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Lay Summary 

Myelin is a fatty layer which surrounds many neurons in the nervous system. In the 

central nervous system (CNS; brain and spinal cord) myelin is produced by specialised 

cells called oligodendrocytes. Myelin helps axons relay electrical signals faster and 

provides them with nutrition. Loss of myelin (demyelination) is associated with 

damage to neurons, and is seen in many neurological diseases, notably multiple 

sclerosis (MS). Myelin sheaths can be restored, via a process called remyelination, and 

this is thought to protect neurons from damage and improve the health of the patients. 

However, in the later stages of MS, remyelination becomes increasingly inefficient 

and ultimately fails. It is therefore imperative to develop ways to enhance 

remyelination in such patients. In order to do so, we must first have a better 

understanding of how demyelination and remyelination unfold, and what factors affect 

remyelination.  

Our laboratory uses the zebrafish as a model organism to study myelin development, 

damage and regeneration. At the larval stages, zebrafish are transparent, which enables 

us to directly observe phenomena such as interactions between cells and effects of drug 

treatments on cell types of interest. Importantly, zebrafish and humans share much of 

their genetic and cellular makeup, such that any discoveries made in zebrafish are 

likely to be relevant in humans.  

In order to study the processes of demyelination and remyelination, we have developed 

a novel genetically manipulated zebrafish line in which we can selectively kill 

oligodendrocytes with a simple drug treatment, without affecting the overall health of 

the animal. In this system, two-thirds of all oligodendrocytes are deleted over two days. 

This leads to demyelination of two-thirds of neurons in the spinal cord approximately 

one week later. Two weeks after the end of the drug treatment, complete remyelination 

is achieved.  

During the period of demyelination, I observe an increase in microglia and 

macrophages, cells of the innate immune system, in the spinal cord. This is thought to 

help clear away the debris left by damaged myelin, and help bring about the 

regeneration of oligodendrocytes and myelin. In order to further study the role of the 
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immune system in regeneration, I am using mutant zebrafish which lack microglia and 

macrophages.  

Future studies will use the model I have characterised to address important questions 

regarding the effects of demyelination on the health of neurons. Moreover, the model 

can be used in drug screens in which chemical compounds are tested to identify those 

that can improve myelin repair. Such compounds would represent promising 

candidates for drug treatments in diseases such as MS.  
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Abstract 

Myelin is a protective layer wrapped around axons which helps them conduct electrical 

signals rapidly, and provides them with metabolic support. In the central nervous 

system (CNS), myelin is produced by specialised glial cells called oligodendrocytes. 

Loss of myelin (demyelination) is associated with degeneration of axons and many 

neurodegenerative disorders, including multiple sclerosis (MS). The restoration of 

myelin sheaths by remyelination may protect axons and help functional recovery of 

patients, but achieving this requires better understanding of how the process unfolds 

at the cellular level.  

To investigate the processes of de- and remyelination in vivo, I have characterised a 

transgenic zebrafish line in which expression of the bacterial enzyme nitroreductase 

(NTR) is driven under the myelin basic protein promoter, thus in myelinating glia. I 

treat larvae with the NTR substrate metronidazole (Mtz). The reaction between NTR 

and Mtz results in a toxic metabolite which selectively kills NTR-expressing cells. 

The treatment with Mtz consistently ablates two-thirds of oligodendrocytes while not 

harming the animals otherwise. Myelin sheaths continue to deteriorate after the end of 

the treatment, such that seven days later, extensive demyelination is observed by 

electron microscopy. By 16 days after Mtz-treatment, robust recovery has occurred, 

with no discernible axon loss and myelin thickness restored to control levels. At this 

time point, oligodendrocyte numbers have also returned to control levels. During the 

demyelinated phase, I observe a striking increase in microglia and macrophages in the 

spinal cord. 

In order to study the role of the innate immune system in recovery, I used a mutant 

line, irf8-/- which lacks a transcription factor essential for development of microglia 

and macrophages. I am in the process of determining the ability of these mutants to 

regenerate their oligodendrocytes and myelin; preliminary results suggest that they are 

able to restore their myelin sheaths fully, but seem to have a delay in regenerating their 

oligodendrocytes compared to wild-types. 

The model I have established can be used in the future to better understand the 

consequences of demyelination to axon health, as well as chemical screening to 
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identify compounds that could accelerate the remyelination process or enhance the 

thickness of myelin generated during remyelination. Insights arising from such studies 

will be useful in designing strategies to reduce axon loss and improve myelin 

regeneration in demyelinating diseases. 
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1.1 Why myelin is important 

When Aaron Ramsey scored that perfectly timed chip-in goal with the outside of his 

right foot to win the 2014 FA Cup Final for Arsenal, he was able to display that level 

of skill because his motor tracts were myelinated. 

Indeed, myelin is a highly important component of the nervous system. A lipid-rich 

membrane wrapped spirally around axons, myelin is produced by specialised glial cells 

called oligodendrocytes in the central nervous system (CNS) and Schwann cells in 

the peripheral nervous system (PNS). Figure 1 below, adapted from Sherman and 

Brophy (2005), illustrates how an oligodendrocyte wraps myelin around an axon. 

Although originally myelin was thought to function as little more than a static insulator 

of axons, not dissimilar to the plastic coating of electric wires, it is now well 

established that myelin plays a number of crucial roles in the development and function 

of the nervous system.  

 

  

The first well-characterised role for myelin was that of accelerating the velocity of 

electrical conduction by axons (Rushton 1951). Without myelin, the principal way 

axons can increase their conduction velocity is to increase their cross-sectional size 

(calibre). Since nervous systems of animals are encased within bone, it would not be 

possible to increase the calibre of large numbers of axons indefinitely. Myelination of 

axons overcomes this problem by enabling saltatory conduction, whereby the electrical 
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impulse “jumps” (“saltare” being Latin for “to jump”) between segments of myelin, 

known as internodes. The impulse is propagated by the structures between internodes, 

called nodes of Ranvier, which are tightly clustered collections of ion channels and 

other proteins. In this way, saltatory conduction can dramatically increase the 

conduction velocity of the axon (Nave 2010). It could even be argued that this colossal 

increase in conduction speed without the necessity of growing the axons to 

cumbersome sizes is what made the evolution of complex nervous systems possible 

(Nave 2010).  

In addition to enabling saltatory conduction, in recent years it has become abundantly 

clear that oligodendrocytes and Schwann cells actively communicate with axons 

throughout life, and play key roles in the maintenance of axon health and integrity 

(Trapp and Nave 2008). The first evidence that oligodendrocytes may play additional 

roles above and beyond merely wrapping axons came from studies of knockout mice 

lacking key myelin proteins. The first of these was a mouse which had been engineered 

null for proteolipid protein (PLP), a membrane protein thought to stabilise the 

ultrastructure of CNS myelin. These mice develop normally and assemble compact 

myelin of thickness appropriate to the size of the axon (Klugmann et al. 1997). 

However, on further investigation, they were found to display profound axonal 

abnormalities from six to eight weeks of age, with widespread axonal swellings and 

degeneration (Griffiths et al. 1998). These swellings were frequently observed in axons 

wrapped in apparently intact myelin. Notably, similar signs of degeneration were 

absent from shiverer mice, which lack another major myelin protein, myelin basic 

protein (mbp) and never assemble compact myelin sheaths in the first place (Readhead 

and Hood 1990). The authors reasoned that the event of becoming myelinated induces 

in the axon a dependency on support from normal myelinating glia. 

Further evidence for this notion came from a study by Lappe-Siefke et al. (2003), who 

generated a mouse in which the gene encoding 2’,3’-cyclic nucleotide 3’-

phosphodiesrerase (CNP), an enzyme found in mature oligodendrocytes as well as 

non-compacted regions of myelin sheaths was knocked out specifically in 

oligodendrocytes. CNP-null mice exhibited indistinguishable overall myelin protein 

patterns (with the exception of CNP) and lipid composition to wild-type controls, and 
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developed myelin which appeared by electron microscopy to have normal thickness 

and periodicity at 2.5 months of age. However, from four months onwards, the CNP-

null mice began to show ataxia and hindlimb impairments and weight loss. These 

symptoms were associated with axonal swellings filled with microtubules, dense 

bodies, multivesicular bodies and mitochondria. Similar to the PLP-null mouse, many 

axons affected by swelling retained normal-looking myelin sheaths. In neither case 

was prominent loss of axons reported.  

These studies provided compelling evidence that oligodendrocytes are intimately 

involved in maintaining axonal health and integrity over and above their role in 

wrapping myelin around axons.  

In 2012, landmark papers by Fünfschilling et al. (2012) and Lee et al. (2012) delineated 

a key mechanism underlying this glial support of axons. The former found that mature 

oligodendrocytes lacking functional mitochondria were not noticeably affected by this 

deficit, and reasoned that once they have finished myelinating, oligodendrocytes may 

rely principally on the non-mitochondria dependent process glycolysis for their energy 

needs. Glycolysis produces lactate, which was previously known be metabolized by 

neurons  (Pellerin and Magistretti 2012), and was shown to do so in these mice.  This 

observation led the authors to propose an axon-glial metabolic coupling, whereby 

lactate derived from oligodendrocytes is purposely delivered to axons. Lee et al. 

supported this idea by specifying the lactate transporter monocarboxylate transporter 

1 (MCT1) as the mediator of this coupling, and moreover demonstrated that inhibition 

of MCT1 resulted in neuronal death (as well as axonal swellings similar to those 

described previously) in vitro and in vivo. Recently, Saab et al. (2016) reported a 

mechanism by which oligodendrocyte lactate production is controlled by the electrical 

activity of the axon, via NMDA receptor signaling on oligodendrocytes. In this way, 

glycolysis in oligodendrocytes is matched to the needs of the axon and excessive 

lactate production is prevented. 

Thus, the prevailing view now holds that oligodendrocytes actively “feed” axons. It is 

not difficult to accept that such an arrangement is necessary, given that axons are often 

long structures (up to 100cm in the corticospinal tract) and nutritional support from 

the cell body can be debilitatingly slow to transport to the more distal regions (Nave 
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2010). It would therefore be much more efficient for the axons to obtain necessary 

nutrients from the local environment, but the vast majority of the myelinated axon’s 

membrane is, ipso facto, covered by myelin, and thus not in contact with the 

extracellular environment. That oligodendrocytes have been shown to solve that 

problem by providing nutrition to the axons they ensheath is therefore highly intuitive, 

and a perfect illustration of the close relationship between oligodendrocytes and axons 

which is essential to the proper functioning of the CNS (Simons et al. 2014).   

It is also worth noting that as well as providing axons with nutrition, myelination also 

reduces the axon’s energy requirement to propagate action potentials. This is because 

in unmyelinated axons, the maintenance of ion gradients by Na+, K+ -ATPase 

consumes a large proportion of the available ATP, whereas in myelinated axons axon 

ion currents are restricted to 0.5% of the axonal space and thus require far less ATP 

(Nave 2010). This difference in energy needs is reflected in the findings that 

unmyelinated axons typically contain more mitochondria than myelinated axons in 

physiological conditions (Barron et al. 2004) and that increased mitochondrial activity 

is observed in shiverer mice (Andrews et al. 2006).  

 

1.2 Myelin is dynamically regulated throughout life  

It is now well established that myelination in the CNS continues well into adulthood, 

possibly throughout life and moreover, far from being static once formed, myelin is a 

dynamic and malleable structure. This dynamic regulation is powerfully illustrated by 

evidence for experience-mediated plasticity in the white matter (which consists mainly 

of myelinated axons); this is emerging from studies finding increases to white matter 

volume when a new skill such as juggling or a foreign language is acquired (e.g. Scholz 

et al. 2009; Schlegel et al. 2012; Zatorre et al. 2012) or deficits following social 

isolation (Makinodan et al. 2012), which can be reversed following social re-

integration (Liu et al. 2012). Further evidence for experience-based modulation of 

myelination comes from a recent study by Etxeberria et al. (2016) which demonstrated 

that long-term monocular deprivation led to shorter internodes on retinal ganglion cell 
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axons, which they suggested was the underlying cause of reduced conduction velocity 

of the optic nerve they observed.  

What makes the dynamic nature of CNS myelin possible is the presence of 

oligodendrocyte progenitor cells in the adult brain (Nishiyama et al. 2014; Scolding et 

al. 1998). Although it has been known for some time that oligodendrocyte progenitor 

cells (OPCs) are present in the adult mammalian brain (ffrench-Constant et al. 1986; 

Nave and Trapp 2008), only in recent years it has become evident how widespread and 

multifunctional they can be. OPCs account for approximately 5% of all the cells in the 

adult brain (Pringle et al. 1992; Dawson et al. 2003), and are evenly distributed in 

every examined region across the CNS. These cells are identifiable by their expression 

of NG2 and PDGFRα, although their morphologies vary according to brain region 

(Dawson et al. 2003). Furthermore, OPCs continue to give rise to mature 

oligodendrocytes throughout adult life (Rivers et al. 2008), while also maintaining a 

steady population through homeostasis of proliferation, apoptosis and avoiding others 

(Hughes et al. 2013; Kirby et al. 2006) In fact, OPCs proliferate at surprisingly high 

rates even in fully myelinated regions such as the optic nerve in a 4-month old mouse 

(Young et al. 2013), suggesting ongoing myelin sheath remodelling in the adult brain 

by newly generated oligodendrocytes. This provides a possible mechanism for the 

experience-mediated white matter plasticity mentioned above. Indeed, a recent study 

by Yeung et al. (2014) demonstrated ongoing myelination in the adult human brain, 

mediated by de novo generation of new oligodendrocytes (particularly in the prefrontal 

cortex) as well as continued growth of existing mature oligodendrocytes in the corpus 

callosum. Furthermore, an interdisciplinary study by Snaidero et al. (2014), combining 

in vivo imaging and advanced electron microscopy indicated that pre-existing myelin 

sheaths in the adult could be stimulated to grow again upon activation of specific 

signalling pathways.  

Importantly, in recent years, some of the functional roles of the widespread population 

of OPCs in the healthy brain have become clearer. For example, they have been shown 

to play crucial roles in learning new skills. McKenzie et al. (2014) report that not only 

did learning to run on a complex wheel (an apparatus with irregularly spaced rungs) 

stimulate OPC proliferation and differentiation, but prevention of this by conditional 
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knockout of the transcription factor myelin regulatory factor (Myrf) in adult OPCs 

significantly impaired the mice’s ability to master the complex wheel. Strikingly, a 

follow-up study Xiao et al. (2016) revealed that the impairment in the conditional Myrf 

knockout mice was evident as early as 2.5 hours into training on the complex wheel. 

This was mirrored by the finding that training on the complex wheel induced 

production of newly differentiated oligodendrocytes (identified by novel marker 

Enpp6) within approximately 2.5 hours. 

Further support for the notion that the transition of a single oligodendrocyte from 

premyelinating to myelinating status can be very rapid comes from a live imaging 

study by Czopka et al. (2013), who found that from the moment an oligodendrocyte 

extends its first myelin sheath, it has a limited time period of only 5-6 hours in which 

it initiates the formation of all of its future myelin sheaths. This lends credibility to the 

idea that OPC-mediated myelin remodelling can underlie the remarkably plastic 

properties we now know myelin to possess, and underlines the importance of the OPC 

population in responding to a variety of challenges in adult life (Richardson et al. 

2011). 

My PhD project will focus on the response of the OPC population to genetically 

induced oligodendrocyte death and loss of myelin, and explore the ability of this 

population to enable the regeneration of lost myelin.  

 

1.3 Myelin in disease 

Given the multitude of essential functions myelin plays, it is hardly surprising that its 

loss or damage (demyelination) is associated with a number of neurological 

conditions that afflict the CNS and PNS. These range from developmental diseases of 

the CNS such as prenatal periventricular white matter injury, which results from 

vulnerability of immature oligodendrocytes and is a common cause of cerebral palsy 

(Johnston et al. 2006) to leukodystrophies, which comprise a heterogenous group of 

inherited diseases where oligodendrocytes fail to either assemble or maintain myelin, 

resulting in various degrees of disability (Gordon et al. 2014). While leukodystrophies 
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are rare, two of the most commonly studied of them are Pelizaeus-Merzbacher disease 

(PMD) and vanishing white matter disease. The former is caused by mutations to the 

PLP gene which typically results in toxic misfolded proteins, and manifests as various 

degrees of developmental delay, spasticity and intellectual disability (Gordon et al. 

2014). Vanishing white matter disease, on the other hand, is a progressive disorder 

caused by mutations to the housekeeping gene eIF2B which leads to improper 

activation of the unfolded protein response and subsequently oligodendrocyte and 

myelin degeneration, manifesting clinically as severe cerebellar ataxia (Bugiani et al. 

2010).  

More recently, critical myelin deficits have also been identified in neurodegenerative 

diseases of the CNS, such as amyotrophic lateral sclerosis (ALS), where abnormal 

OPC differentiation and reduced myelination were reported both in presymptomatic 

animals in a mouse model of hereditary ALS and post-mortem samples from ALS 

patients (Kang et al. 2013). White matter disorganisation is also reported in pre-

symptomatic and symptomatic Huntington’s disease, as well as a knockin mouse 

model expressing a mutant form of the huntingtin gene (Fennema-Notestine et al. 

2004; Huang et al. 2015). Evidence is also emerging for a role in white matter 

abnormalities in mental health conditions such as schizophrenia (Najjar and Pearlman 

2015) and autism (Deoni et al. 2015). 

Here, however, I will focus on multiple sclerosis (MS), as it is the most prevalent non-

traumatic neurological condition affecting young adults in Europe and North America, 

and moreover has a well-established myelin pathology. It is also important to note that 

several debilitating myelin pathologies exist in the peripheral nervous system, and I 

will address these in the context of Schwann cell biology in Chapter 5.  

 

1.4 Multiple sclerosis  

Multiple sclerosis is a disease which affects about one in 1000 individuals in the UK, 

and 1 in 500 in Scotland (Franklin and ffrench-Constant 2008). Its clinical 

manifestation can vary greatly between patients, but common symptoms include 
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muscle weakness, fatigue, vertigo, ataxia, focal sensory loss, muscle spasms, cognitive 

deterioration and psychiatric disturbances (Love 2006). The clinical picture of MS can 

also change considerably over the course of the disease within the same individual.  

80% of MS patients initially present with a relapsing-remitting disease course, 

(RRMS) whereby episodes of severe clinical disability alternate with periods of 

remission and relative health (Compston and Coles 2008). After an interval, which 

again can vary between individuals but tends to span decades, about 65% of relapsing-

remitting MS patients typically deteriorate into a phase of uninterrupted disease 

progression, (Compston and Coles 2008) termed secondary progressive MS, (SPMS) 

where recovery from relapses is diminished and clinical disability accumulates. In 

contrast to RRMS, about 10-20% of patients experience an unremitting disease course, 

known as primary progressive MS (PPMS) where irreversible neurological deficits 

accumulate from disease onset  (Lassmann 2012; Lassmann et al. 2007). In both of 

these cases, progression typically commences around 40 years of age (Confavreux et 

al. 2000). In addition, during transition from RRMS to SPMS, some patients present 

with new relapses even during continuous clinical deterioration. This variant is 

referred to as relapsing progressive MS (Lublin and Reingold 1996; Lublin et al. 

2014). 

MS affects three times as many women as it does men (Compston 2000), and most 

patients are between 15 and 55 years of age at the time of disease onset (Love 2006). 

The diagnosis is made on the basis of the array of clinical symptoms but is often aided 

by laboratory data such as magnetic resonance imaging (MRI) revealing focal 

abnormalities in white matter (McDonald et al. 2001). 

The heterogenous nature of the clinical profile of MS is reflected in the underlying 

pathology, where MS is characterised by lesions of varied size, shape and number, 

distributed in varied regions in the CNS, typically cerebral cortex, cerebellar white 

matter, brain stem, optic pathways and spinal cord, among others (Love 2006). Several 

different lesion types have been described by pathologists and researchers, but the 

exact nomenclature and subdivisions between lesion types has yet to reach consensus 

between researchers (Lucchinetti et al. 2000; Breij et al. 2008; Dutta and Trapp 2014). 
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However, in broad terms, the lesions can be divided into four main categories 

(Lassmann et al. 2012): 

 Active demyelinating lesions: Highly abundant immune cells, both T 

lymphocytes of the adaptive immune system and macrophages and microglia 

of the innate immune system. Complex architecture, including zones of 

phagocytosis, prephagocytosis and often zones of remyelination. 

 Slowly expanding lesions (also known as chronic active lesions): lesion centre 

is devoid of myelin and shows axon loss. Lesion edge contains microglia and 

macrophages, often with myelin fragments within them 

 Inactive lesions. Devoid of myelin, showing profound axon loss. Infiltrates of 

T cells are rare, and fewer microglia and macrophages are seen than earlier 

lesion types. 

 Remyelinated lesions, “shadow plaques”: Areas of regenerated myelin. Levels 

of inflammation are similar to those in age-matched controls, and axon loss is 

limited. 

The lack of consensus regarding the exact classification of the lesions highlights the 

complexity of the cellular nature of the disease, whereby different lesions contain 

different combinations of adaptive immune cells, innate immune cells, dying 

oligodendrocytes, myelin debris, repaired myelin and intact and degenerating axons. 

Due to the heterogeneity of both the lesions and the patients at different time points, it 

has been challenging to define cause-effect relationships between immune infiltration, 

myelin injury and axon degeneration, and to delineate the cellular correlates for the 

progression of the disease (e.g. Trapp and Nave 2008; Frischer et al. 2009; Lassmann 

et al. 2001).  
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1.5. The role of the immune system in MS 

Although the exact mechanisms of the cause of the disease are still being elucidated, 

the prevailing view of MS aetiology holds, in broad terms, that self-antigens (typically 

myelin components) bound to major histocompatibility complex II (MHCII) antigen-

presenting cells (such as dendritic cells and macrophages) are mistakenly identified as 

being foreign by reactive T cells. These T cells become activated against the presented 

self-antigens, cross the blood-brain barrier and infiltrate the CNS where they attack 

myelin sheaths (Chastain and Miller 2012). Damage is further exacerbated by their 

expression of inflammatory cytokines and reactive oxygen species, as well as 

activation of other immune cells, notably B cells, monocyte-derived macrophages and 

microglia (Münzel et al. 2013). Thus, MS results from an aberrant autoimmune 

response to myelin antigens. Evidence for this autoimmune trigger for disease has 

come from a variety of sources, the chief of which I will outline below. (In this section, 

I will focus predominantly on the role of the adaptive immune system, but I will return 

to discuss the important role of the innate immune system in Section 1.10.1.) 

Perhaps the most compelling evidence for an autoimmune basis for MS derives from 

pathological analyses of MS lesions themselves, in particular those obtained from 

RRMS patients, where peripheral infiltrates containing clonally expanded CD8+ T 

cells and, to a lesser extent, CD4+ T cells are consistently found (e.g. Booss et al. 

1983; Gay et al. 1997; Lucchinetti et al. 2000; Lassmann et al. 2007). In addition, 

macrophages and microglia containing myelin debris are frequently seen in MS lesions 

(Lucchinetti et al. 2000). 

Furthermore, several studies have reported that myelin antigens, including MBP and 

PLP, are present in the cervical lymph nodes of MS patients, contained within 

macrophages  (Fabriek et al. 2005; de Vos et al. 2002). Importantly, the myelin 

antigens were located directly juxtaposed to T cells, suggesting that T cell priming 

against myelin antigens could occur in the lymph nodes (de Vos et al. 2002).  

Some of the early evidence for the role of the immune system in MS came from genetic 

studies. MS has a genetic component: while the risk to the general public in Europe 

and North America is approximately 0.1%, this rises to 2-3% if one has a parent with 
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MS (Compston 1999). Monozygotic twins have a concordance rate of 25%, compared 

to 5% in dizygotic twins (Willer et al. 2003). This familial increase in risk suggests 

that it is possible to inherit a susceptibility to acquire MS.  

From the earliest studies in the 1970s (Jersild et al. 1972) to recent times, the only 

genetic locus consistently associated with MS was that of the major histocompatibility 

complex, (Oksenberg et al. 2004) implying that dysregulation of the immune system 

conferred increased risk of acquiring MS. However, the list of candidate loci has 

expanded exponentially in the last decade, since the sequencing of the human genome 

made it possible to undertake large-scale genome-wide association studies (GWASs). 

As an example, Sawcer et al. (2011) carried out a GWAS involving over 9,000 cases 

of MS patients of a similar ethnic background, and reported 29 novel susceptibility 

loci (albeit all with effect sizes smaller than those associated with MHC). Among 

these, genes that influence T cell proliferation and maturation were disproportionately 

represented. The authors concluded that such an overrepresentation strongly suggests 

that the critical disease mechanisms involve immune dysregulation.  

Thus, while the above is by no means intended as a comprehensive review of the 

evidence that MS involves an autoimmune attack on the CNS, it serves to highlight 

the breadth of investigations which all point to a profound role of the adaptive immune 

system in MS. Indeed, all of the currently available treatments for MS act to suppress 

the activity of the adaptive immune system in one way or another.  

 

1.6. EAE as a tool for developing drug treatments for 

MS 

Instrumental in the development of many current treatments for MS has been the 

widely used animal model known as experimental autoimmune encephalomyelitis 

(EAE; Baxter 2007). In this model, rodents are inoculated with myelin antigens 

(typically parts of myelin oligodendrocyte protein MOG or myelin basic protein MBP) 

which induces an autoimmune attack on the CNS. Although wide variation exists, 

depending on factors such as the specific myelin component chosen, the strain of 
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rodent used, in broad terms EAE induces a relapsing-remitting disease characterized 

by T cell infiltration in the CNS, which results in demyelinated lesions and neuronal 

damage (Robinson et al. 2014). Given the premise that MS is likely driven by an 

autoimmune attack of myelin, numerous researchers have used the broadly similar 

phenotype of EAE to study the cellular and molecular basis of the disease process. 

From such studies, a plethora of factors to alter the course and severity of EAE have 

been identified. Indeed, all currently approved MS treatments have been tested on EAE 

at some point during their development (Kremer et al. 2015).  

In order to illustrate how EAE has been used to discover and test treatments for MS, I 

will briefly describe the development of the drug glatiramer acetate. Glatiramer 

acetate, a random copolymer, was encountered serendipitiously by a group of 

researchers at the Weizmann institute in Israel, investigating the immunological 

properties of synthetic polymers and copolymers which presented with similar amino 

acid structure as MBP. The researchers reasoned that such a polymer should induce 

EAEv, but instead, they found that their polymers were protective against EAE 

(Teitelbaum et al. 1971) The most effective of these was Copolymer 1, now referred 

to as glatiramer acetate; preclinical research showed that, unlike most modifiers of 

EAE, it was capable of ameliorating EAE in several mouse strains, guinea pigs, rabbits 

and two kinds of monkeys (Teitelbaum et al. 1997). The mechanism of action of 

glatiramer acetate was thought to be stimulation of suppressor T cells and inhibition 

of MBP-activated T cells. Clinical trials showed glatiramer acetate to be well tolerated 

(for at least two years) and to moderately but significantly reduce the rate of relapses 

compared to placebo (Bornstein et al. 1987; Johnson et al. 1995;  Johnson et al. 1998). 

The drug became licenced in 1996 in the USA and in 2001 in the EU  (Johnson 2014) 

but studies continued to elucidate its mechanism of action. Reviewed by Aharoni 

(2013), glatiramer acetate ameliorates EAE in a multitude of ways, including 

competition for the binding of antigen presenting cells, antagonism of particular T-cell 

receptors and biasing several classes of immune cells towards anti-inflammatory 

responses.  

Several similarly immunomodulatory drugs are currently in use, and I have 

summarised them in the table below. 
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Table 1.  

    

Drug name What it does Status Does it affect 

disease 

progression? 

Recent reference 

Beta-

interferons 

Inhibits T cell 

proliferation, shifts 

cytokine production 

towards anti-

inflammatory, 

reduces migration of 

immune cells across 

blood brain barrier 

In use in 

UK 

No evidence to 

date 

(Dhib-Jalbut and 

Marks 2010) 

(Ziemssen et al. 

2015) 

Glatiramer 

acetate 

Reduces antigen 

presentation and 

stimulates T cell 

secretion of anti-

inflammatory 

cytokines 

In use in 

UK 

Currently being 

trialled for slowing 

disease 

progression and 

enhancing 

remyelination 

(Aharoni 2013) 

Natalizumab α4 integrin 

antagonist. Prevents 

T cells from 

crossing blood brain 

barrier 

In use in 

UK 

No; clinical trial 

failed to show 

significant effect 

on primary or 

secondary 

endpoints 

(Rudick et al. 2006); 
NCT01416181 

Fingolimod Prevents T cells 

from exiting lymph 

nodes 

In use in 

UK 

Currently being 

trialled for slowing 

disease 

progression 

(Mantia et al. 2016) 

Daclizumab Suppresses T cell 

activity via 

activation of natural 

killer cells 

In trial No evidence to 

date 

(D'Amico et al. 

2015) 

Teriflunomide Pyrimidine 

synthesis inhibitor; 

has anti-

proliferative and 

anti-inflammatory 

effects 

Approved 

by FDA 

and 

European 

Medical 

Agency 

Trials continue to 

test effects on 

relapses and 

disease 

progression 

(He et al. 2016) 

Laquinimod Inhibits T cell 

infiltration within 

CNS 

In trial Currently being 

tested for reducing 

relapses as well as 

(Thöne and Linker 

2016) 
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Thus, EAE has played a role in the development of a variety of the immunomodulatory 

drugs currently available for the treatment of MS. However, as (Vesterinen et al. 2010) 

point out, it is worth noting that many studies using EAE have not been optimally 

designed, for instance commencing drug administration at the same time as EAE 

induction. In such cases, the intervention may lower the severity EAE symptoms by 

preventing the disease from developing fully in the first place, rather than alleviating 

an existing disease. It is not clear how such a drug could be beneficial to patients in 

whom MS has already developed, and regrettably it is not currently possible to identify 

MS patients prior to the onset of the disease. With this in mind, it is imperative to 

always evaluate results from EAE studies with great care (Vesterinen et al. 2010). 

 

 

 

 

 

slowing disease 

progression 

Alemtuzumab Destroys 

lymphocytes 

In use in 

UK 

Currently being 

trialled for slowing 

disease and 

remyelination 

(Willis and 

Robertson 2016) 

 

Dimethyl 

fumarate 

Immunomodulatory; 

exact mode of 

function unknown 

In use in 

UK 

Trial for slowing 

disease and 

remyelination was 

stopped. 

(Linker and 

Haghikia 2016; A. 

Williams 

(pers.comm.) 
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1.7. Current MS treatments do not affect the 

progressive stage of the disease 

The above described immunomodulatory treatments are often successful at reducing 

the rate of relapses during RRMS (Clegg and Bryant 2001). However, the evidence for 

their efficacy in altering disease progression is extremely limited (Vesterinen et al. 

2010) and none of the treatments currently in use are targeted at repairing the damage 

already inflicted (Miron et al. 2011; Williams 2015).  As a result, most patients still 

proceed to the progressive phase of the disease, where immunomodulatory treatments 

have proven ineffective (Vesterinen et al. 2010). Interestingly, one EAE study reported 

that even complete elimination of clinical relapses after only one relapse is insufficient 

to prevent long-term neurodegeneration  (Hampton et al. 2013). 

What, then, causes the progression of clinical disability? In the last few decades, the 

consensus has arisen that the primary cause of disability during the relapsing-remitting 

phase is inflammation and the consequent demyelination, but that in the progressive 

phase, axonal damage is the major cellular substrate for accumulating clinical 

disability (e.g. Kuhlmann et al. 2002; Lassmann et al. 2001; Franklin et al. 2012).  

Axon pathology is observed in both early and late MS lesions, but is found at much 

higher levels in actively demyelinating lesions than chronic inactive demyelinated 

lesions (Ferguson et al. 1997; Trapp et al. 1998; Kornek et al. 2000; Kuhlmann et al. 

2002). This pathology of axons, typically demonstrated as increased staining for 

amyloid precursor protein (APP) or SMI-32, is always concomitant with 

demyelination, evident from reduced myelin staining and appearance of myelin 

particles within macrophages. However, while axon pathology may not be a major 

feature of chronic MS lesions, loss of axons seems to be associated with the 

progressive stage of the disease: a number of longitudinal brain imaging studies in 

humans have revealed significant positive correlations between extent of axon loss and 

scores on the EDSS clinical disability scale (de Stefano et al. 1998; Ge et al. 2000). 

Indeed, using post-mortem tissue from severely disabled (paralysed) patients, Bjartmar 

et al. (2000) demonstrated a mean 68% loss of axons in the spinal cords of MS patients 

compared to healthy controls. In a review in 2012, Lassman and colleagues note that 
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diffuse global tissue injury is more pronounced in progressive than relapsing-remitting 

MS.  

Related to the pathology of demyelinated axons is the common observation of 

increased mitochondrial content within axons in demyelinated lesions (Mahad et al. 

2009; Witte et al. 2009). It is thought that, much like the increased mitochondrial 

content in shiverer mice which lack compact myelin, axons upregulate their 

mitochondria in order to meet the elevated energy needs associated with not being 

myelinated. However, the increased mitochondrial content may not remain adaptive; 

mitochondria dysregulation and damage are associated with axonal degeneration 

(Dutta et al. 2006; Trapp and Stys 2009).   

Bearing in mind the evidence presented in Section 1.1., detailing the pivotal role 

myelin plays in maintaining axonal health and integrity, it is not surprising that 

demyelination in MS lesions can lead to drastic adaptations and ultimately pathology 

and loss of axons. However, very importantly, the reverse logic also holds true – that 

regeneration of myelin may prevent axon damage and loss. Indeed, as alluded to 

above, another prominent feature of post-mortem MS brains is the presence of 

remyelination – that is, the restoration of myelin sheaths onto naked axons. This is 

evident as focal, sharply demarcated areas of lighter myelin staining that surround 

normal-appearing white matter, known as shadow plaques (Lassmann 1983). Evidence 

for remyelination is observed in MS tissue of all ages and disease phases, although 

partial remyelination on the rim of lesions is more common than shadow plaques 

(Prineas and Connell 1979). In some cases, remyelination can be extensive: Patani et 

al. (2007) report that in two patients who had been suffering from MS for over 20 

years, 95% of the lesions examined were fully or partially remyelinated (22% and 

73%, respectively). Crucially, remyelination is associated with a more favourable 

outcome for patients with MS: Patrikios et al. (2006) found that patients who died 

older (i.e. survived longer) had more shadow plaques that those who died younger. 

Furthermore, shadow plaques are associated with minimal axon pathology compared 

to demyelinated lesions (Kornek et al. 2000; Kuhlmann et al. 2002). 

Thus, remyelination appears to have protective effects on the axons and be associated 

with an improved outcome for the patients. This stands to reason, given that 
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remyelination presumably restores saltatory conduction as well as the 

oligodendrocyte-mediated nutritional support to axons. In addition, being ensheathed 

in myelin likely protects axons from bystander immune mediated damage (Patani et 

al. 2007). In this way, remyelination is considered a highly desirable outcome for MS 

patients, and promoting this endogenous process presents an attractive therapeutic goal 

alongside existing immunomodulatory therapies.  

Remyelination restores compact myelin to axons, but does not achieve the relationship 

between axon circumference and myelin circumference (g ratio) that is normally 

observed; newly generated myelin sheaths are thinner than those seen on never-

demyelinated axons (Blakemore 1974). Another well-known feature of remyelination 

is that the newly generated internodes tend to be shorter than those found in controls 

(Blakemore and Murray 1981). The mechanistic basis for these differences remain to 

be understood, but in any case they do not seem to prevent remyelination from 

restoring normal conduction velocity to axons (Smith et al. 1979 – discussed in greater 

detail below).  

Remyelination, like developmental myelination, can be carried out by 

oligodendrocytes. Remyelination is thought to occur via de novo differentiation of 

oligodendrocytes, rather than regrowth of myelin from pre-existing oligodendrocytes. 

This is based on the findings that mature oligodendrocytes do not seem capable of 

generating new myelin sheaths (Crawford et al. 2016), although the possibility that 

oligodendrocytes could exhibit unexpected behaviours in pathological circumstances 

cannot yet be categorically ruled out.  

Remyelination is made possible by the presence of oligodendrocyte progenitor cells in 

the adult CNS. As detailed above in Section 1.2., OPCs are a highly active population, 

distributed across the brain (Dawson et al. 2003) and capable of giving rise to new 

oligodendrocytes throughout life (Rivers et al. 2008). In fact, numerous studies have 

reported finding OPCs present either within or close by demyelinating MS lesions 

(Scolding et al. 1998; Wolswijk 2002; Maeda et al. 2001; Chang et al. 2002). 

Furthermore, a fate-mapping study in an experimental model of demyelination 

specified that the newly arising oligodendrocytes indeed derive from OPCs (Zawadzka 

et al. 2010). Intriguingly, the same study also showed that OPCs can also give rise to 
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myelinating Schwann cells. In the healthy nervous system, Schwann cells are normally 

associated with myelinating peripheral nerves, but they have previously been shown 

to also carry out remyelination in the CNS of MS patients and EAE mice (Snyder et 

al. 1975; Itoyama et al. 1983).  

Thus, the adult CNS demonstrably possesses the capacity for remyelination. However, 

remyelination tends to become increasingly inefficient in MS patients as the disease 

progresses (Goldschmidt et al. 2009) which is thought to directly contribute to the 

progressive loss of axons and accumulating clinical disability, as discussed above. The 

reasons for the failure of remyelination over time are likely to be manifold and involve 

a complex interplay between the OPCs and the lesion environment (Franklin 2002). It 

is of the utmost importance to understand why remyelination fails in MS, if we are to 

overcome this failure and promote remyelination as a therapy (Franklin and ffrench-

Constant 2008). However, it is extremely difficult to extrapolate clear conclusions 

using information from MS lesions alone, owing to their heterogenous nature and the 

multitude of cell types found within them (T cells, macrophages, microglia, astrocytes, 

oligodendrocytes, OPCs, axons). MS lesions constitute a snapshot representing a 

single time point, with no certainty as to how old the lesion is or in what order the cell 

types found within it arrived and how the cellular composition of the lesion may have 

changed over time. This makes it extremely difficult to disentangle the effects that the 

cell types may have on one another, or what cell type might be prominent in what 

phase of disease (demyelination or remyelination).  

Similarly, EAE is not an ideal system for detailed studies on how remyelination occurs 

and fails, since demyelination and remyelination often occur simultaneously, and 

always against a backdrop of vicious inflammation (Dubois-Dalcq et al. 2005). This 

makes it very difficult to determine whether any given therapy acts by lessening 

demyelination, rendering the lesion environment less hostile to remyelination, or 

genuinely enhances the process of remyelination. Moreover, the widespread presence 

of the induced inflammation in EAE can mask any beneficial effects of the innate 

immune system, potentially giving rise to mistaken conclusions that inflammation is 

purely destructive to myelin (McMurran et al. 2016). 
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Finally, many observers have reported that the hyperactive inflammation associated 

with EAE can directly injure axons even in the absence of demyelination (Nikić et al. 

2011). Although it is possible that such injury occurs in MS as well as EAE, this further 

blurs the line between cause and effect and renders EAE a patently unsuitable system 

for modelling the relationship between demyelination and axonal damage, or 

remyelination and axonal protection. 

For these reasons, additional animal models of demyelination and remyelination are 

required. Simpler models where demyelination, remyelination and the presence of the 

immune system can be disentangled can prove invaluable for understanding 

demyelination and remyelination in and of themselves, and this information can 

subsequently be used when studying these processes in an inflammatory context such 

as EAE or MS. A thorough understanding of the reciprocal interactions between 

demyelination, the immune response and remyelination is essential for developing 

novel remyelinating therapies to work efficiently alongside existing 

immunomodulatory treatments. 

Not surprisingly, then, several highly relevant models have been developed and used 

to great effect to learn more about demyelination, remyelination and the impact the 

immune system has on these. In the sections below, I will describe the key models and 

the insights that have been gleaned from them.  

 

1.8. Toxin-based models of demyelination and 

remyelination, and what we have learned from them 

Some of the most informative models of de- and remyelination have been focal toxin-

based models, whereby a chemical is stereotaxically injected into a chosen location 

within the CNS to specifically destroy glia and myelin, and ideally leave the axons 

intact (Blakemore and Franklin 2008). A slightly different but widely used toxin is 

cuprizone, which is systemically introduced into the animals within their chow.  I have 

summarised the most commonly used gliotoxins in the table below.  
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Table 2.     

Name (mode of 

action) 

Method of 

delivery 

Pattern of lesions Timeline and nature of 

remyelination 

Lysolecithin 

(membrane 

solubilising agent) 

Also known as 

lysophosphatidyl 

choline, LPC 

Stereotaxic 

injection 

Single lesion in 

location of choice: 

typically in dorsal 

funiculus of the spinal 

cord, cerebellar 

peduncle or corpus 

callosum. 

At 14 days post lesion (dpl), small 

patches of remyelination are 

evident but restricted to lesion 

edges. At 21dpl, increased patches 

but still chiefly on edges. At 6 

weeks post-lesion, extensive 

remyelination, predominantly by 

oligodendrocytes.  

Ethidium bromide 

(DNA intercalating 

agent) 

Stereotaxic 

injection 

Single lesion in 

location of choice: 

often caudal cerebellar 

peduncle or dorsal 

funiculus 

At 14dpl, only rare signs of 

remyelination. At 6 weeks, a 

significant proportion of axons 

remains demyelinated. 

Oligodendrocyte remyelination is 

restricted to rim, some Schwann 

cell remyelination near the core. 

Some axons remain demyelinated 

even at 3.5 – 6 months post lesion.  

anti-

galactocerebroside 

with complement 

(antibodies against 

major sphingolipid 

myelin constituents) 

Stereotaxic 

injection 

Single lesion, 

typically in dorsal 

funiculus of the spinal 

cord, cerebellar 

peduncle or corpus 

callosum 

Some discrete patches of 

oligodendrocyte remyelination 

at14d pl. At 6 weeks, most lesions 

resembled ethidium bromide 

lesions, albeit with less Schwann 

cell remyelination. At 8 weeks, all 

lesions are extensively 

remyelinated, predominantly by 

oligodendrocytes. 

Cuprizone 

(copper chelator) 

Systemic; fed to 

animals in within 

their food 

Multifocal: typically 

corpus callosum, 

internal capsule, 

thalamus white 

matter, cerebellar 

peduncles. 

Cuprizone is fed for five weeks. 

Signs of demyelination appear at 3 

weeks post-lesion, and 

remyelination from 5 weeks (some 

observed earlier). Schwann cell 

remyelination is rare. Recent 

adaptations to protocol include co-

treating with rapamycin to inhibit 

concurrent remyelination and 

feeding cuprizone for 12 weeks. 

References: (Woodruff and Franklin 1999; Blakemore and Franklin, 2008; 

Matsushima and Morell 2001; Blakemore 1972; Sachs et al. 2014;  Bai et al. 2016) 
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The focal toxin models and cuprizone share the advantage of causing primary 

oligodendrocyte and myelin loss, whereby the death of oligodendrocytes and 

degradation of myelin are achieved without involvement of the adaptive immune 

system. This has allowed researchers to study remyelination and its requirements and 

consequences in a relatively isolated environment (Blakemore and Franklin 2008).  

Studies using focal toxin-induced demyelination have been instrumental in 

establishing that remyelination is indeed beneficial for the function and health of 

demyelinated axons. In one of the first indications of this, Smith et al. (1981) 

demonstrated that action potential conduction was blocked in LPC-injected cats during 

the demyelinated phase, but restored to levels comparable to control animals by 

spontaneous remyelination. Later, Jeffery and Blakemore (1997) showed that ethidium 

bromide -injected rats exhibited motor deficits while walking on a narrow wooden 

beam, but that these deficits were corrected by spontaneous remyelination. If 

remyelination was prevented by use of X ray irradiation, the motor performance of the 

rats did not recover. 

It also seems that remyelination attenuates the elevated energy requirements of 

demyelinated axons: Zambonin et al. (2011) found the mitochondrial content of 

remyelinated axons to be significantly lower than that of demyelinated axons 

following lysolecithin and ethidium bromide -induced lesions (albeit still higher than 

that of never-demyelinated axons). This suggests that demyelination prompted the 

need for additional energy supplies within the axon, and that this was at least partially 

alleviated by remyelination. Restoring the axon’s energy production to levels 

approaching normal is extremely important since, during energy shortages, the Na+ 

/K+-ATPase sodium pump which maintains the axon’s membrane potential can 

become underpowered and result in an influx of sodium ions. Such a sodium influx is 

particularly likely to occur in demyelinated axons, where sodium channels are 

distributed far more extensively than in myelinated axons. Accumulating levels of 

sodium ions within an axon may result in dysfunction of the sodium-calcium 

exchanger, causing importation of dangerous concentrations of calcium ions, and 

ultimately trigger axon degeneration (Craner et al. 2004; Trapp and Stys 2009; 

Franklin et al. 2012). Thus, remyelination can protect the axon by preventing the 
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energy shortage from developing in the first place, and reclustering sodium channels 

at nodes of Ranvier (which is regularly seen following remyelination in toxin-based 

models (Zhang et al. 2011; Kaya et al. 2012).  

Compelling evidence that remyelination protects axons from degeneration comes from 

a study by Irvine and Blakemore (2008). They demonstrated that if remyelination was 

prevented (again by means of X-ray irradiation) in cuprizone-demyelinated aged mice, 

significantly more axons underwent degeneration than if spontaneous remyelination 

was allowed to proceed. Importantly, axonal degeneration was prevented in the X-

irradiated mice by transplantation of OPCs which remyelinated the denuded axons. 

This key experiment further underlines the concept that oligodendrocytes and myelin 

are integral fjor axonal health and survival. Moreover, the demonstration that 

spontaneous remyelination can indeed protect axons from degeneration strengthens 

the foundation of the pursuit of remyelination as a neuroprotective therapy for MS. 

Since the human brain does possess the capacity for remyelination in MS, promotion 

of remyelination may be a more attainable goal than protection of the axons directly, 

although studies aiming to directly protect axons in MS are being pursued (Franklin et 

al. 2012), but will not be dealt with in detail here.  

 

1.9. How to promote remyelination? 

Thus, data emerging from toxin-based models of demyelination clearly indicate that 

remyelination restores conduction and function to demyelinated axons, may aid in 

reducing their energy needs, and, crucially, protects them from degeneration. 

Naturally, with this in mind, considerable effort has been exerted by the research 

community to identify factors that can be used to enhance endogenous remyelination.  

In order to enhance remyelination, it is helpful to understand why it tends to fail in 

MS. While a plethora of factors associated with the lesion environment certainly plays 

a key role (as I will discuss below), much focus has been on the behaviour of the OPCs. 

The failure of remyelination can be broadly divided into two branches: failure of OPC 

recruitment (including proliferation and migration to lesion sites) and failure of OPC 
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differentiation (Franklin and ffrench-Constant, 2008). As discussed above, OPCs are 

frequently found in MS lesions, suggesting that their failure to differentiate into mature 

myelinating oligodendrocytes could be the primary deficit. On the other hand, a 

quantitative study estimated that in about 30-37% of lesions, OPCs were rare or absent, 

(Lucchinetti et al. 1999; Boyd et al. 2013) arguing that recruitment failure can also 

play a part in remyelination failure. Indeed, studies have shown that overexpressing 

Sema3F or downregulating Sema3A in vivo can increase OPC recruitments and 

subsequently enhance remyelination following LPC-induced demyelination (Piaton et 

al. 2011; Boyd et al. 2013).  

In addition, there is also some evidence that some OPCs differentiate into mature 

oligodendrocytes yet still fail to initiate remyelination of the naked axons. For instance, 

Kuhlmann et al. (2008) observed mature NogoA-expressing (i.e. mature) 

oligodendrocytes in both active and chronic MS lesions, positioned adjacent to 

demyelinated axons, and Lindner et al. (2015) reported MBP-expressing (i.e. mature) 

oligodendrocytes interacting with axons but failing to assemble myelin sheaths in 

active MS lesions.  

However, it is difficult to ascertain whether these were newly generated or pre-existing 

mature oligodendrocytes. 

Thus, the failure of OPCs present in the CNS to become functional myelinating 

oligodendrocytes may occur at any stage during OPC lineage progression. 

Consequently, it is important to understand the molecular signals that regulate every 

aspect of oligodendrocyte development, as molecules shown to affect oligodendrocyte 

recruitment, differentiation and myelination could be pharmacologically targeted to 

enhance the lineage progression and ultimately remyelination.   

The literature covering research on signals that regulate developmental myelination 

and remyelination is vast. Hundreds of researchers have worked on the topic for 

several decades, and much fundamental knowledge has been accumulated. This 

literature has been extensively reviewed by numerous authors, including, but by no 

means limited to, Emery (2010); Fancy et al. (2011); Kotter et al. (2011); Emery and 

Lu (2015); Mathews and Appel (2016). For the purposes of this Introduction, I will 
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simply conclude that the wealth of knowledge garnered regarding the molecular 

mechanisms of developmental myelination has greatly informed the study of the 

molecular mechanisms of remyelination; indeed, it seems that much of remyelination 

constitutes a recapitulation of the process of developmental myelination (Fancy et al. 

2011). Very importantly however, it is also clear that fundamental distinctions exist 

between remyelination and developmental myelination, particularly with regard to the 

role of the innate immune system in clearing myelin debris and creating a molecular 

environment conducive to remyelination (to be discussed in detail below). 

However, it is important to keep in mind that despite our increasing knowledge of the 

molecular signals governing oligodendrocyte development, myelination and 

remyelination, the path from being a promising new molecule found to affect 

oligodendrocyte development to being a viable drug candidate for use in promoting 

remyelination in MS patients is not always straightforward. Here I will take the 

opportunity to describe in detail the progression of one molecule, LINGO-1, from 

being discovered as a regulator of myelination/remyelination, through to an antibody 

designed to inhibit its function, to being tested as a possible treatment for MS. With 

this section, I hope to illustrate both the power of combining multiple animal models 

of MS for testing potential therapeutic targets, as well as how far we still have to go to 

develop approved and functional regenerative therapies for MS. 

LINGO-1 (leucine-rich repeat and immunoglobulin-like domain-containing nogo 

receptor-interacting protein 1) is a membrane protein expressed by both neurons and 

oligodendrocytes. It was originally discovered by scientists at Biogen Idec who were 

studying the ways in which CNS myelin inhibits regrowth of transected CNS axons. 

Specifically, they were investigating a pathway consisting of myelin components 

(MAG and OMgp) which, when interacting with a receptor complex on neurons 

(comprising the Nogo-66 receptor and the p75 neurotrophin receptor), was known to 

inhibit neurite outgrowth, an effect mediated by RhoA). They found that the 

coexpression of Nogo-66 and p75 on non-neuronal cells was insufficient to activate 

RhoA, implying that other proteins are involved in its activation on neurons. It was 

while surveying several uncharacterised CNS-specific proteins for their ability to bind 

the Nogo-66 receptor (NgR1) that they discovered LINGO-1 and found it to function 
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as a part of the NgR1 complex  (Mi et al. 2004). LINGO-1 was found to be present in 

all CNS areas examined, and more strongly in neonatal than adult brains (peaking at 

P1, but still present at P7). Together with NgR1 and the p75 receptor, LINGO-1 could 

activate RhoA when transfected onto non-neuronal cells. When a dominant-negative 

version of LINGO-1, lacking the cytoplasmic domain thought to mediate signalling, 

was transfected onto neurons, the inhibitory effect of myelin components on neurite 

outgrowth was abolished. The authors concluded that they had identified a novel 

protein important in regulating CNS function (Mi et al. 2004). 

Knowing that LINGO-1 was involved in regulating the RhoA pathway, and that the 

RhoA pathway had previously been linked with oligodendrocyte differentiation (Liang 

et al. 2004), Mi et al. (2005) turned their attention to investigating the role of LINGO-

1 in oligodendrocyte differentiation and myelination. They reported that LINGO-1 was 

expressed on mature oligodendrocytes, and that reducing endogenous LINGO-1 

expression using a RNAi or lentiviral delivery of the dominant-negative LINGO-1, 

promoted oligodendrocyte differentiation in vitro. In the same vein, they found that 

inhibiting LINGO-1 by exogenous addition of specially manufactured antibody 

LINGO-1-Fc caused a dose-dependent increase in myelination in oligodendrocyte and 

neuron co-cultures. Finally, they generated global LINGO-1 knockout mice and 

observed an early onset of myelination in the spinal cords of knockout mice at 

postnatal day 1, in comparison to wild-type littermates, where myelination 

commenced around postnatal day 5. 

