregate respectively pro-inflammatory and anti-inflammatory microglia, they found that physical 

exercise which enhances neuronal activity, promoted the upregulation of CD206 earlier following 

demyelination than in demyelinated untrained mice. Furthermore, the expression of CD16/32 was 

downregulated in the early phase of demyelination. These results were further supported by the 

increase of IGF-1 signaling - a pro-remyelinating factor in particular expressed by microglia -  in the 

lesion of trained animals (Miron et al., 2013; Jensen et al., 2018). These results suggested that neuronal 

activity may modulate the switch of the activation state of microglia/MDMs from more pro-

inflammatory to more pro-regenerative functions. Furthermore, in the lesions, myelin debris were 

cleared more efficiently in the group of mice doing physical exercise suggesting a better clearance of 

myelin debris by microglia/MDMs (Jensen et al., 2018). Thus, although further investigations are 

needed, the activation of neuronal activity following demyelination may allow to promote myelination 

by regulation of both microglial and oligodendroglial lineage cells (see 3.1.4).     
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Aim of the dissertation 
 

The dialog between neuron and microglia is involved in several function in homeostasis as well as 

pathological conditions. Considering the various contacts made directly on neurons by microglia and 

their important function in regulating brain functions, we aimed at studying the potential contact of 

microglia at the node of Ranvier. In the CNS, the contacts of microglia at synapses and on neuronal 

somata have been well described, however the contacts of microglia on the axonal excitable domains 

and their function(s), remained elusive. Furthermore, nodes of Ranvier are the only directly accessible 

neuronal domains along myelinated axons and could constitute a preferential target for microglia to 

sense the physiology of the neurons while their soma is distant. Thus, the first aim of my project was 

to characterize the contacts between microglia and nodes of Ranvier through their occurrence and 

dynamics in homeostasis and during remyelination. Then, we investigated the underlying mechanism 

that could attract and/or stabilize microglial processes at nodes. Taking advantage of the accessibility 

of organotypic cerebellar slices, we tested the role of neuronal activity in the interaction and analyzed 

molecular mechanisms that might participate in microglia-neuron interaction at nodes of Ranvier. The 

identification of a signal – related to potassium fluxes - mediating the interaction further allowed us to 

modulate it. Thus, the project next focused on the potential function of this contact in remyelination 

and how microglia interactions with node could modulate microglial phenotype to promote repair. 

The results of this work, which has been recently published are presented page 111. These 

observations raise the question of the consequences of a reinforcement of the interaction on 

remyelination. To investigate this question, we developed two models of neuronal activity stimulations 

- chemogenetic and optogenetic - on cerebellar organotypic slices. This allowed to explore the role of 

neuronal activity on microglia-node interaction in remyelination, and how the reinforcement of the 

interaction modulate microglia phenotype. Due to their preliminary nature, these unpublished results 

will be part of the discussion (page 176).   

 In addition, in an ongoing project we addressed the role of neuronal activity in node-like cluster 

formation prior to myelination. We first we aimed at determining if these structures were formed in 

vivo and in which proportion. Having confirmed that node-like clusters are similarly formed ex vivo and 

in vivo along Purkinje cell axons, we took advantage of our newly developed approaches to modulate 

neuronal activity and investigated in vitro and ex vivo whether neuronal activity could modulate node-

like clustering prior to myelination. The results of this ongoing work are detailed starting on page 145.  
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Figure 35: Aim of the dissertation. 

The first aim of the project was to characterize the occurrence and the stability of microglial contacts on nodes of Ranvier in 

myelinated (homeostasis) and remyelinating conditions (1). Then, we aimed at investigating the underlying mechanism(s) 

modulating microglia-node of Ranvier contact (1’). By inhibiting microglia-node contact in remyelination, we further assessed 

whether microglia-node interaction could modulate remyelination or not (1’). In an ongoing project, we first investigated the 

function of neuronal activity in node-like cluster formation (2) and second assessed the role of neuronal activity in myelination 

along Purkinje cell axons (2’).     
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Summary 

 
Microglia, the resident immune cells of the central nervous system, are key players in healthy 

brain homeostasis and plasticity. In homeostasis as well as in pathological condition microglia contact 

several neuronal compartments. The existence of microglial contacts at nodes of Ranvier was recently 

described – without data on mechanism and function – albeit without distinguishing targeted contact 

from a random interaction (Zhang et al., 2019). Furthermore, both the mechanism and the function of 

microglia-neuron contacts at the node of Ranvier remain unknown.  

We thus assessed the existence of this contact and quantified their occurrence in homeostasis, 

and in remyelinating conditions using both in vivo and ex vivo models. As an in vivo model, we used 

the dorsal column of the spinal cord where focal demyelination can be performed. Following 

demyelination, the lesion spontaneously remyelinates with a timeline that is well described. 

Furthermore, the dorsal location of the lesion allows to perform longitudinal live-imaging of the 

demyelinated area using a spinal glass window. We further used a model of organotypic cerebellar 

slices that myelinate spontaneously. Once fully myelinated, it is possible to trigger a demyelination of 

the entire cerebellar cortex using lysophosphatidylcholine (LPC) and then study its spontaneous 

remyelination. This model gives a better access to the tissue and allowed us to investigate the dynamic 

of the contact with a better spatial and temporal resolution. Furthermore, in this model the molecular 

mechanism at play in the interaction could be investigated more easily. It also allowed us to study 

further the impact of microglia-node interaction in remyelination.  

This study was carried out together with Dr Thomas Roux, who performed the mouse in vivo 

study (apart from the functional study in mouse in vivo, Figure 8) and the human tissue study, while I 

focused on the ex vivo part of this work and the functional study in vivo. 

Studying this contact throughout the CNS, we found that microglia interact with nodes of 

Ranvier in white as well as grey matter. Further investigation in human tissue showed that this contact 

is also present in human in similar proportions. Using demyelination with LPC, we could further show 

both in vivo in the white matter of the spinal cord and ex vivo in the cerebellar cortex that a higher 

proportion of nodal structures are contacted by microglia at the onset of remyelination than in 

myelinated tissue suggesting a reinforcement of these contacts associated with myelin regeneration.  

Since microglia are motile and screen their environment permanently, these contacts may 

result from the random screening of the tissue. By performing live imaging both in vivo and ex vivo we 

could show that the contacts are stable. Moreover, quantifying the stability of the contact of microglial 

cell on the myelin sheath or at nodes, we could show that contacts at nodes were more stable than on 

the myelin sheaths suggesting the existence of a signal between microglia and nodes. 
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Investigating further the mechanism that stabilizes microglia interaction with nodes, we 

showed that this contact depends on neuronal activity and potassium fluxes. Pharmacological 

blockade or stimulation of electrical activity influenced the proportion of nodes contacted by microglia. 

Blocking potassium channels along the axon or on microglial cells altered the interaction.  

We then analyzed this interaction during remyelination and showed that inhibiting microglia 

interaction with node led to a higher proportion of microglia expressing the pro-inflammatory factor 

iNOS, and to a decreased expression of the pro-remyelinating factor IGF-1, by microglial cells. These 

results suggested that microglia interaction with nodes may promote the switch of microglial 

phenotypes that is necessary to promote an efficient remyelination. In addition, the inhibition of the 

interaction was associated with reduced capacity of remyelination.    

 Taken together, these findings identify the node of Ranvier as a site for microglia-neuron 

interaction, that participates in microglia-neuron communication and that may mediate pro-

remyelinating effect of microglia after myelin injury. Since neuronal activity modulates the interaction, 

this latter result suggests that neuronal activity also promotes remyelination through its effect on 

microglia. Lastly, microglia-neuron interaction at node of Ranvier might also modulate the structure 

and/or the electrophysiological properties of node in homeostasis and it will be important to 

investigate the function of this interaction in homeostasis in the future.  
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2 Ongoing work: Neuronal activity promotes node-like cluster 

formation prior to myelination 
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Summary 

 
The formation of node-like clusters prior to myelination in the central nervous system has been 

characterized by our team and others along retinal ganglion cells, GABAergic neurons of the 

hippocampus and two populations of spinal neurons in zebrafish (Kaplan et al., 1997, 2001; Freeman 

et al., 2015; Bonetto et al., 2019; Dubessy et al., 2019; Thetiot et al., 2020; Vagionitis et al., 2021). 

Recently, we have observed node-like clusters in cerebellar organotypic slice cultures, prior to 

myelination and remyelination (Lubetzki et al, 2020a; Thetiot and Desmazières, unpublished). Taking 

advantage of various models available in the laboratory, we investigated the role of neuronal activity 

on the formation of these nodal clusters using stimulations of neuronal activity by both chemogenetic 

and optogenetic approaches in vitro and ex vivo.  

First using an in vitro model of mixed hippocampal culture that has been previously used to 

characterize node-like cluster formation, we found that neuronal activity stimulation with 

chemogenetic promotes the formation of node-like clusters. Furthermore, using chemogenetic and 

optogenetic stimulations ex vivo on cerebellar organotypic cultures, we observed that neuronal 

stimulation promotes both node-like cluster formation and myelination in an axon specific manner 

along Purkinje cell axons. Thus, neuronal activity in population of node-like cluster forming neurons 

may promote node-like cluster formation and myelination. Lastly, investigating the formation of node 

of Ranvier in the cerebellum in vivo, we observed that node-like clusters are formed prior to 

myelination along Purkinje axons, which indicates that the observations made ex vivo may similarly 

apply to the in vivo postnatal development of the cerebellum.    
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Neuronal activity promotes node like cluster formation prior to myelination 

 

 

Introduction 
   

 Along myelinated fiber, the propagation of the nerve influx relies on the alternation of 

myelinated domains, the internodes and small unmyelinated domains the nodes of Ranvier. It is 

commonly thought that the formation of nodes during myelination starts with the assembly of the 

axoglial paranodal junction that acts as a lateral diffusion barrier for nodal proteins (Rasband et al., 

1999; Pedraza et al., 2001; Susuki et al., 2013; Amor et al., 2017). However, more than twenty years 

ago, it had originally been proposed that the formation of nodes along retinal ganglion cell axon might 

start with the clustering of nodal proteins prior to any myelin deposition (Kaplan et al., 1997, 2001). 

Recently, this mechanism of node-like clustering has been described in several populations of neurons 

both of the central and peripheral nervous system in mice and in zebrafish (Freeman et al., 2015; 

Bonetto et al., 2019; Dubessy et al., 2019; Lubetzki et al., 2020a; Thetiot et al., 2020; Malavasi et al., 

2021; Vagionitis et al., 2021). These clusters may have a functional impact on neuron physiology since 

their presence correlates with an acceleration of action potentials conduction (Freeman et al., 2015; 

Eshed-Eisenbach et al., 2020). Moreover, it has been shown that node-like clusters very often 

participate in the formation of mature node of Ranvier or heminodes once axons get myelinated 

(Thetiot et al., 2020; Vagionitis et al., 2021). Thus, in node-like cluster forming neurons, their formation 

is a first step in the transition from an unmyelinated to a myelinated fiber and may impact myelin 

deposition. 

The role of neuronal activity in modulating myelination mechanisms has been described more 

than two decades ago and recently numerous studies have demonstrated the key function of neuronal 

activity in the modulation of myelination in development, adulthood and in pathological conditions 

(Barres and Raff, 1993; Demerens et al., 1996; Stevens et al., 2002; Gibson et al., 2014; McKenzie et 

al., 2014; Hines et al., 2015; Mensch et al., 2015; Mitew et al., 2018; Ortiz et al., 2019; Geraghty et al., 

2019; Bacmeister et al., 2020; Almeida et al., 2021). This neuronal activity-dependent myelination, 

driven by experience is involved in various mechanisms of central nervous system development and 

function allowing to finely tune coordinated activity between different areas of the CNS (Etxeberria et 

al., 2016; Pan et al., 2020; Steadman et al., 2020; Teissier et al., 2020). However, these studies mainly 

focused on the effect of neuronal activity on the production of new oligodendrocytes, the production 

of myelin and on the modulation of the myelination pattern.       
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 Amongst neuronal populations with a characterized activity-dependent myelination 

(Etxeberria et al., 2016; Demerens et al., 1996), retinal ganglion neurons have been shown to form 

node-like clusters (Kaplan et al., 1997, 2001; Dubessy et al., 2019). Moreover parvalbumin 

interneurons myelination in the cortex is activity dependent (Stedehouder et al., 2018; Yang et al., 

2020), and parvalbumin interneurons from the hippocampus form node-like clusters (Freeman et al., 

2015; Bonetto et al., 2019; Dubessy et al., 2019; Thetiot et al., 2020). Interestingly, it has been 

suggested that node-like clusters participate in the mechanism of myelination by either guiding 

myelination or by prefiguring mature node of Ranvier position along myelinated axons (Thetiot et al., 

2020; Vagionitis et al., 2021). Therefore, as the formation of node-like clusters precedes and is 

suggested to regulate myelination, we wondered whether the formation of node-like clusters may be 

modulated by neuronal activity.   

 Here, we tested this hypothesis by investigating the role of neuronal activity on two neuronal 

populations that form node-like clusters: hippocampal GABAergic neurons and Purkinje cells. 

Stimulating by chemogenetic as well as optogenetic approaches neuronal activity, we showed in vitro 

and ex vivo that it promotes node-like clusters formation along unmyelinated axons. Furthermore, 

along Purkinje axons, neuronal activity increases both node-like cluster formation and myelination in 

an axon specific manner suggesting that activity may orchestrate the formation of both nodal domains 

and myelin sheaths along individual axons.  

 

 

Methods 

 

Animals 

The care and use of mice conform to institutional policies and guidelines (UPMC, INSERM, French and 

European Community Council Directive 86/609/EEC). The following mouse strains were used in this 

study: C57bl6/J wild type (Janvier Labs), L7-ChR2-eYFP with a C57bl6/J genetic background (Kind gift 

from Pr C. Lena, IBENS, PSL University, Paris, France; Chaumont Joseph et al., 2013). Wistar pregnant 

rat females were purchased from Janvier Labs.  

