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Abstract 

Dysregulation of immune responses in the central nervous system (CNS) is thought to 

underlie the development of several neurological disorders. Multiple sclerosis is the most 

common autoimmune disease of the CNS and it is characterized by multifocal 

demyelination, which is in some cases followed by spontaneous remyelination that activates 

myelin repair mechanisms and induces the production of new myelin. However, with the 

progression of the disease and the exposure to repeated demyelinating insults, 

remyelination efficiency decreases. The innate immune system is intimately involved in the 

process of remyelination. Yet, it is still unclear how microglia/macrophages activation 

influences the outcome of a demyelinating lesion. In this study we decided to evaluate the 

role of pro-inflammatory phagocyte activation in the course of a demyelinating injury. We 

have established a new focal demyelinating model in zebrafish larvae, through injection of 

lysolecithin in the spinal cord. We have monitored the degree of myelination, the kinetics of 

oligodendrocyte precursor cells in the lesion and their differentiation into mature 

oligodendrocytes, as well as the infiltration of phagocytes and their activation, throughout 

lesion evolution. We show that CSF1R-deficient larvae, with no microglia, have 

compromised remyelination, and that an initial Myd88-dependent NF-κb pro-inflammatory 

signaling is triggered after lysolecithin-induced demyelination. We further show that 

remyelination is compromised in the absence of Myd88-signaling, with impaired 

degradation of ingested myelin debris and phagocyte retention in lesions. Furthermore, by 

combining both zebrafish and mice models, we identified TNF-α as one cytokine which 

expression is reduced in Myd88-deficient lesions, and that its administration can foster the 

generation of pre-myelinating / early myelinating oligodendrocytes after lysolecithin-induced 

demyelination, in ex vivo organotypic cerebellar slice cultures. Our results support the 

hypothesis that an initial pro-inflammatory response is critical for myelin debris clearance 

and repair, as well as for inflammation resolution, and that inhibiting inflammation can 

compromise lesion recovery. 

 

Keywords: Inflammation; Phagocytes; Microglia; Macrophages; Pro-inflammatory 

activation; Remyelination; Zebrafish; Mice  
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Resumo 

Acredita-se que uma desregulação da resposta imunitária no sistema nervoso central 

(SNC) está por de trás do desenvolvimento de várias doenças neurológicas. A esclerose 

múltipla é a doença autoimune mais comum do SNC e caracteriza-se pela presença de 

lesões desmielinizantes multifocais, nas quais, em alguns casos, existe remielinização 

espontânea, em que se dá a ativação dos mecanismos de regeneração da mielina, 

induzindo assim a produção de nova mielina. No entanto, com a progressão da doença e 

a exposição repetida a insultos desmielinizantes, existe uma redução na eficiência da 

remielinização. O sistema imunitário inato está estreitamente envolvido no processo de 

remielinização. Contudo, ainda não é claro como é que a ativação da microglia / dos 

macrófagos influencia o desfecho de uma lesão desmielinizante. Neste estudo, decidimos 

avaliar o papel que a ativação pró-inflamatória nos fagócitos (que neste estudo se referem 

à microglia e aos macrófagos) tem na progressão de uma lesão desmielinizante, 

nomeadamente na sua entrada e retirada da lesão, na sua capacidade em eliminar os 

detritos de mielina (tanto em fagocitá-los como em degradá-los), assim como o seu impacto 

no recrutamento, sobrevivência e diferenciação das células percursoras de 

oligodendrócitos. Para tal, a nossa estratégia experimental consistiu em usar modelos de 

fagócitos subativados ou sobreativados, no contexto de uma lesão desmielinizante focal, 

provocada pela administração de lisolecitina. 

Neste sentido, estabelecemos um novo modelo de desmielinização focal em larvas de 

peixe-zebra, através da injeção de lisolecitina na medula espinhal. Avaliámos o grau de 

mielinização, a presença das células precursoras de oligodendrócitos ao longo da evolução 

da lesão, assim como a sua diferenciação em oligodendrócitos maduros. Avaliámos 

também a infiltração e ativação dos fagócitos ao longo da evolução das lesões. Neste 

modelo observámos que a ausência do CSF1R nas larvas de peixe-zebra, portanto larvas 

sem microglia, se traduz numa redução no grau de remielinização, quando comparado com 

larvas selvagens. Observámos ainda que após uma lesão desmielinizante, provocada pela 

injeção de lisolecitina, existe uma ativação inicial pró-inflamatória, dependente da proteína 

adaptadora Myd88, nos fagócitos recrutados para as lesões. Mais ainda, observámos que 

na ausência da sinalização dependente da proteína Myd88, o processo de remielinização 

é comprometido, associado com uma degradação deficiente dos detritos de mielina 

fagocitados, assim como uma retenção dos fagócitos nas lesões. 

Através da combinação do modelo de desmielinização em larva de peixe-zebra com o 

modelo de desmielinização em ratinho, também provocado pela injeção de lisolecitina, 

identificámos TNF-α como uma citocina cuja expressão se apresenta reduzida em larvas 

de peixe-zebra deficientes em Myd88, e que a sua administração em culturas organotípicas 
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de cerebelo promove a produção de novos oligodendrócitos, que expressam a proteína 

BCAS1.  

Desta forma, os resultados obtidos neste estudo suportam a hipótese de que uma 

resposta inicial pró-inflamatória é necessária para a eliminação dos detritos de mielina, 

resultantes de um insulto desmielinizante, assim como para a resolução da resposta 

inflamatória e remielinização, e que a inibição da resposta inflamatória pode comprometer 

a recuperação de uma lesão desmielinizante. 

 

Palavras-chave: Inflamação; Fagócitos; Microglia; Macrófagos; Ativação pro-inflamatória; 

Remielinização; Peixe-zebra; Ratinhos  
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1.1. Oligodendrocyte-produced myelin and myelination in the central nervous 
system (CNS)  
 

The CNS is composed by two different types of tissue, which are called gray and white 

matter. The gray matter is mainly composed of neuronal cell bodies, dendrites and 

unmyelinated axons, whereas the white matter mostly contains axons spirally wrapped in a 

very fatty, multilayered membrane called myelin, and the myelin-producing cells (Nave and 

Trapp, 2008; Snaidero et al., 2014). Myelin in the CNS is produced by a type of glial cells 

called oligodendrocytes, which are able to wrap several axons (generating up to 80 different 

myelin sheaths) (Snaidero and Simons, 2014). The major functions of myelin are to increase 

the speed of electrical impulse conduction, through insulation of the axon and via saltatory 

nerve conduction, and to provide metabolic support to axons, thereby contributing to  

preserve their integrity (Simons and Nave, 2015). The increase in the speed of electrical 

impulse propagation is achieved through the structural organization of the different domains 

that the myelinated axon presents. In a very simplified way, it has the internode, which 

corresponds to the myelinated segment, and the nodes of Ranvier, which are ~1μm non-

myelinated gaps between two myelin segments, and where a high density of sodium 

channels cluster, allowing for saltatory conduction rather than the otherwise continuous and 

slow conduction along the entire length of the axon (Freeman et al., 2016). This allows for 

all information in the body to be transmitted rapidly, which is essential for efficient and 

integrated sensory, motor and cognitive functions (Fig. 1.1). 
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Figure 1.1 Schematic representation of myelination in the CNS. One oligodendrocyte is able to 
wrap multiple myelin sheaths in different axons. The myelinated axons are structured in two main 
different domains: the internodes, myelinated segments, and the nodes of Ranvier, non-myelinated 
segments. A high density of sodium channels cluster at the nodes of Ranvier and allow for saltatory 
conduction of the action potentials. 

 

Myelination is an evolutionarily conserved process among vertebrates, which involves 

the action of different cells and their molecular signals (Ackerman and Monk, 2016). Briefly, 

myelination starts early in development with the migration of the oligodendrocyte precursor 

cells (OPCs) from the ventricular germinal zones to the entire CNS, guided by diverse 

chemotactic cues and promoted by receptor-ligand interactions with the extracellular matrix 

(Bergles and Richardson, 2015). OPCs originate from neural stem cells (NSCs) through the 

action of specific transcription factors like oligodendrocyte transcription factor 1 (Olig1), 

oligodendrocyte transcription factor 2 (Olig2), NK2 homeobox 2 (Nkx2.2) and SRY-Box 

transcription factor 10 (Sox10), and are also characterized by their high expression of 

platelet-derived growth factor receptor alpha (PDGFRα) and proteoglycan neuron-glial 

antigen 2 (NG2) markers (Miron et al., 2011; van Tilborg et al., 2018). These cells, initially 

with a bipolar morphology, proliferate and differentiate, thereby acquiring an arborized 

morphology driven by actin cytoskeleton dynamics, and, through extension and retraction 

of their multipolar filopodia-like processes, select the axons to be myelinated (Almeida, 

2018; Azevedo et al., 2018; Seixas et al., 2019). Besides the increased morphological 

complexity, from bipolar to multipolar cells, the maturation and differentiation of 

oligodendrocytes is characterized by the expression of a plethora of markers depending on 

their developmental stage. For instance, immature, pre-myelinating / early myelinating 
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oligodendrocytes can be characterized by the expression of breast carcinoma amplified 

sequence 1 (BCAS1), the lipid antigen O4, galactocerebroside (GalC) and 2',3'-Cyclic-

nucleotide 3'-phosphodiesterase (CNPase) (Fard et al., 2017; Wooliscroft et al., 2019). On 

the other hand, terminally differentiated, mature oligodendrocytes, ready to start the 

ensheathment process defined by the expansion and compaction of the myelin sheath 

along the axon, already express the myelin proteins myelin-associated glycoprotein (MAG), 

myelin oligodendrocyte glycoprotein (MOG), myelin proteolipid protein (PLP) and myelin 

basic protein (MBP) (Barateiro and Fernandes, 2014; Bhat et al., 1996; van Tilborg et al., 

2018).  

It is nowadays clear that myelin is of major importance not only for electrical insulation 

of the axons but also to preserve their integrity, through active metabolic dynamics between 

the myelin sheath and the subjacent axon. This importance is, for example, reflected 

through the fact that still after the peak of myelination in early development, a pool of OPCs 

remains in diverse areas of the CNS throughout adulthood, persisting in a quiescent state 

and ready to be activated whenever necessary, namely, in response to a demyelinating 

injury (Michalski and Kothary, 2015).  
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1.2. Remyelination in the CNS  
 

Loss of myelin is accompanied by loss of metabolic support to axons and defective 

transmission of action potentials, both of which lead to progressive neurological impairment 

seen in patients (Fig. 1.2). Remyelination, or myelin repair, is the process in which after a 

demyelinating insult new myelin sheaths are wrapped around demyelinated axons (Franklin 

and Goldman, 2015). It aims at restoring the highly efficient saltatory conduction and 

functional defects, as well as axon survival. In the CNS, remyelination is quite a successful 

and efficient process, unlike axonal regeneration (McMurran et al., 2016). However, despite 

the restoration of saltatory conduction and regain of normal axon function, there are clear 

architectural differences after remyelination, in which myelin sheaths are shorter and thinner 

than otherwise un-lesioned myelinated axons established during development (Duncan et 

al., 2017). This is quite clear when large-diameter axons present with abnormally thin myelin 

sheaths. A possible explanation for this phenomenon is the different axonal dynamics that 

the myelinating oligodendrocyte encounters during the process of myelination versus 

remyelination. Whereas in the earlier the axon diameter is still being established, in 

remyelination the axon diameter has already achieved its mature size (Franklin and 

Ffrench-Constant, 2008). Furthermore, although considered very efficient, remyelination 

has been shown to be less efficient with aging, which may be of special concern when 

regarding demyelinating diseases that span over decades (Cantuti-Castelvetri et al., 2018; 

Shen et al., 2008; Sim et al., 2002). 
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Figure 1.2 Schematic representation of demyelination in the CNS. Demyelination leads to the 
redistribution of sodium channels along the axon, disrupting the saltatory conduction and thereby 
leading to a continuous and slower impulse propagation, or, in worse cases, to a conduction block. 
The redistribution of sodium channels causes an increase in sodium influx and energy expenditure, 
which, together with the loss of metabolic support, leave the denuded axon susceptible to 
degeneration and subsequent neurological impairment.  

 

The process of remyelination requires three main steps: activation of the OPCs; their 

proliferation and migration (recruitment) to the demyelinated site; and, their differentiation 

into mature oligodendrocytes, which will then remyelinate the axon (Franklin and Ffrench-

Constant, 2008). OPCs are highly proliferative cells which account for around 5-8% of the 

CNS cell population, and can be found in both white and gray matter (Dawson et al., 2003; 

Kuhn et al., 2019). As mentioned before, in homeostatic conditions, these cells are 

characterized by the expression of specific markers, such as NG2, PDGFRα and the 

transcription factor Olig1 (Arnett et al., 2004; Kroehne et al., 2017; Levine et al., 1993; 

Redwine et al., 1997; Zhou et al., 2000). When there is a demyelinating insult, these cells 

shift from a quiescent to an activated state, in response to factors produced by astrocytes 

and microglia (Franklin and Ffrench-Constant, 2008). OPCs become then responsive to 

chemokines, cytokines, mitogens and growth factors. This results in morphological and 

gene expression changes, with increase of cell size and upregulation of the gene 

expression of certain transcription factors also connected with developmental myelination, 

such as Olig2 and Nkx2.2 (Fancy et al., 2004; Levine and Reynolds, 1999; Watanabe et al., 

2004). Immediately after their activation, OPCs start to proliferate in response to the injury. 

This proliferation has been shown to be modulated by the cellular levels of the cell cycle 
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regulatory protein p27kip-1 and fostered by the growth factors PDGF, fibroblast growth 

factor 2 (FGF2) and glial growth factor 2 (GGF2) (Crockett et al., 2005; Li et al., 2020; 

Whittaker et al., 2012; Woodruff et al., 2004). Together with their proliferative response, 

OPCs migrate to the demyelinated area, mediated by receptor-ligand adhesions to the 

extracellular matrix and signaling factors. Several factors have been shown to mediate OPC 

migration, which include the secreted factors semaphorins, PDGF, netrin-1, C-X-C motif 

chemokine ligand 1 (CXCL1) and tenascin C (Boyd et al., 2013; Jarjour et al., 2003; Miron 

et al., 2011; Tepavcevic et al., 2014; Vora et al., 2012; Watzlawik et al., 2013). When OPCs 

reach the demyelinated area, they have to differentiate into mature oligodendrocytes which 

will then replace the damaged myelin sheath. The differentiation comprises three phases: 

first, the establishment of the contact with the demyelinated axon; second, the expression 

of myelin genes and the generation of myelin membrane; third, the wrapping and 

compaction of the myelin sheath (Franklin and Ffrench-Constant, 2008). The differentiation 

step is the one most thought to fail and consequently lead to remyelination failure in what 

becomes a chronic lesion (Kuhlmann et al., 2008; Skaper, 2019; Wolswijk, 1998). Various 

factors produced in the course of inflammation have been shown to play a role in promoting 

the differentiation of OPCs into post-mitotic mature oligodendrocytes following 

demyelination, such as thyroid hormone, ciliary neurotrophic factor (CNTF) and insulin-like 

growth factor 1 (IGF-1) (Franco et al., 2008; Hlavica et al., 2017; Hsieh et al., 2004; 

Steelman et al., 2016). Also  transforming growth factor β (TGF-β) has been shown to play 

a major role in promoting OPC cell cycle withdrawal and subsequent oligodendrocyte 

differentiation, with a delay in the expression of TGF-β in old animals, following toxin-

mediated demyelination, being shown to be correlated with impaired remyelination when 

compared to young animals (Hinks and Franklin, 2000; McKinnon et al., 1993; Palazuelos 

et al., 2014). In addition, microglia-derived activin-A has also been shown to promote 

oligodendrocyte differentiation in in vitro and ex vivo toxin-mediated demyelination models 

(Miron et al., 2013). 