Having demonstrated in vitro and in vivo that LINGO-1 is a negative regulator of 

oligodendrocyte differentiation and myelination, Mi et al. (2007) took the next step in 

guiding LINGO-1 towards becoming a treatment for MS, and tested how its regulation 

might affect disease course in EAE. This represented a novel challenge, as the 

interactions between LINGO-1 and components of the immune system had not 

previously been characterised. 

To test the effects of blocking LINGO-1 function on EAE, they initiated MOG-

induced EAE in the global LINGO-1 knockout mice.  In the first instance, they used 

only the EAE score, which quantifies disease progression by measuring motor 

dysfunction, as a surrogate indicator of demyelination. Both wild-type and LINGO-1 
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knockout mice developed EAE symptoms, but the clinical score remained significantly 

lower in the knockouts throughout the experiment (Mi et al. 2007). 

In order to exclude the possibility that the LINGO-1 knockout exerted its protective 

effects by modifying the generation and infiltration into the CNS of T cells, they 

isolated T cells from wild-type and LINGO-1 knockout mice following MOG 

immunization and measured their proliferation efficiency and ability to release 

cytokines (IL2, IL-4, IL-5, IL-6, IL-10, IL-13, IL-17, TNF-α, IFN-γ and granulocyte 

monocyte colony stimulating factor); these were not found to differ. In addition, MOG-

immunized T cells which were adoptively transferred from knockout mice into wild-

type mice induced EAE as normal, but T cells adoptively transferred from wild-type 

to knockout mice induced a markedly reduced EAE phenotype. This suggested that 

the LINGO-1 knockout did not affect the activity of the adaptive immune system. 

Ultrastructural analysis of the demyelinated lesions indicated that the lower EAE 

scores did indeed correspond to fewer non-myelinated axons in the knockout animals. 

Since they do not say what time point the EM images represent, however, it is difficult 

to know whether this reflects increased remyelination or decreased demyelination. 

There are some thin myelin sheaths present in the knockouts, but so too are there 

several thickly myelinated large-calibre axons, suggestive of never having been 

demyelinated at all (Ludwin and Sternberger 1984). 

Next, Mi et al. treated EAE mice with anti-LINGO-1 antibody, which was designed to 

bind specifically to LINGO-1 and block its function. They began local delivery of the 

antibody by osmotic pump at 3d after EAE induction and continued this for 36 days. 

At the end, they found the antibody treatment to significantly mitigate disease severity 

across all stages, as indicated by the EAE scores. Bolstered by this, they administered 

the antibody to animals already displaying EAE symptoms. After a two-week 

treatment, the anti-LINGO-1 treated animals showed lower EAE scores than controls. 

Importantly, the disease did not seem to be worsening at all in the antibody-treated 

group, but appeared stabilised. 

Mi et al. next used diffusion tensor imaging (DTI) to assess axon function and 

integrity, which they assumed to be improved in the anti-LINGO-1 treated mice, given 
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their lessened EAE scores. DTI is an imaging technique based on the differential speed 

of water molecule diffusion through different tissues and is increasingly used to assess 

white matter changes in human neurological patients (Soares et al. 2013). The 

fractional anisotropy values were lower in control antibody-treated EAE mice, 

correlating with the demyelinated areas seen by toluidine blue staining. By contrast, 

high fractional anisotropy values were seen in anti-LINGO-1 treated EAE mice and 

control non-EAE mice, consistent with normal-looking histology. Indeed, increased 

luxol fast blue staining was seen in anti-LINGO-1 treated EAE mice compared to 

control antibody treated EAE mice. Furthermore, electron microscopy revealed many 

more thinly wrapped (presumably remyelinated) axons in anti-LINGO-1 treated EAE 

mice compared to control treated EAE mice.  

In order to test whether LINGO-1 antagonism could enhance remyelination in 

established models of demyelination in the absence of adaptive immune system, Mi et 

al. (2009) administered the anti-LINGO-1 antibody to LPC-injected rats three days 

post-injection, (dpi) and at 7dpi saw an increase in mature oligodendrocytes in the 

lesions, accompanied by much smaller lesions than controls and more remyelinated 

axons by electron microscopy. This antibody-mediated improvement was abolished in 

the LINGO-1 knockout mouse. They also showed that lentiviral administration of DN-

LINGO three days after LPC injection improved conduction velocity at 4 weeks post 

LPC, compared to control groups, which they attributed to the thicker myelin sheaths 

seen in the treated group (although DN-LINGO-1 treated animals do not reach control 

levels). Finally, they also found more myelinated axons following cuprizone 

intoxication, when anti-LINGO-1 antibody was administered at 2.5 and 3 weeks from 

start of cuprizone intoxication (Mi et al. 2009). 

Following the success of LINGO-1 antagonism in improving remyelination in a 

variety of animal models of MS, a Phase I clinical trial called SYNERGY was 

launched in 2010. This was a randomised double-blind placebo-controlled study in 

which healthy human volunteers received a single-ascending dose of the antibody or a 

placebo and seven separate groups of RRMS patients received increasing doses of the 

antibody (or placebo) – each group receiving one dose, which was higher than that 

received by the previous group and found to be safe. After six months, safety, 
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tolerability and pharmacokinetics were assessed in all groups. The phase I concluded 

that the antibody was safe and well tolerated, and accordingly, the drug proceeded to 

Phase II trials (Mi et al. 2013). 

The Phase II trials began in 2013. Four doses (3, 10, 30 and 100 mg/kg) were trialled, 

and both RRMS and SPMS patients were examined. The results of these Phase II trials 

have only become public in June 2016, and stated that the drug had missed its primary 

endpoint; that is, the treatment failed to improve physical or cognitive function in 

patients (Biogen website; MS Society website).  

The full details of the Phase II trials are not yet available to the public, but Biogen have 

given assurances that they are still pursuing LINGO-1 as a remyelinating therapy for 

MS, and that some of the data from the Phase II trials indicate that the anti-LINGO-1 

treatment increases conduction velocities as measured by visually evoked potentials, 

suggesting that the drug may promote remyelination (D. Lyons, personal 

communication). However, until the full details of the trial are made public, it is not 

possible to evaluate its success further. 

In conclusion, then, LINGO-1 has been a promising novel candidate for a 

remyelinating therapy for MS, but unfortunately, has thus far not succeeded at 

achieving its main objective of improving the condition of MS patients. 

Many factors may account for this apparent failure. Clinical trial design is a 

complicated issue, where the choices of the correct patient groups and outcome 

measures are key. Given the extremely heterogenous nature of MS, where patients 

with widely varying clinical profiles at the starting point display widely varying 

clinical progression over time, it is difficult to define a standard set of parameters 

demonstrate overall improvement in remyelination of the group. Human brain imaging 

using magnetic resonance imaging and DTI are often employed to obtain a measure of 

the deterioration and repair present in the patients’ white matter. However, these 

techniques, although constantly improving, are not yet at a level where the degree of 

remyelination of individual lesions can be quantified in detail. Thus, subtle 

improvements in remyelination may be missed.  
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In addition, it is possible that the LINGO-1 antibody did not penetrate the blood-brain 

barrier sufficiently, limiting its availability in the CNS to ineffective quantities. 

Conscious of this potential pitfall, the conductors of the clinical trial attempted to 

overcome this problem by giving very high doses of the anti-Lingo antibody, and they 

did detect the antibody in the cerebrospinal fluid of the participants, suggesting that at 

least some antibody had entered the CNS. Nevertheless, it is difficult ascertain what 

an effective concentration in the CNS of human patients may be, so it is possible that 

the blood brain barrier penetration was insufficient (Mi, personal communication, 

2013). 

One general way to circumvent the problem of the blood-brain barrier permeability 

may be to load therapeutic molecules under trial into nanoparticles with surface-bound 

ligands which can be employed to target the nanoparticles to specific cells, in the case 

of Lingo, in principal OPCs. This would provide local high concentrations of the 

therapeutic cargo, and, equally importantly, avoid off-target effects outside of the 

CNS. This strategy was successfully employed in animal models by Rittchen et al. 

(2015) who used NG2-tagged nanoparticles to deliver leukemia inhibition factor (LIF), 

a known pro-remyelinating factor, to OPCs. Following LPC-induced demyelination of 

the corpus callosum, injection of targeted LIF-containing nanoparticles into the lesion 

significantly improved remyelination. Such data provide proof of concept that 

nanoparticles could become a valuable tool for delivering MS therapeutics to patients.  

All in all, it cannot be emphasised enough that the narrative regarding LINGO-1 should 

not be taken as discouragement for the search for factors to promote remyelination, 

but rather as encouragement to study and understand the biology of demyelination and 

remyelination as fully as possible, while keeping in mind the challenges of 

successfully implementing laboratory findings in human patients.  
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1.10 Remyelination is more complicated than merely 

recapitulating oligodendrocyte differentiation from 

development  

In the context of the search for factors that could enhance remyelination, there is a 

number of factors outwith the oligodendrocyte lineage itself that have been 

unequivocally shown to affect the success of remyelination. These factors include the 

activity of the innate immune system, the demyelinated axons themselves, and the age 

of the animal or patient. I will now describe the research that has unearthed and studied 

these factors and how they affect remyelination. 

 

1.10.1. The innate immune system 

The innate immune system, including monocyte-derived macrophages and microglia, 

which are the resident macrophages of the CNS, unquestionably plays a significant 

part in the pathogenesis of MS. This is evident in the consistent findings of 

macrophages and microglia in and around demyelinated MS lesions, frequently 

containing particles of myelin, indicating that they have been phagocytosing myelin 

material. Indeed, it is thought that macrophages are the proximate cause of myelin 

destruction in MS (Lampert and Kies 1967; Prineas 1975; Prineas and Parratt, 2012) 

and EAE (Fife et al. 2000; Heppner et al. 2005; Ajami et al. 2011). However, as I have 

alluded to above, evidence from toxin-based models of demyelination clearly indicates 

that the innate immune system is also critically important for remyelination 

(McMurran et al. 2016). The beneficial role of the innate immune system in 

remyelination is two-fold: it is required for clearing away the myelin debris generated 

as a byproduct of demyelination, and it is required for creating a pro-regenerative 

microenvironment.  

In an early experiment on the response of the innate immune system to toxin-induced 

demyelination Ousman and David (2000) described a rapid influx of monocyte-

derived macrophages into the CNS, as well as an activation of resident microglia, 

following LPC-induced demyelination. At four days post-LPC, many lesions were 

almost completely devoid of myelin debris, and fragments of myelin debris could be 
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detected within macrophages. The authors concluded that the primary purpose of the 

macrophage influx is to phagocytose myelin debris. 

The importance of this debris clearance on remyelination was shown by Kotter et al. 

(2001), who demonstrated that if macrophage activity was inhibited, remyelination 

was impaired. The authors depleted macrophages in mice by use of a clodronate-

liposome technique immediately before lysolecithin-induced demyelination, and 

observed reduced remyelination at 21 days post lesion (dpl).  However, if clodronate 

liposome was administered at 8dpl, whereby normal macrophage activity was allowed 

during the first eight days following demyelination, no impairments to remyelination 

were observed. The authors reasoned that if myelin debris is not efficiently removed, 

it persists as a dense matrix within the lesion, and, essentially, constitutes a physical 

barrier to prevent OPCs from arriving at the lesion (Kotter et al. 2001).  

The authors further underlined the importance of myelin debris clearance in a later 

experiment, where they experimentally injected purified myelin from uninjured rats to 

a demyelinated lesion to augment the naturally generated myelin debris, and found 

impaired remyelination compared to a control condition where purified liver 

membranes were added to demyelinated lesions (Kotter et al. 2006). 

It is important to note that the clodronate liposome treatment depletes only 

macrophages, as the drug is injected intravenously and thus does not come into contact 

with microglia. The role of microglia in debris clearance is therefore not assessed by 

these experiments, although it is clear that microglia alone are not able to carry out 

sufficient phagocytosis of the debris. To distinguish between the responses of 

microglia and macrophages to EAE induction, a recent investigation by Yamasaki et 

al. (2014) used expression profiling and morphological distinctions between the two 

cell types, and presented evidence that microglia clear myelin debris following 

macrophage-initiated demyelination at the nodes of Ranvier. Thus, microglia are also 

capable of ingesting myelin debris. 

The inhibitory effect of uncleared myelin debris on remyelination was not altogether 

unexpected, given that the role of myelin debris in inhibiting axonal regrowth is well 

documented (Vargas and Barres 2007; David and Lacroix 2003). Nevertheless, the 
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data described above established that myelin debris removal is a necessary prerequisite 

to successful remyelination.  

Macrophage depletion experiments have also provided evidence that the innate 

immune system has a role above and beyond debris clearance. Kotter et al. (2005) 

employed the same macrophage depletion protocol, injecting the clodronate liposome 

on the day of demyelination, and examined its effects on OPC recruitment. They found 

that at 5dpl, there were significantly fewer OPCs at the lesion site, suggesting that their 

recruitment had been impaired. At 10dpl, the OPC numbers remained very similar, 

further suggesting that their differentiation, too, may be hindered. Moreover, further 

examination of the lesions by in situ hybridization indicated that the macrophage 

depletion had altered the expression of several molecules previously implicated in 

remyelination, including IGF-1 and TNF-β1. This suggests that macrophages are 

instrumental in creating a molecular environment which favours OPC differentiation 

and remyelination. 

In order to address this role of inflammation on myelination independent of debris 

clearance, Setzu et al. (2006) used the adult rat retinal nerve fibre layer, which contains 

the unmyelinated proximal axons of the retinal ganglion cells before they become 

myelinated within the optic nerve. This location was chosen as it constitutes an in vivo 

milieu of unmyelinated axons of a suitable diameter for myelination. The researchers 

transplanted OPCs from neonatal rats into retinae, injected the animals with the potent 

inflammogen zymosan and subsequently assessed levels of myelination. The results 

showed that the rats injected with zymosan had 48 times more myelin than those where 

OPCs had been transplanted onto intact retinae or retinae in eyes with a lens injury. 

The authors then went on to perform a microarray to confirm that zymosan had indeed 

caused inflammation of the retina. This was the case, and moreover, factors frequently 

associated with oligodendrocyte development were shown to be upregulated following 

inflammation; the most prominent of these was TGF-β1. These data suggest that 

inflammation has the power to activate OPCs which would not otherwise proceed to 

differentiate and myelinate (as was the case in the control conditions).  

A later study by Yuen et al. (2013) used the same retinal system to perform a 

transcriptional analysis of the retinal innate immune response following zymosan 
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injection, in order to generate a list of candidate cytokines which could be important 

in inducing myelination. From this analysis, they identified endothelin 2 as a potent 

positive regulator of both myelination and remyelination following lysolecithin-

induced demyelination. Thus, activation of the innate immune system upregulates the 

expression endothelin 2, which in turn acts to enhance remyelination. This is one of 

many examples of the way the innate immune system modifies the lesion 

microenvironment to promote remyelination. 

The evident dichotomy of microglia and macrophages as both deleterious and 

beneficial for myelin can be related to their ability to assume a variety of activation 

states, of which the polarization states M1 and M2 are examples (albeit greatly 

simplified ones; Miron and Franklin 2014). Although the activation states really sit at 

either end of a broad spectrum, the distinction between the two can be a useful 

conceptual tool (although some investigators dislike the distinction and even find it 

harmful, e.g. Ransohoff 2016) for understanding the diversity of microglia and 

macrophage behaviour. In general terms, the M1 polarization state is regarded as 

inflammatory, whereas the M2 polarization state is considered anti-inflammatory. 

In order to investigate the roles of the two polarization states on remyelination 

following lysolecithin-induced demyelination, Miron et al. (2013) examined the 

prevalence of the M1 and M2 macrophages and microglia over the course of de- and 

remyelination. They found the M1 phenotype to be more prominent at 3dpl, but by 

10dpl, when remyelination is getting underway, there was a shift towards the M2 

phenotype. This shift represented both microglia and macrophages. The authors then 

tested whether the factors secreted by M1 or M2 microglia were able to promote 

oligodendrocyte differentiation in vitro, and found that only conditioned media from 

M2 microglia achieved that outcome. Next, they employed various pharmacological 

interventions to deplete either M1 or M2 cells in vivo, and found that depletion of M1 

cells impaired proliferation of OPCs but not the latter stages, whereas by contrast, 

depletion of M2 cells impaired both proliferation and differentiation of OPCs as well 

as remyelination of axons (Miron et al. 2013). From these data, among others presented 

in the paper, the authors make a compelling case for M2 cells being causally beneficial 

for remyelination. They finally took a candidate approach and examined the activity 
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of Activin-A, a member of the TGF-β superfamily, since its receptor had previously 

been shown to be upregulated during remyelination (Huang et al. 2011) and is 

expressed on OPCs. The authors demonstrated that the pro-regenerative effect of M2 

cells was mediated through Activin-A by showing that M2 conditioned media 

containing an Activin-A blocking antibody did not increase oligodendrocyte 

differentiation either in vitro or on ex vivo cerebellar slices (Miron et al. 2013).  

Thus, the data I have described above converge to indicate that the innate immune 

system acts as an indispensable trigger to initiate the regenerative process following 

demyelination. This raises the possibility of targeting components of the inflammatory 

response, such as Activin-A, to improve remyelination. However, given that 

immunomodulatory drugs will likely always be used to reduce relapses in MS patients, 

a challenging aspect of developing remyelinating treatments for MS is to find ways to 

harness the regenerative power of inflammation without interfering with the 

suppression of the harmful activities of the adaptive and innate immune systems. This 

condundrum is highlighted in a study by Chari et al. (2006), where corticosteroids, 

commonly used to reduce relapses in MS patients, were shown to slow down (although 

not prevent) remyelination following ethidium bromide -induced demyelination.  

 

1.10.2. The characteristics and functional activity of 
demyelinated axons 

One aspect of a demyelinated lesion that has received comparatively little 

experimental attention is the demyelinated axon itself, and how it could influence its 

own remyelination. It is clear that axonal function is compromised by demyelination: 

the functional domains of the nodes of Ranvier, paranodes and juxtaparanodes are 

disorganised (Waxman 2006). Redistribution of the sodium channels across the 

axolemma leads to lower sodium channel densities and consequently to altered 

electrical conduction of the axons (Waxman 2006). In addition, as mentioned above, 

the mitochondrial content is often dysregulated in demyelinated axons, which can in 

some cases trigger axon degeneration (Trapp and Stys 2009) but even short of that, 

considerably alter the metabolic profile of the demyelinated axon. Together, these are 
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likely to disrupt the signalling that would take place between non-myelinated axons 

and OPCs under physiological conditions (Franklin and Gallo 2014). 

Furthermore, demyelination may lead to re-expression of molecules which regulate 

myelination during development. For instance, the adhesion molecule PSA-NCAM is 

downregulated during developmental myelination, its disappearance from the axonal 

surface coincides with initiation of myelination such that it is not usually detected in 

the healthy adult brain (Charles et al. 2002). In contrast, PSA-NCAM is found on 

demyelinated axons within MS lesions. Notably, it is not found upon axons within 

shadow plaques (Charles et al. 2002). These observations suggest that PSA-NCAM 

expression could be an endogenous axonal inhibitor of remyelination.  

Neuronal activity has been shown to be important in regulating developmental 

myelination (Demerens et al. 1996; Wake et al. 2011; Káradóttir et al. 2005; Kukley 

et al. 2007; Mensch et al. 2015). This naturally begs the question of whether it can do 

so during remyelination. Etxeberria et al. 2010 reported that within experimentally 

demyelinated lesions in the corpus callosum, there were transient synaptic connections 

between unmyelinated axons and OPCs. These connections disappeared as the OPCs 

differentiated into oligodendrocytes, suggesting that input from the axons initiated the 

differentiation process. However, since many axons in the corpus callosum are not 

myelinated in the first place, it was not clear whether these synapses were truly 

between OPCs and bona fide demyelinated axons. 

To clarify this matter, a recent study by Gautier et al. (2015) studied the caudal 

cerebellar peduncle, a region where every axon is myelinated under physiological 

conditions. The authors used ethidium bromide to induce demyelination in this region, 

and demonstrated that recently demyelinated axons are capable of conducting axon 

potentials, albeit at a reduced rate compared to myelinated axons in control animals. 

The authors go on to show that these demyelinated axons form de novo synapses with 

OPCs and that synaptic vesicle release and electrical activity of the demyelinated 

axons can regulate the differentiation and remyelination potential of local OPCs. They 

further identified glutamate as regulator of remyelination; interestingly, the receptors 

involved differ according to the phase of remyelination (AMPA/kainate receptors are 

important during OPC recruitment and NMDA receptors during differentiation).  
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This study provided intriguing insights as to the role of the activity of an axon in 

influencing its own remyelination. However, the study also raises many further 

questions: how long can an axon retain its ability to conduct axon potentials after it 

has become demyelinated? How might the presence of myelin debris, or the factors 

secreted by the innate immune system, or the size of the lesion, affect the axon’s ability 

to communicate with OPCs? These, and many more questions must be considered 

before the potential of neuronal activity in promoting remyelination can be exploited.  

 

1.10.3. Age 

One of the most profound factors correlating with the success of remyelination is the 

age of the patient; in a nutshell, remyelination, like regenerative processes in other 

tissues, is slower and less extensive in older compared to younger patients 

(Goldschmidt et al. 2009; Kuhlmann et al. 2008). 

Age has also shown to be highly important factor governing remyelination efficiency 

in animal models. Gilson et al. (1993) reported that the extent of remyelination was 

drastically reduced in older compared to younger mice one month after lysolecithin 

injections, with many more demyelinated axons, thinner myelin sheaths on those axons 

that were remyelinated and more myelin debris present. The authors postulate that the 

poorer remyelination in older mice was due to a sluggish response from macrophages 

and astrocytes. 

 A later study by Shields et al. (1999) tested the hypothesis that it is the rate of 

remyelination that is adversely affected by age, not the ultimate extent. These 

researchers found, like the previous study, less remyelination in older animals at 4 

weeks post lesion. However, when they allowed nine weeks to elapse before assessing 

remyelination, they found that remyelination in the old animals resembled that of 

young animals at 4 weeks post-lesion. They therefore concluded that in a toxin-based 

model of demyelination, ageing results in slower rates of remyelination, but the same 

extent of remyelination is eventually achieved by the older animals. 
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Interestingly, a demyelination model in adult zebrafish Münzel et al. (2014) 

demonstrated that remyelination is also impaired in zebrafish; following LPC-induced 

myelination, young adult zebrafish accomplished full remyelination in 28 days, 

notably with normal thickness myelin sheaths. In contrast, aged adult zebrafish showed 

much slower remyelination, with thin myelin sheaths both at 28 days post-lesions and 

at three months post-lesion. It is noteworthy that ageing impairs remyelination even in 

zebrafish, a model organism generally hailed for its remarkable capacity for CNS 

regeneration (Grandel and Brand 2013).  

Further studies have clarified why remyelination is slower in older compared to 

younger animals. Sim et al. (2002) reported that in mice, the age-associated 

impairment in remyelination was due to both impaired OPC recruitment and 

differentiation; recruitment was slower in older mice compared to young, and once 

recruited to lesions, OPCs in old mice took longer to differentiate into mature 

oligodendrocytes. These authors also measured the latency between OPC marker 

expression and oligodendrocyte marker expression. This latency increased in older 

animals as the lesion aged, such that at 28dpl, the latency to differentiate was 

substantially higher in older animals than in young. This suggests that the closer to 

demyelination remyelination begins, the more efficient it will be, possibly because of 

the presence of inflammation and the associated pro-regenerative signals in the early 

compared to the late lesion. Indeed, similar speculations had been made regarding MS 

lesions (e.g. Wolswijk 2002) but the age of the lesion is very difficult to define for 

certain from post-mortem tissue; in this way, data obtained from simpler animal 

models can be used to interpret a more complex disease such as MS.  

Furthermore, Hinks and Franklin (2000) found that the expression of pro-regenerative 

signals such as IGF-1 and TGF-β1 was both slower and lower in older compared to 

younger mice following lysolecithin-induced demyelination. In addition, the 

expression patterns of the growth factors closely mirrored the presence of microglia 

and macrophages within the lesions, in both young and old animals. This lends support 

to the hypothesis suggested by Gilson et al. (1993) that the response of macrophages 

is more sluggish in older animals than in young.  
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The above described studies shed light upon the cellular substrates of the age-

associated decline in remyelination efficiency. Wishing to address the molecular 

correlates of this decline, and knowing that histone modification can affect the timing 

of oligodendrocyte differentiation (Shen et al. 2005), Shen et al. (2008) set out to test 

whether epigenetic modifications affect remyelination. The authors first explored the 

gene expression patterns following cuprizone-induced demyelination in young mice 

during remyelination, and identified a coordinated decrease in the expression of 

numerous transcripts inhibitory to oligodendrocyte differentiation. This decrease was 

characterised by recruitment of transcription-inhibiting HDAC isoforms to the 

promoter regions of the inhibitory genes. In aged mice, both this HDAC recruitment 

and the decrease of differentiation inhibition were conspicuously absent. These data 

suggest that aging is associated with a diminished intrinsic capacity to recruit HDACs 

to the relevant promoter regions. 

A key study to address the combined effects of aging and innate immune system 

activity on remyelination was carried out by Ruckh et al. (2013). In this study, the 

authors made use of the heterochronic parabiosis technique, whereby the blood 

circulations of two individual mice were surgically joined together. By joining the 

circulations of old mice to those of young mice, and inducing demyelinated lesions in 

the old mice, the authors were able to test whether exposure to a youthful systemic 

milieu could entice the aged OPCs in the old animal to remyelinate more efficiently. 

The young animals’ cells were ubiquitously labelled with GFP to aid their 

identification in the old animals’ system. The results showed increased numbers of 

both proliferating OPCs and mature oligodendrocytes, as well as improved 

remyelination, in old mice paired with young mice, compared to old mice paired with 

old mice. Importantly, lesioned young mice did not show impairments in 

remyelination when paired with old mice, refuting the possibility that the old animal’s 

systemic milieu is toxic to remyelination; thus it was the positive influence of the 

young system to the old animal’s lesions that improved their remyelination. The 

authors examined the identity of the GFP+ cells found within the demyelinated lesions 

in the old animals, and found that they were not cells of the oligodendrocyte lineage, 

but predominantly macrophages. In order to test whether these macrophages were 

necessary for the improved remyelination, the authors used CCR2 null mice, in which 
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macrophage recruitment is blocked, as the young partners in heterochronic pairings. 

These pairings failed to rejuvenate the old animals’ lesions, which accordingly showed 

poorer remyelination than old animals joined to wild-type young mice, although they 

still remyelinated better than old mice paired to old mice. 

Further characterisation of the lesions in the heterogenic and isogenic pairings revealed 

that there were no differences in the production of key OPC-regulating factors 

(including IGF-1 and PDGF-1α) between the old animals in young-old and old-old 

pairings. There were also very few differences in the repair-relevant cytokines in the 

sera between the parabiotic conditions, suggesting that alterations to local 

microenvironment are more important that the contents of systemic circulation. The 

key role of the local microenvironment was further underlined by the finding that 

myelin debris was significantly more abundant in old mice in old-old pairing than in 

young-old pairings. This difference was abolished when CCR2-deficient mice were 

used as the young partners.  

Thus, the results from Ruckh et al.’s work strongly suggest that young macrophages 

are more efficient at clearing myelin debris than old macrophages, and this adversely 

affects the efficiency of remyelination in older animals.  Moreover, another key 

message from this study is that old and inefficient OPCs can be coaxed to differentiate 

and remyelinate well, as long as a suitable environment is provided. In this way, this 

study constitutes important additional rationale that exogenous interventions such as 

drugs can in principle enhance endogenous remyelination even in systems where it is 

usually impaired.  

In order to better understand the reasons for this inefficient myelin clearance of old 

macrophages, Natrajan et al. (2015) explored the expression profiles of microglia- and 

monocyte derived myelin-phagocytosing macrophages in young and old healthy 

volunteers. One prominent differentially regulated pathway between the groups was 

the retinoid acid receptor X (RXR) pathway, which was upregulated in the young 

macrophages and downregulated in the old. The authors tested the effects of this 

pathway on myelin debris clearance by administering the RXR agonist 9-cis retinoid 

acid to young and old macrophages in vitro, and found that it made no difference in 

young mice but markedly more macrophages treated with 9-cis retinoic acid were able 
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to phagocytose myelin, compared to control. However, the treated old macrophages 

remained impaired compared to young macrophages, indicating that more factors are 

at play than RXR. Further experiments demonstrated that pharmacological inhibition 

of RXR activity in young macrophages impaired their ability to phagocytose myelin 

debris, and mice in whom RXRα had been conditionally knocked out in myeloid cells 

showed impaired myelin debris clearance following lysolecithin-induced 

demyelination. Finally, they isolated macrophages from young and old healthy 

volunteers as well as patients with MS, treated these with the RXR agonist bexarotene 

and observed increased myelin phagocytosis in the MS patient-derived macrophages 

treated with bexarotene. Thus, differences in the regulation of the RXR pathway 

represent one underlying difference between efficient young and inefficient old 

macrophages, and as such, could be pharmacologically targeted to improve myelin 

clearance and remyelination in patients with MS.  

Although the RXR pathway appears to be an important regulator of macrophage 

activity, it is still not clear why the old macrophages are impaired at phagocytosing 

myelin debris. A recent report by Safaiyan et al. (2016) shed some light on this matter.  

In this study, the authors noted that there were more microglia in older compared to 

younger mice, and specifically, more microglia containing fragments of myelin. 

Further characterisation of these aged myelin-containing microglia revealed that 

accumulation of myelin fragments over time results in the formation on insoluble 

lipofuscin-like lysosomal inclusions within microglia. As the mice aged, these 

inclusions overloaded the microglia and diminished their capacity for further 

phagocytosis. The authors further demonstrated that following cuprizone-induced 

demyelination and the subsequent phagocytosis of myelin debris, the point of overload 

of insoluble lysosomal inclusions is reached at a much younger age than in healthy 

mice.  

It is not difficult to appreciate the fundamental implications these findings could have 

on understanding the age-related dampening of the immune response and consequently 

remyelination in MS; as patients age and they develop more lesions, their microglia 

are faced with an increasing burden of myelin debris to phagocytose. Over time, more 

and more of the microglia become overloaded and therefore less able to cope with the 
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debris, leading to inefficient debris clearance and inhibited remyelination. However, 

intuitive though such a model may seem, at present it remains in the realms of 

conjecture, and further studies are required to empirically delineate the extent and role 

of overloaded microglia in MS. 

 

1.11. Remyelination may not always rescue the 

demyelinated axon 

While ample evidence (some of which has been discussed above) has converged to 

suggest that remyelination is a beneficial outcome for the axon, it is worth noting that 

there are cases in which remyelination has failed to prevent axon degeneration. 

Manrique-Hoyos et al. (2012) report a case where usual remyelination was 

accomplished by mice following cuprizone-induced demyelination, but six months 

after the last dose of cuprizone, the mice began to exhibit motor deficits similar to 

those they had exhibited during the demyelinated phase. Examination of the brains of 

these mice revealed profound axonal pathology, often within still (thinly) myelinated 

axons.  

Manrique-Hoyos et al. hypothesise that the late-onset axon degeneration they observe 

stems from an altered composition of the newly generated myelin compared to normal 

myelin, and posit that this variant of myelin is not as proficient at keeping the axon 

healthy as normal myelin is. Thus, it is possible that remyelination, despite ostensibly 

restoring normal axon function, does not always return all of the advantages of being 

myelinated to their fullest extent; after all, it is well established that myelin generated 

during remyelination is thinner and has shorter internodes that developmentally 

produced myelin. These properties are thought to account for the slightly elevated 

energy needs of remyelinated, compared to never-demyelinated axons, evident in their 

slightly higher mitochondrial content (Zambonin et al. 2011). Perhaps this leaves the 

remyelinated axons underperforming in subtle ways, which over time can culminate 

in premature axon death.  
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However, the evidence for such a scenario is far from extensive, and in the case of 

Manrique-Hoyos et al., may even stem from residual toxic effects of cuprizone on 

axons (Münzel and Williams, 2013). Be that as it may, the weight of the evidence 

suggests that remyelination can restore much of the lost function of the axons and at 

least hold back degeneration, and as such is currently the best hope for preventing 

progression of clinical disability in MS. To this end, as emphasised above, it is 

paramount to understand the mechanisms of demyelination and remyelination and 

their interplay with the immune system as fully as possible.  

 

1.12 Genetically induced models of oligodendrocyte 

ablation 

Collectively, the data described above indicate that while it is helpful to understand 

the molecular regulators of oligodendrocyte development during normal development, 

the context in which remyelination must occur is very different, and therefore 

additional hurdles must be understood and overcome. Both EAE and especially the 

toxin-based models have been instrumental in accruing knowledge of this context and 

how it can be circumvented. However, the focal toxin models have their limitations, 

as the toxin can injure other cell types such as astrocytes and endothelial cells, and 

thus the responses of these cell types to oligodendrocyte death and demyelination 

cannot be studied specifically. In addition, the damage is restricted to a single lesion, 

which may not present as challenging to repair as a multifocal disease such as MS 

would. Cuprizone-induced demyelination can be erratic as to its location, and 

remyelination often starts while the animal is still being fed cuprizone, blurring the 

line between demyelination and remyelination. (It should, however, be mentioned that 

the latter problem can be circumvented by co-treating mice with rapamycin during 

cuprizone intoxication and increasing the time frame of cuprizone feeding to 12 weeks 

(Sachs et al. 2014; Bai et al. 2016). 

Nevertheless, there is a need for a demyelinating model where the primary deficit is 

oligodendrocyte apoptosis, as this has been proposed as a potential mechanism of 

formation of some types of MS lesion (Barnett and Prineas 2004).  
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In recent years, several groups have created novel in vivo models of demyelination 

whereby oligodendrocyte death is genetically induced and can be temporally 

controlled by the experimenter. These models are based on placing a toxic element 

such as the diphtheria toxin fragment A (DTA) or the diphtheria toxin receptor (DTR) 

under the transcriptional control of an oligodendrocyte promoter, either PLP (Traka et 

al. 2010; Pohl et al. 2011), MOG (Locatelli et al. 2012) or MBP (Oluich et al. 2012). 

In the case of the first two, one transgenic mouse carries a Cre-dependent DTA 

transgene in the ubiquitously expressed ROSA26 locus, and another a tamoxifen-

dependent PLPCreERT2 allele. The double transgenic offspring treated with 

tamoxifen show expression of DTA specifically in PLP-positive oligodendrocytes, and 

this DTA expression leads to cell death. In the case of Locatelli et al. (2012), DTR is 

expressed in a Cre-dependent transgenic mouse, which is crossed with a mouse 

exressing Cre under the MOG promoter. Oligodendrocyte death in induced by 

treatment with diphtheria toxin. Oluich et al. (2012) express DTR directly under the 

mbp promoter, and treat these mice with diphtheria toxin. 

I have summarised the main features of these models in the table below. 

 

Table 3. 

    

 Traka et al. 

(2010) 

Pohl et al. 

(2011)     

Locatelli et 

al. (2012) 

Oluich et al. 

(2012) 

Method of 

oligodendrocyte 

ablation 

Mice 

expressing 

PLP-CreERT 

and 

Rosa26:DTA 

and EGFP. 

Disease 

induced by 

injection of 

tamoxifen at 

5-7 weeks of 

age 

Mice expressing 

PLP-CreERT2 

and 

Rosa26:(DTA) 

and EGFP. 

Disease induced 

by injection of 

tamoxifen at 8-

12 weeks of age 

MOG:Cre 

and Cre-

inducible 

strain 

expressing 

DTR + 

injection of 

DT at 8-10 

weeks of age 

MBP:DTR + 

injection of DT 

at 8-10 weeks 

of age  

Clinical profile Female mice 

have a severe 

disease and 

From 21dpi, 

ataxia, tremors, 

motor deficits 

Motor 

deficits from 

35 – 42 dpi, 

Progressive 

motor deficits 

form 9dpi, 



62 

 

die before 

21dpi. Males 

survive but 

show severe 

ataxia and 

tremors by 

35dpi. This 

phenotype is 

attenuated by 

70dpi 

with muscle 

atrophy and 

weight loss. 

Three weeks 

later mice have 

to be culled. 

including 

ataxia, loss of 

motor 

coordination, 

tremors, 

weight loss, 

culminating 

in paralysis 

and death. 

becoming 

profound in the 

next 5-6d. 

Ataxic gait, 

hindlimb 

paralysis. 

Never survived 

past 17dpi. 

Oligodendrocyt

e loss 

~60% loss at 

21dpi 

(although 

OPC 

proliferation 

has been 

occurring 

simultaneousl

y so true 

extent of OL 

loss may be 

greater 

Loss of 55 – 

80% 

oligodendrocytes

, depending on 

brain region. 

30% of OPCs is 

also lost 

60% loss in 

white matter 

areas at 

35dpi. Some 

OPC 

increases at 

21dpi. 

26% loss of 

oligodendrocyt

e density at end 

point. 

Demyelination Begins at 

21dpi, 

extensive at 

35dpi, peaks 

at 56dpi. 

Extensive 

myelin 

vacuolation 

seen 

Extensive 

vacuolation of 

myelin seen 

from 20dpi 

through to end 

stage at 39dpi 

Myelin 

vacuoles and 

extensive 

demyelinatio

n apparent 

from 21dpi, 

fully 

demyelinated 

axons at 

35dpi 

Almost no 

demyelination 

at any point. 

Axon 

damage/loss 

No increases 

in APP 

staining 

during 

demyelination 

but 

mitochondrial 

abnormalities. 

Conduction 

block at 35dpi 

and slow 

conduction at 

56dpi, 

restored to 

normal by 

70dpi. 

Progressive loss 

of neurofilament 

staining, and 

increases in APP 

and SMI-32 

staining at end 

stage. 

Accumulation of 

organelles and 

brain atropy at 

end stage. 

Sparse but 

widespread 

TUNEL+ 

NeuN 

neurons early 

after DTI 

treatment, 

widespread 

loss of 

neurofilamen

t staining at 

28dpi. 

Low density of 

APP+ 

swellings, 

longer nodes of 

Ranvier, 

suggesting 

dispersal of 

sodium 

channels, 

dissociation of 

paranodal 

loops from 

axolemma 
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Immune 

response 

Increases in 

microglia but 

no infiltration 

of 

macrophages 

or adaptive 

immune cells 

in the time 

frame 

analysed (up 

to 70dpi). 

Increases in Iba+ 

microglia but no 

macrophages or 

adaptive immune 

cells; equally 

severe disease 

when Rag-/- 

mice were used, 

which have no 

functional 

lymphocytes 

Increased 

microglia but 

no adaptive 

immune 

cells, even 

despite many 

manipulation

s to bias the 

system 

towards 

autoimmunit

y against the 

CNS. 

Increased 

density of Iba+ 

microglia but 

no phagocytic 

morphologies. 

No adaptive 

immune 

infiltration 

even at end 

point 

Remyelination Extensive at 

70dpi, but still 

more 

unmyelinated 

axons than 

controls 

Very poor 

remyelination. 

Some 

remyelination 

observed near 

end point 

None required, 

since 

demyelination 

was so low. 

 

Thus, despite engineered using similar reasoning, the different genetic mouse models 

of oligodendrocyte death present with very distinctive disease courses: Traka et al. find 

extensive oligodendrocyte and myelin loss, including myelin vacuolation, 

accompanied by large increases in CNS microglia. No axonal damage is detected 

however, and extensive remyelination is observed by 10 weeks post injection. In the 

other three, oligodendrocyte and myelin injury is equally or less extensive, but 

outcomes are much more severe, with the all mice in all three models succumbing 

before six weeks post-injection. 

Many factors may account for the differences between the outcomes in these models, 

including age at disease onset, (Traka et al. induce oligodendrocyte death in slightly 

younger mice than the other groups) the strength of transgene expression, the 

proportion of recombined cells, and the exact mechanism by which oligodendrocyte 

death is brought about.  

What is key to note, however, is that these different disease courses can give rise to 

completely opposing conclusions. As a striking example, Locatelli et al. conclude that 

primary oligodendrocyte death is unable to elicit and autoimmune response from the 

adaptive immune system even when the experimental parameters were skewed 
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towards generating such a response. However, in stark contrast, a study by (Traka et 

al. 2016) revealed that 30 weeks after apparently complete remyelination, mice 

develop a secondary demyelinating disease, accompanied by the clinical symptoms of 

motor deficits and weight loss, and eventually death. Further investigation found this 

secondary demyelinating disease to be caused by an autoimmune attack on the CNS 

by the adaptive immune system, which the authors carefully demonstrate to have been 

primed during the first episode of primary oligodendrocyte death. They posit that other 

models failed to observe this later autoimmune attack, because the mice in the other 

models did not succeed at remyelinating sufficiently in the first instance, and thus died 

before the adaptive autoimmunity could develop (Traka et al. 2016). 

This raises the possibility that even the extensive adaptive immune system infiltration 

into the CNS that is characteristic of MS, and generally considered to be the initiating 

cause of the disease, could conceivably be initiated by primary oligodendrocyte death. 

In this way, the study by Traka et al. is a very striking example of the power of new 

models to yield critical insights and even radically change long-held views within the 

field.  

In addition, the study by Traka et al. also serves to highlight how much there still is to 

learn about demyelination, remyelination and the immune system. For instance, the 

finding that secondary demyelination may occur as a result of an adaptive immune 

system attack underlines the point I have mentioned earlier, that even if we succeed at 

promoting endogenous remyelination, this would not negate the need for 

immunomodulatory therapies. On the other hand, these must not interfere with the role 

of inflammation in promoting remyelination. 

Thus, there is still a need for novel models and approaches to testing factors to enhance 

remyelination. The genetic models described above are extremely relevant in vivo 

models in which the biology of demyelination and remyelination and the immune 

response can be carefully examined. However, experiments performed using these 

models are necessarily time-consuming and expensive, and as such, these models are 

not ideally suited for large-scale searches for remyelination-enhancing factors.  
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1.13. In vitro drug discovery models 

One can imagine that models of myelination and demyelination exist on a spectrum of 

complexity, from the complex but highly relevant to disease, to the simplified and 

straightforward but perhaps less relevant. On such a spectrum, in vivo models such as 

EAE and the genetically induced models of oligodendrocyte death sit at one end, and 

at the other end would be in vitro systems involving cultured oligodendrocytes. 

Importantly however, by the same token, in vitro systems also sit at the opposite end 

of the spectrum of throughput efficiency; although simplified, they are readily 

amenable to extremely high throughput chemical screening, whereas in vivo models 

such as EAE and the genetically induced models are cumbersome and impractical by 

comparison. Thus, in vitro systems can be valuable tools for drug discovery. 

In the last few years, several innovative in vitro screens have been published, which 

have identified several promising molecules for the enhancement of remyelination. 

Mei et al. (2014) took advantage of recent findings that cultured oligodendrocytes 

readily myelinate paraformaldehyde-fixed axons (Rosenberg et al. 2008) as well as 

inert nanofibers, as long as they are of an appropriate diameter (Lee et al. 2012), and 

form the premise that pseudoaxonal substrates can be sufficient to elicit concentric 

wrapping from oligodendrocytes. Given this, they designed conical micropillars which 

can be placed in multiwell plates and used as an inert scaffold for oligodendrocyte 

myelination. Such an arrangement is ideal for investigating cell-autonomous 

mechanisms of oligodendrocyte differentiation and myelination. Cultured OPCs were 

plated on the pillars, subsequent observations revealed that mature oligodendrocytes 

had arisen and wrapped myelin around the micropillars. This could be detected as 

concentric rings around the micropillars (Mei et al. 2014).  

A drug reprofiling screen was then carried out on these OPC-micropillar cocultures. 

Reprofiling of drugs refers to the testing of drugs that have already been approved for 

one condition for another condition. Repurposing FDA-approved drugs bypasses the 

need for preclinical testing and Phase I clinical trials, since the drug has previously 

been shown to be safe, and thus speeds up the process of drug development (Dang et 

al. 2016). Since oligodendrocyte proliferation and differentiation in a limited 

population are mutually exclusive processes, Mei et al. were able to distinguish 
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between compounds which increased proliferation and those which increased 

differentiation. Upon completion of the screen, the authors reported finding a cluster 

of eight FDA-approved drugs with known antimuscarinic effects which significantly 

increased oligodendrocyte differentiation. The most effective among these were 

benztropine, a Parkinson’s disease drug, and clemastine, an over-the-counter 

antihistamine. Notably, these drugs did not increase the number of oligodendrocytes, 

only the amount of myelin found wrapped around micropillars.  

Since both benztropine and clemastine were already FDA-approved, had known 

bioavailability and importantly, were known to cross the blood-brain barrier, the 

authors considered them to represent promising candidates for remyelinating 

therapies. In order to test clemastine in an in vivo demyelinating context, they treated 

lysolecithin-demyelinated mice with clemastine, and subsequently observed improved 

remyelination at 14dpl, a week earlier than in non-clemastine treated mice. At this time 

point, 29% of examined axons remained unmyelinated in the controls, while only 9% 

of axons remained unmyelinated in clemastine-treated mice.   

Following favourable results in Phase I clinical trials, clemastine is now being tested 

a Phase II trial called ReBUILD, with reducing the latency of visually evoked 

potentials in MS patients as the primary outcome measure.  

In another extremely high-throughput chemical screen, Deshmukh et al. (2013) 

screened 100,000 compounds on primary rat OPCs, and also found benztropine to 

substantially increase OPCs differentiation. The authors then administered benztropine 

to mice with PLP-induced EAE at the time of EAE induction, and found the EAE 

scores of the benztropine-treated group to be dramatically lower than those treated 

with other frequently used MS therapies such as β-interferon. However, this is not a 

clinically relevant approach, as it is not possible to offer MS patients treatments prior 

to their disease onset (Vesterinen et al. 2010). Notably, when benztropine was 

administered to mice at the onset of first symptoms, the treatment showed a much 

reduced effect on the EAE scores, albeit still significant at the later stages. Adoptive 

transfer experiments indicated that benztropine did not affect the immune response in 

EAE animals. Finally, benztropine was shown to improve remyelination in both EAE 

and a cuprizone model of demyelination. Thus, benztropine too could also represent a 
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promising candidate for remyelinating therapies for MS, although its side effects are 

far more extensive than those of clemastine.  

These examples illustrate how high-throughput screens in simplified in vitro systems 

can identify novel candidates for drugs to enhance remyelination and moreover, that 

any results can be rapidly translated to more clinically relevant contexts (such as 

experimental models of demyelination) and onwards to clinical trials. In this way, in 

vitro systems can constitute very powerful tools for drug discovery, as vast libraries of 

compounds can be screened, which naturally increases the probability of finding 

effective compounds. 

However, it is important to keep in mind that the success of simplified in vitro systems 

does not negate the need for in vivo models of demyelination and remyelination; any 

promising candidates from in vitro screens must first be validated in an in vivo system 

before proceeding to clinical trials. In addition, over and above drug discovery for MS, 

there is an intrinsic value to in vivo animal models, where interactions between cell 

types can be studies in their natural contexts. Animal models also offer the possibility 

to genetically express specific mutations in cell types of interest and study their effects 

on diseases or other phenomena of interest. For instance, the finding by Ruckh et al. 

(2013) that exposure to youthful macrophages can entice aged OPCs to remyelinate 

better, but not if the youthful macrophages cannot be recruited to the lesion site 

because of loss of CCR2 function, has provided the field with fundamental insight into 

the interactions between different cells, and in so doing has guided towards relevant 

questions to ask in future research. Similarly, the revelation by Traka et al. (2016) that 

primary oligodendrocyte death can induce a secondary adaptive autoimmune attack on 

the CNS has questioned long-held views regarding the aetiology of demyelination in 

MS. Such pivotal insights could never have been obtained from in vitro systems. 

The field of myelination and remyelination is well equipped with a wide variety of 

tools with different pros and cons to them. Nevertheless, an unmet need in field, until 

recently, has been the ability to follow cells in their natural environments over time, at 

single cell resolution and in an intact living animal. Fortunately, this is a need that can 

be met by generating a model of demyelination in zebrafish. Moreover, on the 

spectrum I mentioned above between complex/relevant and simple/less relevant 
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systems for drug discovery, zebrafish sit in the middle, allowing relatively high-

throughput screens in an intact living animal. In this way, zebrafish are arguably an 

ideal system for drug discovery as well as high-resolution cellular analyses. 

 I will now outline the main advantages of using zebrafish as a model organism, and 

give examples of how they have been harnessed to benefit the research community. 

 

1.15. Advantages of using zebrafish 

While the bulk of the existing knowledge on myelination, demyelination and 

remyelination has been amassed using either rodent-based in vivo or in vitro models, 

or human post-mortem samples, in recent years a growing number of researchers has 

opted employ the zebrafish (Danio rerio) to address questions of development, injury 

and regeneration. The reasons why the zebrafish have become such a pre-eminent 

system for biological research are clear and manifold, as I will outline below. 

First, zebrafish embryos are optically transparent, and remain so for approximately the 

first two weeks of life. This allows detailed imaging of dynamic cellular processes and 

events in a living animal (Lyons and Talbot 2015). Live imaging of particular cellular 

events is also greatly aided by the availability of an ever-growing list of transgenic 

lines in which cell types of interest are labelled with fluorescent reporter proteins, 

allowing them to be identified and followed with ease. For instance, a study from our 

lab made use of several transgenic lines which label developing oligodendrocytes and 

performed time-lapse imaging overnight to record the myelinating behaviour of 

individual oligodendrocytes. This method revealed that once an oligodendrocyte has 

begun to form myelin sheaths, it will form all of its future sheaths within a period of 

five hours (Czopka et al. 2013).  

Furthermore, zebrafish embryos are easy to obtain in large number, as a single 

overnight pair mating can produce hundreds of eggs. The embryos develop rapidly, 

such that by three days post-fertilisation (3dpf), functional neural circuits and 

spontaneous swimming behaviour is observed, and by 5dpf, both the central and 

peripheral nervous systems are robustly myelinated (Almeida et al. 2011). It is easy to 
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appreciate how this swift acquisition of samples and their rapid development are 

advantageous for large-scale studies.  

It is also important to note that many fundamental aspects of biology are well 

conserved between zebrafish and mammals. In the case of myelin, homologs of the 

many of the main protein components of myelin are found in fish myelin, including 

mbp  (Nawaz et al. 2013) and PLP (Schweitzer et al. 2006). The notable exception to 

this similarity is myelin protein zero, which is expressed in CNS in the zebrafish, but 

is restricted to the PNS in mammals (Bai et al. 2011). However, the similarity of g 

ratios between fish and mammals is well established (Hahn 1978) as are the periodic 

nature of the myelin wraps, membrane packaging and lipid composition of myelin 

(Avila et al. 2007). Furthermore, the molecular pathways which control the exquisitely 

complex signalling between myelinating glia and axons have been shown to have 

striking similarities between fish and mammals. As reviewed by Monk and Talbot 

(2009), the transcription factors Olig1, Olig2, Sox10 and Nkx2.2 all function in a 

comparable manner in regulating myelination in zebrafish and mammals. Similarly, 

canonical signalling cascades such as Notch, wnt, Hedgehog and ErbB2/3 have all 

been demonstrated to operate in very similar ways in fish as in mammals (Preston and 

Macklin 2014).  

Moreover, not only are the molecular regulators of myelination conserved between 

fish and mammals, but evidence has indicated that the cellular events occurring during 

oligodendrocyte lineage progession are very similar, too.    