 
Hippocampal mixed culture 

Mixed hippocampal cultures (containing neurons and glial cells) were prepared from rat 

embryo at E18 according to the protocol developped previously in the laboratory, as described in 

(Freeman et al., 2015). Hippocampi from embryo of the same litter were dissected and subsequently 

pooled and dissociated enzymatically in a trypsin (0.1%; Worthington)/DNase (50 μg/mL) solution for 

20 min. Following trypsin neutralization, cells were mechanically dissociated, centrifuged at 400 × g 
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for 5 min, resuspended, and seeded on polyethylenimine precoated glass coverslips at a density of 50 

000 cells/well in 24 well plates (surface of 35mm2 per well, TPP). Cultures were maintained for 24 h in 

a 1:1 mixture of DMEM (11880; Gibco) with 10% fetal calf serum (100 IU/mL), penicillin-streptomycin 

(100 IU/mL), and neuron culture medium (NCM). Culture medium was replaced by a 1:1 mixture of 

Bottenstein–Sato (BS) medium with PDGF-A (0.5%) and NCM, and then, half of the medium was 

removed every 3 days and replaced by NCM. The NCM contained neurobasal medium (21103–049; 

Gibco) supplemented with 0.5 mM L-glutamine, B27 (1×; Invitrogen), and penicillin-streptomycin (100 

IU/mL each). The BS medium was made of DMEM Glutamax supplemented with transferrin (50 μg/mL), 

albumin (50 μg/mL), insulin (5 μg/mL), progesterone (20 nM), putrescine (16 μg/mL), sodium selenite 

(5 ng/mL), T3 (40 ng/mL), and T4 (40 ng/mL). Differentiation medium: DMEM Glutamax supplemented 

with transferrin (50 μg/mL), albumin (50 μg/mL), insulin (5 μg/mL), putrescine (16 μg/mL), sodium 

selenite (5 ng/mL), T3 (40 ng/mL), T4 (40 ng/mL), biotin (10 ng/mL), vitamin B12 (27.2 ng/mL), 

ceruloplasmin (100 ng/mL), hydrocortisone (0.05 μM), CNTF (0.1 ng/mL), and sodium pyruvate (1 mM).  

 
Cerebellum organotypic slice culture  

Cerebellar slice cultures were prepared based on published protocols (Birgbauer et al., 2004; Thetiot 

et al., 2019). Briefly, P8-9 mouse cerebella were dissected in ice cold Gey’s balanced salt solution 

complemented with 4.5 mg/ml D-Glucose and 1X penicillin-streptomycin (100 IU/mL), before being 

cut into 250μm parasagittal slices using a McIlwain tissue chopper and placed on Millicell membrane 

(2 membranes with 3 to 4 slices each per animal, 0.4 μm membranes, Merck Millipore) in 50% BME 

(Thermo Fisher Scientific), 25% Earle's Balanced Salt Solution (Sigma), 25% heat-inactivated horse 

serum (Thermo Fisher Scientific) medium, supplemented with GlutaMax (2 mM, Thermo Fisher 

Scientific), penicillin-streptomycin (100 IU/mL, Thermo Fisher Scientific) and D-Glucose (4.5 mg/ml; 

Sigma). Cultures were maintained at 37°C under 5% CO2 and medium changed every two to three 

days. 

 
Transduction on in vitro and ex vivo culture 

The adenovirus used to express hM3Dq or hM4Di fused to the reporter mCherry under the 

control of the human Synapsin promoter, AAV8-hSyn-hM3D(Gq)-mCherry and AAV8-hSyn-hM4D(Gi)-

mCherry are available commercially (Addgene, #50474-AAV8 and #50475-AAV8 respectively) and 

allowed the expression of DREADDs receptors specifically in neurons. In hippocampal mixed culture 

the transduction was performed at 6 DIV, by adding the virus at a final concentration of 109 when 

renewing half of the medium. Regarding organotypic slices the transduction was performed 

immediately following slice preparation by addition of the solution with adeno-associated viruses 
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directly onto the slices placed on milicell membranes (1 μl/slice at a final concentration of about 1011 

VP/μl).  

 

Electrophysiology 

Organotypic cerebellar slices were obtained from P9-P10 mice. Organotypic cerebellar slices 

(from 9 to 11 DIV) were transferred to a recording chamber and continuously superfused with 

oxygenated (95% O2 and 5% CO2) aCSF containing (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26 

NaHCO3, 1.3 MgSO4, 2.5 CaCl2, and 15 glucose (pH 7.4) (all powders were purchased from Sigma 

Aldrich). The Purkinje cells were visualized under differential interference contrast optics using a 63X 

water immersion (N.A. 1) lens and recognized morphologically. Loose cell-attached voltage clamp 

recordings of the spontaneous firing activity were performed at 30-34°C with a borosilicate glass 

pipette filled with aCSF. Signals were amplified with a Multiclamp 700B amplifier (Molecular devices), 

sampled and filtered at 10 kHz with a Digidata 1550B (Molecular Devices). Data were acquired with 

the pClamp software (Molecular devices). To avoid any alteration of the spontaneous firing frequency 

of the cell by the patch procedure (Perkins, 2006), the holding membrane potential was set to the 

value at which zero current was injected by the amplifier. The resistance of the seal (Rseal) was 

controlled and calculated every minute from the current response to a voltage step (200 ms; -10 mV). 

Only recordings with a  Rseal in the range of 10 to 100MΩ and stable during the recording procedure 

were included in the analysis. To test chemogenetic modulation of the activity, recordings were 

performed in control conditions by adding DMSO (solvent of the N-clozapine) in the bath perfusion. 

The perfusion was then switched to a bath with 0.5M of N-clozapine (CNO) while recording the same 

neuron. To test optogenetic stimulation, the LED with an excitation filter 482/35 was calibrated to 

stimulate the field of view at 1.5mW/mm2 and individual neurons were successively recorded with no 

stimulation and with pulses of 10 millisecond at 10Hz. The mean firing rate was analyzed over 110 

seconds recording time window using a threshold crossing spike detection in Clampfit (Molecular 

devices) and calculated as the number of action potential current divided by the duration of the 

recording. The instantaneous frequency is also reported for optogenetic stimulations recordings and 

calculated as the inverse of the interspike interval i.e the time between a given detected spike and the 

preceding one.    

 
Treatments with N-Clozapin 

To activate the DREADD receptor hM3Dq or hM4Di, the culture medium was renewed with a 

culture medium containing 0.5M of CNO diluted in DMSO (Cayman Chemical) or a culture medium 

with an equivalent volume of DMSO (1L in 1 mL of medium) in control conditions. On hippocampal 

mixed culture the treatment was applied at 8 DIV and maintained until the fixation of the culture. On 
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organotypic slices the treatment was applied for 6 hours (for hM3Dq) and 8 hours (for hM4Di) at 3 DIV 

and the slices were fixed 1 hour after the end of the treatment to assess for the effect on node-like 

cluster formation, and 17 hours (hM3Dq) or 24 hours (hM4Di) after the treatment to assess the effect 

on myelination.   

 

Optogenetic stimulations on organotypic slices 

Optogenetic stimulations were performed on the organotypic slices with a custom set up that 

allow stimulation with light at 470nm directly on 6 well plates (Ronzano, Marty, Ballbé and 

Desmazières, unpublished). Each well is illuminated by 1 LED, each LED is individually calibrated to 

allow a stimulation at a power of 1.5mW/mm2 in the center of the membrane where the slices are 

placed. An electronic box allows to control the pattern of stimulation by the 6 LED using an Arduino 

(10 ms long pulses at 10Hz for 6 hours). To avoid cytotoxicity, prior to stimulation the membrane were 

transferred in a medium free of phenol-red consisting of: 75% DMEM (Gibco, Thermo Fisher Scientific), 

20% 1X HBSS (Gibco, Thermo Fisher Scientific) supplemented with HCO3
- (0.075 g/L final; Gibco, 

Thermo Fisher Scientific), 5% heat-inactivated horse serum (Thermo Fisher Scientific, HEPES Buffer (10 

mM final; Gibco, Thermo Fisher Scientific), D-Glucose (4.5 g/L final; Sigma), GlutaMax (2 mM final; 

Gibco, Thermo Fisher Scientific) and penicillin-streptomycin (100 IU/mL each; Thermo Fisher 

Scientific). The slices were fixed one hour after the end of the stimulation to assess the effect on node-

like cluster formation, and 17 hours after the stimulation to assess the effect on myelination. 

 

Fixation and immunohistochemistry 

In vitro cultured hippocampal neurons 

Cell cultures transduced with the viruses allowing the expression of hM3Dq or hM4Di were 

fixed at 14 and 17 DIV respectively with 1% PFA, for 10 min at room temperature and then incubated 

with methanol for 10 min at −20°C. Coverslips were then washed three times with PBS. After fixation, 

cells were incubated with blocking buffer made of PBS, 5% Normal Goat Serum (50-062Z; Thermo 

Fisher Scientific), 0,1% Triton X-100 (Sigma Aldrich) for 15 min and then with the solution of primary 

antibodies diluted in the blocking solution for 2 hours at room temperature. Coverslips were then 

washed three times and incubated with the secondary antibodies at room temperature in the dark for 

1 hour. After two washes in PBS followed by one wash in H2O, coverslips were mounted with 

Fluoromount-G with DAPI (Southern Biotech).  

 

Ex vivo cultured cerebellar slices 

Cerebellar slices were fixed as described before (Thetiot et al., 2019), with 4% PFA (Electron 

Microscopy, Thermo Fisher Scientific) for 5 minutes followed by 1% PFA for 25 minutes at room 
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temperature and then washed three times in PBS. Subsequently, the slices were incubated in absolute 

ethanol (Sigma Aldrich) at -20°C for 20 minutes and washed three times in PBS. Tissues were blocked 

for 1 hour in PBS, 5% Normal Goat Serum, 0,3% Triton X-100 and incubated with primary antibodies 

diluted in blocking solution overnight at room temperature. Slices were then washed three times in 

PBS, incubated with secondary antibodies diluted in blocking solution for 3 hours at room temperature 

in the dark. The slices were washed three times in PBS and mounted between a glass slide and a 

coverslip (VWR) with Fluoromount G (Southern Biotech).  

 

Mouse central nervous tissues  

At P10 the animals were perfused with 2% PFA and the brains were dissected and post-fixed 

in PFA 2% for 30 minutes, washed in PBS three times and incubated in PBS with 30% sucrose (Sigma 

Aldrich) for 3 days at 4°C for cryoprotection. The tissues were then included in O.C.T (Tissue-Tek, 

Sakura). The brains were cut sagittally in 30m thick sections using a cryostat (Leica CM 1950). Sections 

were collected on Superfrost+ glass slides (VWR). For immunohistochemistry, the slides were first 

placed in absolute ethanol at -20°C for 20 minutes. They were then incubated with a blocking solution 

containing PBS, 5% Normal Goat Serum and 0.2% Triton X-100 for at least 30 minutes at room 

temperature. Following PBS washes, the slides were incubated with the primary antibodies diluted in 

blocking solution overnight at room temperature and the next day with the secondary antibodies 

diluted in blocking solution for 2 hours in the dark at room temperature. The slides were mounted with 

a glass coverslip (VWR) using Fluoromount (Sigma-Aldrich), and left to dry at room temperature before 

being stored at 4°C. 

 

Antibodies  

The following primary antibodies were used: mouse IgG2a anti-AnkyrinG (clone N106/36; 

1:100, Neuromab), mouse IgG2b anti-AnkyrinG (clone N106/65; 1:75, Neuromab), mouse IgG1 anti-

Pan Nav (clone K58/35; 1:150, Sigma), rabbit anti-Caspr (1:300, Abcam), mouse anti-Calbindin (1:500; 

Sigma), rabbit anti-Calbindin (1:300; Swant), rat anti-PLP (1:10; hybridoma, kindly providedby Dr. K. 

Ikenaka, Okasaki, Japan), chicken anti-GFP (1:250, Millipore), chicken anti-mCherry (1:1000, EnCor 

Biotechnology), mouse IgG2a anti-GAD67 (clone 1G10.2; 1:400, Millipore). Secondary antibodies 

corresponded to goat or donkey anti-chicken, mouse IgG2a, IgG2b, IgG1, rabbit, rat coupled to Alexa 

Fluor 488, 594, 647 or 405 from Invitrogen (1:500).  

 
Imaging  

Confocal microscopy was performed using a FV-1200 Upright Confocal Microscope and a Leica 

inverted SP8 with 40x and 63x oil immersion objectives with 1.30 and 1.40 numerical aperture 
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respectively, controlled by Metamorph (FV-1200) or LasX (SP8) softwares. To test the effect of 

neuronal activity on node like cluster formation for each acquisition, 387.69 μm x 387.69 μm  of 

2048x2048 pixels image stacks, with a z-step of 0,35 μm were acquired with the 40x objective using 

405, 488, 565 and 647 laser lines. For imaging of mixed hippocampal cultures, to avoid bias in the 

imaging, fields of view were randomly chosen and when a GAD67 positive cell was in the field of view 

the whole thickness of the soma and its proximal axon (at least along 100 μm) was imaged. For imaging 

of the organotypic culture slices, fields of view with Purkinje cells expressing whether mCherry (for 

chemogenetic experiment) or YFP (for optogenetic experiment) were chosen. A stack sufficient to 

follow their axons, together with the axons of an equal number of mCherry or YFP negative Purkinje 

cells was taken. When imaging to quantify the density of node like clusters a minimal field of view of 

123.14 μm x 123.14 μm of 1024x1024 pixels image stack, including at least 10 Z-series with a z-step of 

0,30 μm was acquired with a 63x objective.    

 
Analysis 

Quantification 

For hippocampal mixed culture, transduced GABAergic neurons were labelled with GAD67 and 

mCherry. The number of GAD67+/mCherry+ neurons with node-like clusters along their axons was 

quantified. A Nav cluster was defined by a length between 1 and 8 μm and a mean intensity twice 

higher than the diffuse signal along the axon. A neuron was counted as positive for node like clusters 

when at least 2 Nav clusters were observed along its axon. On average about 60 GAD67 positive, 

mCherry positive neurons were counted per experiment per condition, and at least three independent 

experiments were performed (biological replicates). 

For the organotypic culture of cerebellar slices at 3-4 DIV and for the sections from cerebellum 

at P10, the number of node-like clusters taking the same definition than above were quantified on one 

optical section of the middle of the image stack. The rest of the stack was used to make sure that the 

structures corresponded to a node-like cluster and not to an axon initial segment perpendicular to the 

imaging plan. The quantification was performed on 5 fields of view per animal, the number of node-

like clusters per area unit was averaged to give the value for one animal. The analysis was performed 

in at least 4 animals per condition.   

Following neuronal activity stimulation with both chemogenetic and optogenetic, the number 

of node-like clusters and the proportion of the axon that was myelinated was assessed along the first 

130 μm of the axon starting from the distal end of the axon initial segment (see the full design of the 

analysis Figure S1). For node-like clusters quantification, at the time point used, a small part of the 

axon was sometimes myelinated, therefore the number of structures were further normalized to 

obtain a mean number of structures per length unit of unmyelinated axon. When the axon had a 
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branch point along these 130 μm, the analysis was made along the main branch going toward the 

white matter tract. The analysis was reduced to this part of the axon to restrain the quantification to 

the area where myelination was ongoing. Indeed, during cerebellar development the myelination 

proceeds in an ascending manner along Purkinje axons from the white matter tract toward the soma 

(Gianola et al., 2003). The number of node-like clusters and the proportion of axon myelinated were 

quantified along 10 reporter-positive (mCherry+ or YFP+) and 10 reporter-negative (mCherry- or YFP-

) Purkinje axons per condition (stimulated or non-stimulated) per animal. Furthermore, the same 

number of cells positive and negative for the reporter were analyzed in a given field of view, to 

compare node-like cluster formation and myelination on neighboring cell. The mean number of node-

like clusters and the mean rate of myelination was then calculated amongst Purkinje cells positive for 

mCherry-hM3Dq/4Di or YFP-ChR2, and amongst the ones that were negative. The ratio of node-like 

cluster number and myelin rate were reported for each animal in stimulated (CNO or light pulses) and 

non-stimulated conditions (DMSO or no light). A minimum of 4 animals per condition were analyzed. 