The evidence reported so far strongly suggests that the process of remyelination in the 

CNS is driven by a complex network of both cell-intrinsic mechanisms and environmental 

signals, triggered by an inflammatory response to demyelination.  
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1.3. CNS phagocytes and signaling pathways involved in phagocyte activation 
 

As with any regeneration mechanism, also in remyelination the immune cells play a 

major role. The innate immune cells present in the CNS parenchyma are a type of tissue 

resident macrophages, termed microglia. These professional phagocytes account for 

around 10% of total glial cells, which in homeostasis perform active surveillance of the CNS 

parenchyma, through continuous extension and retraction of their processes (Perry, 1998; 

Prinz and Priller, 2014). They are involved in the regulation of several mechanisms like the 

migration of neural precursors, synaptic pruning, learning and social behavior, as well as 

myelination and OPC maintenance during adulthood (Aarum et al., 2003; Hagemeyer et al., 

2017; Kierdorf and Prinz, 2017; Schafer et al., 2012; Torres et al., 2016). In response to any 

signs of invading pathogens or tissue damage, microglia undergo both morphological and 

functional changes, such as cell body hypertrophy, up-regulation of cell surface activation 

antigens and release of a range of cytokines and chemokines that foster an inflammatory 

response (Fig. 1.3) (Town et al., 2005). Often, together with CNS injury there is infiltration 

of peripheral monocyte-derived macrophages which are technically very challenging to 

distinguish from the CNS tissue resident macrophages, microglia. For this reason, and in a 

simplified way, in this thesis microglia/macrophages are collectively referred to as 

phagocytes, unless specific discrimination is made. Phagocytes have a broad spectrum of 

activation phenotypes, which have been related to either a more protective or more toxic 

action by these cells in the context of several pathologies (Kigerl et al., 2009; Mantovani et 

al., 2004). These cells can be activated by both pathogen-associated molecular patterns 

(PAMPs) and endogenous damage-associated molecular patters (DAMPs). Dependently of 

the stimuli by which they get activated, phagocytes present different cell-surface and 

intracellular markers, release different molecules and acquire different functions (Hu et al., 

2015). On one extreme of the activation spectrum, these cells can present a more pro-

inflammatory phenotype, with the secretion of a range of pro-inflammatory cytokines, such 

as IL-6, IL-1β and TNF-α, as well as the release of reactive oxygen species (ROS). On the 

other extreme, phagocytes are characterized by a rather anti-inflammatory phenotype, with 

the release of anti-inflammatory cytokines, such as IL-10, and are associated to a pro-

resolving, pro-regenerative state (Akhmetzyanova et al., 2019; Lively and Schlichter, 2018).  

As with any cell that is able to become activated in response to a stimulus, phagocytes 

must also be able to deactivate and restore their homeostatic phenotype. Otherwise, if cell 

deactivation is impaired, chronic activation of a cell can lead to its dystrophy, with the cell 

becoming senescent. In this way, the phagocyte is not able to exert its proper role in keeping 

tissue homeostasis anymore and it is likely to foster a chronic inflammatory process instead 
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(Fig. 1.3) (Caldeira et al., 2014; Koellhoffer et al., 2017; Saijo and Glass, 2011; Streit et al., 

2014; van Deursen, 2014; Yu et al., 2012). 

 

 
Figure 1.3 Schematic representation of the different phenotypes CNS phagocytes can 
acquire. In homeostasis, CNS phagocytes are very motile cells, which present a ramified 
morphology and are continuously surveilling the CNS parenchyma. When there is an insult, these 
cells become activated, thereby undergoing both functional and morphological alterations, with 
hypertrophy of the cell body and release of cytokines and chemokines that can range from pro- to 
anti-inflammatory, depending on the stimulus by which they got activated. After the insult is 
neutralized, the phagocytes must be able to deactivate, return to their homeostatic signature and 
move away from the site of injury, thereby leading to resolution of inflammation which is required for 
a pro-regenerative environment. If the phagocytes cannot deactivate and are in a continuous state 
of activation, these cells might become dystrophic and senescent, remaining in the site of injury and 
leading to a chronic inflammatory process. 

 

One of the main functions of phagocytes is exactly to perform phagocytosis of either 

invading pathogens or damaged-derived cellular debris and dead cells. This comprises an 

early component of the innate immune response and it is critical to maintain tissue 

homeostasis. When a particle is recognized by cell surface receptors present in the 

membrane of a phagocyte, and is subsequentially engulfed, it undergoes a process termed 

phagosome maturation. Briefly, this involves the wrapping of the ingested particle in a 

vesicle called phagosome, through actin cytoskeleton remodeling, which goes through a 

series of fusions with progressively acidified endosomes containing different types of 

hydrolytic enzymes, that are required for the progressive degradation of the ingested 

particle. The last step of the phagosome maturation is the fusion of the late phagosome with 

the highly acidic lysosomes, which gives rise to the phagolysosome. Here, together with the 

hydrolytic enzymes, occurs the rapid release of ROS in a phenomenon called oxidative 

burst, which is of major importance for the complete degradation of the internalized particles 

(Fig. 1.4) (Kinchen and Ravichandran, 2008; Levin et al., 2016; Pauwels et al., 2017; 

Slauch, 2011). 
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Figure 1.4 Schematic representation of the phagosome maturation process. The recognition of 
a particle, for instance cellular debris resultant from injury, leads to actin cytoskeleton remodeling of 
the phagocyte in order to internalize the particle in a structure called phagosome. The phagosome 
goes through a series of fusions and fissions with early and late endosomes, becoming progressively 
more acidic, thereby increasing its degradative capacity. Ultimately, the late phagosome fuses with 
lysosomes, transforming into a phagolysosome, where the oxidative burst occurs and leads to the 
complete degradation of the ingested particle. Adapted from (Poirier and Av-Gay, 2012).  
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 Myd88-dependent pro-inflammatory signaling 
 

The consensual model of an acute inflammation says that the initial response after an 

insult is pro-inflammatory and only after, once the trigger insult is neutralized, there is a shift 

to an anti-inflammatory, pro-resolution phenotype (Newcombe et al., 2018). Myeloid 

differentiation primary response 88 (Myd88) is the canonical adaptor protein critical for the 

activation of the pro-inflammatory signaling downstream of one of the most important 

pathways for innate immunity, the Toll-like receptor (TLR) pathway (Deguine and Barton, 

2014). TLRs are a family of pattern recognition receptors (PRRs) and can be activated by 

both exogenous pathogen-derived ligands and endogenous injury-derived ligands, 

including glycolipids, lipoproteins and cell-secreted proteins (Erridge, 2010; Rifkin et al., 

2005; Yu et al., 2010). Once engaged, TLRs (except TLR3) recruit Myd88 protein which 

leads to activation of the IκB kinase (Iκκ) complex. This leads to the phosphorylation of the 

nuclear factor kappa B (NF-κB) inhibitor α (IκBα), thereby triggering its polyubiquitination 

and degradation by the proteasome, leaving the transcription factor NF-κB free to 

translocate to the nucleus. Once in the nucleus, NF-κB activates the transcription of genes 

related to cell proliferation and survival, as well as pro-inflammatory chemokines and 

cytokines, like TNF-α, IL-1β, IL-6, among others (Liu et al., 2017; Ruland, 2011). Because 

if left out of control, chronic activation of an inflammatory cell might cause damage to the 

surrounding tissue, it should be tightly regulated (Dheen et al., 2007). Therefore, NF-κB 

also activates the transcription of its negative regulators, IκBα and the ubiquitin-editing 

enzyme A20. Following protein synthesis, IκBα binds to NF-κB in the nucleus and transports 

it back to the cytoplasm, inhibiting its function. Moreover, A20 deubiquitinates the Iκκ 

complex, leading to its disassembly and termination of the inflammatory response (Fig. 1.5) 

(Ruland, 2011). 
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Figure 1.5 Schematic representation of Myd88-dependent TLR pro-inflammatory signaling. 
Proteins, glycolipids and lipoproteins are examples of ligands that can bind TLRs and activate 
phagocytes. This binding leads to the recruitment of Myd88 adaptor protein which is critical for the 
signaling of the rest of the activation pathway that culminates with the translocation of NF- κB into 
the nucleus thereby activating the transcription of genes related with pro-inflammatory cytokines, as 
well as cell proliferation and survival. NF- κB also activates the transcription of its negative regulators, 
IκBα and A20, which will in turn shutdown the activation pathway.  
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1.4. CNS phagocytes and their role in remyelination 
 

The role of inflammation is to prepare injured tissue for regenerative processes, and 

there is now several evidence that the innate immune response to a demyelinating injury is 

critical to remyelination. For instance, in toxin-induced demyelination models, both ablation 

of macrophages, with systemic treatment of clodronate liposomes, as well as their 

pharmacological inhibition with corticosteroids, have been shown to lead to decreased 

inflammation and impaired remyelination (Chari et al., 2006; Kotter et al., 2001; Kotter et 

al., 2005; Li et al., 2005). Conversely, promotion of inflammation, by stimulation of TLR2, 

was shown to foster myelination by transplanted OPCs (Setzu et al., 2006). In addition, 

being a type of phagocytic cell, CNS phagocytes play a major role in the clearance of myelin 

debris from the demyelinated area (Hadas et al., 2012; Lampron et al., 2015; Natrajan et 

al., 2015; Neumann et al., 2009). This is of major importance since myelin debris have been 

shown to contain inhibitors of oligodendrocyte differentiation, which is suggested to function 

as a way of keeping the pool of progenitor cells from differentiating in the absence of a 

demyelinating injury, which could likely cause their apoptosis (Kotter et al., 2006; Natrajan 

et al., 2015; Plemel et al., 2013; Robinson and Miller, 1999; Syed et al., 2008). The 

clearance of myelin debris involves both their uptake and digestion and when phagocytes 

are not able to clear the ingested myelin debris, due for instance to aging senescence, this 

results in impaired resolution of inflammation which has been correlated with impaired 

remyelination (Cantuti-Castelvetri et al., 2018; Safaiyan et al., 2016). 

Microglia, together with astrocytes, are thought to be the major source of factors 

promoting the proliferation and differentiation of OPCs in response to a demyelinating insult 

(Franklin and Ffrench-Constant, 2008). Indeed, in MS patients, active demyelinating lesions 

with ongoing inflammation, were shown to have the highest numbers of OPCs and better 

remyelination (Franklin and Ffrench-Constant, 2008; Kuhlmann et al., 2008; Miron, 2017). 

The released factors include galectin 3, TGF-β, TNF-α, IL-1β, IGF-1, activin A, hepatocyte 

growth factor (HGF), PDGF-AA and C-X-C motif chemokine ligand 12 (CXCL12) (Arnett et 

al., 2001; Dillenburg et al., 2018; Hinks and Franklin, 2000; Lloyd and Miron, 2019; Mason 

et al., 2001; Pasquini et al., 2011). Furthermore, phagocytes might facilitate OPC 

recruitment by the expression of matrix metalloproteinases, which degrade the extracellular 

matrix components and chondroitin sulfate proteoglycans, that were reported to be 

inhibitors of OPC migration and differentiation (Lloyd and Miron, 2019; Pu et al., 2018). 

It has been shown, both in toxin-mediated and immune-mediated demyelination 

models, that phagocytes which are present in the early stages of lesion formation are 

characterized by a pro-inflammatory phenotype, with predominance of inducible nitric 

oxidase synthase (iNOS) positive cells, and that this phenotype is shifted to a more anti-
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inflammatory one at later stages of lesion progression, at the start of remyelination / lesion 

resolution, with the predominance of arginase-1 (Arg-1) marker (Locatelli et al., 2018; Miron 

et al., 2013). The presence of these different phenotypes throughout the course of 

demyelinating lesions has been further reported both in animal models, as well as in human 

MS lesions (Hammond et al., 2019; Voss et al., 2012). Furthermore, this shift in phagocyte 

phenotypes has been shown to play a major role in promoting oligodendrocyte 

differentiation, without which remyelination was impaired (Miron et al., 2013; Sun et al., 

2017). In this way, the evidence reported so far suggests that phagocytes secrete factors 

essential for the different phases of remyelination, which correlate with the phenotype 

acquired during each phase. This together with their major role in the phagocytosis of myelin 

debris seem to comprise the main functions of the innate immune cells during remyelination 

(Fig. 1.6).  

 

 
Figure 1.6 Schematic representation of the role of CNS phagocytes in remyelination. Following 
a demyelinating insult, OPCs shift from a quiescent state to an activated state, in which they start to 
proliferate and migrate to the site of injury, where they differentiate into mature myelinating 
oligodendrocytes that remyelinate the axon. This process is mediated by phagocytes that become 
activated and clear the myelin debris from the injury site, which are inhibitory for the differentiation of 
mature oligodendrocytes and subsequent remyelination, and also release a range of cytokines and 
chemokines important for the different steps of the remyelination process.  

 

This favorable and critical role of the innate immune-mediated inflammation in 

remyelination is also seen in other different regeneration processes, where depletion of 

macrophages in different models has led to impaired tissue regeneration (Godwin et al., 

2013; Mirza et al., 2009).  
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1.5. Autoimmune / inflammatory demyelinating disorders of the CNS  
 

Demyelinating disorders of the CNS can have causes intrinsic to the oligodendrocytes, 

such as inherited white matter leukodystrophies, or extrinsic to oligodendrocytes, namely in 

their inflammatory environment. Here we focus on the latter, of which the inflammatory 

demyelinating diseases of the CNS include acute disseminated encephalomyelitis, 

neuromyelitis optica disorders (NMOSD) and multiple sclerosis (MS), the latter being the 

most common inflammatory demyelinating disease of the CNS.  

 

  Multiple Sclerosis 
 

MS affects approximately 2.5 million people worldwide. It is the leading cause of non-

traumatic neurological disability in young adults with age between 20-40 years old, affecting 

around 2.3 to 3.5 times more women than men (Harbo et al., 2013; Simone et al., 2000). 

For an unknown reason, it seems to be most prevalent in Nordic countries and in more 

temperate climates (Wade, 2014). Usually the disease starts with a pattern of relapsing and 

remitting episodes (relapsing remitting MS - RRMS) and in about 10-20 years, it develops 

to a progressive course (secondary progressive MS - SPMS). However, it can also develop 

as a continuum of worsening disability from the onset of symptoms, without previous 

relapses or remissions (primary progressive MS - PPMS) (Dobson and Giovannoni, 2019). 

MS has a broad spectrum of symptoms, common to a myriad of other diseases, therefore 

the diagnosis is usually not straightforward from the beginning. Symptoms usually include 

monocular visual loss, ataxia, limb weakness, sensory loss, fatigue, pain and spasms, 

among others (Filippi et al., 2018). The genetic component of MS can only explain very little 

of its cause. In fact, monozygotic twins have only around 30% concordance in disease 

development, implying a significant role for environmental risk factors in disease 

susceptibility (Willer et al., 2003). Nonetheless, a recent large-scale meta-analysis of MS 

genetic data has identified more than 200 variants which are associated significantly with 

MS susceptibility. They report an enrichment of MS related genes in the peripheral innate 

and adaptive immune system, as well as in the CNS resident innate immune cells, microglia 

(Gao, 2019). 

The characteristic pathology of MS is the presence of multifocal lesions which can be 

spread both in space, throughout the CNS (in the white and gray matter of the brain and 

spinal cord), and in time (Reich et al., 2018). The main pathological hallmark of MS is 

demyelination, with lesions being characterized by loss of myelin and oligodendrocytes. 

Neuroaxonal loss, as well as brain atrophy, seems to be secondary, occurring gradually 
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with disease progression (Dendrou et al., 2015). In MS both demyelination and 

remyelination processes are concurrent. Complete remyelination is reported to occur in 

lesions of MS patients (termed shadow plaques); however its efficiency decreases with the 

progression of the disease (Bruck et al., 2003; Lassmann et al., 1997). Another hallmark of 

MS, besides demyelination, is the infiltration of peripheral innate and adaptive immune cells 

into the CNS, as monocyte-derived macrophages, autoreactive T cells and B cells (Filippi 

et al., 2018). However, it seems that peripheral infiltration fades away at later stages of the 

disease independently of therapy, while a CNS-intrinsic chronic inflammatory process is 

driven by cells that have become or are CNS resident, by producing neurotoxic 

inflammatory mediators (cytokines, chemokines and ROS), which can sustain and fuel 

neuroaxonal damage (Fig. 1.7) (Dendrou et al., 2015; Friese and Fugger, 2007; Kutzelnigg 

et al., 2005; Rasmussen et al., 2007).  