 

1.15.1. Genetic screening in zebrafish 

The speed of development, ease of acquiring large numbers of progeny from single 

pair-matings and the high degree of conservation between fish and mammals have all 

combined to make zebrafish a pre-eminent model organism for carrying out large-scale 

forward genetic screens (Haffter and Nüsslein-Volhard 1996). In these screens, a 

potent mutagen, typically N-ethyl-N-nitrosourea; ENU) is used to introduce random 

point mutations in the germ line of a founder male individual. These mutations are 

bred to homozygosity over three generations, and identified from phenotypic analyses. 
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The first forward genetic screens in zebrafish were undertaken by Christine Nüsslein-

Volhard and colleagues, and yielded over 4000 mutations resulting in abnormal 

embryonic and larval phenotypes (Driever et al. 1996; Haffter et al. 1996). Many of 

these were general developmental delays and were discarded, but over a thousand 

mutants were characterised. These have contributed vitally to our understanding of the 

development of the dorsoventral axis, notochord formation, and axon pathfinding 

(Granato and Nüsslein-Volhard 1996). These genetic screens substantially increased 

the use and appreciation of the zebrafish as a model organism.  

More specific screens aiming to discover genes pertaining to particular biological 

processes of interest have subsequently been carried out. For instance, in a screen 

looking for defects in myelination in the Talbot laboratory at Stanford, 13 mutations 

were identified (Pogoda et al. 2006). Among these was Gpr126, a G protein coupled 

receptor which had not been previously implicated in myelination but was found to be 

essential for the initiation of Schwann cell myelination (Monk et al. 2009). This gene 

functions autonomously in Schwann cells and drives the differentiation of Schwann 

cells from promyelinating to myelinating phenotypes by elevating cyclic AMP levels 

in them. Further investigation revealed that it Gpr126 is equally indispensable for 

myelination in the mouse PNS (Monk et al. 2011). Moreover, a recent study 

demonstrated that Gpr126 mediates the effects of prion protein in maintaining PNS 

myelin homeostasis – which, if disrupted, results in a chronic demyelinating 

polyneuropathy (Küffer et al. 2016).  

Another gene discovered in the forward genetic screen in the Talbot lab is KBP, which 

is required for axonal outgrowth and maintenance in both the CNS and the PNS (Lyons 

et al. 2008). Not only do axons in KBP mutants fail to reach the posterior end of the 

spinal cord, but the axons also show signs of degeneration from 2-3dpf onwards. 

Importantly, a mutation in KBP underlies the human neurological condition Goldberg-

Shprintzen syndrome, which is characterised by intellectual disability and disruption 

to white matter tracts (Fryer 1998). In this way, insight gleaned from genetic screens 

in zebrafish can provide new information relevant to human disease. 

Two forward genetic screens have also been performed in our laboratory, and the genes 

discovered are currently being investigated further. 
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1.15.2. Chemical screening in zebrafish 

Since zebrafish embryos develop outside of the mother, they are easily accessible for 

experimental manipulation, such as injection of transgenic constructs or drug 

treatments. Drug treatments are particularly straightforward to deliver; in contrast to 

mammals, there is no need for injections, as compounds can simply be diluted in the 

fish water, where they will be absorbed into the animal (MacRae 2015). Testing 

potentially therapeutic compounds on embryonic and larval zebrafish is increasingly 

preferred to testing on cultured cells, as toxic or global side effects of the compounds 

are easier to intercept in an intact living system (Preston and Macklin 2014).  

Drug screens have already been undertaken in zebrafish, and in some cases have 

yielded drug candidates which are currently in clinical trials for human use. The most 

notable of these is the case of prostaglandin E2 (PGE2), which I will briefly summarise 

here. North et al. (2007) screened three separate chemical libraries of compounds (over 

two thousand compounds altogether) and discovered that compounds that enhanced 

synthesis of PGE2 increased numbers of blood stem cells in the developing zebrafish 

aorta, and conversely, compounds that blocked PGE2 synthesis decreased numbers of 

blood stem cells. The authors went on to test the drug they had identified in a mouse 

system, and were able to demonstrate that the drug enhanced the engraftment of blood 

stem cells in mouse bone marrow transplants. This was the first molecule found to 

increase a stem cell pool, and as such, had implications for treatment of patients with 

bone marrow failure and recovering from bone marrow transplantation. Following 

further characterisation of the mechanism of action of the PGE2-enhancing drug in 

mice, human cells in vitro and nonhuman primates (Goessling et al. 2011), the drug 

proceeded to clinical trials. A Phase I clinical trial demonstrated the safety of the drug 

(Cutler et al. 2013) and the Phase II clinical trials for increasing the blood stem cell 

count in umbilical cord blood tranfusions following bone marrow transplanation are 

ongoing (Zon 2016).  

Thus, PGE2 serves as striking example of the power of zebrafish drug screens to 

generate viable drug candidates for clinical trials. Zebrafish screens can also accelerate 

the process of drug discovery by e.g. reprofiling FDA-approved drugs for novel 

purposes. For instance, lefluonomide, originally an anti-arthritis drug, was identified 
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as a potential novel melanoma treatment  using a zebrafish screen (White et al. 2011). 

Being a living system, the potential to discover novel effects of drugs is likely to be 

greater in zebrafish than in in vitro systems.  

A drug reprofiling screen in zebrafish has also been carried out to search for 

compounds to increase myelination. Buckley et al. (2010) reprofiled 1120 compounds 

from the Prestwick Chemical Library and 50 compounds from other commercially 

available reprofiling libraries. The authors treated transgenic fish expressing GFP 

under the Olig2 promoter with the compounds and quantified the dorsally migrated 

Olig2-expressing cells, as this population largely represents cells of the 

oligodendrocyte lineage (although olig2 is also expressed in motor neuron progenitors 

and motor neurons). Compounds repeatedly altering the numbers of these cells were 

considered “hits” and investigated further by quantitative PCR of myelin basic protein 

to accurately assess the levels of increase in myelination.  

This screen identified a number of compounds which altered the numbers of dorsally 

migrated olig2-expressing cells, including members of pathways not previously 

implicated in myelination (such as COX inhibitors) as well as established regulators 

of myelination (such as PPAR agonists and steroid hormones). However, the 

quantification of mbp transcripts did not correlate with the olig2+ cell counts, and thus 

the authors concluded that the compounds identified in their screen did not necessarily 

increase myelination. Nevertheless, they emphasise that the screening system this 

study established will prove a robust tool for future drug discovery. 

Perhaps one of the reasons for the lack of correlation between olig2+ cell counts and 

the number of mbp transcripts is that mbp is expressed both in the CNS and the PNS, 

and the dorsally migrated population of oligodendrocytes in the spinal cord accounts 

for a relatively small proportion of all the mbp-expressing cells in the larvae. 

Therefore, increases in the dorsally migrated population of olig2+ cells would have to 

be very substantial for it to significantly increase the overall number of mbp 

transcripts. With this in mind, perhaps a better way to quantify increases in myelinating 

oligodendrocytes would be to use markers specific to mature oligodendrocytes, such 

as mbp.  
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In recent years, our laboratory too has incorporated drug screening in zebrafish to our 

repertoire. Work from other members in the lab has established screening protocols 

using transgenic fish in which oligodendrocyte cell bodies are labelled, such that any 

effects of compounds oligodendrocyte cell number can be directly visualised. 

Importantly, carrying out very large-scale drug screens on zebrafish has recently been 

made exponentially faster in our laboratory, owing to our recent acquisition and 

development of a novel high-throughput system for drug screening. This system 

comprises a liquid handling robot by the name of VAST (Vertebrate Automated 

Screening Technology) which, in essence, lifts embryos out of the wells of a multiwall 

plate, delivers them to an optically optimal glass capillary located below a lens 

belonging a spinning disk confocal microscope, rotates the capillary until the 

orientation of the embryo matches the pre-set lateral orientation, then sends a 

command to the spinning disk microscope to commence imaging. This microscope is 

capable of imaging the entire length and depth of the spinal cord in one minute. Using 

this system, trained members of our lab are able to screen through upwards of 350 

animals per day and retain a record of each animal’s myelin phenotype as well as its 

general health and morphology. Needless to say, this system has revolutionised our 

capacity for screening through extensive libraries of chemical compounds, and 

consequently our chances of identifying novel regulators of myelination. 

Several candidates which increase oligodendrocyte numbers have already been 

identified, and are currently being characterised further. The identification of these 

candidates indicates that there is indeed scope for increase in the number of 

oligodendrocytes even during developmental myelination.  

 

1.15.3. Why a zebrafish model of demyelination and 
remyelination would be beneficial  

All in all, the availability of a wealth of transgenic tools and technological advances 

such as VAST, combined with the inherent benefits of transparency, high fecundity 

and rapid development, render zebrafish an exquisitely well placed tool for studying 

myelination events. It seems natural, then, that zebrafish should also serve extremely 
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well for studying demyelination and remyelination. However, as I have discussed 

above, remyelination occurs in a very different context to developmental myelination. 

Thus, in order to use zebrafish to study remyelination and the factors that affect it, it 

will be necessary to first induce demyelination in a larval zebrafish. It is for this reason 

that our lab undertook to develop a zebrafish model of de- and remyelination.  

The value of a system where demyelination can be induced in larval zebrafish is easy 

to appreciate. The ability to visualise individual cells, be they oligodendrocytes, 

neurons, immune cells or any combination thereof, in a living intact system, multiple 

times over the course of de- and remyelination could become a vital asset for the 

community seeking to understand the complex cellular interactions which mediate de- 

and remyelination. This advantage of in vivo imaging, although of fundamental 

importance to the understanding of the effects of de- and remyelination on the axon, 

may be particularly pertinent to the imaging of something as rapid and dynamic as the 

immune response (for which a growing variety of transgenic tools exists; Sieger and 

Peri 2013).  

A demyelinating fish model would also open up other possible avenues of 

investigation. For example, recent advances in genome editing technology such as 

crispr-cas make it relatively straightforward to knock out (or, indeed, in) specific 

genes, allowing the researcher to subsequently explore the effects of the manipulation 

on demyelination, the immune response, and remyelination. In addition, any novel 

genes pinpointed by the large-scale forward genetic screens as important regulators of 

developmental myelination can be tested for their role in remyelination by recreating 

the same mutation in a demyelinating fish.  

Finally, inducing demyelination in larval zebrafish could enable screening for 

chemical compounds to improve remyelination, which, combined with VAST, could 

form the basis for remyelination screens in zebrafish in the future. 

Crucially, such studies and screens necessarily require a robust and well-characterised 

zebrafish model of demyelination before they can be attempted. It is paramount to 

thoroughly understand the timing and extent of demyelination, as well as any 

spontaneous remyelination, in order to make informed decisions as to how best to use 
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the model. Therefore, my PhD project has chiefly focused on characterising my 

zebrafish model of demyelination and remyelination, with the aim of providing the 

field with a useful tool for demyelination and remyelination research. In addition to 

this characterisation, I have preliminarily explored some of the effects that the 

demyelinated state may have on the health of the axons as well as the role of the innate 

immune system in bringing about myelin repair in this model.  
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2.1. Generation of the mbp:mCherry-NTR 
transgenic line 

This work was carried out by Ms Marieke Goedhart and Dr Tim Czopka prior to my 

arrival at the lab.  

Ms Goedhart and Dr Czopka used the tol2kit (Kwan et al. 2007) to construct the 

plasmids required create the Tg(mbp:mCherry-NTR) line. First, they amplified the 

nitroreductase sequence from a 3’ entry clone containing the sequence for bacterial 

nitroreductase using the following primers (including restriction sites): 

HindIII_NTR_forward GACAAGCTTATGGATATCATTTCTGTCGCC and 

XhoI_NTR_reverse CAGACTCGAGGTTACACTTCGGTTAAGGTG.   

The PCR products were then recombined with the 3’ entry clone vector PDONRP2R-

P3 (Czopka, unpublished). This vector also contained a SV40 late poly adenylation 

(poly-A) signal located directly 3’ to its multiple cloning site. Poly-A signals are 

known to aid termination of transcription and improve transgene expression 

(Proudfoot 2011). This completed the generation of the 3’ entry clone containing the 

NTR sequence. 

The mbp:mCherry-NTR plasmid was generated by recombining the above described 

3’ entry clone containing the NTR sequence, a 5’ entry clone containing the regulatory 

sequence for the myelin basic protein and the pME_mCherry fluorescent middle entry 

clone with the pDEST_Tol2_PA2 destination vector. This ligation was done using LR 

clonase II Plus (Invitrogen). The mbp:mCherry-NTR plasmid thus generated was then 

injected into fertilised wild type zebrafish eggs at the 1-8 cell stage (see Section 2.6 

below) to create embryos that expressed the transgene mosaically; that is, sparsely, in 

random locations along the length of the animal. These injected animals were allowed 

to develop into larvae, and at 5dpf they were sorted for transgene expression under a 

stereomicroscope. Those larvae that showed robust mosaic expression of the transgene 

were raised to adulthood, becoming the F1 generation. Only some individuals in the 

F1 generation contain the transgene in their germ lines; in order to identify the 

individuals that did, all F1 fish were outcrossed to wild type fish, and the progeny of 
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these crosses was analysed. Those F1 fish that contained the transgene in their germ 

lines produced fully transgenic offspring which expressed the transgene in every cell 

of the appropriate cell type (here, mature oligodendrocytes and Schwann cells). Such 

F1 fish were kept as founders of the new transgenic line. In order to propagate the line, 

the founders were outcrossed and the progeny, the F2 generation, was raised to 

adulthood. The generation of a stable transgenic line is illustrated in Figure Methods 

1 below, taken form Bin and Lyons (2016).  

 

 

 

All experiments described in this thesis were performed on the members of the F2 

generation and subsequent generations of this Tg(mbp:mCherry-NTR) line, either 

incrossed or outcrossed to different transgenic lines, as required. In Figures and 

legends, “Tg” before the line name denotes a stable, germline inserted transgenic line, 

whereas a transgene name indicates that a plasmid was injected, resulting in mosaic 

expression.  
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2.2. Maintenance of adult zebrafish 

Adult zebrafish were used in these studies exclusively for breeding purposes; to obtain 

the fertilised eggs and subsequent embryos and larvae on which all experiments were 

performed. Adult zebrafish were maintained in a dedicated aquatic facility at the 

Queen’s Medical Research Institute at 28.5°C and under a 14 hours light and 10 hour 

dark cycle. All husbandry was performed by the facility staff in accordance with UK 

Home Office regulations.  

 

2.3. Transgenic zebrafish lines used 

The transgenic or mutant zebrafish lines I have used throughout this project are listed 

in the table below.  

 

 

 

 

 

 

 

 

 

Line name Use Reference 

Tg(mbp:mCherry-NTR) Visualising and ablating 

oligodendrocytes and 

Schwann cells 

This study 

Tg(mbp:EGFP) Visualising 

oligodendrocytes and 

Schwann cells 

(Almeida et al. 

2011) 

Tg(mbp:EGFP-CAAX) Visualising myelin 

sheaths 

(Almeida et al. 

2011) 

Tg(mbp:nls-EGFP) Visualising 

oligodendrocyte and 

Schwann cell nuclei 

Unpublished 

Tg(mpeg:GFP) Visualising macrophages 

and microglia 

(Ellett et al. 2011) 

irf8 -/- Lacking microglia and 

macrophages at early 

developmental stages 

(Shiau et al. 2015) 
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2.4. Acquisition of fertilised eggs 

Fertilised egg were obtained by natural spawning through pair matings and 

subsequently kept in petri dishes containing embryo medium (10mM HEPES-

buffered E3 embryo medium; 500PM NaCl, 170 KCl PM, 330 PM CaCl2, 330 PM 

MgSO4) in a 28.5°C incubator.  

 

2.5. DNA microinjections 

If mosaic labelling of single cells was required, the fertilised eggs were microinjected 

with the appropriate DNA construct at the 1-8 cell stage. Eggs were injected with 1 nl 

of a solution containing 5-20 ng/µl plasmid DNA (depending on the plasmid in 

question), 12-20 ng/µl tol2 transposase mRNA, and 10% phenol red (to aid in 

visualising the successful injection). After injection, eggs were transferred to petri 

dishes containing embryo medium) and placed in a 28°C incubator. 

 

2.6. Metronidazole treatment and maintenance of 

larvae post-treatment 

5dpf larvae were anesthetised with tricaine (168µg/mL 3-amino benzoic acid ethyl 

ester, Sigma) and manually sorted under a fluorescent stereomicroscope, to identify 

larvae showing strong expression of the mbp:mCherry-NTR transgene, as well as any 

other transgene involved in the experiment. The 5mM solution of metronidazole (Mtz) 

was then prepared in 1% DMSO and embryo medium, and the selected larvae placed 

in 50ml petri dishes containing either the metronidazole solution or only 1% DMSO, 

and kept in a 28°C incubator for 48h. After 24h of treatment, the solutions were 

replaced with freshly prepared solutions. At the end of the 48h treatment, the larvae 

were transferred into one-litre nursery tanks at the aquatic facility, and maintained 

there for 1-16 days, depending on the experiment. During this time, they were fed by 

the facility staff according to established fish rearing protocols (Nüsslein-Volhard and 

Dahm, 2002; Westerfield, 2007).  
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2.7. Live imaging 

For live imaging, living zebrafish larvae were anaesthetised in tricaine as above, and 

embedded in 1.3% low melting point agarose (Invitrogen). To align larvae for imaging, 

they were laid on their sides on the coverslip and gently pressed against the coverslips 

along the length of their trunk, in order to ensure they lay as close to the coverslip as 

possible. During imaging, larvae were surrounded by “tricained” embryo medium.   

Confocal images were acquired using Zeiss LSM 710 or 780 confocal microscopes 

with a 20x air lens, with the exception of live imaging of single oligodendrocytes at 

21dpf, which was performed on a Zeiss LSM 880 Airyscan microscope with a 10x air 

X lens. 

All live images presented in this thesis represent lateral views of the spinal cord, with 

anterior towards the left and dorsal towards the top of the image. A stretch of 

approximately four somites was typically imaged, but figure panels show 

representative x-y areas cropped from the original images (see section 2.8. for details 

on live image processing). 

 

2.8. Processing of live images 

The majority of image processing was carried out using Fiji software (a distribution of 

ImageJ). This was mainly limited to global enhancements in brightness and/or 

contrast, and manipulating the colour schemes of images (e.g. changing the 

pseudocolouring of an image from green to grayscale). A small number of images was 

also processed in Adobe Photoshop CC 2015; this was again limited to global changes 

in brightness and contrast.  

The images of single oligodendrocytes at 21dpf captured on the Zeiss 880 Airyscan 

microscope were all subjected to a post-magnification zoom of 1.8 and a 3D post-

acquisition deconvolution using the Wiener filter.  
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For all figure panels, maximum intensity projections of z stacks were created (unless 

indicated otherwise), and representative x-y areas cropped. Figure panels were 

assembled using Adobe Illustrator CS5, Fiji and GraphPad Prism version 6.07.  

 

2.9. Quantification of live images 

All quantification of live images was performed using Fiji; either the cell counter 

plugin (for counting cells or subcellular components) or the region of interest plugin 

(for measuring lengths of myelin sheaths on individual oligodendrocytes).  

All analyses of larvae at 17dpf or older was performed blinded to the treatment 

condition or genotype, if applicable. At time points earlier than 17dpf, it was 

overwhelmingly obvious from the images whether the animal in question belonged to 

the treated or the control group, so blinding was deemed superfluous in these cases.  

 

2.10. Preparation of samples for electron microscopy 

Preparation of zebrafish tissue for transmission electron microscopy was performed 

according to the following protocol. 

1. Terminally anaesthetised larvae were immersed in primary fixative solution 

(4% paraformaldehyde, 2% glutaldehyde and 0.1M sodium cacodylate, pH 

7.4).  

2. As soon as possible, they were microwave-stimulated using a Panasonic 

microwave with “Inverter” technology: one minute at 100 Watts, one minute 

out of the microwave, one minute at 100 Watts, one minute out. Then the power 

setting was adjusted to 450 Watts, and samples were stimulated for 20 seconds, 

then taken out for 20 seconds.; this was repeated five times. During all 

microwave stimulation, the larvae were kept in an ice bath of 15°C ± 3°C to 

prevent them from overheating. 

The microwave stimulation is highly recommended, as a brief interval of 

microwaving has been found to markedly improve quality of zebrafish tissue 
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fixation, although it is not known precisely what the underlying mechanism of this 

benefit is.  

3. After microwave stimulation, samples were incubated in primary fix for 1-14 

days at 4°C. 

4. When ready to continue processing, samples were washed three times for ten 

minutes in 0.1M sodium cacodylate buffer and their heads were dissected away 

(another measure thought to improve quality of fixed tissue).  

5. The beheaded samples were immersed in secondary fixative, (2% osmium 

tetroxide and 0.1M imidazole) and microwave-stimulated again: one minute at 

100 Watts, one minute out, one minute at 100 Watts, one minute out. The 

power setting was changed to 450 Watts again and the samples stimulated for 

20 seconds and taken out for 20 seconds; this was again repeated five times. 

6. The microwaved samples were incubated on a shaker at gentle speed (~30rpm) 

at room temperature for at least three hours.  

7. The samples were next washed five times for ten minutes in water. 

8.  Next, an en bloc stain was performed by immersing samples in aqueous 

saturated uranyl acetate (8% w/v) and microwave-stimulating them (450 Watts 

for one minute, out for one minute, 450 Watts for one minute).  

9. An ethanol concentration gradient series (50%, 70%, 95% and 100% EM grade 

ethanol) was then prepared for the dehydration steps. After being immersed in 

each new concentration of ethanol, the samples were microwave-stimulated for 

45 seconds at 250 Watts, and incubated on a shaker at room temperature for 

ten minutes. At 100% ethanol, the samples were microwave-stimulated for one 

minute at 250 Watts, taken out for one minute and stimulated again at 250 

Watts for one minute. This was repeated three times. 

10. The samples were then subjected to an acetone dehydration: immersed in fresh 

EM grade acetone, they were microwave-stimulated at 250 Watts for one 

minute, out for one minute, stimulated at 250 Watts for one minute, and 

incubated on a shaker at room temperature for ten minutes. 

11. During the acetone dehydration, a pre-infiltration solution consisting of 50% 

acetone and 50% EMbed 812 resin (Electron Microscopy Sciences) was 
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prepared. The samples were left in this solution overnight on a shaker at room 

temperature.  

12. The next day, the 50/50 solution was replaced by 100% EMbed 812 resin, and 

the samples were left to incubate in this in the hood overnight, with the lids of 

the tubes open to allow residual acetone to evaporate. 

13. Finally, the samples were aligned in EMbed-filled silicone moulds and baked 

at 65°C for at least 72h to solidify the resin into blocks. A small piece of paper 

was also embedded in the blocks to identify the samples. 

 

These blocks were trimmed down using razor blades (Agar Scientific) until somite 16 

was reached. This was readily identifiable as it is also the location of the urogenital 

opening (see Figure Methods 2); this ensured that sections were always obtained from 

comparable regions in every animal. From this region, transverse 70nm thick silver 

sections were cut on a Reichert Jung Ultracut microtome (Leica) or a Leica UCT 

ultracut, kindly made available to me by Dr D Sherman) using a Diatome diamond 

knife.  Sections were stretched and flattened using chloroform, lifted using a magic 

loop (Agar Scientific) and placed on electron microscopy grids with hexagonal grid 

pattern (200 Mesh Grids, Agar Scientific).  

. 

 

Subsequently, sections on grids were stained, first for five minutes with a 1:1 solution 

of EM grade ethanol and saturated uranyl acetate, washed in 50% ethanol, 50% water.  

Finally, sections on grids stained with Sato’s lead stain. This was prepared according 

to the following recipe: 

0.2g lead citrate 
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0.15g lead nitrate 

0.15g lead acetate 

1g sodium citrate 

48.2 ml boiled and cooled Millipore-filtered water 

1.8 ml 5M NaOH prepared from the boiled and cooled Millipore-filtered water. 

The lead citrate was heated on a hot plate in the hood until it changes colour from 

bright white to a dull gray. Then all ingredients were combined in a beaker while 

stirring, and the stain aliquoted into 1ml syringes. 

Sections on grids were stained with this Sato’s lead stain for five minutes, then washed 

in water and stored until imaging.  

TEM imaging was performed at the University of Edinburgh Electron Microscope 

Facility, located in the Daniel Rutherford Building at King’s Buildings campus. The 

images presented in Chapter 3 and most of Chapter 5 were captured using a Phillips 

CM120 Biotwin transmission electron microscope. This was then replaced by a Jeol 

JEM-1400 Plus electron microscope, and the images presented in Chapter 4 were 

captured using this new microscope. Image magnification ranged from 1600x to 

7800x.  

 

2.11. Processing and quantification of TEM data 

An image of an entire transverse section of a 12dpf zebrafish spinal cord, cut at somite 

16, is shown in Figure Methods 3A. Below, the schematic indicate the different 

regions of the spinal cord that are referred to throughout this thesis: dorsal and ventral 

tracts, and the left and right hemi spinal cords.  

In the figure panels in this thesis, electron microscopy data for CNS studies is given 

as images of whole hemi-spinal cords, ventral tracts of one hemisphere (as defined in 

Figure Methods 3B) or individual tiles captured from ventral tracts. PNS data are 
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given as images of entire peripheral nerves (discussed further in Chapter 5). In order 

to create panoramic views of entire hemispinal cords, entire ventral tracts of one 

hemisphere or entire peripheral nerves, individual electron micrograph tiles were 

aligned using the automated photomerge tool in Adobe Photoshop CC. Any 

pseudocolouring on electron micrographs was applied using the lasso and bucket tools 

in Photoshop. 

Counting of axons and other structures from electron micrographs was performed 

using Fiji. In my analyses of TEM images of the CNS, I focused exclusively on axons 

of a “myelinateable” size. This was defined as the size of the smallest myelinated axon 

in a control animal within the same experiment. When discussing unmyelinated or 

demyelinated axons, I refer only to axons that by their size would be expected to be 

myelinated.   

Measurements of axon and myelin perimeters for obtaining g ratio data was done on 

Photoshop: I used the lasso tool to trace around the outer rim of the axon, and recorded 

the perimeter of my tracing using the measurements tool. I then traced around the outer 

rim of the myelin sheath, and recorded the perimeter of this too. From the perimeters, 

I calculated the diameters of the axon and the myelin, by dividing the perimeter value 

by π (employing the formula for perimeter of a circle C = 2πr, where r denotes radius). 

The g ratio was calculated using the formula below: 

 

g ratio 
diameter of axon 

diameter of myelin 

= 
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Figure Methods 3. TEM image interpretation. 
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2.12. Preparation of cryosections  

In order to prepare cryosections, terminally anaesthetised larvae were fixed with 4% 

paraformaldehyde in PBS overnight at 4°C. They were then washed with PBS, and 

transferred to a 30% sucrose solution in PBS. Initially, the samples floated on the 

surface of the sucrose solution, but over the course of 24h gradually sank to the bottom. 

Once they had done so, they were aligned in silicone moulds containing optimal 

cutting temperature (OTC) medium (Scigen) and immediately snap frozen in 2-

methylbutane (Sigma) immersed in liquid nitrogen. Cryoblocks were stored at -80°C 

until cutting. 

Cutting was performed using a Leica CM3050S cryostat, kindly made available to us 

by the Brophy laboratory. 14µm thick sections were cut starting at somite 5, which is 

located just posterior to the swim bladder. This region was chosen because it was 

readily identifiable using anatomical clues under a stereomicroscope.  In order to avoid 

sampling the same oligodendrocyte twice, sections were cut as follows: five Superfrost 

Plus (Thermo Scientific) slides were numbered 1-5. The first section was collected 

onto slide 1, then a section was cut but discarded, and the second section was collected 

into slide 2, and so forth. After slide 5 had received its first section, the next section 

was again collected onto slide 1. In this way, 8 x 14µm = 112µm came between the 

first and second (and second and third, etc) section on each individual slide. Since the 

diameter of an oligodendrocyte cell body is on average 5µm, I could be confident that 

when imaging any one slide, each oligodendrocyte was only represented once. A total 

of five sections were collected on each slide. The cryosections were stored at -80°C 

until staining and imaging.  

 

2.13. Hoechst staining, imaging, and analysis of 

cryosections 

Prior to imaging, the cryosections were stained with Hoechst (Thermo Scientific) to 

label nuclei. Cryosections were incubated with 1 mg/ml (1:1000 times dilution in PBS) 
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Hoechst for 10 min and subsequently washed with 0.02% Triton-X (Arcos) in PBS 

and finally with PBS (Lonza). 

Cryosections were imaged on Zeiss LSM 710 or 780 confocal microscopes with a 40x 

oil immersion lens, using a post-magnification zoom of 2. The 405nm channel was 

used to visualise the blue Hoechst staining, and the 568nm channel to visualise the 

endogenous mCherry signal from the mbp:mCherry-NTR transgene. Four sections 

were imaged per larva.  

Analysis of cryosections was carried out on Fiji. The two colour channels were merged 

using the merge channels plugin, and the number of oligodendrocytes was counted 

from each section, such that any Hoechst-expressing nucleus that clearly colocalised 

with mCherry signal was counted as an oligodendrocyte. Once all four sections 

originating from the same larva had been counted, a mean was calculated; this 

represented the number of oligodendrocytes in that larva.  

 

2.14. Acridine orange staining 

For labelling cells undergoing cell death in vivo, living larvae were incubated with 

3µg/µl acridine orange (Sigma) at 28°C for ten minutes. The larvae were then washed 

in embryo medium for ten minutes at least three times, and subsequently mounted and 

imaged. The 488nm laser was used to excite the samples. 

 

2.15. Genotyping for irf8 

Larvae were genotyped for irf8-/- according to (Shiau et al. 2015) following extraction 

of genomic DNA by a standard protocol. Briefly, each larva was placed in 50µl of 

50µM NaOH, and boiled at 98°C for 10 minutes. They were then neutralised by 10% 

tris-HCl (pH 8) and subsequently subjected to PCR. A 289 bp long fragment in irf8 

exon 1 was amplified using primers:  

5’-ACATAAGGCGTAGAGATTGGACG-3’ and 
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5’-GAAACATAGTGCGGTCCTCATCC-3’. (Shiau et al. 2015) 

The PCR product was then digested with restriction enzyme Ava1 (New England 

Biolabs). The wild type PCR product is cleaved into two fragments (196bp and 93bp) 

whereas the mutant PCR product is not cleaved at all, as the mutation disrupts the 

Ava1 cut site. These were visualised by standard electrophoresis on 3% agarose gels 

containing 5% ethidium bromide. 

 

Larval fin clips 

In cases where phenotypic analysis was performed through TEM or imaging of 

cryosections, entire larvae could not be genotyped. In such cases, fin clip biopsies were 

taken from the larvae prior to fixation, and genotyping was carried out on the biopsies. 

Larval fin clipping protocol was performed using the protocol from Wilkinson et al. 

(2013). Briefly, this involves anaesthetising the larvae in tricaine and 3% Tween-20, 

laying in them on a square of parafilm, cutting a small clip of the tail fin with a sharp 

blade and transferring it to a PCR strip using a P20 pipette.  

 

2.16. Statistical analysis 

All statistical analyses were done in GraphPad Prism version 6.07. Statistical tests 

were chosen according to experimental design as specified in the figure legends. Direct 

experimental comparisons of treatment and control group were analysed by student’s 

t-tests (under the assumption of normality distribution), whereas experiments with 

more than two variables were analysed by ANOVA. Data are given as means ± 

standard deviations, with error bars representing standard deviations throughout the 

thesis.  In every figure, N represents the number of larvae. 
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Chapter 3: 

Characterisation of a zebrafish model of 
demyelination and remyelination 
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3.1. Introduction 

In Chapter 1, I discussed why remyelination is considered an attractive therapeutic 

goal for treatment of MS and why many researchers opt to study demyelination and 

remyelination in simplified animal models; in short, because in such models it is 

possible to separate demyelination, immune infiltration, axon pathology and 

remyelination in time, enabling researchers to study the cause-effect relationships 

between them.  

In order to study these processes in vivo, we have generated a transgenic zebrafish 

model in which we can specifically ablate oligodendrocytes in living larvae. Given the 

amenability of zebrafish to repeated high-resolution live imaging, a demyelinating 

zebrafish model could allow researchers to perform the kind of precise analyses of the 

dynamic cellular interactions that have thus far remained inaccessible in rodent 

models: for instance, it could be possible to follow a single axon over time as it 

undergoes demyelination and remyelination, and relate its health status to its 

myelination status. Experimenters could also attempt interventions, both delaying and 

speeding up remyelination, and examine the effects of these on the axon’s health in 

terms of organelle transport, mitochondrial activity and calibre. These are crucial 

issues to consider, as it is currently not known how soon following demyelination a 

single axon begins to show pathology, and how far the pathology can proceed before 

it becomes irreversible by remyelination.  

A zebrafish model of demyelination could also enable researchers to study factors 

affecting the success of remyelination at the level of single cells. For example, it would 

be interesting to ask how the electrical activity of individual demyelinated axons 

affects their chances of being remyelinated. Of course, a larval demyelinating 

zebrafish could also provide a disease-relevant screening platform for high-throughput 

chemical screening to identify compounds which could promote remyelination, and to 

subsequently elucidate how such compounds exerted their effects at the cellular level, 

thus providing insight to the mechanisms of remyelination.  
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Given the exciting potential of the larval zebrafish as a model of demyelination and 

remyelination, it is not surprising that other groups have developed such models in 

parallel to us. During the course of my PhD studies, two such models have been 

published: the first by Chung et al. (2013), with a follow-up study by Kim et al. (2015), 

and the second by Fang et al. (2014). I will discuss how these models and their findings 

compare with my model at the end of this chapter. 

In addition, an in vivo model of demyelination and remyelination was developed in 

Xenopus laevis tadpoles by Kaya et al. (2012). Although Xenopus tadpoles share many 

of the benefits regarding live imaging with zebrafish, I would suggest that the zebrafish 

is better suited for studying demyelination and remyelination. This is because at the 

developmental stage when Kaya et al. start the metronizaole treatment, only 7% of the 

axons the Xenopus optic nerve are myelinated. In the zebrafish spinal cord, on the other 

hand, there are tracts that are well documented to be robustly myelinated from 4dpf 

onwards (Kimmel et al. 1982; Brösamle and Halpern 2002; Almeida et al. 2011). This 

means that the majority of the denuded axons seen in these tracts following a 

demyelinating treatment can be taken as bona fide demyelinated axons, and thus the 

majority of axons found to be myelinated at later stages can be taken to be 

remyelinated. In contrast, with the Xenopus optic nerve having so few myelinated 

axons to begin with, most of the myelinated axons observed at a corresponding stage 

are more likely to have been myelinated as part of the normal developmental process.  

Another advantage of the zebrafish for studies of demyelination and remyelination is 

that a far greater selection of transgenic tools exists for zebrafish than for Xenopus 

(Bin and Lyons, 2016). This enables more complex live imaging of cellular 

interactions to be carried out in zebrafish.  

For these reasons, I believe there remains a need in the field for a zebrafish model of 

demyelination and remyelination. Furthermore, in order to perform elaborate cellular 

analyses, it is essential that the demyelinating model is well understood. To this end, I 

undertook to thoroughly characterise a zebrafish model of demyelination and 

remyelination, which had been generated shortly prior to my arrival at the lab. In this 

chapter, I characterise the time course of demyelination and remyelination in this 

model, and consider the effects of demyelination on axon health. 



 

97 

 

3.2. The Tg(mbp:mCherry-NTR) line 

3.2.1 The nitroreductase/metronidazole system enables 
inducible cell-type specific cell ablation 

In order to selectively ablate mature oligodendrocytes (and Schwann cells; see Chapter 

5 of this thesis) in living zebrafish larvae, I employed the nitroreductase/metronidazole 

system. This system was initially introduced to the zebrafish field by (Pisharath 2007) 

for the purpose of ablating pancreatic beta cells, and has since been used by a number 

of research groups to ablate hepatocytes, cardiomyocytes (Curado et al. 2007), male 

germ cells (Hsu et al. 2010), oocytes (White et al. 2011), rods (Choi et al. 2011) and 

motor neurons (Ohnmacht et al. 2016), among others. 

In this system, the E. Coli enzyme nitroreductase (NTR) is expressed using a specific 

promoter for a cell type of interest; in my case, the regulatory sequence upstream of 

the gene encoding myelin basic protein (mbp), which is itself a major structural 

component of myelin, expressed in both mature myelinating oligodendrocytes and 

Schwann cells. The nitroreductase coding sequence is often fused to that of a 

fluorescent reporter, so that NTR-expressing cells can be easily identified within the 

animal. The expression of NTR by itself has no effect on the larva (Pisharath 2007) 

but when treated with the nontoxic prodrug metronidazole (Mtz), NTR reduces Mtz 

and converts it to a potent DNA interstrand cross-linking agent (Curado et al. 2007). 

This causes cell death of the NTR-expressing cell types. Thus, the 

nitroreductase/metronidazole system enables the researcher to ablate cells in a cell-

type specific and temporally controlled manner. The research published to date using 

the nitroreductase/metronidazole system reports finding no bystander effects on other 

cell types. 
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3.2.2 Characterisation of the stable Tg(mbp:mCherry-NTR) 
transgenic line 

Prior to my arrival in the lab, Ms Marieke Goedhart and Dr Tim Czopka had generated 

a stable transgenic line Tg(mbp:mCherry-NTR), whereby nitroreductase, fused to the 

fluorescent reporter protein mCherry, was expressed under the control of the mbp 

promoter (Almeida et al. 2011). (For further details regarding the generation of the 

transgenic constructs and the stable line, see Chapter 2, and Figure 2A and B. below). 

A whole-larva view of a Tg(mbp:mCherry-NTR) larva at five days post fertilisation is 

shown in Figure 2B, both as a brightfield and a fluorescent image, depicting the 

distribution of the transgene expression. Arrows point to the dorsal and ventral tracts 

of the spinal cord and the posterior lateral line, which is a prominent peripheral nerve. 

Using this line, Dr Czopka carried out some preliminary characterisation and found 

that a two-day treatment with 5mM metronidazole (Mtz) was sufficient to ablate 

oligodendrocytes without causing detectible adverse effects on the larvae.  

When I joined the lab, I wished to quantitatively assess the extent of oligodendrocyte 

ablation in the Tg(mbp:mCherry-NTR) line. Prior to testing this however, it was 

pertinent to first check how many oligodendrocytes in the larvae expressed the 

mbp:mCherry-NTR construct. To this end, I compared the number of 

oligodendrocytes in Tg(mbp:mCherry-NTR) larvae to that in Tg(mbp:EGFP) larvae. 

Tg(mbp:EGFP) is a well-established oligodendrocyte reporter in zebrafish (Almeida 

et al. 2011). I generated double transgenic larvae expressing both transgenes and 

counted the numbers of oligodendrocytes from both the mCherry and the GFP 

channels from a four-somite stretch of the spinal cord. This analysis showed that there 

was a mean of 72.56 ± 16.44 cells in the GFP channel and a mean of 72.11 ± 15.60 

cells in the mCherry channel. A t test found this difference to be non-significant, p = 

0.954 (Figure 2C). Thus, the expression of the mbp:mCherry-NTR transgene 

colocalises completely with the expression of another oligodendrocyte marker which 

we have used as a gold standard for studying myelinating oligodendrocytes (Almeida 

et al. 2011; Czopka et al. 2013).  
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A. Schematic of the mbp:mCherry-NTRpA construct, showing the nitroreductase 

enzyme fused to the fluorescent reporter mCherry, under the control of the myelin 

basic protein (mbp) promoter. B. Lateral view of the transgene expression in a 5dpf 

Tg(mbp:mCherry-NTR) larva. The dorsal and ventral tracts of the spinal cord, as well 

as the posterior lateral line, are labelled. C. Lateral views of both mCherry and GFP 

channels of a double transgenic Tg(mbp:mCherry-NTR);Tg(mbp:EGFP) larva at 7dpf, 

demonstrating that the mbp:mCherry-NTR transgene is expressed in all the same cells 

as the mbp:EGFP transgene. n = 9. 

Next, I wished to ascertain whether the two-day treatment with 5mM Mtz alone caused 

any non-specific effects on oligodendrocytes. To check this, I used another transgenic 
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line, Tg(mbp:nls-EGFP), which labels oligodendrocyte nuclei, but importantly, does 

not express nitroreductase, and therefore should not be affected by the Mtz-treatment. 

I treated these larvae with 5mM Mtz for two days and then counted the numbers of 

oligodendrocytes to assess any effects on them. The result of this assessment is shown 

in Figure 3; I found no difference in oligodendrocyte numbers between Mtz- and 

vehicle (DMSO)-treated larvae, with 83.33 ± 8.20 oligodendrocytes in DMSO-treated 

and 87.92 ± 13.64 in Mtz-treated Tg(mbp:nls-EGFP) larvae, which was again found 

to be non-significant (p = 0.324). Thus, Mtz-treatment alone does not seem to be 

detrimental to oligodendrocytes that do not express nitroreductase. 

 

A. Lateral views of spinal cords of 7dpf Tg(mbp:nls-

EGFP) larvae, treated with either DMSO (left) or Mtz (right). B. Quantification shows 

that oligodendrocyte numbers do not differ between DMSO- and Mtz-treated larvae 

when the animals do not express nitroreductase: the mean number of oligodendrocytes 

83.33 ± 8.20 in DMSO-treated animals was and 87.92 ± 13.64 in Mtz-treated animals. 

A t test found this difference non-significant (p = 0.324). n = 12 for DMSO, 13 for 

Mtz. 
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3.3. Oligodendrocyte ablation using the 

Tg(mbp:mCherry-NTR) line 

3.3.1. A two-day treatment with 5mM Mtz ablates two-thirds of 
oligodendrocytes in Tg(mbp:mCherry-NTR) larvae 

I then proceeded to assess the proportion of oligodendrocytes ablated by the two-day 

5mM Mtz-treatment that Dr Czopka had preliminarily indicated to result in ablation 

of oligodendrocytes.  We chose to start the Mtz-treatment at five days post fertilisation 

(5dpf) as it is well documented that there are specific populations of large-calibre 

axons in the ventral and dorsal tracts of the spinal cord which are known to be 

myelinated at this stage (Kimmel et al. 1982; Brösamle and Halpern 2002; Almeida et 

al. 2011; Koudelka et al. 2016) which meant that we could in principle interpret the 

majority of non-myelinated axons following Mtz-treatment as demyelinated, rather 

than never-myelinated, depending, of course, on the efficiency of cell ablation and 

demyelination.   

In order to quantitatively evaluate the degree of oligodendrocyte loss, I crossed the 

Tg(mbp:mCherry-NTR) line to the Tg(mbp:EGFP) line, because the GFP signal is 

cleaner than the mCherry signal (compare the images in Figure 2C) and thus renders 

the quantification of oligodendrocyte numbers more reliable than counting from the 

mCherry channel. I treated the double transgenic larvae with 5mM Mtz or the vehicle 

DMSO from 5dpf to 7dpf and subsequently imaged them using the GFP channel. 

Analysis of these images revealed that Mtz-treated larvae exhibit a drastic reduction 

in the numbers of recognisable oligodendrocyte cell bodies; yellow arrowheads 

indicate some of the remaining oligodendrocyte cell bodies. I counted the numbers of 

these remaining cell bodies, and found that the mean number of oligodendrocytes was 

reduced from 85.71 ± 2.1 in DMSO-treated larvae to 27.48 ± 2.1 in Mtz-treated larvae, 

amounting to a 68% decrease on oligodendrocyte numbers Figure 4B. A t-test found 

this difference significant, p < 0.0001. 

I also counted the remaining oligodendrocyte cell bodies in the dorsal and ventral tracts 

separately, in case one of them experienced a more extensive loss of oligodendrocytes 

than the other. I found that in the dorsal tract, the mean number of oligodendrocytes 
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was reduced by 68% from 34.14 ± 1.3 in DMSO-treated larvae to 10.9 ± 1.2 in Mtz-

treated larvae, p < 0.001. Similarly, in the ventral tract, the mean number of 

oligodendrocytes was reduced by 68% from 51.57 ± 1.3 in DMSO-treated larvae to 

16.57 ± 1.3 in Mtz-treated larvae, p < 0.0001 Figure 4B.  

In order to see whether a similar degree of oligodendrocyte ablation could be achieved 

with an even shorter treatment with 5mM Mtz, I also counted oligodendrocytes in 

Tg(mbp:mCherry-NTR) larvae after a one-day treatment, and compared the numbers 

(Figure 4C) with those that remained after a two-day treatment. This indicated that 

there was a mean of 34.10 ± 7.72 oligodendrocytes after a one-day treatment, 

compared to a mean of 26.0 ± 5.69 after a two-day treatment, p = 0.0085. Thus, a two-

day treatment with metronidazole results in a significantly greater loss of 

oligodendrocytes, and was established as the protocol to use. Since Dr Czopka had 

seen evidence of non-specific toxic effects of Mtz following treatments longer than 

two days (data not shown), increasing the treatment duration to ablate even more 

oligodendrocytes was not considered a viable option.  

Thus, a two-day treatment with 5mM Mtz results in loss of 68% of oligodendrocytes 

in the spinal cord, both the ventral and the dorsal tracts. As with any biological 

phenomenon, there is a degree of variability in the oligodendrocyte numbers, but the 

level of variation is similar in the control and Mtz-treated conditions, as is evident in 

the nearly identical standard deviations in the different conditions.  

In addition to this loss of oligodendrocytes, Mtz-treated Tg(mbp:mCherry-NTR) 

larvae appear to have developed larger, less dense-looking structures between the 

remaining oligodendrocyte cell bodies, indicated with red arrowheads. For a further 

discussion of these, see Section 3.3.3. below.   
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A. Lateral views of 

spinal cords of 7dpf Tg(mbp:mCherry-NTRpA);Tg(mbp:EGFP) larvae, treated with 

either DMSO (left) or Mtz (right). The DMSO-treated larva looks normal, whereas the 

Mtz-treated larva has fewer oligodendrocyte cell bodies, and contains large mbp-

expressing unidentified structures. Red arrowheads indicate these structures, and 

yellow arrowheads surviving oligodendrocyte cell bodies. B. Quantification of 

oligodendrocytes in the dorsal and ventral tracts, and the whole spinal cord, in DMSO 

and Mtz-treated larvae. In the dorsal tract, the mean number of oligodendrocytes are 

reduced by 68% from 34.14 ±1.3 in control to 10.9 ±1.2 in Mtz-treated animals (p < 

0.0001), while in the ventral tract, the mean number of oligodendrocytes is reduced by 

68% from 51.57 ± 1.3 in control animals to 16.57 ± 1.3 in Mtz-treated animals (p < 

0.0001). Overall, the mean number of oligodendrocytes (dorsal and ventral combined) 

was reduced by 68% from 85.71 ± 2.1 in control to 27.48 ± 2.1 in Mtz, treated animals 

(p < 0.0001). n = 21. C. Comparison of oligodendrocyte loss between a one-day and a 

two-day treatment with Mtz shows that there is a mean of 34.10 ± 7.72 

oligodendrocytes after a one-day treatment, compared to a mean of 26.0 ± 5.69 after a 

two-day treatment, p = 0.0085. n = 10 for one-day treatment, 13 for two-day treatment 

with Mtz. 
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3.3.2. Myelin sheaths are disrupted following metronidazole 
treatment in Tg(mbp:mCherry-NTR) larvae 

To investigate how myelin morphology was affected following oligodendrocyte 

ablation, I crossed Tg(mbp:mCherry-NTR) fish with Tg(mbp:EGFP-CAAX) reporter 

fish, which expresses membrane-tethered GFP in all myelinating glia, and thus enables 

visualisation of myelin sheath morphology (Almeida et al. 2011; Czopka et al. 2013). 

I treated these larvae with 5mM Mtz from 5dpf to 7dpf, and subsequently imaged them. 

Representative images from control and Mtz-treated larvae are presented in Figure 5. 

and show general and severe disorganisation of the myelinated tracts in the Mtz-treated 

Tg(mbp:mCherry-NTR) larvae.  

It is essential to note that the disorganised appearance of the myelin sheaths, as 

visualised by the Tg(mbp:EGFP-CAAX) line, cannot be taken to equate to 

demyelination per se. In order to visualise and quantitatively assess the actual 

myelination status of axons, it was necessary to perform electron microscopy, as 

described in detail in Section 3.4. below.  
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Representative confocal images of Tg(mbp:mCherry-NTR); Tg(mbp:EGFP-CAAX) 

larvae at 7dpf, following two-day treatment with DMSO (left column) or Mtz (right 

column). Top row: maximum intensity projections. Bottom row: representative single 

z sections to highlight the disrupted organisation of the myelin sheaths in the Mtz-

treated, compared to control larva. Yellow arrowheads indicate normal myelin sheaths 

in the DMSO-treated larva, and presumptive “curled-up” myelin sheaths in the Mtz-

treated larva.

 

3.3.3. Oligodendrocyte ablation results in appearance of 
cellular vacuoles 

Previous studies have reported highly vacuolated tissue following genetic ablation of 

oligodendrocytes (Pohl et al. 2011; Traka et al. 2010; Locatelli et al. 2012). As I 

mentioned above, Mtz-treatment of Tg(mbp:mCherry-NTR) larvae results in the 

appearance of large, less dense-looking  GFP-expressing structures in the spinal cord. 

These very striking features are consistently found in all Mtz-treated 

Tg(mbp:mCherry-NTR) larvae and warranted further investigation. To do this, I have 

employed a variety of tools to visualise the vacuoles in my line, including live imaging 

using a selection of transgenic markers, brightfield imaging and transmission electron 

microscopy (TEM). These analyses indicate that the large GFP-expressing structures 

I observe following oligodendrocyte ablation are fluid-filled vacuoles.  
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In Figure 6A, the vacuoles are shown using the Tg(mbp:EGFP) line, as before, while 

in Figure 6B,  I visualised the vacuoles using the Tg(mbp:EGFP-CAAX) line. The 

images shown in Fig. 3.5B were taken at five days post-treatment, and in the Mtz-

treated Tg(mbp:mCherry-NTR) animal, a large vacuole can be seen spanning a large 

proportion of the height of the spinal cord, surrounded by a cluster of smaller vacuoles. 

Remarkably, the vacuoles are also clearly visible by brightfield microscopy (Figure 

6C).  

The full transgenic Tg(mbp:EGFP-CAAX) line is ideal for visualising the state of the 

spinal cord globally. For a better understanding of the nature of the vacuoles at the 

level of individual oligodendrocytes, I injected mbp:EGFP-CAAX plasmid into 1-8 

cell staged embryos, which gives rise to mosaic labelling of single oligodendrocytes 

and all their myelin sheaths. As shown in Figure 6C, the morphology of 

oligodendrocytes in DMSO-treated animals does not change over the two-day DMSO-

treatment. By contrast, single oligodendrocytes in Mtz-treated animals often have 

myelin sheaths that appear to be detaching and swelling up into a round bubble-like 

formation. 

A recent study employing electron microscopy on high-pressure frozen tissue showed 

that appearance of vesicular membrane profiles in the innermost layers of the myelin 

sheath is the first stage in myelin sheath breakdown, and as the breakdown proceeds, 

the vesicular structures become increasingly prominent (Weil et al. 2016). The authors 

further showed that this disruption of myelin sheath organisation is triggered by loss 

of mbp. These observations are consistent with the idea that the vacuoles I see in 

fluorescent and brightfield microscopy are products of myelin sheath breakdown, 

although further live imaging and ultrastructural studies would be required for a 

comprehensive characterisation. 

 



 

107 

 

 

A. Lateral views of spinal 

cords of 7dpf Tg(mbp:mCherry-NTRpA);Tg(mbp:EGFP) larvae. The Mtz-treated 

animal (right) contains large mbp-positive structures (arrowheads) which are absent 

from the control animal. B. Lateral views of spinal cords of 11dpf Tg(mbp:mCherry-

NTRpA);Tg(mbp:EGFP-CAAX) larvae. The GFP channel labelling myelin sheaths is 

shown. In the Mtz-treated animal (right) the myelin sheaths have formed vacuoles 

(arrowheads) which are absent from the control animal. C. Single oligodendrocytes 

labelled by injection of the mbp:EGFP-CAAX plasmid, before and after treatment with 

either DMSO or Mtz. The DMSO-treated cell remains unchanged, whereas some 

myelin sheaths on the Mtz-treated cell appear to be detaching from the axon and 

forming vacuoles (arrowhead).