See Figure S1 for the schematics of the complete design. 

 
Statistics       

All statistical analysis and data visualization were carried out using Prism (GraphPad, version 

7). For all the experiments, the number of biological replicates and statistical tests applied are reported 

in the text or in the figure legends. Graphs and data in the text are reported as the mean ± SEM, each 

biological replicate is individually plotted. The level of statistical significance was set at p < 0.05 for all 

tests. Asterisks denote statistical significance as follow: *p0.05, **p0.01, ns. indicates no 

significance. 

For the analysis of the effect of neuronal activity on node-like cluster formation and 

myelination in vitro and ex vivo, the design involved a pairing, therefore groups were compared using 

two-sided paired tests. For the quantification of node-like clusters density in vivo and ex vivo, two-

sided unpaired tests were used.  When the sample size was n ≥ 6, we assessed for the normality of the 

distribution using a Shapiro–Wilk test and used accordingly parametric tests when the distribution was 

not significantly different than a normal distribution and non-parametric tests were applied otherwise. 

When the sample size was n<6, parametric tests were used assuming the normality of the distributions 

since in these cases each individual sample represented a large number of repeated measures. 
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Results 
 

Neuronal activity promotes node-like clustering along GABAergic hippocampal axons in vitro 

To address the effect of neuronal activity on the formation of node-like clusters, we first used 

a model of mixed hippocampal culture from rat embryos (with neurons both glutamatergic and 

GABAergic, oligodendroglial cells and astrocytes). In these cultures as well as in vivo in mice and rats, 

it has previously been shown that node-like clusters are formed specifically along some GABAergic 

neurons in the hippocampus (Freeman et al., 2015; Bonetto et al., 2019; Dubessy et al., 2019; Thetiot 

et al., 2020). The clustering starts at 14 DIV and the number of GABAergic neurons with node-like 

clusters increases until it reaches a plateau between 17 and 21 DIV (Freeman et al., 2015). The first 

data obtained regarding this question were performed in the team by pharmacological inhibition of 

neuronal activity on hippocampal cultures using tetrodotoxin and showed a reduced number of 

GABAergic neurons with node-like clusters following the tetrodotoxin treatment (Sol-Foulon and 

Mazuir, unpublished). To address the impact of neuronal activity on node-like clusters formation, we 

further transduced neurons with adenovirus inducing the expression of hM3Dq or hM4Di fused with 

the reporter mCherry, and subsequently treated them with N-clozapine (CNO, 0.5 μM) starting at 8 

DIV until culture were fixed (Figure 1A). Neurons were first transduced with the hM4Di construction, 

allowing to decrease their firing activity upon CNO treatment. We assessed for the proportion of 

transduced GABAergic neurons with node-like clusters at 17 DIV (when this number normally 

approaches its plateau) following treatment compared to control. Following treatment with CNO, we 

found a significant decrease of 15% of the proportion of transduced GABAergic neurons that formed 

node-like clusters compared to DMSO treated controls (p=0.0011, n=3, Figure 1B-D). The hippocampal 

mixed cultures transduced with hM3Dq, which increases the excitability upon CNO treatment, were 

fixed at 14 DIV when GABAergic neurons start to form node-like clusters. Following CNO treatment, 

we found that the proportion of transduced GABAergic neurons with node-like clusters was 

significantly increased by about 30% compared to DMSO treated controls (p=0.0483, n=4, Figure 1C-

D). Furthermore, these effects were restricted to GABAergic neurons, and the stimulation of the 

neuronal activity did not trigger node-like clustering in non-GABAergic neurons showing that the effect 

was restricted to neurons which spontaneously form node-like clusters without stimulation (Figure 

S2). Together, these results suggest that node-like clusters formation is promoted by neuronal activity 

along the axons of GABAergic hippocampal neurons.  
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Figure 1: The formation of node-like clusters along axons of GABAergic neurons is modulated by chemogenetic control of 

neuronal activity. (A) Schematics of the experimental design. (B-C) Orthogonal projections showing GABAergic neurons 

(GAD67 positive, gray) efficiently transfected (mCherry positive, red). (B) On the first line at 17 DIV the transfected neuron in 

control condition (DMSO) has node-like clusters along its axon (Nav positive, green, white arrowheads) whereas in the same 

condition after a CNO treatment activating hM4Di receptors, the formation of node-like clusters is inhibited (second row). 

(C)  At 14 DIV, a higher proportion of GABAergic neurons expressing hM3Dq form node-like clusters along their axons 

following a treatment with CNO (second row) than without activation of hM3Dq (DMSO, first row). (D) Plot showing the ratio 

between the proportion of transduced GABAergic neurons with node-like clusters following a stimulation with CNO and 

following a control treatment with DMSO. Each value individually plotted correspond to 1 biological replicate, (hM4Di) n=3, 

(hM3Dq) n=4 different experiments, 60 GAD67+mCherry+ neurons quantified on average. Two-sided paired t-tests were used 

to assess differences of the proportion of node-like clusters forming GABAergic neurons following control treatment with 

DMSO or treatment with CNO (0.5μM). Scale bars: 30 μm.  

 

Purkinje cell axons also form node-like clusters prior to myelination both in vivo and ex vivo 

 

  To gain insight into the function of neuronal activity in node-like cluster formation, we looked 

for another more integrated paradigm with a neuronal population that would form node-like clusters 

prior to myelination. We previously described that node-like clusters are formed prior to the 

spontaneous myelination of Purkinje cells axons, in organotypic cerebellar slices (Lubetzki et al., 2020a; 

Ronzano et al., 2021). We first assessed whether node-like clusters also form along Purkinje axons in 

vivo. The granular layer of the cerebellum starts to be myelinated between P10 and P12 and is almost 

completely myelinated by P15 (Gianola et al., 2003). Therefore, we assessed the presence of node-like 

clusters along Purkinje cell axons using sagittal sections of the cerebellum from P10 animals. We found 

clusters of Nav channels along unmyelinated axons in the cerebellar cortex upstream to the front of 

myelination (Figure 2A-B). These clusters were mainly found in the areas to be myelinated, with several 

clusters that can form along the same axon (Figure 2B). We then quantified these clusters and found 

on average 340  61 cluster/mm2 (n=4 animals, Figure 2C), which is similar to what we observed 
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previously ex vivo at the onset of myelination (426  67, n=5 animals, 3-4 DIV, p=0.3913, Figure 2C-E). 

Furthermore, in some cases several node-like clusters were found along the same individual axon or 

faced heminode like it was previously described in other models (Figure 2D-E) (Freeman et al., 2015; 

Thetiot et al., 2020; Vagionitis et al., 2021). Thus, in the cerebellum node-like clusters are formed prior 

to myelination in vivo and ex vivo in similar proportions. This results further validate the ex vivo model 

as suitable model to investigate node-like cluster formation.   

 

 

Figure 2 : Node-like clusters are formed prior to myelination along Purkinje cells axons in vivo and ex vivo. (A) Orthogonal 

projection of a section of cerebellum at P10 showing Purkinje cells axons (Calbindin, in gray), with clusters of Nav channels 

(red, white filled arrowhead) along unmyelinated part of their axons (myelin stained by PLP, green). (B) Orthogonal projection 

showing at a higher magnification two Nav clusters (filled arrowhead) along an unmyelinated portion of the same axon and 

heminodes at the extremity of the myelin sheaths (contour arrowhead). (C) Quantification of node-like clusters in the 

cerebellum in vivo at P10 and ex vivo at 3-4 DIV show similar densities of node-like structures, each value individually plotted 

correspond to 1 animal, in vivo n=4 and ex vivo n=5 animals. (D) Immunohistostainings on a cerebellar organotypic slices at 

4 DIV showing Nav clusters (in red, filled arrowheads) along unmyelinated axons (PLP, in green) without paranodal clustering 

(gray, Caspr). The diffused Caspr signal allow to follow unmyelinated Purkinje axons. (E) Example of a Nav cluster isolated 

surrounded by two heminodes along the same axons (dashed line traced using the faint diffuse Caspr staining). (C) Two-sided 

unpaired t-test. Scale bars: (A) 10 μm, (B,E) 5 μm, (D) 20 μm. The quantification ex vivo was made by M.Thetiot and 

A.Desmazières (unpublished data).  
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Chemogenetic stimulation of Purkinje neurons promotes node-like cluster formation prior to 

myelination along their axons 

 

To assess the role of neuronal activity in the clustering of node-like structures along Purkinje 

cell axons, we first used a chemogenetic strategy. As in vivo chemogenetic manipulations of Purkinje 

cells activity in young postnatal animals might be aversive, we used cerebellar organotypic cultures in 

which node-like cluster formation is similar to what is observed in vivo. We first transduced Purkinje 

cells with the constructs previously used in vitro, inducing the expression of hM3Dq or hM4Di fused 

with the reporter mCherry. We then recorded the firing activity of transduced Purkinje cells in control 

conditions and upon treatment with CNO (0.5 μM). Recording from Purkinje cells expressing hM3Dq-

mCherry, we found that in control condition the firing frequency was on average 4.5  1.0 Hz and was 

multiplied by 4 upon CNO treatment 18.4  4.0 Hz (n=8 cells, p=0.0156, Figure S3A-C). Although the 

activity was strongly increased following hM3Dq receptor activation, the firing frequency of Purkinje 

cells stayed in a range of frequency close to what was reported in postnatal development in vivo 

(Arancillo et al., 2015). We then recorded from hM4Di-mCherry positive Purkinje cells and found a mild 

inhibition of the firing frequency following CNO treatment (2.4  0.5Hz in DMSO vs 1.7  0.4Hz in CNO, 

p=0.0250, n=16 cells, Figure S3D-E). This mild inhibition might come from the fact that Purkinje cells 

tend to be less active ex vivo than in vivo.  

In the cerebellum, it was previously described that neuronal activity of local interneurons in 

the molecular layer and white matter but not Purkinje cell activity modulates oligodendrogenesis 

(Zonouzi et al., 2015). Therefore, to determine whether Purkinje cell activity could rather modulate 

myelin deposition, we quantified myelination along neighboring Purkinje cells that had been 

differentially stimulated. We took advantage of the sparse expression of hM3Dq-mCherry amongst 

Purkinje cells and found that the length of axons covered by myelin was higher on cells that had been 

stimulated with CNO than on their non-transduced neighbors (ratio 1.53  0.09 , n=4 animals, Figure 

S4A-B). Furthermore, the ratio of myelin length between hM3Dq-mCherry positive vs negative 

neighboring cells was significantly higher in CNO treated slices than in control conditions (0.66  0.07 

DMSO vs 1.53  0.09 CNO, p=0.0100, n=4 animals, Figure S4C-D). Conversely, when we quantified the 

ratio of myelination along hM4Di-mCherry positive vs negative Purkinje cells, we found that CNO 

treatment tended to decrease myelination (0.99  0.05 DMSO vs 0.77  0.08 CNO, p=0.0594, n=8 

animals, Figure S4E-G). In this latter experiment, the effect might have been reduced owing to the 

minor inhibition of firing activity in hM4Di positive Purkinje cells treated with CNO. Altogether these 

results suggest that neuronal activity of Purkinje cells promotes myelination in an axon specific 

manner.  
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Once we had characterized the modulation of Purkinje cells firing by chemogenetic and the 

role of their activity in the process of myelination, we aimed at testing the effect of the stimulation on 

node-like clusters formation. To do so, we used hM3Dq stimulation to increase Purkinje cell activity. 

One hour after the end of stimulation, we assessed the number of node-like clusters and myelination 

along the same domain of axon than previously (Figure 3A). At this time point, about 30% of the 

distance measured was myelinated on average and there was no difference in the ratio of myelination 

between hM3Dq-mCherry positive and negative cells following CNO or control treatment (2.05  1.47 

DMSO vs 1.18  0.29 CNO, p=0.5944, paired t-test, n=5 animals). However, when we quantified the 

number of node-like clusters along Purkinje cell axons, we found that the ratio between hM3Dq-

mCherry positive and negative cells was increased by almost a factor of 2 following CNO treatment 

(0.80  0.11 DMSO vs 1.48  0.19 CNO, p=0.0470, n=5 animals, Figure 3B-E). Thus, it suggests that 

neuronal activity of Purkinje axons increases node-like clusters formation specifically along stimulated 

cells prior to its effect on myelination.    
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Figure 3: The formation of node-like clusters along Purkinje cell axons is promoted by chemogenetic stimulation of 

neuronal activity. (A) Schematics of the timeline of the experimental design. (B) Immunohistostaining on a cerebellar 

organotypic slice transduced with hM3Dq-mCherry and fixed at 3 DIV one hour after the end of the CNO treatment (0.5 M) 

showing two neighbor Purkinje cells and their axon (Calb, blue), one expressing mCherry (red, contour white arrowhead) and 

the other not (yellow contour arrowhead). Along the axon of the mCherry positive cell two node-like clusters have been 

formed (green, filled white arrowheads) but none has been formed along the axon of the mCherry negative neuron. (C) Plot 

profiles of the intensity of Nav staining along the axon of the mCherry positive and mCherry negative Purkinje cells in (B). The 

black filled arrowheads show the position of node-like clusters and the contour arrowhead the position of the heminode. (D) 

Quantification of the ratio of the number of node-like clusters along mCherry positive vs mCherry negative Purkinje axons in 

slices treated with CNO or its solvent DMSO (ctrl), each value individually plotted correspond to 1 animal, n=5 animals. (E) 

Schematics summarizing the observations. (D) Two-sided paired t-test. Scale bar: (B) 20 μm.   

 

Optogenetic stimulations of Purkinje neurons recapitulates the results obtained with the 

chemogenetic approach 

 

 The modulation of neuronal activity with DREADDs used previously is based on muscarinic 

mutant receptors, G-couple proteins that upon activation modulate activity but also lead to the 

activation of Gi and Gq canonical pathways (Sternson and Roth, 2014; Roth, 2016). To confirm that the 

formation of node-like clusters depends on neuronal activity itself, we used optogenetic as a second 

method to stimulate neuronal activity. Furthermore, using organotypic slices from L7-ChR2-YFP mice,  

ChR2-YFP was expressed specifically in Purkinje cells which allow their specific stimulation. To 

stimulate Purkinje cells with a firing frequency that is close to what we had obtained using 

chemogenetic activation, we set a stimulation pattern at 10Hz with 10ms long light pulses. Following 

this pattern of light stimulation, Purkinje cells fired on average at 15.2  2.9 Hz with 1 to 3 action 

potentials triggered by a single pulse of light (Figure S5) a firing activity close to the one obtained 

following chemogenetic activation (18Hz).    