 

 
Figure 1.7 Schematic representation of an inflammatory-mediated demyelinating lesion, with 
main focus on the role of phagocytes. Clusters of activated CNS phagocytes can be found in 
normal appearing white matter, in early stages of disease. Peripheral immune cell infiltration is 
present in active lesions, characterized by the extravasation of autoreactive T and B cells and 
monocytes through the blood-brain barrier (BBB), and seems to dissipate at later stages of the 
demyelinating lesion. Astrocytes, together with activated phagocytes, can fuel the inflammatory 
process with the release of soluble inflammatory mediators. In later stages of disease progression, 
chronic active lesions seem to be sustained by persistent activation of CNS resident immune cells. 
Adapted from (Dendrou et al., 2015). 
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Even in what appears to be normal-appearing white matter (NAWM), in early stages of 

the disease, phagocyte numbers and activation are increased, together with reduction of 

myelin and axonal pathology (Beer et al., 2016; Friese and Fugger, 2007; van Horssen et 

al., 2012). Lesion evolution in MS is characterized by a series of phagocyte activation and 

demyelination events which can extend over months to years, and range from pre-

phagocytic to inactive lesions (Stadelmann et al., 2019). Briefly, lesions are reported to 

evolve from a pre-phagocytic stage, where pathology of oligodendrocytes (presenting 

condensed nuclei) and myelin loss starts, and there is the presence of activated 

phagocytes. It then proceeds to an active demyelinating lesion, where there is massive 

infiltration of foamy phagocytes together with active phagocytosis of myelin, infiltration of 

peripheral lymphocytes, as well as a slight reduction on OPCs density, whereas the density 

of oligodendrocytes seems to be close to normal (Bruck et al., 1994; Cui et al., 2013; 

Grajchen et al., 2018). After, lesions may become chronic active or smoldering. These 

lesions are characterized by slow expansion, a rim of activated and foamy phagocytes with 

ingested myelin products, axonal pathology, as well as active demyelination in the 

peripheral rim, opposite to a cellular inactive center (Filippi et al., 2018). Smoldering lesions 

have been found more often in patients with progressive disease, rather than in patients 

with acute or relapsing-remitting disease, and correlate with incomplete remyelination 

(Bramow et al., 2010). The final stage of lesion evolution is called inactive lesion. Here, the 

lesions are characterized by a lack of cellularity (mature oligodendrocytes, phagocytes and 

OPCs), few myelin sheaths and no signs of myelin phagocytosis, as well as variable severity 

of axonal reduction, with the remaining ones being surrounded by astrocyte processes 

which form a glial scar (Stadelmann et al., 2019).  

Despite the hundreds of years of research, there is still no cure, or even highly efficient 

treatment, for inflammatory demyelinating diseases. In order to preserve axonal integrity 

and avoid neurodegeneration, which ultimately lead to the irreversible neurological disability 

seen in patients, strategies to promote remyelination seem to comprise the ultimate 

therapeutic goal. 
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1.6. Current therapies for enhanced remyelination  
 

Even though remyelination occurs in patients with demyelinating diseases, such MS, it 

is often incomplete and eventually fails with disease progression. This failure is thought to 

be mostly due to impairment of oligodendrocyte differentiation, mainly because around 70% 

of demyelinated MS lesions have been found in pathological studies to have rather 

immature oligodendrocytes over terminally differentiated mature cells (Kuhlmann et al., 

2008; Lucchinetti et al., 1999). Based on the knowledge gathered from the research in 

demyelinating injuries so far, strategies to promote remyelination consist mainly of fostering 

myelin debris clearance, increasing the number of OPCs, as well as promoting their 

differentiation (Wooliscroft et al., 2019). For instance, oligodendrocyte differentiation has 

been shown to be negatively regulated by LINGO-1, one component of the Nogo receptor, 

of which mice treated with antibody against LINGO-1 or completely LINGO-1 deficient mice, 

have been reported to have increased remyelination in animal models of demyelination (Mi 

et al., 2007; Zhang et al., 2015). Following these discoveries, an antibody targeting LINGO-

1, opicinumab, has been the first therapy targeting directly remyelination, to reach phase I 

of clinical trials and is being currently evaluated (Kremer et al., 2019; Ruggieri et al., 2017).  

On the other hand, some of  the immunomodulatory therapies currently available 

include the first main drugs in the treatment for MS, the interferon-β therapies, which 

dampen inflammation through suppression of T cell activation and a shift to anti-

inflammatory cytokine production; fingolimod, which keeps lymphocytes in the lymph nodes, 

thereby preventing the infiltration of autoreactive lymphocytes into the CNS; as well as the 

monoclonal antibodies rituximab and ocrelizumab, which lead to depletion of circulating B 

cells by targeting the surface-expressed CD20 molecule, and natalizumab, which prevents 

leukocyte trafficking inside the CNS, by acting as an antagonist of the α4 integrin present 

in the surface of lymphocytes, monocytes and eosinophils (Brandstadter and Katz Sand, 

2017; Jakimovski et al., 2018; Scott, 2011; Yamout et al., 2018).  

However, both the currently in use, or under development, remyelination-directed 

therapy and the immunomodulatory therapies, the latter focusing mainly on inhibiting the 

adaptive immune response and impairing leukocyte trafficking through the brain-blood 

barrier (BBB), seem to only be successful in reducing relapse rates in MS, however fall 

short of halting long-term disease progression. This implies that we might have to re-

evaluate our therapeutic targets and further understand the molecular mechanisms driving 

remyelination failure.  
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1.7. Models of de- and remyelination 
 

Although still no model fully recapitulates a chronic inflammatory demyelinating 

disease, like MS, there are several models that together have shed light onto the 

mechanisms of de- and remyelination and from which currently therapies have emerged.  

 

 Autoimmune / inflammatory models 

 Experimental autoimmune encephalomyelitis (EAE) 
 

EAE mimics some of the pathological events occurring in MS, as infiltration of 

peripheral immune cells into the CNS, demyelination, gliosis and axonal loss. It is induced 

by an active immunization with myelin antigens (MBP - myelin basic protein, PLP - 

proteolipid protein, MOG - myelin oligodendrocyte glycoprotein) given together with a 

bacterial adjuvant (complete Freund’s adjuvant) in order to boost the activation of the 

peripheral immune system, by priming of myelin-specific autoreactive T cells (Glatigny and 

Bettelli, 2018). It generally follows a predictable relapsing-remitting course, leading to an 

ascending paralysis from hind to fore-limbs (Robinson et al., 2014). However, depending 

on the animal strain and antigen used, the animals might develop different disease 

processes. Major drawbacks of this model are the concurrent demyelination and 

remyelination processes, the complex ongoing inflammatory pathogenesis and the fact that 

the localization of the lesions is not possible to be predicted, which make it difficult to study 

independently the mechanisms of remyelination.  

 

 Chemical lesion models  
 

The toxin-induced models of demyelination represent a good alternative for studying 

discrete demyelination and remyelination processes in the absence of a primary adaptive 

immune response. These can be administered systemically, as the cuprizone model, or 

focally, as the ethidium bromide and lysolecithin models. 

 

 Cuprizone 
 

In the cuprizone model, young mice (8-10 weeks age) are fed for up to 6 weeks with a 

diet containing 0.2-0.3% of the copper chelator cuprizone. This results in progressive 
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demyelination through specific death of oligodendrocytes, possibly as a result of 

mitochondrial dysfunction (Faizi et al., 2016). Mice fed with cuprizone present patterns of 

demyelination in the corpus callosum, superior cerebellar peduncles and in the cortex, as 

well as axonal loss and activation of both astrocytes and phagocytes (Gudi et al., 2014; 

Torkildsen et al., 2008). In this model, the BBB remains intact and T-cell activation is mostly 

absent, opposite of what happens in MS and in the EAE model. The course of demyelination 

is complete around 5 weeks after the start of cuprizone diet and remyelination can be 

observed as early as 4 days after cuprizone withdrawal. However, a caveat of this model 

is, for instance, that the toxicity of cuprizone is dependent on the amount of food intake, 

which can vary per mice thereby leading to very high variability in the results obtained. 

 

 Ethidium bromide 
 

Together with the lysolecithin model, the injection of ethidium bromide into the CNS 

white-matter corresponds to a model of focal demyelinating lesion, representing good 

models for the study of isolated processes of remyelination, where the localization and 

timing of the lesion are well known. This model has been widely used in the rat spinal cord 

as model of demyelination and is mainly characterized by loss of both oligodendrocytes and 

astrocytes, while axons seem to remain mainly intact (Bammens et al., 2014). Here, 

inflammation is resolved by 3-4 weeks. However, the mode of action of the ethidium bromide 

is thought to be through its DNA intercalating properties, making it non-specific to 

myelinating cells but rather to all nucleated cell types located in the site of injection 

(Bjelobaba et al., 2018; Blakemore and Franklin, 2008). 

 

 Lysolecithin  
 

Lysolecithin promotes especially damage to myelinating cells. In comparison, it mostly 

spares the other cell types, and lesions remyelinate faster, when compared to the ethidium 

bromide model (Woodruff and Franklin, 1999). Lysolecithin (L-α-Lysophosphatidylcholine) 

is a membrane-dissolving toxin. Usually, it is focally injected as a 1% solution in the white 

matter of rodents, most frequently in the spinal cord and the corpus callosum, but also in 

other areas, as the optic nerve or the caudal cerebellar peduncle (Blakemore and Franklin, 

2008; Hall, 1972). The injection of lysolecithin in the white matter tracts, leads to a rapid 

loss of myelin and great part of the mature oligodendrocytes, together with massive influx 

of phagocytes, leading to a demyelination process which extends through the first 4 days 
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after injection (Cantuti-Castelvetri et al., 2018). In lysolecithin-induced demyelinating 

lesions there is also some degree of axonal loss (Woodruff and Franklin, 1999). Typically, 

remyelination occurs spontaneously between 7 and 21 days after injection; between 3 and 

7 days there is OPC recruitment; and from 7 to 10 days there is oligodendrocyte 

differentiation, with remyelination being maximal between 14 to 21 days after injection  

(Keough et al., 2015; Miron et al., 2013).  

Besides its in vivo application, lysolecithin-mediated demyelination has also been 

adapted to ex vivo organotypic slice cultures (OSC). OSC represent a rather simple model 

to study CNS biological mechanisms, where the 3D cytoarchitecture of the tissue is kept, 

together with intercellular connectivity. Cerebellar slices have been used for investigating 

mechanisms of myelination, demyelination and remyelination, with the advantages of 

keeping all the different stages of both oligodendrocyte maturation and axon myelination, 

since cerebellar slice cultures are prepared when the majority of axons are still not 

myelinated, while preserving an active neuronal network, resembling the in vivo conditions 

(Doussau et al., 2017). Organotypic cerebellar slice cultures (OCSC) are prepared from 

mouse pups, postnatal day 8-12. When the slices are put in culture, myelination occurs in 

the first 7 days in vitro (DIV) (Birgbauer et al., 2004; Thetiot et al., 2019). After myelination 

is complete, lysolecithin was shown to be able to induce reproducible demyelination when 

added to OCSC for a period of 15-16h, with damage of the myelin structure, observed by a 

punctate immunostaining for myelin components, as MBP, MOG and PLP, instead of a 

rather even staining occurring in the absence of the toxin, and eventually an almost 

complete loss of myelin proteins immunostaining, albeit with preserved axonal integrity 

(Birgbauer et al., 2004; Thetiot et al., 2019). Spontaneous remyelination was shown to 

occur, with recovery of MBP, MOG and PLP markers immunostaining, starting as soon as 

2 days after lysolecithin treatment and with detection of fully remyelinated slices 6 days after 

treatment (Birgbauer et al., 2004; Thetiot et al., 2019). 

 

 Zebrafish transgenic models 
 

Zebrafish (Danio rerio) myelination mechanisms are considered representative of 

vertebrate myelination, with myelin structure and myelin-related gene expression being very 

much conserved between zebrafish and mammals (Czopka, 2016; Fang et al., 2014). This 

animal model brings a lot of advantages in comparison to rodents. For instance, they are of 

easy maintenance, produce in very short time at least hundreds of progeny in a single 

mating per week, allowing for large-scale rapid genetic and chemical screens (Vacaru et 

al., 2014). These organisms undergo external fertilization and the transparent embryos are 
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of fast development. In addition, the optically transparent larvae allow for high-resolution 

live imaging experiments in a quite straightforward way. Furthermore, they represent a quite 

useful, fast and not so challenging models for genetic engineering (Preston and Macklin, 

2015). To date, there are numerous reporter lines available to study the most diverse 

biological mechanisms, including myelination and innate immune responses (Auer et al., 

2018; Czopka and Lyons, 2011; Djannatian et al., 2019; Early et al., 2018; Mazzolini et al., 

2020; Novoa and Figueras, 2012; Oosterhof et al., 2018; Tsarouchas et al., 2018). Up to 

two-weeks post fertilization, the zebrafish larvae exhibit almost no markers of adaptive 

immunity, being also a very good model to study specifically innate immune mechanisms 

(Lam et al., 2004). In fact, a lot of insight into the mechanisms of the CNS immune cells, 

microglia, has been gained from studies in zebrafish larvae (Mazaheri et al., 2014; Peri and 

Nusslein-Volhard, 2008; Villani et al., 2019). 

However, there are not many zebrafish models of de- and remyelination available to 

study remyelination mechanisms in vivo. In 2013, the first transgenic model of remyelination 

in zebrafish was generated. In this model, the bacterial nitroreductase enzyme (NTR) was 

expressed specifically in the oligodendrocytes, under the control of the mbp or sox10 

promoter. When the drug metronidazole (MTZ) was added to the medium containing the 

transgenic larvae, NTR converted it into a cytotoxic DNA-cross linking agent leading to rapid 

ablation of around 2/3 of oligodendrocytes and consequent demyelination, within 48h of 

treatment. Remyelination with recovery of myelination and oligodendrocytes is said to occur 

7 - 16 days after withdrawn of the drug (Chung et al., 2013; Karttunen et al., 2017). In this 

model, the innate immune response, orchestrated by macrophages labeled by the reporter 

line Tg(mpeg1:eGFP), was observed to peak at 4 days after MTZ treatment, with 

macrophages observed to contain myelin debris inside, and to progressively fade away in 

the consecutive days (Karttunen et al., 2017). However, a not so appealing feature of this 

model for the study of the role of inflammatory cells in remyelination, is the very modest 

inflammatory response that is instigated and also the fact that complete depletion of the 

oligodendrocyte population is not a characteristic of demyelinating diseases. 
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1.8. Significance of the study and global aims 
 

A better understanding of the molecular mechanisms determining remyelination 

success or failure is required, in order to enable the design of efficient therapeutic 

strategies aiming at promoting long-term regeneration and stop relentless 

demyelinating disease progression. For this and taking into account the already 

reported evidence of the major role that phagocytes play in remyelination, further 

unravelling of the role of the innate immune system in myelin damage and repair is 

needed. 

 

In this study, the major aim was to understand how pro-inflammatory phagocyte 

activation influences the course of a demyelinating lesion, namely: 

 

• In phagocyte influx to and efflux from the lesion site 

• In phagocyte clearance ability of myelin debris (both uptake and digestion) 

• The direct impact in OPCs recruitment, survival and differentiation 

 

To address these questions, our experimental strategy was to generate both under-

activated and overactivated phagocytes, in the context of a lysolecithin-induced focal 

demyelinating lesion.  

The under-activated model consisted in a global Myd88 KO of both zebrafish larvae 

and mice, in which we have performed lysolecithin injections in the spinal cord. Here we 

have also used mice organotypic cerebellar slice cultures, upon treatment with lysolecithin.  

The over-activated model consisted in phagocyte-specific Myd88-constitutively active 

transgenic zebrafish (Tg(mpeg1:myd88-L265P)fh507), in which we have injected lysolecithin 

in the spinal cord, and a phagocyte-specific A20-depleted mice (A20flox/floxCX3CR1CreERT2/wt), 

in which we have injected lysolecithin in the corpus callosum.  
 
 
 

  



 

 
 
 
 
 
 
 
 
 
 

2. Materials and Methods 
 

Part of the materials and methods section here described was published in the manuscript 

Cunha et al., J Exp Med (2020) 217 (5): e20191390.  
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2.1. Zebrafish husbandry 
 

Zebrafish were kept under standard conditions at the DZNE fish facility, in Munich, and 

handled according to local animal welfare regulations. Zebrafish to be raised were kept in 

3.5L tanks with constant water flow and water temperature of ~28°C, pH ~7.6 and 

conductivity ~300μS. The light cycle was 12h light/ 12 h dark (with half-hour of light deeming 

in the morning and in the evening). Adult zebrafish were transferred to individual breeding 

boxes overnight for mating until next day, when the eggs were collected and transferred to 

petri dishes. Fertilized eggs were raised at 28.5°C in E3 medium. When the fish were to be 

raised to adults, 1dpf embryos were sorted by viability and bleached in clutches of 30. After 

bleaching, pronase was added to the fresh E3 medium in order to facilitate the hatching. At 

5dpf, larvae were transferred to 3.5 l tanks and started to be fed, with both powder food and 

artemia. 1-Phenyl-2-thiourea (PTU, Sigma) was added to the petri dish at 1 dpf when the 

larvae were to be used in experiments, in order to prevent pigmentation. At 5dpf, larvae 

were kept in 300ml E3 medium, at 28.5°C, and started to be given powder food, everyday 

once until the experiment was finished. Fish lines used in this work are indicated in Table 

2.1. 