 

Therefore, to better visualise the vacuoles I see in my model, and to compare them to 

vacuolated tissue reported by previous studies, I prepared Tg(mbp:mCherry-NTR) 

larvae for transmission electron microscopy (TEM), and cut transverse sections at 
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somite 16. Figure 7 shows entire hemi-spinal cords of 11dpf larvae, treated with either 

DMSO or Mtz and sacrificed at 4 days post-treatment. The spinal cord in the Mtz-

treated Tg(mbp:mCherry-NTR) larva contains large white, almost circular, structures 

which are entirely absent from the control animal.  These structures presumably 

correspond to the vacuoles seen by confocal microscopy. Notably, the EM images 

indicate that some vacuoles can reach the size of neuronal cell bodies or the Mauthner 

axon (the largest axon in the zebrafish spinal cord, marked with a red letter M) while 

others are much smaller (inset). Based on the progression of “vesicularisation” from 

(Weil et al. 2016), it is possible that the different sizes represent vacuoles at different 

stages of myelin sheath breakdown.  
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TEM images of entire 

hemispinal cords of 11dpf Tg(mbp:mCherry-NTR) larvae, treated with either DMSO 

or Mtz, as indicated. 

 Red arrowheads on Mtz-treated larva 

indicate vacuoles and the red letters M indicate Mauthner axons.
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As with the number of oligodendrocytes, a degree of variability in the severity of 

vacuolation exists between individual Tg(mbp:mCherry-NTR) larvae. Figure 6C 

above shows a relatively mildly affected oligodendrocyte, whereas Figure 8B. below 

is an example of a severely affected oligodendrocyte. Similarly, the electron 

micrograph of the spinal cord in Figure 7 shows a relatively mildly affected 

phenotype, whereas the electron micrograph in Figure 8A is an example of a 

particularly strongly affected ventral spinal cord.  
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A. 

TEM images of transverse sections of ventral spinal cords of 11dpf larvae, treated with 

either DMSO (left) or MTz (right). The tissue in the DMSO-treated animal looks 

normal, whereas in the Mtz-treated animal the spinal cord is filled with vacuoles and 

disrupted tissue. Red arrowheads indicate Mauther axon. B. Confocal images of a 

lateral view of spinal cords of 5dpf and 7dpf larvae, before and after either DMSO 

(left) or Mtz (right) treatment. A single oligodendrocyte is labelled in each, by 

injection of the mbp:EGFP-CAAX plasmid. The myelin sheaths of the DMSO-treated 

cell remain largely unchanged over two days, whereas those on the Mtz-treated cell 

appear to have detached and formed vacuoles 
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3.3.4. Oligodendrocyte numbers remain lower in Mtz-treated 
Tg(mbp:mCherry-NTR) larvae for at least seven days post-
treatment 

Thus far, the characterisation of the oligodendrocyte ablation in my Tg(mbp:mCherry-

NTR) line has revealed that a two-day treatment with 5mM metronidazole ablates 

approximately two-thirds of spinal cord oligodendrocytes, and triggers the formation 

of vacuoles.  

Having established these effects of the treatment, I was interested in what happens 

next; when I withdraw the metronidazole and replace it with normal embryo medium, 

does oligodendrocyte loss proceed further, or does the oligodendrocyte number begin 

to rise? If it begins to rise, does this occur immediately following Mtz-treatment, or 

after a delay? 

It is now well documented that the vertebrate central nervous system is populated by 

oligodendrocyte progenitor cells throughout life (Dawson et al. 2003; Hughes et al. 

2013). Indeed, in the zebrafish spinal cord, the number of oligodendrocytes rises 

throughout life (Park et al. 2007; Buckley et al. 2010). With these in mind, there was 

every reason to believe that zebrafish larvae would be able to generate new 

oligodendrocytes to replace those ablated. (It is important to note, however, that the 

continued production of oligodendrocytes is not likely to confound the analysis of de- 

and remyelinated axons, since the axon tracts I am interested in were already 

myelinated at 5dpf prior to the start of the Mtz-treatment; see Section 3.4. below for 

discussion of demyelination).  

To find out when, if at all, the larvae begin to regenerate their oligodendrocytes, I 

carried out a time course experiment where I imaged larvae every day for the first 

seven days following withdrawal of the metronidazole treatment. I chose this time 

course, as at seven days post-treatment, the larvae are over 14 days old and have grown 

in size such that the thickness of muscle tissue renders high-resolution live imaging 

difficult after this point.  

For reasons of larval health, it was not practical to image the same larvae over so many 

consecutive days, so the following data were obtained from imaging a different cohort 
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of larvae each day. In each larva, I imaged a four-somite long area of the spinal cord 

(approximately somites 8-11) and counted the oligodendrocytes from these images.  

I again used the Tg(mbp:EGFP) line, crossed to my Tg(mbp:mCherry-NTR) line, to 

facilitate counting oligodendrocytes in live larvae. The results of this time course 

experiment are shown in Figure 9. Throughout the period of the first seven days 

following metronidazole treatment, the number of oligodendrocytes in the DMSO-

treated larvae increases, with a mean of 69.94 ± 11.64 oligodendrocytes at 0d post-

treatment and 92.15 ± 9.76, p < 0.0001. Interestingly, the number of oligodendrocytes 

in the Mtz-treated larvae does not decrease further from the end of the Mtz-treatment, 

and instead increases slightly over time, from a mean of 26.76 ± 7.20 at 0d post-

treatment to 44.25 ± 11.57 at 7d post-treatment, p = 0.0004. Importantly, however, the 

number of oligodendrocytes in Mtz-treated larvae remains significantly lower than in 

DMSO-treated larvae throughout the seven-day period; at 7d post-treatment the mean 

number of oligodendrocytes was 92.15 ± 9.76 in DMSO-treated animals, compared to 

44.25 ± 11.57 in Mtz-treated animals (p < 0.0001). Comparisons at other time points 

are detailed in the legend of Figure 9.  

Thus, this timeline indicates that oligodendrocyte numbers are not restored to control 

levels in the first seven days following metronidazole treatment. 
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 A. Representative images from the spinal cords of 

DMSO- and Mtz-treated larvae at the time points indicated. The number of 

oligodendrocytes in Mtz-treated larvae never approaches that in DMSO-treated larvae. 

B. Quantification of shows that oligodendrocyte numbers remain significantly lower 

in Mtz-treated compared to DMSO-treated animals throughout the first seven days 

after treatment. At 0d post-treatment, there is a mean of 69.94 ± 11.64 

oligodendrocytes in control animals, compared to 26.76 ± 7.20 in Mtz-treated animals, 

p < 0.0001. At 1d post-treatment, there is a mean of 71.43 ± 12.09 oligodendrocytes 

in control animals, compared to 37.75 ± 5.34 in Mtz-treated animals, p < 0.0001. At 

2d post-treatment, there is a mean of 75.29 ± 6.16 oligodendrocytes in control animals, 

compared to 37.22 ± 12.28 in Mtz-treated animals, p < 0.0001. At 3d post-treatment, 

there is a mean of 79.29 ± 13.71 oligodendrocytes in control animas, compared to 

50.13 ± 15.78 in Mtz-treated animals, p < 0.0001. At 4d post-treatment, there is a mean 

of 76.08 ± 8.92 oligodendrocytes in control animals, compared to 42.95 in Mtz-treated 

animals, p < 0.0001. At 5d post-treatment, there is a mean of 81.92 oligodendrocytes 

in control animals, compared to 35.60 ± 10.88 in Mtz-treated animals, p < 0.0001. At 

6d post-treatment, there is a mean of 77.78 ± 10.54 oligodendrocytes in control 

animals, compared to 35.64 ± in 11.30 in Mtz-treated animals, p < 0.0001. At 7d post-

treatment, there is a mean of 92.15 oligodendrocytes in control animals, compared to 

44.25 ± 11.57 in Mtz-treated animals, p < 0.0001. Statistical significances were 

determined by multiple t tests per row, without assuming equal standard deviations 

(Holm-Sidak method). n = no less than 7 
 

 

3.4. Oligodendrocyte ablation results in extensive 

demyelination 

3.4.1.  Demyelinated axons are seen at 5d post-treatment 

The gold standard for demonstrating demyelination is electron microscopy. In order to 

assess demyelination in the Tg(mbp:mCherry-NTR) larvae following Mtz-treatment, 

I prepared larvae for TEM at various time points during the first seven days following 

the treatment. As described above, for the first four days following withdrawal of the 

Mtz-treatment, significant myelin vacuolation was observed in the spinal cord. This 

extensive disruption to the overall architecture of the spinal cord made it difficult to 

assess demyelination. However, by 5d post-treatment, the extent of vacuoles 

diminished and the spinal cord cytoarchitecture appeared more intact. For this reason, 

I chose to quantify the extent of demyelination at 5d post-treatment.  
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In control animals at 12dpf, there are two notable populations of large calibre axons, 

one in the dorsal area and another in the ventral (see schematic in Figure 10A). In the 

control larvae, some non-myelinated large-calibre axons can be seen, pseudocoloured 

in turquoise, and likely represent axons soon to be myelinated. In stark contrast, in the 

Mtz-treated Tg(mbp:mCherry-NTR) larva, although the large calibre axons are present 

in the expected locations in the spinal cord, the vast majority lack distinct myelin 

sheaths (again pseudocoloured in turquoise; Figure 10A). Figure 10B shows higher 

magnification images of the ventral spinal cords of the same animals.  

I have quantified the extent of demyelination in a number of ways Figure 10C. First, 

I counted the numbers of myelinated axons in the ventral spinal cord, and found that 

these were decreased from a mean of 58.33 ± 17.79 in control larvae to 12.75 ± 2.50 

in Mtz-treated larvae, p = 0.0034. For this analysis, I considered any axon surrounded 

by more than one wrap of dark rim as myelinated. Next, I calculated the percentage of 

axons of a “myelinateable” size that was myelinated in control and treated animals. As 

a definition of “myelinateable” size in this case, I identified the smallest myelinated 

axon in a control animal, and defined its cross sectional size as the threshold for being 

of a “myelinatable” size. In the rest of this thesis, I will refer to axons of a 

“myelinateable” calibre simply as “large-calibre” axons. In this dataset, this threshold 

was a perimeter of 1 µm.  

I then counted all axons of this size or larger in each animal, and calculated the 

percentage of those that were myelinated. This was reduced from 66.63 ± 8.0% in 

control animals to 16.90 ± 7.28% in Mtz-treated animals, p = 0.0004, amounting to a 

75% decrease in percentage of myelinated axons in the ventral spinal cord. 

Given the association of axonal damage with demyelination and the extent of tissue 

damage seen following the induction of oligodendrocyte death, I next wanted to 

quantify the total number of large calibre axons in control and Mtz-treated 

Tg(mbp:mCherry-NTR) animals. Perhaps surprisingly, the total number of large 

calibre axons did not differ between treated and control fish (87.67 ± 27.01 large-

calibre axons in control animals, and 83.00 ± 28.65 in Mtz-treated animals, p = 0.836). 

Thus, the ablation of two-thirds of oligodendrocytes results in demyelination of 75% 

of the axons in the ventral spinal cord, but not in any loss of axons in this area.  
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. A (previous page). Entire hemispinal cords of 12dpf larvae, treated with 

either DMSO (left) or Mtz (right). Red letters “M” indicate Mauthner axons. The 

schematic on the top left hand corner shows the structure of a whole spinal cord, and 

the red oval indicates the area captured in the TEM images. Large-calibre axons that 

are not myelinated are pseudocoloured in turquoise. B. Higher magnification images 

from the ventral spinal cord of the same larvae. The axons in the DMSO-treated animal 

are robustly myelinated, whereas in the Mtz-treated animal many axons are bare. C. 

Quantification shows that the total number of myelinated axons in the ventral spinal 

cord is reduced from 58.33 ± 12.75 in control animals to 12.75 ± 2.50 in Mtz-treated 

animals, p = 0.0034. The percentage of large-calibre axons that is myelinated is 

reduced from 66.63 ± 8.0% in control animals to 16.90 ± 7.28% in Mtz-treated 

animals, p = 0.0004. The total number of large-calibre axons does not differ 
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significantly between control and Mtz-treated animals (87.67 ± 27.01 in control 

animals, and 83.0 ± 28.65 in Mtz-treated animals, p = 0.836. n = 3 for DMSO, 4 for 

Mtz. 

 

3.4.2. Axons remain demyelinated at 7d and 11d post-
treatment 

Having seen such extensive demyelination at 5d post-treatment, I next wished to 

determine how long axons remained demyelinated and when remyelination might 

commence. To this end, I prepared larvae for TEM at 7d and at 11d post-treatment, 

and assessed the myelination status of these animals. Figure 11 shows representative 

images from ventral spinal cords of DMSO- and Mtz-treated animals at 7d and 11d 

post-treatment. It is clear from these images that spinal cords of Mtz-treated larvae still 

contain numerous demyelinated axons at both time points, whereas the vast majority 

of the axons in control animals at the same time points are myelinated.  

To quantify this demyelination, I again counted the numbers of large-calibre 

myelinated and unmyelinated axons, and calculated the percentage of large-calibre 

axons that was myelinated. At 7d post-treatment, the percentage of myelinated axons 

was reduced from 59.46 ± 12.45% in control animals to 28.55 ± 11.54 % in Mtz-treated 

animals. At 11d post-treatment, the percentage of myelinated axons remains reduced 

in Mtz-treated animals, with controls having 72.05 ± 1.05% compared to 24.3 ± 

10.66% in Mtz-treated animals. A two-way ANOVA found a significant main effect 

of treatment condition (p < 0.0001). Neither the main effect of time point (p = 0.390) 

nor the interaction (p = 0.09) were significant. The apparent decrease in percentage of 

myelinated axons between Mtz-treated animals at 7d and 11d post-treatment (28.55% 

to 24.3%) is not statistically significant (p = 0.5227).   

I also counted the total number of large-calibre axons at these 7d and 11d post-

treatment, and found that this did not differ between the time points or the treatment 

conditions: there was a mean of 85.4 ± 27.06 large-calibre axons in DMSO-treated 

larvae and 76.2 ± 20.79 in Mtz-treated larvae, while at 11d post-treatment, there was 

a mean of 89.5 ± 24.58 large-calibre axons in DMSO-treated animals and 87.25 ± 

29.71 in Mtz-treated larvae. A two-way ANOVA found both main effects of treatment 
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condition (p = 0.644) and time point (p = 0.542) as well as the interaction (p = 0.778) 

non-significant (Figure 11). 

Overall, these data suggest that Mtz-treated spinal cords remains largely demyelinated 

until at least 11d post-treatment, but that this does not result in loss of axons. It is also 

worth noting that, as in the electron micrographs taken at 5d post-treatment, there are 

very few vacuoles present in the ventral spinal cords at 7d and 11d post-treatment. 
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A. TEM 

images of ventral spinal cords of 14dpf and 18dpf larvae, treated with either DMSO or 

Mtz, as indicated. The Mtz-treated spinal cords at both 7d and 11d larvae still contain 

numerous demyelinated axons. B. Quantification reveals that at 7d post-treatment, the 

percentage of myelinated axons was reduced from 59.46 ± 12.45% in control animals 

to 28.55 ± 11.54 % in Mtz-treated animals. At 11d post-treatment, controls have 72.05 

± 1.05% myelinated of large-calibre axons, compared to Mtz-treated animals having 

24.3% ± 10.66%. A two-way ANOVA finds significant main effect of treatment 

condition (p < 0.0001). Neither the main effect of time point (p = 0.390) nor the 

interaction (p = 0.09) were significant. The apparent decrease in percentage of 

myelinated axons between Mtz-treated animals at 7d and 11d post-treatment (28.55% 

to 24.3%) is not statistically significant (p = 0.5227). C. Quantification shows that 

there is no difference in the total number of large-calibre axons between the two time 

points or between control and Mtz-treated larvae: at 7d post-treatment, there is a mean 

of 85.4 ± 27.06 axons in DMSO-treated larvae and 76.2 ± 20.79 in Mtz-treated larvae, 

while at 11d post-treatment, there is a mean of 89.5 ± 24.58 axons and 87.25 ± 29.71 

in Mtz-treated larvae. A two-way ANOVA finds both main effects of treatment 

condition (p = 0.644) and time point (p = 0.542) as well as the interaction (p = 0.778) 

non-significant. n = 5 at 7d post-treatment and 4 at 11d post-treatment.
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3.5. Remyelination 

3.5.1. Extensive remyelination is observed at 16d post-
treatment 

My electron microscopy data indicate that axons remain demyelinated for several days 

in Mtz-treated Tg(mbp:mCherry-NTR) animals. However, given that the zebrafish as 

a model system is renowned for its remarkable capacity for repair and regeneration, 

(Becker and Becker 2014) I considered it likely that the larvae would eventually be 

able to remyelinate at least some of their axons.  

Therefore, following an amendment to our Home Office licences to allow analysis at 

later stages, I grew animals up for 16 days after withdrawal of Mtz-treatment. At this 

point, Mtz- and DMSO-treated animals had indistinguishable myelinated axons. 

Figure 12 shows two hemi-spinal cords, from a control animal (left) and a Mtz-treated 

Tg(mbp:mCherry-NTR) animal (right). Quantification indicated that the number of 

myelinated axons was not different between treated and control animals (the mean 

number of myelinated axons was 80.88 ± 23.12 in control animals and 85.71 ± 22.01 

in Mtz-treated animals, p = 0.686). Similarly, the percentage of large calibre axons that 

was myelinated did not differ significantly between treated and control animals (88.75 

± 7.09% of axons were myelinated in control animals and 82.86 ± 9.72% in Mtz-

treated animals, p = 0.199). Finally, the total number of large-calibre axons did not 

differ significantly between treated and control animals either (there was a mean of 

91.13 ± 25.39 large calibre axons in control animals and 104.0 ± 24.04 in Mtz-treated 

animals, p = 0.334). Thus, the data suggest that demyelinated axons undergo 

remyelination by 16d post-treatment and that the period of regeneration of myelin must 

take place between 11 and 16 days post-treatment. 
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A. (previous page) 

Entire hemispinal cords of 23dpf larvae, treated with either DMSO (left) or Mtz (right). 

Both spinal cords appear robustly myelinated. B. Higher magnification images of the 

same spinal cords. C. Quantification shows that number of myelinated axons is not 

different between treated and control animals (the mean number of myelinated axons 

is 80.88 ± 23.12 in control animals and 85.71 ± 22.01 in Mtz-treated animals, p = 

0.686). The percentage of large-calibre axons that is myelinated does not differ 

significantly between control and Mtz-treated animals (88.75 ± 7.09% in control and 

82.86 ± 9.72% in Mtz-treated animals, p = 0.199). The total number of large-calibre 

axons does not differ between control and Mtz-treated animals either (a mean of 91.13 

± 25.39 in control animals and 104.0 ± 24.04 in Mtz-treated animals, p = 0.334). n = 

8.
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3.5.2. Regenerated myelin reaches the thickness of control 
myelin in Mtz-treated Tg(mbp:mCherry-NTR) animals 

In the field of mammalian de- and remyelination, new myelin generated during 

remyelination is widely agreed to be thinner than myelin made during normal 

development (Blakemore 1973; Blakemore 1974). In fact, even in a model of adult 

zebrafish remyelination, the newly made myelin failed to reach the thickness of control 

myelin, although, interestingly, this was an age-dependent phenomenon with repair 

generating thinner myelin sheaths only in older animals (Münzel et al. 2014).  

Therefore, I quantified myelin thickness at 16 days post treatment, by assessing the g-

ratio:  

 

 

 

To determine the g ratios of the axons in this cohort, I first traced around the perimeter 

of the axon itself (inside the myelin sheath; blue tracing in Figure 13A) and then traced 

the outer perimeter of the myelinated axon (pink tracing in Figure 13A). I calculated 

the diameters from the perimeters and then calculated the ratio of the diameter of the 

axon to the diameter of the myelinated axon (see Chapter 2) for more details. 

Figure 13 shows that there is no difference between the mean g ratios of control and 

Mtz-treated animals at 16d post-treatment (mean g ratio was 0.81 ± 0.042 in control 

animals and 0.82 ± 0.025 in Mtz-treated animals, p = 0.671). However, simply 

comparing g ratios without taking into account the sizes of the axons can be a crude 

and misleading measure, given that myelin thickness is known to vary with axon 

calibre (Blakemore 1973). In order to accommodate that, I plotted the g ratios I had 

calculated against the diameters of those axons. The resulting scatter plot, presented in 

Figure 13, clearly illustrates that there are no differences between myelin thicknesses 

between Mtz-treated and control larvae, regardless of the sizes of the axons. Thus, the 

data indicate remyelination restores myelin thickness to control levels in this model.  

g ratio 
diameter of axon 

diameter of myelinated axon 

= 
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A. 

Illustration of how g ratios were measured: the blue tracing indicates the perimeter of 

the axon, and the pink tracing the perimeter of the myelin. These were measured and 

divided by π to obtain diameters. Axon diameter was divided by diameter of 

myelinated axon to obtain g ratios. B. A comparison of the mean g ratios shows that 

the mean g ratio in control animals is 0.81 ± 0.042, and in Mtz-treated animals the 

mean g ratio is 0.82 ± 0.025, p = 0.671). C. G ratios plotted against axon diameters to 

illustrate the spread of myelin thicknesses over axons of different sizes. The population 

of axons in Mtz- and DMSO-treated animals is completely indistinguishable.
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3.6. Oligodendrocyte number recovery 

3.6.1.  Oligodendrocyte numbers are restored to control 
levels by 16d post-treatment 

Thus far, I have demonstrated that treating Tg(mbp:mCherry-NTR) larvae with 5mM 

Mtz from 5dpf to 7dpf ablates two-thirds of the oligodendrocytes in the spinal cord, as 

well as causing the appearance of cellular vacuoles. Oligodendrocyte numbers remain 

lower in Mtz-treated than in control animals for at least seven days following 

withdrawal of metronidazole. Electron microscopy indicates extensive demyelination, 

and this persists from 5 to 11 days post-treatment. However, by 16d post-treatment, 

Mtz-treated larvae achieve complete remyelination, where the Mtz-treated larvae are 

indistinguishable from controls in terms of the number and percentage of myelinated 

axons, as well as myelin thickness. This remarkable feat of successful replacement of 

lost myelin suggests that sufficient numbers of new oligodendrocytes are generated at 

some point to carry out the remyelination. However, intriguing questions remain over 

when these oligodendrocytes are produced, and whether the newly generated 

oligodendrocytes reach the numbers of control animals, or whether they fall short.   

In order to address these questions, I carried out a time course experiment to quantify 

oligodendrocyte numbers during the period of peak demyelination through to 

recovery, i.e. between 7 and 16 days post-treatment. Owing to the increasing size of 

growing larvae during the recovery period, this experiment could not be completed to 

an acceptable standard by live imaging our available transgenic reporter. Therefore, I 

prepared cryosections from control and Mtz-treated Tg(mbp:mCherry-NTR) larvae at 

the different time points, and used the endogenous mCherry fluorescence to count 

oligodendrocyte numbers. Briefly, I cut four sections per animal, at least 100µm apart 

(to avoid imaging the same cell twice), stained these with Hoechst to label nuclei, and 

used the endogenous expression of the mbp:mCherry transgene to determine which 

nuclei belonged to oligodendrocytes. Representative images of these cryosections are 

shown in Figure 14A.  

I counted the total number of oligodendrocytes on each section, and took the mean of 

oligodendrocyte number from the four sample sections to denote the relative number 
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of oligodendrocytes in each animal. The graph in Figure 14B shows that 

oligodendrocyte numbers are rising in both DMSO- and Mtz-treated larvae: 

oligodendrocytes in DMSO-treated larvae increase from 6.9 ± 0.44 at 7d post-

treatment to 9.46 ± 2.21 (p = 0.0282) at 16d post-treatment, while oligodendrocytes in 

Mtz-treated larvae increase from 2.4 ± 0.23 at 7d post-treatment to 8.57 ± 2.58 at 16d 

post-treatment (p < 0.0001).  

At the first three time points examined (i.e. 7, 10 and 14d post-treatment), there were 

significantly fewer oligodendrocytes in sections from Mtz-treated animals compared 

to DMSO-treated animals: at 7d post-treatment, there was a mean of 6.9 ± 0.44 

oligodendrocytes in control sections compared to a mean of 2.4 ± 0.23 in Mtz-treated 

sections, p < 0.0001. At 10d post-treatment, there was a mean of 7.6 ± 0.75 

oligodendrocytes in control sections compared to a mean of 4.04 ±0.47 in Mtz-treated 

sections, p = 0.0012. At 14d post-treatment, there was a mean of 9.88 ± 0.6 

oligodendrocytes in control sections, compared to a mean of 7.3 ± 0.67 in Mtz-treated 

sections, p = 0.0095. However, at 16d post-treatment, oligodendrocyte numbers in 

Mtz-treated animals was no longer significantly different from that in control animals 

(9.46 ± 2.21 oligodendrocytes in control, and 8.57 ± 2.58 oligodendrocytes in Mtz 

treated animals, p = 0.260).  
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A. (previous page) Representative images of cryosections stained 

with Hoechst to label nuclei, and showing endogenous expression of the 

mbp:mCherry-NTR transgene. Time points from 7d post-treatment to 16d post-

treatment are shown, as indicated. At the first three time points, there are noticeably 

fewer oligodendrocytes in the Mtz-treated compared to control sections, whereas by 

15d post-treatment, there seem to be similar numbers of oligodendrocytes in both 

conditions. B. Quantification of oligodendrocyte numbers between 7d and 16d post-

treatment shows that there are significantly fewer oligodendrocytes in Mtz-treated 

compared to control sections at the first three time points: at 7d post-treatment, there 

is a mean of 6.9 ± 0.44 oligodendrocytes in control sections compared to a mean of 

2.4 ± 0.23 in Mtz-treated sections, p < 0.0001. At 10d post-treatment, there is a mean 

of 7.6 ± 0.75 oligodendrocytes in control sections compared to a mean of 4.04 ±0.47 

in Mtz-treated sections, p = 0.0012. At 14d post-treatment, there is a mean of 9.88 ± 

0.6 oligodendrocytes in control sections, compared to a mean of 7.3 ± 0.67 in Mtz-

treated sections, p = 0.0095. At 16d post-treatment there is a mean of 9.46 ± 2.21 

oligodendrocytes in control sections and 8.57 ± 2.58 in Mtz-treated sections, p = 0.260. 

All significances were obtained using multiple t tests per row with a Holm-Sidak 

correction. n = no less than 5

 

Thus, it seems that Tg(mbp:mCherry-NTR) larvae are able to restore their 

oligodendrocyte numbers to control levels by 16d post-treatment. This is hardly 

surprising, as full remyelination is also observed at this time point.  
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3.7. Mitochondria within axons over the course of de- 

and remyelination 

My characterisation of the model so far has demonstrated that treating 

Tg(mbp:mCherry-NTR) larvae with 5mM Mtz from 5dpf to 7dpf ablates two-thirds of 

the oligodendrocytes in the spinal cord. At 5d post-treatment, extensive demyelination 

is observed in the spinal cord, and this persists until at least 11d post-treatment. 

Complete remyelination is observed by 16d post-treatment. Oligodendrocyte numbers 

remain lower in Mtz-treated compared to control animals until 7d post-treatment, then 

slowly begin to rise and reach control levels by 16d post-treatment. 

One of the striking features of the quantitative electron microscopy data described 

above is that at no point does there seem to be any loss of axons. While this can perhaps 

be largely attributed to the relatively rapid remyelination response, there is still a 

period of at least five or six days during which many axons remain demyelinated. This 

raises the intriguing question of whether the axons might undergo some adaptive 

changes in order to cope with the temporary loss of their myelin sheaths. Indeed, such 

adaptive changes are widely reported both in other experimental models of 

demyelination and post-mortem MS brains (e.g. Zambonin et al. 2011).   

One such adaptive change known to occur acutely in demyelinated axons in mammals 

is changes to the distribution of mitochondria along the axons. Previous work has also 

demonstrated that demyelinated axons in MS patients contain many more 

mitochondria than equivalent axons in healthy controls (Mahad et al. 2009; Witte et 

al. 2009). Similarly, increased numbers of mitochondria are found at sites of 

demyelination in the cat optic nerve demyelinated by anti-galactocerebroside 

(Mutsaers and Carroll 1998). It stands to reason that axons, deprived of the metabolic 

support offered by oligodendrocytes and myelin, should attempt to bring in more 

mitochondria to meet their energy needs (Mahad et al. 2009; Zambonin et al. 2011). 

In order to investigate this possibility in my model, I quantified the numbers of 

mitochondria in both myelinated and unmyelinated axons, at 7d, 11d and 16d post-

treatment in control and treated animals. For these analyses, I used the same sets of 

TEM images as I have already presented in the contexts of demyelination and 

remyelination.  
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3.7.1. Numbers of mitochondria within axons at the 
demyelinated stages (7d and 11d post-treatment) 

I first investigated the numbers of mitochondria at the demyelinated stages, i.e. 7d and 

11d post-treatment. To this end, I counted the numbers of mitochondria in large-calibre 

(defined as before, i.e. those with a perimeter over 1µm; see Section 3.4.1.) myelinated 

and unmyelinated axons, and divided them by the number of those axons to obtain a 

“mitochondria per axon” measure. I considered this a rational measure, given that the 

number of these large-calibre axons in Mtz-treated animals did not differ from that in 

control animals.  

This analysis, shown in Figure 15, indicated that at 7d post-treatment, there was no 

significant difference in the numbers of mitochondria in axons between DMSO and 

Mtz-treated animals, nor between myelinated and unmyelinated axons: in DMSO-

treated animals, there was a mean of 0.33 ± 0.14 mitochondria per axon in myelinated 

axons and a mean of 0.33 ± 0.13 mitochondria per axon, and in Mtz-treated animals, 

there was a mean of 0.55 ± 0.41 mitochondria per axon in myelinated axons and a 

mean of 0.41 ± 0.15 mitochondria per axon in unmyelinated axons. A two-way 

ANOVA found both the main effects of treatment condition (p = 0.128) and 

myelination status (p = 0.453), as well as the interaction between the two main effects, 

(p = 0.463) to be non-significant (Figure 15A).  

Similarly, at 11d post-treatment, there were no differences between control and Mtz-

treated animals or between myelinated and unmyelinated axons: in control animals, 

there was a mean of 0.26 ± 0.050 mitochondria per axon in myelinated axons and a 

mean of 0.43 ± 0.059 mitochondria per axon in unmyelinated axons, and in Mtz-treated 

animals, there was a mean of 0.32 ± 0.15 mitochondia per axon in myelinated axons 

and a mean of 0.34 ± 0.087 mitochondria per axon in unmyelinated axons.  A two-way 

ANOVA again found no significant main effects of either treatment condition (p = 

0.830) or myelination status, (p = 0.073) nor a significant interaction between the two 

(p = 0.130; Figure 15B).  
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Thus, even after approximately six days of demyelination, there does not seem to be 

any notable changes in the number of mitochondria within the spinal cord axons of 

these larvae.  

It is important to note that at these stages, the unmyelinated axons found in control 

animals are large-calibre axons which may soon be myelinated as part of the 

developmental process, whereas unmyelinated axons in Mtz-treated animals comprise 

both “normal” unmyelinated axons and demyelinated axons. This presence of 

“normal” unmyelinated axons within Mtz-treated animals may mask a genuine 

increase in mitochondria in demyelinated axons, as “normal” unmyelinated axons and 

demyelinated axons are not possible to separate in the analysis. Thus, any genuine 

increase in mitochondria in demyelinated axons would have to be quite large in order 

to be detected. Post-hoc analyses indicate that the analysis described above is 

statistically underpowered even without considering the “normal” unmyelinated axons 

in Mtz-treated animals: a power analysis indicates that a sample size of 9 per group 

would have been required to be 80% certain of finding an effect if one existed, and the 

n numbers in this experiment are below that. Thus, it remains possible that the 

demyelination induced by the Mtz-treatment could lead to at least a small increase in 

mitochondria in the demyelinated axons, but the increase was not prominent enough 

to be detected in this experiment.  
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A. Quantification of mitochondria numbers 

at 7d post-treatment found that in DMSO-treated animals, there was a mean of 0.33 ± 

0.14 mitochondria per axon in myelinated axons and a mean of 0.33 ± 0.13 

mitochondria per axon, and in Mtz-treated animals, there was a mean of 0.55 ± 0.41 

mitochondria per axon in myelinated axons and a mean of 0.41 ± 0.15 mitochondria 

per axon in unmyelinated axons. A two-way ANOVA found both the main effects of 

treatment condition (p = 0.128) and myelination status (p = 0.453) as well as the 

interaction (p = 0.463) to be non-significant. n = 4 for DMSO, 13 for Mtz. B. 

Quantification of mitochondria numbers at 11d post-treatment shows that in control 

animals, there was a mean of 0.26 ± 0.050 mitochondria per axon in myelinated axons 

and a mean of 0.43 ± 0.059 mitochondria per axon in unmyelinated axons, and in Mtz-

treated animals, there was a mean of 0.32 ± 0.15 mitochondia per axon in myelinated 

axons and a mean of 0.34 ± 0.087 mitochondria per axon in unmyelinated axons. A 

two-way ANOVA reveals that the main effects of both myelination status (p = 0.0729) 

and treatment condition (p = 0.833) and the interaction (p = 0.1335) are all non-

significant. n = 4
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3.7.2.  Numbers of mitochondria within axons at the 
remyelinated stage (16d post-treatment) 

Having established that there were no significant differences in numbers of 

mitochondria between unmyelinated and myelinated axons or between DMSO and 

Mtz-treated animals at the demyelinated stages (7-11d post-treatment), I went on to 

analyse axonal mitochondria numbers upon remyelination (16d post-treatment). It was 

still possible that at the demyelination stages, any adaptive changes to mitochondria 

distribution/density might not have had time to take effect, whereas at the remyelinated 

stage, any changes that might have sustained the axons through the presumably taxing 

period of demyelination may have accumulated, and thus could potentially still be 

observed. Indeed, Zambonin et al. (2011) report that, following lysolecithin-induced 

demyelination, mitochondria numbers remain elevated in remyelinated axons 

compared to never-demyelinated axons, long after remyelination is complete. 

To test this possibility, I again counted mitochondria within myelinated and 

unmyelinated axons in control and Mtz-treated axons. The data are shown in Figure 

16. At this time point, the data revealed two statistically significant results: first, that 

that there were more mitochondria in unmyelinated axons than in myelinated axons, 

and second, within unmyelinated/demyelinated axons, there were more mitochondria 

in Mtz-treated than in control animals: in myelinated axons, there was a mean of 0.32 

± 0.069 mitochondria per axon in control animals and 0.35 ± 0.12 in Mtz-treated 

animals, whereas in unmyelinated axons, there was a mean of 0.43 ± 0.098 

mitochondria per axon in control animals and 0.55 ± 0.10 in Mtz-treated animals. A 

two-way ANOVA found significant main effects of both myelination status (p < 

0.0001) and treatment condition (p = 0.0319). The interaction was not significant (p = 

0.229; Figure 16B).  

The mean of 0.32 ± 0.069 mitochondria per myelinated axon in control animals and 

0.35 ± 0.12 in Mtz-treated animals (p = 0.471) suggests that remyelinated axons have 

similar numbers of mitochondria as normally myelinated axons.  A power analysis 

indicates that an n number of over 39 animals per group would have been required to 

have an 80% chance of detecting an effect if one existed; thus, if there were a 
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difference in mitochondria numbers in myelinated axons between control and Mtz-

treated animals, it would be so small as to be negligible. 

In contrast, within unmyelinated axons there was a small but statistically significant 

increase in the mean number of mitochondria per axon in Mtz-treated animals 

compared to control (0.43 ± 0.098 mitochondria per axon in control animals and 0.55 

± 0.10 in Mtz-treated animals, p = 0.0319).  As noted above, it is likely that the 

unmyelinated axons that are seen in treated animals at this stage will include axons 

that were demyelinated following oligodendrocyte ablation. This is because even in an 

animal undergoing remyelination, other axons are growing and being “normally” 

myelinated at the same time, meaning that some proportion of the newly generated 

oligodendrocytes will end up myelinating new, rather than demyelinated axons. It is 

even possible, as I have discussed in Chapter 1, that demyelinated axons are 

particularly unattractive to oligodendrocytes and thus less likely to be remyelinated 

than new axons are to be myelinated, and thus represent a relatively large proportion 

of those axons that remain unmyelinated at 16d post-treatment.  

Thus, one interpretation of the finding that unmyelinated axons in Mtz-treated animals 

have more mitochondria than in control animals, is that the demyelinated axons, 

stripped of their myelin sheaths, required additional mitochondria to service their 

energy needs. This increase in mitochondria may have accumulated gradually and only 

become detectable at the stage when general remyelination is observed. However, this 

possibility could only be confirmed by following the same individual axons and their 

mitochondrial dynamics over time, or by having a method to differentiate between not-

yet myelinated and demyelinated axons by electron microscopy. 

It should also be noted that mitochondria in Mtz-treated animals may be elongated, 

which may result in one mitochondrion being counted more than once in a transverse 

section. It would be prudent to check for this possibility (by longitudinal EM sections 

or labelling mitochondria in living larvae) to be sure that there are more mitochondria 

in Mtz-treated compared to control animals at 16d post-treatment.  
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A. TEM images from ventral tracts 

of spinal cords of 23dpf larvae. Red and yellow arrowheads indicate mitochondria in 

myelinated and unmyelinated axons, respectively. B. Quantification of mitochondria 

inside axons shows that in myelinated axons, there was a mean of 0.32 ± 0.069 

mitochondria per axon in control animals and 0.35 ± 0.12 in Mtz-treated animals, 

whereas in unmyelinated axons, there was a mean of 0.43 ± 0.098 mitochondria per 

axon in control animals and 0.55 ± 0.10 in Mtz-treated animals. A two-way ANOVA 

reveals significant main effects of both myelination status (p < 0.0001) and treatment 

condition, (0,0319) but a non-significant interaction (p = 0.229). n = 8.

 

3.7.3. Mitochondria sizes during de- and remyelination 

The above described discussion has focused solely on the number of mitochondria 

within axons. However, another important way in which a neuron can regulate its 

energy provision is by regulating the size of its mitochondria; indeed, increases in the 

sizes of stationary mitochondria have been reported in demyelinated axons in vitro 

(Kiryu-Seo et al. 2010). Therefore, in order to better understand the regulation of 

mitochondria during demyelination, I measured the areas of the mitochondria in 

control and Mtz-treated animals over the course of demyelination and remyelination,  
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3.7.4 Mitochondria sizes during demyelination 

I first measured the areas of mitochondria within axons at the demyelinated stages (7d 

and 11d post-treatment). As shown in Figure 17C, at 7d post-treatment, there were no 

significant differences in sizes of mitochondria between control and treated animals, 

or between myelinated or unmyelinated axons (the mean area of a mitochondrion in a 

control animal was 0.054 ± 0.009 µm² in myelinated and 0.11 ± 0.054 µm² in 

unmyelinated axons, and the mean area of a mitochondrion in a Mtz-treated animal 

was 0.078 ± 0.068 µm² in myelinated and 0.091 ± 0.022 µm² in unmyelinated axons. 

A two-way ANOVA found both main effects of treatment condition and myelination 

status as well as the interaction non-significant (p = 0.308, p = 0.226 and p = 0.451, 

respectively).  

I next measured mitochondrial sizes at 11d post-treatment, and found that there were 

no differences in mitochondrial sizes between Mtz-treated and control animals or 

between myelinated and unmyelinated axons (Figure 17D): the mean area of a 

mitochondrion in a control animal was 0.12 ± 0.026 µm² in myelinated and 0.18 ± 

0.053 µm² in unmyelinated axons, and the mean area of a mitochondrion in a Mtz-

treated animal was 0.16 ± 0.058 µm² in myelinated and 0.17 ± 0.027 µm² in 

unmyelinated axons. A two-way ANOVA found the main effects of myelination status 

(p = 0.186) and treatment condition (p = 0.458) and the interaction (p = 0.252) non-

significant.   

These data are consistent with the numbers of mitochondria at both 7d and 11d post-

treatment time point, which were also not different between treatment conditions and 

myelination statuses.  
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A, B: TEM images from ventral spinal cords from 14dpf and 

18dpf larvae, respectively treated with either DMSO or Mtz, as indicated. Yellow 

arrowheads indicate mitochondria in unmyelinated axons, red arrowheads in 

myelinated axons. C. Comparison of mitochondrial areas at 7d post-treatment shows 

that the mean area of a mitochondrion in a control animal was 0.054 ± 0.009 µm² in 

myelinated and 0.11 ± 0.054 µm² in unmyelinated axons, and the mean area of a 

mitochondrion in a Mtz-treated animal was 0.078 ± 0.068 µm² in myelinated and 0.091 

± 0.022 µm² in unmyelinated axons. A two-way ANOVA shows that both main effects 

of treatment condition and myelination status as well as the interaction were non-

significant (p = 0.308, p = 0.226 and p = 0.451, respectively). n = 3 for DMSO, 4 for 

Mtz. D. Comparison of mitochondrial areas at 11d post-treatment shows that the mean 

area of a mitochondrion in a control animal was 0.12 ± 0.026 µm² in myelinated and 

0.18 ± 0.053 µm² in unmyelinated axons, and the mean area of a mitochondrion in a 

Mtz-treated animal was 0.16 ± 0.058 µm² in myelinated and 0.17 ± 0.027 µm² in 

unmyelinated axons. A two-way ANOVA found the main effects of myelination status 

(p = 0.186) and treatment condition (p = 0.458) and the interaction (p = 0.252) non-

significant.  n = 4
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3.7.5.  Mitochondria sizes at the remyelinated stage (16d 
post-treatment) 

Regardless of the lack of evidence for mitochondrial size regulation during the stages 

of peak demyelination, I was interested to see whether there were changes in 

mitochondrial sizes at the remyelinated stage (16d post-treatment) as it was at this 

stage that I observed increased numbers of mitochondria within the unmyelinated/still 

demyelinated axons of Mtz-treated compared to unmyelinated axons of control 

animals.  

To this end, I compared the mean areas of mitochondria between control and Mtz-

treated and between myelinated and unmyelinated axons at 16d post-treatment. The 

results, shown in Figure 18, revealed two changes to mitochondrial size at the 

remyelinated stage: first, that mitochondria were on average larger in unmyelinated 

compared to myelinated axons, and second, that mitochondria were on average smaller 

in Mtz-treated compared to control animals, in this case in both myelinated and 

unmyelinated/still demyelinated axons.  

The mean area of a mitochondrion in DMSO-treated myelinated axons was 0.10 ± 

0.039 µm² and in Mtz-treated myelinated axons was 0.078 ± 0.012 µm2. The mean 

area was 0.16 ± 0.029 µm² in DMSO-treated unmyelinated axons and 0.12 ± 0.033 

µm² in Mtz-treated unmyelinated axons. A two-way ANOVA found a significant main 

effect of myelination status (p = 0.0015) as well as significant main effect of treatment 

condition (p = 0.038) but a non-significant interaction (p = 0.598).   
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 A. TEM images from ventral spinal cords 

from 23dpf larvae, treated with either DMSO or Mtz, as indicated. Yellow arrowheads 

indicate mitochondria in unmyelinated axons, red arrowheads in myelinated axons. B. 

Quantification of the mean area of mitochondria shows that 1) mitochondria residing 

within unmyelinated axons are larger than those within myelinated axons, and that 2) 

mitochondria residing within DMSO-treated animals are larger than those residing 

within Mtz-treated animals: mean area of mitochondrion in DMSO-treated myelinated 

axons was 0.10 ± 0.039 µm² and in Mtz-treated myelinated axons 0.078 ± 0.012 µm², 

compared to 0.16 ± 0.029 µm² in DMSO-treated unmyelinated axons and 0.12 ± 0.033 

µm in Mtz-treated unmyelinated axons). A two-way ANOVA found a significant main 

effect of myelination status (p = 0.015) and a significant main effect of treatment 

condition (p = 0.0376) and a non-significant interaction (p = 0.5979). Further 

investigation revealed that the main effect treatment condition was only significant in 

unmyelinated axons, p = 0.0150, while the difference between treated and control 
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animals in myelinated axons was not significant (p = 0.251).  n = 6 for DMSO, 5 for 

Mtz.  

 

Why are mitochondria smaller in Mtz-treated compared to control animals? One 

possibility is that in Mtz-treated animals, more mitochondria undergo fission. 

Mitochondrial fission, along with fusion, is an essential process in the regulation of 

mitochondrial homeostasis (Saxton and Hollenbeck 2012), and moreover, is known to 

occur when mitochondria are under stress or dysfunctional (Duvezin-Caubet et al. 

2006). It could be, therefore, that over the demyelinated period, low levels of 

mitochondrial fission occur in axons due to the increased energy demands, but these 

only become detectable at the remyelinated stage, once they have accumulated. This 

is consistent with both the higher numbers of mitochondria and their smaller size in 

Mtz-treated animals at 16d post-treatment. (The earlier finding that there was no 

difference in mitochondria numbers in myelinated axons between control and Mtz-

treated animals could reflect that axons that were remyelinated were already resolving 

the consequences of increased fission by downregulating the numbers of mitochondria, 

but those mitochondria that remained were still comparatively small).  

Of course, the data presented above do not provide any direct evidence that 

mitochondrial fission is upregulated following demyelination in this model, but the 

possibility is intriguing nonetheless.  

As for the finding that mitochondria are larger in unmyelinated than myelinated axons, 

this may simply reflect the generally higher energy needs of unmyelinated axons, 

which do not receive metabolic support from oligodendrocytes. 
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3.8. Axon calibre throughout demyelination and 

remyelination 

3.8.1. Axon calibre does not change in Mtz-treated animals at 
the demyelinated stages (7d and 11d post-treatment). 

Aside from upregulating their mitochondrial content, another adjustment a 

demyelinated axon may undergo is to vary its cross sectional size. Previous work has 

reported both abnormally small and abnormally large axons within demyelinated 

lesions; Prineas and Connell (1979) describe partially myelinated axons in post-

mortem MS spinal cords, where the myelinated portion is wide and the bare portion 

noticeably more narrow, whereas Shintaku et al. (1988) find increased swollen axons 

in post-mortem MS spinal cords and Payne et al. (2012) show increased diameters of 

axons with decompacted myelin in rat optic nerves following transection. 

Furthermore, Münzel et al. (2014) recently saw an increased frequency of larger-

calibre axons during demyelination in adult zebrafish following LPC-induced 

demyelination of the optic nerve. 

Prineas and Connell (1979) speculated that following disintegration of the axon-

myelin unit, the axon could no longer retain water as well as an intact unit, and thus 

the shrinkage of axons they observed could be explained as loss of water from the 

axon. Conversely, Shintaku et al. (1988) postulated that the removal of the myelin 

sheath might increase the permeability of the axolemma, which may result in increased 

influx of water. It is likely that both of these contrasting phenomena are at play, 

possibly depending on the type and age of lesion.     

However, it also possible that increasing the calibre of the axon is an adaptive change, 

designed to help the axon keep functioning despite its denuded state; larger axons 

conduct nerve impulses faster (Hartline and Colman 2007) and could be less 

vulnerable to degeneration (Lovas et al. 2000). Given that the Mtz-treated larvae in 

my model do not display any overt behavioural disability during their period of 

demyelination (although this remains to be rigorously tested) it seems plausible that 

their axons might have adapted to becoming demyelinated by increasing their calibre.  
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In order to test this possibility, I measured the cross sectional sizes (perimeters) of the 

26 largest axons in each ventral spinal cord at 7d and 11d post-treatment. These were 

axons with a perimeter of over 2µm (diameter 0.64 µm) which clearly stood out as the 

largest axons in the ventral spinal cords. At 7d post-treatment, of the 26 large-calibre 

axons, a mean of 22.67/26 (87%) was myelinated in control animals and a mean of 

13.5/26 (52%) was myelinated in Mtz-treated animals at 7d post-treatment. At 11d 

post-treatment, of the 26 large-calibre axons a mean of 22.3/26 (85%) was myelinated 

in control animals and a mean of 10.3/26 (39%) was myelinated in Mtz-treated 

animals.  

The measurements of the perimeters of these axons at 7d post-treatment revealed that 

there were no differences between control and Mtz-treated axons, nor between 

myelinated and myelinated axons: the mean perimeter of a myelinated axon was 3.76 

± 0.3 µm in a control animal and 3.16 ± 0.58 µM in a Mtz-treated animal; while the 

mean perimeter of the large unmyelinated axon was 3.88 ± 1.0 µm in a control animal 

and 3.70 ± 0.54 µm in a Mtz-treated animal. A two-way ANOVA found a non-

significant main effect of treatment condition (p = 0.1745), a non-significant main 

effect of myelination status (p = 0.2391) and a non-significant interaction (p = 0.4622; 

Figure 19C).  

The same situation prevailed at 11d post-treatment: there was no difference between 

control and Mtz-treated axons, nor between myelinated and myelinated axons: the 

mean perimeter of a myelinated axon was 3.5 ± 0.11 µm in a control animal and 3.69 

± 0.66 µm in a Mtz-treated animal, while the mean perimeter of an unmyelinated axon 

was 3.61 ± 0.3 µm in a control animal and 3.67 ± 0.78 µm in a Mtz-treated animal). A 

two-way ANOVA found a non-significant main effect of treatment condition (p = 

0.6362), a non-significant main effect of myelination status (p = 0.8681) and a non-

significant interaction (p = 0.8136; Figure 19C).   

 

  



 

147 

 

 



148 

 

 

A, 

B: TEM image from ventral spinal cords of 14dpf and 18d dpf larvae, respectively, 

treated with DMSO or Mtz, as indicated. The 26 largest axons are shaded; myelinated 

in turquoise, unmyelinated in magenta. C. Measurements at 7d post-treatment indicate 

that the mean perimeter of a myelinated axon is 3.76 ± 0.3 µm in a control animal and 

3.16 ± 0.58 µM in a Mtz-treated animal, and that mean perimeter of an unmyelinated 

axon is 3.88 ± 1.0 µm in a control animal and 3.70 ± 0.54 µm in a Mtz-treated animal). 

A two-way ANOVA finds a non-significant main effect of treatment condition (p = 

0.1745), a non-significant main effect of myelination status (p = 0.2391) and a non-

significant interaction (p = 0.4622). n = 4 for DMSO, 7 for Mtz. D. Measurements at 

11d post-treatment indicate that the mean perimeter of a myelinated axon is 3.5 ± 0.11 

µm in a control animal and 3.69 ± 0.66 µm in a Mtz-treated animal; mean perimeter 

of an unmyelinated axon is 3.61 ± 0.3 µm in a control animal and 3.67 ± 0.78 µm in a 

Mtz-treated animal). A two-way ANOVA finds a non-significant main effect of 

treatment condition (p = 0.6362), a non-significant main effect of myelination status 

(p = 0.8681) and a non-significant interaction (p = 0.8136). n = 4.
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3.8.2. Axon calibre is not different between control and Mtz-
treated animals at the remyelinated stage (16d post-
treatment).  

From the above analyses of axon calibres at the demyelinated stages, I could be 

confident that the axons did not undergo any adaptive changes to their cross sectional 

sizes in response to being demyelinated. However, while investigating potential 

adaptive changes to the mitochondrial presence within axons, I had found hardly any 

changes during the demyelinated stages but did find increases in mitochondrial number 

and size in Mtz-treated animals at the remyelinated stage. Thus, it was possible that 

adjustments to axon calibre too would only become evident at this later stage. To 

address this possibility, I analysed the perimeters of the 26 largest axons in the ventral 

spinal cords of larvae at 16d post-treatment. I kept the number of axons analysed at 26 

in order to remain consistent with analyses at the demyelinated stages, although it is 

plain from the images presented in Figure 20A that at these older stages, there are 

considerably more than 26 axons over the perimeter of 2µm in both control and treated 

animals.  