Due to the late onset of L7 promoter expression during the postnatal development only a 

subpart of the cells was ChR2-YFP positive at the time of the experiment, therefore we could as 

previously compare myelination and node-like clustering on Purkinje cells stimulated or not within the 

same slice. First by using the same timeline than previously with hM3Dq activation, we measured 

myelination along ChR2-YFP positive and negative Purkinje cells on stimulated and non-stimulated 

slices (Figure S4A). Following optogenetic stimulation, the ratio of myelination was significantly 

increased by about 50% on stimulated compared to non-stimulated slices (0.84  0.06 non-stimulated 

vs 1.26  0.10 stimulated, p=0.0072, n=7 animals, Figure S4H-J). This result supports a role of Purkinje 

cell neuronal activity in promoting myelination in an axon specific manner.       
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Next, we aimed at studying the effect of the stimulation on node-like clusters formation. To 

do so, we used the same protocol of stimulation and quantified the number of node-like clusters one 

hour after the end of the stimulation (Figure 4A). At this time point, about 20% of the distance 

measured was myelinated on average and there was no difference in the ratio of myelination between 

ChR2-YFP positive and negative cells in stimulated vs non stimulated slices (1.51  0.25 non stimulated 

vs 1.63  0.60 stimulated, p=0.8125, Wilcoxon paired test, n=5 animals). However, when we quantified 

the number of node-like structures, we found that the ratio of their number was increased by 50% 

following optogenetic stimulation compared to non-stimulated slices (1.00  0.09 DMSO vs 1.49  0.19 

CNO, p=0.0489, n=5 animals, Figure 4B-E). Taken together, these observations corroborate the results 

obtained using chemogenetic stimulations and confirmed that neuronal activity itself promotes node-

like clustering along Purkinje cell axons prior to its effect on myelination.   
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Figure 4: The formation of node-like clusters along Purkinje cells axons is promoted by optogenetic stimulation of neuronal 

activity. (A) Schematics of the timeline of the experimental design. (B) Immunohistostaining on a L7-ChR2-YFP cerebellar 

organotypic slices fixed at 3 DIV one hour after the end of the optogenetic stimulation showing two neighbor Purkinje cells 

and their axon (Calb, cyan), one expresses YFP (green, contour white arrowhead) and the other does not (yellow contour 

arrowhead). Along the axon of the YFP positive cell four node-like clusters have been formed (red, filled white arrowheads) 

and two of them have been formed along the axon of the YFP negative neuron (filled yellow arrowheads). (C) Plot profiles of 

the intensity of Nav staining along the axon of the YFP positive and YFP negative Purkinje cells in (B). The black filled 

arrowheads show the position of node-like clusters. (D) Quantification of the ratio of the number of node-like clusters along 

YFP positive vs YFP negative Purkinje axons in slices stimulated by optogenetic or not (ctrl), each value individually plotted 

correspond to 1 animal, n=5 animals. (E) Schematics summarizing the observations. (D) Two-sided paired t-test. Scale bar: (B) 

20 μm.     

 

Discussion 
 

 In this study, we showed in vitro and ex vivo that node-like cluster formation is promoted by 

neuronal activity. We further showed on a model of cerebellar organotypic slices using chemogenetic 

and optogenetic stimulations that both node-like clustering and myelination depend on neuronal 

activity along Purkinje cell axons, in an axon specific manner. Lastly, node-like clusters are formed 

along Purkinje cell axons in vivo prior to myelination with a similar density than ex vivo, therefore this 

mechanism of neuronal activity dependent node-like clustering may be at play in vivo and might 

constitute a priming step in the process of myelination.   

 

Mechanism of node-like clustering 

 Our experiments provide first evidence that the formation of node-like clusters is promoted 

by neuronal activity. However, the exact mechanism involved in this modulation remains to be 

investigated. It has been previously described that the expression of AnkyrinG, 2Nav and 

oligodendroglial secreted factors are necessary to form node like clusters (Kaplan et al., 2001; Freeman 

et al., 2015; Dubessy et al., 2019; Thetiot et al., 2020). Thus, the effect of neuronal activity could 

modulate oligodendroglial secretions and indirectly promote node-like clusters formation. This 

possibility is rather unlikely since the effect of neuronal activity is axon specific. However, to determine 

the possible participation of oligodendroglial cells to this neuronal activity-dependent mechanism, 

experiments using purified neuron cultures treated with oligodendrocyte conditioned medium (Kaplan 

et al., 2001; Freeman et al., 2015; Dubessy et al., 2019), will be necessary. Another possibility is that 

the effect of neuronal activity promotes node-like clusters formation by acting directly on the synthesis 

of nodal proteins or on their transport and targeting along axons, two essential mechanisms for node-

like clustering in vitro (Kaplan et al., 2001; Thetiot et al., 2020). Indeed, neuronal activity modifies 

neuronal transcriptome (Lacar et al., 2016; Hu et al., 2017; Hrvatin et al., 2018; Yap and Greenberg, 
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2018), but to our knowledge there are no clear data yet on nodal protein transcripts changes upon 

electrical stimulation in the two models used in this study. Neuronal activity has also been shown to 

modulate trafficking along the axon and therefore might modulate nodal proteins transport (Ohno et 

al., 2011; Chen and Sheng, 2013). Lastly, neuronal activity promotes synaptic vesicular release with an 

enrichment at the heminodes and along unmyelinated segments of axons (Almeida et al., 2021), thus 

neuronal activity might also promote the release of nodal proteins transporting vesicles at specific 

sites, further resulting in clustering of nodal proteins. This hypothesis is supported by the early 

expression of calcium channels along unmyelinated axon of the optic nerve (Alix et al., 2008), the small 

permeability of Nav channels to calcium (Hanemaaijer et al., 2020) and by the observation of calcium 

signals along unmyelinated Purkinje cell axons upon neuronal stimulation (Callewaert et al., 1996). 

Calcium transients triggered by action potential might activate fusion of nodal proteins loaded vesicles 

and promote the clustering in these two populations of node-like clusters forming neurons. Further 

investigations will be needed to gain insight into the participation of each of these mechanisms in the 

regulation of node-like clusters formation by activity.   

 

Role of node-like clusters formation in myelination 

 The formation of node like clusters along axons prior to myelination has been shown to 

participate to mature node formation (Thetiot et al., 2020; Malavasi et al., 2021; Vagionitis et al., 

2021). Furthermore, these clusters have been suggested to modulate myelination by two main 

mechanisms. First, a study from our team on hippocampal cultures from rodents shown that node-like 

clusters might guide myelination, with the initiation of myelination occurring at the direct vicinity of 

the clusters (Thetiot et al., 2020). Furthermore, in vivo in zebrafish it has been shown that the location 

of some node-like clusters often predefine the future localization of a mature node of Ranvier, 

suggesting that a subset of node-like clusters along axons might be landmarks for the future pattern 

of myelination (Vagionitis et al., 2021). Here we have shown that the effect of neuronal activity on the 

formation of node-like clusters precedes the effect on myelination. Indeed, one hour after the end of 

the stimulation, we observed that the number of node-like clusters along stimulated axons is increased 

whereas myelination is increased only more than half a day later. This raises the possibility that node-

like cluster formation participates in activity-dependent myelin deposition. In particular, the presence 

of node-like clusters might promote the fusion of synaptic vesicles, like it has been previously described 

at the heminode (Almeida et al., 2021). Although the release of synaptic vesicles has often been 

associated with myelin sheath stabilization and growth (Hines et al., 2015; Mensch et al., 2015; 

Koudelka et al., 2016; Almeida et al., 2021), synaptic vesicle release along the axon at close contacts 

between pre-myelinating oligodendrocyte and electrically active axons has also been shown to 
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promote MBP local synthesis at the contact and may promote the initiation of myelination (Wake et 

al., 2015).       

 

Node-like clusters in remyelination 

 Node-like clusters have been observed along axons prior to remyelination both along Purkinje 

cell axons in mouse and on partially remyelinated plaques from MS patients (Coman et al., 2006; 

Lubetzki et al., 2020a). The function of node-like cluster formation prior to remyelination remains 

elusive, and it is in particular not known whether they could directly promote remyelination. 

Extrapolating what has been suggested in developmental myelination (Vagionitis et al., 2021), it can 

be hypothesized that node like clusters might participate in defining the pattern of remyelination that 

is highly conserved in remyelination along previously continuously myelinated axons (Auer et al., 2018; 

Orthmann-Murphy et al., 2020; Snaidero et al., 2020). Furthermore, it has been shown that neuronal 

activity is a key modulator of remyelination and repeated neuronal stimulation allow a more efficient 

remyelination (Gautier et al., 2015; Jensen et al., 2018; Ortiz et al., 2019; Bacmeister et al., 2020). In 

this context, it would be interesting to assess the role of neuronal activity in node-like cluster formation 

and the function of these structures in remyelination. Of note, it has been described that following 

demyelination with cuprizone the scaffolding nodal protein spectrin IV remains clustered at the site 

of former nodes of Ranvier (Orthmann-Murphy et al., 2020). These clusters were suggested to serve 

as landmarks for remyelination pattern which indicates that repair mechanisms might differ from 

developmental myelination during which nodal domins are formed ex nihilo. Thus, future studies will 

have to determine how remyelination restores the pattern of myelination and whether node-like 

clusters are at play in this mechanism.    
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Supplementary figures 
      

 

Figure S1 : Experimental design used to assess the effect of neuronal activity on node-like cluster formation and 

myelination on neighboring Purkinje neurons. From one cerebellum 6 to 8 slices from the vermis are splitted in two groups 

and put in culture on porous membrane. From these two sets of slices, 1 is treated with CNO or stimulated with light and the 

other one is treated with DMSO or only transferred in the medium for light stimulation but is not exposed to it. On fixed 

slices, depending on the set of experiment, the number of node-like clusters (NLC) along the axons or the proportion of axons 

myelinated is assessed in 10 pairs of neurons, one expressing either mCherry-DREADD or ChR2-eYFP (in orange) and one 

negative for these markers (in blue). These pairs are taken within the same field of view (FOV) of 387.69 μm x 387.69 μm to 

avoid effect of the environment. The parameter measured is then averaged among each population separately and the ratio 

between the two populations is reported for the stimulated and non-stimulated slices. This design allows to compare the 

effect of the stimulation with an internal control within the slice, and to isolate the effect of this simulation from the effect 

of mCherry-DREADD or ChR2-eYFP expression without light stimulation.       
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Figure S2: Neuronal activity stimulation does not trigger node-like clustering along non-GABAergic neurons. (A) Schematics 

of the experimental design. (B) Orthogonal projections showing GABAergic (GAD67 positive, gray) and non-GABAergic 

hM3Dq-mCherry transfected neurons (red) stimulated from 8 to 14 DIV with CNO (0.5μM). The first line shows one GABAergic 

neuron (white asterisk) with node-like clusters (white arrowheads) along its axon and one non-GABAergic neuron (orange 

asterisk) with no node-like cluster. On the second line, another example of a hM3Dq-mCherry transfected non-GABAergic 

neuron at 14 DIV following CNO treatment is shown with no node-like cluster along its axon. Scale bars: 30 μm. 

 

 

 

 

Figure S3: Chemogenetic allows modulations of the firing activity of Purkinje cells in organotypic cerebellar slices. (A) 

Example of a hM3Dq-mCherry transduced Purkinje cell (filled white arrowhead) recorded in loose cell-attached voltage 

clamp. (B, D) Representative examples of loose-cell attached voltage clamp recordings on hM3Dq-mCherry (B) or hM4Di-

mCherry (D) transduced Purkinje cells, in control condition (DMSO, first raw) followed by CNO treatment (0.5 M, second 

raw). (C, E) Quantification of the mean firing frequency of hM3Dq-mCherry (C) or hM4Di-mCherry (E) transduced Purkinje 

cells in control condition (ctrl) and following addition of CNO. Each individual points represent the mean for 1 recorded cell, 

hM3Dq: n=8 cells from 4 animals; hM4Di: n=16 cells from 9 animals.   
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Figure S4: Chemogenetic and optogenetic modulations of neuronal activity regulate myelination in an axon specific 

manner. (A) Schematics of the timeline of the experimental design for chemogenetic and optogenetic experiments. (B, E) 

Immunohistostaining on a cerebellar organotypic slices transduced with hM3Dq-mCherry (B) or hM4Di-mCherry (E) and fixed 

at 4 DIV, 17 (B) or 24 (E) hours after the end of the CNO treatment (0.5 M) showing two neighbor Purkinje cells and their 

axon (Calb, cyan), one expresses mCherry (red, contour white arrowhead) and another does not (yellow contour arrowhead). 
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Along the axon of the mCherry positive cell myelination is promoted (B) or delayed (E) (PLP, in green, filled white arrowhead) 

compared to the mCherry negative axons (filled yellow arrowhead). (C, F) Quantification of the ratio of myelination along 

mCherry positive vs negative Purkinje axons in slices transduced with hM3Dq-mCherry (C) or hM4Di-mCherry (F) and treated 

with CNO or its solvent DMSO (ctrl). (H) Immunohistostaining on a L7-ChR2-YFP cerebellar organotypic slice fixed at 4 DIV, 17 

hours after the end of the optogenetic stimulation showing two neighbor Purkinje cells and their axon (Calb, Cyan), one 

expresses YFP (green, contour white arrowhead) and another does not (yellow contour arrowhead). On the YFP positive cell 

the proximal part of the axon is myelinated (gray, filled white arrowheads) but no myelin has been formed along the proximal 

part of the YFP negative axon (filled yellow arrowheads). (I) Quantification of the ratio of myelination along YFP positive vs 

negative Purkinje axons in slices stimulated optogenetically or not. (C, F, I) Each value individually plotted corresponds to 1 

animal, (C) n=4, (F) n=8, (I) n=7 animals. (D, G, J) Schematics summarizing the observations. (C, F, I) Two-sided Paired t-tests. 