 

2.2. Mouse husbandry 
 

Mice were handled according to local animal welfare regulations and kept under 

standard conditions at the DZNE mouse facility, in Munich. Mice were housed in GreenLine 

IVC GM500 cages enriched with woodchips and a red house. The cages were kept in a 

ventilated rack system, inside rooms with temperature at 20°C-22°C, 45% to 65% relative 

humidity and a light cycle of 12h light/ 12h dark (with half-hour of light deeming in the 

morning and in the evening).  
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2.3. Zebrafish genotyping 
 

Whole larvae and fin clips from adult zebrafish were lysed at 55°C with Proteinase K 

(17mg/ml) and Tris-EDTA buffer, for 4hrs. Inactivation of Proteinase K was done at 65°C 

for 5min. Next, amplification of the genomic DNA was performed using the primers specified 

in Table 2.2 and the product digested with the appropriate restriction enzymes for 2hrs (see 

Table 2.3). PCR products, both undigested and digested, were loaded in a 2% agarose gel, 

and electrophoresis was performed for 50min at 180 V. Gel scanning was performed in a 

BioRad Gel Doc XR+ system. 

 

2.4. Lysolecithin injection in the spinal cord of zebrafish larvae 
 

Larvae at 6dpf were anesthetized in E3 medium by adding tricaine (MS-222, Pharmaq 

Limited) and placed one by one in an agarose mold. After, the majority of the medium was 

removed, and larvae were placed laterally to the injection setup. Using a microscope and a 

Nanoliter 2010 + Micro4 Controller injection setup, larvae were injected in the anterior part 

of the spinal cord, with a glass needle (World Precision Instruments, 504949) previously 

pulled by a DMZ-Universal puller. Needle preparation was as follows: the glass needle was 

completely filled with mineral oil; after, 2000nl of the oil were discarded and 500nl of air 

were pulled inside the needle; next, 900nl of lysolecithin (L-alfa-Lysophosphatidylcholine 

from egg yolk, Sigma) in PBS were withdrawn. The injections were performed at a rate of 

23nl/sec. After injection, larvae were put in 300ml of fresh E3 medium, fed with powder food 

and left at 28.5°C for the remaining time of the experiment (Fig 2.1). 

 

 
Figure 2.1 Schematic representation of the injection protocol for zebrafish larvae. 
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2.5. In vivo confocal imaging of zebrafish larvae 
 

For in vivo confocal live imaging, larvae were immersed in E3 medium with tricaine in 

order to become anesthetized. After, larvae were positioned laterally in 0.8% low melting 

agarose, placed in a glass bottom dish filled with the anesthetic solution (tricaine in E3 

medium). Mounted larvae were imaged using a Leica TCS SP8 confocal laser scanning 

microscope coupled with a climate chamber (set to 28.5°C), with a 20× air or 40× water 

immersion objectives and 488 nm and 552 nm lasers. For lysosomal quantification, 10 μM 

LysoTracker® Red DND-99 dye was added to E3 medium containing the larvae, in a 24-

well plate. The plates were incubated at 28.5°C, for 1 h 30 in the dark. After, the larvae were 

washed with fresh E3 medium 4 times. After imaging, larvae were taken out of the mounting 

agarose and sacrificed. In case imaged larvae resulted from heterozygous in crosses, they 

were at this point lysed and genotyped. 

 

2.6. Image analysis of live imaging experiments in zebrafish 
 

Quantification of myelination, phagocyte infiltration and axons, was determined using 

Fiji software by measuring the total amount of mbp:mCherry-CAAX, mpeg1:eGFP or 

cnt1b:mCherry positive pixels, respectively, using maximum intensity projections and 

assessing in a predefined region of interest (ROI). Huang method was the threshold used 

for these quantifications and the final result corresponds to the percentage of the signal by 

the total ROI measured. NF-κB activation in phagocytes was quantified using the 3D 

surpass view of the software Imaris, through manually thresholding the NF-κB and 

phagocyte channel in every image and generating surfaces of both NF-κB signal and 

phagocytes. The determination of the percentage of co-localized NF-κB surface per total 

amount of phagocytes was performed using the plugin Surface-Surface Coloc of Imaris. 

This method was also used for the quantification of myelin and lysosomes in the 

phagocytes. The number of mature oligodendrocytes was quantified by counting manually 

in the dorsal spinal cord, the amount of mbp:nls-eGFP positive objects in maximum intensity 

projections. The number of OPCs was determined by counting manually in the dorsal spinal 

cord, the number of olig1:nls-mApple positive objects, in maximum intensity projections. 

The threshold method used was IJ-IsoData method. 
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2.7. Quantitative RT-PCR of zebrafish larvae lesions 
 

One hundred lesions were collected per genotype and immediately snap-frozen in dry 

ice, for determination of gene expression. RNeasy Mini Kit (Quiagen) was used to extract 

and isolate RNA, according to the QIAshredder dissociation protocol available. SuperScript 

III First-Strand Synthesis system (Thermofisher) was used to obtain cDNA. Roche 

LightCycler®480 Instrument II Real Time PCR system was used to perform qPCR, using 

PowerUP SYBR Green Master Mix (Thermofisher). Normalization of gene expression was 

performed using the housekeeping gene elf1a and determination of relative fold gene 

expression was done using the DDCt method. Each sample was run in triplicate and the 

experiment performed three times. Primers used are indicated in Table 2.2. 

 

2.8. Microinjection of zebrafish eggs 
 

Site-directed zebrafish transgenesis using phiC31 integrase system was performed as 

previously described (Mosimann et al., 2013).  Embryos from an in-cross of 

Tg(phiC31.attP.2B, -0.8cmlc2:eGFP) and TLF were injected with 1nl injection mix of 

plasmid DNA (mpeg1:cas9/CY) and phiC31 integrase mRNA, at one-cell stage. The 

injection mix was prepared right before injection and contained: 1.5μl of mpeg1:cas9/CY 

DNA plasmid (449.4 ng/μl), 1.5μl of phiC31 integrase mRNA (888.75 ng/μl) and 23μl of 

nuclease-free water. The F0 generation was then outcrossed to wild-type fish and the 

progeny was assessed for stable integration and germline transmission of the 

mpeg1:cas/CY plasmid. 

 

2.9. Intraperitoneal injection of tamoxifen for inducible, conditional KO mice 
 

8 weeks old mice were injected intraperitoneally with 100μl of 10 mg/ml tamoxifen once 

every 24h for 5 consecutive days. Tamoxifen was prepared accordingly to The Jackson 

Laboratory recommendations. Briefly, tamoxifen was dissolved in corn oil to 10mg/ml in a 

tube wrapped in aluminium foil, at 37°C shaking overnight. The day after and until further 

use, tamoxifen was kept in the dark at 4°C. Mice were monitored and weighted every day, 

during the injections period. For assessment of successful Cre/loxP recombination and 

gene knockout, microglia were isolated 5 weeks after tamoxifen injection (time point when 

lesions were analyzed). 
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2.10. Stereotactic injection of lysolecithin in the corpus callosum of mice 
 

10 weeks old mice were anesthetized intraperitoneally with a mixture of Medetomidin 

0.5mg/kg, Midazolam 5.0mg/kg, Fentanyl 0.05mg/kg (MMF), accordingly to the weight of 

the mice. After exposing the skull, the coordinates were defined relative to bregma: ± 1mm 

(X), - 0.1mm (Y), - 1.38mm (Z). A hole was drilled in those coordinates until reaching the 

brain, without damaging it. 1% Lysolecithin (L-alfa-Lysophosphatidylcholine from egg yolk, 

Sigma) in PBS was warmed to 37°C and briefly sonicated. 1% Monastral Blue 3% solution 

filtered and autoclaved was added to the lysolecithin solution in order to track the lesion 

site. The injections were performed using a Nanoliter 2010 + Micro4 Controller injection 

setup, set to inject 1μl of Lysolecithin at a rate of 100 nl/min. The needle was only withdrawn 

2min after the injection finished, to avoid reflux. 0.05 -0.1mg/kg of the analgesic 

Buprenorphine was injected subcutaneously right after surgery. The skin was sutured and 

a mixture of Atipamezole 2.5mg/kg, Flumazenil 0.5mg/kg, Naloxone 1.2mg/kg (AFN) was 

injected subcutaneously as an antagonist of the anesthesia, for the mice to wake up. Mice 

were placed in a 37°C chamber for initial recovery until they wake up. 

 

2.11. Mice tissue preparation for histology 
 

Mice at the appropriate stage of the experiment were anesthetized intraperitoneally 

with MMF and tissues were fixed by transcardial perfusion with 4% PFA in PBS, after 

washing out the blood with ice cold PBS. The brain was isolated and placed immediately in 

4% PFA at 4°C overnight. The day after, the brain was rinsed twice with PBS and placed 

on a 30% sucrose solution in PBS, for two overnights at 4°C. When the brain was completely 

sunk in the sucrose solution, it was transferred to a plastic cube filled with Optimal Cutting 

Temperature compound (OCT). The cube was then transferred to a metal bucket filled with 

isopentane, placed in dry ice, until the OCT froze completely. After, the cube was wrapped 

in aluminium foil and parafilm and stored at -80°C until further processing. Prior to 

sectioning, the brains embedded in OCT were transferred to -20°C for 1h. Then, frozen 

sections of 20μm thickness were coronally cut in a cryostat and mounted on SuperFrost™ 

Plus Microscope Slides (Thermo Scientific). The slides were stored at -20°C until further 

processing.  
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2.12. Immunohistochemistry (IHC) 
 

For IHC, slides were first incubated at 37°C to dry, followed by 3x 10min wash with 

PBS, at room temperature. After, sections were permeabilized with 0.3% Triton 100X in 

PBS, for 10min, followed by 3x 5min wash with PBS, Then, sections were circled with an 

hydrophobic marker and incubated with 1X blocking solution (4X: 2.5% fetal calf serum, 

2.5% bovine serum albumin, 2.5% fish gelatin, PBS), for 1h at room temperature. The 

sections were washed 3x 10min in PBS for 10min and incubated with primary antibody (Iba1 

rabbit, Wako 019-19741  – 1:1000), diluted in staining solution (1:4 of 1X blocking solution, 

in PBS) overnight, at 4°C. the day after, the slides were placed at room temperature for 1h, 

followed by 3x 10min wash with PBS. The sections were then incubated with secondary 

antibody (Alexa 555 goat anti-rabbit, Thermofisher Scientific A-21428, 1:500), diluted in 

staining solution, for 2h, at room temperature. The sections were washed 3x 10min with 

PBS, for 10min and incubated with FluoroMyelin™ Green Fluorescent Myelin Stain 

(Thermofisher Scientific F34651, 1:350 in PBS) for 20min, at room temperature. The 

sections were washed again 3x 10min with PBS, mounted with mowiol mounting medium 

and left to dry before imaging overnight, at room temperature. 

 

2.13. Fluorescent in situ hybridization  
 

Fluorescent in situ hybridization for detection of TNF-α mRNA was performed with the 

commercially available RNAscope® Multiplex Fluorescent Reagent Kit (v2) (Advanced Cell 

Diagnostics, Inc.), accordingly to instructions of the manufacturer. Coronal tissue sections 

of 12μM, containing the lesions, were mounted in SuperFrost Plus slides (Thermo Scientific) 

followed by treatment with hydrogen peroxide and target retrieval. The sections were then 

treated with Protease III at 40°C, for 30min. Next, probe hybridization (TNF-α probe 1:50) 

was achieved at 40°C, for 2h, followed by signal amplification and washing steps. 

Development of fluorescent in situ hybridization signals was performed using the Opal 570 

fluorophore (1:2000), followed by counterstaining with DAPI for 30sec at room temperature. 

The slides were then mounted with ProLong Gold Antifade Mountant. Assay success and 

RNA integrity were checked with a specific probe targeting the housekeeping gene 

cyclophilin B (PPIB). Assessment of the background staining (negative control) was 

performed with a probe specific to the bacterial gene dapB. Imaging was done with a Leica 

TCS SP8 confocal laser scanning microscope, with 40× water immersion objective and 

405nm and 552nm lasers. 
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2.14. Organotypic cerebellar slice culture and demyelination 
 

All steps were performed under sterile conditions, with tools being sterilized by UV 

irradiation prior to use. Postnatal day (P) 8-9 mouse pups Myd88 -/- or C57BL/6J (WT) were 

decapitated using scissors, with one clean cut. Followed brain dissection, the cerebellum 

was placed in ice-cold HBSS (with calcium and magnesium). The cerebella were cut into 

300μm sagittal slices with the McIlwain Tissue Chopper and rapidly placed in ice-cold 

dissection media (15mM HEPES (Gibco), 1× HBSS with calcium and magnesium (Gibco), 

0.57% Glucose 45% (Sigma)). The slices were separated and placed, up to 3, in one insert. 

Previously prepared 6-well plates containing 0.4μM, 30mm diameter cell culture inserts and 

1 ml slice culture media (5% BME with Earle’s salts, 1× GlutaMAX™ 100× (Gibco), 50% 

MEM 10× no glutamine and with Earle’s salts, 0.5% Penicillin/Streptomycin, 0.648% 

Glucose 45%, 25% Horse serum, 7.5% NaHCO3 for pH adjust to ~7.2 and autoclaved 

deionized water), were placed for at least 2h in the incubator (37°C, 5% CO2), before placing 

the slices, in order to oxygenate the media and for acclimatization of the insert membranes. 

Slice culture media was changed right the day after the culture was done and, after that, 

every 3 days. Slice culture demyelination using lysolecithin, was performed as previously 

published (Thetiot et al., 2019). After 7DIV, the cerebellar slices were transferred to fresh 

media containing 0.5mg/ml lysolecithin (L-alfa-Lysophosphatidylcholine from egg yolk, 

Sigma) in PBS, and placed in the incubator for 16h. Fixation of the slices was performed 

with 4% paraformaldehyde (PFA), after being washed with PBS.  

 

2.15. Image analysis of mouse lesions and slice culture experiments 
 

ImageJ/Fiji software was used for automated TNF-α mRNA quantification in mice 

lesions, by using manually thresholded maximum intensity projections and quantifying the 

total area occupied by positive pixels, in the whole field of view. The same method was 

applied for the quantification of BCAS1+ cells in the slice culture experiments, but the 

quantification here was restricted to and normalized to the total area of the cerebellar slice. 

Quantification of the lesion volume and phagocyte infiltration volume, in mice corpus 

callosum lesions, was done by calculating the volume of negative FluoroMyelin and positive 

IBA1 staining, respectively, throughout the lesion, as published previously by the lab 

(Cantuti-Castelvetri et al., 2018). Briefly, areas of the respective lesion staining were 

measured using Fiji software and volume was calculated using the truncated cone formula: 
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, where n equals to the number of sections, r 

corresponds to the radius of the lesion area and d equals the distance of consecutive 

sections. 