The comparison of axon perimeters between control and Mtz-treated animals revealed 

that there was no difference between them: in control animals, the mean perimeter of 

a myelinated axon was 5.07 ± 0.78 µm and the mean perimeter of an unmyelinated 

axon was 4.1 ± 0.6µm, while in Mtz-treated animals, the mean perimeter of a 

myelinated axon was 4.89 ± 0.78 µm and the mean perimeter of an unmyelinated axon 

was 4.18 ± 0.31 µm. However, the myelinated axons in both conditions were larger 

than unmyelinated axons. A two-way ANOVA found a significant main effect of 

myelination status (p = 0.0077) but a non-significant main effect of treatment condition 

(p = 0.87) and a non-significant interaction (p = 0.658; Figure 20B).   

These data suggest that axons in Mtz-treated animals do not at any point increase their 

cross-sectional size as an adaptation to becoming demyelinated. However, as I 

discussed in the context of mitochondria numbers in Section 3.7.2, it should be noted 

that amongst the observed unmyelinated axons in Mtz-treated animals, only 75% were 

demyelinated axons; the rest were “normal” unmyelinated axons. It therefore remains 

possible that the presence of these axons masked an increase in the sizes of the truly 
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demyelinated axons. However, even if this were the case, the increase in the sizes of 

demyelinated axons would have to be quite subtle in order to be masked by 25% of 

the unmyelinated axon population being “normal” unmyelinated axons.  
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 A. TEM image from ventral spinal cords of 23dpf 

larvae, treated with DMSO or Mtz, as indicated. The 26 largest axons are shaded; 

myelinated in turquoise, unmyelinated in magenta. B. Measurements of the 26 largest 

axons revealed that the mean perimeter of a myelinated axon was 5.07 ± 0.78 µm in 

control animals and 4.89 ± 0.78 µm in Mtz-treated animals, while the mean perimeter 

of an unmyelinated axon was 4.1 ± 0.62 µm in control animals and 4.18 ± 0.31 µm in 

treated animals. A two-way ANOVA found a significant main effect of myelination 

status (p = 0.0077) but a non-significant main effect of treatment condition (p = 0.872) 

and a non-significant interaction (p = 0.658). n = 6 for DMSO, 5 for Mtz.

 

 

3.8.3. Myelinated axons grow in calibre through the period in 
which remyelination occurs  

The data in Figure 20 indicate that at 16d post-treatment, myelinated axons in both 

control and Mtz-treated animals are significantly larger than unmyelinated axons. 

Furthermore, when comparing the sizes of axons at 16d post-treatment to those at 11d 

post-treatment (18dpf), it appears that all axons, irrespective of myelination status or 

treatment condition, are larger in calibre at 16d post-treatment (23dpf). In order to 

assess this quantitatively, I plotted the sizes of myelinated and unmyelinated axons 

over time, and found that while indeed all axons increase in size from 11d to 16d post-

treatment, the increase is more pronounced in myelinated axons, regardless of 

treatment condition (Figure 21).  
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Mean perimeters of the 

26 largest axons (myelinated and unmyelinated) in control and Mtz-treated animals 

between 11d and 16d post-treatment. Myelinated axons are shown in shades of purple 

and unmyelinated in shades of blue. The slope of the increase in size is steeper in 

myelinated than in unmyelinated axons.

 

Thus, it seems that myelinated axons in both control and treated animals undergo 

something of a calibre growth spurt between 11d and 16d post-treatment; during the 

very interval when remyelination must occur in the Mtz-treated animals. In fact, it is 

possible that the developmental event of axon calibre growth at this age is an important 

reason for the success of remyelination in this system; perhaps an axon that is growing 

radially while being remyelinated is interpreted by the myelinating oligodendrocyte as 

being in a dynamic state, and thus promotes generation of a thick myelin sheath, 

resembling myelin made during normal development, when the axon is also growing 

radially. I will return to this intriguing possibility in the Discussion. 

 

  



 

153 

 

3.9. Discussion 

In this chapter, I have characterised the main features of the Tg(mbp:mCherry-NTR) 

model of oligodendrocyte ablation, demyelination and remyelination. In this model, 

two-thirds of myelinating oligodendrocytes are ablated following a treatment with 

metronidazole between 5 and 7 days post-fertilisation, and at the same time, large 

cellular vacuoles are formed. Oligodendrocyte numbers remain lower in Mtz-treated 

compared to control animals for seven days following withdrawal of the Mtz-

treatment, and during this time, axons undergo demyelination. Extensive 

demyelination is observed at 5d, 7d and 11d post-treatment, but no loss of axons is 

associated with this. At 7d post-treatment, the numbers of oligodendrocytes in Mtz-

treated animals begins to climb, and reach control levels by 16d post-treatment. 

Complete remyelination is also observed at 16d post-treatment, with myelin sheaths 

restored to normal thickness.  

The numbers of mitochondria within axons does not seem to be affected during the 

demyelination stages, but at the remyelinated stage, there are more mitochondria 

within the unmyelinated/demyelinated axons of Mtz-treated than control animals. At 

the remyelinated stage, mitochondria are also smaller in size in Mtz-treated animals 

compared to controls. These observations may reflect increased levels of 

mitochondrial fission in these axons, but this remains to be tested. 

Axon calibres are not different between control and Mtz-treated animals (or between 

myelinated and unmyelinated axons). However, there is a clear growth in axon calibre 

during the period when remyelination occurs, suggesting the possibility that growth of 

axons in calibre may stimulate generation of thicker myelin sheaths during 

remyelination.  

I will now discuss some pertinent topics arising from the material presented in this 

chapter. 
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3.9.1. Vacuolation following oligodendrocyte ablation likely 
represents myelin sheath breakdown 

I showed in Figures 6 - 8 that ablation of oligodendrocytes in this model results in 

severe disruption of the myelin sheath morphology, which manifests as bubble-like 

vacuoles. This phenomenon has been observed in nearly all other models of primary 

oligodendrocyte ablation (Traka et al. 2010; Pohl et al. 2011; Locatelli et al. 2012) but 

not in toxin-based models of demyelination. This is presumably because the injection 

of toxin directly causes the destruction of the myelin sheath, which thus does not 

undergo a gradual process of disintegration, whereby the lamellae of the myelin sheath 

split apart (Pohl et al. 2011). A recent study by Weil et al. (2016), which used high-

pressure freezing techniques to preserve myelin close to its native state, indicated that 

the breakdown of myelin begins at the innermost layers and spreads outwards, which 

further supports the possibility that the early stages myelin sheath breakdown is often 

manifest as vacuolated (or, to use their term, vesicular) structures.  

In addition, the appearance of the vacuoles when using the Tg(mbp:EGFP) line, which 

labels oligodendrocyte cell bodies, raises the possibility that some vacuoles seen in 

this model do not represent detached myelin sheaths but rather greatly swollen 

oligodendrocyte cell bodies. In speculation that I return to briefly in the Discussion of 

Chapter 4, it is possible that the mode of death these oligodendrocytes undergo 

involves disproportionate swelling prior to fragmentation.  

In order to test this possibility, it would be highly interesting to follow single 

oligodendrocytes labelled with the mbp:EGFP-CAAX transgene (which would label 

individual oligodendrocytes and all their myelin sheaths) in a time-lapse movie; this 

would allow us to determine whether it is the myelin sheaths or the cell body, or both, 

which gives rise to the vacuoles.  

 

3.9.2. Other zebrafish models of demyelination and 
remyelination 

As I mentioned in Section 3.1., during my PhD studies, two other models of 

demyelination and remyelination in larval zebrafish were published, the first by Chung 
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et al. (2013) with a follow-up study by Kim et al. (2015), and the second by Fang et 

al. (2014). Both make use of the nitroreductase/metronidazole system, but in different 

ways. Chung et al. use the GAL4/UAS system to express NTR in oligodendrocytes. 

This is a commonly used system which results in mosaic expression of the gene of 

interest (Davison et al. 2007). Chung et al. do not define what proportion of 

oligodendrocytes in their larvae express the transgene, and thus when they report loss 

of approximately 80% of oligodendrocytes, that means 80% of the transgene 

expressing oligodendrocytes, not the entire population. This means that it is difficult 

to estimate the true extent of oligodendrocyte loss in this model. Kim et al. (2015) 

report that remyelination has started to occur one day after withdrawal of 

metronidazole; they show increased oligodendrocyte numbers and increased thickness 

of the myelin sheath on the Mauthner axon (from fluorescent images). Moreover, they 

find more extensive remyelination in the same time frame following a one-day 

treatment with the anti-inflammatory drug sulfasalazine. Since in my 

Tg(mbp:mCherry-NTR) model, oligodendrocyte numbers remain relatively stable and 

low until 7d post-treatment, and demyelination is still widespread at 11d post-

treatment, the speed of recovery in Kim et al.’s model seems surprising. It is possible 

that due to the mosaic nature of their transgene expression, they only ablate a small 

subset of all oligodendrocytes, and this limited extent of damage can be repaired 

relatively rapidly. However, if the extent of the oligodendrocyte ablation is indeed so 

limited, it renders the model less relevant for studying remyelination. For this reason, 

it may be preferable to simply express the nitroreductase enzyme under the mbp 

promoter, as our Tg(mbp:mCherry-NTR) line does. 

Fang et al. (2014) use a very similar transgenic line to our Tg(mbp:mCherry-NTR) 

line, whereby the transgene is expressed directly under the control of the mbp 

promoter, except that they use GFP rather than mCherry as their reporter. Thus, in 

principle, this line should not have the problems associated with the varied mosaic 

expression of nitroreductase, as Kim et al. do. However, it is very difficult to assess 

how this model compares to mine, as they present only low-magnification images of 

live larvae where in the Mtz-treated animal, the GFP signal appears fainter than in the 

control, and quantify the extent of oligodendrocyte loss and demyelination only by 

showing that the amount of mbp expression is reduced by Western blot. Much of their 
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model characterisation focuses on the motor deficits they see following a five-day 

treatment with metronidazole, and are resolved seven days later. Although Fang et al.’s 

model characterisation is very preliminary, the observation that larvae show motor 

deficits following Mtz-treatment is an interesting one, and worth exploring in my 

model, too.  

As noted in the Introduction to this chapter, a very similar model was also generated 

in Xenopus laevis by Kaya et al. (2012), but, as I have discussed above, the optic nerve 

where they assess demyelination is very sparsely myelinated at the start of the 

treatment, making it difficult to distinguish demyelinated axons from those that had 

not yet been myelinated, and remyelinated axons from those that were myelinated for 

the first time during the period of remyelination. In this regard, studying demyelination 

in the larval zebrafish spinal cord has the benefit that the majority of the large-calibre 

reticulospinal axons in the ventral spinal cord are known to be myelinated from 4-5dpf 

(Kimmel et al. 1982; Brösamle and Halpern 2002; Almeida et al. 2011; Koudelka et 

al. 2016).  

 

3.9.3. The Tg(mbp:mCherry-NTR) larvae are still developing 
during stages demyelination and remyelination were 
examined. 

However, despite the presence of well-defined myelinated tracts in the larval zebrafish 

spinal cord, it remains an important consideration that the animal is still developing 

and growing throughout the period of demyelination and remyelination that I 

examined. This prompts the question of whether the increase in oligodendrocytes and 

myelin I observe at 16d post-treatment, compared to 7d post-treatment for example, is 

truly a regenerative response, or whether it is simply a part of the ongoing 

developmental process, or a mix of both.  

Undoubtedly, the developmental process is still underway, as is evident in the 

significant increases in oligodendrocyte number in control larvae both between 0 and 

7 days post-treatment and 7 and 16 days post-treatment (Figures 9 and 14). The 

number of myelinated axons in the ventral spinal cords of control animals also 
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increases from a mean of 58.33 ± 12.75 axons at 5d post-treatment to a mean of 80.88 

± 20.23 at 16d post-treatment (Figures 10 and 12), an increase of just over 20 cells per 

animal in the four-somite long area of the spinal cord that I analysed. However, in all 

of these examples, the rate of increase in oligodendrocyte numbers and myelinated 

axons is considerably higher in Mtz-treated than in control animals; the slopes in of 

oligodendrocyte number increase are steeper for Mtz-treated animals than controls in 

Figures 9 and 14, and the number of myelinated axons increases from a mean of 12.75 

± 2.5 at 5d post-treatment to 85.71 ± 22.01 at 16d post-treatment, an increase of over 

70 cells per animal, several times greater rate of increase than that seen in control 

animals. These sharp increases reflect the need of Mtz-treated animals to rapidly 

generate new oligodendrocytes and new myelin to replace those that were lost. That 

is, the Mtz-treated animals, while growing in size, were also actively restoring their 

oligodendrocyte populations following ablation, whereas the in control animals, the 

oligodendrocyte population was much more stable.  

Thus, while the Mtz-treated animals are certainly undergoing normal development, 

additional regenerative processes are triggered by the oligodendrocyte ablation. It is 

also worth noting that oligodendrogenesis continues throughout adult life in mammals, 

too (Rivers et al. 2008; Young et al. 2013), so in a sense it could be argued that from 

the points of view of oligodendrocyte generation, most animals are developing well 

into adult life, albeit at a lower rate.  

An important consequence of the ongoing development in the Tg(mbp:mCherry-NTR) 

larvae over the course of demyelination and remyelination is that, although there is a 

known population of myelinated axons in the ventral spinal cord from 4-5dpf, there 

are still also large-calibre axons that have yet to be myelinated throughout the ages 

that I have analysed. Thus, when considering electron micrographs taken at the 

demyelinated stage, it is not possible to determine with certainty whether any given 

non-myelinated axon is a demyelinated one, or one that has not yet been myelinated. 

Similarly, when assessing electron micrographs at the remyelinated stage, it is not 

possible to tell by looking at non-myelinated axons whether they are simply awaiting 

first myelination, or are long-term demyelinated. Furthermore, any given myelinated 

axon at the remyelinated stage may be either one that was not affected by the 
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oligodendrocyte ablation, (bearing in mind that one-third of oligodendrocytes on 

average remain unablated) one that was generated during the remyelinating period and 

myelinated for the first time, or genuinely remyelinated. These are important 

considerations, as the presence of “normal” unmyelinated axons which are included 

the same category as demyelinated axons, and “normal” myelinated axons which are 

included in the same category as remyelinated axons will naturally influence analysis 

of demyelination and remyelination. Indeed, this may go some way in explaining why 

I did not see more pronounced adaptive changes in the axons in response to being 

demyelinated. 

However, given that the majority of the large-calibre axons in the ventral spinal cord 

are myelinated from at the stages I analyse them at, and that I ablate two-thirds of 

oligodendrocytes on average, then any given non-myelinated axon at 7d post-treatment 

is more likely to have been demyelinated than not-yet myelinated. Similarly, given that 

two-thirds of axons analysed in any one area are likely to have been demyelinated, 

then any myelinated axon at 16d post-treatment is more likely to have been 

remyelinated than “normally” myelinated for the first time during that period. 

However, the current lack of tools to unambiguously distinguish between 

unmyelinated and demyelinated axons, and between newly myelinated and fully 

remyelinated axons, by electron microscopy, is one that requires further consideration 

in this model.  

One way to circumvent the problem of not knowing definitively which axons are 

demyelinated and which are “normally” unmyelinated would be to label single axons 

and the myelin sheaths along them in living larvae. Our lab has recently developed a 

fluorescent fusion protein that combines GFP with the axonal protein Contactin1A, 

which is localised along the length of axons prior to myelination, and to the nodal-

paranodal region following myelination. This shift in localisation occurs because the 

GFP-Contactin1A is excluded from myelinated regions of the axon (Koudelka et al. 

2016). Using this tool, it is possible to follow the same axons over the course of 

demyelination and remyelination, and in this way, changes in axon calibre, or 

mitochondrial dynamics (with the use of further transgenic labelling tools available to 

us) or other parameters could be observed in an axon which was known to be 
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demyelinated.  By the same token, such an approach would also enable the 

remyelination of the same axon to be assessed definitively and directly. In general, 

identification or development of diagnostic markers that could better differentiate 

between demyelinated and unmyelinated axons would be of huge benefit to the field 

of remyelination research.  

 

3.9.4. Individual axons in Tg(mbp:mCherry-NTR) animals are 
likely to be only partially demyelinated along their length. 

Another important consideration when analysing the phenotypes of what appear to be 

demyelinated axons by EM is that a transverse section only depicts the myelination 

status of an axon at that precise point along its length. It therefore remains eminently 

possible that the same axon is myelinated at other locations along its length. Indeed, 

the Mtz-treatment only ablates two-thirds of the oligodendrocytes, which leaves a third 

of oligodendrocytes intact, and the internodes made by these oligodendrocytes 

presumably remain intact too. Since each axon is myelinated by multiple different 

oligodendrocytes, and there is no known preference for individual oligodendrocytes 

for specific axons, it seems far more likely that the majority of axons will, on average, 

become two-thirds demyelinated along their length, rather than there being two-thirds 

of axons that are completely demyelinated. This fact may go some way in explaining 

why the period of demyelination did not prompt a more pronounced adaptive response 

from axons; their energy needs were being served at intermittent locations along their 

lengths by the presence of normal myelin sheaths. Perhaps also the disorganisation of 

their functional domains (i.e. nodes of Ranvier, paranodes and juxtaparanodes) were 

not as pervasive as they would have been in a completely denuded axon. In this way, 

partial demyelination might have served to limit the extent of the dysregulation of 

sodium channel densities (Waxman 2006), or mitochondrial dysregulation (Trapp and 

Stys 2009) and thus contributed to the lack of axon loss that I see in this model. 

It would be highly interesting to investigate extent and dynamics of partial 

demyelination further by using our transgenic tools that label individual axons and all 

the myelin sheaths along them; with these tools, one could follow the same axon over 
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time and see whether internodes were lost at around the same time or over a prolonged 

period, whether remaining internodes may elongate in order to cover some of the 

newly exposed axonal space, whether remyelination of the same axon occurs 

simultaneously all the way down its length or whether internodes are replaced 

gradually. Our lab has also developed fluorescent reporters to allow visualisation of 

nodes of Ranvier and paranodal domains that could be imaged during demyelination 

to see how they are affected by removal and replacement of myelin sheaths. In 

addition, longitudinal EM sections would allow minute comparisons of organelle 

content, calibre and other indications of axon health and function between 

demyelinated and remyelinated segments of the same axon.   

 

3.9.5. Axons remain demyelinated for a limited period of time 

Another possible reason why I did not observe any axon loss or notable pathology at 

any stage during demyelination or remyelination might be that the axons did not 

remain demyelinated for long enough to trigger adaptive or pathological responses; if 

we consider 5d post-treatment to be the beginning of peak demyelination, the axons 

were remyelinated within 11 days of that. By contrast, in the rodent models of primary 

oligodendrocyte ablation, axons remained demyelinated for several weeks, and 

pathological features only began to appear near the end stages, often six or seven 

weeks following the initial insult (Traka et al. 2010; Pohl et al. 2011; Locatelli et al. 

2012) Indeed, in my model the only alterations to mitochondrial number and size I 

observe are present at the remyelinated stage, suggesting that they have accumulated 

over time. Mitochondrial dysregulation is often one of the first indications of axonal 

pathology (Trapp and Stys 2009) so the observation that even this is only evident at 

the remyelinated stage further highlights the mildness of the axon pathology in this 

model.  

With this in mind, it would be of great interest to prolong the period of demyelination 

and assess the effects of this on axonal health and integrity. This may be achieved by 

increasing the duration of Mtz-treatment, or treating larvae for two days several times 

with a few days in between. In addition, one could attempt to inhibit remyelination by 
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molecular interventions, for example, pharmacologically dysregulating wnt signalling, 

or upregulating the expression of hyaluronan, or, both of which have been shown to 

delay remyelination in rodents (Fancy et al. 2009; Back et al. 2005) or treating the 

animals with the hedgehog inhibitor cyclopamine, which prevents oligodendrocytes 

developing (Tekki-Kessaris et al. 2001). With remyelination inhibited, it would be 

interesting to observe the effects of a more prolonged state of demyelination on axon 

health, in terms of organelle transport and accumulation, swellings, degeneration and 

motor functions. Moreover, the relationship between the duration of demyelination 

and axon health could be tested by varying the duration of the treatment to inhibit 

remyelination, and determining the point where the pathology becomes irreversible. 

Additional measures of axon health, such as immunostaining for SMI-32 or APP, 

common indicators of axon pathology, could be used to track the extent of axon 

pathology at different time points.  

 

3.9.6. Axon calibre growth as a potential stimulator of myelin 
thickness growth 

In the Tg(mbp:mCherry-NTR) model, I find that Mtz-treated larvae display normal 

myelin sheath thickness on their remyelinated axons. This is, at first sight, unexpected, 

as thinner myelin sheaths are generally considered the hallmark of remyelinated axons 

(Blakemore and RJM Franklin 2008). A potential insight into how the larvae achieve 

this comes from the observation in Figures 20 and 21 that axon calibre grows during 

the 11d-16d post-treatment period when remyelination must take place in this model 

– and moreover, the calibre of myelinated axons grows at a faster rate than 

unmyelinated axons in both control and Mtz-treated conditions. As I mentioned in 

Section 3.8.3, these observations raise the possibility that the radial growth of the axon 

while it is being remyelinated signals to the remyelinating oligodendrocyte that the 

axon is dynamic, and thus promotes generation of a thick myelin sheath. That is to say, 

the remyelinating oligodendrocyte may interpret the ongoing radial growth as a sign 

that the axon is developing, and myelinate it accordingly.   
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If this were the case, it may go some way in explaining why myelin remains thin in 

rodent remyelination paradigms; demyelination is induced in animals in which radial 

growth of axons has presumably already finished, and thus the axons being 

remyelinated in these animals are static and do not promote radial growth of their new 

myelin sheaths. Indirect support for this hypothesis comes from the findings by 

Münzel et al. (2014), where it appears from their g ratio analyses that axons grow in 

calibre during the 28-day period between being lesioned and showing full 

remyelination in the young fish, which display full thickness myelin. 

Furthermore, Powers et al. (2013) used an inducible remyelination reporter following 

spinal cord contusion in mice, which causes extensive demyelination of the spared 

axons, and assessed myelin sheath length and thickness for extended periods of time 

following remyelination. This analysis revealed that newly made myelin sheaths had 

reached normal myelin thickness at all time points examined (1, 3 and 6 months post-

contusion). Crucially, their data clearly show that axon calibres had grown 

significantly between one and three months post-contusion, supporting the idea that 

radially growing axons receive thicker myelin sheaths. It is less likely that the causal 

relationship is the reverse, i.e. that the thicker myelin enabled the axon to grow 

radially, as data from our lab indicates that axon calibre is not affected by two separate 

treatments which completely prevent oligodendrocyte development (Lyons lab, 

unpublished).  

Naturally, the hypothesis that axon calibre growth can promote myelin thickness 

growth needs to be experimentally tested. It would be paramount to test the hypothesis 

by inhibiting or enhancing radial growth of axons during demyelination and 

remyelination, and assess myelin thickness in such animals. However, very little is 

currently known about what regulates axon calibre growth in the CNS, so it may be 

difficult to specifically target this regulation. Alternatively, it may be possible to mimic 

the signalling between a radially growing axon and an oligodendrocyte by 

overexpressing the growth factor neuregulin1 on axons; it is thought in the context of 

the PNS that levels of neuregulin1 expression on axons correlate with their cross 

sectional size and as such, regulate myelination by Schwann cells (Nave and Salzer 

2006). Thus, mere overexpression of neuregulin1 in axons may bypass the need for 
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actual growth in calibre, and promote generation of a thicker myelin sheath. This has 

been shown to be the case in the PNS (Michailov et al. 2004), but it is unclear whether 

the same regulation occurs in the CNS (Nave and Salzer 2006), although some studies 

have indicated that overexpression of neuregulin1 types I and III can promote myelin 

thickness on CNS axons (Brinkmann et al. 2008).  

Nevertheless, if a method could be found to manipulate axon calibre growth in the 

CNS (or at least mimic such manipulation) in a demyelinated animal, it would be of 

the utmost interest to assess the effects of such a manipulation on myelin sheath 

thickness in remyelination. 

 

3.9.7. Restoring full myelin thickness can be advantagenous 

The above considerations on the potential effects of axon calibre on myelin thickness 

in remyelination are highly relevant to demyelinating diseases, as there is evidence to 

suggest that remyelination does not always fully rescue the demyelinated axon. As I 

mentioned in Chapter 1, Manrique-Hoyos et al. (2012) reported that following 

apparent remyelination from cuprizone-induced demyelination, the mice began to 

exhibit axon pathology and motor symptoms six months later. Degenerating axons 

were often found to be still ensheathed by thin myelin. The authors proposed that the 

newly made myelin was not as effective at maintaining axon health and integrity as 

normal developmental myelin is. Further support for this notion comes from the 

observations of Zambonin et al. (2011) that the mitochondrial content of remyelinated 

axons remains elevated compared to never-demyelinated axons, again suggesting that 

the new, thinner, myelin is not able to fully recapitulate the function of normal 

developmental myelin.  

Thus, it could be advantageous to explore ways to not only enhance remyelination but 

also promote generation of full thickness myelin in the context of remyelination. Some 

evidence already exists that experimental manipulation in rodents can increase 

thickness of newly made myelin to normal levels; Fyffe-Maricich et al. (2013) showed 

that sustained activation of ERK1/2 signalling in oligodendrocyte lineage cells results 

in restoration of normal g ratios following lysolecithin-induced demyelination.  
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Since Tg(mbp:mCherry-NTR) larvae restore normal myelin thickness spontaneously, 

it could be informative to study the precise process by which they achieve the full 

remyelination: the regulation, behaviour and morphology of the newly generated 

oligodendrocytes, the effects of the activity of the neurons on these, and indeed the 

effects of axon calibre growth during remyelination on myelin thickness. With better 

understanding of how larval zebrafish in this model bring about complete 

remyelination, potential targets could be identified which could help to recapitulate the 

success of zebrafish in mammalian systems. 

 

3.9.8.  Future use of the Tg(mbp:mCherry-NTR) model 

In the introduction to this chapter, I described the reasons why we felt a larval zebrafish 

model of demyelination and remyelination would be a beneficial tool for the field of 

remyelination research. Briefly, we believed that such a model could enable 

researchers to study the health and integrity of individual axons over the course of 

demyelination and remyelination, and relate the health of the axon to its myelination 

status. In addition, researchers could study oligodendrocyte morphologies during 

remyelination to see if each cell makes more myelin during remyelination than it 

would during developmental myelination (as I would expect them to, given that 

oligodendrocyte numbers in Mtz-treated animals remain short of control numbers, 

despite the animals achieving full remyelination) as well as how this morphology 

might be influenced by the activity or calibre of the demyelinated axon. We also 

anticipated that it could be a useful tool for chemical screening to identify compounds 

to enhance remyelination, and for testing the effects of novel genes found to affect 

myelination on remyelination. 

Having now characterised the timing and extent of demyelination in the 

Tg(mbp:mCherry-NTR) model, it seems that it is amenable to ultrastructural analyses 

of certain indicators of axon health, such as their mitochondrial content or cross-

sectional size, and that novel observations such as the possibility of axon calibre 

growth stimulating myelin thickness growth, can be made using this model. However, 

when studying remyelination in the Tg(mbp:mCherry-NTR) model, it is essential to 
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bear in mind the caveats I have discussed here, namely the ongoing developmental 

processes, the difficulty in definitely identifying demyelinated axons ultrastructurally, 

and the likelihood that any axon is only partially demyelinated. These issues chiefly 

arise from the fact that ultrastructural analyses allow examination of only onetime 

point, and thus could be circumvented by labelling individual oligodendrocytes and 

axons in a living larva, and imaging the same cells over time. For example, I could 

label individual reticulospinal axons and follow them over time, determine when 

during the development of the larva they stop growing in calibre, and induce 

demyelination after this time point, to see whether remyelination still results in full 

thickness myelin when the axons are no longer growing radially. 

The above mentioned example, and indeed most experiments I have discussed here, 

involve imaging Tg(mbp:mCherry-NTR) larvae at during the period of demyelination 

and remyelination, when they are over 14 days old. On this point, one issue I have 

touched on briefly in this chapter is that live imaging of larvae gets progressively more 

challenging as the animals age and grow in size. This is because increased thickness 

and opacity of muscle tissue makes it more difficult to focus on the spinal cord and 

acquire high-quality images. Indeed, this is why I quantified oligodendrocyte numbers 

from cryosections rather than live larvae at 16 and 18d post-treatment. However, with 

appropriate adjustments to imaging protocols, including using tools better suited to 

deep tissue imaging, such as multiphoton microscopes, live imaging of demyelination 

and remyelination events can be carried out. 

Furthermore, as I will discuss further in Chapter 6 (General Discussion) I also believe 

that this will be a valuable tool for small-scale chemical screening and testing the 

effects of various manipulations on the overall extent and timing of oligodendrocyte 

regeneration and remyelination. In the next chapter, I introduce a set of experiments 

whereby I study the response of microglia/macrophages to oligodendrocyte ablation 

and test the effects of an irf8 mutation, which prevents microglia and macrophages 

developing during the early stages, on the success of oligodendrocyte regeneration and 

remyelination.  
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Chapter 4: 

The response of the innate immune 
system to oligodendrocyte ablation 
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4.1. Introduction 

4.1.1. The innate immune system plays a pivotal role in 
remyelination 

In Chapter 3, I showed by electron microscopy that the Tg(mbp:mCherry-NTR) 

larvae achieve full remyelination within sixteen days from oligodendrocyte ablation. 

In this chapter, I test the hypothesis that the innate immune system is activated 

following oligodendrocyte ablation, and that this activation plays an important role in 

bringing about the successful remyelination that I see in this model. The reasoning 

underpinning this hypothesis stems from recent findings demonstrating that the innate 

immune system has important and beneficial effects on remyelination in rodent 

models, and furthermore that the innate immune system also has important and 

beneficial effects on CNS tissue regeneration in zebrafish models.  

I will briefly recap the evidence for the role of the innate immune system in 

remyelination in rodent models, and then discuss what is known about its function in 

zebrafish CNS regeneration.  

Despite the known involvement of microglia and macrophages in the pathology of MS 

and EAE (Lucchinetti et al. 2000; Ajami et al. 2011), it is now very clear that the innate 

immune system plays a critical role in bringing about remyelination (McMurran et al. 

2016). As I detailed in Chapter 1, the innate immune system serves two major 

functions following demyelination: first, to remove the myelin debris generated as a 

by-product of demyelination. Phagocytic cells, namely CNS-resident microglia and 

monocyte-derived macrophages, are recruited to the lesion sites and engulf the myelin 

debris, thus effectively clearing the way for OPCs to be recruited to the lesion and give 

rise to remyelinating oligodendrocytes (Kotter et al. 2001; Kotter et al. 2006).  If this 

clearance is hindered, for instance because the animal is aged (Ruckh et al. 2013; 

Safaiyan et al. 2016) or because important control mechanisms such as RXR signalling 

are disrupted (Natrajan et al. 2015), remyelination is impaired.  

The second major function of innate immune cells in driving remyelination is their 

release of anti-inflammatory and pro-regenerative factors that regulate behaviour of 

cells of the oligodendrocyte lineage. Setzu et al. (2006) and Yuen et al. (2013) 
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demonstrated that upon experimental induction of inflammation in the absence of 

demyelination, a plethora of growth factors, transcription factors and cytokines were 

upregulated. A number of these, for example endothelin-2, were shown to induce 

myelination as well as improve endogenous remyelination following toxin-induced 

demyelination (Yuen et al. 2013).  

This pro-regenerative activity is facilitated by the microglia and macrophages 

assuming a particular activation state, termed “M2 polarization state”, distinct from 

the more inflammatory “M1 polarization state”. While separation of the two states is 

clearly a markedly simplified and even arbitrary division, many researchers have 

considered the terms a pragmatic approach to understanding the numerous functions 

microglia and macrophages serve. Indeed, a study by Miron et al. (2013) examined the 

molecular phenotypes of microglia and macrophages during demyelination and 

remyelination, and found that a switch from the M1 to the M2 state drives efficient 

remyelination.  

Thus, the two functions of myelin debris clearance and creation of a favourable lesion 

environment for remyelination make the innate system an indispensable component of 

the remyelination process. In recent years, the distinct functions performed by CNS-

resident microglia and peripherally-derived macrophages in both myelin damage and 

remyelination are beginning to be elucidated (e.g. Yamasaki et al. 2014) but much 

remains to be clarified before their distinct roles are properly understood. 

Interestingly, it is not just following demyelination and injury that the innate immune 

system is important. Recently, microglia have also been the focus of much attention 

for the roles they play in normal CNS development, from clearing apoptotic neurons 

to prevent the contents of dying cells affecting nearby healthy cells (Wakselman et al. 

2008) to pruning synapses (Schafer et al. 2012) and secretion of growth factors to 

support neuronal survival (Ueno et al. 2013). There is also evidence to suggest that 

microglial activation promotes oligodendrocyte progenitor cell (OPC) proliferation in 

the subventricular zone in mice (Shigemoto-Mogami et al. 2014). These 

developmental roles may have important implications in studies where microglia 

function is inhibited, and thus are worth keeping in mind when interpreting the results 

of such studies.  
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4.1.2. Innate immune system in zebrafish development and 
injury  

While the part played by the innate immune system in mammalian remyelination is 

now under intense scrutiny, less is known about interactions between the innate 

immune system and myelinating cells in the zebrafish. In the Tg(mbp:mCherry-NTR) 

model, spontaneous remyelination is very successful, so if the innate immune system 

performs a similar function in fish as it does in mammals, I would expect it to be 

activated and essential in bringing about remyelination. 

In terms of development, the zebrafish innate immune system is well studied. 

Macrophages are the first leukocytes to arise in the developing embryo: they originate 

from the rostral end of the lateral mesoderm, then migrate to the yolk sac and 

differentiate there from 20 hours post-fertilisation (hpf; Herbomel et al. 1999). From 

24hpf, macrophages begin to migrate out of the yolk sac and towards various tissues. 

Colonisation of the brain begins around 35hpf and by 60hpf, macrophages are 

distributed across the developing brain, with a notable cluster near the optic tectum 

(Herbomel et al. 2001). At this point, these cells downregulate the expression of the 

macrophage marker L-plastin, whereas macrophages in all other tissues and in blood 

circulation retain this expression. From 72hpf onwards, the macrophages in the brain 

begin to express apoe, confirming them as early microglia (Herbomel et al. 2001). 

Peripheral macrophages, on the other hand, are found predominantly in the epidermis 

and blood circulation after the embryonic stages (Herbomel et al. 2001; Herbomel and 

Levraud 2005). 

Similar to mammals (Hashimoto et al. 2013; Ajami et al. 2007), zebrafish monocyte-

derived macrophages do not generally enter the CNS in the absence of injury or 

infection (van Ham et al. 2014). Interestingly, a recent live imaging study in zebrafish 

revealed that even microglial colonisation of the embryonic brain is partially triggered 

by apoptosis of neurons; if neuronal apoptosis was inhibited, fewer microglia were 

attracted to the brain, and if apoptosis was increased, more microglia migrated to the 

brain and remained there (Casano et al. 2016).  
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Also as in mammals, microglia perform a range of important functions during 

zebrafish development, including phagocytosing apoptosing neurons during 

development (Peri and Nüsslein-Volhard 2008; van Ham et al. 2012) and modulating 

the excitability of neurons to optimise network properties (Li et al. 2012).  

Several studies have suggested a beneficial role of inflammation in CNS tissue repair 

in zebrafish. In general, adult zebrafish recover extremely well from CNS insults, 

including complete spinal cord transections and stab wounds to the telencephalon, such 

that function is restored (Becker and Becker 2014; Kroehne et al. 2011). Kyritsis et al. 

2012 set out to test the role of inflammation in mediating this recovery. They first 

observed that microglia and macrophage numbers increase within hours of a stab 

wound to the adult zebrafish telencephalon, and remained elevated for several days. If 

this response was blocked by co-injection of the immunesuppressant steroid 

dexamethasone, generation of new neurons was reduced. The necessity of the immune 

response was not specific to the CNS; dexamethasone-treated fish were also unable to 

regenerate their caudal fins following clipping.  

Next, Kyritsis et al. injected the inflammogen zymosan into the brains of the adult fish, 

and found that this induced an immune response highly reminiscent of that elicited by 

the stab wound. Moreover, zymosan injection in the absence of any wound was 

sufficient to induce proliferation of neuronal progenitors. The authors went on to 

perform a transcriptome screen to identify the molecular players that may be involved 

in the regenerative response, and showed that Cysteine Leukotriene Receptor 1 

(cystlr1) was highly upregulated in the wounded hemisphere but not the contralateral 

one. They used pharmacological loss and gain of function experiments to confirm that 

signalling through cystlr1 was necessary and sufficient to promote neuronal progenitor 

proliferation. Importantly, zymosan injection in the absence of a lesion was shown to 

upregulate the same signalling pathways. 

Thus, Kyritsis et al. (2012) provide strong evidence that an innate immune system 

response is required to achieve the remarkable regeneration of CNS tissue that is seen 

in zebrafish. This echoes the role proposed for the innate immune system in facilitating 

remyelination in rodent models, and moreover, gives rise to the possibility that the 
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innate immune system may be an important player in the remyelination process in 

zebrafish, too.  

Kyritsis et al.’s study in adult zebrafish focuses chiefly on the signalling pathways that 

are upregulated in the wake of the innate immune response. For studies of the dynamic 

behaviour of the innate immune cells and their interactions with CNS tissue, larval 

zebrafish models are preferable. This is because, as the immune response to insult can 

be very rapid, with microglial activation commencing within minutes of the insult in 

some cases (Sieger et al. 2012), such cell behaviours are best explored using live 

imaging. 

In an attempt to define the innate immune response to genetic ablation of neurons, van 

Ham et al. (2014) used the NTR/Mtz system to ablate neurons at 5dpf and observed 

the subsequent behaviour of transgenically labelled immune cell by live imaging. This 

showed that both microglia and macrophages carry out phagocytosis of debris while 

neutrophils and astrocytes were not involved. Furthermore, when debris clearance was 

complete about one week later, many monocyte-derived macrophages underwent 

apoptosis and were subsequently engulfed by microglia. Remarkably, over 80% of the 

larvae survived to adulthood and exhibited no sign of having had large proportions of 

their neurons ablated during their development. The authors posit that the brisk 

response of the innate immune system was the main reason for this swift and complete 

recovery achieved by the larvae. However, importantly, they did not include any 

experimental manipulation of the microglia and macrophage response, by enhancing 

or inhibiting it, and thus their conclusion remains a supposition that will be important 

to test in the future.  

In an adult zebrafish model of demyelination where focal demyelination is induced in 

the optic nerve by direct application of LPC, Münzel et al. (2014) observed more 4C4-

positive microglia at the lesion site in young fish, which succeed at restoring their 

myelin sheaths to full thickness, compared to old fish, which do not. This correlation 

again suggested that microglia contribute to the efficient myelin regeneration achieved 

by the young adult fish. However, again, this hypothesis was not experimentally tested 

in this study.  
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In stark contrast to the above studies implicating a positive role for the innate immune 

system following injury in the zebrafish, Kim et al. (2015) used a larval zebrafish 

model of demyelination (which I have discussed in the Discussion of Chapter 3) to 

suggest that the innate immune system may in fact be detrimental for remyelination. 

In this study, the authors administered the anti-inflammatory drug sulfasalazine, 

mainly used for in treatment of rheumatism and inflammatory bowel disease, to the 

larvae immediately following metronidazole withdrawal, and one day later, reported 

increased numbers of oligodendrocytes and increased thickness of the myelin sheath 

around the Mauthner axon compared to non-sulfasalazine treated larvae. They argued 

that this increase is due to the immunosuppressing effects of sulfasalazine, as the 

sulfasalazine treatment following Mtz-treatment reduced the number of apoe- and 

Cd11b-expressing microglia in the brains of the larvae. They also showed that a 

sulfasalazine treatment at 1dpf increased the proliferation of olig2-expressing cells, 

and suggested that sulfasalazine also promotes OPC proliferation following 

demyelination. Since they do not repeat this experiment in their demyelinating model, 

there is no way of knowing whether sulfasalazine would induce a similar increase in 

an injury context, or whether the increase has anything to do with suppression of the 

immune system.  

However, the result reported by Kim et al. must be viewed in the context of their 

model.   Neither demyelination nor remyelination is quantified in any other way apart 

from the thickness of the myelin around the Mauthner axon (and this from low-

resolution confocal images rather than electron micrographs), rendering it difficult to 

evaluate the specific effects of a drug intervention. Furthermore, Kim et al. do not 

allow any time to pass between oligodendrocyte ablation and investigating 

demyelination, which (based on my own results) may not represent the full extent of 

the demyelination caused by the oligodendrocyte ablation. This calls into question 

whether the effect of sulfasalazine can be taken as remyelination; it is equally likely to 

suppress an ongoing immune attack on myelin and thus reduce the level of 

demyelination that occurs in the first place.  

The authors acknowledge that their result contradicts much of what has been shown in 

rodent studies of remyelination, and postulate that the microglia and macrophages had 
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already carried out myelin debris clearance and secretion of pro-regenerative signals 

prior to sulfasalazine treatment, and thus the drug did not impede these essential 

functions. Instead, they argue, the drug protected the larvae from harmful effects of 

long-term immune presence in the spinal cord. However, since Kim et al. only treat 

their larvae with sulfasalazine for one day, it is not clear what they mean by harmful 

long-term exposure to microglia and macrophages. It is also doubtful whether the 

larvae would be able to clear all of their myelin debris prior to sulfasalazine treatment, 

as the sulfasalazine treatment commences immediately after Mtz-treatment, and some 

debris is clearly still present in the non-sulfasalazine treated larvae one day post Mtz-

treatment. In general, the timeline of their model, as I have already discussed in 

Chapter 3 is so rapid, with apparent remyelination occurring in one day, that it is 

difficult to relate events they report to those seen in other models. 

All in all, then, while there is some compelling evidence that the innate immune system 

response is a necessary and beneficial event for CNS tissue repair in zebrafish, a 

systematic investigation of its role in the context of demyelination remains to be 

carried out. 

 

4.1.3. The irf8 mutant zebrafish as a tool to disrupt 
macrophage and microglial development  

Thus, evidence from mammalian systems strongly suggests that the innate immune 

system actively aids remyelination, whereas less clear evidence for its role is currently 

available in zebrafish models. In this chapter, I address the question of what role the 

innate immune system plays in remyelination in the Tg(mbp:mCherry-NTR) model.  

I first describe the response of microglia and macrophages to oligodendrocyte ablation 

and show that it reaches its peak at four days post-treatment. I then demonstrate the 

immune response coincides with both the oligodendrocytes undergoing cell death and 

the reduction in the volume of the myelin vacuoles.  

Next, I ask how remyelination in this model is affected if the development of microglia 

and macrophages were inhibited. To this end, I use the recently published irf8 mutant 
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fish (Shiau et al. 2015) in which the development of microglia and macrophages is 

impaired. The transcription factor irf8 (interferon regulatory factor 8) acts as a major 

determinant of macrophage/monocyte fate during hematopoiesis. In mammals, irf8 has 

been shown to be critical for macrophage lineage development; its deficiency in 

humans and mice causes a significant reduction of macrophage/monocyte 

development (Hambleton et al. 2011; Kierdorf et al. 2013).  

Shiau et al. generated and characterised an irf8 null mutant zebrafish which has a 

frameshift mutation just 3’ to the initiation codon in the irf8 gene, causing complete 

loss of function. Accordingly, the authors report a complete lack of macrophages at 

2dpf (as shown by an absence of mfap4 RNA expression by in situ hybridization) and 

a complete lack of microglia at 3dpf – 6dpf (as shown by an absence of apoe RNA 

expression by in situ hybridization). In contrast, by showing excessive mpx RNA 

expression the authors demonstrate an extensive expansion of neutrophils as early as 

1dpf. This was to be expected, as cell fate switching has been previously demonstrated 

in the zebrafish myeloid lineage: Li et al. (2011) showed increased output of 

neutrophils when irf8 was knocked down during early development, without affecting 

the overall number of primitive myeloid cells. Conversely, overexpression of irf8 leads 

to enhanced macrophage formation at the expense of neutrophil numbers. 

By 2.5dpf, Shiau et al. show a small number of weakly mpeg-expressing cells in irf8 

mutants, restricted to blood-forming regions in the tail. By 7dpf, irf8 mutants contained 

a few strongly mpeg-expressing cells in the head, and by 14dpf and 31dpf, they had 

around 50 mpeg-expressing cells in their head regions (but, notably, still less than half 

the number seen in their wild-type siblings). The authors concluded that the second 

wave of hematopoiesis in zebrafish is regulated by a different set of transcription 

factors and thus does not depend on irf8 function.  

In order to test the effects of the irf8 mutation on remyelination in my model, I created 

irf8 null Tg(mbp:mCherry-NTR) larvae by crossing Tg(mbp:mCherry-NTR) fish with 

irf8 mutant fish and subsequently incrossing these heterozygous animals once they 

reached adulthood. I demonstrate that irf8 null larvae do not show deficits in early 

oligodendrocyte development up to 5dpf, and that their spinal cords contain very few 

microglia or macrophages at the time point when the immune invasion is at its peak in 
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wild-type larvae. Despite this, however, ultrastructural analysis of the spinal cord at 

16d post-treatment reveals that irf8 null animals do not show any deficits in 

remyelination, although they do show a delay in oligodendrocyte number regeneration. 

In the Discussion of this chapter, I consider what might account for this lack of 

impairment, and posit that the function of microglia and macrophages is served by 

neutrophils, and/or the macrophages born in the second wave of hematopoiesis.  
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4.2. Timeline of microglia and macrophage response 

to oligodendrocyte ablation 

4.2.1 Microglia/macrophage presence in spinal cord peaks at 
4d post-treatment 

As summarised above, cells of the innate immune system, notably microglia and 

macrophages, play a pivotal role in bringing about myelin regeneration in rodent 

models of demyelination, and if their activity is inhibited in some way, regeneration is 

compromised. Given the very successful myelin regeneration achieved by the 

Tg(mbp:mCherry-NTR) fish (Figures 12 and 13) following demyelination, it seemed 

likely that the innate immune system is actively involved in the process.   

I therefore set out to investigate the response of the innate immune system to 

oligodendrocyte ablation and demyelination. The first step was to ask simply whether 

there was any detectible response from the immune system following oligodendrocyte 

ablation, and if there was, what would it consist of and when would it take place.  

In order to study the behaviour of microglia and macrophages in vivo, I used the 

transgenic line Tg(mpeg:GFP), which labels both cell types (Ellett et al. 2011). Since 

both CNS-resident microglia and monocyte-derived macrophages express mpeg, it is 

not possible to separate the two populations using this line. For this reason, during 

most of this chapter, I will discuss microglia and macrophages as a single population. 

The undoubtedly important distinctions between microglia and macrophages will be 

considered further in the Discussion.  

To investigate the microglia and macrophage response to oligodendrocyte ablation, I 

crossed Tg(mbp:mCherry-NTR) fish to Tg(mpeg:GFP) fish, treated the resulting 

double transgenic progeny with DMSO or metronidazole from 5dpf to 7dpf, as in 

Chapter 3. Using these larvae, I carried out a time course experiment whereby I 

imaged larvae at different time points during the first nine days following the 

withdrawal of DMSO- or Mtz-treatment. As before, for reasons of larval health, it was 

not practical to image the same larvae over so many consecutive days, so the following 

data were obtained from imaging different larvae each day. I quantified these data by 

counting the numbers of mpeg+ cells from a four-somite area of the spinal cord.  
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The data from this time course experiment are presented in Figure 22A. At the time 

of withdrawal of the DMSO or Mtz-treatment, there are very few mpeg-expressing 

cells in either condition; yellow arrowheads indicate one such cell in each larva. 

Counts indicated that there was a mean of 2.0 ± 1.73 mpeg+ cells in control animals 

and 2.0 ± 2.25 in Mtz-treated animals, p = 1.  A similar situation prevails at 2d post-

treatment, when there was a mean of 2.33 ± 2.02 mpeg+ cells in control animals and 

4.14 ± 1.75 in Mtz-treated animals, p = 0.022.  In contrast, at 3d post-treatment, 

noticeably more mpeg+ cells are seen in the spinal cord of treated animals, and indeed 

counts showed that there was a mean of 1.79 ± 2.39 mpeg+ cells in control, compared 

to 8.2 ± 3.69 mpeg-expressing cells in Mtz-treated animals, p < 0.0001. At 4d post-

treatment, the number of mpeg+ cells in the spinal cord of Mtz-treated animals was 

elevated even further, with a mean of 3.17 ± 2.23 mpeg-expressing cells in control, 

compared to a mean of 10.92 ± 4.01 mpeg-expressing cells in Mtz-treated animals, p 

= 0.00040. From that time onward, the number of mpeg-expressing cells gradually 

decreases. The difference remains significant at 7d post-treatment (3.69 ± 1.7 mpeg-

expressing cells in control, compared to 7.94 ± 2.38 mpeg-expressing cells in Mtz-

treated animals, p = 0.00032) but by 9d post-treatment, the number of mpeg-expressing 

cells in Mtz-treated animals has become indistinguishable from that in control animals 

(3.00 ± 1.48 in control, compared to 4.22 ± 2.44 in Mtz-treated animals, p = 0.18).  

Interestingly, the TEM data I described in Chapter 3 indicated that during the first 

four days following the Mtz-treatment, there was a significant presence of vacuoles in 

the spinal cord, and this becomes much less pronounced from 5d post-treatment 

onwards; thus the beginning of the decline in vacuoles coincides with the peak of the 

immune presence in the spinal cord. Furthermore, the peak demyelination stages of 7-

11d post-treatment occur after the microglia/macrophage presence in the spinal cord 

has attenuated.   

 



180 

 

 



   

 

181 

 

 

A. Confocal images of 

spinal cords of larvae treated with either DMSO or Mtz, and at different time points, 

as indicated. Green cells are mpeg-expressing microglia and macrophages. Yellow 

arrowheads indicate examples of mpeg+ cells in contact with the spinal cord. B. 

Quantification of immune invasion by counting mpeg+ cells in contact with the spinal 

cord shows that from 3d post-treatment, there are significantly more mpeg+ cells in 

Mtz-treated compared to control animals (a mean of 1.79 ± 2.39 mpeg+ cells in control 

compared to a mean of 8.2 ± 3.68 mpeg+ cells in Mtz-treated animals, p < 0.0001). 

The immune invasion peaks at 4d post-treatment (a mean of 3.17 ± 2.22 mpeg+ cell in 

control, compared to a mean of 10.92 ± 4.01 mpeg+ cells in Mtz-treated animals, p = 

0.00040). After that, the presence of immune cells in the spinal cord decreases 

gradually, until at 9d post-treatment there is no significant difference between control 

and Mtz-treated animals (3.0 ± 1.48 mpeg+ cells in control, compared to 4.22 ± 2.44 

in Mtz-treated, p = 0.18). Statistical significance was determined using multiple t tests 

per row, with a Holm-Sidak method, without assuming equal SD between the groups 

n = no less than 9.

 

 

4.2.2 Microglia and macrophages phagocytose mCherry+ 
material 

The above described timeline revealed that the immune response to oligodendrocyte 

ablation consists of drastically increasing the numbers of microglia and macrophages 

in the spinal cord, starting at 3d post-treatment, peaking at 4d post-treatment and then 

winding down gradually until at 9d post-treatment there is no longer a notable presence 

of microglia and macrophages in Mtz-treated compared to control spinal cords. 
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Having established the timeline of the immune response, I was interested in how active 

the microglia/macrophages in the spinal cord actually were. Were they merely present, 

or were they phagocytosing oligodendrocyte and myelin matter? In order to address 

these questions, I analysed the same dataset in greater detail, this time counting only 

those mpeg-expressing cells which clearly contained mbp:mCherry-NTR -expressing 

material. This analysis required careful examination of each individual z section to 

ascertain that the mbp+ material was inside the mpeg+ cell. The insets in Figure 23A 

show examples of such individual z sections (2µm in thickness) from confocal stacks 

where there are a number of magenta mCherry-expressing fragments within the 

microglia/macrophages cells.  