Scale bars: (B) 50 μm, (E, H) 20 μm.     
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Figure S5: Optogenetic stimulations precisely set the firing activity of Purkinje cells in L7-ChR2-YFP organotypic cerebellar 

slices. (A) Example of a ChR2-YFP expressing Purkinje cell (in green, filled white arrowhead) recorded in loose cell-attached 

voltage clamp. (B) Representative examples of loose-cell attached voltage clamp recordings on a ChR2-YFP expressing 

Purkinje cells, in control condition (LED off) followed by stimulation at 10Hz with 10ms long light pulses at 1,5mW/mm2. The 

pattern of activity (in black) follows the pattern of light (light pulses are indicated with the blue rectangles). (C) Distribution 

of the instantaneous firing frequency of stimulated Purkinje cells. Most of the light pulses trigger 1 action potential which 

results in the peak at 10Hz, following some light pulses few cells fire twice or three times with an instantaneous frequency 

between 100 and 200Hz. Average of n=6 cells from 4 animals. (D) Quantification of the mean firing frequency of Purkinje cells 

in control condition and following stimulation. Each individual points represent the mean for 1 cell recorded, n=6 cells from 

4 animals. Wilcoxon paired test, p=0.0312. 
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Discussion 
 

 

 
 Microglial cells are the resident immune cells of the brain. In the last two decades our 

understanding of microglia biology has grown deeply. In this context, it was shown that microglia 

interact with several neuronal sub-compartments in homeostatic conditions and through these 

interactions, shape and modulate neuronal circuit functions. The study of microglia-neuron 

interactions started with the description of their interaction with synapses (Wake et al., 2009; 

Tremblay et al., 2010). Further investigations of microglia interactions with neurons led to the 

identifications of contact established by microglia at neuronal somata and axon initial segments (Li et 

al., 2012; Baalman et al., 2015; Cserép et al., 2020). Microglia interactions with neurons allow them in 

particular to sense the activity in the circuits and respond to it (Li et al., 2012; Eyo et al., 2014; Badimon 

et al., 2020; Cserép et al., 2020; Nguyen et al., 2020; Umpierre et al., 2020). Along myelinated fibers, 

most of the axon is isolated from the environment by the myelin sheaths and is directly accessible only 

at nodes of Ranvier, which are unmyelinated. Thus, we hypothesized that microglia may sense 

neuronal state through close interaction at the nodes. The aim of my dissertation was to participate in 

the identification and the description of microglia-neuron interaction at nodes of Ranvier. We showed 

that microglia interact with nodes of Ranvier throughout the CNS and found that these contacts are 

stabilized compared to contacts made by microglia on myelin sheaths. Microglia-neuron interaction at 

nodes was further modulated by neuronal activity and inhibited when potassium fluxes were blocked. 

Furthermore, during remyelination a higher proportion of the nodes are contacted by microglia and 

the contacts are further reinforced. The inhibition of microglia interaction with node during 

remyelination correlates with a decreased remyelination. Thus, these first results show that microglia-

neuron interactions at nodes of Ranvier may modulate microglial function in remyelination.   

 In the first part of the discussion, I will discuss the molecular mechanisms at play in microglia-

node interaction and the potential function of microglia interaction with nodes of Ranvier. In 

homeostasis, the function of microglia contact remains unknown, but hypothesis can be elaborated 

from the role of microglia at other neuronal sub-compartments and from the function of other glial 

cells at nodes. Therefore, in a second part of my discussion, I will focus on the potential role of neuron-

microglia interactions at node of Ranvier in homeostasis and the implication of glial mechanisms in the 

modulation of action potential conduction and nodal formation. In the third part, I will focus on the 

potential functions of node-like clusters.         

  



182 

 

  



183 

 

1 Microglia-neuron interaction at nodes of Ranvier: 

mechanisms and functions    
 

1.1 Potassium fluxes role in microglia-neuron interaction  

 

1.1.1 Potassium fluxes stabilize microglia-neuron interaction at node of Ranvier 

 
We demonstrated using organotypic cerebellar slices that the interaction between microglia and 

nodes of Ranvier depends on the potassium fluxes at the node. Along Purkinje cells axons, Kv7.2/3 and 

KCa3.1 are localized at the node and BK channels were described at the paranode (Pan et al., 2006; 

Gründemann and Clark, 2015; Hirono et al., 2015). Functionally, it was shown that Kca3.1 allows the 

repolarization of the membrane and is necessary to secure action potential propagation at frequencies 

as low as 20Hz (Gründemann and Clark, 2015). BK channels were relevant functionally only at 

frequencies above 100Hz and were suggested to have a complementary effect with Kca3.1 during high 

frequency firing (Hirono et al., 2015). Lastly, Kv7.2/3 and Kca3.1 are expected to regulate the resting 

membrane potential at node in absence of firing activity and therefore to modulate Nav channels 

availability (Battefeld et al., 2014; Gründemann and Clark, 2015). Thus, a high concentration of the 

broad spectrum blocker of potassium channels, tetraethylammonium (TEA) was used to inhibit all 

these nodal potassium channels (Lang and Ritchie, 1990; Devaux, 2004; Wei et al., 2005). To verify that 

TEA did not block channels expressed on microglia, we first verified that the global microglia dynamics 

and morphology were not changed following the treatment. Since potassium currents are known to 

modulate microglia morphology and motility (Madry et al., 2018a, 2018b; Izquierdo et al., 2021b), the 

absence of modification of these parameters following TEA treatment allowed us to confirm that the 

treatment had no direct detectable effect on microglia potassium channels modulating microglia 

resting potential, in particular that TEA did not directly inhibit THIK-1 channel. Furthermore, we used 

specific blockers of Kv7 (XE991, Wang et al., 1998, 2000) and Kca3.1 (TRAM-34, Wulff et al., 2000) and 

found in both cases a significant decrease (14%), of the proportion of nodes contacted by microglia 

supporting the involvment of nodal potassium fluxes in the stabilization of the interaction (Figure 36). 

These latter results further suggest that the effect of each channel is additional since the inhibitions of 

a specific channel leads to a lower decrease of microglia-node interaction than the inhibition of all 

channels at the same time. Furthermore, since different potassium channels are involved in the 

modulation of the interaction, the interaction is most likely mediated by the potassium fluxes 

themselves and not by the activation of a specific channel. Therefore, the interaction observed in other 

areas of the CNS with different neuronal populations might be modulated by the activation of other 

nodal potassium channels and in particular the recently described two-pore-domain potassium 

channels TREK-1 and TRAAK (Brohawn et al., 2019; Kanda et al., 2019). Indeed, depending on the 
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population of neurons considered, the potassium channels expressed at nodes vary (Devaux et al., 

2003; Devaux, 2004; Gründemann and Clark, 2015; Brohawn et al., 2019; Kanda et al., 2019). In 

particular, the K2P channels TREK-1 and TRAAK have been described at nodes in various area of the 

CNS, and in particular participate in axolemma repolarization and modulation of its resting potential 

(Brohawn et al., 2019; Kanda et al., 2019). Thus, it would be interesting to test in different areas of the 

CNS which potassium channels are involved in regulating microglia-node interaction and assess 

whether this molecular mechanism is similar throughout the CNS. 

 

 

 

Figure 36: Decrease of microglia-node interaction by the inhibition of Kv7  and Kca3.1. 

(A) Quantification of the percentage of nodes contacted by microglial cells in myelinated cerebellar slices following the 

inhibition of Kv7 with XE991 (100 M).  (B) Quantification of the percentage of nodes contacted by microglial cells in 

myelinated cerebellar slices following the inhibition of Kca3.1 with TRAM-34 (1 M). (A) Wilcoxon paired test, n=8 animals, 

p=0.0391, (B) Two-sided paired t-test, n=7 animals, p=0.0295.  

 

In our study, we observed that the inhibition of potassium fluxes leads to the alteration of the 

stability of node-microglia interaction. However, although it is expected that the concentration of 

extracellular potassium is locally higher at nodes and that this concentration is further increased by 

neuronal activity, the amplitude of this increase is unknown. Computational modeling of the 

electrodiffusion of sodium and potassium ions at node of Ranvier after a single action potential has 

suggested that locally, the concentration of extracellular potassium varies significantly following the 

simulation of one action potential (Lopreore et al., 2008). The variation of potassium concentration 

calculated following an unique action potential was limited to less than a millimolar (Lopreore et al., 

2008). However, in this model, the perinodal ECM and other physical constraints around the node 
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were neglected whereas it is known that perinodal ECM plays an important role in ion diffusion in the 

CNS (Weber et al., 1999; Bekku et al., 2010). At synaptic clefts, taking into account the spatial 

constraints a local variation of several millimolars was calculated (Attwell and Iles, 1979). Thus, the 

increase of potassium concentration induced by an action potential is expected to be greater at nodes 

in the CNS than what was calculated (Lopreore et al., 2008), and experimental data are lacking to 

precisely estimate the concentration of potassium ions locally around the extracellular leaflet of the 

nodal axolemma. The use of potassium sensitive reporters (Wellbourne-Wood et al., 2017) might allow 

to estimate the local changes in potassium concentration induced at nodes by neuronal activity. This 

would further allow to assess the effect of a local potassium concentration increase on microglia 

dynamics by a local application of controlled concentration of potassium ions, a method that has been 

previously used to investigate other mechanisms (Hamada and Kole, 2015). Lastly, since potassium 

fluxes through THIK-1 maintain microglia resting potential (Madry et al., 2018b), it would be of great 

interest to use the recently design genetically encoded voltage indicators to investigate the changes 

of membrane potential locally at microglial processes, as it has recently been performed in astrocytes 

(Armbruster et al., 2021). Local membrane potential changes at the microglia-node contact would 

definitely establish a direct local microglia-neuron dialog at the node of Ranvier and would unravel a 

new form of neuron-microglia communication.  

 

1.1.2 Do potassium fluxes participate in microglia-neuron interactions at other neuronal 

sub-compartments? 

 
It is the first time to our knowledge that potassium fluxes are involved directly in the stabilization 

of microglia-neuron interaction. Thus, an intriguing question is what is the function of potassium in 

microglia-neuron contact at other neuronal sub-compartments like axon initial segment or neuron 

somata? First, axon initial segments and nodes of Ranvier are excitable domains of the axon with very 

similar molecular compositions (Nelson and Jenkins, 2017; Huang and Rasband, 2018). Therefore, it is 

possible that the contact of microglial processes with axon initial segments previously identified 

(Baalman et al., 2015) is modulated like the contact at the node of Ranvier. Indeed, when neurons fire, 

it triggers an outward current of potassium that could stabilize contact at the axon initial segment 

similarly to what we observed at the node. Thus, it would be interesting to study the underlying 

molecular mechanism that remains unknown, and address whether it is similar or not.  

At the site of interaction between microglia and neuron somata, it was identified that microglial 

processes form very stable contacts (mean lifetime of about 25 minutes) with domains of neuronal 

membrane enriched in clusters of Kv2.1 and Kv2.2 (Cserép et al., 2020). Although the study focused 

on the role of these channels in the activation of exocytosis (Cserép et al., 2020), they also take part in 

the repolarization of neuronal membrane and mediate potassium outward currents upon neuronal 
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firing (Du et al., 2000; Palacio et al., 2017). Therefore, locally at clusters of Kv2.1 and Kv2.2 channels 

that are contacted by microglial processes, the concentration of potassium is expected to rise upon 

firing and may stabilize further the highly stable interaction of microglia with neuron somata. When 

testing for the effect of Kv2 channels in the interaction, the authors used HEK cells in co-culture with 

primary microglia (Cserép et al., 2020). They found that HEK cells (which do not express Kv2 

endogenously (Jiang et al., 2002)), when transfected with Kv2, were contacted by microglia processes. 

Furthermore, HEK cells transfected with a mutant of Kv2 channels which is not targeted to the 

membrane were rarely contacted by microglia processes (Cserép et al., 2020). In primary microglial 

culture, the P2Y12 receptor which is involved in microglia-neuron contact at the soma (Cserép et al., 

2020), is expressed at very low level (Butovsky et al., 2014). Therefore, in this co-culture experiment, 

the contact might have been partly mediated by an additional signal and in particular the fluxes of 

potassium at Kv2 channels. Taking into account all these aspects, it would be interesting to investigate 

this type of interaction in THIK-1 knock-out mice to assess whether potassium fluxes could participate 

together with P2Y12 receptor activation to microglia-neuron interaction at neuron somata.     

The microglial receptor P2Y12 has been identified as a key player in the interaction between 

microglia and neurons (Li et al., 2012; Eyo et al., 2014; Sipe et al., 2016; Badimon et al., 2020; Cserép 

et al., 2020). This receptor has been shown to potentiate THIK-1 channel on microglia, the main 

potassium channel on homeostatic microglia (Madry et al., 2018b). Thus, the activation of P2Y12 

receptor may directly modulate the recruitment of microglial processes at neuronal sub-

compartments by triggering process outgrowth and modulate the stabilization of the interaction 

indirectly through its effect on THIK-1 channel.     

   

1.2 Mechanism and function of microglia-node interaction in remyelination  

 

1.2.1 Microglial potassium fluxes modulate remyelination 

 
The inhibition of microglia-node interaction was also observed when potassium fluxes were 

inhibited during remyelination. First, we used TEA to inhibit the potassium channels expressed at 

nodes and found that further to its effect on the interaction, the treatment altered microglial 

expression of pro-remyelinating factor IGF1 and decreased remyelination. Reciprocally, the inhibition 

with tetrapenthylammonium (TPA) treatment of THIK-1, the potassium channel responsible for most 

of the potassium conductance in microglia, allowed us to test the involvement of microglia potassium 

homeostasis in remyelination (Madry et al., 2018b). During remyelination, the treatment with TPA led 

to a similar effect on microglia and remyelination than the treatment with TEA. Thus, microglial 

potassium fluxes are of primary importance in the mechanism of microglia activation and repair during 

remyelination. However, these pharmacological approach are not totally specific (Grissmer et al., 
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1994; Jarolimek et al., 1995; Hadley et al., 2000; Madry et al., 2018b), and further investigations will 

be necessary to confirm that defects in microglial switch and remyelination were only due to the 

inhibition of microglia-node interactions through alteration of potassium fluxes. Nevertheless, on the 

cerebellar slices, the similar effect of the treatment with TEA (that does not inhibit THIK-1) and of TPA 

(that does not inhibit Kca3.1 or BK nodal channels at the concentration used) suggests that the defects 

observed on microglia were at least partly due to a loss of communication between neurons and 

microglia through potassium fluxes (Augustine et al., 1988; Carl et al., 1993; Julio-Kalajzić et al., 2018). 

Microglia when activated express other potassium channels (Schilling and Eder, 2007, 2015). For 

instance, Kv1.3 have been shown to modulate the potassium conductance and the phenotype of 

activated microglia (Di Lucente et al., 2018; Sarkar et al., 2020). Thus, future studies using a specific 

inducible deletion of THIK-1 in microglia, a model that is not yet available, would allow to more 

specifically test the involvement of microglial THIK-1 channel in microglia activation and repair during 

remyelination. Alternatively, since THIK-1 transcripts are mainly expressed in microglia in the CNS 

(Butovsky et al., 2014), the use of the available constitutive THIK-1 deficient strain, would allow to gain 

insights in the role of microglial potassium homeostasis in remyelination. However, THIK-1 is involved 

in the regulation of phagocytosis (Izquierdo et al., 2021a), therefore the use of a constitutive knock-

out model may also disrupt remyelination through the disruption of myelin debris clearance. 