 

2.16. Scanning Electron Microscopy  
 

Zebrafish larvae were fixed in a solution of 2.5% glutaraldehyde (EM grade, Science 

Services), 2 mM calcium chloride in 0.05M sodium cacodylate buffer (pH 7.4) placed in a 

microwave (BioWave, Pelco 100W, 450W, 5 cycles). After, they were incubated at 4°C for 

24-48h (Czopka and Lyons, 2011). The spinal cord of 7-8 weeks old mice was dissected 

and fixed by brief immersion in 2% PFA (EM grade, Science Services), 2.5% 

glutaraldehyde, 2mM calcium chloride in 0.1M sodium cacodylate buffer (pH 7.4). After, the 

samples were mounted in 20% gelatin for vibratome sectioning in 0.1M PBS and further 

fixed for 24-48h at 4°C. Both fish and mouse tissue were post fixed in a solution of 2 % 

osmium tetroxide (Science Services), 2mM calcium chloride in 0.1M (mouse) and 0.05M 

(fish) sodium cacodylate and after placed in 2.5% potassium hexacyanoferrate (Sigma) as 

a reducing step. After thiocarbohydrazide (1% in water, Sigma) incubation, the tissue 

samples were contrasted by a solution of 2% aqueous osmium and incubation in 

uranylacetate (1%, EMS), overnight, dehydrated at increasing concentrations of ethanol 

and finally embedded in LX112. For imaging, tissue was sectioned in 100 nm thin sections 

(Leica UC7 ultramicrotome) which were adsorbed onto carbon nanotube tape strips 

(Science Services) (Kubota et al., 2018). The relocation of zebrafish larvae spinal cord 

lesions was done according to anatomical landmarks. The embedded tissue was trimmed 

in 50μm sections and the screening of the lesion site was done in ultrathin sections. Imaging 

of the spinal cord samples was done on a Crossbeam 340 (Zeiss), with images taken at 10 

×10 ×100nm. Image analysis was performed using ImageJ/TrackEM2 software (Cardona 

et al., 2012).  
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2.17. Statistics 
 

Statistics are  specified in each figure legend, according to experiments and were 

performed using GraphPad Prism7. Two-way ANOVA with Tukey’s or Sidak’s multiple 

comparisons test, one-way ANOVA with Tukey’s multiple comparisons test, Kruskal-Wallis 

test with Dunn’s multiple comparisons test or unpaired t test with Welch's correction were 

used, depending on each experiment. All data was tested for normality. *p < 0.05, **p < 

0.01, ***p < 0.001, ****p < 0.0001, n.s. indicates no significance. n = number of animals and 

data are presented as mean ± SEM (standard error of the mean), unless stated differently 

in the respective figure legends.  
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Table 2.1 – List of zebrafish lines used in this study 

Lines Source 
Tg(mpeg1:eGFP) Francesca Peri lab 

Tg(mbp:eGFP-CAAX) Tim Czopka lab 

Tg(mbp:mcherry-CAAX) Tim Czopka lab 

Tg(olig1:nls-mApple) Tim Czopka lab 

Tg(sox10:mRFP) Tim Czopka lab 

Tg(mpeg1:mCherry-F) Georges Lutfalla lab 

Tg(pNF-ΚB:egfp) Yi Feng lab 

myd88hu3568 Annemarie Meijer lab 

cfs1ra/b DKO T.J. van Ham lab 

Tg(mpeg1:myd88-L265P)fh507 Minna Roh-Johnson lab 

 

Table 2.2 – List of zebrafish primers used in this study 

Target gene 5´ - 3’ 
myd88 fwd GAGGCGATTCCAGTAACAGC 

myd88 rev GAAGCGAACAAAGAAAAGCAA 

tnf-a fwd qPCR CTCCATAAGACCCAGGGCAAT 

tnf-a rev qPCR ATGGCAGCCTTGGAAGTGAA 

ef1a fwd qPCR AGCAGCAGCTGAGGAGTGAT 

ef1a rev qPCR GTGGTGGACTTTCCGGAGT 

csf1rb fwd CTTGCTGACAAATCCAGCAG 

csf1rb rev GAGCTAACCGGACAAACTGG 
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Table 2.3 – List of enzymes used for zebrafish genotyping 

Restriction enzyme Target gene Temperature of activity 
(°C) 

Expected bands 
(bp) 

MseI myd88 37 Wt - 300 

Het - 300, 200, 100 

Hom – 200, 100 

MspI csf1rb 37 Wt – 203, 132 

Het – 331, 203, 

132 

Hom - 331 

 

 

Table 2.4 – List of mouse lines used in this study 

Lines Source 
Myd88 Arthur Liesz lab 

A20Fl 

CX3CR1CreERT2 

Hiroaki Honda, Research Institute for Radiation Biology and Medicine 

Steffen Jung lab 

 

 

Table 2.5 – List of mouse primers used in this study 

Target gene 5´ - 3’ 
myd88 fwd GTTGTGTGTGTCCGACCGT 

myd88 rev GTCAGAAACAACCACCACCATGC 

A20Fl fwd CTATCTGTGGTGGACAAAGGCTACTCTCGG 

A20Fl rev GAATCGCCTACCTAGGAATCAGCTGTCCAG 

CreERT2 fwd TATCTTCTATATCTTCAGGCGC 

CreERT2 rev GTGAACGAACCTGGTCGAAATCAG 

 

  



 

 

 
 
 
 
 
 
 
 
 
 

3. Research work 
 
 
Part of the research work here presented was published as a manuscript in Cunha et al., J 

Exp Med (2020) 217 (5): e20191390. 
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3.1. Establishment of a lysolecithin-induced demyelination model in the spinal 
cord of zebrafish larvae 
 

Lysolecithin-induced focal demyelinating lesions have been widely used in rodents. 

However, these models are not yet the most suitable for high-resolution live imaging 

experiments. The optically transparent zebrafish larvae have been extensively used for the 

study of myelin biology and innate immune responses, which are conserved between 

zebrafish and mammals (Almeida et al., 2011; Auer et al., 2018; Czopka and Lyons, 2011; 

Forn-Cuni et al., 2017; Mitchell et al., 2018; Peri and Nusslein-Volhard, 2008; Villani et al., 

2019). We wondered if we could combine the strengths of the lysolecithin model with the 

advantages of zebrafish larvae. For that we have first established the optimal concentration 

of lysolecithin to be injected. We prepared 1%, 10% and 40% solutions of lysolecithin 

dissolved in PBS and injected each in 4, 10 and 100nl volumes in the spinal cord of 6 days 

post fertilization (dpf) larvae, age where spinal cord myelination is reported to be mostly 

completed, and stable, and the differentiation and migration of resident CNS phagocytes 

already took place (Buckley et al., 2010; Herbomel et al., 2001; Rossi et al., 2015). We 

assessed larvae survival, as well as myelination and phagocyte infiltration at 2 days post 

injection (dpi), by using pre-existing reporter lines for visualizing myelin and phagocytes 

(Tg(mbp:mCherry-CAAX) and Tg(mpeg1:eGFP), respectively). We have observed that 4nl 

of 40% lysolecithin in PBS, is the best concentration for inducing a noteworthy focal 

demyelinating lesion with substantial inflammatory response (Fig. 3.1 A – D). 
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Figure 3.1 Establishment of the lysolecithin concentration to be injected in the spinal cord of 
zebrafish larvae. (A) Maximum intensity projections showing myelin in the spinal cord (magenta) 
and phagocytes (cyan), in non-injected and larvae injected with 4nl of PBS or 40% lysolecithin, at 
2dpi. n = 3 larvae. (B) Assessment of larvae survival was performed at 2dpi, in non-injected and 
larvae injected with PBS or lysolecithin in the spinal cord. (C) Myelination was quantified by the total 
amount of mbp:mCherry-CAAX signal in the dorsal spinal cord. (D) The infiltration of phagocytes was 
quantified by the total amount of mpeg1:eGFP signal in the dorsal spinal cord. n = 1-3 larvae. Images 
show lateral views  of the lesion site, dorsal is down and anterior is left. Data are mean ± SEM (error 
bars). Scale bar is 50µm (A). 
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After establishing the right concentration and volume of lysolecithin to be injected, we 

assessed the kinetics of the lesion by looking at myelination and phagocyte infiltration at 6 

hours post injection (hpi), 2, 4 and 7dpi. We observed that the lysolecithin injection leads to 

a reduction of the mbp:mCherry-CAAX signal until 2dpi which is increased from 4dpi. The 

fact that PBS values remain comparable to non-injected larvae shows that this drop in the 

signal was not a consequence of an injury caused by the needle. We further observed that 

there is a rapid recruitment of mpeg1:eGFP phagocytes, with the peak of infiltration at 2dpi 

which is then decreased at 4dpi, contrary to PBS injection in which phagocyte numbers 

return to baseline immediately at 2dpi (Fig. 3.2 A-C). In order to know if remyelination, and 

the subsequent increase in MBP signal, was a result of the generation of new 

oligodendrocytes or if it was performed by the ones that remained in the spinal cord after 

the injection of lysolecithin, we injected larvae that have labeled the nucleus of mature 

oligodendrocytes (Tg(mbp-nls:eGFP-CAAX)), and observed that the injection of lysolecithin 

leads to a reduction in mature oligodendrocyte numbers until 2dpi and that these numbers 

are increased at 4dpi (Fig. 3.2 D and E). To completely characterize the demyelination / 

remyelination kinetics, we also assessed the recruitment of OPCs to the lesion, by looking 

at Tg(olig1-nls:mApple) larvae. We observed that OPCs, normally present in the spinal cord 

of the larvae, are mostly lost immediately after lysolecithin injection, at 6hpi and 1dpi, and 

that new cells are present in the lesion site from 2dpi, with values comparable to non-

injected larvae (Fig. 3.2 F and G).  
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Figure 3.2 Lysolecithin-induced model of spinal cord demyelination in zebrafish larvae. (A) 
Maximum intensity projections showing myelin in the spinal cord (magenta) and phagocytes (cyan), 
in non-injected and lysolecithin-injected larvae, over time. (B) The infiltration of phagocytes was 
quantified by the total amount of mpeg1:eGFP signal in the dorsal spinal cord. (C) Myelination was 
quantified by the total amount of mbp:mCherry-CAAX signal in the dorsal spinal cord. n = 9-12 (6hpi), 
15-16 (2dpi), 13-20 (4dpi), 4-8 (7dpi) larvae. (D) Maximum intensity projections showing the nucleus 
of mature oligodendrocytes (cyan) and the myelinated spinal cord (magenta), in non-injected and 
lysolecithin-injected larvae, over time. (E) Quantification of the mature oligodendrocytes number was 
performed by counting the mbp:nls-eGFP nuclei in the dorsal spinal cord, over time. n = 20-21 (6hpi), 
16-21 (2dpi), 20-22 (4dpi), 12-15 (7dpi) larvae. (F) Maximum intensity projections showing the 
nucleus of OPCs (magenta) and the myelinated spinal cord (cyan), in non-injected and lysolecithin-
injected larvae, over time. (G) Quantification of the number of OPCs number was performed by 
counting the olig1:nls-mApple nuclei in the dorsal spinal cord, over time. n = 8-10 (6 hpi), 12-16 
(1dpi), 16 (2dpi), 17 (3dpi), 16-17 (4dpi) animals. Images show lateral views  of the lesion site, dorsal 
is down and anterior is left. Data are mean ± SEM (error bars); *p < 0.05, **p < 0.01, *** p < 0.001 
and **** p < 0.0001, by 2-way ANOVA, with Tukey’s multiple comparisons test (B, C, E, G). # 
indicates statistical significance when compared to WT (B and C). Scale bars are 50µm (A) and 20µm 
(D and F). 
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Next, we wanted to know whether our model was exclusively targeting myelin and the 

myelinating cells or if it was inducing off-target injury to neurons and the wider tissue. For 

that we have performed lysolecithin injections into double transgenic Tg(mbp:eGFP-CAAX) 

/ Tg(cntn1b:mCherry) to visualize both myelin and axons, respectively. While we have 

observed a ~25% reduction in mbp:eGFP-CAAX signal at 2dpi, the lysolecithin injection 

only led to a ~3% reduction in cntn1b:mCherry signal (Fig. 3.3 A-C). Furthermore, we have 

performed scanning electron microscopy in larvae at 2dpi and 4dpi to further characterize 

the extent of demyelination and remyelination, respectively. At 2dpi, we observe the 

presence of demyelinated axons and myelin fragments, as well as phagocytes engulfing 

myelinated axons, all of which are features of demyelinating lesions. At 4dpi, there are still 

demyelinated axons present, but we could already observe at this time-point axons with 

loose myelin wraps (partially myelinated axons), which are likely to represent remyelinated 

axons (Fig. 3.3 D). In order to further assess the integrity of the neurons in the lesion site, 

we have looked at the axonal morphology in depth and could observe that throughout the 

different lesion stages and independent of the myelin phenotypes, the axons, as well as 

classical features of the nervous system, as synapses, remained morphological intact (Fig. 

3.3 E).  
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Figure 3.3 Axonal integrity is mainly preserved after lysolecithin-induced demyelination. (A) 
Maximum intensity projections showing myelin in the spinal cord (cyan) and axons (magenta), in 
non-injected and lysolecithin-injected larvae, at 2dpi. (B) Myelination was quantified by the total 
amount of mbp:eGFP-CAAX signal in the dorsal spinal cord. (C) Axonal density was quantified by 
the total amount of cntn1b:mCherry signal in the dorsal spinal cord. n = 16-17 larvae. (D) Electron 
microscopy images of serial cross sections of the spinal cord of lysolecithin-injected WT larvae, at 2 
and 4 dpi. (D-a, b, d, e and f) Close-up images of the demyelinating lesion showing myelin debris, at 
2dpi. (D-b, c) Close-up images of the demyelinating lesion showing a phagocyte (cyan) taking up a 
myelinated axon, at 2dpi. (D-c, e) Close-up images of the demyelinating lesion showing phagocytes 
with lysosomes (arrow), at 2dpi. (D-b, d, f, j) Close-up images of the demyelinating lesion showing 
demyelinated axons (star). (continues on the bottom of the next page) 
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It is well known that in a demyelination / remyelination context in rodents, phagocytes 

play an important role in myelin debris phagocytosis and clearance, as well as in the 

secretion of factors said to be necessary for the repair process to initiate (Kotter et al., 2001; 

Kotter et al., 2005; Lampron et al., 2015; Miron et al., 2013). In order to validate our 

zebrafish larvae lysolecithin-induced demyelination model, we have performed injections in 

larvae lacking the colony-stimulating factor 1 receptor a and b (csf1r-/-), in which the CNS 

resident phagocytes (microglia) were previously shown to be almost completely absent 

(Oosterhof et al., 2018). We observed that csf1r mutant larvae show reduced mbp:eGFP-

CAAX signal at 4dpi, when compared to wild-type controls, implying impaired remyelination 

in the absence of CNS phagocytes (Fig. 3.4 A and B). 

 

 
Figure 3.4 CNS phagocytes are important for remyelination after lysolecithin-induced 
demyelination in the spinal cord of zebrafish larvae. (A) Maximum intensity projections showing 
myelin in the spinal cord (cyan), in non-injected and lysolecithin-injected larvae, at 4dpi. (B) 
Myelination was quantified by the total amount of mbp:eGFP-CAAX signal in the dorsal spinal cord. 
n = 8-14 larvae. Images show lateral views  of the lesion site, dorsal is down and anterior is left. Data 
are mean ± SEM (error bars); **p < 0.01, *** p < 0.001 and **** p < 0.0001, by 1-way ANOVA, with 
Tukey’s multiple comparisons test (B). Scale bars are 50µm (A). 

 

Taken all together, we have established a lysolecithin-induced model of spinal cord 

demyelination in zebrafish larvae, in which there is rapid demyelination, with loss of mature 

oligodendrocytes, together with a required influx of phagocytes, followed by recruitment of 

OPCs, generation of new oligodendrocytes, phagocyte efflux and subsequent 

remyelination. 

 
 

Figure 3.3 (continuation) (D-g, h, j, k) Close-up images of the demyelinating lesion showing partially 
myelinated axons (arrow), at 4dpi. (E) Close-up electron microscopy images showing the integrity of 
axons in the different myelinating phenotypes across lesion stages (arrows show synapses). Data 
are mean ± SEM (error bars); p < 0.05, **** p < 0.0001 by 1-way ANOVA, with Tukey’s multiple 
comparisons test (B) or Kruskal-Wallis test, with Dunn’s multiple comparisons test (C). Scale bars 
are 50µm (A), 5µm (D) and 0.5µm (E).  
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3.2. Impaired myelin clearance in myd88 mutant zebrafish larvae 
 

In this study we intended to explore how phagocyte pro-inflammatory activation 

influences the course of a demyelinating lesion. For that, we first started by determining if 

the demyelinating injury induced a pro-inflammatory activation of the recruited phagocytes. 