The timeline produced by this analysis closely resembled the timeline of immune 

invasion, with the exception that the number of mpeg+ cells containing mCherry+ 

material was significantly higher in Mtz-treated compared to control animals already 

at 2d post-treatment (whereas this difference only became significant at 3d post-

treatment in the overall timeline). In short, at 1d post-treatment, phagocytosis had 

evidently not begun and there was a mean of 0.92 ± 1.38 mpeg+ cells containing 

mCherry+ material in control animals and 0.81 ± 1.05 in Mtz-treated animals, which 

was not significantly different (p = 0.822). By 2d post-treatment, the number of mpeg+ 

cells containing mCherry+ material had increased such that there were 2.79 ± 2.16 

cells in Mtz-treated animals compared to 0.75 ± 1.06 in control animals and (p = 

0.0066). The number of mpeg+ cells containing mCherry+ material continues to climb 

at 3d post-treatment and peaks at 4d post-treatment, when there is an average of 9.23 

± 4.02 cells in Mtz-treated animals compared to 1 ± 0.89 cells in control animals (p = 

0.00014). After this, the number begins to decrease gradually, such that at 7d post-

treatment the number of mpeg+ cells containing mCherry+ material has come down 

to a mean of 4.75 ± 3.17 cells in Mtz-treated animals, and has a mean of 0.85 ± 0.90 

cells in control animals (p = 0.00018). By 9d post-treatment, the number of cells in 

Mtz-treated animals has further decreased to a mean of 2.11 ± 1.96 cells, compared to 

a mean of 0.45 ± 0.69 cells in controls (p = 0.017), which was not deemed statistically 

significant. I had used the Holm-Sidak method recommended by GraphPad to 

determine significances of differences at multiple time points. This is a stringent 

system which analyses each row (encompassing one time point, divided into control 
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and treated) individually and does not assume equal standard deviations between 

groups. Despite having its alpha value set at 5%, the Holm-Sidak method did not find 

the p value of 0.017 statistically significant. However, a t-test between the control and 

Mtz-treated groups at 9d post-treatment found the difference significant (p = 0.0173). 

That being said, a lack of significant difference between control and Mtz-treated 

animals is to be expected from the trajectory of the curve in Figure 23B; it is clear that 

the number of mpeg+ cells containing mCherry+ material is on its way to being 

indistinguishable from controls.  

This timeline of mpeg+ cells containing mCherry+ material strongly suggests that the 

immune cells which invade the spinal cord following oligodendrocyte ablation 

perform a “mopping up” function whereby they phagocytose damaged 

oligodendrocyte material and myelin debris. This interpretation is also supported by 

the observation that the cellular vacuoles, which remain prevalent for some days 

following withdrawal of the treatment, are much less prominent from 5-6d post-

treatment onwards. It is not difficult to imagine that the gradual decrease of the 

vacuoles is a result of microglia and macrophages phagocytosing and digesting them, 

until such time as the vacuoles are largely depleted and the immune presence in the 

spinal cord can disperse.  
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A. 

Confocal images from 11dpf Tg(mbp:mCherry-NTR); Tg(mpeg:GFP) larvae, treated 

with either DMSO or Mtz, as indicated. Top panels are maximum intensity projections. 

Bottom panels (insets) are single z sections from the stack, at the location indicated by 

the yellow box. Yellow arrowheads indicate mhery+ material inside mpeg+ cells. B. 

Quantification shows that from 2d post-treatment onwards there are more mpeg mpeg+ 

cells containing mCherry+ material in Mtz-treated compared to control animals. At 1d 

post-treatment, there was a mean of 0.92 ± 1.38 mpeg+ cells containing mCherry+ 

material in control animals and 0.81 ± 1.05 in Mtz-treated animals (p = 0.822). By 2d 

post-treatment, there were 0.75 ± 1.06 mpeg+ cells containing mbp+ material in 

control animals and 2.79 cells in Mtz-treated animals (p = 0.0066). The number of 

mpeg+ cells containing mCherry+ material peaks at 4d post-treatment, when there is 

an average of 1 ± 0.89 cells in control animals compared to 9.23 ± 4.02 in Mtz-treated 

animals (p = 0.00014). After this, the number begins to decrease, such that at 7d post-

treatment there is a mean of 0.85 ± 0.90 cells in control animals and a mean of 4.75 ± 

3.17 cells in Mtz-treated animals (p = 0.00018). By 9d post-treatment, there is no 

longer a significant difference between control and treated animals, with a mean of 

0.45 ± 0.69 cells in controls and 2.11 ± 1.96 cells in treated animals (p = 0.017). This 

was not deemed statistically significant by the Holm-Sidak method, with alpha set at 

5%, as each row was analysed individually, without assuming a consistent SD. n = no 

less than 6, usually over 9. 
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4.3. Timeline of oligodendrocyte cell death 

4.3.1 Acridine orange staining reveals oligodendrocytes 
undergoing cell death during the course of the immune 
invasion 

The drastic increase in microglia/macrophage numbers in the spinal cord, and the 

observation that these cells readily ingest mCherry+ material, suggest that the 

oligodendrocytes affected by the Mtz-treatment and the degrading myelin sheaths 

express one or more “eat-me” signals to attract microglia and macrophages to them. 

Such signals are expressed on the surface of cells undergoing apoptosis (or another 

form of cell death; Hochreiter-Hufford et al. 2013). In order to test whether Mtz-treated 

oligodendrocytes were indeed undergoing cell death, I stained living DMSO- or Mtz-

treated larvae with the vital dye acridine orange. This is a cell-permeable fluorescent 

cationic dye which intercalates into the double helix of DNA and thus enables 

visualisation of cells with compromised nuclear integrity and fragmented DNA. 

Acridine orange has previously been used to label dying cells in living zebrafish 

(Hammerschmidt et al. 1996; Paquet et al. 2009). By counting cells which were 

positive for both acridine orange (AO) and mbp:mCherry-NTR (Figure 24A) I could 

quantify oligodendrocytes undergoing cell death.  

The results of this time course, shown in Figure 24B, revealed that cell death is 

detectable at the end of the Mtz-treatment (0d post-treatment): at this time point, there 

was a mean of 3.88 ± 1.25 AO+ mCherry+ cells in a four-somite area of the spinal 

cord in Mtz-treated animals, compared to 0.56 ± 1.01 per control animal, p < 0.0001. 

Over the course of the next few days, the number of AO+ mCherry+ cells continues 

to increase in Mtz-treated animals until at 4d post-treatment there is a mean of 6.5 ± 

1.69 such cells in treated animals, compared to a mean of 0.4 ± 0.89 such cells in 

controls, p < 0.0001. Following this peak, the number of AO+ mCherry+ cells in Mtz-

treated animals begins to decrease such that at 7d post-treatment, the numbers are 

indistinguishable between treated and control animals; a mean of 1.25 ± 1.16 cells in 

control and 0.86 ± 1.07 cells in Mtz-treated animals, p = 0.51. 
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A. Confocal images of spinal cords of 

larvae treated with either DMSO or Mtz, and at different time points, as indicated. 

Acridine orange labels cells undergoing cell death in green. In the DMSO-treated 

animals, there is hardly any acridine orange signal, whereas in the Mtz-treated animals 

at 2d and 4d post-treatment, several bright green puncta can be seen, and these 

colocalise with mCherry (yellow arrowheads). B. Quantification of cells positive for 

both mCherry and acridine orange shows that there are significantly more 

oligodendrocytes undergoing cell death from 0d to 5d post-treatment: at 0d post-

treatment, there was a mean of 3.88 ± 1.25 AO+mCherry+ cells per Mtz-treated 

animal, compared to 0.56 ± 1.01 per control animal, p < 0.0001. The number of 

AO+mCherry+ cells continues to increase in Mtz-treated animals until at 4d post-

treatment there is a mean of 6.5 ± 1.69 such cells in treated animals, compared to a 

mean of 0.4 ± 0.89 such cells in controls, p < 0.0001. After this, the number of AO+ 

mCherry+ cells in Mtz-treated animals decreases such that at 7d post-treatment, the 

numbers are indistinguishable between treated and control animals; a mean of 1.25 ± 

1.16 cells in control and 0.86 ± 1.07 cells in Mtz-treated animals (p = 0.51). n = no 

less than 8

 

 

Thus, it seems that following Mtz-treatment, oligodendrocyte cell death starts 

immediately (possibly even prior to withdrawal of the drug) and continues for a period 

of a week. This implies that some oligodendrocytes undergo cell death shortly after 

Mtz-treatment, while others succumb several days later. The reasons for these 

differences are not clear; perhaps those oligodendrocytes which expressed higher 

levels of the mbp:mCherry-NTR transgene were exposed to higher levels of the 

cytotoxic cross-linking agent and were therefore more vulnerable to cell death.  
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4.4. Impaired immune response in irf8-/- mutant 

animals 

4.4.1 What happens to remyelination in an irf8 mutant fish? 

The descriptive characterisation of the innate immune system’s invasion of the spinal 

cord following oligodendrocyte ablation, and the evident phagocytic activities it 

performs, suggests that the innate immune system does indeed play an important role 

in clearing oligodendrocyte and myelin debris in Mtz-treated Tg(mbp:mCherry-NTR) 

animals. Extensive literature on the topic postulates that this clearance is a necessary 

prerequisite to effective oligodendrocyte regeneration and remyelination (Kotter et al. 

2001; Kotter et al. 2006; Ruckh et al. 2012). With this in mind, and knowing that under 

physiological conditions, Mtz-treated Tg(mbp:mCherry-NTR) larvae are able to fully 

restore their myelin sheaths and even achieve normal myelin thickness , I hypothesised 

that at least some of this success is due to the activity of the innate immune system. 

This, naturally, prompted me to ask, what would happen to oligodendrocyte and 

myelin repair in this model, if the development of microglia and macrophages was 

impaired.  

 

4.4.2 irf8 -/- mutant larvae have impaired development of 
microglia and macrophages 

To impair the development of macrophages and microglia in the Tg(mbp:mCherry-

NTR) larvae I used the recently published mutant zebrafish line, the irf8 mutant (Shiau 

et al. 2015). Irf8 is a transcription factor which acts as a major regulator of macrophage 

lineage development during hematopoiesis.   

Shia et al. 2015 generated and characterised an irf8 null mutant zebrafish and reported 

a complete lack of macrophages at 2dpf and a complete lack of microglia at 3dpf – 

6dpf. They also employ the Tg(mpeg:GFP) line and show at 2.5dpf a small number of 

weakly mpeg-expressing cells in irf8 mutants, restricted to blood-forming regions in 

the tail. By 7dpf, irf8 mutants showed a few strongly mpeg-expressing cells in the 

head, and by 14dpf and 31dpf, they had around 50 mpeg-expressing cells in their head 
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regions. In the tail region, the irf8 mutant larvae had around 10 mpeg-expressing cells 

at 31dpf.  

Importantly however, even at 31dpf, the number of mpeg-expressing cells in irf8 

mutants is still less than half of that seen in their heterozygous and wild-type siblings 

in their head regions, and less than a fifth in their tail regions. Furthermore, at 31dpf 

the authors were still unable to find any L-plastin positive microglia in the brain 

parenchyma of irf8 mutants (whereas there were many in their heterozygous and wild-

type siblings).  

Thus, even though some macrophages may have developed by the stages I am 

interested in (up to 23dpf), I was confident that the phenotype of the irf8 mutants was 

sufficiently prominent to considerably disrupt the immune invasion following 

oligodendrocyte ablation. Therefore, in order to investigate the effects of the irf8 

mutation on oligodendrocyte and myelin repair in the Tg(mbp:mCherry-NTR) model, 

I crossed homozygous irf8 mutants to Tg(mbp:mCherry-NTR) fish and raised the 

resulting irf8 +/- progeny to adulthood. By incrossing these fish, I was able to obtain 

clutches where 25% of the animals were expected to be irf8 -/-, 50% irf8 +/- and 25% 

irf8 +/+, and all expressed the mbp:mCherry-NTR transgene.  

 

4.4.3 irf8 -/- mutant larvae have normal numbers of 
oligodendrocytes at 5dpf.  

Prior to embarking on studies regarding the effects of the irf8 mutation on 

oligodendrocyte and myelin regeneration, I wished to check whether the mutation had 

any adverse effects on early myelinating oligodendrocyte development. This was an 

important consideration, because microglia have been shown to play a part in 

regulating oligodendrocyte proliferation during development in mice (Shigemoto-

Mogami et al. 2014) and it was possible that in their complete absence over the first 

five days of life, oligodendrocyte development may be compromised. If that were the 

case, it would make little sense to study oligodendrocyte and myelin regeneration in 

animals where these structured had not formed correctly in the first place.  
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To assess the level of oligodendrocyte development, I counted the numbers of 

oligodendrocytes from a four-somite stretch in the spinal cords of irf8 mutants and 

their siblings at 5dpf; the age when I start the metronidazole treatment.  

These counts showed that there was no difference in oligodendrocyte numbers 

between animals that were wild-type, heterozygous or mutant for irf8: the mean 

number of oligodendrocytes in a four-somite area of the spinal cord was 70.38 ± 13.59 

in irf8 +/+ animals, 74.10 ± 8.20 in irf8 +/- animals and 67.33 ± 12.47 in irf8 -/- 

animals. A one-way ANOVA found the difference between the genotypes to be non-

significant (p = 0.527; Figure 25B). Since the oligodendrocytes were counted using 

the mbp marker, which is only present in mature oligodendrocytes, the observed 

normal number of oligodendrocytes can be taken to reflect both normal proliferation 

of OPCs as well as normal differentiation at least until the stages at which cell ablation 

was induced. 

Thus, the irf8 mutation did not impair early oligodendrocyte development, and I was 

able to carry out oligodendrocyte ablation treatments in the knowledge that I was 

ablating a normal starting population of oligodendrocytes.  
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A. Confocal images from the spinal cords of 5dpf Tg(mbp:mCherry-NTR) larvae, 

wild-type, heterozygous or mutant for the irf8 gene, as indicated. B. Quantification 

shows that there is no difference in oligodendrocyte numbers between the genotypes: 

mean number of oligodendrocytes in four-somite area is 70.38 ± 13.59 in irf8 +/+ 

animals, 74.10 ± 8.20 in irf8 +/- animals and 67.33 ± 12.47 in irf8 -/- animals. A one-

way ANOVA found the difference between the genotypes to be non-significant (p = 

0.527). n = 13 for irf8 +/+, 10 for irf8 +/- and 6 for irf8 -/-.
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4.4.4. irf8 -/- mutant larvae have very few mpeg-expressing 
cells in the spinal cord at the time point of peak immune 
invasion 

Since Shiau et al. (2015) had reported that by 7dpf, there was a small number of mpeg-

expressing cells in the head region of irf8 mutant larvae, and the immune attack I was 

seeking to disrupt occurs after this age, I was keen to establish that there was still a 

notable shortage of mpeg-expressing cells in the spinal cord following DMSO- or Mtz-

treatment.  

To this end, I created Tg(mbp:mCherry-NTR); irf8 +/-; Tg(mpeg:GFP) fish by 

crossing Tg(mpeg:GFP) fish with the aforementioned Tg(mbp:mCherry-NTR); irf8 

+/- fish. The resulting progeny were either heterozygous or wild-type for irf8, so I 

genotyped these fish at a young age and only raised the heterozygotes to full adulthood. 

By incrossing these heterozygotes, I was able obtain clutches where, again, 25% of the 

animals were expected to be irf8 -/-, 50% irf8 +/- and 25% irf8 +/+, and furthermore, 

all were expected to express both the mbp:mCherry-NTR and mpeg:GFP transgenes.  

In the following experiments, I will refer to irf8 -/- animals as mutants, and both irf8 

+/+ and irf8 +/- animals as siblings, as all animals analysed in any given experiment 

originate from the same clutches. 

I treated these larvae with DMSO or Mtz from 5dpf to 7dpf, then withdrew the 

treatment. At 4d post-treatment, the time point when I have shown the immune 

invasion to reach its peak in Tg(mbp:Cherry-NTR) animals wild-type for irf8, (Figure 

22) I imaged the larvae and subsequently genotyped them. As is clear from the 

representative images shown in Figure 26, there were very few mpeg-expressing cells 

in the spinal cords of DMSO-treated siblings, a notable increase in Mtz-treated 

siblings, and hardly any in Mtz-treated mutant animals. I quantified this result by 

counting the numbers of mpeg-expressing cells in a four-somite stretch of the spinal 

cord and comparing the numbers between genotypes and treatment conditions. A one-

way ANOVA found a significant overall difference between the groups (p = 0.0008), 

and subsequent individual t tests confirmed that there were significantly more mpeg+ 

cells in Mtz-treated siblings compared to Mtz-treated mutants (4.88 ± 4.01 cells in 

siblings compared to 0.80 ± 1.79 cells in mutants, p = 0.0443). In addition, as expected 
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from previous experiments, there were significantly more mpeg-expressing cells in 

Mtz-treated siblings than in DMSO-treated siblings (p = 0.0003).  Unfortunately, of 

the 24 DMSO-treated larvae imaged over two experiments, only one was found to be 

an irf8 mutant. For this reason, no statistics involving DMSO-treated mutants could be 

performed.   

Nevertheless, the immune presence in the spinal cords of Mtz-treated irf8-null larvae 

at the supposed peak immune invasion time point was entirely suppressed in the irf8 

mutant. This was promising in terms of disrupting the debris clearance and potentially 

also myelin regeneration in this model.  
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A. Confocal images from spinal cords 

of 11dpf Tg(mbp:mCherry-NTR);Tg(mpeg:GFP) larvae, treated with DMSO or Mtz, 

and carrying wild type or mutant alleles of irf8, as indicated. There are few mpeg+ 

cells in the DMSO-treated animals, more in the Mtz-treated wild type animals, and 

none in the Mtz-treated wild type animals. B. Quantification of mpeg+ cells within the 

spinal cord was done by counting cells in a four-somite area. A one-way ANOVA 

revealed an overall difference between means of the different groups (p = 0.0008) and 

individual t tests confirmed that there are significantly more mpeg+ cells in Mtz-

treated wild type or heterozygous animals than in Mtz-treated irf8 mutant animals 

(4.88 ± 4.01 cells in wt/het compared to 0.80 ± 1.79 cells in mutant, p = 0.0443). there 

were significantly more mpeg-expressing cells in Mtz-treated wt/het animals than in 

DMSO-treated animals of the same genotypes (p = 0.0003).  There was no significant 

difference between DMSO-treated wt/het animals and Mtz-treated mutants (1.52 ± 

1.31 cells in DMSO-treated wt/het animals, compared to 0.80 ± 1.79 in Mtz-treated 

mutants, p = 0.304).  n = 23 for DMSO wt/het, 1 for DMSO mutant, 40 for Mtz wt/het 

and 5 for Mtz mutants. No statistics involving DMSO-treated mutants could be 

performed because of the n number of one.
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4.4.5. Irf8 -/- mutant larvae are able to remyelinate their axons. 

Having established that the irf8 mutation did not affect early oligodendrocyte 

development, but did significantly reduce the immune presence in the spinal cord 

following oligodendrocyte ablation, I was satisfied that this was a suitable model for 

studying the effects of disrupting the immune system on myelin repair.  

To investigate the ability of irf8 mutants to remyelinate their axons following 

demyelination, I again incrossed the Tg(mbp:mCherry-NTR); irf8 +/- fish, treated the 

resulting progeny with DMSO or Mtz and then kept them in recovery tanks containing 

normal embryo medium for 16 days. At this time point, I took a fin clip biopsy from 

each larva for genotyping purposes, and fixed the animals for TEM processing. 16d 

post-treatment is the time point when I have previously shown normal 

Tg(mbp:mCherry-NTR) animals to have accomplished full remyelination; I was 

interested in whether irf8 mutants were able to achieve the same. 

Examination of the TEM data strongly suggests that irf8 mutant animals are indeed 

able to remyelinate their axons: at 16d post-treatment, DMSO-treated siblings and 

Mtz-treated siblings and mutants all appeared indistinguishable from each other, with 

robustly myelinated axons populating the spinal cords (Figure 27A).  

In order to quantify this apparent remyelination, I first counted the total numbers of 

myelinated axons in the ventral spinal cords (Figure 27B), and found them to not differ 

between the genotypes and treatment conditions: the mean number of myelinated 

axons was 167.30 ± 31.79 in the ventral spinal cords of DMSO-treated siblings, 157.50 

± 25.83 in Mtz-treated siblings and 133.50 ± 26.35 in Mtz-treated irf8 mutants. A one-

way ANOVA found the differences between the groups to be non-significant (p = 

0.211). 

The number of myelinated axons can vary greatly with the overall sizes of the animals. 

To circumvent this, I compared the percentages of large-calibre axons that was 

myelinated (as before, the threshold for “large” axon was defined as the perimeter of 

the smallest myelinated axon found in a DMSO control animal). This comparison, too, 

yielded non-significant differences: the mean percentage of large-calibre axons that 
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was myelinated was 78.02 ± 2.80% in DMSO-treated siblings, 80.89 ± 2.52% in Mtz-

treated siblings and 76.79 ± 10.15% in Mtz-treated irf8 mutants, p = 0.699 from a one-

way ANOVA.  

Finally, I also compared the total numbers of large-calibre axons, to detect any possible 

loss of axons or major differences in growth. The analysis indicated that there were no 

significant differences between the treatment conditions and genotypes: the mean 

number of large-calibe axons was 215.30 ± 46.32 in DMSO-treated siblings, 194.30 ± 

28.14% in Mtz-treated siblings and 190.0 ± 46.11% in Mtz-treated irf8 mutants, p = 

0.690. 

Taken together, these analyses suggest that irf8 mutants are not impaired in repairing 

their myelin sheaths following demyelination.  

However, it is essential to note that the total numbers of myelinated axons seen in this 

experiment (167.30 ± 31.79 in DMSO-treated siblings, 157.50 ± 25.83 in Mtz-treated 

siblings and 133.50 ± 26 in Mtz-treated mutants) are higher than those I had observed 

in the experiments in Chapter 3 (80.88 ± 23.12 in control animals and 85.71 ± 22.01 

in Mtz-treated animals), despite the animals being 23dpf in chronological age in both 

experiments. It is therefore possible that the larvae analysed in this experiment had 

grown relatively larger in the same period of time as those analysed in Chapter 3. 

Indeed, it is well known that fish can grow at very different rates over time, largely 

owing to husbandry-related reasons (McMenamin et al. 2016). If this was indeed the 

case, this cohort of animals may actually have completed their remyelination before 

the 16d time point. Thus, irf8 mutants may have experienced a delay in remyelination 

compared to their siblings, but caught up by 16d post-treatment. Therefore, it will be 

important to repeat this experiment and assess remyelination in irf8 mutants and their 

siblings at earlier time points and, and to normalise for remyelination based the total 

number of axons as well as chronological age.  

In addition, in this dataset I did not check that demyelination was as extensive in irf8 

mutant animals as it is in wild-type animals. Indeed, microglia and macrophages are 

thought to play key roles in instigating demyelination in MS and some animal models 

(e.g. Prineas et al. 2012; Yamasaki et al. 2014). It is therefore possible that 
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remyelination succeeded despite a disrupted immune response because the damage to 

be repaired was not as pronounced as it was in wild-types. This possibility should be 

addressed in future experiments. 
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A. TEM images of 23dpf larvae, treated with either DMSO or Mtz, and 

carrying either mutant or heterozygous alleles for irf8, as indicated. All three images 

show robustly myelinated ventral spinal cords. B. Counts of the total numbers of 

myelinated axons shows that there were no differences between the genotypes and 

treatment conditions: the mean number of myelinated axons was 167.30 ± 31.79 in 

DMSO-treated irf8+/+ and irf8 +/- animals, 157.50 ± 25.83 in Mtz-treated irf8+/+ and 

irf8 +/- animals and 133.50 ± 26.35 in Mtz-treated irf8-/- animals. A one-way ANOVA 

found the differences between the groups to be non-significant (p = 0.211). C. The 

percentages of “myelinateable” sized axons that was myelinated did not differ between 

the groups either: the mean percentage of was 78.02 ± 2.80% in DMSO-treated irf8+/+ 

and irf8 +/- animals, 80.89 ± 2.52% in Mtz-treated irf8+/+ and irf8 +/- animals and 
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76.79 ± 10.15% in Mtz-treated irf8-/- animals, p = 0.699. D. Comparison of the 

numbers of “myelinateable” sized axons found no differences between the groups: the 

mean number was 215.30 ± 46.32 in DMSO-treated irf8+/+ and irf8 +/- animals, 

194.30 ± 28.14% in Mtz-treated irf8+/+ and irf8 +/- animals and 190.0 ± 46.11% in 

Mtz-treated irf8-/- animals, p = 0.690. n = 3 for DMSO wt/het, 5 for Mtz wt/het and 6 

for Mtz mutants. 

 

4.4.6. Irf8 mutants are able to restore their myelin sheaths to 
normal thickness. 

Although the irf8 mutants seem able to remyelinate their axons following 

demyelination by 16d post-treatment, it was still possible that the disruption to their 

innate immune system would prevent them from achieving full myelin thickness. In 

order to test this possibility, I measured g ratios in the different groups.  

Comparison of the mean g ratios showed that there was no difference between the 

three groups: the mean g ratio was 0.79 ± 0.017 in DMSO-treated siblings, 0.77 ± 0.01 

in Mtz-treated siblings and 0.79 ± 0.43 in Mtz-treated irf8 mutants, p = 0.730 (Figure 

28B).  

G ratios are commonly expressed by plotting them against the axon diameters, since 

axons of larger diameters have been shown to have thicker myelin (Blakemore 1973). 

To check whether irf8 mutants too followed this pattern, I plotted the g ratios I had 

calculated against the diameters of the axons, and obtained the graph shown in Figure 

28C. From this, it is very clear that the distributions of g ratios across different axon 

sizes is indistinguishable between the three groups. 

These analyses provide compelling evidence that irf8 mutants are able to carry out full 

remyelination, exactly as their wild-type and heterozygous siblings are. However, as I 

mentioned above in the context of the numbers of myelinated axons, it is remains 

possible that the irf8 mutants are delayed in restoring full myelin thickness, but to 

determine this will require analysis at earlier stage.  
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A. 

TEM images of 23dpf larvae, treated with either DMSO or Mtz, and carrying either 

mutant or heterozygous alleles for irf8, as indicated. The myelin sheaths in the images 

appear indistinguishable from each other. B. Comparison of the mean g ratios indicates 

that the mean g ratio was 0.79 ± 0.017 in DMSO-treated irf8+/+ and irf8 +/- animals, 

0.77 ± 0.01 in Mtz-treated irf8+/+ and irf8 +/- animals and 0.79 ± 0.43 in Mtz-treated 

irf8-/- animals. A one-way ANOVA found the difference between the groups non-

significant (p = 0.730). C.  G ratios plotted against axon diameter. This analysis shows 

that there are no differences in the distribution of myelin thicknesses across different 

axon sizes between DMSO-treated irf8+/+ or irf8+/- animals, Mtz-treated irf8+/+ or 

irf8+/- animals or Mtz-treated irf8-/- animals. n = 3 for DMSO wt/het, 5 for Mtz wt/het 

and 6 for Mtz mutants. 

 

 

4.4.7. Mtz-treated irf8 mutants are slower at replacing their 
oligodendrocytes than their Mtz-treated siblings. 

Thus, the EM data above indicate that Mtz-treated irf8 mutants are able to remyelinate 

their axons with normal thickness myelin by 16d post-treatment, but it remains 

possible that they did this at a slower rate than their non-mutant siblings. In order to 

test the possibility that Mtz-treated irf8 mutants experience delays during the 

regeneration process, I assessed oligodendrocyte numbers at 14d post-treatment.  

To do this, I incrossed the Tg(mbp:mCherry-NTR); irf8 +/- fish, treated the resulting 

offpsring with DMSO or Mtz and at 14d post-treatment, took a fin clip biopsy from 

each larva for genotyping purposes, and fixed the remainder of the larvae’s bodies for 

cryopreservation. I prepared cryosections from these, stained them with Hoechst to 

label nuclei, and imaged their spinal cords, using the endogenous mCherry expression 

to label oligodendrocytes.  

As before, I imaged four sections per animal, counted the oligodendrocytes on each 

section and took the mean of these four sections to represent the oligodendrocyte 

number for that animal. This analysis revealed that Mtz-treated irf8 mutants were 

behind in generating new oligodendrocytes compared to their wild-type Mtz-treated 

siblings (Figure 29).  
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Oligodendrocyte counts at 14d post-treatment showed that Mtz-treated irf8 mutants 

have fewer oligodendrocytes than their Mtz-treated siblings do (a mean of 7.27 ± 2.23 

oligodendrocytes per section in siblings, compared to 4.39 ± 1.82 in Mtz-treated 

mutants, p = 0.0165). The Mtz-treated siblings, in turn, had significantly fewer 

oligodendrocytes than DMSO-treated siblings (which had a mean of 9.69 ± 2.19 

oligodendrocytes, p = 0.0378) and DMSO-treated mutants (which had a mean of 10.33 

± 1.16 oligodendrocytes, p = 0.0436).  

These data suggest that during the period of remyelination, the Mtz-treated irf8 

mutants lag behind their Mtz-treated siblings in replacing their ablated 

oligodendrocytes.  
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A. Confocal images of 

cryosections from 21dpf Tg(mbp:mCherry-NTR) larvae, wild-type, heterozygous or 

mutant for the irf8 gene, and treated with DMSO or Mtz as indicated. B. 

Oligodendrocyte counts indicate that there are fewer oligodendrocytes in Mtz-treated 

mutants than in Mtz-treated siblings: 7.27 ± 2.23 in siblings, compared to 4.39 ± 1.82 

in Mtz-treated mutants, p = 0.0165.  There are no differences between DMSO-treated 

irf8 mutants and siblings (a mean of 9.69 ± 2.19 oligodendrocytes in DMSO-treated 

siblings and 10.33 ± 1.16 in DMSO-treated mutants, p = 0.651.) There are more 

oligodendrocytes in DMSO-treated siblings than Mtz-treated siblings: 9.69 ± 2.19 

compared to 7.27 ± 2.23 in Mtz-treated non-mutants, p = 0.0378. n = 7 for DMSO-

treated non-mutants, 3 for DMSO-treated mutants, 11 for Mtz-treated non-mutants, 

and 6 for Mtz-treated mutants. 

 

 

4.4.8. Oligodendrocyte numbers at 16d post-treatment  

The finding that Mtz-treated irf8 mutant animals have fewer oligodendrocytes than 

their wild-type siblings at 14d post-treatment prompted me to ask whether this delay 

persisted to the full remyelination stage at 16d post-treatment.  

To address this, I quantified the numbers of oligodendrocytes at 16d post-treatment. 

The dataset produced by the first two experiments is the same as I have presented in 

Figure 14 (where, of course, I only included the wild-type animals). Thus, the data 

showed that oligodendrocyte numbers in Mtz-treated siblings do not differ from those 
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in DMSO-treated siblings (8.57 ± 2.58 oligodendrocytes in Mtz-treated, compared to 

9.46 ± 2.21 oligodendrocytes in DMSO-treated, p = 0.103). The oligodendrocyte 

numbers were also not different between Mtz-treated siblings and Mtz-treated mutants 

(mean number of oligodendrocytes in Mtz-treated mutants was 8.17 ± 3.06, p = 0.835; 

Figure 30).  

Thus, it appears that, despite showing a delay in oligodendrocyte regeneration at 14d 

post-treatment, irf8 mutants do catch up with their siblings by 16d post-treatment. It is 

important to note, however, that despite carrying out the experiment on three separate 

occasions, I was only able to find two irf8 null individuals among the Mtz-treated 

animals. This low n number means that further repetitions of the experiment are 

required before firm conclusions can be drawn. 
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A. Confocal images of cryosections from 23dpf Tg(mbp:mCherry-

NTR) larvae, wild-type, heterozygous or mutant for the irf8 gene, and treated with 

DMSO or Mtz as indicated. B. Counts of oligodendrocyte numbers from cryosections 

show that the numbers of oligodendrocytes do not differ between Mtz-treated siblings 

compared to DMSO-treated siblings (mean number oligodendrocytes from four 

sections is 10.17 ± 2.38 in DMSO-treated animals and 8.58 ± 2.58 in Mtz-treated 

animals, p = 0.103 from a t test). There is also no difference between the numbers of 

oligodendrocytes in Mtz-treated siblings compared to Mtz-treated mutants (mean 

number of oligodendrocytes in mutants is 8.17 ± 3.06, p = 0.835). n = 12 for DMSO 

wt/het animals, 17 for Mtz wt/het animals and 2 for Mtz mutants. 
 

 

Thus, my analysis of remyelination and oligodendrocyte regeneration in irf8 mutant 

zebrafish suggests that overall, the mutants are able to achieve similar levels of 

remyelination and oligodendrocyte regeneration as their non-mutant siblings do by 

16d post-treatment. 

However, importantly, there appears to be a delay in oligodendrocyte number 

regeneration, and it remains possible that remyelination, too proceeds slower in the 

mutant animals. It is also worth keeping in mind that the initial demyelination may 

not have reached the same extent in mutants as it does in wild-types.  
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4.5. Discussion 

In this chapter, I have described how the presence microglia and macrophages 

increases drastically in the spinal cord following oligodendrocyte ablation, peaking at 

4d post-treatment and diminishing by 9d post-treatment. I provided evidence that these 

cells phagocytose myelin debris and as such, potentially play a role in disposing of the 

cellular vacuoles generated by the oligodendrocyte ablation.  

Since the Tg(mpeg:GFP) transgenic line I used to track the presence of immune cells 

in the spinal cord labels both microglia and macrophages, it was not possible to 

distinguish between the two cell types in this system. However, recent evidence is 

converging to show that there are multiple important distinctions between microglia 

and macrophages, from distinctive transcriptomes (Hickman et al. 2013) to a number 

of recently discovered cell surface markers specific to microglia (Butovsky et al. 2014; 

Bennett et al. 2016).  Moreover, depending on the model of demyelination used and 

other experimental parameters, specific depletions of microglia and macrophages have 

distinct roles in both demyelination and remyelination  (Yamasaki et al. 2014; 

Lampron et al. 2015). With this in mind, it would be highly interesting to explore the 

nature of the immune presence in the Tg(mbp:mCherry-NTR) model further, for 

example by immunostaining larvae with the microglia-specific antibody 4C4 at 

different time points, to see whether their abundance relative to monocyte-derived 

macrophages fluctuates over time.  

In an attempt to further understand the functional role of the increase in microglia and 

macrophages I observed, I used irf8 null animals to investigate what would happen to 

oligodendrocyte and myelin regeneration if the microglia and macrophage response 

were impaired. However, despite having very few microglia or macrophages present 

in the spinal cord during the peak immune presence stage, the irf8 mutants ultimately 

did not seem impaired at remyelinating their axons, achieving normal thickness by 16d 

post-treatment, exactly as their siblings do. The irf8 mutants do seem, however, to lag 

behind their siblings in regenerating their oligodendrocytes, at least at 14d post-

treatment.  
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4.5.1. Irf8 mutants may have a delay in remyelination 

It seems clear from the above summary that a discrepancy exists between the very 

prominent increase microglia and macrophages in the spinal cord following 

oligodendrocyte ablation, and the fact that prevention of this wave has ultimately so 

little effect on remyelination (although it does seem to cause a brief delay in 

regeneration of oligodendrocytes). Thus, it is pertinent to consider what might account 

for the eventual success of remyelination in the irf8 mutants.  

First of all, as I mentioned in Section 4.4.5, the numbers of myelinated axons and all 

large-calibre axons were very high in this experiment, in fact almost double those seen 

in the remyelination experiment described in Chapter 3. This strongly suggests that 

the larvae in the irf8 experiment had grown rapidly during the same chronological 

time, and at 16d post-treatment were far ahead of the larvae in the first remyelination 

experiment, in terms of their developmental stage. This striking difference in growth 

rates between experiments is likely due to variations in the feeding regimen and other 

environmental parameters; it is well documented that zebrafish growth at the 

postembryonic stages is highly sensitive to environmental conditions (McMenamin et 

al. 2016). 

With this in mind, it could be that 16d post-treatment was too late a time point to 

identify a significant delay in remyelination in the irf8 experiment, as it is possible that 

the wild-type Mtz-treated larvae had completed their remyelination earlier than 16d 

post-treatment. Thus, there might have been a delay in remyelination in irf8 mutants 

that I did not capture, because I assessed remyelination at a stage when irf8 mutants 

had caught up with their wild-type siblings. To test this, it will be important to assess 

remyelination in irf8 mutants and their siblings at several earlier time points, to 

determine whether this is the case, and if so, how substantial the delay is. In analysing 

the results of these experiments, I will need to normalise the number and percentage 

of myelinated axons against the total number of nuclei in the spinal cord as a proxy for 

the overall size of the animal. Previous investigators have also noted the importance 

of considering the growth of the animal, rather than chronological time, for post-

embryonic staging in order to mitigate against the effects of variability (McMenamin 
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et al. 2016). It is important to emphasise that, as far as possible, in my experiments to 

date I did normalise for animal size by selecting animals of similar sizes for analysis. 

The idea that comparing oligodendrocyte and myelin regeneration in irf8 mutants and 

their siblings at earlier time points may reveal a delay in regeneration is supported by 

the finding that at 14d post-treatment, Mtz-treated irf8 mutants have significantly 

fewer oligodendrocytes than their siblings (Figure 29). 

It is important to note that even if further analyses do unearth a deficit in myelin 

regeneration in irf8 mutants at earlier stages, it can only be a delay, as the mutants 

achieve complete remyelination by the 16d post-treatment period analysed in this 

chapter. However, many factors found to inhibit remyelination cause a delay in 

remyelination rather than completely blocking it; for example, aged mice are much 

slower than young at remyelinating but eventually achieve the same extent (Shields et 

al. 1999) and high-dose corticosteroids, which modulate the activity of the immune 

system in a variety of ways, were shown to result in impaired remyelination at one 

month post-treatment, but by two months post-treatment, the corticosteroid-treated 

animals had reached the level of remyelination seen in control mice (Chari et al. 2006). 

With this in mind, the delay I observed in oligodendrocyte regeneration at 14d post-

treatment strongly suggests that microglia and macrophages play an important role in 

oligodendrocyte regeneration in the Tg(mbp:mCherry-NTR) model.  

However, even if the Mtz-treated irf8 mutants are slower at remyelinating than their 

siblings, it is still pertinent to consider what accounts for their ultimate success at 

remyelinating, despite ostensibily having a severely compromised population of 

microglia and macrophages.  

 

4.5.2. How are irf8 mutants able to achieve full remyelination? 

The simplest explanation for the ability of irf8 mutant larvae to remyelinate their axons 

is that, even though there were very few mpeg+ cells in the spinal cords of irf8 mutants 

at 4d post-treatment, the mutants might have been able to generate a larger population 

of macrophages during the intervening 12 days before the full remyelination stage at 
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16d post-treatment. Shiau et al. (2015) note that by 31dpf, irf8 mutants have 

approximately half as many mpeg+ cells as their wild-type and heterozygous siblings, 

owing to the definitive wave of hematopoiesis not requiring irf8 function. 

Interestingly, these cells are all monocyte-derived macrophages, since Shiau et al. 

show by a continued absence of apoe signal that the mutants do not develop microglia 

at any point. Perhaps this smaller population of macrophages is already present before 

23dpf (the age of the animals at 16d post-treatment) and is able to cover enough of the 

responsibilities of the full population to allow remyelination to proceed. It would 

therefore be imperative to assess the numbers of macrophages at 16d post-treatment to 

see whether they had increased from 4d post-treatment. If they have, they could 

provide a simple explanation for the lack of remyelination failure.  

Notably, Shiau et al. (2015) report a prominent expansion of the neutrophil population 

in irf8 null animals. This phenomenon had been reported previously; Li et al. (2011) 

found that levels of irf8 expression govern the balance between macrophage and 

neutrophil production in zebrafish. Neutrophils are the major pathogen-fighting cells 

of the innate immune system, and as such, naturally phagocytotic (Mayadas et al. 

2014). They are also routinely recruited in the absence of inflammation (Keightley et 

al. 2014), but have previously been shown not to contribute to the phagocytosis of 

neuronal debris in zebrafish (van Ham et al. 2014). However, since in the absence of 

macrophages neutrophils are upregulated, it may be that under such circumstances, 

they proceed to take over the phagocytosing role of microglia and macrophages, and 

as such, pave the way to remyelination exactly as they would. In order to test this 

possibility, one could use the transgenic line Tg(mpx:GFP) (Renshaw et al. 2007) in 

which neutrophils are fluorescently labelled, and image the behaviour of neutrophils 

over the course of de- and remyelination in irf8 mutants and their siblings. If in irf8 

mutants, neutrophils show a more pronounced presence in the spinal cord following 

oligodendrocyte ablation than their non-mutant siblings do, this would constitute 

evidence that neutrophils are carrying out the work of microglia and macrophages in 

their absence.  

In this context, it is important to note that in previous work reporting impaired 

remyelination following macrophage depletion, the clodronate liposomes used to 
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deplete macrophages may also have affected neutrophils (Lee et al. 2011). Thus, it is 

possible that only by inhibiting both macrophages and neutrophils can debris clearance 

and subsequent remyelination be severely inhibited. 

In this chapter, I have chiefly considered the microglia and macrophages absent from 

irf8 mutants as little more than biological “hoovers” whose only contribution to 

remyelination is to clear up the oligodendrocyte and myelin debris. However, in the 

Tg(mbp:mCherry-NTR) model, demyelinated axons are still prevalent at 11d post-

treatment, that is, two days after the microglia/macrophage presence in the spinal cord 

has returned to control levels and the majority of the vacuoles have been removed. 

This suggests that remyelination does not proceed immediately following the 

departure of the vacuoles, and thus implies that more factors are involved in 

remyelination than merely removing the physical barrier of myelin debris. Indeed, it 

is well established that microglia and macrophages also play a more directly pro-

regenerative role in response to demyelination. They are known to secrete cytokines 

and other factors essential for the inducing OPCs to differentiate and begin 

remyelination (Yuen et al. 2013; Miron et al. 2013). A compromised ability to mount 

this response, such as is the case in aged animals, is strongly associated with much 

diminished capacity for remyelination (Natrajan et al. 2015; Sim et al. 2002; Hinks 

and Franklin 2000). 

The importance of the pro-regenerative signals from microglia and macrophages in 

oligodendrocyte differentiation is consistent with finding that oligodendrocyte number 

regeneration is delayed in irf8 mutants, where such signals would presumably be 

missing or present in much smaller amounts. However, irf8 mutants do eventually 

succeed at remyelinating their axons, which naturally raises the question of whether 

some pro-regenerative signals are present in these animals and if so, where they come 

from.  

This consideration again raises the possibility that sufficient numbers of macrophages 

are generated as part of the second wave of hematopoiesis to enable remyelination. 

These new macrophages, not yet present at 4d post-treatment, could then secrete 

sufficient cytokines to stimulate differentiation of a sufficient number of 
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oligodendrocyte progenitor cells to carry out the task of remyelinating the denuded 

axons. As I have discussed elsewhere in this thesis, full remyelination does not appear 

to require a “full” set of oligodendrocytes, raising the possibility that a smaller number 

of oligodendrocytes can produce similar quantities of myelin as a larger population, if 

each individual oligodendrocyte makes more myelin per cell. In the same vein, it could 

be that a smaller population of macrophages may be able to secrete sufficient quantities 

of pro-regenerative signals to initialise the cascade of events which culminates in the 

successful remyelination observed in the irf8 mutants. However, the presumed smaller 

scale of this cascade in mutants compared to their siblings could be reflected in the 

observed delay in oligodendrocyte regeneration at 14d post-treatment, as well as in the 

potential delay in remyelination, as I have discussed above. 

In addition, the possibility that some pro-regenerative signals are secreted by 

neutrophils should not be discounted. Accumulating evidence suggests that 

neutrophils, although not as extensively studied for their role in regeneration as 

macrophages have been, can indeed be instrumental for regeneration in some systems. 

For instance, Kurimoto et al. (2013) showed that antibody-mediated depletion of 

neutrophils resulted in strongly impaired axon regeneration following optic nerve 

crush in mouse. Furthermore, neutrophils are known to communicate closely with 

macrophages and direct them towards the pro-regenerative M2 polarization (Fadok et 

al. 1998). Thus, perhaps with the help of neutrophils, even a diminished population of 

macrophages can produce enough pro-regenerative signals to ultimately effect 

remyelination, even if it may be slightly delayed.  

 

4.5.3. Oligodendrocytes may become vacuolated prior to 
dying 

An interesting observation in this chapter is that oligodendrocytes continue to undergo 

cell death for several days after removal of the Mtz-treatment (Figure 24) and several 

days after the disappearance of recognisable oligodendrocytes. Indeed, the number of 

acridine orange positive apoptotic oligodendrocytes increases until 4d post-treatment, 

and decreases gradually from this point. This apparent increase in dying 
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oligodendrocytes seems to be at odds with the finding in Chapter 3 that the number 

of viable oligodendrocytes remains relatively stable for the first seven days following 

metronidazole withdrawal; one might have expected the number of viable 

oligodendrocytes to show a corresponding dip at the point of peak oligodendrocyte 

cell death.  

While it is difficult to know for certain why there is a disconnect between the number 

of viable cells and the number of dying cells, I would propose that many of the 

oligodendrocytes that are no longer detectable as viable oligodendrocytes at 0d post-

treatment, do not immediately proceed to cell death, but first swell in size and in fact 

reflect appearance of vacuoles. Cellular swelling is a known feature of necrotic and 

necroptotic cell death (Degterev et al. 2008) which have been associated with 

oligodendrocyte death in EAE, cuprizone intoxication and even MS lesions (Ofengeim 

et al. 2015). These swollen oligodendrocytes may not yet have fragmenting DNA and 

thus would not be labelled by acridine orange. One imagines that over time, the 

swollen oligodendrocytes either deflate or begin to disintegrate, at which point they 

enter a cell death process and become detectible by acridine orange.  

Moreover, the prediction that oligodendrocytes swell prior to entering a cell death 

programme may also help to account for the delay between observed loss of 

oligodendrocytes at 0d post-treatment and the increase in microglia and macrophage 

numbers in the spinal cord seen days after end of treatment. For example, it is 

conceivable that while the oligodendrocytes are swollen but not yet fragmenting, they 

do not express the “eat-me” signals on their surface which would attract microglia and 

macrophages to them. These signals may appear as the oligodendrocytes deflate or 

disintegrate, and thus elicit the strong response from microglia and macrophages that 

is observed in this model.  

Of course, it must be emphasised that all of the above requires experimental 

investigation before it can be considered an explanation for how cell death occurs in 

this model. One way to assess this theory would be to time-lapse image individual 

oligodendrocytes continuously and determine whether their cell bodies swell and take 

on the appearance of vacuoles. In addition, immunostaining for common “eat-me” 
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signals such as the phospholipid phosphatidylserine at different time points may be 

informative to better understand the sequence of events.  

4.5.4. Future/ongoing experiments 

The main purpose of this chapter was to describe the response of microglia and 

macrophages to oligodendrocyte ablation in the Tg(mbp:mCherry-NTR) model and to 

assess what happens to oligodendrocyte regeneration and remyelination in irf8 

mutants, in which this response is disrupted due to inhibited development of microglia 

and macrophages. The latter investigation suggested, unexpectedly, that the irf8 

mutants are able to carry out full remyelination despite having very few macrophages 

and microglia (at least at the supposed peak immune presence stage at 4d post-

treatment). The mutants are, however, delayed at regenerating their oligodendrocytes 

at 14d post-treatment. In order to better understand the nature of the impairment in the 

irf8 mutants, further examination of the immune response and remyelination in these 

mutants is warranted. 

The first, and likely the most informative, of these will be to carry out EM analyses of 

irf8 mutants and their siblings at multiple earlier stages during remyelination, such as 

9d, 11d and 13d post-treatment. These experiments will determine precisely if and 

when Mtz-treated irf8 mutants experience a delay in their oligodendrocyte 

regeneration and remyelination, compared to their siblings. In addition, it will be 

important to further assess oligodendrocyte numbers at 16d post-treatment to see 

whether the delay in oligodendrocyte regeneration observed at 14d post-treatment 

persists to the point of full remyelination. This would imply that irf8 mutants are able 

to perform full remyelination with an smaller population of oligodendrocytes than the 

wild-type Mtz-treated larvae (which, as I showed in Chapter 3, succeed in restoring 

their oligodendrocyte numbers to control levels).   

Regardless of whether the analysis of irf8 mutants at earlier stages reveals a delay in 

remyelination or not, it will be highly interesting to investigate the numbers of 

macrophages at 16d post-treatment to see whether these have increased substantially 

from 4d post-treatment. If they have, it would certainly go some way in explaining the 

finding that irf8 mutants achieve remyelination by 16d post-treatment, even if they 
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show a delay in oligodendrocyte regeneration. In parallel, it will also be highly 

interesting to investigate the numbers of neutrophils in irf8 mutants. It is possible that 

in the relative absence of microglia and macrophages, neutrophils enter the spinal cord 

and carry out phagocytosis and potentially even secretion of pro-regenerative signals. 

If this were to be experimentally demonstrated, it would constitute fascinating 

evidence of the plasticity of the immune response. Furthermore, it will also be 

interesting to see whether neutrophil numbers decrease if and when the later population 

of macrophages arises.  

It would also be important to develop a reliable method of quantifying vacuoles, and 

relate their extent to the immune response in both wild-type and irf8 mutant animals. 

If it could be formally demonstrated that the vacuoles decline after the time of peak 

immune presence in the spinal cord in wild type larvae, but remain in the spinal cord 

for longer in irf8 mutants, that would constitute persuasive evidence that the microglia 

and macrophages do indeed act to remove the vacuoles. 

Finally, it would also be interesting to carry out gain of function experiments, and 

enhance the microglia and macrophage response, and subsequently assess the effects 

on remyelination. For example, if the inflammagen zymosan was injected into Mtz-

treated Tg(mbp:mCherry-NTR) larvae at the point of Mtz withdrawal, would the 

increase in microglia and macrophages peak at 0d instead of 4d post-treatment, and 

might we then see complete remyelination already at 7d or 9d post-treatment? Such 

experiments may help define the sequence of events in oligodendrocyte ablation, 

demyelination, immune attack and remyelination. Alternatively, genetic 

overexpression of irf8 has previously been shown to lead to increased production of 

macrophages at the expense of neutrophil numbers (Li et al. 2011). It would be 

interesting to cross such irf8 fish to Tg(mbp:mCherry-NTR) fish and assess 

remyelination, to see whether neutrophils play any role in oligodendrocyte 

regeneration and remyelination.  

Thus, the data presented in this chapter have raised as many questions as they have 

answered, and much remains to be done to understand the nature of the immune 

response following oligodendrocyte ablation in the Tg(mbp:mCherry-NTR) model.  
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Chapter 5: 

Schwann cell ablation, demyelination and 
remyelination in the peripheral nervous 

system 
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5.1. Introduction 

Numerous studies have shown that Schwann cells play key roles in maintaining the 

health and integrity of peripheral axons (Nave and Trapp 2008; Nave and Salzer 2006). 

Indeed, disruption to myelin in the peripheral nervous system (PNS) is involved in a 

number of human diseases.  However, as I will discuss below, most currently available 

models of PNS demyelination are either specific models of genetically inherited 

peripheral neuropathies, or involve demyelination only as a secondary consequence of 

general injury to the nerve. In this chapter, I investigate the consequences of primary 

death of myelinating Schwann cells, which are also ablated in the Tg(mbp:mCherry-

NTR) transgenic fish. The availability of a primary Schwann cell ablation model 

allows interesting questions to be addressed, including how myelin regeneration in the 

PNS compares to that in the CNS, the effects of Schwann cell loss on peripheral axons, 

the ability of the larvae to generate new Schwann cells to replace lost myelin, and the 

response of the innate immune system to primary Schwann cell death. I will mainly 

focus on an ultrastructural characterisation of the loss and regeneration of myelin in 

the peripheral nerve, and the effect these have on the peripheral axons, but I will also 

briefly consider the response of the innate immune system to Schwann cell loss. 

 

5.1.1. Schwann cells have a different lineage origin and 
regulators from oligodendrocytes. 

First, however, it is pertinent to mention some key aspects of Schwann cell biology 

and highlight the similarities and differences between Schwann cells and 

oligodendrocytes.  