 

1.2.2 Neuronal stimulation increases microglia-node interaction and modulates microglia 

activation    

 

As discussed previously, the disruption of microglia-node interaction and of potassium fluxes 

led to the disruption of microglia switch of phenotype. Therefore, the increase of microglia-node 

interaction may promote the switch of microglia activation toward a pro-remyelinating state. Since we 

had shown that the activation of neuronal activity promotes the interaction, we tested this hypothesis 

using chemogenetic and optogenetic stimulations. First, we showed on myelinated and on 

remyelinating cerebellar slices that activity stimulations promote microglia-node interactions 

(Ronzano, Perrot and Desmazières, unpublished, Figure 37). We further showed that the stimulation 

of neuronal activity on remyelinating slices by chemogenetic promotes the expression of the pro-

remyelinating factor IGF-1 by microglia (Ronzano, Perrot and Desmazières, unpublished, Figure 38) 

and promotes remyelination (data not shown). Thus, the increase of the interaction between microglia 

and nodes also correlates with an increase of the expression of the pro-remyelinating factor IGF-1 by 

microglia in remyelination. Although it remains a correlation and the demonstration of the implication 

of microglia-node interaction in repair is not definitive, this latter experiment support further the 
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involvement of this interaction in the modulation of microglia phenotype during remyelination. 

Therefore, increasing microglia-node interaction may be efficient to promote repair.  

 

 

 

Figure 37: Neuronal activity stimulation promotes microglia-neuron interactions at nodes in myelinated and remyelinating 

cerebellar organotypic slices. 

(A) Immunohistochemistry showing microglia contacts on nodes of Ranvier in myelinated slices with (CNO) or without (DMSO) 

chemogenetic stimulation. The white arrowheads highlight contacted nodes of Ranvier. (B-C) Quantification of the proportion 

of nodal structures contacted by microglia in myelinated (B) and remyelinating (C) organotypic cerebellar slices. The 

quantifications have been performed in areas of the slices with on average more than 70% of the neuron that were 

transfected by AAV8-hM3Dq-mCherry following one hour of treatment with CNO (0.5 M) or an equivalent volume of DMSO. 

(D) Immunohistochemistry showing microglia contacts on nodes of Ranvier in myelinated slices from L7-ChR2-YFP animals, 

following stimulation at 10Hz with 10ms long pulses for one hour. The stimulation at 470nm activates ChR2 whereas the 

stimulation at 590 at the same power of 1.5mW/mm2 does not (control condition). The white arrowheads highlight contacted 

nodes of Ranvier. (E-F) Quantification of the proportion of nodal structures contacted by microglia in myelinated (E) and 

remyelinating (F) organotypic cerebellar slices. The quantifications have been performed in areas of the slices with on average 

more than 70% of the neuron that were YFP positive, following one hour of stimulation at 590 (control) or 470 nm. (B, C, E,F) 

Two-sided paired t-tests, values are individually plotted per animal. (B, C, F) n=6, (E) n=5. Scale bars: 10 m.   

 

 



189 

 

 

Figure 38: Chemogenetic stimulation of neuronal activity promotes microglia expression of IGF-1 in remyelinating 

cerebellar organotypic slices.  

(A) Immunohistochemistry showing microglia expression of IGF-1 in remyelinating slices following 6 hours with (CNO) or 

without (DMSO) chemogenetic stimulation. (B) Quantification of the proportion of microglia cells positive for IGF-1 staining 

in remyelinating slices following 6h stimulation with CNO (0.5 M) or without stimulation (DMSO). The quantifications have 

been performed in area of the slices with on average more than 70% of Purkinje neurons that were transfected by AAV8-

hM3Dq-mCherry. (B) Two-sided paired t-test, values are individually plotted per animal, n=6. Scale bars: 20 m.   

 

Importantly, this latter results also show that neuronal activity stimulations might promote 

remyelination through its effects on microglia and not only directly through effect on the 

oligodendroglial lineage. These latter results, and in particular the increase of IGF-1 expression in 

microglia following neuronal activity stimulation corroborates the results obtained by Jensen et al., 

who showed in vivo that physical exercise promotes IGF-1 signaling following focal demyelination in 

the spinal cord (Jensen et al., 2018). Furthermore, potassium efflux through THIK-1 have been shown 

to modulate phagocytosis and calcium transients in microglia (Izquierdo et al., 2021a). Therefore, since 

calcium transients in microglia depend on neuronal activity (Umpierre et al., 2020) and are thought to 

modulate phagocytosis (Gronski et al., 2009; Nunes and Demaurex, 2010), it is possible that neuronal 

activity modulations not only modulate microglia phenotype, but also promote the phagocytosis of 

myelin debris following demyelination. Thus, the role of neuronal activity, on the modulation of 

microglia activation and phagocytosis are prominent questions and will need to be addressed further 

in the future. Indeed, microglial activation state and phagocytosis are of primary importance in 
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remyelination and also impact developmental and adaptive myelination (Miron et al., 2013; 

Shigemoto-Mogami et al., 2014b; Geraghty et al., 2019; Lloyd et al., 2019; Cunha et al., 2020; Hughes 

and Appel, 2020; Djannatian et al., 2021). Thus, the description of the exact effect of neuronal activity 

stimulation on microglia will help to understand how neural stimulation may allow to promote repair 

via modulation of microglia, an issue that has been mainly tackled in Alzheimer models so far (Iaccarino 

et al., 2016; Adaikkan et al., 2019; Martorell et al., 2019).   

In addition to the potential application of direct neuronal stimulations in repair, the description 

of the underlying molecular mechanisms involved is necessary to identify the signaling pathways to be 

targeted for promoting remyelination. Our study suggest that potassium fluxes are of primary 

importance in microglia phenotype modulation during remyelination. These results extended to 

remyelination, what has been shown on microglia as well as macrophages in other paradigms (Muñoz-

Planillo et al., 2013; Madry et al., 2018b). The inhibition of THIK-1 on human microglia has been shown 

to trigger similar effect on microglial morphology and phagocytosis than in mouse (Izquierdo et al., 

2021b). In this context, it would be interesting to further confirm the involvement of THIK-1 in 

microglia activation and myelin debris phagocytosis following demyelination and during remyelination. 

The use of neuronal stimulations on THIK-1 deficient mice (inducible and microglia-specific if possible, 

constitutive by default) may allow to either confirm or invalidate the direct role of THIK-1 in neuronal 

activity dependent modulations of microglia. If the primary importance of THIK-1 in these mechanisms 

is further confirmed, the conception of molecules aiming at modulating potassium homeostasis of 

microglia might be of great interest. Indeed, the modulation of THIK-1 might allow to regulate two of 

the main processes conditioning efficient remyelination, myelin debris clearance and microglia 

activation switch (Miron et al., 2013; Lloyd et al., 2019; Cunha et al., 2020). It is interesting to note that 

the administration of voltage-gated channels blockers (such as 4-amidopyridine) have been tested in 

patients suffering from demyelinating diseases, with some effects on motor fatigue (Horton et al., 

2013; Schniepp et al., 2013). However, the treatments used have multiple consequences and are 

expected to modulate neuronal activity, nerve conduction and glial mechanisms. Further 

investigations are therefore needed to develop strategies aiming at modulating potassium fluxes more 

accurately to promote repair.         

  

1.2.3 Microglia-node interaction is increased following neuronal stimulation and in 

remyelination: an additional signal? 

 
Following neuronal stimulations and during remyelination, we showed that a higher 

proportion of nodes of Ranvier are contacted by microglia. Moreover, in remyelination microglia-node 

interaction is further stabilized. There are two main possibilities to explain this reinforced interaction.  
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First the potassium fluxes are reinforced, and so is the interaction between node and microglia. 

Another possibility, that could be complementary to the first one, is the existence of an additional 

signal.  

First, following neuronal stimulation, there is an increase of potassium efflux from the nodes 

that is expected to stabilize further the contact. Furthermore, following demyelination with cuprizone, 

at the onset of remyelination there is a neuronal hyperactivity (Bacmeister et al., 2020). In EAE, the 

firing pattern of Purkinje cells is modified with an increase of phasic activity (Saab et al., 2004), which 

as we observed leads to an increase of microglia-node interaction. Therefore, in remyelination the 

increased stabilization of the microglia-node interaction may be partly explained by an increase of 

neuronal activity.   

In myelinated organotypic cerebellar slices, we did not detect any disruption of microglia-node 

interaction following P2Y12 receptor inhibition. However, as discussed previously, Purkinje cells are 

firing at lower frequencies in this model than in vivo. Therefore, in vivo the higher neuronal activity 

might promote ATP release and activates P2Y12 receptors to attract microglial processes toward the 

nodal domains, as it has been described for interactions with other neuronal sub-compartments in 

homeostatic condition or following sustained stimulation (Eyo et al., 2014; Badimon et al., 2020; 

Cserép et al., 2020). Supporting this hypothesis, it has been suggested that following stimulations of 

the optic nerve at 20Hz, ATP is released along the axon (Hamilton et al., 2010). The authors of this 

study further hypothesized that the release of ATP might occur at nodes of Ranvier (Hamilton et al., 

2010). Furthermore, a sustained stimulation of neuronal activity (30Hz, 10 seconds) triggers calcium 

signals in astrocytes that have been shown to induce ATP release at the node of Ranvier (Lezmy et al., 

2021). Thus, ATP might recruit microglial processes at node upon sustained neuronal firing. Since 

neuronal stimulation increases microglia-neuron interaction at nodes of Ranvier (Figure 37), it would 

be interesting to stimulate neuronal activity and at the same time inhibit P2Y12 receptors. In that case, 

the involvement of P2Y12 receptor in the interaction would result in an absence or in a reduction of 

the increased interaction induced by the stimulation. During remyelination, P2Y12 receptor is again 

expressed by microglia and might participate to the reinforcement of the interaction (Krasemann et 

al., 2017). Thus, it would be interesting to study the interaction during remyelination in P2Y12 knock-

out mouse or to use a pharmacological approach in vivo allowing to diffuse P2Y12 inhibitors on the top 

of the lesion similarly to what we have done for TPA local diffusion on the dorsal spinal cord. 

Furthermore, in remyelination other signals specific of pathological conditions might be at play and 

remain to be further investigated.  
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2 Multiple glia-neuron interactions at the nodes of 

Ranvier: function in development and homeostasis.    
 

 

2.1 The nodes of Ranvier are contacted by microglia and macroglia in homeostasis 

 
In homeostasis, both astrocytes and OPCs have been shown to contact nodes of Ranvier 

(Hildebrand and Waxman, 1983; Ffrench-Constant et al., 1986; Butt et al., 1994, 1999; Huang et al., 

2005; Hamilton et al., 2010; Serwanski et al., 2016; Lindsay M. De Biase et al., 2017)(Figure 39). 

Astrocytes have first been observed in close apposition with the axolemma at nodes of Ranvier in the 

optic nerve and spinal cord white matter (Hildebrand, 1971; Ffrench-Constant et al., 1986; Black and 

Waxman, 1988). More recently, the proportion of nodes contacted by astrocytes was quantified in 

several areas of the white matter and about 95% of the nodes were found in close apposition with 

astrocytic processes (Serwanski et al., 2016). When first observed, several hypothesis had been drawn 

regarding the function of astrocyte contacts at nodes, in particular they were thought to stabilize nodal 

structure and regulate ions homeostasis (Hildebrand, 1971; Black and Waxman, 1988). Supporting this 

hypothesis, a recent report showed that the perinodal astrocytes stabilize paranodal loops leading to 

the regulation of nodal length and myelin structure in the optic nerve and corpus callosum (Dutta et 

al., 2018). This stabilization is made through the secretion of SERPINE2 (also named PN1 or nexin-1) 

that inhibits the cleavage of neurofascin 155 by thrombin at the paranode. Thus, the detachment of 

the outermost paranodal loop is inhibited by astrocytic secretion contributing to the regulation of 

nodal length and myelin sheath. The inhibition of this mechanism led to nodal lengthening and to a 

slowing down of action potential conduction (Dutta et al., 2018). Furthermore, it has been recently 

reported that perinodal astrocyte processes release ATP along axons of the cortical pyramidal neurons 

(Lezmy et al., 2021). It was further shown that adenosine receptor A2a are clustered at both nodes of 

Ranvier and axon initial segments. The activation of A2a receptors at nodes of Ranvier has been 

reported to decrease axonal conduction velocity (Lezmy et al., 2021). Thus, the contact of astrocytes 

at nodes may through both structural and electrophysiological modulations regulate the conduction 

of action potentials.   

OPCs have also been observed to contact directly the axolemma at nodes of Ranvier in white 

matter (Butt et al., 1999; Serwanski et al., 2016). Between 15 and 35% of the node were observed to 

be contacted by OPCs in white matter tracts (Serwanski et al., 2016; Lindsay M. De Biase et al., 2017). 

It was further estimated from the quantification of contacts made by OPCs on nodes vs on a random 

simulated distribution of nodes, that half of the interactions were specific, suggesting a function played 

by OPCs at nodes (Lindsay M. De Biase et al., 2017). Functionally, these contacts were suggested to 
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prevent collateral sprouting from the node (Huang et al., 2005) but their exact function at nodes in 

adult remains unclear. It was also hypothesized that during developmental myelination OPCs might 

promote the clustering of nodal domains (Butt et al., 1999), a mechanism that may be at play in node-

like clustering through OPCs local secretions (discussed below in 2.3).   

 

 

 

 

 

 

 
Figure 39: Nodes of Ranvier are contacted by microglia and macroglia in homeostasis. 

Schematic representation of neuroglial contacts at the node of Ranvier in the CNS. In homeostasis, nodes of Ranvier are 

contacted by perinodal astrocytes, oligodendrocyte precursor cells (OPCs) and microglia. However, this scheme is speculative 

since it has never been assessed if the same node can be contacted simultaneously by the three cell types, only double 

simultaneous contacts have been observed so far. Drawings adapted from Lubetzki et al, 2020.  
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2.2 Microglia and astrocytes at nodes of Ranvier: complementary functions in the 

modulation of action potential conduction? 

 
In homeostasis, astrocytes at nodes of Ranvier have been so far related to the modulation of action 

potential conduction. This modulation might also involve microglia, directly or by taking part to 

mechanisms mediated by astrocytes. Indeed, microglia also express SERPINE2 and the quantity of 

SERPINE2 transcripts in microglia was shown to be higher than in in other glial cells (Butovsky et al., 

2014)(Figure 40A). Thus, microglia in addition to astrocyte might participate to the regulation of 

paranodal loop stabilization and might control nodal structure, in addition to astrocytes (Figure 40B). 

This hypothesis is further supported by our observation of the close apposition between microglia 

processes and the outermost paranodal loop at nodal domains using electronic microscopy. Therefore, 

it would be interesting to study the effect on nodal structure, of the specific deletion of SERPINE2 in 

microglia. Alternatively, a model of microglia depletion such as Csfr1FIRE/FIRE recently developed (Rojo 

et al, 2019), would allow to evaluate the involvement of microglia in the regulation of nodal structures, 

and in particular nodal length. Since the regulation of nodal length by astrocyte has been shown to 

regulate conduction velocity (Dutta et al., 2018), microglia may also participate to conduction velocity 

regulation in homeostasis. This mechanism would be a way to modulate conduction velocity with a 

lower energy cost than the one needed for myelin sheath plasticity (Arancibia-Cárcamo et al., 2017). 