We have used a previously published reporter line for NF-κB activation, Tg(NF-κb:eGFP), 

and observed that immediately at 6hpi there was a strong induction of NF-κb:eGFP signal 

in the phagocytes recruited to the lesion, which was decreased in the subsequent days, 

meaning that pro-inflammatory NF-κB activation occurred in the early stages of the 

demyelinating injury (Fig. 3.5 A and B) (Kanther et al., 2011). In order to determine the 

impact of phagocyte under-activation in a demyelinating lesion, we have targeted one of the 

major activation pathways essential to innate immunity response: the TLR pathway. As 

seen in the previous sections, most TLRs (with exception of TLR3), when signaled by either 

exogenous PAMPs or endogenous DAMPs, require the recruitment of an adaptor protein 

called Myd88, which is essential to then trigger the rest of the activation pathway which 

culminates with the translocation of NF-κB to the nucleus and the transcription of pro-

inflammatory cytokines. Thus, in order to test if phagocyte under-activation had an impact 

in the regenerative response after demyelination, we have used myd88 mutant larvae. We 

started by validating our model with the previously used NF-κb activation reporter line and 

have observed that although there is an initial activation at 6hpi, this is reduced in 

comparison with wild-type control phagocytes and completely gone by 2dpi, which allowed 

us to use this line as a phagocyte under-activated model (Fig. 3.5 A and B). 
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Figure 3.5 Myd88-dependent pro-inflammatory signaling is triggered early after lysolecithin-
induced demyelination. (A) Maximum intensity projections of the spinal cord lesion showing 
phagocytes (magenta) and NF-κB activation, in lysolecithin-injected larvae, over time. (B) 
Quantification of NF-κB activation in phagocytes was performed by determining the colocalized 
signal of mpeg1:mCherry with NF-κB:eGFP relative to total mpeg1:mCherry signal. n = 9-10 (6hpi), 
7 (2dpi), 10-11 (4dpi) larvae. Images show lateral views  of the lesion site, dorsal is down and anterior 
is left. Data are mean ± SEM (error bars); * p < 0.05, **p < 0.01, and **** p < 0.0001, by 2-way 
ANOVA, with Tukey’s multiple comparisons test (B). # indicates statistical significance when 
compared to WT (B). Scale bars are 50µm (A). 

 

Next, we wondered if phagocytic ability was impaired in myd88 mutants. When we 

looked at wild-type lesions, we observed that at the peak of demyelination, at 2dpi, the 

phagocytes were loaded with intracellular myelin debris and were actively stripping it off 

from axonal tracts (Fig. 3.6 A and supplementary video 1). Phagocytosis of myelin debris 

was not affected in myd88 mutants, since a comparable amount of mpeg1:eGFP 

phagocytes with internalized mbp:mCherry-CAAX, was found at 2dpi, between myd88 -/-

and wild-type larvae. However, when we looked at later stages of the lesion, while wild-type 

phagocytes had largely reduced the amount of phagocytes with internalized myelin debris 

at 4dpi, myd88 mutants revealed similar values between 2 and 4dpi (Fig. 3.6 B and C). 

Since lysosomes are the cell organelles in charge of intracellular degradation, we wondered 

if myd88 mutant phagocytes had impaired lysosomal biogenesis. To label lysosomes we 

have used the extensively used dye LysoTracker, for its high selectivity for acidic organelles 

(Sasaki et al., 2017). We found that lysosomal biogenesis is largely induced in phagocytes 

at 2dpi, in both wild-type and myd88 mutants, consistent with their role in the phagocytosis 

of myelin debris (Fig. 3.6 D-G). However, when we looked at 4dpi, we observed that the 

amount of Lysotracker signal remained high in myd88-/- phagocytes, while wild-type controls 

had reduced the amount of signal inside phagocytes from 2 to 4dpi, implying an 

accumulation of lysosomes in the absence of Myd88 signaling (Fig. 3.6 F and G).  
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Figure 3.6 Myelin degradation is impaired in Myd88 deficient animals. (A) Maximum intensity 
projections of a 2h time-lapse of a lesion showing phagocytes (cyan) and the myelinated spinal cord 
and myelin debris (magenta), in WT larvae, at 2dpi. (B) Maximum intensity projections of spinal cord 
lesions showing phagocytes (cyan) and the myelinated spinal cord and myelin debris (magenta), at 
2 and 4 dpi. (C) Quantification of the ingested myelin debris was performed by determining the 
colocalized signal of mpeg1:eGFP with mbp:mCherry-CAAX relative to total mpeg1:eGFP signal. n 
= 11-15 (2dpi), 15-17 (4dpi) larvae. (D) Maximum intensity projections of spinal cord showing 
phagocytes (cyan) and lysosomes (magenta), in non-injected WT larvae, at 2 and 4dpi. (E) 
Quantification of lysosomes was performed by determining the colocalized signal of mpeg1:eGFP 
with Lysotracker relative to total mpeg1:eGFP signal. n = 6 (2dpi), 10 (4dpi) larvae. (F) Maximum 
intensity projections of spinal cord lesions showing phagocytes (cyan) and lysosomes (magenta), at 
2 and 4 dpi. (G) Quantification of lysosomes was performed by determining the colocalized signal of 
mpeg1:eGFP with Lysotracker relative to total mpeg1:eGFP signal. n = 8-10 (2dpi), 14-25 (4dpi) 
larvae.  (continues on the bottom of the next page) 
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Since there seemed to be an impairment in the degradation of myelin debris with 

accumulation of lysosomes inside myd88 -/- phagocytes, we sought to visualize how 

phagocytes were handling internalized myelin during the degradation process. Because we 

observed that myelin digestion should be taking place from 2 to 4dpi, we have performed 

time-lapse imaging of lesions at 3dpi. We found that the majority of phagocytes present in 

the lesions were highly motile but there were an increased number of amoeboid stationary 

phagocytes in myd88 -/- lesions compared to controls (Fig. 3.6 H and I and supplementary 

videos 2 and 3).  

In order to further understand the mechanisms leading to impaired myelin clearance by 

the phagocytes, we have performed cell culture experiments with wild-type and Myd88-

deficient microglia isolated from mice pups. By assessing the fusion rate of myelin vacuoles 

with either lysosomes or reactive oxygen species (ROS) compartments, both of which we 

observed to be decreased in Myd88 mutants, we have found that phagosome maturation 

was impaired in Myd88-deficient microglia when treated with myelin debris (Cunha et al., 

2020). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 3.6 (continuation) (H) Maximum intensity projections of a 2h time-lapse of lesions showing 
phagocytes (cyan) and the myelinated spinal cord and myelin debris (magenta), at 3dpi. White 
arrows show phagocytes actively moving; yellow arrows show amoeboid phagocytes stationary. (I) 
Quantification of the number of amoeboid stationary phagocytes was determined by counting 
phagocytes that did not move in all frames of the 2h time-lapse. n = 6-7 larvae. Images show lateral 
views  of the lesion site, dorsal is down and anterior is left. Data are mean ± SEM (error bars); * p < 
0.05, **p < 0.01 and n.s corresponds to no significance, by 2-way ANOVA, with Tukey’s multiple 
comparisons test (C) or Sidak’s multiple comparisons test (G), and unpaired t-test with Welch’s 
correction (I). Scale bars are 20µm.  
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3.3. Oligodendrocyte generation and remyelination are impaired after 
lysolecithin-induced demyelination in myd88 mutant animals  
 

Having found that the lack of phagocyte pro-inflammatory activation led to consequent 

impairment in myelin debris degradation, we sought to determine the impact it had in 

remyelination. We have first observed that myd88 mutant zebrafish larvae did not show any 

abnormalities in developmental myelination, by looking at the amount of mbp:mCherry-

CAAX signal, the number of mature oligodendrocytes (mbp:nls-EGFP) and OPCs (olig1:nls-

mApple), in the spinal cord, from 6 to 10dpf (Fig. 3.7 A-G). Also, the number of myelinated 

axons at 6dpf in the dorsal spinal cord was the same between myd88 mutant larvae and 

control larvae, as assessed by scanning electron microscopy (Fig. 3.7 H-I). This was in 

accordance to what happened in mice, since Myd88 -/- mice also did not show any 

differences between the number of myelinated axons in the spinal cord at 7-8 weeks old, 

nor in myelin thickness, as assessed by g-ratio measurements (Fig. 3.7 J-L). 
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Figure 3.7 Myelination is not impaired in the absence of Myd88 signaling. (A) Maximum intensity 
projections showing myelin in the spinal cord (magenta) and phagocytes (cyan), in non-injected 
larvae, over time. (B) Myelination was quantified by the total amount of mbp:mCherry-CAAX signal 
in the dorsal spinal cord. (C) The infiltration of phagocytes was quantified by the total amount of 
mpeg1:eGFP signal in the dorsal spinal cord. n = 15-19 (6hpi), 11-17 (2dpi), 13-17 (4dpi) larvae. (D) 
Maximum intensity projections showing the nucleus of mature oligodendrocytes (cyan) and the 
myelinated spinal cord (magenta), in non-injected larvae, at 4dpi. (E) Quantification of the mature 
oligodendrocytes number was performed by counting the mbp:nls-eGFP nuclei in the dorsal spinal 
cord, in non-injected larvae, at 4dpi. n = 8-10 larvae. (F) Maximum intensity projections showing the 
nucleus of OPCs (magenta) and the myelinated spinal cord (cyan), in non-injected larvae, at 4dpi. 
(G) Quantification of the number of OPCs number was performed by counting the olig1:nls-mApple 
nuclei in the dorsal spinal cord, in non-injected larvae, at 4dpi. n = 5-7 larvae. (H) Electron microscopy 
images of spinal cord cross sections, of non-injected larvae, at 6dpf. (I) Quantification of the number 
of myelinated axons was performed in a representative cross section per larvae. n = 3 larvae. (J) 
Electron microscopy images of spinal cord cross sections, of 2months old non-lesioned mice. (K) 
Quantification of the number of myelinated axons was performed in 2-3 1600µm2 per mice. n = 4 
mice. (L) G-ratios to assess myelin thickness were calculated in 225µm2 per mice. n = 4 mice. 
(continues on the bottom of the next page) 
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Then, we have performed injections in double transgenic Tg(mpeg1:eGFP) / 

Tg(mbp:mCherry-CAAX), in both myd88 mutant and control larvae. We found that while the 

extent of demyelination was the same in Myd88-deficient larvae compared to wild-type, the 

recovery of mbp:mCherry-CAAX signal seen in control larvae at 4dpi, did not occur in myd88 
-/- lesions (Fig. 3.8 A and B). We have also found that the amount of mpeg1:eGFP signal in 

4dpi lesions, was higher in myd88 mutant compared to control animals, implying a delayed 

resolution of inflammation (Fig. 3.8 A and C). In order to further explore the lack of 

mbp:mCherry-CAAX signal recovery in myd88-/- lesions, we have performed injections in 

Tg(mbp:nls-eGFP) and found that there were also less mature oligodendrocytes present in 

the lesions at 4dpi, consistent with impaired remyelination in Myd88-deficient animals (Fig. 

3.8 D and E). We then wondered if this was a consequence of shortage of OPCs in the site 

of injury. By using Tg(olig1:nls-mApple) larvae, we have found that there were also less 

progenitor cells present in the lesions of myd88-/- larvae, at 4dpi (Fig. 3.8 F and G).  

In addition, we have performed lysolecithin injections in the spinal cord of Myd88 -/- 

mice and have observed that also in the mammalian model, the absence of Myd88 signaling 

results in impaired remyelination, with reduced OPCs and pre-myelinating / early 

myelinating oligodendrocytes at the start of remyelination, as well as reduced mature 

oligodendrocyte numbers and remyelinated axons, compared to wild-type controls (Cunha 

et al., 2020). 

 

 

 

 
 

 

 

 

 

 
 

 

 

 

Figure 3.8 (continuation) Images show lateral views  of the spinal cord, dorsal is down and anterior 
is left (A, D and F). Data are mean ± SEM (error bars). Scale bars are 50µm (A), 20µm (D and F), 
1µm (H) and 100µm (J). 
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Figure 3.8 Inflammation resolution and remyelination are impaired in Myd88-deficient larvae. 
(A) Maximum intensity projections showing myelin in the spinal cord (magenta) and phagocytes 
(cyan), in lysolecithin-injected larvae, over time. (B) Myelination was quantified by the total amount 
of mbp:mCherry-CAAX signal in the dorsal spinal cord. (C) The infiltration of phagocytes was 
quantified by the total amount of mpeg1:eGFP signal in the dorsal spinal cord. n = 15-19 (6dpi), 11-
17 (2dpi), 13-17 (4dpi) larvae. (D) Maximum intensity projections showing the nucleus of mature 
oligodendrocytes (cyan) and the myelinated spinal cord (magenta), in lysolecithin-injected larvae, at 
4dpi. (E) Quantification of the mature oligodendrocytes number was performed by counting the 
mbp:nls-eGFP nuclei in the dorsal spinal cord, at 4dpi. n = 7-10 larvae. (F) Maximum intensity 
projections showing the nucleus of OPCs (magenta) and the myelinated spinal cord (cyan), in 
lysolecithin-injected larvae, at 4dpi. (G) Quantification of the number of OPCs number was performed 
by counting the olig1:nls-mApple nuclei in the dorsal spinal cord, at 4dpi. n = 7-8 larvae. Data are 
mean ± SEM (error bars); *p < 0.05 and **** p < 0.0001, by 2-way ANOVA, with Tukey’s multiple 
comparisons test (B, C) and unpaired t-test with Welch’s correction (E and G). Controls WT and 
myd88-/- non-injected larvae represented in Figure 3.7 A-C are included in the statistical analysis of 
B and C. # indicates statistical significance when compared to WT (B and C). Scale bars are 50µm 
(A) and 20µm (D and F). 
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3.4. TNF-α promotes oligodendrocyte generation in the absence of Myd88 
 

Taken together, the lack of Myd88 signaling in a context of focal demyelination seems 

to lead to under-activation of phagocytes, resulting in impaired myelin debris clearance, 

impaired phagocyte efflux from lesions, together with impaired remyelination. These results 

led us to further question which pathways are activated in phagocytes in the presence of 

myelin debris. For this, we have performed proteomic analysis of cultured microglia treated 

with myelin debris, and the differentially expressed proteins between Myd88 -/- and wild-type 

microglia were subsequently taken for pathway analysis. Interestingly, myelin debris 

seemed to trigger the activation of pro-inflammatory pathways in cultured wild-type 

microglia, with TNF-α being one common predicted upstream regulator, identified by 

Ingenuity Pathway Analysis (IPA). Conversely, TNF-α pathway was inhibited in Myd88 -/- 

microglia treated with myelin debris, identifying TNF-α as a candidate cytokine regulator of 

the response to myelin debris (Cunha et al., 2020). In order to validate these results in 

lysolecithin-induced demyelinating lesions, we have performed in situ hybridization 

targeting TNF-α in mice spinal cord lesions, and found that TNF-α transcription was induced 

to a lesser extent in Myd88-/- lesions, compared to wild-type controls (Fig. 3.9 A and B). 

Additionally, by real-time PCR we observed that TNF-α mRNA expression was induced to 

a much higher extent in spinal cord lesions of wild-type larvae compared to myd88 -/- 

mutants (Fig. 3.9 C).  

To determine the source of damage-induced TNF-α expression, we combined the in 

situ hybridization against TNF-α with immunohistochemistry targeting IBA1, in mice spinal 

cord lesions at 4dpi, and observed that ~80% of TNF-α positive cells showed colocalization 

with IBA1 signal (Fig. 3.9 D and E). These results imply a role for phagocyte-induced TNF-

α after a demyelinating injury. These observations raised two questions, on one hand does 

TNF-α have any effect in the degradation of myelin debris by the phagocytes? On the other 

hand, does TNF-α have any effect in the generation of new oligodendrocytes after 

demyelination? To answer the first question, we have again treated cultured microglia with 

myelin debris for 2h, washed myelin away from the cultures, and after, added TNF-α to the 

media, in order to specifically assess its role in the degradation of intracellular myelin debris, 

rather than in its phagocytosis. We found that after 6h of incubation with recombinant TNF-

α, microglia cells had less amount of myelin debris inside compared to controls non-treated 

cells, meaning it enhanced phagocyte degradation of myelin debris (Cunha et al., 2020). 