Schwann cells arise from the neural crest and migrate alongside axons as they elongate 

towards their targets (Jessen and Mirsky 2005). Once nerve outgrowth is complete, a 

process called radial sorting occurs, whereby immature Schwann cells choose 

individual large-calibre axons from large bundles, differentiate to pro-myelinating and 

then myelinating Schwann cells, and proceed to myelinate one segment of their chosen 

axon (Raphael et al. 2011). Thus, in contrast to oligodendrocytes, which can ensheath 

dozens of axons, each Schwann cell only myelinates one axon. Those Schwann cells 
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that do not associate with large-calibre axons remain ensheathing bundles of small-

calibre axons, and are known as non-myelinating Schwann cells, or Remak cells. 

These cells serve a number of interesting functions (Jessen and Mirsky 2005; Nave 

and Salzer 2006), but will not be discussed further here. The Schwann cell lineage 

progression is illustrated in the figure below, taken from (Jessen and Mirsky 2005). 

 

 

A plethora of studies has elucidated many of the molecular signals that control the 

various stages of Schwann cell development and myelination, and these have been 

extensively reviewed elsewhere (Jessen and Mirsky 2005; Raphael and Talbot 2011; 

Glenn and Talbot 2013). The most extensively studied regulator of multiple stages of 

Schwann cell lineage progression is axonal neuregulin 1 (Nrg1) signalling through 

ErbB receptors on Schwann cells; as Schwann cells remain in close contact with axons 

throughout their specification, proliferation, directed migration, radial sorting and 

myelination, Nrg1 signalling controls virtually all these aspects of Schwann cell 

development (Nave and Salzer 2006; Newbern and Birchmeier 2010). 

It is notable that the majority of the molecules involved in regulating Schwann cell 

development differ from those involved in oligodendrocyte development. A prime 

example of this is Nrg1: while disruption to Nrg1 signalling has been shown to result 

in peripheral nerves essentially devoid of Schwann cells and myelin in both rodents 
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and zebrafish (Riethmacher et al. 1997; Morris et al. 1999; Woldeyesus et al. 1999; 

Britsch et al. 1998; Lyons et al. 2005), its role in CNS myelination is less absolute. 

Brinkmann et al. (2008) generated multiple conditional Nrg1 and ErbB knockout mice 

but failed to detect any defects in oligodendrocyte differentiation or myelination in the 

brain, suggesting that Nrg1-ErbB signalling may be largely dispensable in the CNS.  

Subsequent work has raised the possibility that Nrg1-ErbB signalling can play a 

modulatory role in CNS myelination, such as mediating experience-dependent 

plasticity of myelination (Makinodan et al. 2012) or contributing to activity-dependent 

regulation of myelination (Lundgaard et al. 2013). Nevertheless, it is clear that this, 

and indeed other, crucial regulator(s) of Schwann cell development and myelination 

have very different roles in oligodendrocyte development and myelination.  

 

5.1.2. Schwann cells are vital for axon health and 
development 

Despite their differences in origin and molecular control, both Schwann cells and 

oligodendrocytes serve essential functions in the development and maintenance of 

their respective nervous systems. Indeed, much as oligodendrocytes provide axons 

with nutrients in the CNS (Fünfschilling et al. 2012; Lee et al. 2012), so too do 

Schwann cells provide peripheral axons with metabolic support. For example, 

(Beirowski et al. 2014) explored the role of the serine-threonine kinase LKB1 and its 

prime downstream target AMPK in mediating this support. They when they knocked 

LKB1 out specifically in Schwann cells, the mice displayed many symptoms of 

peripheral neuropathy, including an unsteady gait and hindlimb clasping. A closer 

inspection of the sciatic and femoral nerves of the knockout mice revealed widespread 

swellings and fragmentation of the axons. The authors suggest that LKB1 is an 

important regulator of major metabolic pathways in Schwann cells, and that Schwann 

cell metabolism is critical in supporting the integrity of peripheral nerve axons. This 

naturally raises the question of how peripheral axons might fare if they were to lose 

this support from Schwann cells; a question that I will address in this chapter. 
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Interestingly, Voas et al. (2009) showed that in ErbB2 and ErbB3 mutant zebrafish, 

which do not have any myelinating Schwann cells, the peripheral nerve contains a 

reduced number of axons, compared to their wild-type siblings. Moreover, in these 

mutants, the distribution of axon sizes in the peripheral nerve is more homogenous 

than in wild-type embryos, with fewer large-calibre and fewer very small axons (D. 

Lyons, pers. comm.). It is currently not clear whether these observations stem from 

disruptions to axon development or maintenance: it is possible that in the absence of 

Schwann cells, fewer axons grow in the peripheral nerve in the first place, or that the 

axons that do elongate fail to grow radially to the sizes seen in wild-types. Equally, it 

is also possible that axons develop normally, but in the absence of support from 

Schwann cells, axons may be lost, or large axons may shrink, or very small axons may 

swell, resulting in the observed “reverting to mean” phenomenon (D. Lyons, pers. 

comm.).  

Nevertheless, these data highlight that Schwann cells are important in aspects of axon 

development and/or maintenance. One way to better understand the role of Schwann 

cells in axon maintenance would be to allow axons to develop normally in the company 

of Schwann cells, but subsequently ablate Schwann cells and examine the 

consequences on the axon’s survival, size, mitochondrial content, and other 

parameters. Thus far, the tools to perform such experiments have not been available, 

but the Tg(mbp:mCherry-NTR) fish provides an excellent system in which to carry 

them out. 

 

5.1.3 Neuropathies are diseases of the PNS 

More evidence for the importance of Schwann cells in maintaining peripheral axon 

health comes from the fact that Schwann cell abnormalities are associated with severe 

diseases. Inherited neuropathies are largely caused by mutations in either Schwann cell 

or neuronal genes; in axonal neuropathies, axons are primarily affected, whereas in 

demyelinating neuropathies, the abnormalities are primarily found in Schwann cells 

(Suter and Scherer 2003). 
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Inherited neuropathies which do not occur as a part of a syndrome are referred to as 

Charcot-Marie-Tooth disease (CMT). CMT can be divided into two main categories 

based on conduction velocities in the forearm motor nerve: those patients in whom 

conduction velocity exceeds 38 m/s are classified as suffering from an axonal 

neuropathy (CMT2) whereas those in whom conduction velocity is less than 38 m/s 

are considered to have a demyelinating neuropathy (CMT1; Harding and Thomas 

1980). Of these, CMT2 is more prevalent, and has an earlier age of onset than CMT1.   

Both types of CMT are characterized by muscle atrophy and limb weakness, and 

various degrees of motor and sensory deficits, depending on the subtype and the 

particular mutation that caused the disease. Pathologically, CMT2 is associated with 

axonal degeneration and CMT1 with segmental demyelination and remyelination, 

evident in “onion bulbs”, which are concentric “piles” of supernumerary Schwann 

cells around an incompletely remyelinated axon, thought to indicate repeated cycles 

of demyelination and remyelination (Suter and Scherer 2003).  Despite the distinction 

between the two subtypes however, the phenotypes sometimes overlap, and secondary 

axon degeneration is observed in CMT1 (Krajewski et al. 2000). 

The genetic causes of CMT are extremely heterogenous: over 900 mutations in 60 

genes have been associated with the disease thus far (Bouhy and Timmerman 2013). 

For instance, a duplication of one allele of the peripheral myelin protein 22 gene causes 

a specific subtype known as CMT1A, whereas various missense mutations on the same 

gene cause more severe variants of the disease, evident from early infancy or even 

birth (Suter and Scherer 2003).  

Research on CMT has centred on identifying the disease-causing mutations in human 

patients and creating transgenic mice bearing the identified mutations, so that disease 

mechanisms can be studied and potential treatments tested (Scherer and Wrabetz 

2008). For example, in the case of the CMT1A subtype, it is known to be caused by 

overexpression of PMP22, and thus reduction of this expression is a high therapeutic 

priority. Two candidates, antiprogestin and ascorbic acid have been identified, and 

both can reduce levels PMP22 mRNA in the nerves and improve motor function in a 

PMP22-overexpressing rat (Sereda et al. 2003; Passage et al. 2004). Ascorbic acid 
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(vitamin C) was even taken to clinical trials as a treatment for CMT1A, but this failed 

to find a significant beneficial effect (Pareyson et al. 2011).  Other mutations cause 

toxic gains of function and activate the unfolded protein response, prompting 

researchers to look for ways to interrupt this response (Khajavi et al. 2007; Pennuto et 

al. 2008). For demyelinating neuropathies caused by loss-of-function mutations in 

Schwann cells, very few therapeutic strategies exist at present but methods of restoring 

function to the missing gene are under investigation (Scherer and Wrabetz 2008).  

Thus, despite the demyelinating phenotype of many CMT variants, the research to find 

ways to treat them has (understandably) focused on reversing the genetic anomaly 

rather than promoting remyelination by Schwann cells. Indeed, although the reported 

onion bulbs are considered evidence of spontaneous remyelination in CMT1, it is 

currently not even clear whether promoting Schwann cell remyelination could be 

beneficial for the patients. Better understanding of the effects of demyelination and 

remyelination on the health and function of peripheral axons may therefore open up 

new therapeutic possibilities; for instance, if correctly performed remyelination (as 

opposed to onion bulbs) were to be shown to protect the function of peripheral nerves, 

more research could be directed to develop ways to achieve this in CMT patients. The 

Tg(mbp:mCherry-NTR) model where Schwann cells are specifically ablated in 

peripheral nerves provides an opportunity to address the question of how loss of 

myelin might affect the health and function of the axon, and whether subsequent 

remyelination might reverse any changes seen during demyelination.  

Other, non-inherited peripheral neuropathies exist in which myelination is affected, 

such as the autoimmune neuropathy Guillain-Barré syndrome (Martini and Willison, 

2015). In these disorders, immune cells may attack either myelin or axons, leading to 

severe symptoms of neuropathy. Some Guillain-Barré patients show good recovery, 

and this outcome is associated with remyelination following resolution of the immune 

attack (Martini and Willison, 2015.). However, in these conditions, like in MS, the 

primary therapeutic target is the immune system, and no therapy for enhancing 

remyelination exists. Thus, again, the Tg(mbp:mCherry-NTR) model could prove 

useful as a model in which to test factors to promote Schwann cell remyelination and 

to determine whether these have beneficial consequences for the peripheral nerve and 
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the animal. Furthermore, since these autoimmune neuropathies can be mediated by an 

immune attack on Schwann cells and myelin, it would be interesting to study the 

relationship between immune cells, Schwann cells and the axon: for example, how do 

macrophages respond to primary Schwann cell death, do they play an equally 

important role in PNS regeneration as they do in the CNS? Such information would be 

important when designing interventions for the autoimmune neuropathies.  

It seems, then, that despite many neuropathies where Schwann cell dysfunction or 

demyelination is either the primary cause or a major feature of the disease, little is 

known about how to promote Schwann cell remyelination in such cases, or whether it 

would even be beneficial to do so. It is natural that, given the well-recognised genetic 

or autoimmune causes of disease, the search for treatments should focus on targeting 

the causes. However, in some cases addressing some of the main symptom-causing 

features such as demyelination, could be equally effective in relieving the symptoms, 

as is seen in those Guillain-Barré patients who show good recovery. In vivo models of 

Schwann cell death and demyelination can help in developing such interventions by 

providing a platform in which to study the fundamental biology of the relationship 

between Schwann cells and the peripheral axons.  

5.1.4. Most models of PNS regeneration involve injury to the 
entire nerve 

Contrary the dearth of knowledge about Schwann cell repair in neuropathies, axonal 

repair in the PNS is extremely well studied. Indeed, the PNS is widely recognized for 

its superior capacity for regeneration, compared to the CNS.  The vast majority of 

peripheral nerve repair studies inflict either a crush injury or a transection of the nerve. 

These methods produce injuries of differing severities and can be used to model 

different levels of human peripheral nerve injury (Wood et al. 2011). The crush injury 

is typically attained by applying a “crush” pressure across the nerve with forceps for a 

period of 30s (Bridge et al. 1994) and results in an injury where both the myelin and 

the axon in the nerve are disrupted, but Schwann cell basal lamina tubes are spared. 

By contrast, the transection injury involves a complete cut of all fibres, and is 

associated with a considerably worse recovery than the crush injury (Wood et al. 

2011).  
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Following either kind of injury, the distal portion of the axons begins the process of 

Wallerian degeneration. This is an active process which in the PNS tends to take 

approximately 7- 14 days. Wallerian degeneration begins with fragmentation and 

degeneration of axons in the distal stump, with the precise mechanics depending on 

the type of injury inflicted: degeneration of the distal stump proceeds in an anterograde 

direction following nerve transection, and in the retrograde direction following a crush 

injury (Beirowski et al. 2005). Either way, this degeneration of axons results in myelin 

and axon debris at the injury site. The next step in Wallerian degeneration is an 

increase in blood-tissue barrier permeability, which enables an influx of macrophages 

and the consequent removal of the debris (Vargas and Barres 2007). This clearance is 

essential, as it removes the physical barrier to axon regrowth (Kang and Lichtman 

2013).  

The swift process of Wallerian degeneration in the PNS is considered a key reason 

why PNS injuries are followed by efficient recovery, and conversely, the inefficiency 

of Wallerian degeneration in the CNS is seen as an obstacle to repair following CNS 

injuries (Vargas and Barres 2007). Despite recent advances in understanding the 

genetic control of Wallerian degeneration (Conforti et al. 2014), the reasons for the 

stark contrast in the regeneration of PNS and CNS tissue remain to be fully understood. 

It would therefore be highly informative to be able to compare the responses of the 

CNS and the PNS in the same animal over time. This would be possible using a system 

such as the Tg(mbp:mCherry-NTR) fish, where oligodendrocytes and Schwann cells 

are simultaneously ablated, and the responses of both the glial cell types, axons and 

immune cells could be simultaneously studied. 

One possible reason why the PNS shows more efficient recovery from injury than the 

CNS does is that Schwann cells play a key role in axonal regeneration (Jessen and 

Mirsky, 2005). Until recently, it was thought that upon becoming denervated as a result 

of axon injury, Schwann cells revert to an immature phenotype, downregulate myelin 

genes and upregulate many genes associated with early Schwann cell development 

(Arthur-Farraj et al. 2012). This apparent dedifferentiation is controlled by the 

transcription factor c-Jun; if the expression of c-Jun is blocked, Schwann cells fail to 

acquire the correct phenotype and functional recovery is severely impaired.  Recent 
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data has adjusted this view to specify that the phenotype acquired by denervated 

Schwann cells following nerve transection is not a recapitulation of an immature 

phenotype but rather a distinct “repair phenotype” with a distinct expression profile, 

including glia-derived neurotrophic factor (GDNF), brain derived neurotrophic factor 

(BDNF) and vascular endothelial growth factor (VEGF) which are not expressed 

during normal development (Jessen and Mirsky 2016). 

Interestingly, Stassart et al. (2012) found that following peripheral nerve crush in mice, 

Schwann cells began to express a neuregulin isoform not seen during normal 

development, Nrg1-III. A knockdown of Nrg1-III in Schwann cells did not affect 

developmental myelination but did severely impair myelination of newly regrown 

axons following crush injury. This observation is consistent with Jessen and Mirsky’s 

data that a nerve injury induces a specific “repair” phenotype in Schwann cells. 

However, in the paradigms employed by these studies, the experimental injury is 

inflicted primarily on the axons, meaning that the majority of myelinating Schwann 

cells (not located at the precise site of crush or cut) remain relatively intact and able to 

assume the “repair” phenotype. It remains unknown whether, following primary 

Schwann cell injury, newly generated Schwann cells may acquire a similar “repair” 

phenotype.   

Be that as it may, the “repair” Schwann cells proliferate and extend long cytoplasmic 

processes to reconnect the severed axon to its target. By doing this, “repair” Schwann 

cells form tracks, referred to as Büngner’s bands, to guide regrowing axons to their 

targets (Gordon 2016).  In this process, Schwann cells interact closely with a myriad 

of other cells and elements, including macrophages, extracellular matrix and blood 

vessels (Cattin and Lloyd 2016). In fact, recent evidence from Cattin et al. (2015) 

reveals that soon after nerve transection, a structure referred to as “the bridge” forms, 

initially composed of dense extracellular matrix and inflammatory cells, 

predominantly monocyte-derived macrophages, prior to the appearance of Schwann 

cells. This bridge is initially not vascularised and consequently becomes hypoxic. The 

macrophages within the bridge sense this hypoxia and respond by secreting VEGF. 

This response is both necessary and sufficient to initiate vascularisation of the bridge. 

The newly formed blood vessels reach across the bridge to the severed axon’s target 
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and in so doing, constitute tracks for the Schwann cells to extend upon as they form 

Büngner’s bands (Cattin et al. 2015).  Consistent with this early role of macrophages 

is the observation in a live imaging study in zebrafish that macrophages arrive at the 

transection site even before the distal stump of the axon has fragmented (Rosenberg et 

al. 2012).  These data highlight the complexity of the cell-cell interactions which 

mediate the successful peripheral nerve repair.  

To add to the complexity, the “repair” Schwann cells also release cytokines such as 

TNFα, interleukin-1α, interleukin-1β and LIF, and thus are actively involved in 

recruiting monocyte-derived macrophages to the transection site to assist in the 

forming the bridge and to clear myelin and axon debris (Martini et al. 2008; Gomez-

Sanchez et al. 2015; Cattin and Lloyd 2016). Furthermore, Schwann cells themselves 

are instrumental in phagocytosing myelin debris, which is an essential step for nerve 

regeneration  (Stoll et al. 1989; Perry et al. 1995; Gomez-Sanchez et al. 2015). 

It should be emphasised that, again, this active and coordinated response of Schwann 

cells, macrophages, blood vessels and a host of other cell types is observed following 

injury to the entire nerve. In contrast, it is not known at all what kind of response would 

follow primary Schwann cell death. The Tg(mbp:mCherry-NTR) model would allow 

researchers to address that question in a living system. One obvious difference is that 

in this model, myelinating Schwann cells are ablated and thus unable to assume a 

“repair phenotype”. It would therefore be interesting to investigate whether the innate 

immune system would respond the same way to primary Schwann cell death as it does 

to an injury to the entire nerve, or would the response perhaps be delayed or weaker, 

in the absence of signals from damaged axons or “repair” Schwann cells? In addition, 

it would be highly informative to compare the immune response to primary Schwann 

cell death to the immune response observed following primary oligodendrocyte death 

in this model (described in Chapter 4), as this might shed light on the different rates 

of repair observed between the PNS and the CNS.   
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5.1.5. The need for a model of primary Schwann cell ablation 

In conclusion, much is known about the complex interplay of cellular and molecular 

events which mediate peripheral nerve repair following injury to the nerve. As I have 

stressed, however, the models used to obtain these results have all inflicted damage 

primarily on the axons, and focused primarily on the regeneration of the axons. The 

importance of Schwann cell remyelination is often discussed (e.g. Stassart et al. 2012), 

but the phenomenon in question would perhaps be more accurately described as de 

novo myelination of the newly regrown axon. This is because “remyelination” implies 

former demyelination, i.e. an otherwise intact axon denuded of its myelin sheaths, 

which is not strictly the case in the current models of peripheral nerve injury. As I 

mentioned in Chapter 1, the phenotype and activity of a demyelinated axon may be 

very distinct from that of a newly growing axon, and thus may result in a distinct 

response from glial cells. With this in mind, then, very little is known about bona fide 

remyelination in the peripheral nerve.  

The Tg(mbp:mCherry-NTR) model is, to my knowledge, the first system which allows 

us to study the consequences of primary Schwann cell death, PNS myelin loss and 

regeneration without the backdrop of an initial insult to the axon. As such, it is relevant 

for neuropathies where Schwann cell abnormalities are the primary cause of pathology, 

such as CMT1, or any condition where there is primary disruption to the myelinating 

Schwann cell itself. As I have alluded to above, it would be informative to study the 

effects that demyelination may have on the health and integrity of the peripheral axons, 

and whether remyelination can reverse these effects to the benefit of the function of 

the nerve and the animal. In addition, it would also be highly interesting to compare 

the demyelination and remyelination events, as well as the immune response, in the 

CNS and PNS in the same animal. Such a model may be particularly useful in 

zebrafish, which allows live imaging of all these events in the same animal over time. 
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5.1.6. Development and regeneration of the zebrafish 
peripheral nervous system   

Several studies have used the zebrafish to study peripheral nerve regeneration. It is 

easy to appreciate the appeal of this system; the zebrafish peripheral nerve is a well-

studied structure, and present on the surface of a transparent living animal, and thus 

lends itself extremely well for live imaging of dynamic events. 

In zebrafish studies of peripheral nerve development and regeneration, much work has 

been carried out on the lateral line system. The anterior lateral line (aLL) and posterior 

lateral line (pLL) are sensory systems that detect changes in water currents, in the head 

and tail respectively. The aLL and pLL are comprised of discrete sensory organs called 

neuromasts, located throughout the skin and derived from ectodermal placodes that 

migrate from origins near the ear, the neurons that innervate the neuromasts and also 

project afferent axons into the brain, and the Schwann cells associated with the axons 

of such neurons (Ghysen and Dambly-Chaudière 2007).  During development, axons 

of the pLL ganglion (cluster of neuronal cell bodies of the pLL) guide the Schwann 

cells as they co-migrate along the trunk of the embryo, in an interaction that requires 

Nrg1-ErbB signalling (Lyons et al. 2005; Perlin et al. 2011).  

Figure 32A below illustrates the position of the pLL in a 5dpf larva, its appearance 

using the Tg(mbp:mCherry-NTR) and the Tg(mbp:nls-EGFP) transgenic lines. Figure 

32B shows a transversal view of the pLL by TEM, and a schematic version of the pLL 

where the various components are labelled. A typical transversal view of the pLL 

contains a number of large-calibre myelinated axons, a population of small-calibre 

unmyelinated axons, occasionally a small number of relatively large-calibre 

unmyelinated axons, and Schwann cell nuclei closely adjacent to the axons.  
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A. Overview of an entire Tg(mbp:mCherry-NTR) larva at 

5dpf. The yellow box denotes the area where the higher magnification images were 

taken. The left-hand image depicts the appearance of the pLL using the 

Tg(mbp:mCherry-NTR) line, while the right-hand image depicts the pLL using the 

Tg(mbp:nls-EGFP) line, which labels Schwann cell nuclei. B. An electron micrograph 

depicting a transverse view of the pLL at 5dpf. The schematic on the right-hand side 

indicates the large-calibre myelinated axons, the small-calibre unmyelinated axons and 

a Schwann cell nucleus.  

 

The simple and well-understood structure of the pLL makes it an attractive system for 

studying regenerative events. Even more importantly, as I have discussed above, since 

peripheral nerve repair is a highly dynamic process, live imaging is an ideal method to 

study it.  
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For example, beautiful live imaging of pLL regeneration following by transection by 

laser microsurgery was performed by Xiao et al. (2015).  These authors noted 

differential responses of Schwann cells to acute and chronic denervation: following 

nerve transection in both cases, some Schwann cell death was observed as a result of 

the surgery, but if the remaining Schwann cells received contact from axons by 24h 

post-transection, the loss of Schwann cells was halted. In contrast, if axons were 

ablated by directing the laser to the cell body, and Schwann cells remained denervated 

past 48h post-transection, they continued to undergo apoptosis. The same study also 

used laser ablation to kill subsets of Schwann cells adjacent to neuromasts, and severed 

the axons innervating that neuromast. In such cases, the axons failed to regrow to 

innervate the neuromast. Xiao et al. also noted that in ErbB2 mutant fish, which had 

failed to develop Schwann cells, axon regrowth was considerably slower than in wild-

types and halted completely long before reaching its target. A similar observation was 

also made by Ceci et al. (2014) who pharmacologically prevented Schwann cells from 

migrating past somite 16, and then performed a transection anterior to that. The nerve 

regrew along the tracks formed by the Schwann cells until there were no more 

Schwann cells, at which point the nerve became misrouted and defasciculated and 

failed to reach its target.  

These studies indicate that live imaging of nerve repair in the zebrafish pLL allows 

minute examination of local interactions between Schwann cells and axons, and their 

responses to genetic, pharmacological or surgical interventions. Importantly, the kind 

of imaging performed in these examples, revealing misrouted axons specifically in 

areas lacking Schwann cells, or the requirement for a local presence of Schwann cells, 

would be extremely challenging to conduct in mammalian systems. Naturally, the 

ability to follow individual axons and its interactions with other cell types over time 

as it undergoes Wallerian degeneration and subsequently grows out again could be 

fundamental to our understanding of how peripheral nerve regeneration unfolds. Of 

note, the zebrafish studies I mentioned show that Schwann cells play a key role in axon 

regrowth in zebrafish too, implying that the process of peripheral nerve repair is 

conserved between fish and mammals.  
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However, again, most of the currently used models of zebrafish pLL regeneration 

involve severing the entire nerve and examining the regrowing of axons and the 

responses of Schwann cells to losing their axonal contacts; I am not aware of any 

system where Schwann cells are killed while axons are spared. Yet, as I have discussed 

above, a model of primary Schwann cell death would enable researchers to address 

many important questions regarding the role of Schwann cells in maintaining 

peripheral axon health and the cellular events that follow Schwann cell death. 

Moreover, having such a model in zebrafish would have the advantages of live imaging 

and being able to follow CNS and PNS demyelination and remyelination at the same 

time.  

Thus, despite human diseases where Schwann cell defects cause severe pathology, and 

the complete lack of knowledge of the consequences of primary Schwann cell death, 

contrasting to the extensive literature on axon injury in the peripheral nerve, so far 

there has been no model in which to study the effects of primary Schwann cell death. 

I propose that the Tg(mbp:mCherry-NTR) line could be a valuable addition to the 

arsenal of research tools for the study of peripheral nerve biology in injury, disease 

and repair.  

 

5.1.7. Summary of this chapter 

Therefore, in this chapter, I characterise the Schwann cell ablation model in the 

Tg(mbp:mCherry-NTR) line. I show that a two-day treatment with 5mM 

metronidazole ablates approximately half of the Schwann cells, and leads to 

demyelination of approximately half of the myelinated axons in the peripheral nerve 

one day later. I then outline the rapid remyelination of the pLL and ask whether de- or 

remyelination results in changes in the mitochondrial content of the axons. I show that 

unlike oligodendrocytes, Schwann cell numbers are restored to control levels by 5 days 

post-treatment. Finally, I describe the time course of response of the innate immune 

system to Schwann cell ablation.   
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5.2. Ablation of Schwann cells with metronidazole 

treatment 

5.2.1 Metronidazole treatment of Tg(mbp:mCherry-NTR) 
larvae from 5dpf to 7dpf ablates approximately half of 
Schwann cells. 

Given that the Tg(mbp:mCherry-NTR) line also expresses the transgene in Schwann 

cells, I assumed that the metronidazole (Mtz) treatment could also be used to ablate 

Schwann cells. However, since Schwann cells and oligodendrocytes differ in a number 

of important ways (see Section 5.1.1. above) it was possible that the effects of the 

treatment would not be identical.  

To test this, I first tried the same 5mM Mtz-treatment from 5dpf to 7dpf as was used 

in Chapters 3 and 4 to ablate oligodendrocytes. Starting treatment at 5dpf seemed 

rational, given the extensive myelination along the posterior lateral line (pLL) at this 

point.  

As shown in Figure 33A, this Mtz-treatment regime causes damage to myelinating 

Schwann cells along the pLL. However, the cytoplasmic localisation and tendency of 

the mCherry reporter protein to cluster makes it very difficult to assess this damage 

quantitatively. To begin to address this problem, I crossed Tg(mbp:mCherry-NTR) 

fish with Tg(mbp:nls-EGFP) fish and carried out the experiment on the resulting 

double transgenic larvae. Tg(mbp:nls-EGFP) larvae express EGFP in their 

oligodendrocyte and Schwann cell nuclei, due to the inclusion of nuclear localisation 

sequence (nls) in the transgenic construct (Lyons lab; unpublished). Figure 33B, 

showing a four-somite stretch of the pLL, demonstrates that it is possible to reliably 

count Schwann cells using this transgenic line, even in the densely packed lateral line 

nerve. These counts (shown in Figure 33C) revealed that after a two-day treatment 

with Mtz, there was a roughly 53% decrease in Schwann cells in treated compared to 

control animals; a mean of 35.36 ± 4.72 Schwann cells in control, compared to a mean 

of 16.53 ± 5.18 in treated, p < 0.0001.  
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A.  Confocal images of four-somite long stretches of peripheral nerves 

of 7dpf larvae, treated with either DMSO or Mtz, as indicated. The Mtz-treated nerve 

appears disorganised and fragmented compared to the control nerve. B. PLLs of 

Tg(mbp:mCherry-NTR);Tg(mbp:nls-EGFP) larvae showing the mbp:nls-EGFP signal 

which labels Schwann cell nuclei. The number of nuclei is drastically reduced in the 

Mtz-treated animal. C. Quantification of Schwann cell ablation shows that Mtz-

treatment ablates 53% of Schwann cells (reduction from  35.36 ± 4.72 to 16.53 ± 5.18 

Schwann cells, p < 0.0001). n = 11 for DMSO, 15 for Mtz. 
 

5.2.2. Schwann cell ablation causes disruption to myelin 
sheaths 

Having discovered that a two-day metronidazole treatment ablates approximately half 

of the myelinating Schwann cell population, I was interested in how this ablation 

affected the myelin sheath morphology along the pLL nerve. I first addressed this by 

visualising the myelin sheaths using the Tg(mbp:EGFP-CAAX) line, as shown in 

Chapter 3. I crossed these fish with Tg(mbp:mCherry-NTR) fish and treated the 

progeny with Mtz (or DMSO) for two days. The results are shown in Figure 34A: in 
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the control animal, myelin sheaths along the lateral line nerve labelled with 

mbp:EGFP-CAAX  have a typical elongated morphology. By contrast, in the Mtz-

treated animal, myelin sheaths appear disorganised and myelinating Schwann cells 

seem to have become dissociated from the nerve, already at the time of Mtz 

withdrawal. One day later, Mtz-treated peripheral nerves appear fainter and thinner 

than their control counterparts (Figure 34B), suggesting that the Schwann cells and 

myelin sheaths continue to degrade after the Mtz-treatment is withdrawn.  

Next, I prepared control and Mtz-treated larvae for transmission electron microscopy, 

in order to image the consequences of Schwann cell ablation on the myelination of 

PNS axons and on the underlying axons themselves. 
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A.  Confocal images 

of  pLL nerves at 7dpf, in larvae treated with either DMSO or Mtz, as indicated. In the 

control nerve, the mbp:EGFP-CAAX transgene shows a smooth, continuous line. This 

organisation is disrupted in the Mtz-treated nerve. B. Confocal images of peripheral 

nerves at 8dpf, one day post-treatment. The Mtz-treated nerve appears fainter and 

thinner than the control nerve.
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5.3. Demyelination in the pLL nerve 

5.3.1. Approximately half of axons in the pLL nerve are 
demyelinated at 1d post-treatment 

Since I had seen from live imaging that at 1d post-treatment, the mbp:EGFP-CAAX 

signal was growing fainter, I decided that this was an appropriate time point for 

investigating the myelination of peripheral axons at the ultrastructural level. I therefore 

prepared EM samples from 8dpf control and Mtz-treated larvae, and imaged their pLL 

nerves. Representative images are shown in Figure 35A. The DMSO-treated nerves 

displayed the expected structure of the pLL nerve at 8dpf: a population of large-calibre 

myelinated axons, a bundle of small-calibre unmyelinated axons, and a small number 

of large-calibre unmyelinated axons. By contrast, the organisation of the Mtz-treated 

nerves was disrupted: fewer myelinated axons could be seen, and many more large-

calibre unmyelinated axons were present. The small unmyelinated axon bundle did not 

appear affected.  

To quantify the effects of metronidazole treatment on PNS axons and myelin, I first 

counted all axons, and calculated the percentage of all axons that was myelinated, to 

assess any overall changes to the peripheral nerve structure. There was no difference 

in the total number axons between control and Mtz-treated animals, with a mean of 

45.25 ± 20.39 axons in control animals and 45.00 ± 12.44 in Mtz-treated animals, p = 

0.981; Figure 35B).  

In contrast, when I counted the total number of myelinated axons, I found it 

significantly reduced in Mtz-treated, compared to control animals (a mean of 9.0 ± 

4.69 myelinated axons in control animals, compared to 4.0 ± 1.67 in Mtz-treated 

animals, p = 0.04). This amounts to a 56% reduction in the number of myelinated 

axons within the pLL. By the same token, there was also a significant reduction in the 

percentage of myelinated axons: in the control animals, 19.75 ± 2.22% of all axons 

were myelinated, whereas in Mtz-treated animals, only 9 ± 3.23% of all axons was 

myelinated, p = 0.0004 (Figure 35B). 

However, it can be argued that the bundle of small unmyelinated axons is not of much 

interest when assessing the effects of a demyelinating treatment, since these axons 
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would not have been myelinated in any case. Thus, in order to focus more clearly on 

demyelinated axons, I counted only those axons that by their size would have been 

expected to be myelinated. To this end, I took the perimeter of the smallest myelinated 

axon in a control animal as the threshold for a “myelinateable” size, which was 

approximately 1.2µm in perimeter. As before, I will refer to these axons as large-

calibre axons. Analysis of these large-calibre axons showed that there was no 

difference in their overall number (a mean of 14.50 ± 8.96 in control and 13.50 ± 2.35 

in Mtz-treated animals, p = 0.796; Figure 35C) The total number of myelinated large-

calibre axons was the same as that of the total number of myelinated axons (Figure 

35B), since all myelinated axons, by my definition, fall into the large calibre category. 

Accordingly, the percentage of large calibre axons that was myelinated was 

significantly lower in Mtz-treated than in control animals (Figure 35C): in control 

animals, 83.50 ± 19.12% of the large-calibre axons was myelinated, whereas in Mtz-

treated animals, only 31.33 ± 9.18% of them was myelinated, p = 0.0004.  
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A. TEM images of peripheral nerves of 8dpf larvae, treated with DMSO 

or Mtz as indicated. The DMSO-treated nerve has a number of large myelinated axons, 

(red arrowheads), some large unmyelinated axons (blue arrowheads) and a population 

of small unmyelinated axons (shaded yellow). B. Quantification shows that the total 

number of axons does not differ between Mz-treated and control animals (the mean 

number of axons is 45.25 ± 20.39 in control animals and 45.00 ± 12.44 in Mtz-treated 

animals, p = 0.981) but the number of myelinated axons is significantly lower in Mtz-

treated compared to control animals (a mean of 9 ± 4.69 myelinated axons in control 

animals, compared to 4 ± 1.67 in Mtz-treated animals, p = 0.04). The percentage of all 

axons that is myelinated is also significantly lower in Mtz-treated animals compared 

to controls (19.75 ± 2.22% in control vs 9 ± 3.23% in treated animals, p = 0.0004). C. 

Quantification of large-calibre axons shows the same effect: total number of axons 

does not differ between treated and control animals (a mean of 14.50 ± 8.96 axons in 

control and 13.50 ± 2.35 in Mtz-treated animals, p = 0.796) but the percentage of large-

calibre axons that is myelinated is significantly lower in Mtz-treated compared to 

control animals (83.5 ± 19.12% in control vs 31.33 ± 9.18% in Mtz-treated animals, p 

= 0.0004). n = 4 in control, 5 in Mtz-treated. 
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5.3.2. Peripheral nerve demyelination continues at 3d post-
treatment  

Having established that ablation of approximately half of the myelinating Schwann 

cells results in a corresponding demyelination of 56% of axons, I next wished to see 

whether the axons would remain demyelinated for the next few days. I therefore 

prepared EM samples from control and Mtz-treated larvae at 10dpf, i.e. three days 

post-treatment. Analysis of these larvae clearly showed that axons remain 

demyelinated at this time point; Figure 36A shows many more large 

unmyelinated/demyelinated axons in the Mtz-treated peripheral nerve compared to 

control. Quantification of all axons (Figure 36B) indicated again that there was no 

difference in the total number of axons between control and Mtz-treated animals, (the 

mean number of axons in control animals was 41.20 ± 6.57, and in Mtz-treated animals 

46.60 ± 19.76, p = 0.578) but that the total number of myelinated axons was 

significantly lower in Mtz-treated compared to control animals (10.40 ± 1.67 

myelinated axons in control animals, compared to 3.8 ± 1.30 in Mtz-treated animals, 

p = 0.0001). Consequently, the percentage of myelinated axons remained significantly 

lower in Mtz-treated than in control animals (25.80 ± 4.32% myelinated in control 

animals, compared to 8.6 ± 2.88% myelinated in Mtz-treated animals, p < 0.0001). 

Next, I again performed another quantification focusing solely on large-calibre axons, 

in order to better understand the extent of the loss of myelin. This analysis (Figure 

36C) showed that there was no difference in the total number of large-calibre axons 

between control and Mtz-treated animals, (the mean number of large-calibre axons 

was 13.20 ± 2.86 in control animals, and 11.80 ± 1.92 in Mtz-treated animals, p = 

0.391) but there was a significant reduction in the percentage of these axons that was 

myelinated (80.80 ± 15.17% myelinated in control animals, compared to  35.40 ± 

16.13% myelinated in Mtz-treated animals, p = 0.0018).  
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. A. TEM images of peripheral nerves of 10dpf larvae, treated with either 

DMSO or Mtz as indicated. The DMSO-treated nerve appears organised and almost 

all its large axons are myelinated. In the Mtz-treated nerve, many large unmyelinated 

axons can be seen. B. Quantification of all axons shows that the total number of axons 

does not differ between Mz-treated and control animals (mean number of axons in 

control animals is 41.20 ± 6.57, and in Mtz-treated animals 46.60 ± 19.76, p = 0.578) 

but the total number of myelinated axons is significantly lower in Mtz-treated 

compared to control axons (10.40 ± 1.67 myelinated axons in control, compared to 3.8 

± 1.30 in Mtz-treated, p = 0.0001). The percentage of all axons that is myelinated is 

also significantly lower in Mtz-treated animals (25.80 ± 4.32% in control vs 8.6% ± 

2.88% in treated animals, p < 0.0001). C. Quantification of large-calibre shows the 

same effect: total number of axons does not differ between treated and control animals, 

(mean number of large-calibre axons is 13.20 ± 2.86 in control animals, compared to 

11.80 ± 1.92 in Mtz-treated animals, p = 0.391) but the percentage of large-calibre 

axons that is myelinated is significantly lower in Mtz-treated compared to control 

animals (80.80% ± 15.17% in control vs 35.40% ± 16.13% in Mtz-treated animals, p 

= 0.0018). n = 5. 
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5.4. Remyelination in the pLL nerve 

5.4.1. By 7d post-treatment, axons in the pLL have undergone 
remyelination 

Thus, a two-day treatment with metronidazole ablates approximately half of the 

Schwann cells, and this leads to demyelination of approximately one-half (56%) of 

pLL axons, which persists for at least the first three days following withdrawal of 

metronidazole. However, since I have already shown that the CNS undergoes full 

remyelination within sixteen days of the end of the treatment, there was every reason 

to expect the PNS to recover in full, too. Moreover, as detailed above in Section 5.1., 

the remarkable efficiency with which the PNS can repair and regenerate itself is well 

documented (Vargas and Barres 2007). With this in mind, I first asked whether the 

peripheral nerves had begun remyelination at 7d post-treatment.  

I again addressed this question by electron microscopy. The data presented in Figure 

37A demonstrated that at 7d post-treatment, peripheral nerves appear to have 

undergone full remyelination. The overall appearances of the control and Mtz-treated 

nerves were indistinguishable: both clearly contained a population of large-calibre 

myelinated axons as well as a bundle of small unmyelinated axons and a small number 

of large unmyelinated axons. 

To quantify this apparent remyelination, I performed the same counts as before. 

Comparison of the total number of axons found no difference between control and 

treated animals (a mean of 91.17 ± 29.28 axons in control and 100.80 ± 41.95 in Mtz-

treated animals, p = 0.664). There was also no difference in the total number of 

myelinated axons (a mean of 26.33 ± 8.47 myelinated axons in control and 25.00 ± 

15.28 in Mtz-treated animals, p = 858) nor in the percentage of all axons that was 

myelinated (mean 29.00 ± 4.20 in controls and 23.60 ± 3.91 in Mtz-treated animals, p 

= 0.0562; Figure 37B).  

Similarly, there was no difference between the numbers of large-calibre axons (a mean 

of 30.33 ± 6.45 in controls and 31.40 ± 15.03 in Mtz-treated animals, p = 0.877) and 

no difference between the percentage of these axons that was myelinated (a mean of 

85.67 ± 13.22% in controls and 77.20 ± 14.92% in Mtz-treated animals, p = 0.344). It 
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therefore appears that the larvae have achieved a full recovery from demyelination by 

7d post-treatment (Figure 37C). 
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A. TEM images of peripheral nerves of 14dpf larvae, treated with either DMSO or Mtz 

as indicated. Both nerves appear organised and the majority of large axons is 

myelinated. B. Quantification of all axons shows that the total number of axons does 

not differ between control and Mtz-treated animals (the mean number of axons is  

91.17 ± 29.28 in control and 100.80 ± 41.95 in Mtz-treated animals, p = 0.664). There 

is also no difference in the total number of myelinated axons (mean 26.33 ± 8.47 in 

control and 25.00 ± 15.28 in Mtz-treated animals, p = 858). Consequently, there is no 

difference in the percentage of all axons that is myelinated (mean 29.00 ± 4.20 in 

controls and 23.60 ± 3.91 in Mtz-treated animals, p = 0.0562). C. There are no 

differences in the total numbers of large-calibre axons (30.33 ± 6.45 in controls and 

31.40 ± 15.03 in Mtz-treated animals, p = 0.877) or the percentage of them that is 

myelinated (85.67 ± 13.22% in controls and 77.20 ± 14.92% in Mtz-treated animals, 

p = 0.344). n = 6 for DMSO, 5 for Mtz. 
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5.4.2. G ratios of remyelinated axons are indistinguishable 
from g ratios of control axons 

As with remyelination in the CNS, I was interested to see whether the newly generated 

myelin in the pLL achieved the normal thickness. To address this question, I measured 

g ratios of the myelinated axons in the pLLs of control and Mtz-treated larvae. The 

data presented in Figure 5.6B indicate that the g ratios in Mtz-treated larvae are not 

different from those in control DMSO-treated larvae (the mean g ratio was 0.72 ± 0.01 

in controls and 0.73 ± 0.036 in Mtz-treated animals, p = 0.464). 

I then plotted the g ratios against axon diameters to see whether there were any 

differences in the distribution of myelin thicknesses across different axon sizes, and 

found the distributions to be indistinguishable (Figure 38C). This suggests that the 

myelin thicknesses were similar between control and remyelinated axons across all 

axon sizes. 

Thus, it appears that the Mtz-treated Tg(mbp:mCherry-NTR) larvae achieve full 

remyelination, complete with normal thickness myelin, by 7d post-treatment.  
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A. TEM 

image from peripheral nerves of 14dpf larvae, treated with DMSO or Mtz, as indicated. 

B. A comparison of the mean g ratios finds no difference between control and Mtz-

treated animals (mean g ratio of 0.72 ± 0.01 in control and 0.73 ± 0.036 in Mtz-treated 

animals, p = 0.4635). C. G ratios plotted against axon diameters show that there is no 

difference in the distribution of myelin thickness across axon sizes. n = 6 for DMSO, 

5 for Mtz
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5.5. Restoration of Schwann cell numbers 

5.5.1. Schwann cell numbers are restored to control levels by 
5 days post-treatment 

Having established that Mtz-treated Tg(mbp:mCherry-NTR) larvae remyelinate their 

peripheral axons with normal thickness myelin by 7d post-treatment, I wished to know 

whether they had also restored their Schwann cells to control levels within this time. 

To address this question, I again crossed Tg(mbp:mCherry-NTR) fish to Tg(mbp:nls-

EGFP) fish and treated the resulting double transgenic progeny with DMSO or Mtz. I 

then imaged the larvae at 0d, 1d, 3d, 5d and 7d post-treatment and counted the numbers 

of Schwann cells from a four-somite long stretch of the pLL at the different time 

points.  The results, shown in Figure 39, indicated that there were significantly fewer 

Schwann cells in Mtz-treated compared to control larvae at 0d, 1d and 3d post-

treatment, but by 5d post-treatment, the Mtz-treated larvae had caught up with their 

DMSO-treated siblings and had equivalent numbers of Schwann cells: at 0d post-

treatment, there was a mean of 35.36 ± 4.72 Schwann cells in control animals, 

compared to 16.53 ± 5.18 in Mtz-treated animals, p < 0.0001. At 1d post-treatment, 

there was a mean of 34.64 ± 3.78 Schwann cells in control animals, compared to 13.57 

± 4.85 in Mtz-treated animals, p < 0.0001. Still at 3d post-treatment, there was a mean 

of 36.40 ± 3.97 Schwann cells in control animals, compared to 18.80 ± 7.01 in Mtz-

treated animals, p = 0.0012. By 5d post-treatment, there difference between the groups 

was no longer significant, with a mean of 39.0 ± 10.23 Schwann cells in control 

animals and 38.94 ± 5.32 in Mtz-treated animals (p = 0.984). By at 7d post-treatment, 

both groups had increased their Schwann cell numbers to 47.77 ± 13.56 in control 

animals and 50.57 ± 9.62 in Mtz-treated animals (p = 0.635).  

Thus, it seems that Tg(mbp:mCherry-NTR) larvae are able to restore their Schwann 

cell numbers to control levels by 5d post-treatment, and appear to carry out 

remyelination of the peripheral nerve with a complete set of Schwann cells.  
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A. Confocal images of the pLL from 10dpf and 12dpf control and Mtz-

treated larvae, as indicated. B. Schwann cell counts indicate that there are significantly 

fewer Schwann cells in Mtz-treated compared to control larvae at 0d, 1d and 3d post-

treatment, but no significant difference at 5d and 7d post-treatment. At 0d post-

treatment, there is a mean of 35.36 ± 4.72 Schwann cells in control animals, compared 

to 16.53 ± 5.18 in Mtz-treated animals, p < 0.0001. At 1d post-treatment, there is a 

mean of 34.64 ± 3.78 Schwann cells in control animals, compared to 13.57 ± 4.85 in 

Mtz-treated animals, p < 0.0001. At 3d post-treatment, there is a mean of 36.40 ± 3.97 

Schwann cells in control animals, compared to 18.80 ± 7.01 in Mtz-treated animals, p 

= 0.0012. By 5d post-treatment, there is a mean of 39.0 ± 10.23 Schwann cells in 

control animals and 38.94 ± 5.32 in Mtz-treated animals (p = 0.984) and at 7d post-

treatment, there is a mean of 47.77 ± 13.56 Schwann cells in control animals and 50.57 

± 9.62 in Mtz-treated animals (p = 0.635). Statistical significance was determined 

using the Holm-Sidak method without assuming constant SD. n = no less than 5, 

usually over 10.
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5.6. Mitochondria in pLL axons over demyelination 

and remyelination  

5.6.1. There is no increase in mitochondria numbers at 
demyelinated stages  

The above described results indicate that following Mtz-induced ablation of 

approximately half of Schwann cells, axons in the PNS undergo rapid demyelination, 

showing a 56% reduction in the number of myelinated axons by one day post-

treatment. The larvae then mount a regenerative response, such that by 5d post-

treatment, Schwann cell numbers have been restored to control levels and full 

remyelination is evident at 7d post-treatment, complete with myelin thickness restored 

to normal levels. 

This timeline leaves a period of up to a week between the axons undergoing 

demyelination and having their myelin sheaths restored. Much like with demyelination 

in the CNS, I was interested to see whether this state of demyelination prompted any 

changes in the mitochondrial presence in the axons.  

In order to investigate this possibility, I counted the numbers of mitochondria within 

axons at the different time points. For this analysis, I focused exclusively on the “large-

calibre axons, (this was again defined as the size of the smallest myelinated axon in a 

control larva in the same experimental clutch) as changes in mitochondria within small 

axons that were never myelinated in the first place could not be attributed to the effects 

of demyelination. As shown in Figure 40, at 1d post-treatment, when 56% of the large 

calibre axons were demyelinated, I found no significant difference between Mtz-

treated and control animals in the numbers of mitochondria inside these axons, whether 

myelinated or unmyelinated: the mean number of mitochondria within myelinated 

axons was 0.97 ± 0.56 in the peripheral nerves of control animals and 1.17 ± 0.89 in 

Mtz-treated animals, while the mean number of mitochondria in unmyelinated axons 

was 0.65 ± 0.69 in control animals and 0.29 ± 0.09 in Mtz-treated animals. A two-way 

ANOVA found the main effects of myelination status (p = 0.055) and treatment 

condition (p = 0.779) as well as the interaction (p = 0.347) non-significant (Figure 

40B). 
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The result was very similar when I counted mitochondria within large-calibre axons at 

3d post-treatment: although demyelination was still widespread at this time point, there 

were no differences between the numbers of mitochondria in control and Mtz-treated 

animals, or between myelinated and unmyelinated axons: the mean number of 

mitochondria within myelinated axons was 1.19 ± 0.53 in control animals and 1.72 ± 

1.01 in Mtz-treated animals, while the mean number of mitochondria within 

unmyelinated axons was 0.97 ± 0.84 in control animals and 1.27 ± 1.56 in Mtz-treated 

animals. A two-way ANOVA found the main effects of myelination status (p = 0.486) 

and treatment condition (p = 0.388) as well as the interaction (p = 0.815) non-

significant (Figure 40C). 

Thus, it appears that there are no adaptive changes to the numbers of mitochondria 

during the demyelinated stages. 
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A.  TEM images from 

peripheral nerves of 8dpf and 10dpf larvae (1d and 3d post-treatment, respectively), 

treated with DMSO or Mtz, as indicated.  Red arrowheads indicate mitochondria 

within myelinated axons, yellow arrowheads within unmyelinated axons. B. 

Quantification of mitochondria numbers within large-calibre axons at 1d post-

treatment shows that within myelinated axons, there is a mean of 0.97 ± 0.56 

mitochondria in control animals and 1.17 ± 0.89 in Mtz-treated animals, while within 

unmyelinated axons the mean number of mitochondria is 0.65 ± 0.69 in control 

animals and 0.29 ± 0.09 in Mtz-treated animals. A two-way ANOVA finds the main 

effects of myelination status (p = 0.055) and treatment condition (p = 0.779) as well 

as the interaction (p = 0.347) non-significant. n = 4 for DMSO, 6 for Mtz. C. 

Quantification of mitochondria within large-calibre axons shows the mean number of 

mitochondria within myelinated axons is 1.19 ± 0.53 in control animals and 1.72 ± 

1.01 in Mtz-treated animals, while the mean number of mitochondria within 

unmyelinated axons is 0.97 ± 0.84 in control animals and 1.27 ± 1.56 in Mtz-treated 

animals. A two-way ANOVA finds the main effects of myelination status (p = 0.486) 

and treatment condition (p = 0.388) as well as the interaction (p = 0.815) non-

significant. n  = 5 (scale bar = 0.5 µm)
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5.6.2. There are no differences in the numbers of 
mitochondria between Mtz-treated and control animals at the 
remyelinated stage (7d post-treatment).   