Furthermore, this mechanism of plasticity may be faster than changes in myelin pattern.       

Very recently, it has been reported from a single-nucleus RNA sequencing study that in 

homeostatic conditions as well as in tissues from MS patients, some microglia are enriched in 

transcripts of nodal proteins, in particular neurofascin and AnkyrinG (Absinta et al., 2021). Although 

this population of microglia has not been studied further, it was interpreted that these transcripts 

correspond to material that has been phagocytosed by microglia in close interaction with nodes 

(Absinta et al., 2021). Therefore, it is possible that microglia are modulating nodal structures through 

partial phagocytosis (or trogocytosis) as it has been reported at axons and presynaptic boutons 

(Weinhard et al., 2018). However, since this result is based on RNA sequencing, this interpretation 

would mean that transcripts of nodal proteins are localized at nodes and translated locally by 

ribosomes. Although enrichment of ribosomes has been described at nodes (Walker et al., 2012), the 

presence of nodal proteins transcripts at node has not been observed so far, therefore this mechanism 

remains speculative. The mechanism of phagocytosis by microglia might also regulate action potential 

conduction by modelling the perinodal ECM similarly to what has been shown at synapses in the 

hippocampus (Nguyen et al., 2020). Indeed, perinodal ECM has been shown to affect conduction 

velocity along axons (Weber et al., 1999; Bekku et al., 2010). Thus, if the mechanism recently described 

at synapses is taking place at the node of Ranvier, the neuronal activity dependent IL-33 signaling might 

trigger the remodeling of perinodal ECM and indirectly modulate action potential conduction (Nguyen 

et al., 2020). 
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Figure 40: Microglia might participate to modulations of nodal length and myelin thickness at nodes. 

(A) Paranodal loop and the axolemma form the axoglial junction through the interaction of neurofascin 155 (NF155), 

Contactin1 and Caspr1. On NF155 there is a site of cleavage by thrombin that disassemble the complex formed by these three 

proteins and leads to the paranodal loop detachment. SERPINE2 released by astrocyte and also expressed by microglia inhibits 

the protease activity of thrombine and stabilizes the outermost paranodal loop. (B) Since microglia also express SERPINE2 

transcript, it is possible that the secretion of SERPINE2 by microglia also modulates the structure of nodal domains. The 

paranodal loop detachment leads to an increase of nodal length that induces a decrease of conduction velocity. Thus, 

astrocytes and maybe microglia inhibit this mechanism preventing the slowdown of action potential conduction. 

Transmission electron micrographs showing that similarly to astrocyte processes (filled in blue), microglial processes (filled in 

yellow) can be closely associated with paranodal loops at the node of Ranvier (black arrows). It was suggested that microglia  

phacytose nodal components. However, this mechanism is speculative since the hypothesis is based on RNAsequencing data 

and implies that nodal proteins are locally translated at nodes of Ranvier. Lastly, microglia could also phagocyte component 

of the perinodal ECM like it has been observed at synapses.  Adapted from Dutta et al, 2018 and Ronzano et al, 2021.      
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Very recently, it has been suggested that astrocytes slow down conduction along myelinated axons 

through ATP release and adenosine receptor activation (see 2.1, (Lezmy et al., 2021)). To activate 

adenosine receptor, ATP need to be hydrolyzed in ADP then AMP and finally adenosine. The enzyme 

CD39, mainly expressed at the surface of microglial cells, is the rate limiting enzyme for the conversion 

of ATP in adenosine (Braun et al., 2000; Butovsky et al., 2014; Badimon et al., 2020). In our study, we 

further showed that some nodes are contacted simultaneously by astrocytes and microglia. Therefore, 

microglia may participate to the hydrolysis of ATP released at the nodes by astrocytes and allow for 

the activation of A2a adenosine receptor, as it has been shown for A1 receptor at synapses (Badimon 

et al., 2020)(Figure 41). Astrocytic ATP release is triggered by calcium transients that are neuronal 

activity dependent in astrocytes (Hirase et al., 2004; Stobart et al., 2018; Semyanov et al., 2020; Lezmy 

et al., 2021). Interestingly, calcium transients in astrocytic processes close to axons were triggered only 

following a prolonged stimulation (30Hz, 10 seconds) but not after a brief stimulation (1 second) 

(Lezmy et al., 2021). Thus, it is possible that a mechanism similar to what has been described at 

synapses is also occurring at nodes. Indeed, after an abnormal sustained hyperactivity, the ATP 

released would attract microglial processes (activation of P2Y12), CD39 would then allow the efficient 

hydrolysis of ATP to adenosine and eventually adenosine by A2a activation at nodes would slow down 

action potential conduction (Badimon et al., 2020)(Figure 41). In this mechanism, high neuronal activity 

would increase potassium concentration in the extracellular medium surrounding the node and further 

stabilizes microglial processes (Figure 41). Hence, it will be critical for future studies to test whether 

microglial P2Y12 receptor is involved in microglia-node interaction when hyperactivity occurs. The 

model of cerebellar organotypic slices that we used might offer an accessible model to investigate 

further the involvement of microglia in this mechanism, since clusters of adenosine receptor A2a have 

been observed at about 70% of the nodes in the cerebellum (Lezmy et al., 2021). 

It is interesting to note that ATP release by astrocytes has also been shown to occur at AIS where 

A2a receptors are also clustered (Lezmy et al., 2021). Moreover, A2a receptors activation at AIS has 

been shown to decrease neuron excitability. Thus, microglia associated with AIS could with a similar 

molecular mechanism than at node, participate to the decrease of excitability upon hyperactivity. 

Interestingly, it has been further suggested that A2a receptors in the cortex are clustered at AIS of 

excitatory neurons (Lezmy et al., 2021), which are also the neurons that more frequently show 

microglia associated with their AIS (Baalman et al., 2015). 
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Figure 41: Microglia might also participate to the astrocytic dependant reduction of conduction velocity at nodes of 

Ranvier. 

Schematics showing a potential molecular mechanism at play at the nodes of Ranvier. Following sustained neuronal activity, 

calcium transients in astrocytes trigger ATP release at nodes of Ranvier (Lezmy et al, 2021), ATP is hydrolysed spontaneously 

in ADP that attracts microglial processes that further catalyses ATP hydrolysis in ADP with CD39 (Badimon et al, 2020). ADP 

is further transformed in adenosine (Ado) and activates A2a receptors at nodes that slow down conduction velocity (Lezmy 

et al, 2021). The neuronal activity increases outward currents of potassium at nodes which further stabilizes microglial 

processes at nodes vicinity and allows microglia to participate to the regulation of hyperactivity. 
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2.3 Function of glia-neuron interactions at immature nodes  

 
Microglia-neuron interaction at nodes is not restricted to mature nodes of Ranvier. Indeed, in the 

cerebellum, we observed that microglia contact both mature and immature nodal structures in vivo 

and ex vivo. Ex vivo, we further quantified the proportion of immature nodal structures contacted by 

microglia in myelination and remyelination and found that immature and mature nodal structures 

were contacted by microglia in similar proportions. However, the function of this contact is unknown. 

In white matter, during developmental myelination it has been shown that microglia present a pseudo-

activated phenotype, close to what is observed in certain pathological condition (Hagemeyer et al., 

2017; Wlodarczyk et al., 2017; Hammond et al., 2019; Li et al., 2019). In particular, during the 

myelination of Purkinje cell in the white mater of the cerebellum microglia express IGF-1 at a high level, 

enhance oligodendrogenesis and are highly phagocytic (Shigemoto-Mogami et al., 2014b; Hagemeyer 

et al., 2017; Wlodarczyk et al., 2017; Li et al., 2019). The interaction of microglia with immature nodal 

domains, part of which are node-like clusters, might regulate the pseudo-activated state of microglia 

or the expression of factor like IGF-1 during development, similarly to what we observed during 

remyelination. Therefore, in mice deficient for THIK-1 in microglia, it would be interesting to test if 

developmental myelination is altered and whether there are defects in microglia state, 

oligodendrogenesis and/or clearance of apoptotic cells. 

OPCs have also been shown to contact immature nodes. In vitro in co-culture the interaction of 

pre-myelinating OLs with node-like clusters was suggested to promote the initiation of myelination at 

the vicinity of the node (Thetiot et al., 2020). In vivo in zebrafish, it was shown that OPC processes 

contact about 25% of node-like clusters mainly “en passant” and rarely with the tip of the process 

(Vagionitis et al., 2021). However, these contacts were transients and never lasted more than 2h30 

(Vagionitis et al., 2021). Furthermore, in vitro, node-like clusters formation requires the secretion of 

oligodendroglial factors. Within the tissue, since the spatial constraints are much more important, 

these factors might be secreted locally at the vicinity of the axolemma. Thus, it is possible that at sites 

of close interaction between axons and OPCs or premyelinating OLs, the secretion of oligodendroglial 

factors induces the formation of node-like clusters. To support this hypothesis, it was observed using 

live-imaging ex vivo that oligodendroglial process can interact closely with unmyelinated Purkinje 

axons (Thetiot and Desmazières, unpublished data). Following the close apposition node-like clusters 

were formed along the axons while the oligodendroglial process was retracted (Thetiot and 

Desmazières, unpublished data).  Future studies will be needed to understand better the role of the 

contacts between axons and oligodendroglial cells in the formation and fate of node-like clusters.      
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3 Function of node-like clusters in myelination and 

remyelination    
 

The mechanisms of node of Ranvier formation in the central nervous system are not completely 

understood, and may differ between neuronal populations (Freeman et al., 2015). So far, node-like 

clusters have been suggested to play a role in action potential conduction, myelination and might even 

be at play in remyelination. However, further investigations are needed to identify their exact 

functions in these mechanisms. 

 

3.1 Node-like clusters are formed on preferentially myelinated neurons 

 
Node-like clusters are formed along axons of several populations of neurons, but not all of them. 

For instance, in the hippocampus of rodents, GABAergic neurons form node-like clusters whereas 

pyramidal neurons do not (Freeman et al., 2015). Similarly in zebrafish, commissural primary ascending 

and circumferential descending neurons form clusters of neurofascin prior to myelination whereas 

Rohon-Beard neurons do not (Auer, 2019; Vagionitis et al., 2021). However, it is unknown why some 

populations start to cluster nodal proteins prior to myelination and others do not. Thus, what are the 

common characteristics of node-like cluster forming neurons that may lead to this alternative 

mechanism? First, the neurotransmitter does not define population of node-like cluster forming 

neurons. Indeed, both glutamatergic (retinal ganglion cells, commissural primary ascending and 

circumferential descending neurons) and GABAergic (hippocampal parvalbumin or somatostatin 

interneurons, Purkinje cells) neurons have been observed to form node-like clusters {Formatting 

Citation}. One common aspect of node-like cluster forming neurons is that they are part of the neurons 

preferentially myelinated. Indeed, the retinal ganglion cell and the Purkinje cells shows a continuous 

myelination (Skoff et al., 1980; Black et al., 1982; Gianola et al., 2003) and parvalbumin interneurons 

are preferentially myelinated in the hippocampus (Micheva et al., 2016; Stedehouder et al., 2017, 

2019). Lastly, in the zebrafish, commissural primary ascending and circumferential descending neurons 

are part of the highly myelinated neurons (Auer, 2019). In contrast, in the hippocampus of rodents and 

in the spinal cord of the zebrafish, neurons on which node-like clusters were not observed show only 

a sparse myelination (Stedehouder et al., 2017; Auer, 2019; Almeida et al., 2021). Therefore, it would 

be interesting to study further other axonal projections that are robustly myelinated and investigate 

whether they form node-like clusters. For instance, in the white matter of the mouse spinal cord, we 

observed node-like clusters prior to myelination (Figure 42), but the corresponding population(s) of 

neuron remain to be identified. The fact that node-like clusters are formed on specific neuronal 

population must be translated in some specificity of the molecular organization of their axons. Further 
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investigations are necessary to identify these specificities and in particular what are the key elements 

allowing the formation of node-like clusters.        

  

 

Figure 42: Node-like clusters are formed prior to myelination in the dorsal column of the spinal cord in mouse. 

(A-B) Orthogonal projections showing isolated clusters of Nav channels (in red, filled arrowhead) in the dorsal column of the 

spinal cord from mouse at P12. Scale bars: (A) 5 m, (B) 4 m.          

 

 

3.2 Underlying mechanism(s) of neural activity dependent formation of nodal domains  

 

Both in vitro on hippocampal culture and ex vivo on Purkinje cell, we observed that neuronal 

activity modulates the formation of node-like clusters along axons prior to myelination. However, 

neuronal activity could modulate several mechanisms that may promote the formation of node-like 

clusters. First, our team observed that the inhibition of protein synthesis in culture of hippocampal 

neurons inhibit the formation of node-like clusters (Dubessy and Sol-Foulon, unpublished data), in line 

with previous work performed in vitro on retinal ganglion cell (Kaplan et al., 2001). Furthermore, it has 

been described that neuronal activity modulates the transcriptome of neurons including parvalbumin 

and somatostatin interneurons (Spiegel et al., 2014; Mardinly et al., 2016; Yap and Greenberg, 2018), 

that form node-like clusters (Freeman et al., 2015). The formation of node like-clusters starts in 

particular with the clustering of Nav subunits Nav1.1 and 1.2 (Kaplan et al., 2001; Freeman et al., 

2015). In vitro, it was shown that neuronal activity tends to upregulate Nav1.1 transcripts (late-

response gene, 6 hours) specifically in culture of inhibitory neurons and not in culture of cortical 

excitatory neurons (Spiegel et al., 2014). Furthermore, it was observed that, in mixed culture and 

purified neuronal culture treated with OCM, GABAergic neurons forming node-like clusters tend to 

show a higher firing frequency associated with a higher expression of Nav1.1 transcripts compared to 

GABAergic neurons in untreated purified neuronal cultures that do not form node-like clusters (Mazuir 

et al., 2021). Thus, it is possible that the effect of neuronal activity on the formation of node-like 

clusters is modulated through the upregulation of nodal markers such as Nav1.1.  
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The activation of node-like clustering by neuronal activity could also act through its effect on nodal 

proteins transport and targeting. It was shown, by studying the dynamic assembly of node-like clusters, 

that nodal proteins can partially preassemble prior to membrane targeting along axons of GABAergic 

neurons in vitro (Thetiot et al., 2020). Furthermore, the kinesin-1 family member KIF5A and C were 

identified as necessary for nodal proteins trafficking prior to node-like cluster formation (Thetiot et al., 

2020). Since it was previously shown that the transport of mitochondria by KIF5 along axons is 

modulated by neuronal activity (Ohno et al., 2011; Chen and Sheng, 2013), neuronal activity might also 

modulate the transport of nodal protein vesicles. The mitochondrial transport was modulated by 

calcium rise upon neuronal activity that inhibit the transport and stabilize the cargo (Ohno et al., 2011; 

Chen and Sheng, 2013). This mechanism was in particular observed at the nodal axolemma along 

Purkinje cell axons, and was inhibited by Ca2+ chelation (Ohno et al., 2011). Therefore, along Purkinje 

unmyelinated axons that display calcium transients upon stimulation (Callewaert et al., 1996), it is 

possible that neuronal activity by triggering calcium transients regulates nodal proteins transport by 

KIF5. The calcium transients may be further amplified locally at Nav channels starting to cluster due to 

their small calcium permeability (Hanemaaijer et al., 2020). In addition to stabilizing nodal proteins 

cargo, Ca2+ signals triggered by neuronal activity might promote the targeting of nodal proteins at 

membranes by promoting vesicle exocytosis, a mechanism that was suggested to participate to node 

of Ranvier formation in the optic nerve (Alix et al., 2008).         