Next, to answer the second question, we have used organotypic cerebellar slice cultures of 

wild-type and Myd88-deficient mice pups P8-9, and induced demyelination by 16h 

incubation with 0.5mg/ml lysolecithin, a model of demyelination / remyelination previously 

established (Birgbauer et al., 2004; Thetiot et al., 2019). After, we have let the slices recover 
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for 48h with or without the addition of recombinant TNF-α to the slice culture medium, and 

performed immunohistochemistry against BCAS1, in order to determine the amount of pre-

myelinating and early myelinating oligodendrocytes. We have found that wild-type slices 

recovered BCAS1 signal 48h after lysolecithin incubation, but not Myd88 -/- slices. However, 

in the presence of TNF-α in the slice culture medium, we could observe an increase in 

BCAS1 signal in Myd88 -/- slices.  The increase of BCAS1 immunoreactivity in wild-type 

slices was independent of, and not further increased by, the addition of TNF-α (Fig. 3.9 F 

and G). These results suggest that in the absence of Myd88, TNF-α administration after a 

demyelinating insult is able to enhance lesion recovery. 
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Figure 3.9 Recombinant TNF-α was able to rescue the generation of BCAS1+ oligodendrocytes 
in the absence of Myd88. (A) Maximum intensity projections of in situ hybridization performed with 
RNAscope® targeting TNF-α mRNA (yellow) in mice spinal cord lesions, at 4dpi. (B) Quantification 
of TNF-α mRNA in mice spinal cord lesions was performed by determining the total amount of signal 
in the lesions, at 4dpi. n = 4-5 lesions. (C) Quantification of TNF-α mRNA in zebrafish larvae spinal 
cord lesions was performed by quantitative RT-PCR of non-injected and lysolecithin-injected spinal 
cord tissue, at 6hpi. n = 3 independent experiments. (D) Maximum intensity projections of combined 
immunohistochemistry and in situ hybridization targeting Iba1 phagocytes (magenta) and  TNF-α 
mRNA (yellow) in WT mice spinal cord lesions, at 4dpi. (E) Quantification of TNF-α mRNA in 
phagocytes was performed by determining the colocalized signal of Iba1 with TNF-α mRNA relative 
to the total amount of TNF-α mRNA signal, in WT mice spinal cord lesions, at 4dpi. n = 4 lesions. (F) 
Images of OCSCs showing pre-myelinating / early myelinating BCAS1+ oligodendrocytes (magenta), 
0h and 48h after treatment with lysolecithin, with or without TNF-α (100ng/ml) for 48h. (G) 
Quantification of pre-myelinating / early myelinating oligodendrocytes was performed by determining 
the total amount of BCAS1 signal in the slices. n = 9-17 slices. Data are mean ± SEM (error bars); * 
p < 0.05, **p < 0.01 and *** p < 0.001, by unpaired t-test with Welch’s correction (B), 1-way ANOVA 
with Tukey’s multiple comparisons test (C) and 2-way ANOVA with Tukey’s and Sidak’s multiple 
comparisons test (G). Scale bars are 20µm (A and D) and 500µm (F). 
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Taken together, these data point towards a Myd88-dependent induction of TNF-α after 

lysolecithin-induced demyelination, which is able to enhance the phagocytic degradation of 

myelin debris and the generation of pre-myelinating / early myelinating oligodendrocytes. 

To further elucidate the impact of phagocyte-induced TNF-α in remyelination, we sought to 

generate a phagocyte-conditional knockout of TNF-α in zebrafish larvae. For that we have 

generated a mpeg1:Cas9 zebrafish line, by microinjection of a mpeg1:cas9/CY plasmid 

(harboring an α-crystallin:Venus (CY) as a transgenesis lens marker) into one-cell stage 

embryos (Fig. 3.10 A). Site-directed transgenesis into specific pre-determined genomic 

landing sites, has been established as an optimal alternative to random, multicopy Tol2-

mediated transgene integration in various genomic loci. Briefly, the integrase phiC31 

specifically recognizes the sequence of heterotypic binding sites called attB and attP. 

Therefore, the injection of a plasmid containing the attB site together with the mRNA of the 

integrase phiC31, into an organism containing the attP site in a known genomic location, 

results in the recombination of the binding sites and the generation of new attL and attR 

sites which are not recognized by the integrase, thus making the integration of the site-

directed vector irreversible (Mosimann et al., 2013). Hence, we have confirmed successful 

integration of the plasmid through the green fluorescence expression under the control of 

the α-crystalin lens promoter present in the plasmid, and by the presence of the 

recombination sites attL and attR in the injected larvae (Fig. 3.10 B and C). After having 

confirmed the stable integration and germline transmission of the mpeg1:cas9/CY vector, 

we have further crossed this line with the reporter lines Tg(mpeg1:eGFP) and Tg(mbp-

CAAX:mCherry). Therefore, we have now available zebrafish reporter lines that not only 

allow the visualization of phagocytes and myelin, but also, simultaneously, allow us to 

perform phagocyte-specific gene targeting. This, together with our newly established model 

of lysolecithin-induced demyelination in the spinal cord of the zebrafish larvae, represents 

a powerful  tool for rapid assessment of phagocyte-specific functions in remyelination. 
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Figure 3.10 Generation of mpeg1:Cas9 transgenic zebrafish line. (A) Representation of the 
mpeg1:Cas9/CY plasmid vector  injected in the attP-carrier zebrafish embryos at one cell stage. (B) 
Representative fluorescent images of injected larvae showing the positive α-crystallin:Venus (CY) 
lens marker vs. the negative non-injected larvae, at 5dpf. (C) Image of an agarose gel electrophoresis 
showing the presence of recombinant  attL and attR sites in the injected vs. the non-injected larvae 
DNA, at 5dpf. 
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3.5. Early boost of phagocyte pro-inflammatory signaling seems to improve 
remyelination 
 

Collectively, our results suggest that after a lysolecithin-induced demyelinating lesion, 

under-activation of phagocytes, by absence of pro-inflammatory Myd88 signaling, 

compromises remyelination and inflammation resolution, through impaired myelin debris 

degradation and oligodendrogenesis. We then wondered if, conversely, the overactivation 

of phagocytes through over-expression of pro-inflammatory Myd88 signaling, would lead to 

an overall improved lesion recovery, by means of faster inflammation resolution and 

remyelination. For that, we have used double transgenic Tg(mpeg1:eGFP) / 

Tg(mbp:mCherry-CAAX) zebrafish larvae, in which macrophages harbor a mutated version 

of the Myd88 protein (the substitution of a conserved amino acid, L265P), which increases 

Myd88 downstream signal (hereafter called constitutively active Myd88) (Roh-Johnson et 

al., 2017). We found that Myd88 constitutively active phagocytes did not seem to differ in 

their recruitment and infiltration into the site of injury, at 2 days post injection of lysolecithin 

in the spinal cord (Fig. 3.11 A and B). However, when we looked at the amount of 

mbp:mCherry-CAAX signal in the dorsal spinal cord, this seemed to be increased already 

at this time point, in the presence of phagocytes with constitutively active Myd88, compared 

to wild-type controls (Fig. 3.11 A and C).  

 
Figure 3.11 Larvae with Myd88-constitutively active phagocytes seem to have smaller lesions 
compared to controls. (A) Maximum intensity projections showing myelin in the spinal cord 
(magenta) and phagocytes (cyan), in lysolecithin-injected larvae, at 2dpi. (B) The infiltration of 
phagocytes was quantified by the total amount of mpeg1:eGFP signal in the dorsal spinal cord. (C) 
Myelination was quantified by the total amount of mbp:mCherry-CAAX signal in the dorsal spinal 
cord. n = 5-8 larvae. Images show lateral views  of the lesion site, dorsal is down and anterior is left. 
Data are mean ± SEM (error bars). Scale bar is 50µm (A). 
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We then asked if the same was true in a mammalian model. As mentioned in previous 

sections, the ubiquitin-editing enzyme A20 plays a major role in shutting down the NF-κB 

pro-inflammatory pathway, by deubiquitination of the Iκκ complex. Therefore, we have 

induced lysolecithin-mediated demyelination in the corpus callosum of 2 months old 

A20flox/floxCX3CR1CreERT2/wt (A20CX3CR1-KO) mice, in which phagocytes are depleted of the A20 

enzyme after tamoxifen injection, as previously reported (Voet et al., 2018). There was no 

difference in the weight of A20CX3CR1-KO mice, either after tamoxifen injections or in the first 

3 days after lysolecithin injections in the corpus callosum, compared to 

A20flox/floxCX3CR1wt/wt controls (A20FL), implying that phagocyte-specific depletion of A20 did 

not compromise mice health a priori (Fig. 3.12 A and B). Next, we assessed the extent of 

demyelination at 21 days post lesion (dpl), time point where lysolecithin-induced 

demyelinating lesions in the corpus callosum of 2 months old wild-type mice are reported 

to already present robust remyelination (Crawford et al., 2016; Gregg et al., 2007; Jeffery 

and Blakemore, 1995). Notably, we found that A20CX3CR1-KO mice seemed to have smaller 

lesion volumes compared to their littermates, A20FL controls, by analyzing the volume of 

FluoroMyelin-depleted signal in the corpus callosum of lysolecithin-injected animals (Fig. 

3.12 C and D). Furthermore, through analysis of the volume occupied by IBA1 signal, there 

also seemed to be less phagocyte infiltration in A20CX3CR1-KO lesions compared to A20FL 

controls, at 21dpl (Fig. 3.12 C and E). 
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Figure 3.12 Phagocyte-specific A20 depletion in mice seems to result in better remyelination 
and faster inflammation resolution compared to controls. (A) Mice at 2 months were injected 
intraperitoneally with tamoxifen, once per day, for 5 days and weighed. (B) Two weeks after 
tamoxifen injection, mice were injected with lysolecithin in the corpus callosum and weighed before 
the surgery and 3 days after. (C) Images of the corpus callosum lesions showing phagocytes 
(magenta) and myelin (cyan), at 21dpl. (D) Lesion volumes were quantified by the lack of 
FluoroMyelin staining in the corpus callosum. (E) Phagocyte infiltration volume was quantified by 
determining the area occupied by the Iba1 signal throughout the entire lesion. n = 4-5 mice. Data are 
mean ± SEM (error bars). p values were calculated by unpaired t-test with Welch’s correction (D and 
E). Scale bar is 100µm (C). 

 

Altogether, these preliminary results suggest that an early boost of phagocyte-specific 

pro-inflammatory signaling after a lysolecithin-induced focal demyelinating lesion, might 

lead to improved remyelination. 
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MS is the most common inflammation-mediated demyelinating disease of the CNS. 

Regardless of the years of research and the advances made in the development of new 

therapeutics, which significantly improve the exacerbation of symptoms in the acute stages 

of disease, we are still not able to stop its progression and chronicity. This results from the 

fact that we are still unclear about its etiology and we do not fully understand the molecular 

pathology, as well as the complex cellular interactions driving its progression. Phagocytes, 

here referred to microglia and macrophages, have been implicated in the different stages 

of the disease, due to their activation both in the early stages, before peripheral immune 

cell infiltration, as well as in later stages, after peripheral infiltration is no longer observed. 

In this study, we intended to understand the impact of phagocyte pro-inflammatory 

activation in the progression of a focal demyelinating lesion. We have established a new 

toxin-induced focal demyelination model in the spinal cord of zebrafish larvae and, in 

combination with the widely used mice lysolecithin model, found that Myd88-dependent pro-

inflammatory signaling, following a demyelinating insult, is necessary for myelin debris 

clearance, and subsequent inflammation resolution, as well as for oligodendrocyte 

generation and remyelination. We further identified reduced expression of TNF-α in lesions 

of Myd88-deficient animals, and that addition of TNF-α after lysolecithin-induced 

demyelination was able to promote the generation of pre-myelinating / early myelinating 

oligodendrocytes.  

Zebrafish represents an excellent model for dissecting the role of innate immune system 

in myelin repair. In addition to its advantages as a model organism, including the optically 

transparent larvae, which provide a strong tool for high-resolution in vivo live imaging, both 

myelination and inflammation basic mechanisms are conserved between zebrafish and 

mammals (Buckley et al., 2008; Forn-Cuni et al., 2017). We were interested in visualizing 

the in vivo cellular dynamics occurring after a focal demyelinating insult is induced. For that 

we have combined the strengths of the lysolecithin-induced demyelination model in mice 

with the advantages of the zebrafish larvae as a model organism. The kinetics of 

demyelination and remyelination in zebrafish spinal cord, as well as the recruitment of 

phagocytes into the lesion, occurred comparable with what we know from the mammalian 

system, although much faster. After a demyelinating insult, there is an influx of phagocytes 

which peak during demyelination, followed by their efflux correlated with the process of 

remyelination (Jeffery and Blakemore, 1995). Lysolecithin has been used as a focal 

demyelination model in the zebrafish before. In this case, it was used to induce 

demyelination in the optic nerve of adult zebrafish (Munzel et al., 2014). Here, the lesions, 

induced by a lysolecithin-soaked absorbable gelatin foam applied in the optic nerve, were 

characterized by phagocyte infiltration at day 4, demyelination at day 8, phagocyte efflux at 

day 14, an increase in oligodendrocytes at day 21 and full remyelination at day 28. However, 
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this model doesn’t seem to bring any advantages over the mammalian model, since the 

time course seems to be very similar and, since it is performed in an adult zebrafish, it also 

does not take advantage of the optical transparency of the zebrafish larvae, therefore 

meaning that laborious IHC methods also have to be applied. 

Phagocytes get in contact with and start clearing myelin debris the moment they arrive 

at the lesion site. This clearance has been reported to be critical for remyelination, since 

myelin debris were reported to inhibit oligodendrocyte differentiation and subsequent 

remyelination (Kotter et al., 2006; Lampron et al., 2015). CSF1R has been reported to play 

an important role in the development of most tissue-resident phagocytes, namely in their 

viability, proliferation and differentiation, and the lack of it in zebrafish and mice has been 

shown to lead to an absence of microglia (Ginhoux et al., 2010; Oosterhof et al., 2018; 

Stanley and Chitu, 2014). In our newly-established demyelination model, lysolecithin-

induced demyelination in the spinal cord of zebrafish larvae lacking CNS resident 

phagocytes, through the depletion of CSF1R, results in compromised remyelination. This is 

in agreement with previous studies in which depletion of phagocytes has led to impaired 

remyelination, likely due to impaired myelin debris clearance and lack of secretion of pro-

remyelination factors (Kondo et al., 2011; Kotter et al., 2001). Consistently with what we 

know from the mammalian model, concurrent with the peak of phagocyte infiltration 

following demyelination in zebrafish larvae, there was recruitment of OPCs to the site of 

injury, and together with phagocyte efflux there was an increase in MBP signal and in the 

number of mature oligodendrocytes (Jeffery and Blakemore, 1995; Keough et al., 2015; 

Miron et al., 2013; Ousman and David, 2000). Through both confocal and electron 

microscopy, we have observed that axonal damage occurs, although to a minimum extent. 

Nonetheless, essential features of the nervous system, as synapses, are preserved after 

lysolecithin injection in the spinal cord of zebrafish larvae. Also in the mammalian model of 

lysolecithin-induced demyelination, it has been shown that some axons are lost following 

the injection of lysolecithin (Woodruff and Franklin, 1999). Furthermore, in human MS 

lesions, axonal pathology and neuronal loss are also present as a secondary event following 

demyelination (Bitsch et al., 2001; De Stefano et al., 1998; Trapp et al., 1998). In this way, 

our study provides a new model of toxin-mediated demyelination in the spinal cord of 

zebrafish larvae, in which there is a conserved role of phagocytes, together with conserved 

kinetics of cellular dynamics in de- and remyelination, and minimal disruption of axonal 

integrity, comparable to the mammalian system, and from which we were able to acquire 

further insights on phagocyte function in remyelination.  

In our zebrafish larvae model of demyelination, there is an early NF-κB pro-inflammatory 

activation in phagocytes after the demyelinating insult, which is Myd88-dependent. This is 

in agreement with previous studies using the immune-mediated EAE and the lysolecithin-
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mediated models of demyelination in mice, in which phagocytes present in early stages of 

lesion formation are characterized by high expression of iNOS, and at later stages, 

concomitant with the start of remyelination, there is a shift in phagocyte activation 

characterized by high expression of Arg-1 (Locatelli et al., 2018; Miron et al., 2013). One of 

the studies further reports that iNOS+ phagocytes are required for OPC proliferation, and 

that the shift to the latter anti-inflammatory phenotype is necessary for oligodendrocyte 

differentiation and remyelination (Miron et al., 2013). These results suggest that an early 

pro-inflammatory signaling in phagocytes after a demyelinating insult is necessary for 

recruiting the progenitor cells, which will drive remyelination through their differentiation into 

mature oligodendrocytes, if signaled by the late anti-inflammatory phagocytes (Lloyd et al., 

2019; Lloyd and Miron, 2019; Miron and Franklin, 2014). 