Counts of mitochondria within large calibre axons at the demyelinated stages (1d and 

3d post-treatment) did not find any differences between Mtz-treated and control 

animals, or between myelinated and unmyelinated axons. In this regard, the results in 

the PNS closely resemble those seen in the CNS. With this in mind, and knowing there 

were intriguing differences in mitochondria numbers at the remyelinated stage (16d 

post-treatment in the CNS), I proceeded to count mitochondria in large calibre PNS 

axons at the remyelinated stage (7d post-treatment). This analysis showed that there 

are more mitochondria in myelinated than in unmyelinated axons, but that there are no 

differences between control and Mtz-treated animals (Figure 41): the mean number of 

mitochondria within myelinated axons was 0.91 ± 0.21 in control animals and 0.77 ± 

0.18 in Mtz-treated animals, while the mean number of mitochondria within 

unmyelinated axons was 0.44 ± 0.37 in control animals and 0.48 ± 0.38 in Mtz-treated 

animals. A two-way ANOVA found the main effect of myelination status (p = 0.0091) 

significant, but the main effect of treatment condition (p = 0.692) and the interaction 

(p = 0.500) non-significant (Figure 41B). 
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A.  TEM images from 

peripheral nerves of 14dpf larvae, treated with either DMSO or Mtz, as indicated. Red 

arrowheads indicate mitochondria within myelinated axons, yellow arrowheads within 

unmyelinated axons. B. Quantification of mitochondria within axons of 

“myelinateable” sizes shows that the mean number of mitochondria within myelinated 

axons is 0.91 ± 0.21 in control animals and 0.77 ± 0.18 in Mtz-treated animals, while 

the mean number of mitochondria within unmyelinated axons is 0.44 ± 0.37 in control 

animals and 0.48 ± 0.38 in Mtz-treated animals. A two-way ANOVA found the main 

effect of myelination status (p = 0.0091) significant, but the main effect of treatment 

condition (p = 0.692) and the interaction (p = 0.500) non-significant. n = 6 for DMSO, 

5 for Mtz.
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5.6.3. The average size of a mitochondrion is not different 
between control and Mtz-treated animals at the remyelinated 
stage 

Even though there were no differences in the numbers of mitochondria between control 

and Mtz-treated animals at 7d post-treatment, I was interested in whether there were 

differences in the sizes of mitochondria at this time point. This was a pertinent question 

because in the CNS, I had observed smaller mitochondria in Mtz-treated compared to 

control axons (and also smaller mitochondria in myelinated compared to unmyelinated 

axons) at the remyelinated stage.  

I therefore measured the areas of mitochondria in myelinated and unmyelinated large-

calibre axons in the pLLs of control and Mtz-treated animals. This analysis, shown in 

Figure 42, indicated that there were no differences in the sizes of mitochondria, either 

between control and Mtz-treated animals or between myelinated and unmyelinated 

axons: the mean area of a mitochondrion in a myelinated axon 0.075± 0.017µm² in 

control animals and 0.067 ± 0.023 µm² in Mtz-treated animals, while the mean area of 

a mitochondrion in an unmyelinated axon was 0.054 ± 0.012 µm² in control animals 

and 0.058 ± 0.022 µm² in Mtz-treated animals. A two-way ANOVA found the main 

effects of myelination status and treatment condition, as well as the interaction, non-

significant (p = 0.110, p = 0.815 and p = 0.506, respectively).  

Thus, it appears that there are no adaptive changes to the numbers or sizes of 

mitochondria during demyelination or remyelination in the pLL.  
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A.  TEM images from peripheral nerves of 14dpf larvae. Red 

arrowheads indicate mitochondria within myelinated axons, yellow within 

unmyelinated. B. Comparison of the mean areas of mitochondria shows that there is 

no difference in mitochondrial size between control and Mtz-treated animals, nor 

between myelinated and unmyelinated axons: mean area of a mitochondrion in a 

myelinated axon is 0.075 ± 0.017µm² in control animals and 0.067 ± 0.023 µm² in 

Mtz-treated animals, while the mean area of a mitochondrion in an unmyelinated axon 

is 0.054 ± 0.012 µm² in control animals and 0.058 ± 0.022 µm² in Mtz-treated animals. 

A two-way ANOVA found the main effects of myelination status and treatment 

condition as well as the interaction non-significant (p = 0.110, p = 0.815 and p = 0.506, 

respectively).  n = 6 for DMSO, 5 for Mtz.
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5.7. Calibres of pLL axons at the remyelinated stage 

5.7.1. Peripheral axon calibres do not differ between control 
and Mtz-treated animals or between myelinated and 
unmyelinated axons at 7d post-treatment. 

Next, I was interested to see whether peripheral axons responded to becoming 

demyelinated by adjusting their cross-sectional sizes.  

To compare axon sizes of control and treated larvae as well as myelinated and 

unmyelinated axons, I measured the perimeters of all “myelinateable”-sized axons in 

the peripheral nerves. The results, shown in Figure 43, indicated that there were no 

differences in axon size between either control and treated larvae or between 

myelinated and unmyelinated axons: the mean perimeter of a myelinated axon was 

3.10 ± 0.26µm in control animals and 2.83 ± 0.30µm in Mtz-treated animals, while the 

mean perimeter of an unmyelinated axon was 2.64 ± 0.39µm in control animals and 

2.64 ± 0.57µm in Mtz-treated animals. The lack of significant difference was 

supported by a two-way ANOVA, which found both the main effect of treatment 

condition (p = 0.435) and the main effect of myelination status (p = 0.076), as well as 

the interaction (p = 0.448) to be non-significant. Thus, it seems that pLL axons do not 

change in calibre in response to Schwann cell ablation.  
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A. 

TEM images of entire peripheral nerves of 14dpf larvae, treated with DMSO or Mtz, 

as indicated. Myelinated axons are shaded in turquoise and unmyelinated axons in 

yellow.  B. Quantification of axon perimeters shows that there are no differences in 

axon sizes between control and Mtz-treated animals, or between myelinated and 

unmyelinated axons: the mean perimeter of a myelinated axon is 3.10 ± 0.26µm in 

control animals and 2.83 ± 0.30µm in Mtz-treated animals, while the mean perimeter 

of an unmyelinated axon is 2.64 ± 0.39µm in control animals and 2.64 ± 0.57µm in 

Mtz-treated animals. A two-way ANOVA found both the main effect of treatment 

condition (p = 0.435) and myelination status (p = 0.076) as well as the interaction (p = 

0.448) to be non-significant. n = 6 for DMSO, 5 for Mtz.
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5.8 Macrophage response in the PNS 

5.8.1. Macrophage response to Schwann cell ablation begins 
at 1d post-treatment. 

In Chapter 4 of this thesis, I described the response of the innate immune system to 

oligodendrocyte ablation and CNS demyelination. To recap, an increase in mpeg-

expressing microglia and macrophages in Mtz-treated larvae is observed at 3d post-

treatment, peaks at 4d post-treatment and fades out by 9d post-treatment.   

Given the findings in this chapter that the time course of demyelination and 

remyelination is more rapid in the PNS than in the CNS, one would expect that the 

immune response to Schwann cell ablation and PNS demyelination would also be swift 

and efficient. In addition, previous studies have also reported very rapid responses of 

macrophages to peripheral nerve injury in mammals and zebrafish (Cattin et al. 2015; 

Rosenberg et al. 2012), although these responses were elicited by injury to the entire 

nerve, so whether a similar response would follow primary Schwann cell death was 

not known.    

In order to investigate how macrophages response to Schwann cell death, I carried out 

a time course experiment. I again crossed Tg(mbp:mCherry-NTR) fish to 

Tg(mpeg:GFP) fish and treated the resulting double transgenic progeny with either 

DMSO or Mtz. I then imaged a subset of larvae directly after the treatment, and others 

at various time points post-treatment. Representative images from the different time 

points are presented in Figure 44A: these images suggest that while there was a 

notable baseline presence of mpeg+ cells in the PNS even in control animals, from the 

very first time point, there were more mpeg+ cells in Mtz-treated than in control 

animals. From 1d post-treatment to 4d post-treatment, many immune cells can be seen 

in direct contact with the lateral line (red arrowheads).  

As in the spinal cord images, it is important to note that in a maximum intensity 

projection, such as the images shown in Figure 44A, an immune cell may appear to 

be in contact with the pLL, but upon viewing each z section on its own, the two 

structures may turn out not to be in the same focal plane. For this reason, I quantified 

the numbers of immune cells by counting the mpeg+ cells that overlapped with the 
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lateral line in individual 2µm thick confocal z sections. As before, the counts were 

made from images depicting a four-somite long stretch of the pLL. The resulting 

timeline (Figure 44B) indicated that at 0d post-treatment, there was a mean of 3.40 ± 

1.84 mpeg+ cells in contact with the pLL in control animals and 5.40 ± 1.84 in Mtz-

treated animals, p = 0.045. At 1d post-treatment, however, the number of mpeg+ cells 

in contact with the pLL had increased to a mean of 6.36 ± 2.77 in Mtz-treated animals, 

compared to 3.13 ± 1.36 in control animals (p = 0.0022). The numbers of mpeg+ cells 

in contact with the pLL continued to increase at 3d post-treatment and 4d post-

treatment in both control and Mtz-treated animals (5.60 ± 2.07 and 6.25 ± 3.95 cells 

in control animals 10.33 ± 2.31 and 10.50 ± 3.11 cells in Mtz-treated animals, p = 

0.0042 and p = 0.0078, respectively). By 5d post-treatment, the number of mpeg+ cells 

in the PNS of Mtz-treated animals had descended to the level of controls, (a mean of 

6.67 ± 1.21 cells in control animals, compared to 9.33 ± 2.08 in Mtz-treated animals, 

p = 0.089) suggesting that the immune invasion was over. This was not altogether 

surprising, given that only two days later, the peripheral nerve is fully remyelinated 

and that Schwann cell numbers have been restored to control levels at this point.  
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A.  

Confocal images from peripheral nerves of larvae at 7-14dpf, treated with either 

DMSO or Mtz, as indicated, showing mpeg-expressing macrophages in green, and 

mbp-expressing Schwann cells and myelin sheaths in magenta. At 1-4d post-treatment, 

there are more mpeg+ cells in Mtz-treated than in DMSO-treated animals. B. 

Quantification shows that at 0d post-treatment, there is a mean of 3.40 ± 1.84 mpeg+ 

cells in contact with the pLL in control animals and 5.40 ± 1.84 in Mtz-treated animals, 

p = 0.045. At 1d post-treatment, the number of mpeg+ cells in contact with the pLL 

increases to a mean of 6.36 ± 2.77 in Mtz-treated animals, compared to 3.13 ± 1.36 in 

control animals (p = 0.0022). The numbers of mpeg+ cells in contact with the pLL 

continued to increase at 3d post-treatment and 4d post-treatment in both control and 

Mtz-treated animals (5.60 ± 2.07 and 6.25 ± 3.95 cells in control animals 10.33 ± 2.31 

and 10.50 ± 3.11 cells in Mtz-treated animals, p = 0.0042 and p = 0.0078, respectively; 

both significant). By 5d post-treatment, the number of mpeg+ cells in the PNS of Mtz-

treated animals had descended to the level of controls, (a mean of 6.67 ± 1.21 cells in 

control animals, compared to 9.33 ± 2.08 in Mtz-treated animals, p = 0.089) n = no 

less than 3.

 

 

5.8.2. Macrophages containing mCherry+ material are seen 
from 1d post-treatment 

Having observed the rapid response of the innate immune system to Schwann cell 

ablation, I next investigated whether macrophages also phagocytosed myelin debris in 

the peripheral nerve, as I had seen them do in the spinal cord. To this end, I reanalysed 

the data set from Figure 44, and counted only those mpeg+ cells that clearly contained 

within them mbp+ material (examples are highlighted with red arrowheads in Figure 

45A). This analysis suggested that at every time point examined, there seemed to be 

more mpeg+ cells containing mbp+ material in Mtz-treated than control animals, but 



266 

 

at no time point did this difference reach statistical significance: at 1d post-treatment, 

there was a mean of 0 mpeg+ cells containing mbp+ material in control larvae and 1.5 

± 1.29 in Mtz-treated larvae, p = 0.451. At 2d post-treatment, there were 0.75 ± 0.96 

such cells in control animals and 1.0 ± 2.0 in Mtz-treated, p = 0.81. At 3d post-

treatment, there were 0.75 ± 0.96 in control animals and 2.0 ± 3.46 in Mtz-treated 

animals, p = 0.272. At 4d post-treatment, there were 1.5 ± 1.29 in control animals and 

2.5 ± 1.73 in Mtz-treated animals, p = 0.342. At 5d post-treatment, there were 0.67 ± 

0.52 in control animals and 2.33 ± 2.08 in Mtz-treated animals, p = 0.116. At 7d post-

treatment, there were 1.67 ± 2.08 in control animals and 2.33 ± 1.37 in Mtz-treated 

animals, p = 0.525 (Figure 45B).  

It is likely that the high level of variability in both the DMSO and Mtz-treated 

conditions accounts for the lack of statistical significance. In addition, it is well 

established that Schwann cells themselves are able to perform phagocytosis of myelin 

debris (Vargas and Barres 2007; Gordon 2016) and it is possible that the some of the 

47% of Schwann cells that was not ablated by the Mtz-treatment carried out 

phagocytosis, thus reducing the number of macrophages required for the task. 
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A. Confocal images from peripheral nerves of larvae at 8-14dpf, showing 

mpeg-expressing mpeg+ immune cells in contact with the pLL. Immune cells 

containing mbp+ material are indicated with red arrowheads. B. Quantification shows 

that there are mpeg+ cells containing mbp+ material in both control and Mtz-treated 

larvae, but there increase in Mtz-treated animals does not reach statistical significance 

at any time point. At 1d post-treatment, there was a mean of 0 mpeg+ cells containing 

mbp+ material in control larvae and 1.5 ± 1.29 in Mtz-treated larvae, p = 0.451. At 2d 

post-treatment, there were 0.75 ± 0.96 such cells in control animals and 1.0 ± 2.0 in 

Mtz-treated, p = 0.81. At 3d post-treatment, there were 0.75 ± 0.96 in control animals 

and 2.0 ± 3.46 in Mtz-treated animals, p = 0.272. At 4d post-treatment, there were 1.5 

± 1.29 in control animals and 2.5 ± 1.73 in Mtz-treated animals, p = 0.342. At 5d post-

treatment, there were 0.67 ± 0.52 in control animals and 2.33 ± 2.08 in Mtz-treated 

animals, p = 0.116. At 7d post-treatment, there were 1.67 ± 2.08 in control animals 

and 2.33 ± 1.37 in Mtz-treated animals, p = 0.525. n = no less than 3. 

 

 

5.9 Peripheral nerve remyelination in irf8 mutant 

animals 

5.9.1. Irf8 null larvae are able to remyelinate their peripheral 
nerves. 

Having seen that macrophages respond swiftly to Schwann cell ablation, I wished to 

determine whether animals where this response is impaired could remyelinate their 

axons. In order to investigate this, I used the same dataset as in Chapter 4. Thus, the 

animals were 23dpf, well above the age where I see remyelination in the peripheral 

nerves. This was because the experiments using the irf8 mutant fish were performed 

very late during my studies, and I was not able to carry out a specific experiment to 

examine the effects of the irf8 mutation on PNS remyelination.  

Representative peripheral nerves from DMSO-treated non-mutants, Mtz-treated non-

mutants and Mtz-treated irf8 mutants are presented in Figure 46A; they appear 

indistinguishable from each other. 

To quantify the apparent remyelination in these peripheral nerves, I counted the total 

number of myelinated axons, calculated the percentage of all axons that was 

myelinated, and the percentage of large-calibre axons that was myelinated. This 
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analysis, shown in Figure 46B – D) indicated that there were no differences between 

the groups in any of the parameters:  in the total number of myelinated axons there 

was a mean of 38.33 ± 7.37 myelinated axons in DMSO-treated non-mutants, 43.33 ± 

7.97 in Mtz-treated non-mutants and 39.20 ± 5.07 in Mtz-treated mutants. A one-way 

ANOVA found the difference between the groups non-significant (p = 0.507). 

Quantification of the percentage of all axons that is myelinated showed that a mean of 

33.17 ± 0.67% of all axons was myelinated in DMSO-treated non-mutants, 33.85 ± 

4.61% in Mtz-treated non-mutants, and 31.06 ± 1.82% in Mtz-treated mutants. A one-

way ANOVA found the difference between the groups non-significant (p = 0.370). 

Finally, quantification of the percentage of large-calibre axons that is myelinated 

showed that 95.17 ± 6.33% of large-calibre axons is myelinated in DMSO-treated non-

mutants, 97.40 ± 2.34% in Mtz-treated non-mutants, and 96.80 ± 2.51% in Mtz-treated 

mutants. A one-way ANOVA found the difference between the groups non-significant 

(p = 0.658). 
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A. TEM images of peripheral nerves of 23dpf larvae, treated with 

DMSO or Mtz, and carrying wild-type or mutant alleles of irf8, as indicated. All three 

nerves appear indistinguishable from each other. B. Quantification of the total number 

of myelinated axons shows that there is a mean of 38.33 ± 7.37 myelinated axons in 

DMSO-treated non-mutants, 43.33 ± 7.97 in Mtz-treated non-mutants and 39.20 ± 5.07 

in Mtz-treated mutants. A one-way ANOVA found the difference between the groups 

non-significant (p = 0.507). C. Quantification of the percentage of all axons that is 

myelinated shows that a mean of 33.17 ± 0.67% of all axons are myelinated in DMSO-

treated siblings, 33.85 ± 4.61% in Mtz-treated non-mutants, and 31.06 ± 1.82% in Mtz-

treated mutants. A one-way ANOVA found the difference between the groups non-

significant (p = 0.370). D. Quantification of the percentage of large-calibre axons that 

is myelinated shows that 95.17 ± 6.33% of large-calibre axons is myelinated in 

DMSO-treated non-mutants, 97.40 ± 2.34% in Mtz-treated non-mutants, and 96.80 ± 

2.51% in Mtz-treated mutants. A one-way ANOVA found the difference between the 

groups non-significant (p = 0.658). n = 3 for DMSO-treated non-mutants, 6 for Mtz-

treated non-mutants and 5 for Mtz-treated mutants.

These data demonstrate that irf8 mutant larvae are not impaired at remyelinating their 

peripheral nerves, just as they are not impaired at remyelinating their spinal cords 
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(Figures 27 and 28). It is essential to note, however, that this analysis was made at 16d 

post-treatment, so remains possible that irf8 null larvae experienced a delay in the 

remyelination of their peripheral nerves, compared to wild-type larvae which show full 

remyelination at 7d post-treatment, but had achieved the task by 16d post-treatment. 

This possibility should be investigated in the future.    
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5.10. Discussion  

In this chapter, I described how the Tg(mbp:mCherry-NTR) line induced Schwann cell 

ablation and subsequent PNS demyelination and remyelination using the posterior 

lateral line nerve (pLL) as a model. I showed that a two-day treatment with 5mM 

metronidazole from 5 to 7 days post-fertilisation ablates approximately half (53%) of 

the myelinating Schwann cells of the pLL, and this results in approximately half (56%) 

of the large-calibre axons in the nerve at 7dpf becoming demyelinated. By 5d post-

treatment, Schwann cell numbers have been restored to control levels, and by 7d post-

treatment, full remyelination of the peripheral nerve is seen, complete with normal 

thickness of myelin sheaths relative to control.  

I did not observe any changes in mitochondria numbers or size between control and 

Mtz-treated animals at either the demyelinated (1d and 3d post-treatment) or the 

remyelinated (7d post-treatment) stage. There are also no differences in axon calibre 

either between control and treated at any stage throughout my analysis.  

A macrophage response to Schwann cell ablation was observed from 1d post-

treatment, which peaked at 3d and 4d post-treatment, and resolved by 5d post-

treatment, at which time macrophage numbers associated with the pLL nerve had 

returned to control levels.  

Thus, the response to primary Schwan cell ablation in this model seems to be rapid 

demyelination followed by rapid restoration of Schwann cells and rapid remyelination, 

without adaptive changes to axons, at least at the stages examined. 

 

5.10.1. Demyelination and remyelination occur more rapidly 
in the PNS than in the CNS 

It is notable that at 7d post-treatment, when the spinal cord is in its peak demyelination 

stage, the pLL nerve has already undergone complete remyelination. In addition, the 

numbers of Schwann cells are restored to control levels within five days following 
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ablation, whereas oligodendrocyte cell numbers in Mtz-treated larvae do not reach 

control levels at any stage I have examined so far.  

This efficient time course of Schwann cell and myelin regeneration was not altogether 

unexpected, given that the PNS is well known to possess a greater capacity for repair 

and regeneration than the CNS (Vargas and Barres, 2007; Gordon, 2016). I will discuss 

the results presented in this chapter in the context of the speed of the regenerative 

response, discuss potential reasons which contribute to such fast regeneration, and the 

consequences of the speed to axon health and future usefulness of the model.  

A key reason for the rapidity of the time course of PNS regeneration in this model is 

that the pLL is in a relatively early stage of normal development and myelination at 

the stages that demyelination and remyelination occurred. This is evident from the 

rates of growth observed in both the control and Mtz-treated animals: ultrastructural 

analyses of the pLL nerve show that in control animals, the mean total number of all 

axons (with a perimeter of over 1.2µm) increases from 42.25 ± 20.39 at 1d post-

treatment (8dpf) to 91.17 ± 29.28 at 7d post-treatment (14dpf). In Mtz-treated animals, 

too, the mean total number of axons rises from 45.0 ± 12.44 at 1d post-treatment to 

100.80 ± 41.95 at 7d post-treatment. These increases in total axon numbers in both 

control and treated animals reflect the rapid ongoing growth of the pLL nerve over the 

time points examined, irrespective of the Mtz-treatment.  

Importantly, the number of myelinated axons also increases significantly in both 

control and Mtz-treated pLLs over the course of the remyelination period: in control 

animals, from a mean of 9.0 ± 4.69 at 1d post-treatment to 26.33 ± 8.47 at 7d post-

treatment, and in Mtz-treated animals, from a mean of 4.0 ± 1.67 at 1d post-treatment 

to 25.0 ± 15.28 at 7d post-treatment. Thus, the majority of the myelinated axons 

present in the pLL at 7d post-treatment were born and myelinated after the Mtz-

treatment, and thus only a minority actually represent remyelinated axons, or 

remyelinated segments of axon. With first-time myelination so prevalent in the pLL, 

those axons that were demyelinated as a result of Schwann cell ablation, were likely 

quickly remyelinated alongside the newly myelinated axons.  
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Very interestingly, however, myelinating Schwann cell numbers do not increase as 

sharply over the same time period: in control animals they go from 36.36 ± 4.72 at 0d 

post-treatment to 47.77 ± 13.56 at 7d post-treatment, and in Mtz-treated animals, 

Schwann cells go from 16.53 ± 5.18 at 0d post-treatment to 50.57 ± 9.62 at 7d post-

treatment. This apparent discrepancy is likely explained by the fact that individual 

myelinating Schwann cells grow significantly in length over this period of maturation. 

EM analyses are made from cross-sections that do not capture how Schwann cells 

contribute to myelination along the length of the nerve. In the future, it will be 

important to assess myelinating Schwann cell growth over this period of time, as well 

as to investigate how individual axons are myelinated over time. This could be 

achieved by using the GFP-Contactin1A reporter developed by our lab that allows 

analysis of myelin sheath number and length along axons over time, as described in 

Chapter 3 discussion (Koudelka et al. 2016).  

Given the strong influence that the background of ongoing normal development is 

likely to have on remyelination in the PNS, it may be beneficial to begin the Mtz-

treatment at a later stage, perhaps at nearer to 23dpf, since I still observed a notable 

increase in the numbers of myelinated axons between 14dpf and 23dpf (the age when 

I analysed the peripheral nerves of irf8 mutants and their siblings; Figure 5.16). In this 

way, one would be much better able to assess the regenerative response in the pLL 

nerve without such a prominent confound of ongoing development. Live imaging of 

the pLL nerve in older larvae may be more feasible than live imaging of the spinal 

cord in older larvae, since the pLL nerve is located on the surface of the animal.  

However, the fact remains that half of the axons that were already myelinated by 8dpf 

were demyelinated as a result of Schwann cell ablation. This comprises on average 5 

axons per Mtz-treated pLL nerve (based on a mean of 9 myelinated axons in control 

animals and 4 in Mtz-treated animals at 1d post-treatment), so approximately 1/5 of 

the myelinated axons seen in Mtz-treated animals at 7d post-treatment (5/25) are 

remyelinated, rather than myelinated for the first time. It is therefore interesting to 

consider how these axons come to be remyelinated so rapidly. 
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5.10.2. Schwann cell ablation does not result in vacuolation 

A striking difference between the ablation of oligodendrocytes and Schwann cells in 

the Tg(mbp:mCherry-NTR) model is that Schwann cell ablation does not result in 

vacuoles. As depicted in Figure 33A, Schwann cells in Mtz-treated animals exhibit a 

disrupted, occasionally fragmenting morphology following Mtz-treatment, and the 

myelin sheaths, as visualised by the Tg(mbp:EGFP-CAAX) line (Figure 34), seem to 

be fainter and more disorganised than in controls. Both the Schwann cell and myelin 

sheath morphology in the pLL contrasts sharply with the extensive vacuolation 

observed in the spinal cord.  

Since the Tg(mbp:mCherry-NTR) model is, to my knowledge, the first system to 

genetically ablate Schwann cells, it is not currently known whether the mode of 

Schwann cell death typically differs from that of oligodendrocyte cell death. Similarly, 

primary PNS demyelination in the absence of axon injury has not been demonstrated 

before, so it is not known whether PNS demyelination typically results in vacuolated 

tissue such as that seen in CNS demyelination following genetic ablation of 

oligodendrocytes. Be that as it may, the difference in timing/nature of death may help 

to explain the different time course of the immune response between the PNS and 

CNS: if my speculation in the Discussion of Chapter 4 is correct and oligodendrocyte 

cell bodies swell up prior to entering a cell death programme, the lack of swelling seen 

in Schwann cells suggests that they proceed to cell death at a faster rate. This, then, 

may account for the more rapid onset of the macrophage response observed in the 

PNS, commencing at 1d post-treatment and diminishing to control levels by 5d post-

treatment, and as such, contribute to the speed of the regenerative response in the PNS. 

It is not clear why the natures of death appear to be so different between Schwann cells 

and oligodendrocytes. Continuous time-lapse monitoring of oligodendrocytes and 

Schwann cells during the period of Mtz-treatment may provide important insights into 

the mechanics of cell death in the two cell types. In addition, it would be interesting to 

stain both oligodendrocytes and Schwann cells with different markers of cell death at 

different time points, to see whether cell death pathways are differentially upregulated.  
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5.10.3. Less phagocytic activity by mpeg+ cells is seen in the 
PNS than CNS 

Another interesting difference between the CNS and PNS responses to glial ablation 

is that the numbers of microglia/macrophages seen phagocytosing mCherry+ material 

are higher in the CNS than the PNS: at the peak of phagocytosis in the spinal cord, 

there are on average 1.0 ± 0.89 mpeg+ cells containing mCherry+ material in control 

animals, compared to a mean of 9.23 + 4.02 in Mtz-treated animals. By contrast, in the 

pLL, the numbers of mpeg+ cells containing mCherry+ material do not exhibit a 

similar peaked curve in their time course, and the highest number of mpeg+ cells 

containing mCherry+ material seen in Mtz treated animals is 2.5 ± 1.73 at 4d post-

treatment (1.5 ± 1.29 in controls at the same time point).  

It is likely that the less pronounced phagocytic activity in the PNS is due to the fact 

that fewer Schwann cells are ablated than oligodendrocytes (one-half versus one-third, 

respectively). This, combined with the lower basal numbers of Schwann cells (a four-

somite stretch of the pLL contains a mean of 35.36 ± 4.72 Schwann cells at 7dpf, 

whereas a four-somite stretch of the spinal cord contains a mean of 85.71 ± 2.1 

oligodendrocytes at 7dpf) means that the cell ablation generates much smaller amounts 

of debris in the pLL compared to the spinal cord, and thus fewer phagocytic cells are 

required to clear the debris. In addition, it is possible that some of the remaining 

Schwann cells can assume the “repair” phenotype seen following peripheral nerve 

injury, and clear some of the debris left by the ablated Schwann cells (Jessen and 

Mirsky 2016). To check whether this is the case, it would be very interesting to stain 

pLL nerves of Mtz-treated animals for markers of this “repair” phenotype, including 

c-Jun, glia-derived neurotrophic factor (GDNF), brain derived neurotrophic factor 

(BDNF) and vascular endothelial growth factor (VEGF; Jessen and Mirsky 2016). If 

such immunostains indeed revealed evidence that the remaining Schwann cells are 

able take on a “repair” phenotype following primary Schwann cell ablation, that may 

constitute another reason for the faster time course of PNS remyelination compared to 

CNS in this model. Also, as discussed in Chapter 4, it is possible that neutrophils 

engage in phagocytosis in the pLL nerve; this interesting possibility could also be 

investigated in the future.  
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5.10.4. No evidence of mitochondrial adaptation is seen in the 
PNS 

As in the spinal cord, I saw no changes to mitochondrial numbers during the 

demyelinated stages in the PNS, but in contrast to the CNS, there were also no 

differences in mitochondrial numbers, or sizes, between control and Mtz-treated 

animals at the remyelinated stage. One reason for this lack of mitochondrial response 

to demyelination may again be that remyelination occurs so rapidly in the PNS that 

the demyelinated axons do not begin to suffer from energy shortages before they are 

remyelinated. Furthermore, since only half of Schwann cells are ablated, I would 

expect only half of the internodes on a specific axon to be disrupted, and thus each 

individual axon to be on average half demyelinated. It is possible that the remaining 

half of the internodes were sufficient to sustain the energy needs the axons for the 

relatively short period of time before they were remyelinated.  

Additionally, and likely the main reason for the seeming lack of effect of the Mtz-

treatment on mitochondria numbers is that the majority of the axons in the pLL nerve 

analysed at 7d post-treatment had not undergone demyelination due to their later 

development. These axons would naturally have no need for increased numbers of 

mitochondria. As noted above, it would be advisable to ablate Schwann cells at a later 

time point, once a larger proportion of pLL nerve axons are already myelinated. 

 

5.10.5. Does axon calibre growth stimulate myelin thickness 
growth in the PNS?  

Given the evidence for rapid growth of both control and Mtz-treated larvae between 

1d post-treatment and 7d post-treatment, it seems likely that peripheral axons also 

grow in calibre during this time. As I discussed extensively in Chapter 3, one possible 

reason for restoration of full myelin thickness on axons during development and 

remyelination (of zebrafish reticulospinal axons) may well be that axons are growing 

in calibre during the relevant period. It would be highly interesting to investigate 

whether this could also be the case in the PNS. 
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In order to test that possibility, one should determine the stage when pLL axons finish 

growing in calibre, by measuring axon calibres at multiple time points throughout the 

development of the larva into a juvenile animal and beyond. Then one could induce 

Schwann cell ablation at a stage when the axons were no longer growing radially and 

examine whether remyelination still resulted in normal g ratios. Alternatively, a 

previous study by Voyvodic (1989) found that increasing the size of the target of the 

axons (the author made the submandibular salivary glands larger than normal by 

cutting one branch of a sympathetic nerve innervating the gland at birth) caused axons 

to grow in calibre. Thus, manipulating the size of the pLL axons (the neuromasts) may 

be one way to experimentally alter axon calibre and subsequently test the effects of the 

alteration on myelin sheath thickness during remyelination. 

 

5.10.6. Future experiments 

In this chapter, I have shown that primary ablation of half of Schwann cells results in 

rapid demyelination of approximately half the axons present at that stage, and that 

remyelination is seen at 7d post-treatment. I have discussed the reasons for the rapidity 

of this remyelination, and suggested that many of the axons present at 7d post-

treatment were in fact born after the Mtz-treatment and do not represent remyelinated 

axons. I proposed that the environment of ongoing normal development was likely to 

be conducive for remyelination of those axons that had been (partially) demyelinated 

as a result of Schwann cell ablation. 

In order to assess the effect of long-term demyelination on pLL axons, it would be 

interesting to inhibit remyelination by preventing Schwann cell development (for 

example, by the pharmacological ErbB inhibitor AG1478) and observe the 

consequences on peripheral axon health, in terms of organelle transport, calibre, and 

degeneration.  

As I have mentioned, it may be beneficial to begin the Mtz-treatment at a later stage. 

In order to determine what would be a suitable time point to ablate Schwann cells, it 

should be established when the number of myelinated axons in the pLL nerve plateaus, 

when the axons cease to grow in calibre, and when Schwann cells cease to elongate 
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along axons. At this point, the background of ongoing development would be less 

prominent, and the majority of denuded axons observed following Mtz-treatment 

could be interpreted as demyelinated axons, and by the same token, the majority of 

myelinated axons at the remyelinated stage could be interpreted as remyelinated axons.  

Thus, by inducing Schwann cell ablation at a later stage, I will be better able to assess 

the potential for Schwann cell regeneration and remyelination of PNS axons without 

the aid of ongoing normal development. 
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6.1. Summary of thesis  

In this thesis, I have characterised the Tg(mbp:mCherry-NTR) larval zebrafish model 

of myelinating glial cell ablation, demyelination and remyelination. In this model, a 

treatment with 5mM metronidazole (Mtz) between 5 and 7 days post-fertilisation 

ablates two-thirds of myelinating oligodendrocytes and one-half of myelinating 

Schwann cells. Oligodendrocyte ablation results in vacuolation of the spinal cord 

tissue, which subsides by 5-7d post-treatment, whereas Schwann cell ablation does not 

elicit the same effect around the posterior lateral line nerve (pLL). Approximately two-

thirds of large-calibre axons in the ventral spinal cord are found to be demyelinated at 

5d post-treatment, and this persists through to 11d post-treatment. After this, 

remyelination occurs, such that by 16d post-treatment, control and Mtz-treated spinal 

cords are indistinguishable from each other in terms of total axon number, the 

percentage of myelinated axons, and the thickness of myelin sheaths. At this time point 

of complete remyelination, oligodendrocyte numbers in Mtz-treated animals are also 

restored to control levels.   

At the remyelinated stage, axons in the ventral spinal cord of Mtz-treated animals have 

more and smaller mitochondria than control animals, suggesting accumulating 

dysregulation of mitochondria during the period of demyelination and remyelination. 

In addition, myelinated axons grow in calibre during the period analysed, raising the 

possibility that radial growth of axons contributes to the generation of thick myelin 

sheaths during remyelination in this model.  

In the pLL, approximately half of the large-calibre axons are demyelinated by 1d post-

treatment, a situation which prevails at 3d post-treatment but is resolved by 7d post-

treatment, when control and Mtz-treated pLL nerves have equivalent numbers and 

percentages of myelinated axons and g ratios. Schwann cell numbers in Mtz-treated 

animals are restored to control levels by 5d post-treatment. The rapid regenerative 

response in the pLL is likely due to ongoing normal development, which is evident in 

greatly increased numbers of myelinated axons between 1d and 7d post-treatment in 

both control and cell-ablated animals.  
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I also sought to study the role of the innate immune system, specifically microglia and 

macrophages, in the response to oligodendrocyte and Schwann cell ablation. 

Oligodendrocyte ablation is followed by a drastic increase in the numbers of 

microglia/macrophages in the spinal cord, beginning at 3d post-treatment, peaking at 

4d post-treatment, and then declining gradually until 9d post-treatment. The microglia 

and macrophages are seen phagocytosing myelin material. In irf8 mutant fish which 

do not develop microglia and macrophages, a delay in oligodendrocyte number 

regeneration is seen at 14d post-treatment, but by 16d post-treatment, mutant fish have 

achieved full remyelination with normal thickness myelin. Further analyses are 

required to determine more precisely if and when irf8 mutants have a delay in 

remyelination itself. 

Schwann cell ablation results in an increase in macrophage numbers in the pLL nerve, 

which begins at 1d post-treatment and returns to control levels by 5d post-treatment. 

Fewer macrophages are seen ingesting myelin material than in the spinal cord, likely 

due to smaller quantities of debris to be cleared. Analysis of irf8 mutants coincident 

with remyelination will be required in the future, to determine how macrophages might 

regulate the rapid remyelination response observed in the PNS. 

The timeline of events in the Tg(mbp:mCherry-NTR) model is summarised in Figure 

47. below. 
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6.1.1. How useful is the Tg(mbp:mCherry-NTR) model?  

Having characterised the main features of demyelination and remyelination in the 

Tg(mbp:mCherry-NTR) model, I will now turn to evaluating its general suitability for 

future studies of demyelination and remyelination. To do this, I will consider the 

purposes, outlined in the introductions to the chapters, for which the Tg(mbp:mCherry-

NTR) line was developed, and predict how well the line will serve those purposes.  
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6.2. Assessment of Tg(mbp:mCherry-NTR) model 

6.2.1. Suitability for live imaging of demyelination and 
remyelination events 

One of the main reasons why we felt a larval zebrafish model would be valuable to the 

field of demyelination and remyelination research was that such a model could enable 

sophisticated in vivo analyses of cellular interactions during demyelination and 

remyelination. Such analyses included detailed study of an axon’s health, in terms of 

organelle transport, mitochondrial activity and calibre, and how these would be 

affected by demyelination, and how in turn remyelination may reverse any effects of 

demyelination. I will use this study of axon health as an example to evaluate how well 

live imaging experiments of demyelination and remyelination events in general might 

work in the Tg(mbp:mCherry-NTR) model. Given that live imaging is easiest at 

embryonic and early larval stages, due to natural transparency and small size of the 

animals at these stages, we aimed to carry out demyelination as early as possible. We 

therefore chose to induce oligodendrocyte ablation from 5 days post-fertilisation, as 

we knew from previous studies that this ought to demyelinate the well-defined set of 

early-myelinated reticulospinal axons in the ventral spinal cord.  

The first aspect to consider is the timing of remyelination: axons remain demyelinated 

for a maximum of sixteen days, and in general less, as extensive demyelination is 

predominantly observed from 5d through 11 d post-treatment. In this time, I have not 

observed any axon loss or signs of pathology by EM, despite ablation of approximately 

two-thirds of oligodendrocytes and demyelination of two-thirds of axons (as seen in 

cross-section, although most likely I have ablated on average two-thirds of the 

internodes along the length of each axon). My preliminary analyses of mitochondrial 

content in demyelinated axons found subtle effects on mitochondrial number and size, 

suggestive of increases levels of mitochondrial fission in Mtz-treated larvae, but these 

were only present at the remyelinated stage, implying that they had accumulated over 

time. While more detailed analyses of axon health, by use of transgenic lines that label 

single axons, or immunostains for markers of axon pathology such as SMI-32 or APP, 

may still reveal signs of pathology during demyelination, it is also possible that the 

axons are simply not demyelinated for long enough to trigger pathological responses. 



   

 

287 

 

Moreover, the fact that very few axons are likely to be completely demyelinated, but 

rather most are two-thirds demyelinated on average, means that remaining myelin 

sheaths may also to maintain the axons’ general health until they become remyelinated.  

As I mentioned in Chapter 3, it would be possible to study the effects of long-term 

demyelination on axon health if a manipulation was performed to inhibit remyelination 

in this model; I suggested the options of repeated treatments with Mtz, disrupting of 

wnt signalling, upregulating hyaluronan, or administering cyclopamine, but many 

others could also be considered. Unfortunately, however, such studies are associated 

with other problems, chiefly related to the increasing age and, consequently, size of 

the larvae, which begins to limit the advantages of using zebrafish for the most facile 

live imaging studies.  

One important point to make with respect to analysing single axons over time using 

this model is that it is prudent to wait until the presence of vacuolated myelin in the 

spinal cord has subsided, because the presence of large vacuoles themselves may 

compress axons and some cases, cause them to bend (data not shown). In addition, it 

is also advisable to wait until the numbers of microglia and macrophages have returned 

to normal levels, as the potential demyelinating effects of microglia and macrophages 

(which have been observed in many rodent systems and MS; Yamasaki et al. 2014; 

Ajami et al. 2011; Lucchinetti et al. 2000)  may confound the analysis of the 

relationship between an axon’s health and its myelination status. 

 Waiting until the immune response and vacuoles have declined, however, would mean 

starting an intervention to prolong demyelination at 7d or 9d post-Mtz-treatment, when 

the animals are 14 or 16 days of age, and consequently carrying out the subsequent 

analyses at even later ages than I analysed here. Larval zebrafish grow considerably in 

size at about three weeks post-fertilisation as they become juvenile animals; this 

general increase, with the associated increased thickness and opacity of muscle tissue 

separating the microscope lens from the spinal cord, renders high-resolution sub-

cellular live imaging difficult. This difficulty is exemplified by my decision to quantify 

oligodendrocyte numbers most accurately by preparing cryosections from 7d treatment 

(14dpf) onwards.  
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The fact that live imaging becomes more challenging as the larvae become older and 

larger is a pervasive problem which must be taken into account when planning any 

experiments using the Tg(mbp:mCherry-NTR) model. In addition, larvae at the post-

embryonic stages are more sensitive to repeating the procedure of being anaesthetised, 

mounted and imaged. This is inconvenient, as it limits the number of time points that 

can be analysed in the same animal.  

Of course, some of the issues relating to the difficulties of live imaging of older larvae 

can be circumvented by immunostaining, either whole-mount larvae of transverse 

sections, and indeed I have suggested many such experiments throughout this thesis. 

However, since the advantages of the zebrafish for live imaging were a major reason 

for wishing to develop a zebrafish model of demyelination and remyelination in the 

first place, it is also helpful to seek ways to improve live imaging in older larvae.  

One pertinent point to make is that the vast majority of the imaging I have performed 

during my studies was done on a conventional point scanning confocal microscope (a 

Zeiss LSM 710), which is not an ideal system for deep tissue imaging. To that end, it 

would be preferable to use a multi-photon microscope (Denk et al. 1990). In addition, 

towards the end of my studies, our lab acquired a Zeiss LSM 880 confocal microscope 

with Airyscan, which enables higher resolution imaging by use of multiple pinholes 

and post hoc image deconvolution.  

As for the older larvae being less tolerant of repeated rounds of mounting and imaging, 

one could explore alternative methods of mounting, such as using methycellulose 

instead of agarose, and not embedding the head of the larva in the mounting medium; 

both of which have been suggested to improve survival of mounted larvae (C. Becker, 

and D. Lyons, pers. comm.).  

In addition, several mutant zebrafish exist which have reduced or absent pigment, 

including golden, casper, and nacre (Lamason et al. 2005; Lister et al. 1999; White et 

al. 2008). Crossing the Tg(mbp:mCherry-NTR) line with one of these could 

considerably prolong the period during which live imaging is feasible, and therefore 

should certainly be attempted. However, when working with pigment mutants, it is 
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important to control for any effects the mutation may have on myelination by rigorous 

comparison of the pattern and timing of myelination between mutants and wild-types. 

Finally, as I discussed at length in Chapter 4, the fact that the larvae are growing 

during the period of demyelination and remyelination, and indeed may grow at widely 

varying rates, can complicate the interpretation of results acquired using this model, 

for example meaning that remyelination may be achieved at earlier or later 

chronological time points, depending on the overall growth of the animal. This means 

that it is imperative to normalise results to a proxy indicator of the overall 

developmental stage of the larvae, in addition to chronological age.  

As I have mentioned, throughout my studies I have striven to analyse similar-sized 

animals within experiments. There are also well-defined post-embryonic staging series 

to help researchers define the developmental stage their specimens are at (Parichy et 

al. 2009). Making use of such staging series will be very important in interpreting 

results from live imaging experiments made in older larvae. 

However, importantly, the fact that demyelination is induced in a still-developing 

animal in the Tg(mbp:mCherry-NTR) model can be seen an advantage as well as a 

disadvantage. For example, if the larvae were not developing during the period of 

remyelination, I would not have been able to note the potential relationship between 

radial growth of axons and regeneration of thick myelin sheaths, which may turn out 

to be a very interesting insight into the regulation of myelin thickness during 

remyelination. In addition, the robust remyelination observed in this model allows 

researchers to identify factors that are required for remyelination, by seeking factors 

that impair remyelination and analysing their targets. 

Thus, with appropriate adaptations to imaging protocols, and using the knowledge I 

have presented in this thesis regarding the timeline of demyelination and 

remyelination, the Tg(mbp:mCherry-NTR) model could still be a highly useful tool 

for live imaging of demyelination and remyelination events. 
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6.2.2. Chemical screening for compounds that regulate 
remyelination 

Another major purpose for establishing a larval zebrafish model of demyelination was 

the possibility to use it as a platform for chemical screening of compounds that may 

regulate remyelination. Naturally, given that Mtz-treated Tg(mbp:mCherry-NTR) 

larvae achieve full remyelination, with normal thickness myelin, means that the end 

stage of remyelination can hardly be enhanced. However, the model may still be 

helpful for discovering compounds to accelerate remyelination, or, as noted above, 

impair remyelination, which would provide insight into mechanisms of normal 

remyelination. One of the benefits of the Tg(mbp:mCherry-NTR) model is that there 

is a clear temporal separation between demyelination and remyelination, and thus 

effects on the two processes can be easily distinguished. Furthermore, since 

oligodendrocyte numbers are not restored to control levels by the time of 

remyelination, the system can be used to identify compounds which increase 

oligodendrocyte numbers in the context of demyelination. 

From a screening point of view, the rather large size of larvae during demyelination 

and remyelination might present a problem. As part of a primary screen for 

remyelinating compounds, in order to test large numbers of compounds in a high-

throughput manner, it would be paramount to rapidly and quantitatively assess the 

numbers of oligodendrocytes or the extent of remyelination at specific time points. 

However, as I have explained above, live imaging of larvae at the ages of interest here 

is not simple and straightforward in this model, and oligodendrocyte numbers and 

remyelination are best quantified from fixed tissue, or else with alternative imaging 

modalities such as multiphoton imaging. Both approaches would considerably slow 

down the screening process (it is worthwhile to note for context that our laboratory 

currently uses high-speed spinning disk confocal imaging for screens of myelination 

at earlier developmental stages, which is not a modality compatible with deep tissue 

imaging).   

Thus, without major investment in new screening technologies to accommodate larger 

specimens, a better use for the model would be as a secondary screening/validation 

assay. That is, after a primary screen to identify compounds that, for example, increase 
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oligodendrocyte numbers or myelination in normal development, the 

Tg(mbp:mCherry-NTR) model could be used to test whether the same compounds 

could also increase oligodendrocyte numbers and/or remyelination following 

oligodendrocyte ablation. Thus employed, I believe the model could be a highly 

valuable tool, as the context for oligodendrocyte development in Mtz-treated 

Tg(mbp:mCherry-NTR) animals is markedly different from that found in normal 

developing larvae before 5dpf, when current developmental screens are carried out. 

First, there is the presence of debris, and high numbers of microglia and macrophages, 

which significantly alter the molecular environment in which oligodendrocyte 

development occurs and could affect its rate and overall success. Second, the majority 

axons to be remyelinated are genuinely demyelinated, rather than new and never-

before myelinated, which may alter the signals required to myelinate them. Third, at 

older ages, the larvae have developed a mature blood-brain barrier (Fleming et al. 

2013), and thus any compounds which do not penetrate this can be eliminated. In this 

way, the Tg(mbp:mCherry-NTR) line can provide a more disease-relevant context in 

which to test compounds previously found to affect oligodendrocyte numbers and 

myelination during development. 

Furthermore, if it proved difficult to identify compounds to accelerate remyelination, 

with the spontaneous process occurring so rapidly once it has begun, it would be 

possible to lengthen the Mtz-treatment regime, or administer repeated treatments, in 

order to prolong the demyelinated period and make it easier to capture effects of 

compounds that shorten it. With a small number of candidate compounds discovered 

in a primary screen, more detailed analyses of the effects of compounds on 

oligodendrocyte numbers and remyelination can feasibly be carried out. Furthermore, 

by using the Tg(mpeg:GFP) line, it will also be possible to identify compounds which 

specifically affect the rate and extent of the microglia/macrophage response to 

demyelination, and the effects of such compounds on oligodendrocyte regeneration 

and remyelination. Thus, as secondary testing platform for compounds that regulate 

remyelination and oligodendrocyte regeneration and the immune response to 

demyelination, I am confident that the Tg(mbp:mCherry-NTR) model will be 

extremely helpful, and will be used in this capacity in our lab.  
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6.2.3. Testing the effects of genetic manipulations on 
remyelination 

In Chapter 1, I explained how the zebrafish is commonly used to discover novel genes 

regulating developmental events of interest, such as myelination, and how recent 

advances in genome editing technology have made it relatively straightforward to 

knock genes out, or in, and assess the effects on the phenomenon of interest. Both 

large-scale forward genetic screens and precise genome editing techniques such as 

crisp-cas are now well-established activities in our lab. Thus, when novel genes found 

to regulate myelination are found, the Tg(mbp:mCherry-NTR) model can be used to 

test whether the gene has similar effects on remyelination. Such studies are important, 

as it is well documented that the genetic control of developmental myelination and 

remyelination, while sharing common features, is not the same (Fancy et al. 2011). For 

instance, others in the lab have discovered mutants which show severe 

hypomyelination in the CNS during normal development, and it would be very 

interesting to test whether this mutant would, for example, fail to restore full thickness 

myelin during remyelination. Indeed, a mutant has been identified that has a defect in 

the growth of calibre in some CNS axons, which may allow us to test the possibility 

that growth in calibre regulates the generation of thick myelin sheaths during 

remyelination. In this way, genetic analyses using the Tg(mbp:mCherry-NTR) model 

may help to identify methods to enhance myelin sheath thickness in remyelination in 

mammals.  

  

6.2.4. Possible Schwann cell remyelination in the CNS 

An interesting question to consider is whether Schwann cells contribute to 

remyelination in the CNS in the Tg(mbp:mCherry-NTR) model, as Schwann cell 

remyelination of demyelinated CNS lesions is frequently observed in both 

experimental models of demyelination and MS (Dusart et al. 1992; Itoyama et al. 1983; 

Woodruff and Franklin 1999). Since in my experiments, I have visualised both 

oligodendrocytes and Schwann cells using transgenic lines where reporter proteins are 

expressed under the mbp promoter, it is possible that there have been Schwann cells 

in the spinal cord which I have counted as oligodendrocytes.  
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In order to resolve this, it would be important to use different markers for Schwann 

cells and oligodendrocytes and observe whether Schwann cells do play a role in CNS 

remyelination. To this end, I could use the Tg(foxd3:GFP) line which labels a subtype 

of neural crest-derived peripheral glia (Gilmour et al. 2002). By crossing these fish 

with Tg(mbp:mCherry-NTR) fish and imaging the progeny at frequent intervals 

following Mtz-treatment, I could detect Schwann cells entering the spinal cord, assess 

the their numbers and timing of their appearance (for instance, do they arrive during 

the immune response or after it?) and the contribution they may make to remyelination. 

In addition, it would be interesting to inhibit remyelination by preventing Schwann 

cell development (for example by the pharmacological ErbB inhibitor AG1478) and 

observe the consequences on CNS remyelination. If this were impaired following 

specific Schwann cell inhibition, that would provide direct evidence that Schwann 

cells contribute to CNS remyelination in this model. 

However, since Schwann cells are also ablated by the Mtz-treatment it is possible that 

their ability to enter the spinal cord is impaired. I would predict that such an 

impairment is unlikely, since Schwann cell numbers are restored to control levels 

before remyelination in the CNS begins, but naturally, the presence and extent of any 

impairment would depend on when (if at all) during the course of demyelination and 

remyelination Schwann cells enter the CNS. In order to resolve the issue of both 

Schwann cells and oligodendrocytes being ablated in this model, it may be beneficial 

to generate alternative ablation systems whereby nitroreductase is expressed under 

oligodendrocyte and Schwann cell specific promoters. 

 

6.3. Conclusion 

Based on my characterisation of the Tg(mbp:mCherry-NTR) model, I believe it will 

be a very useful secondary assay for testing the effects of novel compounds or genes 

on oligodendrocyte regeneration and remyelination. In addition, we have available to 

us an extensive collection of transgenic tools with which to visualise oligodendrocytes 

and axons as well as immune cells during demyelination and remyelination, and I 

believe that combining these tools with the Tg(mbp:mCherry-NTR) model will yield 
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many important insights into the cellular events that underpin demyelination and 

remyelination. Although high-resolution of live imaging is more challenging during 

remyelination than during developmental myelination, due to the increasing size and 

opacity of the larvae, I have no doubt that with proper adjustments to imaging 

protocols, such as using more suitable microscopes and mutants with reduced pigment, 

live imaging of Tg(mbp:mCherry-NTR) larvae during remyelination will be eminently 

feasible.  

Furthermore, the model will be a useful tool for studying potential influences on the 

overall timing and extent of oligodendrocyte regeneration and remyelination, such as 

impairing the development of microglia and macrophages, role of Schwann cells, or 

the role of axon calibre growth on myelin sheath thickness. 

Thus, I propose that, as long as experiments are carefully designed and interpreted to 

take into account the influence of ongoing normal development, the Tg(mbp:mCherry-

NTR) model will be a valuable tool demyelination and remyelination research.  
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