Of note, neuronal activity promotes the formation of node-like clusters but is not necessary for 

their formation, since for instance commissural primary ascending neurons are largely silent but form 

node-like clusters along their axons prior to myelination (Auer, 2019; Vagionitis et al., 2021). In vitro, 

in hippocampal culture, the complete block of neuronal activity with tetrodotoxin decreases by half 

the number of GABAergic neurons that forms node-like clusters (Mazuir and Sol-Foulon, unpublished 

data). Therefore, neuronal activity promotes, but is not necessary, for the formation of node-like 

clusters.  

 

3.3 Neuronal activity promotes node-like cluster formation: effect on action potential 

conduction 

 
The formation of node-like clusters along the axon of hippocampal GABAergic neurons is 

associated with a faster conduction of action potential (Freeman et al., 2015). Thus, in the case of long-

projecting neurons such as Purkinje cells or retinal ganglion cells, the formation of node-like clusters 

prior to myelination might constitute a temporary state with an intermediate conduction speed of the 

signals between brain structures. The formation of node-like clusters might also change the effect of 

an action potential, on the activation of some terminal arborizations of the axon. Indeed, an action 

potential does not necessarily activate all terminals of the axon, and conduction failure, in particular 
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at branch points, is a process that filter communication with the post-synaptic neurons (Deschênes 

and Landry, 1980; Wall, 1995; Debanne et al., 1997). The formation of node-like clusters along highly 

ramified axons such as parvalbumine interneurons may modulate the proportion of branches along 

which the action potential is propagated. Conduction failure further depends on the firing frequency 

(Grossman et al., 1979; Meeks et al., 2005), and in fast spiking parvalbumin neurons, the reliability of 

action potential propagation has been shown to depend on sodium channel density (Hu and Jonas, 

2014). Therefore, the formation of node-like clusters by changing the reliability of action potential 

propagation might affect neural networks functioning. To support this hypothesis, it has been shown 

in hippocampal culture that 2Nav, which participates to the early formation of node-like clusters 

(Thetiot et al., 2020), secures the propagation of action potential at branch points (Cho et al., 2017). 

Lastly, along neocortical layer 5 axons, the encoding of high frequency burst involves the first node 

(most proximal)(Kole, 2011). Therefore, the formation of node-like clusters proximally along fast-

spiking parvalbumin interneuron axons might also facilitate the generation of high frequency firing 

pattern, involved in gamma oscillations (40-100Hz) or sharp wave ripples (>140Hz) (Lapray et al., 2012; 

Hu et al., 2014).                

 

3.4 Neuronal activity promotes node-like clusters formation: effect on myelination 

 
As discussed earlier in the results (part 2), the formation of node-like clusters has been suggested 

to guide the initiation of myelination in vitro and a subset of these clusters were suggested to act as 

landmarks for the future pattern of myelination in vivo in zebrafish (Thetiot et al., 2020; Vagionitis et 

al., 2021). However, since the inter node-like cluster distance is shorter (40 to 50%) than the inter 

mature node spacing, not all the node-like clusters predefine the localization of mature node (Freeman 

et al., 2015; Vagionitis et al., 2021). In line with these observations, it has been described that upon 

myelination some clusters, are integrated to or become heminodes, and subsequently move along 

axons to form mature nodes or stable heminodes (Thetiot et al., 2020; Vagionitis et al., 2021). In 

zebrafish, it was shown that a neurofascin A mutant lacking the transmembrane domain show an 

alteration of the myelin pattern with longer internode on average (Vagionitis et al., 2021). However, 

in this study the exact role of neurofascin on the formation or the stability of node-like clusters was 

not determined (Vagionitis et al., 2021). Since in hippocampal culture from rodents, the absence of 

neurofascin 186 does not alter the formation of node-like clusters and was suggested to restrict further 

nodal protein clustering (Freeman et al., 2015; Thetiot et al., 2020), it is likely that neurofascin rather 

acts as a stop signal that regulates the growth of the myelin sheath facing a node-like cluster. It would 

be interesting to investigate this mechanism further and in particular assess the molecular differences 
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between stable vs moving node-like clusters to identify the key parameters responsible for the stability 

of a subpart of the node-like clusters.      

            

3.5 Node-like clusters are formed prior to remyelination: an impact on repair   

 
Isolated clusters of Nav channels were observed in post-mortem tissues from MS patients. 

Interestingly, there was a higher density of isolated Nav clusters in partially remyelinated plaques than 

in periplaques. Thus, these data suggested that Nav channels are clustered prior to remyelination 

similarly to what was described prior to developmental myelination (Coman et al., 2006). On 

organotypic cerebellar slices, similarly, it has been observed in our lab that isolated node-like clusters, 

are observed prior to remyelination (Thetiot and Desmazières, unpublished data, Figure 43). These 

observations raise the question of the involvement of node-like cluster formation in the process of 

remyelination. The investigation of the function of these structures in remyelination by modulating 

their formation would be difficult. Indeed, the inhibition or the activation of the formation of node-

like clusters, for instance by a knock-down of AnkyrinG or an overexpression of 2Nav (Freeman et al., 

2015; Thetiot et al., 2020), may inevitably lead to indirect modulations of neuronal activity involved in 

the modulation of remyelination (Gautier et al., 2015; Jensen et al., 2018; Ortiz et al., 2019; Bacmeister 

et al., 2020). Nevertheless, it would be interesting to assess whether the stimulation of neuronal 

activity promotes the formation of node-like clusters and remyelination specifically along stimulated 

axons similarly to what we have observed during developmental myelination. Furthermore, 

extrapolating from the results obtained in developmental myelination, it is possible that some of the 

node-like clusters help to reestablish the original pattern of myelination (as discussed in the results, 

part 2). Since it has been suggested that node-like clusters may also guide the initiation of myelination 

(Thetiot et al., 2020), it is also possible that their formation along demyelinated fibers signals axons 

that are still functional and “should” be remyelinated.  

Prior to myelination, the formation of node-like clusters correlates with an higher conduction 

velocity (Freeman et al., 2015). Following focal demyelination of the ventral spinal root with LPC a 

conduction block is observed (Smith L et al., 1982). Interestingly, it was shown that the conduction 

along the demyelinated axons was never continuous but reappeared at specific spatially restrained 

domains of inward current, notifying the presence of clustered Nav channels named -nodes (Smith L 

et al., 1982). Thus, the formation of node-like clusters may be a first step in the restauration of the 

conduction. If node-like clusters indeed participate to the restauration of action potential conduction 

their formation might take part to the activation of remyelination by neuronal activity. Indeed, during 

developmental myelination neuronal activity promotes myelin deposition by synaptic vesicles release 

(Hines et al., 2015; Mensch et al., 2015; Wake et al., 2015; Koudelka et al., 2016; Almeida et al., 2021), 
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and synaptic inputs on OPCs were suggested to promote remyelination (Gautier et al., 2015), two 

mechanisms that require action potential to reach the site of vesicle release. Therefore, it is crucial to 

better understand the mechanism and the role of node-like cluster formation the process of 

remyelination.  

 

 

 

 

Figure 43: Node-like clusters are observed prior to remyelination in mouse organotypic cerebellar slices. 

Orthogonal projections showing isolated clusters of Nav channels (in red, filled arrowhead) in a remyelinating cerebellar slices 

at 11 DIV. Scale bar: (A) 20 m.  
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Concluding remarks 

   

  Myelin defects are not restricted to demyelinating diseases, and in some pathologies such as 

schizophrenia and epilepsy, abnormalities in myelination have been observed (Yang et al., 2012; Du et 

al., 2013). In these diseases, the abnormal myelination is often associated with defects in circuit activity 

(Bragin et al., 2004; Knowles et al., 2020), alteration of inhibitory circuits (Selten et al., 2016; Makinson 

et al., 2017; Maas et al., 2020) and microglia activation (Beach et al., 1995; Morin-Brureau et al., 2018; 

Sellgren et al., 2019). Thus, in these pathologies, it would be interesting to investigate the formation 

of the nodes of Ranvier, and their interaction with glial cells. Indeed, the alteration of circuit function 

and activity might lead to defects in nodal formation or in glia-node interactions which could 

participate to the development of the pathology.  

 Furthermore, it would be interesting to study the function of microglia-node interaction and 

node-like cluster formation in CNS plasticity. As discussed previously, microglial cells may dynamically 

modulate action potential conduction by regulating the structure of nodes they interact with. 

Moreover, node-like cluster formation has been studied only in the contexts of developmental 

myelination and remyelination so far. It would be interesting to assess whether node-like clusters are 

also formed prior to myelin deposition in adaptive myelination. Indeed, the formation of node-like 

clusters prior to adaptive myelination, by modulating action potential conduction along unmyelinated 

axons, or by promoting myelin deposition, might also take part to neuronal circuits plasticity.   
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Résumé 

 

La conduction saltatoire le long des fibres myélinisées repose sur l’alternance de segments myelinisés, 

les internoeuds, et de petits domaines amyéliniques enrichis en canaux sodiques voltage dépendants, 

les nœuds de Ranvier. Dans la sclérose en plaques (SEP), pathologie inflammatoire démyélinisante du 

système nerveux central, il y a une démyélinisation, qui conduit à des déficits fonctionnels et à une 

perte neuronale. Il n’existe à ce jour aucun traitement permettant de promouvoir efficacement la 

remyélinsation et de prévenir la neurodégénération. La compréhension des mécanismes sous-jacents 

à la remyélinisation et l’identification de cibles thérapeutiques potentielles permettant de limiter la 

progression de la pathologie sont donc des enjeux majeurs dans la SEP. Lors de la démyélinisation, 

l’organisation des protéines nodales est altérée, ce qui participe aux défauts de conduction axonale. Il 

a par ailleurs été montré que des structures nodales, nommées prénoeuds, peuvent se reformer 

précocement, avant même la remyélinisation, un mécanisme également observé lors de la 

myélinisation développementale. Ces résultats suggèrent que les prénoeuds pourraient participer au 

processus de réparation dans la SEP. De plus, les cellules microgliales, qui sont les cellules immunes 

résidentes du système nerveux central, ont été identifiées comme des acteurs majeurs de la 

remyélinisation. Le dialogue entre microglie et neurone lors de la remyélinisation reste cependant à 

décrire. 

 Au cours de ma thèse, nous avons montré que la microglie contacte les nœuds de Ranvier dans 

l’ensemble du système nerveux central et que ces contacts sont renforcés au cours de la 

remyélinisation. Nous avons identifié les nœuds comme des sites préférentiels d’interaction le long 

des axones myélinisés et avons montré que l’activité neuronale permet de stabiliser ces interactions, 

via les flux potassiques qu’elle induit. Lors de la remyélinisation, la perturbation de ce signal potassique 

induit une diminution de l’interaction microglie-nœud, associée à une altération du passage de la 

microglie vers un phénotype pro-régénératif et à une réduction de la remyélinisation. Ces derniers 

résultats suggèrent que l’interaction entre cellules microgliales et nœuds de Ranvier pourrait donc 

moduler la remyélinisation.  

 Dans la seconde partie de ma thèse, qui correspond à un travail en cours, nous avons montré 

que l’activité neuronale favorise la formation des prénoeuds. Ce mécanisme, qui pourrait être 

conservé durant la remyélinisation, pourrait avoir un rôle important dans la réparation. 

 L’ensemble de ces résultats identifie le nœud de Ranvier comme un acteur important dans le 

processus de (re)myélinisation. Par ailleurs, ils montrent que l’activité neuronale pourrait promouvoir 

la (re)myélinisation, non seulement par des effets directs sur le lignage oligodendrocytaire, mais aussi 

indirectement en modulant les fonctions microgliales et la formation des domaines nodaux. 
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Summary 
 

Fast saltatory conduction along myelinated axons is based on insulated segments, the 

internodes, alternating  with small amyelinic domains enriched in voltage-gated sodium channels, the 

nodes of Ranvier. In Multiple Sclerosis (MS), an inflammatory demyelinating disease of the central 

nervous system, there is a primary demyelination leading to axonal conduction alteration, and with 

time to neurodegeneration. So far, there is a lack of efficient treatment to promote remyelination, 

enhance neuroprotection and slow handicap progression in MS. In this context, it is of paramount 

importance to better understand the underlying mechanisms promoting an efficient remyelination 

and to identify potential targets for future treatments.  

The nodes of Ranvier have been identified as an early target of monocyte derived macrophages 

in demyelinating lesions. It was further shown that voltage-gated channels can form clusters, named 

node-like clusters, prior to remyelination in MS, a mechanism also observed during developmental 

myelination. Therefore, nodal structures might modulate remyelination. Microglia, the resident 

immune cells of the central nervous system have been shown to interact with neurons and were 

identified as major regulator of remyelination. However, the crosstalk between microglia and neurons 

during remyelination and how it could affect repair remained unknown.      

 During my thesis, we showed that microglia contact node of Ranvier throughout the central 

nervous system and that this interaction is reinforced in remyelination. We further showed that the 

node of Ranvier is a preferential domain of interaction with microglia along myelinated axons, and that 

this interaction is modulated by neuronal activity stimulation and in particular by potassium fluxes at 

nodes. Inhibiting potassium fluxes at nodes alters microglia-node interaction and leads during 

remyelination to an alteration of microglial switch toward a pro-regenerative phenotype and to a 

reduced remyelination. These results suggest that microglia-neuron interaction at the node of Ranvier 

may modulate the pro-remyelinating effect of microglia in repair.       

The second part of my thesis which is currently carried on, showed that neuronal activity 

promotes the formation of node-like clusters prior to myelination, a mechanism that may be conserved 

in remyelination and may modulate repair.  

Taken together the results of my thesis identify the node of Ranvier as an important player in 

the modulation of (re)myelination. Furthermore, it shows that neuronal activity may promote 

(re)myelination not only though its effect on oligodendroglial cells but also indirectly through 

modulation of microglia and nodal domain formation. 
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