Notably, we found that in the absence of Myd88-dependent pro-inflammatory signaling, 

remyelination is impaired, with decreased OPC numbers, as well as mature 

oligodendrocytes and MBP signal, in the lesion site. This could be due to the lack of pro-

remyelination signals, like secreted cytokines and growth factors. In fact, the absence of the 

pro-inflammatory cytokine TNF-α has been shown to lead to impaired remyelination in a 

cuprizone model of demyelination, through reduced OPC proliferation and subsequent 

reduced number of mature oligodendrocytes (Arnett et al., 2001). Accordingly, we have 

found that lesions of Myd88-deficient animals had decreased expression of TNF-α, and that 

the addition of TNF-α into lysolecithin-induced demyelinated ex vivo OCSCs, was able to 

promote the generation of new pre-myelinating / early myelinating oligodendrocytes, in the 

absence of Myd88. This is in contrast with previous reports where inhibition of soluble TNF-

α in a cuprizone model of demyelination in mice is said to improve remyelination, but it is 

rather in line with clinical evidence in which treatment of MS patients with anti-TNF antibody 

has worsened disease progression, by an increase in the gadolinium-enhancing lesions, as 

well as leukocyte numbers and immunoglobulins in their cerebrospinal fluid (Karamita et al., 

2017; van Oosten et al., 1996). Furthermore, treatment of MS patients, mainly relapsing-

remitting MS, with a TNF-receptor fusion protein, lenercept, have shown increased and 

earlier exacerbations, characterized by the occurrence of a new symptom or the 

aggravating of a previous existent one, for at least 24h with no fever, and followed by a 

period of stability lasting 28 days (1999). Additionally, also the lack of the pro-inflammatory 

cytokine IL-1β has been found to lead to a reduced number of mature oligodendrocytes, 

and subsequent compromised remyelination, which was correlated with the lack of IGF-1 

expression and not due to reduced phagocyte infiltration (Mason et al., 2001). Not long 

after, IL-1β was shown to promote the differentiation and maturation of oligodendrocytes, 

as well as their survival, possible through a p38 mitogen-activated protein kinase (MAPK) 

pathway, an important signal transduction pathway for the production of pro-inflammatory 
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cytokines (Vela et al., 2002). Together, these results further support the idea that the initial 

pro-inflammatory signal triggered after a demyelinating insult is critical for the release of 

pro-remyelinating factors, essential for driving a successful remyelination process. 

Our results further show that in the absence of Myd88-dependent pro-inflammatory 

signaling, phagocytes are not able to fully degrade myelin debris, following phagocytosis, 

and that this is parallel with accumulation of lysosomes in Myd88-deficient phagocytes. 

Previous reports, using in vitro cultures of macrophages, have shown that the process of 

phagosome maturation, after phagocytosis of bacteria, is mediated  and induced by Myd88 

signaling, with increased fusion rates of bacteria-containing phagosome and lysosomes, in 

WT rather than Myd88-deficient macrophages, while the kinetics of phagosome maturation 

after internalization of apoptotic cells was the same (Blander and Medzhitov, 2004). This 

raises an interesting hypothesis in which myelin internalization seems to follow the same 

pattern as the defense against an invading pathogen. This could be related to the increased 

complexity of the multilayered, highly lipidic myelin membrane, which might require a strong 

antimicrobial defense in order to fully degrade it. Notably, our proteome analyses of in vitro 

primary microglia cultures, showed that the addition of myelin debris to microglia induces a 

pro-inflammatory response, characterized by upregulation of pathways classically involved 

in pathogen defense, like the INF-γ and TNF-α pathways, which are oppositely regulated in 

the absence of Myd88 signaling. This is in agreement with previous studies, where the 

addition of myelin to phagocytes in vitro, triggers a pro-inflammatory response, 

characterized by secretion of pro-inflammatory cytokines, like TNF-α, as well as nitric oxide 

and increased oxidative burst / ROS production (Liu et al., 2006; van der Laan et al., 1996; 

Wang et al., 2015; Williams et al., 1994).  

It is interesting to think that while phagosome maturation may vary accordingly to 

different stimuli, such as cytokines, being stimulated in order to prevent presentation of self-

peptides and autoimmunity, or delayed for the opposite, an under-activation by the lack of 

pro-inflammatory cytokines within an antigen-presenting cell, as the CNS resident 

phagocytes, might have direct implications in CNS autoimmunity (Pauwels et al., 2017). 

Interestingly, the blockage of TNF-α has been correlated with the onset of MS in more than 

one clinical case, treated with either a TNF-receptor soluble fusion protein, etanercept, or 

with TNF-α monoclonal antibodies, adalimumab and infliximab (Hare et al., 2014; Mohan et 

al., 2001; Sicotte and Voskuhl, 2001; Titelbaum et al., 2005). Notably, our results show that 

treatment of in vitro microglia cultures with TNF-α enhances  the degradation of internalized 

myelin. This is in agreement with a previous study, showing that the same TNF-α blockers 

correlated above with the onset of MS, impaired phagosome maturation in macrophages 

and, conversely, the addition of TNF-α increased the phagosome maturation process of 

internalized mycobacterium tuberculosis (Harris et al., 2008). 
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The enhancement of myelin debris degradation through pro-inflammatory signaling, 

might explain why we observe impaired phagocyte efflux from the lesion site, and 

consequent defective remyelination, in Myd88-deficient animals. In fact, previous results 

from our lab have shown that defective clearance of myelin-derived cholesterol by 

phagocytes, after a demyelinating insult, leads to impaired inflammation resolution and 

compromised remyelination, together with stimulation of the inflammasomes (Cantuti-

Castelvetri et al., 2018). In addition, it has been reported that continuous activation of 

phagocytes leads to their senescence, thereby making them functionally impaired, and our 

lab has also previously shown that increased myelin fragmentation, normally occurring with 

aging, contributes to microglia senescence (Safaiyan et al., 2016; Yu et al., 2012). 

Therefore, it is reasonable that the retention of non-responsive, myelin-loaded phagocytes 

in the site of injury, can prevent the generation of a pro-regenerative environment where 

recruited progenitor cells would be able to differentiate. 

Previous reports have shown that TLR2 is present in oligodendrocytes and that 

inhibiting TLR2 activation increased oligodendrocyte maturation and remyelination, in a 

Myd88-dependent mechanism (Sloane et al., 2010; Wasko et al., 2019). Our results reveal 

that the overall inhibition of pro-inflammatory signaling, through a central inflammatory 

mediator as Myd88, overcomes the effects of TLR2-specific signaling in oligodendrocyte 

maturation, likely due to the lack of signals for OPC recruitment to the lesions, as well as 

their survival during differentiation into mature oligodendrocytes. Consistently with this is a 

previous report, showing that the administration of a TLR2 ligand into the retina of adult 

rats, causing inflammation seen through an increase in macrophages, astrocytes, and 

secreted cytokines, considerably enhances myelination by transplanted OPCs, 

characterized by an increase in MBP+ myelin sheaths (Setzu et al., 2006). Moreover, 

TLR2/4 stimulation, through LPS intraperitoneally injections in mice, was found to increase 

OPC recruitment to ethidium bromide-induced demyelinating lesions, improve myelin debris 

clearance, and enhance the expression of transcripts for myelin-related proteins, PLP and 

MOG (Glezer et al., 2006).  

In line with a key role of innate immune pro-inflammatory activation in remyelination, 

early treatment of mice with mCSF together with an FDA-approved drug, amphotericin B, 

which stimulates phagocyte activation through a TIR-domain-containing adapter-inducing 

INF-β (TRIF) / Myd88-dependent manner, thereby causing an increased production of TNF-

α, resulted in higher number of OPCs in lysolecithin-induced lesions, and a significant 

improvement in remyelination (Doring et al., 2015).   

Remyelination can be observed in many active lesions, mainly in early or acute stages 

of disease progression, and recently it was reported that MS patients with more aggressive 

disease present a substantial increase in oligodendrocyte generation rate (Lassmann et al., 
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1997; Yeung et al., 2019). Although evidently still in need of further experiments, our 

preliminary results with overactivation of pro-inflammatory signaling, through phagocyte-

specific depletion of a critical negative regulator of the NF-κb-mediated activation, the 

deubiquitinase A20, or the constitutively active form of Myd88 in zebrafish larvae, suggest 

a consequent improvement in remyelination. Overactivation of phagocytes is usually related 

to detrimental and damage-inducing effects in several neuropathologies (Block et al., 2007; 

Prinz and Priller, 2014). Accordingly, previous results on the phagocyte-specific depletion 

of A20 in mice have reported to worsen EAE-induced demyelination (Voet et al., 2018). 

However, this contrasting results with our preliminary results might be due to the fact that 

in the EAE model, both demyelination and remyelination processes are concurrent, thus 

making it technically challenging to establish a specific correlation with either of the 

processes. On the other hand, our results are well in line with a previous report on the early 

induction of TLR4 / NF-κB signaling, through the administration of a synthetic TLR4 agonist 

(E6020) at the same time of lysolecithin-induced spinal cord demyelination in mice, which 

was shown to promote early phagocyte activation (based on CD11b immunoreactivity), 

improve myelin debris clearance, increase OPC proliferation and augment the number of 

remyelinated axons (Church et al., 2017). Our model of overactivation in mice consists of 

tamoxifen-inducible Cre-lox recombination, in which it is possible that, with the induction of 

an acute injury and the consequent turnover of myeloid cells, this phenotype is vanished in 

peripheral phagocytes at later stages of lesion evolution (Yona et al., 2013). It has been 

shown that in the absence of any injury, inducible Cre-lox recombination in microglia is 

achieved in ~80% of the cells and it is stable for at least 1 month after tamoxifen injection. 

On the other hand, peripheral phagocytes only show ~40% recombination 1 week after 

tamoxifen injection, which is progressively vanished, with recombination efficacy after 1 

month dropping to  ~10% (Zoller et al., 2018). However, it has been reported that peripheral 

phagocytes are mostly present only in the acute early stages of lysolecithin-induced 

demyelinating lesions and that microglia are the dominant phagocytic cell in these lesions, 

meaning that most of the phagocytes present throughout the course of the demyelinating 

lesion are likely depleted of the A20 enzyme, and thus, prompted to an exacerbated pro-

inflammatory activation (Plemel et al., 2020). Nevertheless, it is conceivable that our model 

might represent only an early boost of pro-inflammatory signaling in phagocytes, rather than 

a persistent pro-inflammatory activation. It is possible that the cellular response to the 

process of myelin degradation, for instance through peroxisome proliferator-activated 

receptor (PPAR) pathway, is enough to counterbalance the increased pro-inflammatory 

signaling caused by A20-depletion, thus preventing a persistent overactivation of the cells 

(Bogie et al., 2013; Boven et al., 2006). Additionally, it is also reasonable that once the 

demyelinating-induced damage signals are neutralized by the phagocytes, the lack of TLR 
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stimuli in these cells also dampens the exacerbated pro-inflammatory signaling, triggered 

either by the A20-depletion in mice or the Myd88 constitutively active form in zebrafish.  

In any case, that immune cell exhaustion, rather than its hyperactivation, may contribute 

to decreased remyelination efficiency, is strongly supported by studies in which old mice 

paired with young mice through parabiosis show enhanced remyelination with increased 

recruitment of phagocytes (Miron et al., 2013; Ruckh et al., 2012). This, together with our 

results, suggests that specific early pro-inflammatory activation in innate immune cells after 

a demyelinating insult in the CNS, is likely necessary to boost a regenerative response, and 

potentially enhance immune cell function in an overwhelmed system. 
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5. Concluding remarks and future 

perspectives 
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A large body of literature suggests that innate immune system hyperactivation in the 

CNS is guilty and causative of the development and fostering of several neurological 

disorders. But is this true or is it, in contrast, that the lack of activation, making the innate 

immune system functionally impaired, drives disease progression? Our study argues that 

lack of phagocyte activation in the CNS may be in the core of white matter pathology. This 

raises awareness and caution to the idea that shutting down all, and in a non-specific way, 

immune cell activation, holds the key to stop inflammatory-mediated disease progression, 

and is very much in line with the fact that current therapies aiming to stop inflammatory-

mediated demyelinating diseases, which dampen peripheral inflammation, are factually not 

successful in ceasing disease progression.  

Inflammation has the purpose of clearing the injured tissue of its harmful insult and 

prepare it for healing and regeneration, being responsible for returning it to a state of 

equilibrium. It is characterized by different phases which, given their existence in a 

temporally coordinated pattern, have different roles and purposes, important for the success 

of the regenerative process. 

Our study underscores the importance of stimulating phagocyte activation in order to 

promote remyelination, following a demyelinating injury. We show that early pro-

inflammatory activation of phagocytes is required to trigger the mechanisms of clearance of 

the ingested myelin debris, and that this is necessary for inflammation resolution, 

characterized by the efflux of phagocytes from the lesion, important to create a pro-

regenerative environment, with the necessary signals for oligodendrocyte survival and 

subsequent remyelination (Fig. 5.1). 

Nevertheless, this study still warrants further investigation in the effect of an early boost 

of pro-inflammatory signaling in myelin clearance and repair. For instance, the activation of 

the A20-depleted / Myd88-constitutively active phagocytes throughout the lesion evolution 

must be assessed, as well as the kinetics of myelin debris clearance and the kinetics of 

OPC recruitment and their differentiation. Additionally, a critical question regarding which 

specific signal(s) trigger phagocyte recruitment to the site of a demyelinating insult in the 

first place, is still to be answered. Therefore, we anticipate our newly established model of 

focal demyelination in the spinal cord of zebrafish larvae, to be a useful tool to, in 

combination with the mammalian model, further unravel the role of the innate immune 

system in myelin damage and repair. This will hopefully contribute to a better understanding 

of the etiology of autoimmune demyelination processes, and so, shed light on to novel 

potential targets for long-term regenerative therapeutics. 
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Figure 5.1 Schematic representation of the main findings of this study. (A) Focal injection of 
lysolecithin in the spinal cord of 6dpf zebrafish larvae, leads to a demyelination process, 
characterized by loss of myelin and mature oligodendrocytes, which extends up to 2dpi; this phase 
is also characterized by a fast infiltration of phagocytes into the lesion site, which peaks at 2dpi, 
together with the recruitment of OPCs; additionally, lysolecithin-induced demyelination triggers an 
early Myd88-dependent NF-κb activation in the recruited phagocytes, which progressively declines 
with lesion evolution. (continues on the bottom of the next page) 
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Figure 5.1 (continuation) This is followed by a phase of spontaneous remyelination observed at 4dpi, 
characterized by generation of new mature oligodendrocytes and recovery of myelin, as well as 
phagocyte efflux from the lesion. (B) After a lysolecithin-induced demyelinating insult, in zebrafish 
larvae and mice, phagocytes lacking Myd88-signaling are normally recruited to the lesion site and 
perform phagocytosis of myelin debris; however, in the absence of Myd88-signaling, the fusion rate 
of lysosome to myelin-containing phagosomes is reduced, compared to wild-type conditions, thereby 
leading to an accumulation of myelin debris and lysosomes inside the phagocytes; the impairment in 
internalized-myelin debris degradation leads to phagocyte retention in the lesions, which in turn is 
associated with reduced number of OPCs, a consequent reduced number of mature 
oligodendrocytes and impaired remyelination. Lack of Myd88-signaling leads to a reduced production 
of TNF-α in the lesions, and treatment of OCSC with TNF-α, after lysolecithin-induced demyelination, 
rescues the generation of pre-myelinating / early myelinating oligodendrocytes. In sum, the results 
obtained in this study imply that lack of phagocyte pro-inflammatory activation, after lysolecithin-
induced demyelination, leads to impaired myelin debris clearance, which in turn leads to impaired 
inflammation resolution; consequently, under-activated phagocytes fail to provide a pro-regenerative 
environment, promoting OPC survival and differentiation, thereby compromising the remyelination 
process. 
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The following supplementary videos can be found online in the original publication: 

 

Pro-inflammatory activation following demyelination is required for myelin 
clearance and oligodendrogenesis 
Maria Inês Cunha*, Minhui Su*, Ludovico Cantuti-Castelvetri, Stephan Mueller, Martina Schifferer, 

Minou Djannatian, Ioannis Alexopoulos, Franziska van der Meer, Anne Winkler, Tjakko van Ham, 
Bettina Schmid, Stefan Lichtenthaler, Christine Stadelmann, and Mikael Simons 

 

J Exp Med (2020) 217 (5): e20191390. 

https://doi.org/10.1084/jem.20191390 
 

 

Video 1 – 2h time-lapse imaging of a spinal cord lesion showing phagocytes (cyan) actively 

stripping-off myelin (magenta) from the axons, at 2dpi. Time interval between frames was 

12min. Scale bar is 20µm. 

 

Video 2 – 2h time-lapse imaging of a spinal cord lesion showing phagocytes (cyan) actively 

moving with ingested myelin debris (magenta), in WT larvae, at 3dpi. Time interval between 

frames was 10min. Scale bar is 20µm. 

 

Video 3 – 2h time-lapse imaging of a spinal cord lesion showing phagocytes (cyan) 

amoeboid and immobile and myelin (magenta), in myd88 -/- larvae, at 3dpi. Time interval 

between frames was 10min. Scale bar is 20µm. 
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